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According to the processing efficiency theory (PET), math anxiety
would interfere with working memory resources, negatively affect-
ing mathematical abilities. To date, few studies have explored how
the interaction between math anxiety and working memory would
affect different types of math tasks, especially in primary school
children. Therefore, the purpose of this study was to explore
whether the interplay between math anxiety and working memory
would influence performance in numerical operations (i.e., math
fluency task) and mathematical reasoning (i.e., math reasoning
task) in a group of primary school children (N = 202). Results
showed that visuospatial working memory appeared to moderate
the relationship between math anxiety and math performance
when the math fluency task was considered, indicating that partic-
ipants with higher levels of working memory were more negatively
affected by math anxiety. No interaction effect was found for the
math reasoning task in which students’ scores were explained only
by visuospatial working memory. The findings suggest that math
anxiety and visuospatial working memory interact to influence
performance in the math fluency task and that this effect may vary
depending on the strategies used to complete the task. On the
other hand, results on the math reasoning task showed that visu-
ospatial working memory continues to have a positive effect on
the math performance independently of math anxiety. The impli-
cations in the educational setting are discussed, pointing to the
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importance of monitoring and intervention studies on affective
factors.

� 2023 The Authors. Published by Elsevier Inc. This is an open
access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction

In an increasingly number-based society, mathematical skills are essential for individuals’ develop-
ment at a personal level (Furlong et al., 2016; Gross et al., 2009), academic and occupational levels
(Bynner, 1997; Dougherty, 2003; Gerardi et al., 2013; Gross et al., 2009; Rivera-Batiz, 1992), but also
at collective and social levels (Foley et al., 2017; Pellizzoni et al., 2020; Peterson et al., 2011). Further-
more, national and international reports show that 36% of students struggle to achieve the basic level
of math proficiency and 31% of students report negative emotions toward math activities
(Organization for Economic Cooperation and Development [OECD], 2013). Given the importance of
these abilities, researchers are now focusing on understanding the predictive role of the factors
involved in math achievement (Fonteyne et al., 2017; Higbee & Thomas, 1999; Lu et al., 2011). The lit-
erature has extensively investigated the cognitive abilities (general cognitive precursors) that prompt
math learning, including working memory (WM) that has been widely researched in the field (Fuchs
et al., 2010; Passolunghi et al., 2014). Similarly, other studies have evaluated the contribution of emo-
tional factors (e.g., general or specific anxiety) to math performance (e.g., Dowker et al., 2016).
Nonetheless, few studies have focused on the mutual influence of cognitive and emotional factors
in determining math proficiency, particularly in young children (Cargnelutti et al., 2017; Justicia-
Galiano et al., 2017; Lee et al., 2014; Pellizzoni et al., 2022; Živković et al., 2022).

In light of the developmental sample, this study could be considered one of the first attempts to
explore the unique contribution of emotional and cognitive factors, as well as their interaction, in pre-
dicting math learning. In particular, we evaluated how diverse visuospatial working memory (VSWM)
profiles would be affected by math anxiety (MA) on arithmetic operations (i.e., numerical skills involv-
ing number knowledge, numerical manipulations, and mental arithmetic; Geary et al., 2007) and
mathematical reasoning (i.e., performing inferences, deductions, inductions, and associations in the
domain of numerical knowledge; Thompson, 1996). In doing so, we evaluated which group of children
is most susceptible to VSWM disruption as a result of a high level of MA, disambiguating between dif-
ferent models proposed in the adult literature (Ashcraft & Kirk, 2001; Beilock & Carr, 2005) and pro-
viding important insight into math learning and education.

Affective and cognitive factors and their interplay in the learning process

The role of emotional and cognitive factors in mathematical learning has been extensively studied
in the literature, with a particular emphasis on their distinct impacts on learning (e.g., De Smedt et al.,
2009; Donolato et al., 2020; Maehler & Schuchardt, 2016; Sorvo et al., 2022; Wu et al., 2012). Concern-
ing emotional factors, several studies have highlighted the important role of math anxiety (Caviola
et al., 2022; Namkung et al., 2019; Zhang et al., 2019).

Math anxiety
MA has several definitions that underpin different understandings of the construct, ranging from a

personality trait to a clinical condition (Cipora et al., 2022). According to Richardson and Suinn (1972),
MA is defined as a feeling of tension and anxiety that interferes with the manipulation of numbers and
the solving of mathematical problems in ordinary life and academic situations. In this context, MA
refers to a trait or state attitude that varies between individuals, resulting in avoidant behavior, less
practice and competence, underachievement, and disruption of cognitive resources needed to accom-
plish the tasks (Cipora et al., 2022; Van Ameringen et al., 2003; Woodward & Fergusson, 2001).
According to meta-analytic evidence, MA has a moderately negative effect on mathematical
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performance (ranging from r = �.34 to r = �.32) and starts to take root early in childhood (Caviola
et al., 2022; Namkung et al., 2019; Zhang et al., 2019). Although the association between MA and math
achievements is well established, it is not clear whether MA is a cause or consequence of math under-
achievement (Carey et al., 2016; Cohen & Rubinsten, 2021; Rubinsten et al., 2018). In 77% of cases,
children with severe MA have typical or better mathematics performance (Devine et al., 2018). These
data suggest that other factors besides MA should be taken into account when considering math dif-
ficulties and that the cognitive and emotional problems related to mathematics are largely dissociated
(Devine et al., 2018). Therefore, considering cognitive aspects could help to clarify the role of affective
factors and their complex interaction in math learning.
Working memory
Within general cognitive precursors, WM has a prime role in predicting math achievement (Berg,

2008; Bull et al., 2008; De Smedt et al., 2009; Gathercole et al., 2004; Giofrè et al., 2017). WM is
defined as a limited capacity system that holds information for brief periods of time while processing
it (Baddeley & Hitch, 1974). The most popular theorization is the tripartite model of WM that is com-
posed of a central executive responsible for data storage, processing, and monitoring and two
modality-dependent systems that handle verbal working memory (VWM) and VSWM information
(Baddeley & Hitch, 1974; Gathercole et al., 2004; Giofrè et al., 2017). WM has a well-established pos-
itive effect on a variety of math domains (Caviola et al., 2014; Giofrè et al., 2013, 2014; Mammarella
et al., 2013; Passolunghi et al., 2019; Passolunghi & Mammarella, 2010). Furthermore, there is ample
evidence that children with a higher WM capacity have an advantage in mathematics (Friso-van den
Bos et al., 2013; Raghubar et al., 2010), whereas those with poor WM are weak in mathematics (Hitch
& McAuley, 1991; Passolunghi & Pazzaglia, 2005; Passolunghi & Siegel, 2004; Siegel & Ryan, 1989).

Recently, research has focused on an intriguing debate on the modality-dependent (verbal or visu-
ospatial) component of WM in math learning. Some studies indicated a substantial correlation
between the VWM and VSWM domains (Kane et al., 2004), whereas others found this distinction in
some ages but not in others (Swanson, 2008). According to recent studies, VWM is more likely to
be related to reading attainment, whereas VSWM is more likely to be related to math performance
(Giofrè et al., 2018). Furthermore, during primary school the VSWM component is especially impor-
tant in solving new and complex math tasks (e.g., Ashkenazi et al., 2013; Li & Geary, 2013; Sz}ucs
et al., 2014), acting as a reliable predictor of math performance (Allen & Giofrè, 2021; Liang et al.,
2022) and having a similar influence on numerical operations and mathematical reasoning domains
(for systematic reviews, see Allen et al., 2019; Alloway et al., 2009; Meyer et al., 2010). Given the
above-mentioned evidence, in the current study we decided to focus on the VSWM component, taking
into account two tasks involving both numerical operations (i.e., math fluency task) and mathematical
reasoning (i.e., math reasoning task).
The interplay between MA and WM
In several studies, MA was described as having a detrimental effect on math achievement by reduc-

ing WM resources (Ashcraft & Kirk, 2001; Beilock & Carr, 2005; Beilock & DeCaro, 2007; DeCaro et al.,
2010; Miller & Bichsel, 2004; Young et al., 2012). Indeed, it has been suggested that one mechanism by
which anxiety would lead to poor math achievement is the disruption of cognitive resources required
to complete the task (e.g., Justicia-Galiano et al., 2017; Živković et al., 2022). One explanation for these
findings is proposed by the processing efficiency theory (PET; Eysenck & Calvo, 1992). This theory has
been developed on Baddeley’s model of WM (Baddeley & Hitch, 1974) and suggests that anxiety would
interfere with WM resources via intrusive negative thoughts, leading to poor performance effective-
ness (i.e., a decrease in performance accuracy) and processing efficiency (i.e., lower task processing
speed). In this context, MA would have a detrimental impact on WM resources, causing people to dis-
play performances that are more mistake prone and effortful.

Although the impact of the interplay between WM and MA on math learning is well established, it
is still not clear whether high- or low-WM capacity individuals would suffer more from the effects of
MA (Ramirez et al., 2016; Sidney et al., 2019; Soltanlou et al., 2019). Indeed, there are two main
accounts of how MA and WM interact in the context of math learning. According to some studies,
3
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low-WM-capacity individuals would suffer more from the negative effects of anxiety because they
would have fewer resources to deal with the tasks and the anxious state, whereas high-WM-
capacity individuals would have more possibility to simultaneously deal with anxious thoughts and
math tasks’ requirements (Ashcraft & Kirk, 2001; Miller & Bichsel, 2004; Owens et al., 2008, 2012,
2014; Soltanlou et al., 2019). For instance, Ashcraft and Kirk (2001) found that adults with higher
WM were able to manage both math tasks and anxiety-driven thoughts more successfully. Similarly,
Miller and Bichsel (2004) found that adults with high MA performed better in calculation and problem
solving when they were high in WM. Recently, a study by Soltanlou and colleagues (2019) conducted
on primary school children showed that multiplication learning was greatly impaired by MA in stu-
dents with low VSWM.

In contrast, some studies (Beilock & Carr, 2005; Beilock et al., 2004) observed a phenomenon
labeled ‘‘choking under pressure.” The research indicates that, especially when solving tasks under
pressure, people who rely more heavily on WM when solving the math tasks perform worse, whereas
people who rely less on WM are less affected by MA (Mattarella-Micke et al., 2011). In this regard, it
has been proposed that high-WM individuals who rely more on memory-based math resolution
strategies may be hampered by the concurrent presence of MA, resulting in poor mathematical out-
comes (Beilock & Carr, 2005). Interestingly, some studies involving young primary school children
found that MA negatively affected their math performance on applied problems (Ramirez et al.,
2013) and mathematical applications (Vukovic et al., 2013), particularly in those pupils with high
levels of WM. Indeed, math tasks, differently from general cognitive ones, necessitate both specific
knowledge and strategies that may be depleted by the concurrent presence of MA (Allen et al.,
2020; Caviola et al., 2014; Cragg et al., 2017). For instance, in a study by Ramirez and colleagues
(2016) that assessed children’s math strategies, it was found that students with high WM capacity
avoided using advanced WM-consuming strategies when high in MA.

Both these two lines of findings, despite inconsistencies, seem to support the PET given that anxiety
would act on an individual’s cognitive resources, either by interfering with WM resources (e.g.,
Soltanlou et al., 2019) or by interfering with correlates of WM, that is, advanced resolution strategies
(e.g., Ramirez et al., 2016). Inconsistencies in the literature on the interplay between MA and WM
could depend on methodological differences between studies. For example, studies that found those
with high levels of WM to be more affected by MA (e.g., Ramirez et al., 2016) employed cross-
sectional designs, capturing the impact of affective and cognitive factors on concurrent performance.
On the other hand, the study by Soltanlou et al., (2019) assessed the role of these variables in learning,
showing that those with lower WM appear to learn less when simultaneously influenced by MA. This
could be because participants with higher levels of WM show greater progress in mathematical learn-
ing (Tomasetto et al., 2021). Another aspect that might have influenced the results in the literature is
the type of task used in the studies. Indeed, recent meta-analyses showed that the variability in results
could be partially attributed to the characteristics of the math task (Caviola et al., 2022; Zhang et al.,
2019). For instance, performance on arithmetic operations and numerical reasoning tasks, besides
being commonly assumed to be two theoretically distinct subdomains of mathematical achievement
(Allen et al., 2019; Cornoldi et al., 2020; Wechsler, 2017), also seem to be differentially influenced by
affective factors (Caviola et al., 2022; Wu et al., 2017; Zhang et al., 2019; Živković et al., 2022). In par-
ticular, performance on school-based tasks such as arithmetic operations may be particularly affected
by MA (Ashkenazi & Danan, 2017; Caviola et al., 2022) compared with numerical reasoning tasks
(Živković et al., 2022). In addition, it is reported in the literature that greater experience and familiar-
ity with the task may promote the use of more complex strategies (Laski et al., 2014). Thus, in the case
of school-based tasks (i.e., arithmetic operations), children may develop advanced solving strategies
with more ease than in numerical reasoning tasks, and this may explain some mixed results both
between studies (Soltanlou et al., 2019) and within the same study (Vukovic et al., 2013). Assessing
these two subdomains of mathematical learning separately would allow us to delve into specific inter-
actions between affective and cognitive aspects, going beyond what cannot be revealed through the
use of aggregate assessments (e.g., Ramirez et al., 2013, 2016). Furthermore, even though the PET sug-
gests that anxiety affects both performance accuracy and speed, studies have not examined how the
interaction between MA and WM affects timed math tasks. In addition, considering developmental
samples, evidence has been gathered from samples of first, second, and third graders (Ramirez
4
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et al., 2013, 2016; Vukovic et al., 2013), whereas the last years of primary school are rather underex-
plored (Soltanlou et al., 2019). Finally, even though general anxiety is a significant factor in primary
school math achievement (Cargnelutti et al., 2017; Pellizzoni et al., 2022) and interacts with WM in
affecting children’s cognitive performance (Owens et al., 2014), previous studies have never controlled
it as a confounding variable.

The current study

Given the sparse and contradictory results of the literature, in the current study we sought to dee-
pen the understanding of the complex interplay between cognitive and emotional factors and math
achievement in a sample of late primary school students in the following ways:

1. Evaluating the specific contributions of VSWM and MA on numerical operations and math reason-
ing tasks retrieved from a standardized math achievement battery after controlling for age and
general anxiety

2. Examining the interaction between VSWM and MA by running a simple slopes analysis to explore
how math performance is influenced by MA at different levels of VSWM

We considered only the role of the VSWM component because, first, MA seems to display a stron-
ger negative association with VSWM compared with VWM (Moran, 2016; Shackman et al., 2006;
Soltanlou et al., 2015; Živković et al., 2022) and has stable effects during the primary school years
(Allen & Giofrè, 2021; Liang et al., 2022); second, this component plays an important role in math
learning, especially at the end of primary school (e.g., Li & Geary, 2013); and, third, tasks presented
in a written format can inherently engage the visual components, influencing strategies that partici-
pants choose (Wong & Szücs, 2013).

We hypothesized that both VSWM andMAwould affect performance on both numerical operations
and math reasoning (Allen et al., 2019; Alloway et al., 2009; Meyer et al., 2010). With respect to the
second aim, we predicted that VSWMwould moderate the relationship between MA and math perfor-
mance on the two different tasks. In particular, we aimed to explore how low-, average-, and high-
VSWM-capacity individuals’ math performance was affected by MA considering math fluency and a
math reasoning task. These two math tasks were selected because they required students to solve
numerical operations and mathematical reasoning tasks that are well known to be specifically influ-
enced by VSWM (see Allen et al., 2019; Alloway et al., 2009; Meyer et al., 2010).

The novelty of the current research is that we sought to evaluate the complex interplay between
MA and WM when administrating different timed math tasks. Previous studies have mainly consid-
ered aggregate measures of math achievement, finding that high-WM individuals suffer more from
MA (Ramirez et al., 2013, 2016; Vukovic et al., 2013), whereas few studies have considered different
math tasks (Sidney et al., 2019; Soltanlou et al., 2019). For instance, considering developmental sam-
ples, Soltanlou et al. (2019) found opposite results using a single arithmetic task. Hence, we assessed
children with two tasks (i.e., arithmetic and numerical reasoning tasks) to test whether different
instruments could lead to variable findings. Another novel aspect of our study is that we used timed
tasks given that previous studies in the field have mainly employed tasks without time limits (e.g.,
Ramirez et al., 2013, 2016; Vukovic et al., 2013). Timed tasks are suitable in this context because they
could assess both accuracy and participants’ speed. This is of prime importance given that, according
to the PET, MA would interfere with WM resources via negative intrusive thoughts, which could lead
to poor performance affecting both accuracy and processing speed while solving the task (Eysenck &
Calvo, 1992; Eysenck et al., 2007; Núñez-Peña & Suárez-Pellicioni, 2014; Young et al., 2012).

Furthermore, it is important to note that the current study focused on a sample of late primary
school children, a developmental period relatively unexplored by previous studies on MA and WM
(Soltanlou et al., 2019). Several studies considering early primary school children (Ramirez et al.,
2013, 2016; Vukovic et al., 2013) found that high-WM individuals suffer more from MA. On the other
hand, Soltanlou et al., (2019) found opposite results when considering children in their last years of
primary school. Therefore, it is clear that further research, employing different developmental
samples, is necessary.
5
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One last consideration must be made regarding the methods. In the current study, we strengthened
our methods both with an adequately powered sample and by controlling for general anxiety, which
was typically not controlled in previous studies despite the fact that (a) it is a predictor of math pro-
ficiency in primary school (Cargnelutti et al., 2017; Pellizzoni et al., 2022) and (b) several studies have
found that low-WM individuals could be more influenced by general anxiety while solving a cognitive
task (Owens et al., 2014).
Method

Participants

Participants in the study were 210 students attending the last 3 years of primary school in northern
Italy. Participants with a diagnosis or ongoing assessment of a neurodevelopmental disorder or a
specific learning disorder, or who had been in Italian school for less than 4 years were not included
in the sample. Before starting the study, 8 children were excluded from the sample because they
had an ongoing neuropsychiatric diagnosis or assessment, and 6 children were excluded because they
were in the Italian school system for less than 4 years. Multiple imputations were used to handle miss-
ing data from 5 participants using the predictive mean matching method, replacing missingness by
plausible data values and using five imputed datasets to estimate pooled regression parameters
(see Van Buuren & Groothuis-Oudshoorn, 2011). A total of 8 participants produced outlier scores on
the math tasks and were handled with listwise deletion and removed from the analysis. Thus, the final
sample consisted of 202 children (102 male and 100 female) with a mean age of 9.68 years (SD = 1.20).
All participants were typically developing children who were not diagnosed with any learning or neu-
rodevelopmental disability and did not attend any special needs curriculum. Students were Caucasian,
and the socioeconomic status of the sample was primarily middle class and established on the basis of
school records. In line with government data on the migration background of Italian pupils (Ministero
dell’Istruzione–Ufficio di Statistica [MIUR], 2022), the composition of our sample was 91% composed
of citizens born in Italy, 6% of European Union (EU) citizens born outside Italy, and the remainder of
non-EU citizens.

After the approval from school principals to take part in the research project, parents gave written
consent for their children to participate in the study. Students were informed that their participation
was voluntary and that they could withdraw from the study at any time. The study was conducted in
accordance with the Declaration of Helsinki and in compliance with the ethical guidelines of the Ital-
ian Association of Psychology and the ethical code of the Italian Register of Professional Psychologists.
The research was approved by the ethical committee of the University of Trieste.
Measures

Children were tested in two phases. The first assessment session occurred at the beginning of the
school year when students’ affective (math and general anxiety) and cognitive (VSWM) factors were
evaluated. After 5 months from the first session, we evaluated children’s math performance employing
two different tasks (i.e., math fluency and math reasoning tasks).
Math anxiety
The Abbreviated Math Anxiety Scale (AMAS; Hopko et al., 2003; Italian version adapted by Caviola

et al., 2017) is a self-report questionnaire composed of 9 items used to identify children’s trait MA
level. Participants were asked to indicate, on a 5-point Likert scale (1 = a little, 5 = extremely), how anx-
ious they would feel in different situations that involve math activities (e.g., ‘‘Learn a new topic in
math class”). The final score on the AMAS was calculated as the sum of the scores on each item
(ranging from 9 to 45), with higher scores corresponding to higher levels of MA.
6
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General anxiety
The Revised Children’s Manifest Anxiety Scale (RCMAS-2; Reynolds et al., 2012; Italian edition) is a

self-report questionnaire used to measure the level of general anxiety in individuals aged 6 to 19 years.
We used the short form composed of 10 items and asked children to judge whether the statements
reflected their everyday experience in a binary ‘‘yes” (1 point) or ‘‘no” (0 points) response format.
The total score could range from 0 to 10, with higher scores corresponding to higher levels of general
anxiety.

Visuospatial working memory
VSWM was measured employing a computerized version of the Dot Memory task (adaption by

Miyake et al., 2001). Participants were asked to remember the sequence and positions of Xs inside
a 5 � 5 matrix that later disappeared. After that, they needed to recall and indicate the sequence
and positions of these Xs in a new empty matrix. The test was administered adopting a self-
terminating procedure, starting with a simple matrix with two randomly positioned Xs. Participants
continued as long as they were able to solve at least one of two matrices for a given level, and no feed-
back was provided. The total score was the sum of correctly recalled positions and sequences and
could range from 0 to 70.

Math performance
To assess math performance, we administrated two paper-and-pencil subtests of the AC-MT-3

(Test di Valutazione delle Abilità di Calcolo e del Ragionamento Matematico) 6–14 battery
(Cornoldi et al., 2020) that evaluated calculation skills: the math fluency and math reasoning tasks
(see Appendix for item examples). The math fluency subtest evaluates students’ arithmetic skills
and requires solving 15 arithmetic operations (additions and subtractions) as quickly as possible in
1 min. The numbers of addition and subtraction tasks all were composed of two-digit numbers. Fur-
thermore, in 4 additions and 3 subtractions, children were required to perform carrying and borrow-
ing procedures. Children were instructed to complete a series of additions and subtractions as quickly
as possible before the test started. Next, children were shown 2 examples (1 addition and 1 subtrac-
tion), and then asked to perform a third example on their own. The final score was the number of oper-
ations solved correctly, ranging from 0 to 15. The math reasoning subtest assesses children’s
arithmetical skills and reasoning ability using numerical series. Before beginning this test, children
were told that their task was to find, through the identification of a rule, the correct number to fit
inside the empty cell in the table. The correct rule was to be inferred from the number sequence in
the first row of the table and applied to the row below. Children were then shown two examples of
solving the task and asked to solve a third example on their own. Participants had 2 min to solve
12 incomplete numerical matrices with the correct number. Responses were awarded a score of 0
or 1 depending on whether they were incorrect or correct, respectively. The total score could range
from 0 to 12.
Results

Descriptive statistics (means and standard deviations), reliability of the measures, and bivariate
correlations are shown in Table 1.

Moderation analysis

To assess the specific contributions of VSWM and MA and their interplay on the math fluency and
math reasoning task, we performed two multiple regression analyses, one for each considered math
task (Fig. 1). MA, VSWM, the interaction term MA � VSWM, and the covariates (general anxiety
and age) all were regressed on the two math tasks separately (Table 2). All variables were included
as continuous predictors and centered before conducting the regression analyses. The beta effects
(b) reported in the tables and the text refer to standardized regression coefficients; that is, for each
standard deviation increase in the predictor variable, the beta effects show how many standard
7



Table 1
Descriptive statistics (means and standard deviations), reliability of the measures according to the literature, and bivariate
correlations.

M SD Min Max R 1 2 3 4

1. MA 23.18 7.89 9 44 .90 –
2. General anxiety 3.81 2.61 0 10 .82 .31** –
3. VSWM 17.06 11.29 2 49 .85 �.15* .06 –
4. Math fluency task 7.05 2.55 0 10 .77 �.18* �.08 .20** –
5. Math reasoning task 4.22 3.39 0 9 .80 �.05 .05 .22** .08

Note. MA, math anxiety; VSWM, visuospatial working memory.
*p < .05.
**p < .01.

Fig. 1. Path model with the predictor (math anxiety), the moderator (visuospatial WM [working memory]), the dependent
variables (math fluency task and math reasoning task), and the covariates (age and general anxiety).

Table 2
Regression analysis considering math fluency task and math reasoning task as dependent variables.

b SE t df p 95% CI

Math fluency task
Constant �.028 .068 �0.421 196 .674 [�.162, .105]
MA �.154 .072 �2.124 196 .034* [�.297, �.011]
VSWM .153 .074 2.058 196 .041* [.006, .299]
MA � VSWM �.190 .063 �2.977 196 .003** [�.316, �.064]
Age �.133 .072 �1.847 196 .66 [�.274, .009]
General anxiety �.007 .073 �0.091 196 .927 [�.150, .137]

Math reasoning task
Constant �.001 .070 �0.018 196 .985 [�.139, .136]
MA �.035 .074 �0.475 196 .635 [�.181, .110]
VSWM .152 .076 1.999 196 .047* [.002, .302]
MA � VSWM �.028 .066 �0.429 196 .796 [�.158, .101]
Age .177 .073 2.403 196 .017* [.032, .322]
General anxiety .019 .074 0.259 196 .796 [�.127, .101]

Note. CI, confidence interval. Math anxiety (MA), visuospatial working memory (VSWM), and the interaction between math
anxiety and visuospatial working memory (MA � VSWM) were set as predictors. Age and general anxiety were considered as
covariates.
*p < .05.
**p < .01.
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deviations the dependent variable (i.e., the math fluency or math reasoning task) will change. Cohen’s
(1988) criteria were used to classify the effect size as small effect (.10 < b < .29), medium effect
(.30 < b < .49), or large effect (b > .50).
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Fig. 2. Simple slope analysis considering visuospatial working memory (VSWM) as a moderator, math anxiety (MA) as a focal
predictor, and math fluency scores as the dependent variable. General anxiety and age were set as covariates.

A. Cuder, M. Živković, E. Doz et al. Journal of Experimental Child Psychology 233 (2023) 105688
In the first multiple regression model (Table 2), we used a moderation analysis to evaluate the
specific contributions of VSWM and MA and their interaction. First, a statistically significant effect
of both MA [b = �.154, t(196) = �2.124, p = .034] and VSWM [b = .153, t(196) = 2.058, p = .041]
was found on the math fluency task. In particular, MA negatively predicted scores on the task, whereas
VSWM positively predicted them. Results also showed a significant main effect of the interaction term
MA � VSWM [b = �.19, t(196) = �2.977, p = .003]. Specifically, the simple slope analysis (Fig. 2)
revealed that participants with both high VSWM capacity (b = �.345, 95% confidence interval (CI)
[�.542, �.011]) and medium VSWM capacity (b = �.154, 95% CI [�.298, �.148]) were significantly
and negatively affected by MA in the math fluency task. However, MA did not seem to affect partici-
pants with low VSWM capacity (b = .036, 95% CI [�.148, .220]).

In the second multiple regression model (Table 2), we evaluated the specific contributions of MA
and VSWM and their interaction on the math reasoning task. Regression analyses found a positive
effect of VSWM on the math reasoning task [b = .152, t(196) = 1.999, p = .047], whereas MA did not
reach significance [b = �.035, t(196) = �0.475, p = .635]. Moreover, results revealed that the interac-
tion term MA � VSWM was not significant [b = �.028, t(196) = �0.429, p = .796], indicating that
VSWM capacity did not moderate the relationship between MA and the math reasoning task. We also
examined whether age would interact with MA (MA � Age) and the interaction term MA � VSWM
(MA � VSWM � Age) in the matrix reasoning task given that participants’ age had a statistically sig-
nificant influence on that task [b = .177, t(196) = 2.403, p = .017]. Results for both interaction terms
(MA � Age and MA � VSWM � Age) showed a marginal statistical effect; therefore, we did not further
investigate performing a simple slope analysis.
Discussion

Given the importance of math skills at both the individual and collective levels, it is critical to dee-
pen the understanding of the interplay between MA and VSWM in math learning, as well as to better
9
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comprehend which students are most affected by these factors, in order to support the learning pro-
cess during the development stage (e.g., Ashcraft & Kirk, 2001; Miller & Bichsel, 2004; Owens et al.,
2014; Soltanlou et al., 2019). According to the PET (Eysenck & Calvo, 1992), anxiety is assumed to
interfere with WM resources, leading to poor performance in math, but it is less clear who are the
most affected individuals based on specific task types and age range. In fact, on the one hand, some
studies reported that low-WM-capacity individuals would suffer more from the detrimental effects
of anxiety due to limited resources, leading to poor performance on cognitive and mathematical tasks
(e.g., Ashcraft & Kirk, 2001; Miller & Bichsel, 2004; Owens et al., 2014; Soltanlou et al., 2019). On the
other hand, some findings suggested that MA would specifically interfere with advanced memory-
based resolution strategies used by high-WM individuals to accomplish math tasks. As a result, indi-
viduals with high WM capacity would suffer more from the detrimental effects of MA (Ramirez et al.,
2013, 2016; Vukovic et al., 2013).

Given this state of the art, the first aim of the current study was to examine the specific contribu-
tions of MA and VSWM in a sample attending the last years of primary school by measuring perfor-
mance on two separate math tasks, namely the fluency task and math reasoning task. As expected,
our data revealed that VSWM was a positive predictor for both tasks. Our results confirm and extend
previous research asserting that VSWM is a relevant component in numerical operations and math
reasoning (Allen et al., 2019; Alloway et al., 2009; Green et al., 2017; Harari et al., 2013; Meyer
et al., 2010), especially in late primary education (e.g., Li & Geary, 2013; Pellizzoni et al., 2022). Par-
tially in accordance with our starting hypothesis, MA negatively predicted students’ performance
on the math fluency task but not their achievement on the math reasoning task. This finding is in
accordance with a previous study of Harari and colleagues (2013), which found that MA did not cor-
relate with a measure similar to the math reasoning task administered in the current study. The incon-
sistent impact of MA on different math tasks could depend on earlier negative experiences with the
specific math tasks we proposed. Indeed, solving arithmetic operations is a commonly evaluated skill
in the school context, and children might have perceived the task as threatening based on their pre-
vious assessment experiences. In contrast, the math reasoning task is less used in children’s math
school curricula to assess their math performance and, therefore, may have failed to elicit negative
affective reactions. When investigating the role of MA in math performance, future studies should
pay closer attention to the tasks.

The second aim of the study was to evaluate the interaction between MA and VSWM, exploring
how low-, average-, and high-VSWM-capacity individuals’ math performance was affected by MA
when considering math fluency and math reasoning tasks. Results on the math fluency task revealed
a statistically significant interaction between MA and VSWM, which confirmed our initial hypothesis.
In particular, we observed that individuals with high WM capacity were more impaired by MA. Pre-
vious studies on children (Ramirez et al., 2013, 2016; Vukovic et al., 2013) and adults (Beilock &
Carr, 2005) found a similar pattern of results, where it was hypothesized that MA would interfere with
WM-based resolution strategies, resulting in poor performances in children with higher WM capacity
(Ramirez et al., 2016). Indeed, solving arithmetic operations necessitates the use of several VSWM-
consuming strategies such as the application of specific procedural rules involving the decomposition
of the operands in digits, their alignment in columns, the ability to apply carrying–borrowing rules,
and the elaboration of partial results (Allen et al., 2020; Caviola et al., 2014; Cragg et al., 2017). Fur-
thermore, the written format could inherently engage the visual components, influencing the strate-
gies chosen by participants (Wong & Szücs, 2013). Our results are in contrast to some studies involving
adults (Ashcraft & Kirk, 2001; Miller & Bichsel, 2004) and primary school children (Soltanlou et al.,
2019), which found that low-WM individuals suffer more from MA given their fewer resources. Con-
sidering developmental samples, Soltanlou et al. (2019) found, contrary to our study, that low-WM
individuals were more negatively affected by MA compared with high-WM ones. It must be noted that
the authors considered a multiplication learning task that required children to solve one- and two-
digit operations. One main difference with our study is that the authors evaluated children’s learning
rather than task performance; thus, their findings could reflect the fact that high-WM individuals
learn more math despite being affected by MA. Studies that found a similar pattern to ours
(Ramirez et al., 2013, 2016; Vukovic et al., 2013) mainly evaluated math competence through
aggregate scores of math performance that included tasks such as verbal math problems, probability
10
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understanding, and geometry. Despite the possibility that aggregate measures could hide how task
characteristics influence the interplay between MA and WM, these results highlight that high-WM
individuals suffer more from MA on average. On the other hand, in contrast to the starting hypothesis,
the relationship between MA and performance was not moderated by different levels of VSWM in the
math reasoning task. This could be because MA had no effect on task scores and, thus, had no effect on
the performance associated with the different VSWM profiles.

Our results could be interpreted theoretically in the context of strategies that students use when
solving mathematical tasks. It is well established in the literature that knowing a variety of math
strategies is beneficial for math learning and that using advancedmemory-based strategies posits high
demands on WM while solving math tasks (Cho et al., 2011; Geary et al., 2004; Laski et al., 2013;
Ramirez et al. 2016). As pointed out by Ramirez et al. (2016), suffering from MA would hinder the
use of those advanced memory-based strategies, leading high-WM students to display worse math
performance. Despite the fact that in our study we did not directly assess math strategies, the pattern
of results suggests their likely involvement when considering profile differences in MA, WM, and math
performance. Indeed, when considering the math fluency task, high-WM individuals were more
affected by MA compared with low-WM individuals. Whether theWM task we considered could influ-
ence the results of the current study remains an open question. Indeed, previous studies have used
different WM tasks with a wide range of content, including numbers (Ramirez et al., 2013), letters
(Ramirez et al., 2016), and visuospatial information (Soltanlou et al., 2019; Vukovic et al., 2013). Fur-
thermore, research using verbal modality (Ramirez et al., 2013, 2016) appears to find greater agree-
ment between findings, whereas research using visuospatial modality appears to have produced
mixed findings when considering the interaction between MA and WM (Soltanlou et al., 2019;
Vukovic et al., 2013). From this evidence pattern, it seems that the WM modality interacts with MA
depending on the children’s age. Indeed, studies that focused on verbal tasks have detected interac-
tions with MA in the early grades of primary school (Ramirez et al., 2013, 2016), whereas VSWM
seems to have a major role in second grade, third grade (Vukovic et al., 2013), and fifth grade
(Soltanlou et al., 2019). In this context, our results may also depend on the central role of VSWM in
the last years of primary school when math learning becomes more complex (Ashkenazi et al.,
2013; Li & Geary, 2013; Sz}ucs et al., 2014). Future studies should examine how the interplay between
MA and WM modality could vary depending on the considered developmental period.

Taken together, these findings seem to shed some new light on the debate surrounding the inter-
play between MA and WM in the last years of primary school, a developmental period that has
received little attention in the literature. In this context, our results demonstrate that cognitive
and emotional factors appear to interact differently depending on the features of the math task.
Indeed, children’s performance was affected differently by MA depending on VSWM levels. In par-
ticular, high-VSWM-capacity students were more negatively affected by MA in a task involving
numerical operations but not number reasoning. As a result, tasks’ features may explain incongruent
findings in the literature, and future studies should take into account different tasks when investi-
gating how MA and WM interplay in math performance. Furthermore, we found that the VSWM
component positively affected performance in both the numerical operations and math reasoning
tasks, indicating that MA does not entirely drain the protective role of WM resources. This pattern
of results suggests that WM, rather than MA, is a better predictor of disciplinary outcomes, and our
findings may explain seemingly contradictory evidence in the literature. For instance, a recent study
conducted by Soltanlou and colleagues (2019) found that high-WM individuals were less influenced
by MA in a multiplication learning intervention. In discussing their results, the authors stated that
high-WM individuals would have more resources to deal with math learning and MA. However, it
also could be that WM resources represent a stronger predictor of learning outcomes per se com-
pared with MA (Soltanlou et al., 2019). In addition to prior studies, general anxiety was evaluated
as a covariate, and it was found that general anxiety does not have a significant influence on math
performance. Indeed, past research has shown that the influence of general anxiety is more
11
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prevalent in earlier grades of primary school, whereas more specific forms of anxiety (e.g., MA)
emerge later (Cargnelutti et al., 2017; Pellizzoni et al., 2022).
Limitations

There are some limitations associated with our study that should be acknowledged and addressed
by future research. First, we employed correlational data that could make it difficult to state causal
relationships between the examined variables, and for this reason future studies should consider using
longitudinal or experimental methods. Furthermore, we evaluated a limited set of variables, and so
future research should consider investigating other cognitive factors (Pelegrina et al., 2020) and
including an assessment of students’ math strategies, as was done in a prior study (Ramirez et al.,
2016). Our study also did not test whether the complexity of the task or participants’ prior knowledge
(Chan et al., 2022; Laski et al., 2014) may have affected the results, aspects that will need to be con-
trolled in future studies. In addition, we did not assess the interaction between different WM modal-
ities and MA in the context of math learning. Indeed, MA appears to interact with the verbal WM
modality when it comes to very young children in primary school (Ramirez et al., 2013, 2016),
whereas VSWM appears to be more important when older students are considered (Soltanlou et al.,
2019; Vukovic et al., 2013). For this reason, future research should take into account the unique con-
tributions of different WM modalities while also exploring their role during development. Given the
characteristics of our sample, it is plausible that our results could be more easily generalized to sam-
ples of average socioeconomic status and educational background similar to that of Italy. Therefore,
the generalizability of our results could be reduced in countries with different methods of organizing
mathematics curricula, different language and cultural backgrounds, or educational poverty or an
absence of formal scholarization (Pellizzoni et al., 2020).
Conclusions

General mathematics assessments often include a broad variety of problem types, requiring chil-
dren to switch between operations, strategies, and mental models. However, the relationships
between different WM components, MA, and mathematics performance are found to vary depending
on the type of mathematics tests used. Our findings shed new light on the interplay between MA,
VSWM, and math tasks, showing that high-WM individuals would be more affected by MA for specific
types of tasks (e.g., math fluency) but not for others (e.g., math reasoning). However, both tasks were
positively predicted by VSWM, indicating that its supporting role in math performance is not com-
pletely flattened by MA. Our study depicts how a combined interplay of cognitive and emotional fac-
tors influences math performance as well as how interindividual differences and task characteristics
can explain students’ outcomes in learning.

These findings emphasize the importance of considering the effects of anxiety in the context of
individuals’ cognitive profiles and have important implications in educational settings. We showed
that the presence of MA could also hamper the performance of those students who are high in WM
capacity, preventing them from reaching their full potential. In this regard, early detection and pre-
vention of negative affective reactions toward math would result in positive outcomes not only in cog-
nitive and mathematical aspects but also in individuals’ future academic and occupational success
(Passolunghi et al., 2020).

Furthermore, data suggest the need to modulate interventions for specific profiles, considering
not only emotional components but also their interaction with cognitive components and specific
types of tasks. For this reason, future research should focus on a more targeted intervention, consid-
ering different types of children’s profiles and learning trajectories, to promote math achievement
and empower children and future citizens with appropriate tools to understand the world around
them.
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Appendix

Math task examples

Note. Some examples of the math fluency (A) and math reasoning (B) task items used in the current
study are shown. The solutions for items are shown in red.
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