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Abstract

Introduction:Math anxiety severely impacts individuals’ learning and future success.

However, limited is understood about the profile in East Asian cultureswhere students

genuinely show high-level math anxiety, despite that they outperform their West-

ern counterparts. Here, we investigate the relation between math anxiety and math

achievement in children as young as first and second graders in Taiwan. Further, we

evaluate whether intensive exposure to digital game-based learning in mathematics

could amelioratemath anxiety.

Methods: The study first evaluated a group of 159 first and second graders’ math anx-

iety and its correlation with math performance. Subsequently, a quasi-experimental

designwas adopted: 77 of the children continued and participated inmulti-component

digital game training targeting enumeration, speeded calculation, and working mem-

ory. Post-assessment was administered afterward for further evaluation of training-

associated effects.

Results: Results confirmed that math anxiety was negatively associated with school

math achievement, which assessed numerical knowledge and arithmetic calculation.

Furthermore, children’s math anxiety was remarkably reduced via digital training in

mathematics after 6-week intensive remediation. Crucially, this math anxiety relief

was more prominent in those with high-level math anxiety. Although the children who

underwent the training showed training-inducedmathachievement andworkingmem-

ory enhancement, this cognitive improvement appeared to be independent of themath

anxiety relief.

Conclusion: Our findings demonstrate that students can show highly negative emo-

tions and perceptions toward learning even in high-achieving countries. Auspiciously,

the feeling of distress toward learning has the feasibility to be relieved fromshort-term

intensive training.Our study suggests a newapproachof early treatments to emotional

disturbance that can lead to permanent consequences in individuals.
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1 INTRODUCTION

Math anxiety is a severe problem pessimistically affecting individu-

als’ mathematical learning and achievement, as well as their academic

and professional success by causing avoidance of mathematical activ-

ities (Ashcraft & Krause, 2007; Foley et al., 2017; Passolunghi, 2011).

It is a specific negative emotional reaction accompanied by feelings

of tension, apprehension, and fear under math-related problem solv-

ing or learning situations (Ashcraft, 2002). Despite the severity, nearly

half of global students have been reported to suffer from worrying

about failure in math learning (OECD, 2013). Thus, both identifica-

tion and remediation of math anxiety appear to be crucial for sup-

porting mathematical learning as well as future school success. In this

study, we investigate math anxiety of children as young as first and

second graders in the East Asian culture where students usually suf-

fer from excessive math anxiety, even though their math achievements

are exceptional worldwide (Foley et al., 2017). Furthermore, we exam-

ine whether their math anxiety could be ameliorated through inten-

sive exposure to a computer-assisted training program that is designed

based on the guidepost of the theoretical framework of howmath anx-

iety impacts math achievement.

1.1 Negative association between math anxiety
and math performance

Math anxiety has been extensively identified as having negative

impacts on math performance (Ashcraft, 2002; Ashcraft & Kirk, 2001;

Maloney & Beilock, 2012; Ramirez et al., 2018; Wu et al., 2012).

As reviewed by Ramirez et al. (2018), there are two main accounts

interpreting the adverse effects of math anxiety. One of which is the

disruption account, which believes that the impact of math anxiety

on mathematical learning originates from limited working memory

(Ashcraft & Kirk, 2001; Ramirez et al., 2013). Ashcraft and Kirk (2001)

reported that college students with high math anxiety were signifi-

cantly less accurate in performing addition problems with carry opera-

tion only when a secondary task that required a high working memory

load was conducted. In another study, Ramirez et al. (2013) reported

that the negative association between math anxiety and math per-

formance was more prominent in those with better working memory

capacity. These results have led the authors to suggest that individuals

with high working memory capacity have the tendency to rely on their

talented working memory to solve math problems, and such strategies

can be blocked when working memory is disrupted. Therefore, the

impact of math anxiety on learning can possibly be due to the distur-

bance of working memory strategies while performing mathematical

tasks.

An alternative interpretation is the competency account. This

approach argues thatmath anxiety and poormath performance are the

outcomes, rather than the origins, of poor math ability. One support-

ive study was conducted on undergraduate students by Maloney et al.

(2010). In that study, participants with high math anxiety made more

errors than their low-anxiety peers when performing enumeration on

quantity greater than five that requires counting but not on subitiz-

ing, that is, enumeration over quantity less than 5. This suggested that

math anxiety can arise when the task is more demanding. According to

the above two theories, it is recommended that interventions aiming

to reduce math anxiety and its effects on performance should not only

focus on numerical skills but also workingmemory.

1.2 Math anxiety in young children

Math anxiety can emerge and exhibit adverse impacts early and

deteriorates across school stages (Ramirez et al., 2013; Wu et al.,

2012; Young et al., 2012). In a behavioral assessment, Wu et al.

(2012) reported negative correlations between the measured math

anxiety level of second to third graders and their calculation as well as

mathematical reasoning skills. Similar effects were found in younger

children in first and second grades (Gunderson et al., 2017). Chiu

and Henry (1990) reported a negative correlation between math

anxiety and math grades, particularly in children above fifth grade.

Beyond childhood, math anxiety can worsen over time (Hembree,

1990; Ma, 1999). Biatchford (1996) reported there were much fewer

high-school than elementary-school students reporting mathematics

as their favorite subjects. In a meta-analysis study that primarily

included adult participants, Hembree (1990) found that math anxiety

was consistently associated with poor mathematical attainments.

All these studies have reported moderate to strong effect sizes,

with correlation coefficients ranging from −.24 to −.50. Altogether,

these findings suggest that bearing negative emotions at the start-

ing level may lead to lifelong detrimental effects on mathematical

achievements.

1.3 Math anxiety in the East Asian culture

Culture is another significant factor that affects math anxiety. Accord-

ing to normative global surveys evaluating school-level classroom

performance in mathematics, East Asian countries and economies,

such as Singapore, South Korea, Hong Kong, Taiwan, and Japan, usually

outperform many of their global counterparts (Chang et al., 2019;

Mullis et al., 2012, 2016; OECD, 2013). Paradoxically, these East Asian

countries display tremendously low scores on students’ self-reported
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liking for learning mathematics, high levels of worrying about failure

in math performance (Mullis et al., 2012, 2016; OECD, 2013), and

low math self-concept as well as self-efficacy (Lee, 2009). A more

recent PISA assessment reveals that students in these Asian countries

show high-level fear of failure in general, with Taiwan expressing

the greatest fear of failure among all participating countries and

economies (OECD, 2019). These negative attitudes toward math and

the overly low learning motivation in Asian students can be attributed

to the parenting style, highly demanding learning environment (Chang

et al., 2019), and the examination system (Tan & Yates, 2011). Using

the meta-analytic approach, Zhang et al. (2019) revealed that the

negative correlation between math anxiety and math performance

was stronger in studies involving Asian students than those involving

European students. Together, these results have suggested that the

crucial bottleneck of mathematical learning in Asian students is pos-

sibly the learning motivation rather than their actual performance or

competence. Lacking self-initiated incentives for learning may result

in students’ reluctant feelings and unwillingness to study advanced

mathematics. Nevertheless, still, limited attention has been received

in systematically assessing math anxiety profiles in these East Asian

students. The lack of knowledge for its remediation is even more

concerning, especially in the early stages of education, as it can be

crucial for children’s future success.

1.4 Remediation of math anxiety

For treatments of anxiety disorders, exposure-based cognitive tutor-

ing is one potential strategy (Abramowitz et al., 2011). This technique

asserts that repeated and intensive exposure to anxiety sources with-

out the intention to cause any actual hazard potentially reduces nega-

tive emotions. Numerous studies have demonstrated its effectiveness

in treating anxiety disorders such as post-traumatic stress disorder

(Van Etten & Taylor, 1998) and specific phobia (Wolitzky-Taylor et al.,

2008). Supekar et al. (2015) further adapted this method for remedi-

ating math anxiety. In their study, a group of third graders participated

in an intensive one-to-one math tutoring program for 8 weeks. After

the tutoring program, only children with high-level math anxiety but

not their low-anxiety peers showed relief fromsuchnegative emotions.

Further, these children demonstrated neural recovery from excessive

activation and abnormal functional connectivity in the amygdala, the

brain circuitry constantly associated with fear and anxiety. This study

provides supporting evidence that math anxiety can be alleviated by

short and sustained daily exposure to mathematical practice. More-

over, this study has provided the biological bases of math anxiety as

well as the corresponding neuronal modulation through the practice of

mathematical intervention. Likewise, Choe et al. (2019) revealed that

mandatorily exposing participants to complex multiplication problems

can suppress their math avoidance behaviors. Together, these stud-

ies have supported the idea that increased exposure to math-relevant

materials can be beneficial to learning for highly math-anxious indi-

viduals. Therefore, the exposure-based intervention method appears

to be a promising approach to math anxiety remedy and further con-

tributes to understanding treatments of emotion-related learning dis-

orders.

Relative to conventional classroom teaching and one-to-one tutor-

ing, game-based learning, referring to the learning process through

gameplay, provides an interactive and playful environment for learning

(Plass et al., 2015). One of the essential elements of game-based learn-

ing is that it uses game components, such as incentive systems, tomoti-

vate learners to engage in tasks that may not be appealing (Plass et al.,

2015). When implemented with computerization technologies, game-

based learning has further provided valuable insights to enhance learn-

ing through digital platforms (Butterworth& Laurillard, 2010; Räsänen

et al., 2009). Besides providing a customizable, sharable, and motivat-

ing form of learning, computerization technologies allow easy tracking

of students’ learning progress for both teachers and researchers (But-

terworth & Laurillard, 2010; Räsänen et al., 2009).

Digital game-based learning has been extensively implemented on

mathematical intervention in school-age children and low-attaining

learners (Butterworth & Laurillard, 2010; Butterworth et al., 2011;

Nemmi et al., 2016; Räsänen et al., 2009; Sanchez-Perez et al.,

2017; Wilson, Dehaene, et al., 2006; Wilson, Revkin, et al., 2006).

One pioneering digital training program, Number Race, was designed

based on the training in magnitude representation precision (Wilson,

Dehaene, et al., 2006;Wilson, Revkin, et al., 2006). In another example,

Graphogame-Math trained children to link small sets of objects to verbal

labels of numbers (Räsänen et al., 2009). Both gameswere found effec-

tive in improving mathematical skills, including enumeration and cal-

culation, particularly for those with mathematical learning difficulties

(Räsänen et al., 2009; Wilson, Dehaene, et al., 2006; Wilson, Revkin,

et al., 2006). Nemmi et al. (2016) further proposed a composite inter-

vention program in which 6-year-old children were exposed daily to

digital games for number line and working memory training for eight

weeks. Rather than training in either number line or working mem-

ory alone, a combination of the two genres resulted in the most sig-

nificant advantage for improving children’s arithmetic problem-solving

skills (Nemmi et al., 2016). Sanchez-Perez et al. (2017) trained chil-

dren to play the n-back task, span task, and calculation on different

imaginary planets. They found that after 1-h weekly training for 13

weeks, school attainments ofmathematicswere significantly improved

in children between third and sixth grades (Sanchez-Perez et al., 2017).

Although the measurements of training effects greatly varied in these

previous studies, they exhibited overall moderate to large effects, with

reported partial eta squared of up to .19. These studies have pro-

vided pioneering empirical evidence that targeted interventions cou-

pled with computerization technologies can be potential strategies for

remediating the mathematical skills of both typical and low-achieving

students. It is intriguing to further examinewhether intensive exposure

to the targeted mathematical materials can, in the meantime, amelio-

rate emotion-related learning difficulties.

It is argued that children’s negative feeling associated with math is

likely reduced in the learning environment using computerization tech-

nology (Sun & Pzydrowski, 2009). However, existing literature investi-

gating this idea has yielded inconsistent results. In one study, Jansen

et al. (2013) examined math anxiety changes of children in Grades 3 to
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6 after they played an adaptive web-based computer game,Math Gar-

den. This game is designed to train arithmetic skills and can be freely

played at school or at home.However, unlike the above-reviewed study

of Choe et al. (2019), children did not show math anxiety relief after

playing the game for 3 to 6 weeks (Jansen et al., 2013). In a longitudi-

nal study, Vanbecelaere et al. (2020) assessed the effect of a numeros-

ity evaluation computer game on math anxiety levels for first graders.

Although the overall math anxiety level decreased after the interven-

tion, no difference was found between the experimental group and

the control who received a regular math curriculum. One possibility of

their results is that the program was conducted during school hours,

and the game content was aligned to the regular curriculum. It was the

difference between conventional classroom setting and game-based

environment, rather than math anxiety intervention, being compared.

Altogether, these previous efforts have suggested that the training

contents andmaterials shall be carefully deliberated.

1.5 Overview of the current study

We investigate math anxiety of young children in Taiwan, a country in

the East Asian cultures with higher-than-average mathematics perfor-

mance but elevatedmath anxiety in cross-national assessments (Mullis

et al., 2012, 2016; OECD, 2013). We focus on first and second graders

in this study, as formal math curriculums are not introduced until this

school stage. We first examine first and second graders’ math anxi-

ety and its relationship with mathematical achievement. Based on the

extensive Western literature suggesting that young children do suf-

fer from math anxiety (Gunderson et al., 2017; Ramirez et al., 2013;

Supekar et al., 2015; Wu et al., 2012; Young et al., 2012), and the sit-

uation deteriorates in East Asian countries (Mullis et al., 2012, 2016;

OECD, 2013), we expect that math anxiety would start manifesting in

Taiwanese first and second graders, and it should be negatively corre-

lated withmath school attainments.

Next, to investigate whether excessive math anxiety could be ame-

liorated, we implement a digital version of gamed-based training and

apply the exposure-based cognitive training framework on first and

second grade school children. Because previous findings suggest that

composite training could yield better outcomes than single-construct

training (Nemmi et al., 2016), our training program is designed as amul-

tifaceted approach that includes multiple training modules. According

to the disruption account which emphasizes the comorbidity between

math anxiety and working memory, our training program contains not

only numerical skill modules but also a working memory unit (Nemmi

et al., 2016; Obersteiner et al., 2013). As previous studies have shown

that exposure-based therapies can be adopted to ameliorate anxiety

disorders (Abramowitz et al., 2011; Supekar et al., 2015), and learn-

ing motivation can be upregulated by the digital environment (Sun &

Pzydrowski, 2009; Verkijika & De Wet, 2015), we predict that, cou-

pled with intervention designed based on the cognitive characteristics

of math anxiety, the digital program in this study would alleviate chil-

dren’s math anxiety. Particularly, according to Supekar et al. (2015), we

expect the remediation effect to bemore prominent in those who bear

heavy burdens of emotion-related learning problems.

Finally, we assess whether the digital game-based training would

improve school-level mathematical achievements as well as working

memory capacity. Because core math skills and working memory are

included in the composite training,we hypothesize that children’smath

performance and working memory will be enhanced after training.

We also predict that improvement in both math performance and

working memory would be correlated with the remediation of math

anxiety.

In sum, the current study focuses on testing the following three

hypotheses:

Hypothesis 1: Children as young as first and second graders in Tai-

wan, an East Asian culture that shows a high-pressure

learning environment, would show high math anxiety,

and thismath-relatednegativeemotionwouldbeneg-

atively correlated with school performance inmath.

Hypothesis 2: Prolonged exposure to digital game-based learning

that includes numerical and working memory mod-

ules could ameliorate children’s math anxiety, espe-

cially for those who are high inmath anxiety.

Hypothesis 3: Core numerical skills and working memory would be

enhanced by the training, as these cognitive skills are

included in the trainingmodules, and theperformance

gain would be associated withmath anxiety relief.

2 METHODS

2.1 Participants

The study included a total of 159 first and second graders (82 females

and 77 males), with an age range from 6.41 to 8.71 (M = 7.66, SD =

0.47). In Taiwan, formal math curriculums are not introduced until the

elementary school stage. Thus, our participants were in the starting

stage of mathematical learning. To avoid data being nested and to

include children from families with a wide range of socioeconomic

status, we recruited participants individually from multiple school

districts in Taipei, Taiwan using mailing to schools and posting at

community groups rather than examining all students within one

classroom. The sample size in this study was beyond the desired

number of 148, as derived from a prospective power-calculation using

the software G*Power to reach the power of 1 − β = .95 at α = .05

based on the effect size (r = −.29) found in the study of Gunderson

et al. (2017) who recruited participants from a similar age range with

our current study. All the study protocols were approved by National

Chengchi University Review Board. All participants were volunteers

and were treated under the guidelines of the declaration of Helsinki.

Before participating in the experiment, informed written consent was

obtained from the legal guardian of each participant. After completion

of each session of initial and post-assessment, participants received
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F IGURE 1 Flow chart of the process of participants through the study

monetary compensation for the completed session. The flow of

participants’ progression is shown in Figure 1.

2.2 Overall procedure

Figure 2a,b depicts the overall procedure. All the participants under-

went the initial assessment in which demographic and cognitive

measures were obtained. In addition to the math anxiety level, the

cognitive measures of intelligence quotient (IQ), mathematics per-

formance, and working memory capacity were obtained. Because

randomization is not preferred by volunteered parents and children,

the current study was conducted with a quasi-experiment design due

to ethical concerns. After the initial assessment, 111 children volun-

teered to participate in the subsequent training session in which they

were instructed to play a computer-basedmathematical training game.

To raise ecological validity for real-world educational application,

children who participated in the training session were encouraged to

play the game at home in a self-initiated and self-aided manner for

6 weeks. Children who had participated in the training session were

further categorized as high- and low-intensity training groups based

on the time they were exposed to the game (the grouping criteria see

Section 3.3). After the training, math anxiety, math achievement, and

working memory were administered again in the post-assessment ses-

sion. Due to some children being lost to follow-up, failing to meet the

grouping criteria, or failing to complete the assessments, a final sample

of 77 children, consisting of 40 children in the high-intensity group and

37 children in the low-intensity groupwith their time interval between

pre- and post-tests manually matched, were analyzed for the training

effects (Figure 1). The sample size was beyond the number of 24, as

derived from prospective power calculation based on the effect size of

𝜂
2
p = 0.14 derived from themath anxiety remediation study of Supekar

et al. (2015) to reach the power of 1− β= .95 at α= .05.

2.3 Math anxiety assessment

To assess children’s math anxiety levels, we adapted Child Math Anx-

iety Questionnaire (CMAQ) (Ramirez et al., 2013), which is an eight-

item battery assessing first and second graders’ math anxiety levels.

This test was revised from Mathematics Anxiety Rating Scale for Ele-

mentary children (Suinn et al., 1988) with age-appropriate math prob-

lems. In the CMAQ, five items asked about children’s attitudes toward

solving arithmetic problems (e.g., “There are 13 ducks in the water,

there are 6 ducks on land, how many ducks are there in all?”), whereas

the remaining three items asked about their feelings when confronting

math at school (e.g., “being called on by a teacher to solve a math prob-

lem on the board”). Participants answered each question using a scale

from 1 to 5 that featured a calm face on the number of 1 and a very

nervous face on the number of 5. For each participant, the sum of the

answers to the eight questions was computed as a math anxiety index.

This questionnaire took about 1 min to complete. To provide internal

reliability of the math anxiety scale, we computed Cronbach’s alpha on

the initial assessment of the total sample of 159 children. The alpha

coefficient was .77 (95% CI [.72, .82]), indicating high internal consis-

tency of the math anxiety measurement. Cronbach’s alpha adminis-

tered on the 77 children being analyzed for training effects was .75

(95% CI [67, .83]) at the initial assessment and .83 (95% CI [.77, .88])

at the post-training assessment. These assessments showed that the

internal consistency was stable over time.
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F IGURE 2 Overall study design. (a) All children underwent math anxiety and cognitive assessments. (b) After completing the initial
assessment, volunteered children underwent math game training and post-assessment for math anxiety and cognitivemeasurements for
subsequent analysis. (C) A screenshot of the login screen of the training program. (d–f) Modules 1 to 3 of themath training game, respectively.
While the actual programwas presented in Traditional Chinese, the English-translated version was provided for illustration purposes

2.4 Cognitive assessments

2.4.1 IQ Assessment

IQ was assessed using the Chinese version of the Wechsler Intelli-

gence Scale for Children (WISC-IV), which can be administered to

participants aged between 6 and 16 (Wechsler, 2004). Because (i)

variability across subtests attenuate samples when split by Full-Scale

IQ (Detterman & Daniel, 1989), (ii) Block design and Vocabulary were

two subtests that showed the highest correlations with Full-Scale

IQ (Facon, 2006), and (iii) the time constraints and efforts on young

children participants, only the Vocabulary and Block Design sub-

tests were administered as the IQ assessments, which took roughly

15 min. The scaled scores of the two subsets were applied as IQ

measures.

2.4.2 Mathematical achievement

To assess the more complex high-order numerical knowledge that

requires conceptual knowledge of mathematical rules and principles

(Berch, 2005), we conducted the Basic Mathematical Core Skills Tests

(BMCST) (Hung & Lian, 2015), a comprehensive paper-and-pencil

assessment. This test is often used in Taiwan to estimate school-age

children’s mathematical achievement and for the diagnosis of devel-

opmental dyscalculia. The entire battery consisted of three timed
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subsets assessing numerical knowledge, simple arithmetic, and com-

plex arithmetic. The numerical knowledge subtest, measuring school-

taught numerical knowledge at the conceptual level, comprised four

tasks. The first task was number counting, which contained seven mul-

tiple choice questions (e.g., “when starting counting from 10, which of

the numbers, 32 and59,will come first?”), with a time limit of 2min. The

second task was number identification with 11 questions. For the first

eight items, participants were orally given a multi-digit number and

required to write down or select the corresponding number symbols.

For the remaining three items, participantswere presentedwith verbal

number words and required to write down corresponding Arabic dig-

its. A 10-s limit was set for the number word items. The third task was

numerical orderingwhich contained five items requiring number series

completion (participants had to fill in the missing part in a sequenced

number string, for example, “3, _, 9, 12”) within 1min. The last task was

to compare digits of different place values (e.g., “choosing which 4 is

greater in 3427 vs. 1845”) composed of six problems to be answered

in 1 min. The simple arithmetic battery from the BMCST subtest com-

prised single- and two-digit addition and subtraction tasks, with 24

problems for single-digit operations to be answered in 2 min and eight

problems for two-digit operations to be answered in another 2min. For

the two-digit operations, no carrying or regrouping was required, and

the sum would not exceed 99. Participants were instructed to solve

the problems as quickly and accurately as possible. The complex arith-

metic battery comprised seven 2-digit addition and seven 2-digit sub-

traction that required carrying and regrouping strategies, and eight 3-

digit plus/minus 2-digit problems. Each subtest of the BMCST had pro-

vided high test reliability with Cronbach’s alpha values of .87 to .90, as

calculatedbasedon theTaiwaneseGrade2 sample (Hung&Lian, 2015).

Because this assessment only provided national norms for Grade 2 to

Grade 6, the number of correctly answered problems rather than the

standardized score from the numerical knowledge subtest was com-

puted as an index of children’s numerical knowledge, and the num-

ber of correctly answered problems of both simple and complex arith-

metic batteries (hereafter “arithmetic calculation subtest”) as an index

of their calculation skill.

2.4.3 Verbal working memory

To assess participants’ working memory capacity, we used the Digit

Span subset score, which is the composite of the forward and backward

span tests on theChinese version ofWISC-IV (Wechsler, 2004). Specif-

ically, the forward digit span measured immediate verbal short-term

memory, and the backward digit span task measured executive atten-

tion (Engle, 2002). The scaled score of this subset was used as a work-

ingmemorymeasure. The entire test took about 10min.

2.5 Game design and the designing principles

A digital game-based training program named “Igo Invasion” (Figure 2)

was developed for remediation ofmath anxiety and implemented to be

installedonanyPCorAndroid-systemtablet. The trainingprogramwas

designed as a game as it (1) used character settings and colorful pre-

sentation to increase attractiveness; (2) includedmultiple elements for

boosting motivation; and (3) implemented adaptive and personalized

design based on learner’s performance (Plass et al., 2015). During the

training session, participants were encouraged to play the game for a

maximum of 30 min a day (10 min for each module) at home. The time

limit set per day was to avoid players being obsessed with the game.

A timer that controlled the daily playing time was always visible to the

players during the game and trackable by the experimenters. The hypo-

thetical principles pertinent to the remediation of math anxiety are

illustrated below.

1. EnhancingMath Learning

The first principle was to enhance math learning to help partici-

pants repeatedly and intensively expose to math problems. Based

on previous literature that showed best training effects (Nemmi

et al., 2016; Obersteiner et al., 2013), we selected the approach to

include multiple core numerical skills into the training. The game

was composed of three modules. The first module was designed to

enhancenumerical quantity representation (Figure2d). In thismod-

ule, participants practiced judgment over numerical quantities,with

adaptation implemented using increasing difficulty by decreasing

the numerical distance of two compared quantities. In the second

module, players practiced performing simple arithmetic tasks and

the association between quantities and symbols (Figure 2e). Prob-

lem difficulty in this module adapted by increasing problem size. In

the final module, participants practiced incremental counting and

working memory (Figure 2f). The adaptive dimension of this mod-

ule was the loading of workingmemory capacity.

2. AutomatizingMath Performance

Because math anxiety could interact with speed pressure and neg-

atively impact on performance (Caviola et al., 2017), we aimed

to enhance mathematics fluency as another designing principle in

order to interfere with the link between math anxiety and speed

pressure. To achieve the goal, for each module, as the players

improved, the game difficulty would increase by speeding up the

problem presentation.

3. MaximizingMotivation

The essential designing principle in exposure-based training is to

maximize children’s learning motivation and attention. To pro-

vide sufficient positive reinforcement in the educational game,

we adopted role-playing and adventure game-like genres (Kalm-

pourtzis, 2018). In the game, an alien Igo would attack the earth

withdifferent quantities ofmaterials. Participants, playing the char-

acter of “SuperMath-Magician,” had to stop the attack by choosing

the correct answer. As shown in Figure 2d, in Module 1, the mate-

rials were two clusters of stars with different quantities. The play-

ers were instructed to choose the cluster with a greater number

before the stars landed on the earth. In Module 2 (Figure 2e), the

materials were weapons, and the players had to choose the corre-

sponding digit of howmany weapons were still needed to make a 5,

10, or 15 by performing simple subtraction. InModule 3 (Figure 2f),
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TABLE 1 Descriptive characteristics and initial assessment performances of the participating children

Variable Overall

End of Grade 1

(G1)

Middle of Grade 2

(G2a)

End of Grade 2

(G2b) pa
Post hoc

comparisonsb

N (female/male) 82/77 17/19 44/47 21/11 .204 –

Age 7.66 (0.47) 7.15 (0.38) 7.72 (0.35) 8.05 (0.40) <.001 G1<G2a<G2b

Math anxiety 18.18 (6.83) 17.06 (6.54) 19.60 (6.50) 15.38 (7.18) .005 G1=G2a>G2b

Block design 12.30 (2.85) 12.08 (2.49) 12.58 (2.85) 11.75 (3.18) .319 G1=G2a=G2b

Vocabulary 11.69 (2.78) 12.56 (2.96) 11.47 (2.79) 11.34 (2.42) .103 G1=G2a=G2b

Verbal workingmemory 11.15 (2.49) 11.22 (2.62) 11.38 (2.34) 10.41 (2.69) .158 G1=G2a=G2b

Numerical knowledge 21.11 (5.45) 19.31 (6.15) 21.38 (4.72) 22.34 (6.21) .054 G1=G2a=G2b

Arithmetic calculation 40.71 (10.75) 31.47 (11.19) 42.69 (8.68) 45.47 (9.74) <.001 G1<G2a=G2b

Note: Mean and standard deviation (in parentheses) values are reported.
ap values of the chi-squared test (sex-ratio difference) or one-way ANOVA (age and the remaining assessments) examining differences among the three

groups of children.
bPost hocmultiple comparisons based on the Tukey’s HSD tests, with a significance level set at α= .05.

multiple Igos with flying saucers would first enter one of the two

houses on the screen one at a time, followed by more Igos entering

the other house. Afterward, some Igos wouldmove from one house

to the other. Players had to count andmaintain howmany Igoswere

in each house and choose the one with the greater number. This

task not only required simple addition and subtraction skills of the

players but also working memory to maintain numbers. For all the

three modules, players would receive positive feedback once their

response to the problem was correct. Players also received differ-

ent numbers of stars as medals for solving the problems depending

on the difficulty.

Before the training session started, a printed manual of how to

install the game on tabloid and PC was provided to the parent of

each participating child. To make sure each child understood how to

play the game, a trained research assistant gave instructions before

the training session. During the training session, the research assis-

tant would monitor the game playing time of the children through

the online logging system. Once a child lagged, the research assis-

tant would contact the parent to encourage the child to maintain

compliance.

3 RESULTS

3.1 Normative results

The descriptive demographic data and cognitive assessments of the

children comprising age, math anxiety, scaled IQ measures, math skills

(both arithmetic calculation and numerical knowledge), and verbal

working memory are presented in Table 1. Because the children were

assessed at different time points, we further separated children into

End of Grade 1, Middle of Grade 2, and End of Grade 2, and exam-

ined group differences of each measurement. A Chi-square test indi-

cated that there was no difference in sex ratio among the three groups

(𝜒2(2) = 3.18, p = .204). There were significant group differences in

mathanxiety (F(2,156)=5.45,p= .005,𝜂2p = .07), arithmetic calculation

(F(2,156) = 22.99, p < .001, 𝜂2p = .23), and a marginal effect in numer-

ical knowledge (F(2,156) = 2.98, p = .054, 𝜂2p = .04). Post hoc com-

parisons using Tukey’s HSD suggested that group differences in math

anxiety were primarily elicited from children of the middle of Grade 2

showing a higher level of math anxiety than children assessed at the

end of Grade 2 (p = .007). Group differences in calculation were pri-

marily elicited from the enhancement between children from Grade 1

and those from the middle of Grade 2 (p < .001). No other group dif-

ferenceswere observed. Because of the tight age range and the limited

sample size, participants from the three groups were pooled for subse-

quent analyses.

3.2 Math anxiety and its relation to math
achievement

We examined the relationship between math anxiety and math

achievement. Zero-order correlation between the initial math anxiety

and math achievement was conducted and is presented in Figure 3.

Results revealed that initial math anxiety was negatively correlated

with the initial performance in the BMCST (r(157) = −.45, p < .001,

95% CI [−.56, −.31]). After controlling for age and the IQ measures

using hierarchical regression analysis, the relation between math

anxiety and math achievement remained significant (standardized β
= −0.29, t = −4.66, p < .001, ∆R2 = .08). We further examined the

relations in each of the math achievement subtests. Negative relations

with math anxiety were observed in both numerical knowledge (r(157)

= −.43, p < .001, 95% CI [−.55, −.43]) and arithmetic calculation

(r(157) = −.40, p < .001, 95% CI [−.52, −.26]) subtests. While control-

ling for age and the IQ measures, the negative correlations remained

significant (numerical knowledge: standardized β=−0.28, t=−4.19, p

< .001, ∆R2 = .07; arithmetic calculation: standardized β = −0.26, t =

−3.97, p< .001,∆R2 = .06).
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TABLE 2 Descriptive characteristics and initial assessment performances of the low- and high-intensity training groups

Variable Low intensity High intensity 𝝌2 p

N (female/male) 24/13 27/13 0.00 .998

Age 7.77 (0.43) 7.64 (0.51) 0.45 .501

Math anxiety 17.97 (6.57) 16.25 (5.98) 1.32 .250

Block design 11.86 (2.83) 12.57 (2.85) 1.08 .298

Vocabulary 11.14 (2.61) 11.85 (3.07) 2.04 .153

Verbal workingmemory 11.38 (2.52) 11.20 (2.89) 0.11 .735

Numerical knowledge 21.30 (5.23) 22.32 (4.55) 0.81 .368

Arithmetic calculation 43.38 (9.61) 41.67 (8.62) 1.53 .217

Training duration (h) 0.35 (0.59) 10.35 (2.90) 58.70 <.001

Between-assessment interval (days) 49.46 (18.48) 55.70 (15.14) 3.40 .065

Note: Mean and standard deviation (in parentheses) values are reported.

F IGURE 3 Math anxiety was negatively correlated withmath
achievement at the initial assessment. ***p< .001

3.3 Digital math intervention reduced math
anxiety in first and second graders

To raise ecological validity, children who participated in the training

sessionwereencouraged toplay the training gameathomeafter school

30 min a day, at least 3 days a week for 4 to 6 weeks. Children who

maintained compliance and participated in the full training session

for more than 6 h in total were included as the high-intensity train-

ing group. Children who were exposed to the game for less than 2 h

with a matched interval between the initial and post-training assess-

ment were included as the low-intensity training group. These cri-

teria resulted in a sample of 40 children in the high-intensity group

and 37 children in the low-intensity group. Demographic data of the

two groups were examined and are presented in Table 2. Because

the two groups were generated based on self-selection in a quasi-

experiment design, we first investigate whether the two groups dif-

fered in cognitive assessments before training. Since the sample dis-

tribution of some variables did not fulfill the normality assumption, we

conductednonparametricKruskal–Wallis tests for each cognitivemea-

surement. None of themath anxiety,math achievement, workingmem-

ory, or IQ measures was differed between the two groups at the initial

assessment (Table 2), suggesting that the two groups should be highly

homogeneous in all the baseline characteristics. To further ensure

the role-playing and adventure game-like settings in the training pro-

gram did not favor either male or female participants, we examined

sex differences in training duration. Results suggested no difference

between male and female participants in any of the training groups

(high-intensity: Kruskal–Wallis 𝜒2(1) = 1.88, p = .170; low-intensity:

Kruskal–Wallis 𝜒2(1)= 2.06, p= .151).

Next, we examined the remediation effect in math anxiety elicited

by the computer-based training program. Since the normality assump-

tion was not met in the data, we conducted nonparametric analyses of

the factorial design using ANOVA-type statistics (ATS) (Noguchi et al.,

2012) on math anxiety, with time (initial vs. post-assessment) as the

within-participant factor and training intensity (low vs. high) as the

between-participant factor implemented in R package nparLD. Two-

way interaction between time and training intensitywas detected (ATS

F = 14.11, df = 1, p < .001; Table 3, Figure 4). Simple main effect anal-

yses indicated that the interaction was driven by math anxiety show-

ing a significant reduction in the high-intensity group after the training

(ATS F=8.49, df=1, p= .004), whereasmath anxiety slightly increased

in the low-intensity group (ATS F = 6.38, df = 1, p = .012). After train-

ing, the high-intensity group showed lower math anxiety than the low-

intensity group (Kruskal–Wallis 𝜒2(1) = 14.80, p < .001). Consider-

ing the variation of individuals at the initial assessment, we conducted

an ANCOVA to compare post-assessment math anxiety between the

two groups adjusted by both initial math anxiety and math perfor-

mance. Results indicated the training-related math anxiety relief per-

sisted after controlling for mathematical anxiety and performance at

baseline (F(1,73)= 22.20, p< .001, 𝜂2p = .23).

We further examined whether different types of math anxiety

(problem solving-related and school setting-related math anxiety)

showed differential remediation effects by conducting a parallel
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TABLE 3 Results of nonparametric analysis on the remediation
effect in math anxiety

Effect df F/𝝌2 p

Effects of training intensity and time

Overall participants

Group 1 8.51 .004

Time 1 0.01 .910

Group× time 1 14.11 <.001

Group= high intensity

Time 1 8.49 .004

Group= low intensity

Time 1 6.36 .012

Time= post-training

Group 1 14.80 <.001

Effects of initial math anxiety and time

High-intensity training group

Initial math anxiety 1 80.67 <.001

Time 1 9.05 .003

Initial math anxiety× time 1 3.57 .059

Initial math anxiety= high

Time 1 10.31 .001

Initial math anxiety= low

Time 1 1.79 .181

Time= post-training

Initial math anxiety 1 16.30 <.001

analysis on each math anxiety subscale. The results revealed a signif-

icant two-way interaction effect on the problem-solving related math

anxiety subscale (ATS F = 11.54, df = 1, p < .001) and a marginally

significant interaction on the school setting-related math anxiety sub-

scale (ATS F = 3.84, df = 1, p = .050). To examine whether sex bias

existed in the training-associated relief of math anxiety, a three-way

ANOVA-type nonparametric statistic for training intensity, time, and

sex was conducted. Results indicated the math anxiety relief did not

differ between male and female participants (ATS F = 0.05, df = 1, p =

.817).

3.4 Digital intervention reduced math anxiety
only in children with high math anxiety

To further investigate whether children who suffered from different

levels of math anxiety showed differential math anxiety remediation

effects, we divided children into high and low math anxiety groups

based on the initial math anxiety of the high-intensity group using a

median split. This procedure resulted in 20 high and 20 low math anx-

iety children in the high-intensity training group. Results revealed a

marginally significant interaction between the initialmath anxiety level

(high vs. low) and time (ATS F=3.57, df=1, p= .059; Table 3, Figure 5a).

F IGURE 4 Training effects onmath anxiety within the high- and
low-intensity groups. There was a significant interaction between time
(initial vs. post-training) and training intensity. The high-intensity
training group showed a reducedmath-anxiety level after training,
whereas the low-intensity group showed an opposite pattern. ***p<
.001, **p< .01, *p< .05

Simple effect analyses indicated that training-associated math anxiety

remediation was detected only in the high math anxiety group (ATS F

= 10.31, df = 1, p = .001) but not the low anxiety group (ATS F = 1.79,

df = 1, p = .181). Note that the training durations of the high and low

math anxiety groups were not different (Kruskal–Wallis 𝜒2(1) = 2.46,

p = .117), suggesting that the math anxiety alleviation did not result

from their unequal engagement in training. To ensure such an interac-

tion was not due to the regression-to-the-mean effect, we performed

the same analyses on the low-intensity training group. The median-

split approach resulted in 19 high and 18 low math anxiety partici-

pants. Importantly, the group-by-time interaction pattern of the low-

intensity training group was different from the high-intensity training

group (Figure S1A, Table S1) than those children with high math anx-

iety remained highly math-anxious (ATS F = 0.51, df = 1, p = .474),

whereas those with low math anxiety showed increased math anxiety

(ATS F= 7.64, df= 1, p= .006), implying the math anxiety remediation

was contributed by the digital training rather than confounded by the

regression-to-the-mean.

We then examined whether there was an individual difference in

math anxiety relief. Math anxiety relief was calculated by first sub-

tracting initial math anxiety from post-training math anxiety and then

divided the given value by the standard deviation of initial math

anxiety. We assessed the correlation between math anxiety relief

and initial math anxiety for children from the high-intensity training

group (Figure 5b). Critically, children with higher initial math anxiety

tended to experience a greater reduction in math anxiety after active
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F IGURE 5 Relations between initial math anxiety (MA) and training-relatedmath anxiety changes in the high-intensity training group. (a)
There was amarginal interactive effect onmath anxiety between time (initial vs. post-training) and group (high vs. lowMA at baseline), with only
the high-anxiety group showing a reduction inmath anxiety after training. (b) There was a negative correlation between initial math anxiety and
training-relatedmath anxiety relief. ***p< .001, **p< .01

engagement toward the digital math training program (r(38) = −.51,

p< .001, 95%CI [−.71,−.24]). Aparallel analysiswas conductedonchil-

dren from the low-intensity training group to confirm the specificity of

such a relation. Results indicated the initialmath anxietywasnot signif-

icantly associatedwith the changes ofmath anxiety in the childrenwho

minimally attended the training, if at all (r(35)=−.30, p= .070, 95% CI

[−.57, .03]; Figure S1B).

3.5 Digital math intervention improved working
memory capacity and math performance in first and
second graders

We then examined whether verbal working memory capacity was

improved by the 6-week digital training on working memory perfor-

mance. The interaction between group and time was marginally signif-

icant (ATS F = 3.47, df = 1, p = .063; Table 4), with the high-intensity

training group showed increasedworkingmemory capacity after train-

ing (ATS F= 4.83, df= 1, p= .028), whereas the low-intensity group did

not showtheeffect (ATSF=0.11,df=1,p= .736). Yet, thepost-training

working memory between the high- and low-intensity training groups

was not statistically different (Kruskal–Wallis 𝜒2(1)= 1.48, p= .223).

Parallel analyses were conducted on children’s math achievement.

Similarly, the interaction effect between group and timewas significant

(ATS F = 9.23, df = 1, p = .002; Table 5). Results of simple effects sug-

gested that the high-intensity group exhibited increasedmath achieve-

ment after training (ATS F = 16.54, df = 1, p < .001), whereas the low-

intensity group showed no difference in math achievement between

the initial and post-training assessment (ATS F= 0.02, df= 1, p= .888).

The post-training difference in overall math achievement between

these two groups, however, did not reach significance (Kruskal–Wallis

TABLE 4 Results of nonparametric analysis on the improvement
in workingmemory capacity

Effect df F/𝝌2 p

Overall participants

Group 1 0.28 .595

Time 1 2.29 .130

Group× time 1 3.47 .063

Group= high intensity

Time 1 4.83 .028

Group= low intensity

Time 1 0.11 .736

Time= post-training

Group 1 1.48 .223

𝜒2(1) = 1.75, p = .186). We further examined whether the two math

achievement subtests (numerical knowledge and arithmetic calcula-

tion) showed differential training effects. The results revealed that for

the numerical knowledge subtest, there was no training intensity-by-

time interaction (ATS F= 0.63, df= 1, p= .428; Table 5). The arithmetic

calculation subtest, in contrast, did show the interaction profile (ATS F

= 9.01, df= 1, p= .003; Table 5) such that only the high-intensity group

showed improvement in calculation after training (ATS F = 13.81, df =

1, p < .001) but not the low-intensity group (ATS F = 0.01, df = 1, p =

.931). No difference was detected between these two groups at post-

assessment in either the numerical knowledge subtest (Kruskal–Wallis

𝜒2(1)= 2.30, p= .130) or the calculation subtest (Kruskal–Wallis𝜒2(1)

= 0.58, p= .447).
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TABLE 5 Results of nonparametric analysis on the improvement
in math achievement

Effect df F/𝝌2 p

Total scores of the BMCST

Overall participants

Group 1 0.22 .641

Time 1 9.36 .002

Group× time 1 9.23 .002

Group= high intensity

Time 1 16.54 <.001

Group= low intensity

Time 1 0.02 .888

Time= post-training

Group 1 1.75 .186

Numerical knowledge subtest

Overall participants

Group 1 1.55 .214

Time 1 3.65 .056

Group× time 1 0.63 .428

Group= high intensity

Time 1 3.24 .072

Group= low intensity

Time 1 0.83 .361

Time= post-training

Group 1 2.30 .130

Arithmetic calculation subtest

Overall participants

Group 1 0.08 .774

Time 1 4.71 .030

Group× time 1 9.01 .003

Group= high intensity

Time 1 13.81 <.001

Group= low intensity

Time 1 0.01 .931

Time= post-training

Group 1 0.58 .447

BMCST, BasicMathematical Core Skills Tests.

Finally, we examined whether individual differences of the perfor-

mance gain were associated with the math anxiety profiles. Results

indicated the training-associated improvement in working memory,

numerical knowledge, and arithmetic calculation was independent of

the initial math anxiety level (working memory: r(38) = .26, p = .103,

95% CI [−.05, .53]; numerical knowledge: r(38) = .03, p = .840, 95%

CI [−.28, .34]; arithmetic calculation: r(38) = .02, p = .909, 95% CI

[−.29, .33]). Further, we did not find significant correlation between

the training-associated improvement in math achievement and the

math anxiety relief (numerical knowledge: r(38) = −.28, p = .082, 95%

CI [−.54, .04]; arithmetic calculation: r(38) = −.16, p = .320, 95% CI

[−.45, .16]). The association between working memory improvement

and math anxiety relief was not significant either (r(37) = −.20, p =

.220, 95% CI [−.49, .12]) after excluding one outlier (beyond 2.5 stan-

dard deviations from themeans for both measures). These results sug-

gested that the improvement of cognitive abilities could neither pre-

dict the initial math anxiety nor the training-associated math anxiety

relief.

4 DISCUSSION

The current study has investigated the relationship between math

anxiety and mathematical learning in children as young as first and

second graders in Taiwan, a culture where students exhibit noto-

riously high-level math anxiety despite their decent performance

in mathematics (Mullis et al., 2012, 2016; OECD, 2013). We first

demonstrated that math anxiety was negatively correlated with

school-learnedmathematical attainments. To amelioratemath anxiety,

we adopted a digital version of exposure-based therapy. Importantly,

our study is the first to design math anxiety intervention platform

based on the core cognitive theory. Specifically, our math anxiety

training program targeted core numerical skills, such as accelerating

enumeration, enhancing numerical fluency, speeded calculation,

counting, as well as enhancing working memory by maintaining

numbers, in a motivating learning environment. Results revealed

that children who underwent 6 weeks of intensive exposure to our

composite digital math training showed remarkably reduced math

anxiety, whereas children without or with barely limited training did

not show this tendency. Critically, math anxiety remediation was

particularly salient in children who suffered from high-level math

anxiety. These findings have collectively demonstrated that math

anxiety has crucial effects on learning. Auspiciously, this problem

can be effectively alleviated through exposure-based digital learning

therapy.

4.1 Negative association between math anxiety
and math achievements in the East Asian culture

One of our main objectives is to investigate the math anxiety pro-

file of young children in Taiwan. We find that children as young as

first and second graders demonstrate self-reported math anxiety. The

math-related negative emotion has already been associated with their

math achievement such that children with higher level math anxiety

show worse performance on mathematical assessments. These find-

ings are inconsistent with the previous findings on German children of

the same age (Krinzinger et al., 2009). In the study of Krinzinger et al.

(2009), there was no association identified between children’s math

anxiety and single-digit calculation skills. Our results, in contrast, are

supported by several previous reports conductedwith older children in

other Western cultures (Gunderson et al., 2017; Ramirez et al., 2013;

Suinn et al., 1988; Wu et al., 2012). For example, Suinn et al. (1988)
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demonstrated that fourth to sixth graders in the US showed a nega-

tive association between math anxiety scores and math performance

assessedbySAT.Of secondand third graders,Wuet al. (2012) reported

that math anxiety levels were negatively linked to the calculation

and mathematical reasoning skills, assessed by WIAT-II. One possible

explanation for the inconsistency is that math anxiety impacts only on

demanding problems. Wu et al. (2012) reported that math anxiety had

stronger negative impacts on mathematical reasoning than basic cal-

culation skills. In another study, Ching (2017) followed a group of Chi-

nese children from second to third grades and found that math anxiety

hadmore pronounced effects on difficult mathematical problems. Sim-

ilarly, we demonstrate that demanding numerical skills, such as multi-

digit addition and subtraction calculation as well as conceptual numer-

ical knowledge, can be deteriorated by increased math anxiety levels,

and these impacts can start as early as the first year of primary school.

Interestingly, a slight reduction of math anxiety between themiddle

and the end of Grade 2 is observed. Such a trend is in line with the

previous literature (Gunderson et al., 2017; Maloney et al., 2015). In

one study conducted with first and second graders, math anxiety was

administered twice, first at the beginning of the year and the second

in the end. There was a trend of a slight decrease in math anxiety

identified between the two assessments (Maloney et al., 2015). In

another study conducted with children of the same age, math anxiety

was measured in the first three months of the school year and again

in the last two months of the school year. Similarly, math anxiety

was reduced between the two assessments (Gunderson et al., 2017).

However, none of these two studies directly tested and discussed

the effects. We speculate that as the school year proceeds, students

gradually get used to the second-grade school curriculum and thus

demonstrate less worry about math learning. The limited sample size

and cross-sectional sample in the current study still warrant further

investigation on this developmental progression.

4.2 Remediation effect of the digital game-based
training in math anxiety

Anothermajor contribution iswedemonstrate that after high-intensity

training for 6-week, children show a salient reduction in math anxi-

ety, whereas children with low-intensity training do not show this ten-

dency. How, then, do we interpret the training-associated math anx-

iety reduction? We suspect that there are two possible sources to

help children reduce math anxiety. First, it is the sustained exposure

to numerical and working memory training which helps alleviate chil-

dren’s negative emotional reactions toward math learning. Exposure

therapy is designed based on disrupting the expectation of an associ-

ation between exposure to anxiety resources and aversive outcomes

(Craske et al., 2014). The more the expectancy is violated during expo-

sure, the greater the anxiety is inhibited. Additionally, children learn-

ing in traditional settings are vulnerable to anxiety sources from the

environmental factors, such as peer pressure and unfriendly behav-

iors of teachers (Suárez-Pellicioni et al., 2016). The pressure from

peers, teachers, and parents appears to be even more severe in East

Asian countries (Tan&Yates, 2011), possibly because students in these

countries particularly worry about others’ perceptions when they fail

(OECD, 2019). Herein, the application of exposure therapywith a com-

puterized training protocol assists student-centered learning of chil-

dren and reducesmath-relatedworries throughdaily exposure tomath

practices with minimal, if any, unfavorable outcomes. Crucially, both

problem-solving anxiety and school situation-related anxiety showed

relief after the training, suggesting that our remediation not only frees

up children’s calculation anxiety but also transfers to children imagin-

ing situations about math at school.

Another possibility is that our protocol provides a child-friendly

game setting that serves as entertaining materials. Unlike the school

mathematics curriculum, our self-initiated and self-aided game-based

digital program allows children to practice core numerical skills at

home with minimal technical support. Such practice-oriented mate-

rials can be less struggling and, in the meantime, more playful than

homework assigned at school, and hence provide an encouraging and

motivating learning environment while being pedagogically meaning-

ful. Still, more work is needed to tease apart which resources con-

tribute most significantly in alleviating children’s negative emotions

toward learning.

The remediation protocol of the current study is particularly useful

for children who suffer from high-level math anxiety. Only the highly

math-anxious children show significantly reduced math anxiety after

the intervention. Moreover, the more severe their math anxiety is, the

greater these children benefit from math anxiety remediation. These

results are consistentwith previous studies using different approaches

of math anxiety intervention (Park et al., 2014; Supekar et al., 2015).

Park et al. (2014) asked adult participants to write down their nega-

tive feelings and intrusive thoughts prior to solving arithmetic prob-

lems. They found that expressive writing also ameliorated arithmetic

performance, and suchaneffectwasmorepronounced in thehighmath

anxiety group (Park et al., 2014). In Supekar et al.’s (2015) one-by-one

math tutoring intervention, math anxiety was alleviated only in chil-

dren with high math anxiety but not in their low math anxiety peers.

Together, these findings not only indicate that those with intensemath

anxiety can be treated but also provide a rough estimate of how much

math anxiety can be improved. The deficits of children with high math

anxiety are linked to excessive functional activations in the amygdala

and other arithmetic-associated neural circuits (Supekar et al., 2015;

Young et al., 2012). These aberrant activations can be normalized to

activity levels in parallel with the low math anxiety group after reme-

diation (Supekar et al., 2015), implicating the biological bases of math

anxiety and that it can be remediated through neural functional modu-

lation.

4.3 Math anxiety relief was independent of the
training-associated cognitive improvement

As predicted, our composite game-based training in the digital form

also enhances children’s math performance as well as working mem-

ory. In the study of Nemmi et al. (2016), combined training in
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number line and working memory enhances the arithmetic skills of the

6-year-old, whereas in Sanchez-Perez et al. (2017), training at working

memory plus calculation improves school math achievement of third-

to-sixth graders. Collectively, these studies have demonstrated that

learning outcomes can be effectively improved by composite training.

Note that the cognitive components delivered in the programwere pri-

marily designed based on nonsymbolic processing, whereas the cogni-

tive performance being assessed in the pre- and post-sessions exclu-

sively focused on symbolic processing. As pointed out by De Smedt

et al. (2013) in a systematic comparison of symbolic and nonsymbolic

studies in the existing literature, symbolic and nonsymbolic numeri-

cal skills exhibit very distinct profiles. Specifically, for numerical tasks

on digits, results consistently showed weak performance correlates

with low math achievement, whereas for numerical tasks on dots or

shapes, results have been conflicting. Moreover, training over nonsym-

bolic approximate quantity manipulation does not guarantee transfer-

ring to symbolic calculation (Kim et al., 2018). We, therefore, believe

that the cognitive enhancement in our study is due to transfer effect

rather thanmerely practice effect.

The practices of fundamental skills using the digital platform are

endowed with a relatively playful manner and can transfer to more

integrative math ability. In addition, since math anxiety causes math

avoidance and thereby impairs math learning (Choe et al., 2019; Foley

et al., 2017), it was hypothesized that higher math anxiety might lead

to worse learning outcomes by showing smaller performance gains in

mathematical achievement. However, such correlation is not found in

the current study, and childrenhave improved atmathnomatter if they

are bearing a heavy burden of math anxiety. This suggests that our dig-

ital game-based learning should have provided a friendly environment

for math learning, and children with and without math anxiety benefit

equally from such learning.

On the other hand, we have found the training-associated math

anxiety relief is uncorrelated with the performance gains, indicating

such relief is less likely caused by the improved problem-solving skills.

Rather, the finding supports that mere sustained exposure to math-

ematical materials could be effective against excessive math anxiety.

This is in agreementwith Supekar et al. (2015) that theprolongedexpo-

sure tomath impacts directly on remediatingmath anxiety for students

with high math anxiety, as students from the high and low math anx-

iety groups show similar performance gain in arithmetic. Yet, due to

the close relations among math anxiety, math performance, and work-

ing memory (Ashcraft & Krause, 2007), we suspect that the benefits

from relieving math anxiety and cognitive improvement would be mul-

tiplicative in the long run. Nevertheless, the timescale of the current

study does not allow us to investigate such possibility. Future studies

for examining the long-term effects of digital game-based training con-

cerning both achievements and emotions are expected.

4.4 Limitations

Whileproposinganeffective strategy formathanxiety remediation,we

acknowledge that there are potential limitations in the current study.

The most crucial limitation is this study was implemented in a quasi-

experimental design, with the experiment and comparison groups

being defined based on participants’ engagement during the training

session rather than random assignment due to ethical concerns. This

design can lead to potential problems. First, participants’ learningmoti-

vation and interests toward math learning could be introduced as con-

founding variables due to the self-initiated nature of the digital train-

ing. Although we have controlled the high- and low-intensity groups to

be as similar as possible and affirmed all the initial cognitive measure-

ments not being different, it is still possible that the twogroups differ in

learning motivation. However, Gunderson et al. (2017) have reported

learning motivation does not predict math anxiety in first and second

graders in the first three months of the school year. We, therefore,

suspect that differences in the motivation of participants are plausi-

bly negligible. Another problem introduced by the quasi-experimental

design could be the regression-to-the-mean effect due to the lack of a

control group. Yet, we have demonstrated that math-anxious children

have shown math anxiety relief only when they are highly engaged in

our digital training, whereas thosewithminimal engagement remained

math-anxious. These findings suggest the remediation effect on math

anxiety in the current study should likely be a real effect rather than a

regression artifact.

Another limitation is it would be arguably better to include a con-

trol group with a different kind of training. An active control group

can help eliminate placebo effects and locate the sources of the reme-

diation effect by elucidating whether it results from prolonged expo-

sure to math materials or the motivating game-based environment.

Nevertheless, Szűcs and Myers (2017) argued that including target-

irrelevant training and comparing it with target-relevant training can

largely exaggerate group differences by inserting more target-related

instructions in the experimental group. Despite that the current study

lacks controlled training, our findings have provided an estimate of

the efficacy of math anxiety improvement. Further interventions with

equivalently entertaining and motivating training at a similar difficulty

level are still expected.

5 CONCLUSION

In conclusion, this study speaks to parents and educators to pay atten-

tion to students’ perceptions, emotions, and attitudes toward learning,

even in the cultures where students are generally competent in math-

ematics. Negative attitudes toward learning can cause disruptions to

students’ learning and further discourage students frombeingwell per-

formed (Rattan et al., 2012). Fortunately, thosewho strugglewithmath

anxiety can be relieved from short-term intensive intervention. Our

study provides novel empirical evidence that a computer-assisted com-

posite training of mathematics is effective for reducing math anxiety

in first and second graders with severe math anxiety. Such enhance-

ment provides broad implications and boosts efforts to bridge the gap

between research and application. In particular, our training approach

potentially serves as an economically efficient and easily imple-

mented solution for learning-associated emotional deficits. Our study
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highlights the unique potential of this approach to the advancement of

mathematical learning in education practice. More broadly, the cogni-

tive framework established here is likely useful for developing targeted

training and intervention programs, and it can be generalized to other

forms of skill learning.
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Szűcs, D., & Myers, T. (2017). A critical analysis of design, facts, bias and

inference in the approximate number system training literature: A sys-

tematic review. Trends in Neuroscience and Education, 6, 187–203. https:
//doi.org/10.1016/j.tine.2016.11.002

Tan, J. B., & Yates, S. (2011). Academic expectations as sources of stress

in Asian students. Social Psychology of Education, 14(3), 389–407. https:
//doi.org/10.1007/s11218-010-9146-7

Vanbecelaere, S., Van den Berghe, K., Cornillie, F., Sasanguie, D., Reynvoet,

B., & Depaepe, F. (2020). The effects of two digital educational games

on cognitive and non-cognitive math and reading outcomes. Comput-
ers & Education, 143, 103680. https://doi.org/10.1016/j.compedu.2019.

103680

Van Etten, M. L., & Taylor, S. (1998). Comparative efficacy of treatments

for post-traumatic stress disorder: A meta-analysis. Clinical Psychol-
ogy & Psychotherapy, 5(3), 126–144. https://doi.org/10.1002/(Sici)1099-
0879(199809)5:3<126::Aid-Cpp153>3.0.Co;2-H

Verkijika, S. F., & De Wet, L. (2015). Using a brain-computer interface

(BCI) in reducing math anxiety: Evidence from South Africa. Computers
& Education,81, 113–122. https://doi.org/10.1016/j.compedu.2014.10.0

02

Wechsler,D. (2004).TheWechsler intelligence scale for children (4th ed.). Pear-
son Assessment.

Wilson, A. J., Dehaene, S., Pinel, P., Revkin, S. K., Cohen, L., & Cohen, D.

(2006). Principles underlying the design of “The Number Race,” an adap-

tive computer game for remediation of dyscalculia. Behavioral and Brain
Functions, 2, 19. https://doi.org/10.1186/1744-9081-2-19

Wilson, A. J., Revkin, S. K., Cohen, D., Cohen, L., & Dehaene, S. (2006).

An open trial assessment of “The Number Race,” an adaptive computer

game for remediation of dyscalculia.Behavioral and Brain Functions, 2, 20.
https://doi.org/10.1186/1744-9081-2-20

Wolitzky-Taylor, K. B., Horowitz, J. D., Powers, M. B., & Telch, M. J. (2008).

Psychological approaches in the treatment of specific phobias: A meta-

analysis. Clinical Psychology Review, 28(6), 1021–1037. https://doi.org/
10.1016/j.cpr.2008.02.007

Wu, S. S., Barth, M., Amin, H., Malcarne, V., & Menon, V. (2012). Math anxi-

ety in second and third graders and its relation to mathematics achieve-

ment. Frontiers in Psychology,3, 162. https://doi.org/10.3389/fpsyg.2012.
00162

https://doi.org/10.1016/j.lindif.2008.10.009
https://doi.org/10.1016/j.lindif.2008.10.009
https://doi.org/10.2307/749772
https://doi.org/10.2307/749772
https://doi.org/10.1016/j.tics.2012.06.008
https://doi.org/10.1177/0956797615592630
https://doi.org/10.1016/j.cognition.2009.09.013
https://doi.org/10.1016/j.cognition.2009.09.013
http://timssandpirls.bc.edu/timss2011/international-results-mathematics.html
http://timssandpirls.bc.edu/timss2011/international-results-mathematics.html
http://timssandpirls.bc.edu/timss2015/international-results/
http://timssandpirls.bc.edu/timss2015/international-results/
https://doi.org/10.1016/j.dcn.2016.06.004
https://doi.org/10.1016/j.dcn.2016.06.004
https://doi.org/10.18637/jss.v050.i12
https://doi.org/10.18637/jss.v050.i12
https://doi.org/10.1016/j.learninstruc.2012.08.004
https://doi.org/10.1037/xap0000013
https://doi.org/10.1080/1034912X.2011.547351
https://doi.org/10.1080/1034912X.2011.547351
https://doi.org/10.1080/00461520.2015.1122533
https://doi.org/10.1080/00461520.2015.1122533
https://doi.org/10.1080/15248372.2012.664593
https://doi.org/10.1080/15248372.2012.664593
https://doi.org/10.1080/00461520.2018.1447384
https://doi.org/10.1080/00461520.2018.1447384
https://doi.org/10.1016/j.cogdev.2009.09.003
https://doi.org/10.1016/j.cogdev.2009.09.003
https://doi.org/10.1016/j.jesp.2011.12.012
https://doi.org/10.3389/fpsyg.2017.02327
https://doi.org/10.3389/fpsyg.2017.02327
https://doi.org/10.3758/s13415-015-0370-7
https://doi.org/10.1177/0013164488484013
https://doi.org/10.1523/JNEUROSCI.0786-15.2015
https://doi.org/10.1523/JNEUROSCI.0786-15.2015
https://doi.org/10.1016/j.tine.2016.11.002
https://doi.org/10.1016/j.tine.2016.11.002
https://doi.org/10.1007/s11218-010-9146-7
https://doi.org/10.1007/s11218-010-9146-7
https://doi.org/10.1016/j.compedu.2019.103680
https://doi.org/10.1016/j.compedu.2019.103680
https://doi.org/10.1002/(Sici)1099-0879(199809)5
https://doi.org/10.1002/(Sici)1099-0879(199809)5
https://doi.org/10.1016/j.compedu.2014.10.002
https://doi.org/10.1016/j.compedu.2014.10.002
https://doi.org/10.1186/1744-9081-2-19
https://doi.org/10.1186/1744-9081-2-20
https://doi.org/10.1016/j.cpr.2008.02.007
https://doi.org/10.1016/j.cpr.2008.02.007
https://doi.org/10.3389/fpsyg.2012.00162
https://doi.org/10.3389/fpsyg.2012.00162


NG ET AL. 17 of 17

Young, C. B., Wu, S. S., & Menon, V. (2012). The neurodevelopmental basis

ofmathanxiety.Psychological Science,23(5), 492–501. https://doi.org/10.
1177/0956797611429134

Zhang, J., Zhao, N., & Kong, Q. P. (2019). The relationship between math

anxiety andmathperformance:Ameta-analytic investigation.Frontiers in
Psychology, 10, 1613–1613. https://doi.org/10.3389/fpsyg.2019.01613

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher’s website.

How to cite this article: Ng, C.-T., Chen, Y.-H.,Wu, C.-J., &

Chang, T.-T. (2022). Evaluation of math anxiety and its

remediation through a digital training program inmathematics

for first and second graders. Brain and Behavior, 12, e2557.

https://doi.org/10.1002/brb3.2557

https://doi.org/10.1177/0956797611429134
https://doi.org/10.1177/0956797611429134
https://doi.org/10.3389/fpsyg.2019.01613
https://doi.org/10.1002/brb3.2557

	Evaluation of math anxiety and its remediation through a digital training program in mathematics for first and second graders
	Abstract
	1 | INTRODUCTION
	1.1 | Negative association between math anxiety and math performance
	1.2 | Math anxiety in young children
	1.3 | Math anxiety in the East Asian culture
	1.4 | Remediation of math anxiety
	1.5 | Overview of the current study

	2 | METHODS
	2.1 | Participants
	2.2 | Overall procedure
	2.3 | Math anxiety assessment
	2.4 | Cognitive assessments
	2.4.1 | IQ Assessment
	2.4.2 | Mathematical achievement
	2.4.3 | Verbal working memory

	2.5 | Game design and the designing principles

	3 | RESULTS
	3.1 | Normative results
	3.2 | Math anxiety and its relation to math achievement
	3.3 | Digital math intervention reduced math anxiety in first and second graders
	3.4 | Digital intervention reduced math anxiety only in children with high math anxiety
	3.5 | Digital math intervention improved working memory capacity and math performance in first and second graders

	4 | DISCUSSION
	4.1 | Negative association between math anxiety and math achievements in the East Asian culture
	4.2 | Remediation effect of the digital game-based training in math anxiety
	4.3 | Math anxiety relief was independent of the training-associated cognitive improvement
	4.4 | Limitations

	5 | CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT
	PEER REVIEW

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


