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A B S T R A C T   

The purpose of this work was to meta-analyze empirical evidence about the effectiveness of 
digital-based interventions for students with mathematical learning difficulties. Furthermore, we 
investigated whether the school level of the participants and the software instructional approach 
were decisive modulated factors. A systematic search of randomized controlled studies published 
between 2003 and 2019 was conducted. A total of 15 studies with 1073 participants met the 
study selection criterion. A random effects meta-analysis indicated that digital-based in
terventions generally improved mathematical performance (mean ES ¼ 0.55), though there was a 
significant heterogeneity across studies. There was no evidence that videogames offer additional 
advantages with respect to digital-based drilling and tutoring approaches. Moreover, effect size 
was not moderated when interventions were delivered in primary school or in preschool.   

1. Introduction 

A developmental learning disorder can be a very serious handicap for a child, especially if the skills affected, like mathematical 
ones, are critical in modern societies (e.g. Duncan et al., 2007; Ritchie & Bates, 2013). Low numeracy affects various aspects of people’s 
life. It negatively impacts school attainment, mental health and self-esteem in children (Fritz et al., 2019). Moreover in adulthood, it 
reduces the range of working opportunities (Rivera-Batiz, 1992) and it compromises an individual’s independence in activities of the 
everyday life (Arcara et al., 2017; Benavides-Varela et al., 2015, 2017, 2020; Semenza et al., 2014). 

The seriousness of the mathematical difficulties can vary considerably and so do the terminologies used across research studies, 
government reports, and authorities, when referring to gravity, causes, and developmental trajectories of the various levels of 
mathematical weaknesses (Mazzocco, 2005; Mazzocco & R€as€anen, 2013; Butterworth, 2019). Thus, currently there is no clear, 
generally accepted classification of developmental mathematical difficulties, despite numerous attempts (e.g. Karagiannakis et al., 
2014). 

The Diagnostic and Statistical Manual of Mental Disorders (DSM), the reference document by the American Psychiatric Association, 
refers to dyscalculia (named Mathematical Learning Disability –MLD- in the fifth Edition of the manual - DSM 5), as a neuro
developmental disorder with specific learning impairment in mathematics. Children with dyscalculia have impairment in processing 
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numerical information, learning arithmetic facts, and have poor calculation and math reasoning abilities. These impairments are 
below what would be expected for the individual’s age, intelligence, and level of educational instruction, and occur in the absence of 
visual or hearing impairments, mental disorders (e.g. depression, anxiety, etc.), neurological disorders, psycho-social difficulty or 
language differences (American Psychiatric Association, 2013). 

In line with this view, most authors reserve the term mathematical learning disability or dyscalculia to a “presumed biologically 
based set of math difficulties” (e.g. Mazzocco, 2005). Mathematical learning difficulties (MD), on the other hand, often refers to 
mathematical deficits in a broader sense (Karagiannakis et al., 2014), thus comprising dyscalculia, as well as deficits that can be caused 
by non-neurobiological factors (Mazzocco, 2005; Mazzocco & R€as€anen, 2013). It is anticipated that, the target studies of this 
meta-analysis focused on students with specific difficulties in the domain of numbers (called “dyscalculics”, “children with specific 
learning disabilities in mathematics”, “low-performing in mathematics”, “at risk for dyscalculia” in the original papers). However, 
because the criteria for diagnosing dyscalculia vary considerably across studies, the conservative term MD will be adopted hereinafter 
to refer to the target group. 

MD can manifest at different points in a child’s school career, not only in the learning of basic facts or in learning to apply pre
viously acquired knowledge to solve numerical problems but also in the learning of preliminary mathematics skills such as counting, 
seriation (Van De Rijt & Van Luit, 1998), number sense, or subitizing, which can be traced before entering primary education. 

This suggests that children with MD may struggle both with informal mathematics abilities (e.g. numbering, performing simple 
arithmetic problems using tokens or fingers) and formal school-taught abilities such as reading and writing Arabic numerals, and 
recalling memorized multiplication facts (Ginsburg & Baroody, 2003; Jordan et al., 2009). 

There is also an open debate about developmental trajectories and reasons for a failure in learning mathematics. Some authors 
agree in that environmental, cultural, or economic disadvantaged situations increase the likelihood of experiencing poor mathematical 
outcomes throughout the educational path, particularly when a child has neurobiological dispositions to number deficits (Mazzocco & 
R€as€anen, 2013). When such contextual factors are verified, children are considered “at risk” for manifesting mathematical difficulties. 

MD can be often accompanied by psychological and behavioral problems, which might in turn intensify the negative academic 
outcomes. Students with MD report emotional distress and can develop low selfefficacy, lack of motivation, feelings of guilt, math
ematics anxiety and even school phobia (e.g. Ashcraft & Ridley, 2005; Ramirez et al., 2018). 

Fortunately, many efforts have been made in the last decades to support students in primary or secondary school (for recent reviews 
see Fritz et al., 2019; Chodura et al., 2015; Dowker, 2017; Jitendra et al., 2018), and in preschool for boosting children’s first steps in 
mathematics learning (e.g Aunio, 2019; Bryant et al., 2011; Sella, Tressoldi, Lucangeli, & Zorzi, 2016; Outhwaite et al., 2019; Wilson 
et al., 2009). Moreover, recent advances in technology have further facilitated the advent of new digital-based interventions (R€as€anen, 
Laurillard, K€aser, & von Aster, 2019). However, from the great number of emerging apps, programs, websites, etc. that are available to 
train mathematical skills, only a small portion has been subjected to formal evaluation among children with MD (Drigas et al., 2016; 
Kroeger et al., 2012). The distinction between the results obtained in typically achieving children and children with MD is by no means 
trivial. Significant effects reported among typically performing children (e.g. Gouet et al., 2018; Li & Ma, 2010; L�opez-Morteo & L�opez, 
2007; Rosas et al., 2003; Valle-Lisboa et al., 2016; Kulik, 1994), might not necessarily replicate among children that require specialized 
assistance. The successful implementation of new instruments among students who generally find learning especially challenging 
requires a careful integration of teaching strategies, research-based principles (Ginsburg et al., 2013), and specific design recom
mendations (Brunda & Bhavithra, 2010; Cezarotto & Battaiola, 2016) that could set the scene for the children’s conceptual change and 
active engagement in the learning of math concepts (Seo & Woo, 2010). Providing sufficient number of practices and immediate 
ability/effort feedback, as well as individually adapting task difficulty based on either the child’s cognitive profile or the progression 
within the game, appear among the instructional features that contribute to creating successful mathematical learning outcomes in 
digital-based interventions for students struggling with math (e.g. Cezarotto; Battaiola, 2016; Seo & Bryant, 2009). Design features 
recommendations also include reducing the amount of instructions, using visually attractive animations and graphics as well as 
graphic characters to increase the learning motivation. It is also recommended to locate the mechanics in a playful environment, to 
avoid using too many –potentially distracting– graphics unrelated to the instructional purposes, and to present simple and consistent 
interfaces acting as a background for the game activities (e.g. Cezarotto; Battaiola, 2016; Seo & Woo, 2010). Highly innovative 
intervention programs as well as adaptive computer videogames based on neuroscience research have been recently developed for the 
remediation of dyscalculia (e.g. Butterworth et al., 2011; Kucian et al., 2011; R€as€anen, Salminen, Wilson, Aunio, & Dehaene, 2009; 
Wilson et al., 2006). These specialized digital-based interventions might offer distinctive benefits for learners, teachers and re
searchers. They can contribute to reducing training time and instructor load (Mitchell & Savill-Smith, 2004) and at the same time 
enable individualized attention to the learner (Butterworth & Laurillard, 2010). From the point of view of the student, they constitute 
alternative ways of studying (Durkin et al., 2015; Gee, 2003) and facilitate the link to abstract concepts in ways that are not generally 
possible using paper and pencil, e.g. “zooming into a 1–10 number line to discover decimal numbers” (Butterworth & Laurillard, 2010, 
p. 531). Furthermore, virtual environments enable a private feedback that can be extremely valuable for learners who struggle to carry 
on, and repeatedly suffer defeats in normal classroom contexts (Butterworth & Laurillard, 2010). In that sense, digital-based in
terventions could be particularly useful for improving the students’ self-esteem and their motivation (Dempsey et al., 1994; Ritchie & 
Dodge, 1992). Despite the proposed advantages of incorporating digital tools in mathematics interventions, currently researchers have 
found mixed results regarding their effects. 

1.1. Review of the previous summative studies into digital-based mathematics interventions 

Numerous meta-analytic studies have been published generally reporting the outcomes of digital-based mathematics interventions 
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for typically achieving learners (e.g. Li & Ma, 2010; Kulik, 1994). Some studies have reported the effects on students with learning 
disabilities (Jitendra et al., 2018; Kroesbergen & Van Luit, 2003; Li & Ma, 2010; Seo & Bryant, 2009) mental retardation (Kroesbergen 
& Van Luit, 2003; Mastropieri et al., 1991; Miller et al., 1998), and MD (Chodura et al., 2015; Kroesbergen & Van Luit, 2003). Their 
findings provide mixed conclusions regarding the effectiveness of digital tools in mathematics education. In some of the studies, the 
authors concluded that digital-based tools were less effective than a teacher in assisting students with special needs (e.g. Kroesbergen & 
Van Luit, 2003), or that they did not provide systematic effective changes to the learning process (e.g Mastropieri et al., 1991; Seo & 
Bryant, 2009; Kulik, 1994). On the other hand, Li and Ma (2010) found statistically significant positive effects of 
computer-technologies on mathematics achievement and larger effects on interventions for children with special needs compared to 
the effects on general education students. Similarly, Jitendra and colleagues also carried out a meta-analysis including interventions 
for students with mathematical difficulties and learning difficulties in secondary school (Jitendra et al., 2018). This study reported that 
digital-based modules were more effective as compared with regular classroom instruction, but did not provide an additional 
advantage as compared to other instructional approaches (e.g. non-computerized visual modules). Noticeably, all these findings 
emerged from evaluations of special needs students presenting highly heterogeneous difficulties, including for instance students with 
low-IQ, various types of learning, physical, and emotional disabilities, ADHD, blind, etc., in addition to those with specific mathe
matical difficulties. However, children with learning disabilities in general and with mathematical difficulties in particular, might 
show different learning profiles. As mentioned above, developmental dyscalculia -one of the core school academic disabilities-may 
develop in children with normal IQ and in the absence of difficulties in other domains, skills or abilities (Butterworth, 2019). 
Focusing on interventions targeting children with specific difficulties in the domain of numbers may thus provide some important 
insights for effective interventions to these children. 

To our knowledge only one summative study has focused on this specific group. The study by Chodura et al. (2015) meta-analyzed 
35 studies with the aim of evaluating the effectiveness of various types of interventions specifically designed for children with MD. The 
study found an overall positive effect of specialized interventions, but reported no significant differences between digital-based and 
face-to-face interventions. However, like previous studies, the study of Chodura and colleagues focused on interventions carried out 
from elementary school, which could not be generalized to the growing body of literature that evaluates early interventions for 
severely at risk children, before they enter elementary school. Moreover, because the study evaluated various types of interventions 
(not only digital-based ones), it did not investigate software characteristics thoroughly. For instance, one important distinction, which 
could influence the effectiveness of a digital-based intervention, is the software instructional approach: whether it is founded on 
adaptive and interactive videogames or on tutoring and drilling strategies. 

1.2. Theoretical background and purpose of this study 

While investigating the overall effectiveness and the parameters that may characterize successful interventions to help children’s 
mathematical performance, the review research described above has some limitations. First, the summative studies have provided 
inconsistent conclusions concerning the effectiveness of incorporating digital tools in mathematics interventions and most of the 
reviews included primary investigations with students showing a wide range of special needs. This makes it difficult to evaluate the 
interventions among children with specific deficits in mathematics. Second, most of the previous research has focused on children from 
elementary school (e.g. Chodura et al., 2015; Kroesbergen & Van Luit, 2003; Seo & Bryant, 2009) and secondary school (Jitendra et al., 
2018). However, new theoretical and practical developments have pointed out the importance of early interventions that target 
children already in preschool (e.g. Aunio, 2019; Benavides-Varela et al., 2016; Bryant et al., 2011; Sella et al., 2016; Outhwaite et al., 
2019), calling for a systematic integration of the literature including also the studies carried out in these early stages. Third, research 
results are beginning to provide further insights into the benefits of incorporating video and interactive games to support math 
learning. To date, however, no study has directly assessed whether videogame interventions moderate the general effects obtained on 
specialized interventions. In the context of this background, the primary goal of this study was to systematically review and meta
analyze peer-reviewed randomized controlled trials that focused on children with MD. Specifically, the present review sought to 
answer the following questions:  

1. Do digital-based interventions significantly impact mathematics achievement of all the students with mathematical learning dif
ficulties? For the purpose of this review, digital-based interventions refer to those in which students are engaged one-on-one with a 
software, App, or digital environment available on personal computers, tablets, or smartphones and that had been specifically 
designed to provide supplementary math learning opportunities.  

2. Do the effects vary by the school level in which the intervention is carried out (pre-school/elementary/high school)?  
3. Does the software instructional approach (videogames vs. digital-based tutorials/drilling) moderate the intervention outcomes? 

Here we refer to videogames as digital-based tools that propose ludic activities and that require the student to indirectly apply 
numerical concepts or carry out numerical computations to win or to proceed to the next level of the game (Stultz, 2013). 
Digital-based tutorials/drilling refer to software that explicitly instruct mathematical concepts and repeatedly present audio-visual 
information/exercises on a given topic (usually associated with the students’ specific weaknesses). 

The results of this analysis should bring new insights for future pedagogical and educational decisions. In particular, they may 
provide summative information to assist teachers, parents, and other tutors when choosing appropriate instruments to support chil
dren struggling in mathematics. 
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2. Methods 

The literature search used the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) methodology (Moher 
et al., 2009). The PRISMA consists of a 27-item checklist and a four-phase (Identification, Screening, Eligibility, and Inclusion) flow 
diagram to facilitate the preparation and reporting of a robust protocol, and for a critical appraisal of systematic-reviews (Moher et al., 
2009). PRISMA has been implemented in previous studies to guarantee comprehensive and objective reporting of meta-results (e.g. 
Stanmore et al., 2017). 

2.1. Literature search and inclusion criteria 

A literature search was conducted until March 2019 by means of PsycINFO, Google Scholar, and Educational Resources Infor
mation Center (ERIC) databases. The search was restricted to the period from 2003 to 2019 since the majority of systematic and meta- 
analytic reviews focusing on digital-based interventions for children with learning difficulties had already included studies published 
between 1980 and 2002 (e.g. Kroesbergen & Van Luit, 2003; Kulik, 1994; Li & Ma, 2010; Seo & Bryant, 2009; Woodward & Carnine, 
1993). Eligible studies were group-designed randomized controlled trials which compared the effects of digital-based interventions to 
control conditions and which provided some statistical elements to support inferences at the population level. Single case in
terventions, observational reports, conference papers, dissertations, research foundation papers that are limited to describing software 
details and program development, intervention studies using tools that have not been directly evaluated in children with mathematical 
learning disabilities, and newsletter articles were not included in this review. Studies needed to report students’ performance in any 
domain of mathematics as their dependent variable. Additionally, the studies needed to include statistical information (Sample Size, 
Mean, Standard Deviation) for their effect size calculation. Where only part of these data were reported, the corresponding authors of 
the respective articles were contacted to request the missing information. Studies could have been conducted in any country, but only 
English-language articles published in peer-reviewed journals were included. The reference sections of the eligible articles and pre
vious reviews or book chapters were also scanned to locate other possible studies on this topic that could meet the initial criteria. 

The terms used to locate potentially relevant studies were the following: mathematics; dyscalculia; videogames; interventions; 
computer-assisted instruction; educational technology; mathematical learning; mathematics teaching; number sense; mathematics 
achievement; mathematical difficulties; randomized; controlled; control group; control condition. 

2.2. Coding procedure 

Articles were screened for eligibility by three independent authors (SBV, BF and CZC). Disagreements were resolved through 
pairwise discussions until consensus was reached. A systematic coding form was used by SBV and BF to record relevant information 
from each study. The studies were coded taking into account the following characteristics:  

(i) Primary outcome – Mathematical performance: This was defined as the change in any ability to solve a problem in any domain 
of mathematics following a digital-tool intervention (or control condition). Sample sizes, means and standard deviations were 
extracted for the effect size calculation. 

(ii) Potential moderators: Data on factors that may influence the effect size of the interventions were also extracted from each 
article. In agreement with the aims of the present study, a categorical distinction was made while coding the type of program (i.e. 
tutorial and drill & practice vs videogames), and school level (high school/primary school/preschool). Other specific character
istics of the intervention (length in weeks, number of sessions per week, session duration and total number of sessions during 
intervention), and topic (math facts fluency, fractions, subtractions, additions, etc.) were also extracted but not included in the 
moderator analysis due to high variability in the levels of each factor. 

2.3. Statistical analysis 

The preliminary dataset included 15 studies. We summarized studies’ results considering effect size and variance based on the dppc2 
index suggested by Morris (2008). In the case of studies with repeated measures in both treatment and control groups (pretest-
posttest-control design; PPC), dppc2 allows to quantify the treatment effect size as the difference between mean pre-post change in the 
treatment group and the mean pre-post change in the control group, divided by the pooled pre-test standard deviation: 

dppc2 ¼ cp
ðMpost;T � Mpre;TÞ � ðMpost;C � Mpre;CÞ

SDpooled;pre
; (1)  

where Mpre,T, Mpost,T and Mpre,C, Mpost,C are respectively the pre, post mean scores of the treatment group and the pre, post mean scores 
of the control group. SDpooled,pre is the pooled pre-test standard deviation, computed considering only the pre-test standard deviation of 
the two groups, and cp is a bias adjustment for small sample size. 

Compared to other indexes, dppc2 offers better results in terms of bias, precision, and robustness to heterogeneity of variance 
(Morris, 2008). The dppc2 values were interpreted according to the criteria suggested by Cohen (1988): small effects from 0.2 to 0.5; 
medium effects from 0.5 to 0.8; large effects greater than 0.8. A complete description of the index is reported in the supplemental 
material. 
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When studies included multiple treatment groups or control groups (such as the case of Aunio & Mononen, 2018; Hassler Hallstedt 
et al., 2018; Nelson et al., 2013), we selected the passive control group and the computer-based treatment group to obtain a better 
evaluation of the treatment effect. Whereas, if treatment groups were considered equivalent from a research point of view (such as the 
case of Baroody et al., 2013) they were merged together to yield a combined mean and standard deviation (see chapter 25 Borenstein 
et al., 2009 for technical details). We noticed that Kucian et al. (2011) and R€as€anen et al., 2009 included as control groups only 
children with age-appropriate calculation performance (not children with mathematical difficulties). This does not allow to obtain a 
meaningful interpretation of the dppc2 index. Thus, the two studies were excluded from the meta-analysis and their results were dis
cussed separately. The final dataset included 13 studies. Full description of the preparation of the dataset is reported in the supple
mental material. 

The dppc2 estimated mean and variance was calculated using raw mean scores, standard deviation, and sample size of the treatment 
and control groups reported in the studies. In order to compute dppc2 variance, the correlation between pre- and post-test scores is 
needed. However, only Salminen et al. (2015) reported this correlation, with rpre� post ranging from 0.72 to 0.90. Thus, rpre� post ¼ 0.70 
was used as reference value for all the studies and meta-analysis results were evaluated in a sensitivity analysis using rpre� post ¼ 0.50, 
which gives greater variance (i.e., more conservative results), and rpre� post ¼ 0.90, which gives smaller variance (i.e., less conservative 
results). Where studies reported more than a task, effect size and variance were firstly computed for each task separately and then 
combined into composite summary effect and variance, following recommendations to take into account dependence of the infor
mation (see chapters 23 and 24 in Borenstein et al., 2009). Different formula were applied if the multiple task were completed by the 
same subjects (such as the case of Baroody et al., 2012, 2013; Hassler Hallstedt et al., 2018; K€aser et al., 2013; Salminen et al., 2015) or 
if they were completed by different subjects (such as the case of Burns et al., 2012). In particular, to compute the composite summary 
variance, the correlation between the different tasks completed by the same subjects is needed. However, no study reported this 
correlation. Thus, rtasks ¼ 0.50 was used as reference value in all cases and meta-analysis results were evaluated in a sensitivity analysis 
using rtasks ¼ 0.30, which gives smaller variance (i.e., less conservative results), and rtasks ¼ 0.70, which gives greater variance (i.e., 
more conservative results). 

The analysis were conducted with R software (R Core Team, 2019). Firstly we ran a random-effects model meta-analysis using the 
restricted maximum likelihood method with the R package Metafor (Viechtbauer, 2010). Next, we explored the heterogeneity between 
studies through inspection of forest plot and evaluation of the Q-statistic (Hedges & Olkin, 2014). Q-statistic is distributed like the 
chi-square under the null hypothesis, with a significant chi value indicating the presence of heterogeneity across studies. Moreover, to 
estimate the magnitude of the heterogeneity we considered the I2 index (i.e., the proportion of observed variance that reflects real and 
not random difference between studies effect sizes; Borenstein et al., 2009). High values of I2 suggest that difference between results 
are related to real differences across studies (i.e., different constructs or different study design). On the contrary, low values of I2 

Fig. 1. PRISMA flow diagram of systematic search and study selection.  
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Table 1 
Descriptive statistics of the studies included in the review.  

Study Participants Treatment Group Control Group dppc2 

Authors Year Country N Males/Females School level Intervention ntreatment Control ncontrol Effect size Variance 

Aunio & Mononen 2018 Finland 14 5/9 Preschool Video-Game 7 Passive 7 � 0.48 0.18 
Baroody et al. 2012 United States 28 12/16 Preschool Tutorial-Practice 15 Active Math 13 1.55 0.08 
Baroody et al. 2013 United States 64 23/41 Primary School Tutorial-Practice 43 Active Math 21 0.97 0.04 
Burns et al. 2012 United States 442 NA Primary School Tutorial-Practice 216 Active Math 226 0.61 0.01 
Castro et al. 2014 Brazil 26 16/10 Primary School Video-Game 13 Active Math 13 0.96 0.11 
Fuchs et al. 2006 United States 33 21/12 Primary School Tutorial-Practice 16 Active Spelling 17 1.01 0.09 
Hassler Hallstedt et al. 2018 Sweden 127 66/61 Primary School Video-Game 75 Passive 52 0.54 0.01 
K€aser et al. 2013 Switzerland 41 14/27 Primary School Video-Game 20 Passive 21 0.69 0.04 
Kucian et al. 2011 Switzerland 32 13/19 Primary School Video-Game 16 Active Normative 16 0.31 0.08 
Leh & Jitendra 2013 United States 25 12/13 Primary School Tutorial-Practice 13 Active Math 12 � 0.79 0.11 
Mohd Syah et al. 2016 Malasya 50 NA Primary School Video-Game 25 Passive 25 1.05 0.06 
Nelson et al. 2013 United States 53 NA Primary School Tutorial-Practice 26 Passive 27 0.65 0.05 
R€as€anen et al. 2009 Finland 59 32/27 Preschool Video-Game 30 Passive Normative 29 0.41 0.04 
Salminen et al. 2015 Finland 21 9/12 Preschool Video-Game 13 Passive 8 0.54 0.10 
Stultz 2013 United States 58 36/22 High School Tutorial-Practice 29 Active Math 29 � 0.46 0.04 

Note: Total sample: 1073. NA: not available. 
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Table 2 
Characteristics of the intervention for each study included in the review.  

Study Intervention Characteristics 

Authors Year Description Total number of digital- 
based of each sessions 

Duration session Measured outcome 

Aunio & 
Mononen 

2018 Multiple number early skills using “Lola’s world” 15 sessions over 3 weeks 15 min Total ENT evaluation Experimental Vs Active Control 

Baroody et al. 2012 Structured add-0/1 rules 18 sessions over 9 weeks 30 min Mental addition fluency. Pooled ES including 
practiced and unpracticed (transfer) items 

Baroody et al. 2013 add-1 rule and near-doubles reasoning strategy 20 sessions over 10 
weeks 

30 min Mental addition fluency structured add-1 rule.Pooled 
ES including practiced and unpracticed (transfer) 
items 

Burns et al. 2012 Fact retrieval using “Math Facts” 24 to 45 sessions over 
8–15 weeks 

10–15 min Pooled ES including 3rd and 4th grades 

Castro et al. 2014 Multiple numerical skills using “Tom’s Rescue” 10 sessions over 5 weeks 60 min Mental math problems and written arithmetic 
operations using the Scholastic performance test of 
arithmetic 

Fuchs et al. 2006 Fact retrieval using “Flash” 50 sessions over 18 
weeks 

10 min Addition fact retrieval 

Hassler 
Hallstedt 
et al. 

2018 Basic arithmetic (addition and subtraction facts up to 12), 
number knowledge and word problems using“Chasing 
Planets” 

56 sessions over 20 
weeks 

20 min Addition and subtraction facts 

K€aser et al. 2013 Multiple numerical skills using “Calcularis” 60 sessions over 12 
weeks 

20 min line-10 tests Pooled ES including Subtraction and Number 

Kucian et al. 2011 Multiple numerical skills using “Rescue Calcularis” 25 sessions over weeks 5 15 min Accuracy of math problems (addition and subtraction) 
Leh & Jitendra 2013 Problem solving skills 15 sessions over 6 50 

min weeks 
Word problem solving  

Mohd Syah 
et al. 

2016 Number orientation and arithmetic sign identification 5 sessions within a week 60 min Subtraction Pooled ES including Counting, Addition and 

Nelson et al. 2013 Fact retrieval using “Math Facts” 4 sessions within 15–20 
min a week 

Digits correct per minute  

R€as€anen et al. 2009 Approximate and exact number comparison using“Number 
Race” and “Graphogame-Math” 

15 sessions over 3 
10–15 min weeks 

Number comparison. Pooled ES including 
Number Race and Graphogame-Math  

Salminen et al. 2015 Multiple numerical skills using “Graphogame-Math” 12-15 sessions 10–15 
min over 3 weeks 

Pooled ES including Enumeration, Verbal 
counting, Number Sets, Basic Addition  

Stultz 2013 Multiplication and division using “BMCSB” for fractions 10 sessions 90 min  Multiplying and dividing fractions  
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suggest that results across studies are similar and possible difference are related to random sampling. 

2.3.1. Sensitivity analysis and evaluation of publication bias 
To investigate robustness of the results, we ran two sensitivity analyses. First, we used the leave-one-out method to evaluate how 

results would change if studies were excluded one at time from the analysis. Substantial changes when a single study is removed are 
interpreted as lack of homogeneity and unreliable results (Viechtbauer & Cheung, 2010). Secondly, we evaluated results when 
different values are used for rpre� post and rtasks coefficients. Moreover, publication bias was assessed using the funnel plot with the trim 
and fill method (Duval & Tweedie, 2000; Rothstein et al., 2005). 

2.3.2. Effects of possible moderators 
The role of possible moderators was examined using mixed-effects meta-regression models, the moderators were included as a fixed 

effects and were tested using Wald’s chi-square (Viechtbauer, 2010). Considering the reduced number of studies and the unequal 
distribution among the different levels of the moderators, we conducted separately two analyses to evaluate the role of (1) software 
instructional approach, (2) school level. Results should be interpreted with caution as it was not possible to evaluate all the moderators 
at the same time. 

3. Results 

3.1. Search results 

The search returned 161 results, reduced to 83 after duplicates were removed. Thirty-eight articles were further excluded after 
reviewing the titles and abstracts for eligibility. Full versions were retrieved for 35 articles, of which 13 articles were eligible for 
inclusion. Two additional eligible articles were identified from the reference lists of the full-texts. Thus, a total of 15 unique studies 
with independent samples were included in this review. The article screening process is detailed in Fig. 1. 

3.2. Included studies, participant details and descriptive statistics 

Descriptive statistics are reported in Table 1. Included studies were published between 2006 and 2018, most of them (10 out of 15) 
after 2012. Seven studies were conducted in the United States, three in Finland, two in Switzerland, and one each in Brazil, Sweden and 
Malaysia. Eligible outcome data was available from a total of 1073 participants across the 15 studies; 557 were assigned to the 
experimental intervention, 516 to control conditions. The sampled varied in size between 14 and 442 with most of the studies having 

Fig. 2. Forest plot. Each square represents the effect size of the study together with 95% confidence interval. The size of the symbol is proportional 
to the study’s weight. 
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less than 64 subjects. The mean age of the reported sample was 7.6 years (range ¼ 5.6–16.3 years) and 55.0% of the participants were 
male. The majority of studies were conducted with children enrolled in primary school (N ¼ 10). Four studies were conducted with pre- 
school children, and one in high school. Looking at the control group, six studies included a passive control group, six studies included 
an active control group trained in mathematics, and only one study included an active control group trained in a different topic (i.e. 
spelling). One study compared the results of the children with difficulties in mathematics against an active normative group (typically 
achieving children), and one study compared it against a passive normative group. As stated in the methods section, the last two studies 
were excluded from the meta-analysis. 

Interventions lasted on average 7.8 weeks (range ¼ 1–20 weeks), with an average of 3.4 sessions per week, ranging from 10 to 90 
min per session. Software packages were designed to tackle a variety of numerical difficulties including fact retrieval (N ¼ 3), 
reasoning strategy on calculation (N ¼ 2), problem solving skills (N ¼ 1), fractions (N ¼ 1), approximate and exact number comparison 
(N ¼ 1), number orientation and arithmetic sign identification (N ¼ 1), or multiple numerical skills at the time (N ¼ 6). N ¼ 7 software 
packages used tutorials or drill & practice approaches, N ¼ 8 used interactive videogames. Study details and intervention summaries 
are displayed in Table 2. 

3.3. Random-effects model meta-analysis 

3.3.1. Overall effects 
The random effects meta-analysis showed a medium mean effect size, dppc2 ¼ 0.55, 95%CI (0.19 � 0.90), p ¼ 0.002, meaning that 

children in the treatment groups showed a greater improvement in mathematical ability than children in the control groups (Fig. 2). It 
should be noted that despite the estimated effect size could be considered medium, the large confidence interval suggests that also 
small and large effect sizes could be considered consistent with the data. 

3.4. Evaluating sensitivity of the analysis 

The sensitivity analysis showed robustness of the results. The effect size did not vary considerably neither when results were 
computed excluding one study at time (i.e., leave-one-out method), nor when different values for rpre� post and rtasks were used. In 
particular, the dppc2 value varied between 0.47 and 0.65 (mean ¼ 0.55, SD ¼ 0.05) in the first case, and between 0.53 and 0.56 (mean ¼
0.54, SD ¼ 0.01) in the second case (see Tables 3 and 4). Thus, the effect size remained consistently between medium values. However, 
also heterogeneity was consistently high (I2 ranging from 81.56% to 96.96%). 

3.4.1. Evaluating publication bias 
The funnel plot with the trim and fill method added no hypothetical missing study (Fig. 3). Therefore, there was no evidence for 

publication bias. The included studies allow a representative analysis of the research questions. 

3.4.2. Evaluating moderators 
The tests of moderators were not significant: (1) software instructional approach χ2(1) ¼ 0.03, p ¼ 0.86, and (2) school level χ2(1) 

¼ 0.006, p ¼ 0.94. In particular, to test the influence of school level we excluded the variable levels for which only one single study was 
available. Thus, high school students were not considered when testing age influence. This allowed to avoid unreliable results, as 
possible differences could be related to other study characteristics not considered. The full procedure is reported in the supplemental 
material. 

Table 3 
Sensitivity analysis using the Leave-One-Out Method.  

Author(s) and Year dppc2 95% CI I2 

Aunio and Mononen (2018) 0.61 [0.26; 0.96] 90.15 
Baroody et al. (2012) 0.47 [0.13; 0.81] 89.25 
Baroody et al. (2013) 0.51 [0.13; 0.88] 90.96 
Burns et al. (2012) 0.54 [0.15; 0.93] 88.38 
de Castro et al. (2014) 0.51 [0.14; 0.89] 91.50 
Fuchs et al. (2006) 0.51 [0.13; 0.88] 91.35 
Hassler Hallstedt et al. (2018) 0.54 [0.15; 0.93] 89.89 
K€aser et al. (2013) 0.53 [0.15; 0.92] 91.44 
Leh and Jitendra (2013) 0.65 [0.34; 0.95] 86.94 
Mohd Syah et al. (2016) 0.50 [0.13; 0.88] 91.06 
Nelson et al. (2013) 0.53 [0.15; 0.92] 91.53 
Salminen et al. (2015) 0.54 [0.16; 0.93] 91.76 
Stultz (2013) 0.64 [0.32; 0.96] 87.55 

Mean 0.55  90.14 

Note: Each line represents the results obtained excluding that study. 
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4. Discussion 

Several successful or promising educational technology applications have been developed in the last decades for mathematics 
intervention programs. To date, a few programs have been developed specifically for remediation purposes in individuals with MD, 
and even less have been subjected to evaluations in randomized control trials. Thus, understanding to what extent digital tools can be 
useful for students suffering MD, compared to other tools and methods, is a relevant question particularly for teachers, parents, 
psychologists and other practitioners interested in implementing such tools. 

The results of our work evidence a moderate but significantly positive effect of digital-based interventions on mathematics 
achievement (mean ES ¼ þ0.55). This finding partially confirms and extends the existing literature in various ways. First, it suggests 
that digital-based interventions subjected to formal evaluation among children with MD, compared to control conditions (e.g. face-to- 
face teaching, paper and pencil exercises, no intervention, interventions with non-specialized computer programs, etc.) resulted in 
higher mathematics achievement. This finding is in line with the positive results reported by Li and Ma (2010) when evaluating the 
effects of computer technologies among children with special needs compared to general education students. Moreover, the present 
study indicates that positive effects can be also observed in trials in which all participants have similar academic abilities (i.e. children 
struggling in maths both in the experimental and control conditions), as opposed to comparing the effects of the interventions in 
children with difficulties and typically achieving children of the same age, as Li & Ma did. Thus, not only students with MD improve 
more than typically achieving children following digital-based interventions, but also they seem to gain more from these interventions 
than children with similar difficulties following other control interventions. 

Previous reviews and meta-analyses evaluating various types of mathematical interventions reported no additional benefits (e.g 
Kulik, 1994; Mastropieri et al., 1991; Seo & Bryant, 2009) or no significant differences between interventions with and without digital 
tools (e.g Chodura et al., 2015). Moreover, one study found that computer-assisted instruction was less effective than teacher in
struction for students with special needs (e.g Kroesbergen & Van Luit, 2003). These conclusions appear in disagreement with our 
findings. However, we note that in their evaluation these works pooled children with different special needs and learning disabilities. 
Our work, instead, focused solely on interventions specific for helping children with MD. It is possible that students with such a specific 
cognitive profile might obtain additional benefits from the technological tools. Thus, eventual inconsistencies between previous 
findings and ours might be partly ascribable to the learning profiles of the participants included in the studies. In addition, it should be 
considered that, besides group composition, our meta-analysis differs from previous ones in the time point in which the analysis was 
carried out. Primary studies included in the most recently published reviews and meta-analysis (e.g Chodura et al., 2015; Kroesbergen 
& Van Luit, 2003; Li & Ma, 2010) were carried out 5 to19 years before the present work. Continuing interest in digital-based in
terventions for children with mathematical difficulties is however evidenced in our review. Indeed, 10 out 15 studies identified were 
carried out in the last 5 years and were thus out of the scope of previous studies. The new data that have become available since the 

Table 4 
Sensitivity analysis varying rtasks and rpre� post.   

rtasks 

.3 .5 .7 

rpre� post  .5 0.56 [0.23; 0.90] (I2 ¼ 84.80) 0.56 [0.22; 0.90] (I2 ¼ 83.01) 0.55 [0.21; 0.89] (I2 ¼ 81.56) 
.7 0.55 [0.20; 0.90] (I2 ¼ 91.51) 0.55 [0.19; 0.90] (I2 ¼ 90.51) 0.54 [0.19; 0.89] (I2 ¼ 89.68) 
.9 0.53 [0.17; 0.90] (I2 ¼ 96.96) 0.53 [0.16; 0.90] (I2 ¼ 96.60) 0.53 [0.16; 0.89] (I2 ¼ 96.30) 

Note: dppc2 [95%CI] and (I2) are reported in each cell for given values of rpre� post and rtasks. Total sample: n ¼ 982. 

Fig. 3. Funnel plot. Each black dot represents one study included in the meta-analysis.  
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previous reviews might have thus influenced the final outcomes in the summative evaluations. 
Two factors were quantitatively assessed in the moderator analysis. The first one, school age, included interventions carried out on 

children from primary and preschool ages. Previous meta-analyses on mathematics evaluating digital-based interventions for 
improving mathematics included studies that were primarily conducted for students at the elementary (e.g Seo & Bryant, 2009) or 
secondary level (e.g Jitendra et al., 2018). There is no doubt that improving mathematics skills is important for these students. 
However, developing fundamental and basic conceptual understandings of mathematics is also crucial in the earliest phases of edu
cation. The recent advent of interventions in preschool ages -which had not been previously included in summative reports- respond to 
the growing need of assisting children when the first signs of mathematical difficulties emerge and also at a time in development when 
there are presumably greater chances for a substantial improvement. Studies indicate that children who enter kindergarten with low 
performance in numeracy skills continue to lag behind their peers in future school years and highlight the need of early interventions 
for low-performing children who are at risk for mathematical learning difficulties later at school (e.g. Duncan et al., 2007; Geary, 2011; 
Geary et al., 2012). In light of the new data available, one important question is whether digital-based interventions for kindergar
teners yield better results than interventions carried out for older children with MD. Contrary to our initial expectations, the findings of 
the present study suggest that school level has no significant moderating effects. Thus, digital-based interventions provide promising 
results for both young and older children. However, the current results were obtained with relatively few studies per school level. More 
primary studies are thus needed to definitely conclude on the effectiveness of digital-interventions for children who struggle with 
mathematics understanding and who receive assistance at different points in development. 

Another factor that was considered in the moderator assessment of the present study relates to the characteristics of the educational 
software. In particular, a comparison between the outcomes obtained with videogame programs and digital-based tutorials or drilling 
approaches was made. Research results are beginning to provide insights into the benefits of incorporating video games to support 
math interventions among children with MD. Videogames incorporate various modern features such as high-resolution graphics, 
sound effects, changing backgrounds or settings to teach the material to the students (Stultz, 2013). They seek to link entertainment 
with educational goals, to stimulate the children’s desire to win and, in turn, to encourage their interest in mastering specific 
mathematical skills through different strategies. Moreover videogames, unlike the digital-based tutorial and drilling tools, often 
proposed comprehensive interventions that trained various math skills and computations rather than focusing on a single skill at the 
time. This is considered a successful feature to help low achievers who often necessitate a full range of support not only to attenuate 
noticeable difficulties, but also to support fundamental weaknesses that might go unnoticed. Additionally, training basic tasks along 
with more complex ones could be particularly useful for supporting those learners who generally lack confidence, as it is often the case 
among dyscalculic children. The results of our study, however, showed no modulation of the outcome associated with the instructional 
approach of the software. In other words, similar effects were obtained with digital-based tools using tutoring and drilling approaches 
and with videogame implementations. 

5. Conclusions 

Altogether the findings indicate that digital-based interventions positively impact mathematics achievement of students with MD. 
Digital-based interventions can be thus conceived as a proper instrument to assist children with specific mathematical needs and to 
offer them additional opportunities to carry out mathematical tasks in an alternative technological context. Moreover, according to our 
data, digital tools improve numerical performance and numerical understanding to a similar extent in MD children from primary 
school and in children from preschool ages. In other words, school level does not moderate the effects of the digital-based in
terventions. Finally, we found no evidence that digital-based interventions implementing a ludic approach (videogames) offer addi
tional advantages for children with specific mathematics deficits with respect to digital-based interventions implementing drilling and 
tutoring approaches. However, digital-learning materials will surely continue to expand in the forthcoming years, particularly with 
increased access and usability of new technologies by parents, children and adolescents. Software instructional approach should be re- 
examined thoroughly when more data become available. 

People interested in adopting digital tools to help children with MD should be also aware of the enormous variability found across 
studies. Ongoing research is required to establish other factors associated with intervention efficacy and eventual positive and negative 
consequences of digital tools for learning. This acquired knowledge should hopefully provide evidence-based criteria to select high- 
quality programs and to deliver appropriate interventions to the students with low-numeracy. 

6. Limitations 

It should be noted that this analysis is based on 15 randomized-controlled trials, which met the criterion for this study. They cannot 
be extended to single-subject designs that often show more powerful results than those with a group design. Indeed, in single-subject 
designs the training is usually only stopped when the results are sufficiently high. Large effect sizes under such circumstances are thus 
expected (Kroesbergen & Van Luit, 2003). 

Another important factor that should be taken into consideration when interpreting the present results is the enormous variation 
found across studies, as indicated by the significant index of heterogeneity and the large confidence intervals. Previous studies focusing 
on digital-based interventions only (e.g Seo & Bryant, 2009), or interventions for children with difficulties in mathematics (e.g 
Chodura et al., 2015), also reported a high variation of the effect sizes. This variability across studies prevents strong conclusions and 
generalizations of the effectiveness of digital interventions for children with mathematical difficulties. Indeed, although a medium 
positive effect was found on average, some individual interventions resulted in small effect sizes or even negative ones (see the forest 
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plot on Fig. 2). This calls for an in-depth analysis and for a careful interpretation of the results. 
A major point concerns the different criteria used across studies to classify students with or at risk for learning difficulties in 

mathematics. All but two studies (Mohd Syah et al., 2016; Stultz, 2013) selected their participants through individual standardized 
math achievement tests. The tests varied across studies (e.g. Test of Early Mathematics Ability, Early Numeracy Test, Star Math, 
Heidelberger Rechen Test, etc.) and so did the tasks chosen for sample selection (e.g. arithmetics only, additions only, full battery, 
etc.). Most critically, performance of the selected children ranged from the lowest 7–10% of distribution (e.g. de Castro et al., 2014; 
K€aser et al., 2013; Salminen et al., 2015) to the 25th (i.e Baroody et al., 2012, 2013; Burns et al., 2012; Fuchs et al., 2006; Nelson et al., 
2013) and up to the 45th and 50th percentile (Hassler Hallstedt et al., 2018; Leh & Jitendra, 2013, respectively), suggesting that in 
some cases also students in the average range performance were included. The majority of studies concurred on excluding participants 
with psychiatric, physical, and neurological problems. Only two (de Castro et al., 2014; Mohd Syah et al., 2016) reported using also the 
criterion of no response to intervention of the DSM edition approved in 2013 (American Psychiatric Association, 2013). The studies 
that intervened on at-risk samples (e.g. Aunio & Mononen, 2018; Baroody et al., 2013, 2012; Fuchs et al., 2006) also included par
ticipants that, besides showing low performance on the standard achievement tests, were exposed to disadvantaged contextual 
situations. 

Hence, the heterogeneity found on the effect sizes may at least in part reflect the different characteristics of the children, who were 
nevertheless all selected and treated for having MD. These huge variations on the selection criteria are problematic for the general
ization and interpretation of the results but might not be unexpected. Independent authorities use different terminologies and different 
basis for diagnosing dyscalculia/mathematical learning difficulties across countries (e.g. International Classification of Diseases; 
Diagnostic and Statistical Manual of Mental Disorders, etc.), and even single authorities (e.g. the American Psychiatric Association in 
the USA) modify their official definitions throughout the years (e.g. DSM-IV; DSM-5). The practical and theoretical implications of 
using different selection criteria have been pointed out in previous works (e.g. Butterworth, 2019; Devine et al., 2013). Adhering to the 
proposal of adopting international standard diagnostic tools that are comparable across countries, curricula and therefore studies 
(Kaufmann et al., 2013), seems reasonable and advisable in this regard. 

Results of the present meta-analysis are dependent on the quality of the measures used in the primary studies. Adopting appropriate 
measures to evaluate participants performance is problematic when the target group is selected from the lower tail of the population 
distribution (as in the case of mathematical ability in children with MD). In this situation, the floor effect and the regression to the 
mean (RTM) could influence the results leading to an incorrect estimation of the actual effects (Simkovic & Trauble, 2019). In almost 
half of the studies included in the meta-analysis (Baroody et al., 2013, 2012; de Castro et al., 2014; Fuchs et al., 2006; Salminen et al., 
2015; Stultz, 2013) there are clues of the presence of the floor effect. Moreover, the studies reported mean values smaller than the 
standard deviation, indicating that the measures did not properly catch the whole range of individual differences. Moreover, in Mohd 
Syah et al. (2016) mean scores differences between intervention and control groups at pre-test do not allow us to exclude that results 
were caused by the RTM effect (see supplemental material for raw data of each study). Altogether these considerations preclude from 
drawing strong conclusions when interpreting results of the present meta-analysis. Effects of the above cited studies, if caused by floor 
effect and RTM effect, could be an excesive estimate of the true underlying effect and, as a consequence, may lead to an overestimation 
in the results of the meta-analysis. Although the sensitivity analysis showed that the results are not affected by single influential 
studies, this would not be the case if an entire set of studies –which nevertheless show important evidence about the direction of the 
effect, and represent a large part of evidence– were excluded. 

7. Directions for future research 

Some other features of the programs and or experimental designs might be taken into consideration in future studies to better 
understand the potentialities of the various digital-based interventions. For example, one possible factor to take into account could be 
the type of control group. One might expect larger effect sizes in studies comparing experimental versus passive control groups than in 
studies comparing experimental and active control interventions. In our study we noticed that most of the studies with videogame 
interventions used also a passive control group (5 out of 6), whereas most of the studies with tutorials and drill & practice approaches 
used an active control group (5 out of 6). Thus, larger effects could have been anticipated in the videogame interventions. Because of 
interdependence between the control and the software instructional approach, it was impossible to evaluate the relative role of these 
variables as moderators independently. However, it will be appropriate in the future, when more primary studies become available, to 
further investigate the effects of the control group in the reported effectiveness of the interventions. 

Similarly, other characteristics of the intervention, such as duration and topic of intervention (i.e. problem solving, number sense, 
math facts, fractions, arithmetic, etc.) could provide more practical and theoretical insights into the effects and appropriateness of 
using digital-based tools at different stages of the mathematical learning path. These characteristics were not included in the 
moderator analysis of the present study due to high variability in the levels of each factor. 

Another important note for future studies is to carefully consider the choice of instruments used to evaluate mathematical per
formance in children with MD in order to avoid issues related to floor effect and regression to the mean. Although this requires a big 
effort, we believe that the development of instruments that properly evaluate variation in individual differences among low perfor
mance children should be encouraged to obtain more reliable and informative results. 

Finally, although it is central to analyze the benefits of the interventions focusing on mathematical achievement, in the future it will 
be valuable to systematically review and meta-analyze the emotional and motivational effects associated with playing and using digital 
tools, whether they differ as a function of the instructional approach (e.g. games versus drilling), and the extent to which this impacts 
on the learning process. 
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