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Abstract: Many individuals, when faced with mathematical tasks or situations requiring arithmetic
skills, experience exaggerated levels of anxiety. Mathematical anxiety (MA), in addition to causing
discomfort, can lead to avoidance behaviors and then to underachievement. However, the factors
inducing MA and how MA deploys its detrimental effects are still largely debated. There is evidence
suggesting that MA affects working memory capacity by further diminishing its limited processing
resources. An alternative account postulates that MA originates from a coarse early numerical
cognition capacity, the perception of numerosity. In the current study, we measured MA, math abilities,
numerosity perception and visuo-spatial working memory (VSWM) in a sample of neurotypical
adults. Correlational analyses confirmed previous studies showing that high MA was associated
with lower math scores and worse numerosity estimation precision. Conversely, MA turned out to be
unrelated to VSWM capacities. Finally, partial correlations revealed that MA fully accounted for the
relationship between numerosity estimation precision and math abilities, suggesting a key role for
MA as a mediating factor between these two domains.

Keywords: approximate number system (ANS); math anxiety; math abilities; calculation; visuo-
spatial working memory

1. Introduction

Emotions and feelings experienced when dealing with mathematical tasks significantly
vary between individuals. For some people, mathematical tasks are a pleasant form of
self-challenge; for others they represent a source of moderate but still functionally helpful
anxiety. However, in some individuals, it creates excessive negative anxiety limiting
performance and determining active avoidance for math-related situations [1]. Given the
importance of mathematical abilities in everyday life, anxiety and avoidance for math
can limit school achievement and career prospects especially in the STEM fields (science,
technology, engineering, and mathematics) [2,3] and also pose challenges in many everyday
activities [4].

Operationally, math anxiety (MA) has been defined as the fear and worry related
to math stimuli and math-related situations [5,6]. Despite a large scientific interest in
this topic, the processes underlying MA are still largely debated. Interestingly, although
several studies found that individuals with high MA perform worse on math compared to
those having lower MA, much evidence finds no link between MA and math ability [7]:
poor math abilities seem to be insufficient and unnecessary for the development of high
MA [1,8–11], with similar MA levels having been reported in students with both low and
average levels of math ability [1]. Therefore, which factors determine the link between
MA and math abilities? Despite studies suggesting that several environmental [12–14],
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cognitive [15,16] and genetic factors [13,14,17] might synergically interact to modulate math
anxiety levels, two leading but not mutually exclusive theories (the disruption account and
the reduced competency account) point to specific cognitive and perceptual factors.

The disruption account suggests that the negative impact of MA on math ability might
originate from the interference between MA and working memory (WM). Worries and rumi-
nations about math would disrupt WM resources necessary to succeed in mathematics [15].
WM is indeed a limited-capacity system enabling verbal and visuo-spatial information to
be temporarily stored and manipulated [18]. However, it is not clear which component of
the WM, if any, would be related to MA or whether WM would have, in some cases, a role
in preventing anxiety-driven deterioration of math performance. Some studies suggested
that individuals with MA present limited visuo-spatial WM resources (VSWM; [19]) while
others found significant correlations between MA and the verbal component of WM [20,21].
Moreover, it is not even clear whether WM plays a role in determining the interaction
or the relationship between MA and math performance. While some studies reported
that better WM allows individuals to master mathematical performance in spite of high
math anxiety [15,19], other studies showed the opposite pattern of results with individuals
with higher WM being more prone to math failures caused by anxiety [11,22–24]. Finally,
a recent meta-analysis questioned whether WM would play a role at all in mediating the
relationship between MA and math performance [25].

The second influential theory, the reduced competency account, holds that MA might
represent a by-product of poor early math performance. Maloney and colleagues [16,26–28]
suggested that having low numerical/spatial skills, might compromise the successful
development of mathematical strategies, subsequently leading to the development of MA.
It has been proposed that one of the earliest signs of math performance, already present
only a few hours after birth [29–31], is the ability to perceive non-symbolic quantities
(numerosity; [32]). Some studies found that the precision of numerosity perception (also
called numerical acuity) correlates with math performance, with individuals with better
math skills also performing more precisely in the numerosity tasks [33–44]. It has been
proposed that impairments in this early numerosity system (often named the approximate
number system—ANS) might compromise the development of mathematical abilities
and generate math avoidance behaviors or excessive MA [45]. However, the validity
of this conclusion is still under debate: first, some studies failed to find a correlation
between numerosity acuity and formal math development [46–51]. Second, the few studies
investigating the relation between MA and ANS, as well as the role of MA in the relationship
between ANS and math performance, came to different conclusions [14,45,52–62]. Some of
these reports found poorer numerosity acuity in individuals with high compared to low
math anxiety, a result in line with the reduced competency account [45,56,61], but other
reports failed to find a significant link between ANS and MA [14,53,54,58–60,62]. Finally,
two recent studies on adults suggested that ANS and MA might be related, with the latter
serving as a mediating factor in the relationship between numerosity perception and math
performance [45,52].

In addition to the heterogeneous results described above, one of the main limitations
to understanding the role of MA in ANS acuity, math performance and working memory
capacities is that very few studies have jointly investigated these variables in the same
sample of participants. Up until today, only three studies have done so, and the results
are again mixed [55–57]. For instance, in a study on a cohort of university students, it has
been found that MA did not correlate with verbal working memory, or with ANS, but
only with math performance [56]. A second study investigated the interplay between these
variables in a group of adults mostly composed of individuals with ADHD or learning
disabilities [55]. Results showed positive correlations between visual working memory,
math abilities and MA. Numerosity perception (ANS) was instead unrelated to both math
abilities and MA. Finally, Cargnelutti et al. [57] measured the interplay between these
variables in 7-year-old Italian children. The results showed a positive correlation between
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ANS and math performance. However, math anxiety was unrelated to math performance
and visual working memory.

Here, we decided to tackle the issue of the relationship between ANS, visuo-spatial
working memory, MA and math performance from a quite different perspective. First,
we decided not to test these domains during the developmental period or in participants
with developmental disabilities as an excessive level of heterogeneity in individuals’ ability
or outliers might mask significant covariation between the tested domains. Second, we
measured ANS with an estimation task, previously found to be sensitive in predicting
math performance [57]. Third, we measured visuo-spatial, rather than verbal, WM as
there is evidence that this component might more likely be related to MA, numerosity
discrimination and math performance compared to the verbal one [19,55,63,64]. To check
whether and to what extent MA effects are selective to mathematics learning, we also
measured, as a control learning task, participants’ reading abilities. The results showed
that MA was related to both numerosity acuity and math performance. Interestingly, the
correlation between numerosity precision and math performance was fully accounted for
by MA levels. On the other hand, VSWM capacities were not related to MA. Overall,
the present pattern of results strongly supports the idea of a close relationship between MA
and the acuity of the brain mechanisms tuned to the processing of numerosity.

2. Materials and Methods
2.1. Participants

Fifty-one adults (78% female; mean age = 22.5 years, standard deviation = 7.4, range
19–54 years) with normal or corrected-to-normal vision participated in this study. Four
participants did not complete the experiment and were excluded from the analysis. Par-
ticipants were all psychology students in their first year of university with no mathe-
matical or other learning disorders or overexercised calculation skills. The research was
approved by the ethics committee (“Commissione per l’Etica della Ricerca”, University of
Florence, 7 July 2020, No. 111), and informed consent was obtained from all participants
before testing.

2.2. Measures
2.2.1. Math Anxiety

Math anxiety was assessed by means of the Abbreviated Math Anxiety Scale (AMAS; [65],
Italian version: [66]; Figure 1a). The test consists of 9 items measuring the anxiety level
experienced by students in mathematical learning and testing conditions. Each item de-
scribes a different potentially anxious experience related to math (for example, “Listening
to another student explaining a math formula” or “Starting a new math book chapter”).
The test contains two subscales measuring math anxiety related to math evaluation (math
anxiety evaluation, 4 items) and to math learning (math anxiety learning, 5 items) con-
ditions. Participants were required to estimate how anxious they would feel during the
described math-related events using a 5-point scale (ranging from “strongly agree” to
“strongly disagree”). The sum of the scores based on participants’ ratings on each statement
of the subscales provides a single composite score. High scores indicate high math anxiety.
For the current sample, Cronbach’s α was 0.90 (IC: 0.85–0.94).

2.2.2. Mathematical Abilities

Formal mathematical performance was measured by means of four different tests: the
Mathematics Prerequisites for Psychometrics (MPP; [67]; Figure 1b) was used to evaluate
mathematical knowledge; the Probabilistic Reasoning Scale (PRS; [68]; Figure 1) was used to
evaluate probabilistic reasoning as well as simple and complex mental calculation abilities.
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Figure 1. Illustration of task and stimuli. (a) Example of one item of the Abbreviated Math Anx-
iety Scale. (b) Mathematical tasks. We measured participants’ math performance through two
computerized tests (simple and complex calculation tasks) and two paper-and-pencil question-
naires (Mathematics Prerequisites for Psychometrics—MPP, and Probabilistic Reasoning Scale—PRS).
(c) Illustration of the numerosity estimation task. (d) VSWM was assessed by a computerized task.
Participants observed the sequence of squares turning to yellow and then repeated the sequence in
the same (forward condition) or reverse (backward condition) order.

The Mathematics Prerequisites for Psychometrics (MPP; [67]; Figure 1b) is a ques-
tionnaire composed of 30 multiple-choice items (one correct response out of four options)
evaluating the basic mathematical knowledge necessary to successfully complete the in-
troductory statistics courses (i.e., ability to master addition, subtraction, multiplication,
division with fractions and exponentiation; the set-theory principles (the branch of mathe-
matical logic that studies sets, which can be informally described as collections of objects);
fractions and decimal numbers; first-order equations; order relations between numbers
from −1 to 1 (e.g., the value 0.05 is (1) lower than 0; (2) higher than 0.1; (3) within –1 and 0;
(4) within 0 and 1); the concept of absolute value and the basics of probability were
also included). The number of correct responses was calculated and provided a mea-
sure of the student’s math knowledge [66]. In the present sample, Cronbach’s α was 0.69
(IC: 0.65–0.80).

The Probabilistic Reasoning Scale (PRS; [68]; Figure 1b) is a 16-item questionnaire
measuring basic and conditional probabilities (e.g., “A ball was drawn from a bag contain-
ing 10 red, 30 white, 20 blue, and 15 yellow balls. What is the probability that it is neither
red nor blue?” Response options: (1) 30/75; (2) 10/75; (3) 45/75; the correct response is
45/75) and reasoning about random sequences of events (e.g., “A fair coin is tossed nine
times. Which of the following sequence of outcomes is a more likely result of nine flips of
the fair coin? (H: head, T: tail)” Response options: (1) THHTHTTHH; (2) HTHTHTHTH;
(3) Both sequences are equally likely). The number of correct responses was summed
and provided the probabilistic reasoning score. For the current sample, Cronbach’s alpha
was 0.46 (IC: 0.22–0.65).

Finally, mental calculation abilities were measured by two custom-made computerized
tests requiring participants to mentally solve simple or complex arithmetic operations
(Figure 1b). Each trial started with a central fixation cross. As soon as the experimenter
pressed the space bar, the stimuli (two 1◦ × 1.5◦ digits and one 1◦ × 1◦ operand, Arial



Brain Sci. 2022, 12, 422 5 of 15

font) were displayed until the participant’s response. The experimenter (blind to the
stimuli) hit the spacebar as soon as the participants spelled out the result (thereby recording
the response time) and then entered the response on the numeric keypad. In the simple
calculation test, participants solved one-digit additions, subtractions and multiplications.
In the complex calculation task, participants performed two- or three-digit additions,
subtractions, multiplications and divisions. In both cases, there was no explicit time limit.
None of the operations included numbers with zero (e.g., 30) or numbers with the same
digits (e.g., 77). In the simple calculation task, participants performed sums of two (e.g.,
2 + 5), three (e.g., 3 + 2 + 1) or four digits (e.g., 4 + 4 + 2 + 1); multiplications between two
digits (e.g., 3 × 4) and subtractions between two digits (e.g., 8 − 3), solving 14 items for each
operation type. For the operations between two digits, we used numbers from 2 to 9, while
in the sums between three and four digits we used digits from 1 to 4, so that the calculation
results were always lower than 20. Each operation was randomly selected trial-by-trial
from a list of 70 operations. Response times (RTs) higher than 3 standard deviations were
considered outliers and eliminated from the analysis (1.4% of trials). For the current sample,
Cronbach’s α was 0.86 (IC: 0.80–0.91). During the complex calculation task, participant
performed 96 trials in which they were tested with 24 subtractions, sums, multiplications
and divisions. Operations between consecutive (e.g., 12 + 13, 28 − 27) or same (e.g., 17 + 17)
numbers were not included. Sums and subtractions contained operations that required
none, 1 or 2 carries/borrows. In the first half of the trials, operations included at least one
two-digit operand, while in the second half of the task, operations included at least one
three-digit operand. In the present sample, Cronbach’s α was 0.89 (IC: 0.84–0.93). For both
simple and complex calculation tasks, we measured individual participants’ accuracy and
average reaction time (RT), which were then transformed into z-scores. We also computed
a combined index averaging the two z-scores.

2.2.3. Numerosity Estimation Abilities

The proficiency of the approximate number system was measured by a numerosity
estimation task. The stimuli were arrays of white squares (0.4◦ × 0.4◦) with black borders,
(to balance overall luminance; Figure 1c). On every trial, items were randomly displayed
within 106 possible locations covering a 6◦ × 6◦ squared area. Each trial started with a
black central fixation point that turned white after 1 s and remained on screen for the entire
experiment. After 1 s, an array of small white squares was displayed around the center of
the monitor for 500 ms, followed by a blank screen. Participants were asked to verbally
estimate the numerosity of the set as quickly and accurately as possible. The experimenter
(blind to the stimuli) hit the spacebar as soon as the response was spelled out, then entered
the response on the numeric keypad and initiated the following trial (after a pause of
500 ms) by pressing the enter button. Numerosities from 5 to 12 were randomly displayed
on every trial. Each participant completed 150 trials, with each numerosity presented
9 times on average. Trials with response times and responses higher than 2.5 standard
deviations were considered outliers and eliminated from the analysis (2% of the trails). For
the current sample, Cronbach’s α was 0.81 (IC: 0.71–0.88).

2.2.4. Visuo-Spatial Working Memory

We measured visuo-spatial working memory (VSWM) by means of a computerized
task (Figure 1d) inspired by the Corsi block tapping test [69]. For every trial, a fixation point
was displayed on the top center of the screen with nine red squares (3◦ × 3◦) scattered
around the screen area. After 500 ms, one square at a time changed color to yellow
following a given sequence (the inter stimulus interval (ISI) between color changes was
1 s) and participants were asked to repeat the sequence by tapping on the squares either
in the same (forward condition) or in the opposite order (backward condition) with the
two conditions tested in separate blocks of trials. Participants performed a practice trial
(sequence of two squares) to become familiar with the experimental procedure, and then
the task started with sequences of three squares. The sequence length was increased by one



Brain Sci. 2022, 12, 422 6 of 15

square if the participants correctly recalled at least one out of two sequences of the same
length; otherwise, the test was terminated, and the span determined as the number of steps
correctly reproduced. The forward and backward condition had a Cronbach’s α of 0.69
(IC: 0.51–0.81); and 0.60, (IC: 0.38–0.76), respectively, for the present sample.

2.2.5. Reading Abilities

Participants were asked to read aloud 4 lists of 28 words and 3 lists of 16 non-words as
fast and accurately as possible (lists taken from the Developmental Dyslexia and Dysorthog-
raphy Battery 2 [70]). Reading speed was measured for each list in syllables/s, while
reading accuracy was measured as the number of errors. The experimenter presented
one list of words/non-words at a time. The list remained covered until the experimenter,
having ascertained that the reader was ready, gave the command to GO, uncovered the
list and, simultaneously, started the stopwatch. The experimenter accurately measured the
reading time for each list and noted down reading errors/omissions, if present.

2.3. Procedure

Participants were tested in two separate sessions in a quiet room. In one session, we
administered the pencil-and-paper scales (AMAS, MPP, PRS and reading test); in the second
session, participants were tested with the computerized tasks (mathematics, numerosity
estimation, VSWM tasks). For the computerized tasks, participants sat in front of a LG 27
monitor subtending 56◦ by 32◦ from the subject’s viewing distance of 57 cm. The monitor
resolution was 1920 × 1080, and the refresh rate was 60 Hz. Stimuli were all generated and
presented with Psychtoolbox [71] routines for MATLAB (ver. 2010a, The MathWorks, Inc.,
Natick, MA, USA).

2.4. Statistical Analysis

For the numerosity estimation task, we calculated the average perceived numerosity
and standard deviation for each numerosity and participant separately. Precision in the
estimation task was indexed in terms of Weber fractions (Wfs) calculated as the ratio
between the standard deviation and the average value of the response distribution with
high values of Wfs indicating low precision and vice versa. For each participant, Wfs
were calculated separately for each numerosity and then averaged across numerosity
levels, to obtain a comprehensive precision index. Participants’ scores were all transformed
into a z-score, using the mean and standard deviation of the entire sample. Z-scores for
each mathematical measure (MPP, PRS and simple and complex calculation tasks) were
averaged to obtain a combined index (formal mathematics performance) that summarized
the participants’ math skills. The same procedure was followed to obtain a single VSWM
span value and a reading ability value.

As VSWM scores strongly deviated from normality (w = 0.9, p = 0.001), the relation
between variables was determined by non-parametric Spearman’s zero-order and partial
correlations. Log10 Bayes factors (LBFs) were also reported when appropriate. LBF values
are conventionally interpreted as providing substantial (0.5–1), strong (1–2) or decisive
(>2) evidence in favor of the alternative hypothesis (H1), while negative LBF within these
ranges are considered as evidence for the null hypothesis (H0) [72,73].

Statistical analyses were performed using Jasp (version 0.14.1, The JASP Team 2020,
https://jasp-stats.org; accessed on: 16 November 2021), MATLAB (version R2016b, The
MathWorks, Inc., http://mathworks.com, accessed on: 15 September 2016) and IBM SPSS
Statistics for Macintosh (version 27).

3. Results

To investigate whether and to what extent inter-individual differences in math anxiety
levels were predicted by mathematical, visuo-spatial working memory and numerosity
skills, we tested adults with several cognitive and psychophysical tasks.

https://jasp-stats.org
http://mathworks.com
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For all tasks, the average scores (Table 1) were within the expected range based on
standardized measures and previous studies (AMAS: 23.2, SD: 5.8 [65]; MPP: 22.8, SD:
4.56 [68]; PRS: 12.73, SD: 2.59 [68]; numerosity Wf: 0.097, SD: 0.01 (22–32 y.o years old; [74]);
Corsi span forward: 6.0, SD: 1.09; Corsi span backward: 5.24, SD: 0.90 (20–30 years old; [75]);
word reading accuracy: 0.76, SD: 1.07; non-word reading accuracy: 1.91, SD: 1.7; word
reading speed: 5.4, SD: 0.93; non-word reading speed: 3.27, SD: 0.7 (adults; [76])).

Table 1. Descriptive statistics. Mean and standard deviation (SD) of participants’ performance for
the various measures.

Measures Mean SD

Math anxiety evaluation 14.78 3.57
Math anxiety learning 9.91 4.04

Simple calculation accuracy 0.96 0.04
Simple calculation RT 1.79 0.27

Complex calculation accuracy 0.75 0.14
Complex calculation RT 15.88 6.44

Mathematics Prerequisites for Psychometrics 24.22 3.37
Probabilistic Reasoning Scale 13.67 1.90

Numerosity Wf 0.07 0.02
VSWM forward 6.22 1.17

VSWM backward 6.35 0.87
Word reading accuracy 0.35 0.64

Non-word reading accuracy 1.65 1.95
Word reading speed 5.53 0.93

Non-word reading speed 3.59 0.73

Given that all the mathematical tasks turned out to be highly correlated with each other
(all rho > 0.39, all p < 0.009, all LBF > 1), we computed a single index to estimate the formal
mathematics performance by averaging the z-scores across the tasks. We also computed a
single VSWM index, given that participants’ span in the forward and backward condition
highly correlated with each other (rho = 0.43, p = 0.002, LBF = 2.2), and for the same reason,
we calculated a single reading index (word reading performance and non-word reading
performance: rho = 0.53, p = 0.0001, LBF = 2.1).

The results, depicted in Figure 2a (see also Table 2) clearly showed that partici-
pants with higher MA levels were also those showing lower formal math performance
(rho = –0.44, p = 0.002, Bonferroni corrected α = 0.005, LBF = 1.1). We also found that the
correlation between MA and reading index was not statistically significant (rho = 0.19,
p = 0.2, LBF = –0.43; Bonferroni corrected α = 0.005; Table 2), suggesting that MA does not
act as a general predictor of learning abilities but that it is specifically linked to math.

Figure 2. Correlations between math anxiety, formal math performance (a), numerosity estimation
acuity (Weber fraction, (b)), and VSWM scores (span, (c)). Lines represent best linear fitting; dots
represent individual participant scores. p < Bonferroni corrected α = 0.05/10 = 0.005.
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Table 2. Correlational matrix. Spearman’s correlations and p-values between the various measures.

Variables
1 2 3 4 5

Math
Anxiety

Formal Math
Performance

Numerosity
Wf VSWM Reading

Index

1 –

2 rho = –0.44
p = 0.002 –

3 rho = 0.48
p = 0.0006

rho = –0.43
p = 0.003 –

4 rho = –0.09
p = 0.55

rho = 0.14
p = 0.36

rho = 0.07
p = 0.6 –

5 rho = 0.19
p = 0.20

rho = –0.08
p = 0.58

rho = 0.23
p = 0.12

rho = –0.17
p = 0.26 –

Bold numbers report statistically significant correlation after Bonferroni correction (α = 0.005).

Since the main goal of this study was to investigate the interplay between MA levels
with mathematical performance, numerosity perception and VSWM, we cross-correlated
these variables (Table 2 and Figure 2).

We found that individuals with higher MA have lower numerosity acuity (higher
Wf; rho = 0.48, p = 0.0006, LBF = 2.1; Bonferroni corrected α = 0.005). Crucially, for the
purpose of the current study, the performance in the VSWM task was unrelated to MA
levels (rho = –0.09, p = 0.55, Bonferroni corrected α = 0.005). This null correlation was
clearly supported by a Bayesian non-parametric analysis showing substantial evidence
in favor of the null hypothesis (LBF = –0.7). We did not find any significant correlation
between MA levels and VSWM, even when analyzing the performance in the forward
and backward VSWM conditions separately (forward: rho = –0.25, p = 0.09, LBF = –0.02;
backward: rho = 0.1, p = 0.49, LBF = –0.6; Bonferroni corrected α = 0.005).

Since between-subject variability is a fundamental prerequisite for correlations, the fact
that ANS but not VSWM correlated with MA could reflect a statistical artifact due to a
potentially lower variability in VSWM scores. To rule out this possibility, we performed
a bootstrap sign test on task variance. At each bootstrap iteration (10,000 iterations), we
independently resampled (with replacement, as many indices as the number of participants)
participants’ Wfs and VSWM z-scores and calculated the between-subject variance for the
two tasks. We than computed the p-value as the proportion of times the Wf variance was
higher compared to that provided by the VSWM task. The p-value was 0.44, indicating that
these tasks had a similar variability level, suggesting that the different pattern of correlation
with MA was unlikely due to a difference in variability levels.

Figure 3 shows that, when controlling for MA, the correlation between formal math
performance and numerosity Wf was not statistically significant (rho = –0.28, p = 0.06),
suggesting that MA played a crucial role in driving this correlation. The correlation between
math anxiety and formal math performance scores was not statistically significant when
numerosity Wf was controlled as a covariate (rho = –0.29, p = 0.05), suggesting, on the
other hand, that numerosity Wf also had a role in the relationship between MA and
math performance. When controlling for formal math performance scores, the correlation
between numerosity Wf and math anxiety remained statistically significant (rho = 0.36,
p = 0.014), indicating that formal math performance was not sufficient to fully account for
the correlation between numerosity perception and MA levels.



Brain Sci. 2022, 12, 422 9 of 15

Figure 3. Diagrams of partial correlations between math anxiety, numerosity Wf and formal math
performance. Values report partial correlations between the two variables connected by arrows after
controlling for the third variable. * p < 0.05.

4. Discussion

In the current study, we investigated the role of domain-general (visuo-spatial working
memory, VSWM) and domain-specific (numerosity acuity) factors in determining math
anxiety (MA) levels as well as its relation to formal math performance. Preliminarily, we
tested whether MA was specifically related to formal math performance or also to other
school domains, such as reading. The results showed that MA was specifically linked
to formal math and not to reading abilities. Even more importantly, MA was related
to numerosity acuity and independent from VSWM, with the link between numerosity
acuity and math performance being fully accounted for by MA. Moreover, we found that
numerosity acuity played a role in driving the relationship between MA and formal math
performance. Overall, the work reported here suggests that adults with higher levels of
math anxiety also have lower math performance and a noisier sense of number (higher Wf),
in line with the reduced competency account.

In line with this theoretical framework, we found here that MA and numerosity acuity
were significantly correlated; that is, individuals with higher math anxiety levels also
showed higher Wf (lower ANS precision). This result nicely complements a previous
study reporting that individuals with high math anxiety showed a lower accuracy (correct
responses) in a numerosity discrimination task compared to their peers with lower levels
of math anxiety [45]. Here, we quantified the sensitivity of the ANS by measuring Wf
(rather than proportion of correct responses) and, therefore, considered, more appropriately,
the sensory precision of the system by also generalizing the previous reports to a different
paradigm (numerosity estimation rather than discrimination). However, it is worth noting
that another study failed to find a significant correlation between MA and ANS in adults [56]
despite ANS acuity being measured as in Lindskog et al. [45]. Braham and Libertus [56]
suggested that a possible explanation for this discrepancy might rely on the lower variability
of scores in the math anxiety questionnaire they obtained relative to those reported by
Lindskog et al. (24% vs. 66%). Here, we found a significant correlation between MA and
ANS despite the fact that the standard deviation of anxiety scores measure in our study
(28% of the mean) was similar to that in Braham and Libertus. Given that the variability in
the MA scores does not appear to be a crucial factor in determining the correlation between
ANS acuity and MA, the differences across studies might be related to the methods used to
measure ANS acuity. Using an estimation task might provide more reliable measures of
ANS precision and allow for the detection of the correlation between this variable and MA
even for low variability in the MA scores.

The present results also support previous findings showing that adults with higher ap-
proximate number system acuity are also those with higher math performance ([43,45,56,77];
for a meta-analysis, see [78]; although, see [40,79,80], for a different account). Importantly,
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in the current study, we found that the correlation between ANS and math performance
turned out to be not statistically significant when controlling for MA. This is in line with
two recent studies finding that MA fully accounts for the relationship between ANS acuity
and math performance. For example, Lindskog et al. [45] reported a significant mediation
role of MA in the link between ANS and math performance. Similarly, Maldonado Moscoso
et al. [52] found a mediatory role of MA in determining the relationship between ANS and
math proficiency by taking into account MA in individuals with high MA. We also found
that the correlation between MA and formal math performance was fully accounted for by
numerosity acuity. Taken together, these results support the hypothesis that individuals
with high MA may have a coarser ANS acuity [45], in line with the reduced competency
account. Having a poor ANS during development could increase the number of negative
experiences related to math learning, increasing the probability of developing MA. In turn,
MA impedes performance, bringing more anxiety and avoidance behavior.

In the current study, we did not find a significant relationship between MA and
WM resources. That domain-general functions do not covary with MA is in line with
a previous study reporting a no significant correlation between MA and visuo-spatial
attention [52]. However, this is in contrast with several previous studies indicating that
higher levels of MA were associated with poor WM performance [15,81,82]. A possible
explanation for the lack of correlation between WM and MA reported here, compared to
other studies [83], might be the kind of WM taken into account as well as the task employed
to measure WM. As suggested by Namkung and colleagues [84], math anxiety might be
prompted most strongly by those WM tasks that involve the manipulation of numerical
information. For instance, Ashcraft and Kirk [15] found that MA correlated with working
memory only when the task used to measure WM involved arithmetic or math-related
stimuli (computation-based working memory) but not verbal stimuli. Similar results were
found by other groups that used computation-based WM [23,85,86]. Here, we tested
participants’ VSWM using a number-free task and did not find a significant relationship
between MA and VSWM, as well as between VSWM and math performance. Therefore,
one possibility is that only some “domain-specific” components of WM, potentially those
strongly related to math concepts, might be relevant to MA and to its relationship with
math performance. However, other factors should be considered as well. Indeed, previous
studies that have measured VSWM did find a relationship between this WM component
and MA (with individuals with higher levels of MA having poorer VSWM resources [19,63]).
Nevertheless, the types of tasks used in these studies to measure VSWM were different
compared to ours. Georges et al. [63] used the no-grid protocol taken from a grid/no-grid
task, which required participants to report whether a comparison configuration was in
accordance or not with the spatial locations of target crosses, while Miller et al. [19] used
a paper-folding task. These tasks might require different cognitive abilities (for example
mental rotation or visual imagery) more related to MA than those involved in our task.
Moreover, the test used to measure MA as well as the educational background of the
participant tested in those studies differed compared to ours, potentially explaining the
discrepancy between the current and previous results. Finally, the strategies applied by
participants (i.e., spatializing verbal sequences in mind) to solve WM tasks might also
explain the correlation with MA [87]. In order to test for these possibilities, future studies
should measure different types of WM, with different tasks, and investigate their specific
relationship with MA in the same participants.

The strong negative correlation between MA levels and mathematical performance
reported here is in line with several previous findings suggesting that repeated experiences
of failures in mathematics-related situations may generate anxious feelings when deal-
ing with math tests ([7,9,11,15,28,45,88–93]; for a review, see [94,95]; for a meta-analysis,
see [1,84,96,97]). Moreover, the current results make clear that the negative effects of math
anxiety only affect math performance and leave other school-based abilities unaffected. In-
deed, we found that MA specifically predicted math performance but not reading abilities,
suggesting that MA is not a general predictor of learning [17]. In the current study, we did
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not measure individuals’ general academic anxiety, so it is not possible to definitively ex-
clude the possibility that this does not also reflect a generalized state of non-specific anxiety.
However, previous studies have tackled this question and showed that math performance
specifically correlated with MA and not with test or performance anxiety ([45,52,98]; for a
meta-analysis, see [1]). Nevertheless, although we cannot demonstrate that the test used
here specifically measured MA, as opposed to general performance anxiety, the fact that
MA did not correlate with reading abilities makes this possibility unlikely since there is no
reason to believe that general anxiety would impact math more than other academic skills.
This finding is also interesting, as a previous study in 7-year-old Italian children found
that only general, and not math-specific anxiety, predicted math performance [57]. The fact
that we found it here in a sample of adults suggests that the specificity of this link might
develop after prolonged experience with math education.

The current study also has some limitations. Mathematical abilities are heterogeneous
and involve several different competencies such as counting, mental calculation, written
calculation, verbal math knowledge, number reading and many others. In this study, we
estimated mathematical proficiency via a multidimensional composite index, but obviously
it did not entail all math-related abilities. The correlation patterns described in this study
cannot, therefore, be generalized to all mathematical sub-competencies, an important issue
requiring future studies to be fully addressed. Another limitation is related to the selected
sample. The current study describes the interaction between MA, ANS and math compe-
tency in adults, but these results cannot be easily generalized to children or adolescents.
Again, future studies (ideally leveraging on a longitudinal approach) are needed to tackle
this issue directly and complement the present results with a developmental trajectory of
the relationship between MA, ANS and math capacities. Finally, in the current experiment,
we did not balance the ratio between female and male participants, a decision mainly
driven by recent meta-analyses showing no gender effect on the association between math
achievement and MA [25,96]. However, this is nevertheless a limitation, and the current
results need to be replicated with balanced samples before being fully generalizable.

5. Conclusions

Taken together, our results showed that individuals with high MA also have poor
ANS and worse math performance. During development, a poor ANS could increase
the likelihood of initial failure and negative learning experiences during math education,
thereby triggering the development of MA. VSWM, on the other hand, did not seem to
play a key role in determining MA. Overall, these results strongly support the reduced
competency account.

Author Contributions: P.A.M.M.: conceptualization, methodology, investigation, formal analysis and
writing—original draft preparation; E.C.: conceptualization and writing—review and editing; R.A.:
conceptualization and writing—review and editing; C.P.: conceptualization and writing—review and
editing; C.C.: investigation; S.B.: investigation; F.B.: investigation; G.A.: conceptualization, formal
analysis and writing—review and editing. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded from the European Union (EU) and Horizon 2020—grant
agreement No. 832813—ERC Advanced “Spatio-temporal mechanisms of generative perception—
GenPercept” and from the Italian Ministry of Education, University and Research under the PRIN2017
program (grant No. 2017XBJN4F—“EnvironMag” and grant No. 2017SBCPZY—“Temporal context
in perception: serial dependence and rhythmic oscillations”).

Institutional Review Board Statement: The research was approved by the local ethics committee
(“Commissione per l’Etica della Ricerca”, University of Florence, 7 July 2020, No. 111).

Informed Consent Statement: All participants provided informed written consent.

Data Availability Statement: Data for the main findings are available at: https://doi.org/10.5281/
zenodo.6353646 (accessed on 30 January 2022).

https://doi.org/10.5281/zenodo.6353646
https://doi.org/10.5281/zenodo.6353646


Brain Sci. 2022, 12, 422 12 of 15

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Hembree, R. The Nature, Effects, and Relief of Mathematics Anxiety. J. Res. Math. Educ. 1990, 21, 33–46. [CrossRef]
2. Beilock, S.L.; Maloney, E.A. Math Anxiety: A Factor in Math Achievement Not to Be Ignored. Policy Insights Behav. Brain Sci. 2015,

2, 4–12. [CrossRef]
3. Dougherty, C. Numeracy, literacy and earnings: Evidence from the National Longitudinal Survey of Youth. Econ. Educ. Rev. 2003,

22, 511–521. [CrossRef]
4. Parsons, S.; Bynner, J. Does Numeracy Matter More? 1st ed.; NRDC: London, UK, 2005.
5. Ashcraft, M.H. Math anxiety: Personal, educational, and cognitive consequences. Curr. Dir. Psychol. Sci. 2002, 11, 181–185.

[CrossRef]
6. Richardson, F.C.; Suinn, R.M. The Mathematics Anxiety Rating Scale: Psychometric data. J. Couns. Psychol. 1972, 19, 551.

[CrossRef]
7. Ashcraft, M.H.; Faust, M.W. Mathematics Anxiety and Mental Arithmetic Performance: An Exploratory Investigation. Cogn.

Emot. 1994, 8, 97–125. [CrossRef]
8. Ashcraft, M.H.; Krause, J.A.; Hopko, D.R. Is math anxiety a mathematical learning disability? In Why Is Math So Hard for Some

Children? The Nature and Origins of Mathematical Learning Difficulties and Disabilities; Berch, D.B., Mazzocco, M.M.M., Eds.; Brookes:
Baltimore, MD, USA, 2007; pp. 329–348.

9. Devine, A.; Fawcett, K.; Szucs, D.; Dowker, A. Gender differences in mathematics anxiety and the relation to mathematics
performance while controlling for test anxiety. Behav. Brain Funct. 2012, 8, 33. [CrossRef]

10. Krinzinger, H.; Kaufmann, L.; Willmes, K. Math anxiety and math ability in early primary school years. J. Psychoeduc. Assess.
2009, 27, 206–225. [CrossRef] [PubMed]

11. Ramirez, G.; Gunderson, E.A.; Levine, S.C.; Beilock, S.L. Math Anxiety, Working Memory, and Math Achievement in Early
Elementary School. J. Cogn. Dev. 2013, 14, 187–202. [CrossRef]

12. Lee, J. Universals and specifics of math self-concept, math self-efficacy, and math anxiety across 41 PISA 2003 participating
countries. Learn. Individ. Differ. 2009, 19, 355–365. [CrossRef]

13. Malanchini, M.; Rimfeld, K.; Shakeshaft, N.G.; Rodic, M.; Schofield, K.; Selzam, S.; Dale, P.S.; Petrill, S.A.; Kovas, Y. The genetic
and environmental aetiology of spatial, mathematics and general anxiety. Sci. Rep. 2017, 7, 42218. [CrossRef] [PubMed]

14. Malanchini, M.; Rimfeld, K.; Wang, Z.; Petrill, S.A.; Tucker-Drob, E.M.; Plomin, R.; Kovas, Y. Genetic factors underlie the
association between anxiety, attitudes and performance in mathematics. Transl. Psychiatry 2020, 10, 12. [CrossRef]

15. Ashcraft, M.H.; Kirk, E.P. The relationships among working memory, math anxiety, and performance. J. Exp. Psychol. Gen. 2001,
130, 224. [CrossRef] [PubMed]

16. Maloney, E.A.; Ansari, D.; Fugelsang, J.A. The effect of mathematics anxiety on the processing of numerical magnitude. Q. J. Exp.
Psychol. 2011, 64, 10–16. [CrossRef]

17. Wang, Z.; Hart, S.A.; Kovas, Y.; Lukowski, S.; Soden, B.; Thompson, L.A.; Plomin, R.; McLoughlin, G.; Bartlett, C.W.; Lyons, I.M.;
et al. Who is afraid of math? Two sources of genetic variance for mathematical anxiety. J. Child Psychol. Psychiatry Allied Discip.
2014, 55, 1056–1064. [CrossRef] [PubMed]

18. Baddeley, A. The episodic buffer: A new component of working memory? Trends Cogn. Sci. 2000, 4, 417–423. [CrossRef]
19. Miller, H.; Bichsel, J. Anxiety, working memory, gender, and math performance. Pers. Individ. Dif. 2004, 37, 591–606. [CrossRef]
20. Passolunghi, M.C.; Cargnelutti, E.; Pellizzoni, S. The relation between cognitive and emotional factors and arithmetic problem-

solving. Educ. Stud. Math. 2019, 100, 271–290. [CrossRef]
21. Passolunghi, M.C.; Caviola, S.; De Agostini, R.; Perin, C.; Mammarella, I.C. Mathematics anxiety, working memory, and

mathematics performance in secondary-school children. Front. Psychol. 2016, 7, 42. [CrossRef]
22. Beilock, S.L.; Carr, T.H. When high-powered people fail: Working memory and “Choking under pressure” in math. Psychol. Sci.

2005, 16, 101–105. [CrossRef] [PubMed]
23. Mattarella-Micke, A.; Mateo, J.; Kozak, M.N.; Foster, K.; Beilock, S.L. Choke or Thrive? The Relation Between Salivary Cortisol

and Math Performance Depends on Individual Differences in Working Memory and Math-Anxiety. Emotion 2011, 11, 1000.
[CrossRef] [PubMed]

24. Ramirez, G.; Chang, H.; Maloney, E.A.; Levine, S.C.; Beilock, S.L. On the relationship between math anxiety and math achievement
in early elementary school: The role of problem solving strategies. J. Exp. Child Psychol. 2016, 141, 83–100. [CrossRef] [PubMed]

25. Caviola, S.; Toffalini, E.; Giofrè, D.; Ruiz, J.M.; Szűcs, D.; Mammarella, I.C. Math Performance and Academic Anxiety Forms,
from Sociodemographic to Cognitive Aspects: A Meta-analysis on 906,311 Participants. Educ. Psychol. Rev. 2021, 34, 363–399.
[CrossRef]

26. Maloney, E.A. Math anxiety: Causes, Consequences, and Remediation. In Handbook of Motivation at School; Routledge: New York,
NY, USA, 2016; p. 16.

27. Maloney, E.A.; Beilock, S.L. Math anxiety: Who has it, why it develops, and how to guard against it. Trends Cogn. Sci. 2012, 16,
404–406. [CrossRef]

http://doi.org/10.2307/749455
http://doi.org/10.1177/2372732215601438
http://doi.org/10.1016/S0272-7757(03)00040-2
http://doi.org/10.1111/1467-8721.00196
http://doi.org/10.1037/h0033456
http://doi.org/10.1080/02699939408408931
http://doi.org/10.1186/1744-9081-8-33
http://doi.org/10.1177/0734282908330583
http://www.ncbi.nlm.nih.gov/pubmed/20401159
http://doi.org/10.1080/15248372.2012.664593
http://doi.org/10.1016/j.lindif.2008.10.009
http://doi.org/10.1038/srep42218
http://www.ncbi.nlm.nih.gov/pubmed/28220830
http://doi.org/10.1038/s41398-020-0711-3
http://doi.org/10.1037/0096-3445.130.2.224
http://www.ncbi.nlm.nih.gov/pubmed/11409101
http://doi.org/10.1080/17470218.2010.533278
http://doi.org/10.1111/jcpp.12224
http://www.ncbi.nlm.nih.gov/pubmed/24611799
http://doi.org/10.1016/S1364-6613(00)01538-2
http://doi.org/10.1016/j.paid.2003.09.029
http://doi.org/10.1007/s10649-018-9863-y
http://doi.org/10.3389/fpsyg.2016.00042
http://doi.org/10.1111/j.0956-7976.2005.00789.x
http://www.ncbi.nlm.nih.gov/pubmed/15686575
http://doi.org/10.1037/a0023224
http://www.ncbi.nlm.nih.gov/pubmed/21707166
http://doi.org/10.1016/j.jecp.2015.07.014
http://www.ncbi.nlm.nih.gov/pubmed/26342473
http://doi.org/10.1007/s10648-021-09618-5
http://doi.org/10.1016/j.tics.2012.06.008


Brain Sci. 2022, 12, 422 13 of 15

28. Maloney, E.A.; Risko, E.F.; Ansari, D.; Fugelsang, J. Mathematics anxiety affects counting but not subitizing during visual
enumeration. Cognition 2010, 114, 293–297. [CrossRef] [PubMed]

29. Anobile, G.; Morrone, M.C.; Ricci, D.; Gallini, F.; Merusi, I.; Tinelli, F. Typical crossmodal numerosity perception in preterm
newborns. Multisens. Res. 2021, 34, 693–714. [CrossRef]

30. Coubart, A.; Izard, V.; Spelke, E.S.; Marie, J.; Streri, A. Dissociation between small and large numerosities in newborn infants. Dev.
Sci. 2014, 17, 11–22. [CrossRef] [PubMed]

31. Izard, V.; Sann, C.; Spelke, E.S.; Streri, A. Newborn infants perceive abstract numbers. Proc. Natl. Acad. Sci. USA 2009, 106,
10382–10385. [CrossRef] [PubMed]

32. Dehaene, S. The Number Sense: How the Mind Creates Mathematics, 2nd ed.; Oxford University Press: New York, NY, USA, 2011.
33. Anobile, G.; Arrighi, R.; Castaldi, E.; Grassi, E.; Pedonese, L.; Moscoso, P.A.M.; Burr, D.C. Spatial but not temporal numerosity

thresholds correlate with formal math skills in children. Dev. Psychol. 2018, 54, 458. [CrossRef]
34. Anobile, G.; Stievano, P.; Burr, D.C. Visual sustained attention and numerosity sensitivity correlate with math achievement in

children. J. Exp. Child Psychol. 2013, 116, 380–391. [CrossRef] [PubMed]
35. Piazza, M. Neurocognitive start-up tools for symbolic number representations. Trends Cogn. Sci. 2010, 14, 542–551. [CrossRef]
36. Starr, A.; Libertus, M.E.; Brannon, E.M. Number sense in infancy predicts mathematical abilities in childhood. Proc. Natl. Acad.

Sci. USA 2013, 110, 18116–18120. [CrossRef] [PubMed]
37. Butterworth, B.; Varma, S.; Laurillard, D. Dyscalculia: From brain to education. Science 2011, 332, 1049–1053. [CrossRef] [PubMed]
38. De Smedt, B.; Verschaffel, L.; Ghesquière, P. The predictive value of numerical magnitude comparison for individual differences

in mathematics achievement. J. Exp. Child Psychol. 2009, 103, 469–479. [CrossRef]
39. Dehaene, S. The neural basis of the Weber-Fechner law: A logarithmic mental number line. Trends Cogn. Sci. 2003, 7, 145–147.

[CrossRef]
40. Feigenson, L.; Libertus, M.E.; Halberda, J. Links between the Intuitive Sense of Number and Formal Mathematics Ability. Child

Dev. Perspect. 2013, 7, 74–79. [CrossRef] [PubMed]
41. Halberda, J.; Mazzocco, M.M.M.; Feigenson, L. Individual differences in non-verbal number acuity correlate with maths

achievement. Nature 2008, 455, 665–668. [CrossRef]
42. Libertus, M.E.; Feigenson, L.; Halberda, J. Preschool acuity of the approximate number system correlates with school math ability.

Dev. Sci. 2011, 14, 1292–1300. [CrossRef] [PubMed]
43. Libertus, M.E.; Odic, D.; Halberda, J. Intuitive sense of number correlates with math scores on college-entrance examination. Acta

Psychol. 2012, 141, 373–379. [CrossRef]
44. Mazzocco, M.M.M.; Feigenson, L.; Halberda, J. Impaired acuity of the approximate number system underlies mathematical

learning disability (dyscalculia). Child Dev. 2011, 82, 1224–1237. [CrossRef]
45. Lindskog, M.; Winman, A.; Poom, L. Individual differences in nonverbal number skills predict math anxiety. Cognition 2017, 159,

156–162. [CrossRef] [PubMed]
46. De Smedt, B.; Noël, M.P.; Gilmore, C.; Ansari, D. How do symbolic and non-symbolic numerical magnitude processing skills

relate to individual differences in children’s mathematical skills? A review of evidence from brain and behavior. Trends Neurosci.
Educ. 2013, 2, 48–55. [CrossRef]

47. Lyons, I.M.; Beilock, S.L. Numerical ordering ability mediates the relation between number-sense and arithmetic competence.
Cognition 2011, 121, 256–261. [CrossRef] [PubMed]

48. Lyons, I.M.; Price, G.R.; Vaessen, A.; Blomert, L.; Ansari, D. Numerical predictors of arithmetic success in grades 1–6. Dev. Sci.
2014, 17, 714–726. [CrossRef]

49. Rousselle, L.; Noël, M.P. Basic numerical skills in children with mathematics learning disabilities: A comparison of symbolic vs.
non-symbolic number magnitude processing. Cognition 2007, 102, 361–395. [CrossRef]

50. Sasanguie, D.; De Smedt, B.; Defever, E.; Reynvoet, B. Association between basic numerical abilities and mathematics achievement.
Br. J. Dev. Psychol. 2012, 30, 344–357. [CrossRef]

51. Sasanguie, D.; Defever, E.; Maertens, B.; Reynvoet, B. The approximate number system is not predictive for symbolic number
processing in kindergarteners. Q. J. Exp. Psychol. 2014, 67, 271–280. [CrossRef]

52. Maldonado Moscoso, P.A.; Anobile, G.; Primi, C.; Arrighi, R. Math Anxiety Mediates the Link between Number Sense and Math
Achievements in High Math Anxiety Young Adults. Front. Psychol. 2020, 11, 1095. [CrossRef]

53. Szczygieł, M. The relationship between math anxiety and math achievement in young children is mediated through working
memory, not by number sense, and it is not direct. Contemp. Educ. Psychol. 2021, 65, 101949. [CrossRef]

54. Wang, Z.; Lukowski, S.L.; Hart, S.A.; Lyons, I.M.; Thompson, L.A.; Kovas, Y.; Mazzocco, M.M.M.; Plomin, R.; Petrill, S.A. Is Math
Anxiety Always Bad for Math Learning? The Role of Math Motivation. Psychol. Sci. 2015, 26, 1863–1876. [CrossRef]

55. Ashkenazi, S.; Danan, Y. The role of mathematical anxiety and working memory on the performance of different types of
arithmetic tasks. Trends Neurosci. Educ. 2017, 7, 1–10. [CrossRef]

56. Braham, E.J.; Libertus, M.E. When approximate number acuity predicts math performance: The moderating role of math anxiety.
PLoS ONE 2018, 13, e0195696. [CrossRef]

57. Cargnelutti, E.; Tomasetto, C.; Passolunghi, M.C. The interplay between affective and cognitive factors in shaping early proficiency
in mathematics. Trends Neurosci. Educ. 2017, 8, 28–36. [CrossRef]

58. Colomé, À. Representation of numerical magnitude in math-anxious individuals. Q. J. Exp. Psychol. 2019, 72, 424–435. [CrossRef]

http://doi.org/10.1016/j.cognition.2009.09.013
http://www.ncbi.nlm.nih.gov/pubmed/19896124
http://doi.org/10.1163/22134808-bja10051
http://doi.org/10.1111/desc.12108
http://www.ncbi.nlm.nih.gov/pubmed/24267592
http://doi.org/10.1073/pnas.0812142106
http://www.ncbi.nlm.nih.gov/pubmed/19520833
http://doi.org/10.1037/dev0000448
http://doi.org/10.1016/j.jecp.2013.06.006
http://www.ncbi.nlm.nih.gov/pubmed/23933254
http://doi.org/10.1016/j.tics.2010.09.008
http://doi.org/10.1073/pnas.1302751110
http://www.ncbi.nlm.nih.gov/pubmed/24145427
http://doi.org/10.1126/science.1201536
http://www.ncbi.nlm.nih.gov/pubmed/21617068
http://doi.org/10.1016/j.jecp.2009.01.010
http://doi.org/10.1016/S1364-6613(03)00055-X
http://doi.org/10.1111/cdep.12019
http://www.ncbi.nlm.nih.gov/pubmed/24443651
http://doi.org/10.1038/nature07246
http://doi.org/10.1111/j.1467-7687.2011.01080.x
http://www.ncbi.nlm.nih.gov/pubmed/22010889
http://doi.org/10.1016/j.actpsy.2012.09.009
http://doi.org/10.1111/j.1467-8624.2011.01608.x
http://doi.org/10.1016/j.cognition.2016.11.014
http://www.ncbi.nlm.nih.gov/pubmed/27960118
http://doi.org/10.1016/j.tine.2013.06.001
http://doi.org/10.1016/j.cognition.2011.07.009
http://www.ncbi.nlm.nih.gov/pubmed/21855058
http://doi.org/10.1111/desc.12152
http://doi.org/10.1016/j.cognition.2006.01.005
http://doi.org/10.1111/j.2044-835X.2011.02048.x
http://doi.org/10.1080/17470218.2013.803581
http://doi.org/10.3389/fpsyg.2020.01095
http://doi.org/10.1016/j.cedpsych.2021.101949
http://doi.org/10.1177/0956797615602471
http://doi.org/10.1016/j.tine.2017.05.001
http://doi.org/10.1371/journal.pone.0195696
http://doi.org/10.1016/j.tine.2017.10.002
http://doi.org/10.1177/1747021817752094


Brain Sci. 2022, 12, 422 14 of 15

59. Dietrich, J.F.; Huber, S.; Moeller, K.; Klein, E. The influence of math anxiety on symbolic and non-symbolic magnitude processing.
Front. Psychol. 2015, 6, 1621. [CrossRef]

60. Gómez-Velázquez, F.R.; Berumen, G.; González-Garrido, A.A. Comparisons of numerical magnitudes in children with different
levels of mathematical achievement. An ERP study. Brain Res. 2015, 1627, 189–200. [CrossRef]

61. Guan, D.; Ai, J.; Gao, Y.; Li, H.; Huang, B.; Si, J. Non-symbolic representation is modulated by math anxiety and cognitive
inhibition while symbolic representation not. Psychol. Res. 2021, 85, 1662–1672. [CrossRef]

62. Hart, S.A.; Logan, J.A.R.; Thompson, L.; Kovas, Y.; McLoughlin, G.; Petrill, S.A. A latent profile analysis of math achievement,
numerosity, and math anxiety in twins. J. Educ. Psychol. 2016, 108, 181. [CrossRef]

63. Georges, C.; Hoffmann, D.; Schiltz, C. How math anxiety relates to number-space associations. Front. Psychol. 2016, 7, 1401.
[CrossRef]

64. Castaldi, E.; Piazza, M.; Eger, E. Resources Underlying Visuo-Spatial Working Memory Enable Veridical Large Numerosity
Perception. Front. Hum. Neurosci. 2021, 15, 683. [CrossRef]

65. Hopko, D.R.; Mahadevan, R.; Bare, R.L.; Hunt, M.K. The Abbreviated Math Anxiety Scale (AMAS): Construction, validity, and
reliability. Assessment 2003, 10, 178–182. [CrossRef]

66. Primi, C.; Busdraghi, C.; Tomasetto, C.; Morsanyi, K.; Chiesi, F. Measuring math anxiety in Italian college and high school
students: Validity, reliability and gender invariance of the Abbreviated Math Anxiety Scale (AMAS). Learn. Individ. Differ. 2014,
34, 51–56. [CrossRef]

67. Galli, S.; Chiesi, F.; Primi, C. Measuring mathematical ability needed for “non-mathematical” majors: The construction of a scale
applying IRT and differential item functioning across educational contexts. Learn. Individ. Differ. 2011, 21, 392–402. [CrossRef]

68. Primi, C.; Morsanyi, K.; Donati, M.A.; Galli, S.; Chiesi, F. Measuring Probabilistic Reasoning: The Construction of a New Scale
Applying Item Response Theory. J. Behav. Decis. Mak. 2017, 30, 933–950. [CrossRef]

69. Corsi, P.M. Human memory and the medial temporal region of the brain. Diss. Abstr. Int. 1973, 34, 891.
70. Sartori, G.; Job, R.; Tressoldi, P.E. Batteria per la Valutazione Della Dislessia e Della Disortografia Evolutiva [Battery for the Assessment of

Developmental Dyslexia and Dysorthographia]; Edizioni Organizzazioni Speciali: Firenze, Italy, 1995.
71. Brainard, D.H. The Psychophysics Toolbox. Spat. Vis. 1997, 10, 433–436. [CrossRef] [PubMed]
72. Jeffreys, H. The Theory of Probability; OUP Oxford: Oxford, UK, 1998.
73. Kass, R.E.; Raftery, A.E. Bayes factors. J. Am. Stat. Assoc. 1995, 90, 773–795. [CrossRef]
74. Maldonado Moscoso, P.A.; Castaldi, E.; Burr, D.C.; Arrighi, R.; Anobile, G. Grouping strategies in number estimation extend the

subitizing range. Sci. Rep. 2020, 10, 14979. [CrossRef]
75. Monaco, M.; Costa, A.; Caltagirone, C.; Carlesimo, G.A. Erratum to: Forward and backward span for verbal and visuo-spatial

data: Standardization and normative data from an Italian adult population. Neurol. Sci. 2015, 36, 345–347. [CrossRef]
76. Martino, M.G.; Pappalardo, F.; Re, A.M.; Tressoldi, P.E.; Lucangeli, D.; Cornoldi, C. La valutazione della dislessia nell’adulto [A

evaluation of dyslexia in adult readers]. Dislessia 2011, 8, 119–134.
77. Sun, J.; Sun, P. The relationship between numerosity perception and mathematics ability in adults: The moderating role of dots

number. PeerJ 2021, 9, e12660. [CrossRef]
78. Schneider, M.; Beeres, K.; Coban, L.; Merz, S.; Susan Schmidt, S.; Stricker, J.; De Smedt, B. Associations of non-symbolic and

symbolic numerical magnitude processing with mathematical competence: A meta-analysis. Dev. Sci. 2017, 20, e12372. [CrossRef]
79. Inglis, M.; Attridge, N.; Batchelor, S.; Gilmore, C. Non-verbal number acuity correlates with symbolic mathematics achievement:

But only in children. Psychon. Bull. Rev. 2011, 18, 1222–1229. [CrossRef]
80. Krueger, L.E. Perceived numerosity: A comparison of magnitude production, magnitude estimation, and discrimination

judgments. Percept. Psychophys. 1984, 35, 536–542. [CrossRef]
81. Ashcraft, M.H.; Krause, J.A. Working memory, math performance, and math anxiety. Psychon. Bull. Rev. 2007, 14, 243–248.

[CrossRef]
82. Hopko, D.R.; Ashcraft, M.H.; Gute, J.; Ruggiero, K.J.; Lewis, C. Mathematics anxiety and working memory: Support for the

existence of a deficient inhibition mechanism. J. Anxiety Disord. 1998, 12, 343–355. [CrossRef]
83. Caviola, S.; Carey, E.; Mammarella, I.C.; Szucs, D. Stress, time pressure, strategy selection and math anxiety in mathematics: A

review of the literature. Front. Psychol. 2017, 8, 1488. [CrossRef]
84. Namkung, J.M.; Peng, P.; Lin, X. The Relation between Mathematics Anxiety and Mathematics Performance among School-Aged

Students: A Meta-Analysis. Rev. Educ. Res. 2019, 89, 459–496. [CrossRef]
85. Pelegrina, S.; Justicia-Galiano, M.J.; Martín-Puga, M.E.; Linares, R. Math Anxiety and Working Memory Updating: Difficulties in

Retrieving Numerical Information from Working Memory. Front. Psychol. 2020, 11, 669. [CrossRef]
86. Trezise, K.; Reeve, R.A. Working memory, worry, and algebraic ability. J. Exp. Child Psychol. 2014, 121, 120–136. [CrossRef]
87. Van Dijck, J.-P.; Fias, W.; Cipora, K. Spatialization in Working Memory and Its Relation to Math Anxiety. Available online:

psyarxiv.com/jyr3m. (accessed on 30 January 2022).
88. Hill, F.; Mammarella, I.C.; Devine, A.; Caviola, S.; Passolunghi, M.C.; Szucs, D. Maths anxiety in primary and secondary school

students: Gender differences, developmental changes and anxiety specificity. Learn. Individ. Differ. 2016, 48, 45–53. [CrossRef]
89. Hopko, D.R.; McNeil, D.W.; Lejuez, C.W.; Ashcraft, M.H.; Eifert, G.H.; Riel, J. The effects of anxious responding on mental

arithmetic and lexical decision task performance. J. Anxiety Disord. 2003, 17, 647–665. [CrossRef]

http://doi.org/10.3389/fpsyg.2015.01621
http://doi.org/10.1016/j.brainres.2015.09.009
http://doi.org/10.1007/s00426-020-01356-7
http://doi.org/10.1037/edu0000045
http://doi.org/10.3389/fpsyg.2016.01401
http://doi.org/10.3389/fnhum.2021.751098
http://doi.org/10.1177/1073191103010002008
http://doi.org/10.1016/j.lindif.2014.05.012
http://doi.org/10.1016/j.lindif.2011.04.005
http://doi.org/10.1002/bdm.2011
http://doi.org/10.1163/156856897X00357
http://www.ncbi.nlm.nih.gov/pubmed/9176952
http://doi.org/10.1080/01621459.1995.10476572
http://doi.org/10.1038/s41598-020-71871-5
http://doi.org/10.1007/s10072-014-2019-7
http://doi.org/10.7717/peerj.12660
http://doi.org/10.1111/desc.12372
http://doi.org/10.3758/s13423-011-0154-1
http://doi.org/10.3758/BF03205949
http://doi.org/10.3758/BF03194059
http://doi.org/10.1016/S0887-6185(98)00019-X
http://doi.org/10.3389/fpsyg.2017.01488
http://doi.org/10.3102/0034654319843494
http://doi.org/10.3389/fpsyg.2020.00669
http://doi.org/10.1016/j.jecp.2013.12.001
psyarxiv.com/jyr3m.
http://doi.org/10.1016/j.lindif.2016.02.006
http://doi.org/10.1016/S0887-6185(02)00240-2


Brain Sci. 2022, 12, 422 15 of 15
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