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Abstract

:

Working memory (WM) is a crucial cognitive function, and a deficit in this function is a critical factor in learning difficulties (LDs). As a result, there is growing interest in exploring different approaches to training WM to support students with LDs. Following the PRISMA 2020 guidelines, this systematic review aims to identify current computer-based WM training applications and their theoretical foundations, explore their effects on improving WM capacity and other cognitive/academic abilities, and extract design principles for creating an effective WM application for children with LDs. The 22 studies selected for this review provide strong evidence that children with LDs have low WM capacity and that their WM functions can be trained. The findings revealed four commercial WM training applications—COGMED, Jungle, BrainWare Safari, and N-back—that were utilized in 16 studies. However, these studies focused on suggesting different types of WM tasks and examining their effects rather than making those tasks user-friendly or providing practical guidelines for the end-user. To address this gap, the principles of the Human–Computer Interaction, with a focus on usability and user experience as well as relevant cognitive theories, and the design recommendations from the selected studies have been reviewed to extract a set of proposed guidelines. A total of 15 guidelines have been extracted that can be utilized to design WM training programs specifically for children with LDs.
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1. Introduction


There is an emerging interest in research that supports the idea that specific cognitive functions could be enhanced and thereby both the short- and long-term outcomes of individuals with neurodevelopmental deficits could be improved. One group that could specifically benefit from those interventions targeting specific cognitive deficits is children with learning difficulties.



Learning difficulties (LDs) can be defined as “a veiled disorder referring to a large heterogeneous group of individuals with a common marker of intra-individual variability (i.e., “unexpectedness”), representing a discrepancy between IQ and achievement” [1]. Learning difficulties do not affect general intellect, although they can cause a person to face problems in a traditional classroom setting [2]. Thus, children with LDs have normal intelligence, but this is not matched with their low learning potential or scholastic achievement [3].



Recently, WM deficit has been considered a significant contributing factor of LDs [4,5]. For instance, a meta-analysis of 29 studies revealed that all groups with LDs (with reading difficulties, mathematical difficulties, or both) showed deficits either in verbal or numerical WM [4]. In the current study, children with LDs refer to those children in mainstream classrooms who have a poor WM capacity, which hinders their learning process, and as a result, and who have lower academic achievements compared to their peers, irrespective of their normal intelligence.



“Working memory (WM) is a cognitive process whose primary function is to facilitate and enhance the capacity of encoding, storage, and retrieval essential for learning and a higher level of information processing” [6]. Working memory is essential for complex cognitive tasks such as learning, problem solving, mathematical reasoning, and language comprehension [7]. Research has revealed that improved WM capacity may improve academic outcomes, and ease new knowledge acquisition and skills for children with LDs [8,9].



According to the integrated model of Baddeley and Hitch [10], WM consists of four sub-systems, namely the main system (the central executive) and three slaving systems: the phonological loop, the visuospatial sketchpad, and the episodic buffer. The central executive is an attentional control system responsible for allocating attention within the WM system via focusing, dividing, and switching attention; the three slaving systems are the phonological loop, which is taking charge of holding and manipulating sounds and speech; the visuospatial system, which is performing a similar function with non-verbal materials; and the episodic buffer, which is acting as a coordinator to link between the various WM components and long-term memory [10]. Children with LDs often have limited WM capacity. This means that they fail to remember the required amount of information needed to be processed and held while learning new skills. As soon as those children are able to overcome their WM limits, they would be able to learn as effectively as others [11].



Research has suggested that WM capacity can be enhanced by intensive cognitive training because its underlying neural systems remain flexible throughout a person’s lifespan [12,13]. The cognitive training focuses on enhancing the trainee’s WM capacity mainly by expanding the extent of information that can be kept and manipulated in the WM components [14].



Furthermore, children with LDs often face a lower level of motivation. These challenges have been well documented in the literature [15,16].



Since children with LDs often have a limited WM capacity and a reduced level of motivation, this can be dealt with through two approaches. The first approach is to improve their limited WM capacity by designing engaging and motivational training applications [16,17]. The second is developing learning environments that minimize the load on students’ WM (the cognitive overload that might hamper learning) [18]. The challenge in designing such applications is to consider the needs of this group of children (e.g., to have less demanding tasks), motivate them (e.g., embedding appropriate game elements and improving their experience with the application), and consider their cognitive characteristics (e.g., limited WM capacity) [19,20].



A significant gap in user-centered design is evident in the development of these cognitive programs. A notable example is COGMED, which is widely marketed to schools and clinical practices, that often cannot support its beneficial claims with empirical evidence (e.g., [21,22,23]).



Furthermore, the commercial cognitive programs (e.g., COGMED and N-back) used some extrinsic motivators, such as points and rewards, to motivate children and keep them engaged in the training. However, these extrinsic factors could not keep the children engaged in the daily training over the long term because they considered these extrinsic motivators as application assets and they became less fun to collect on their own [24,25], and this consequently increased the dropout percentage of those children during the training.



For more clarification, WM training should take place for 20 days in a 4- to 7-week period with sessions of approximately 30–45 min per day [14]. However, cognitive tasks usually require effort and can be considered repetitive and frustrating, which often impact negatively on participant engagement. Thereby, this might negatively influence the quality of the collected data and/or reduce the effect of the intended intervention [26]. Regarding tackling this problem, using game elements as a vehicle to provide learning and cognitive training can motivate and engage participants [26,27] because of the pleasure and the excitement that these activities offer. By contrast, other studies showed that applying different game elements could increase cognitive load levels via inducing unwanted stress or bringing new cognitive demands. These game elements could also divert the trainees from the main purpose [28,29,30]. Given that children with LDs often reveal lower intrinsic motivation [31], designing engaging interventions is essential. While some studies have explored incorporating game elements to boost motivation [26,27], they often lack a user-friendly approach that considers practical guidelines for end-users.



Therefore, the current study aims to conduct a systematic review to investigate the current cognitive applications and whether any design principles/guidelines were followed to create those applications.



1.1. The Present Study


This study aims to systematically review experimental studies on computerized WM applications designed for children with LDs. Specifically, we will carry out the following:




	
Identify existing WM training programs, examining both research-based and commercially available options.



	
Analyze their theoretical frameworks and empirical effects.



	
Review key design principles that enhance user experience, engagement, and motivation, ultimately developing guidelines for designing effective cognitive applications tailored for children with LDs.









1.2. Systematic Literature Review Questions


	
What are the current cognitive applications implemented to train the WM of children with LDs and what is their theoretical underpinning?



	
What are the effects of these training applications on children’s WM and other cognitive abilities?



	
What are the key design principles or frameworks that can be identified to enhance the design of such applications for children with LDs?








2. Materials and Methods


This systematic review was conducted and reported in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) framework [32]. The search strategy was conducted following standard practice as follows:



2.1. Search Strategies


The search was conducted between June 2024 and August 2024 across five electronic databases (Scopus, Cochrane, ERIC, Semantic Scholar, PubMed) with keywords: (“working memory”) AND (“training” OR “application” OR “game”) AND (“learning disabi*” OR “learning difficul*”) AND NOT ADHD, and by scanning reference lists of peer-reviewed articles [33,34,35]. The Boolean operators (OR/AND) and search filters were used to obtain more focused articles.




2.2. Inclusion and Exclusion Criteria


Three hundred studies were screened for the inclusion and exclusion criteria (see Figure 1). To be included, a study had to target those children at primary schools with learning difficulties but with normal intelligence. The sample group had to receive computerized training using a program/application that aimed to enhance their WM skills. The study’s design had to be either a randomized control trial or quasi-experiment with a training group and a control group (received no training or received different training) with pre- and post-tests. Studies were excluded based on the following criteria: (1) the sample did not consist of primary school children, (2) the study did not include children with learning difficulties, disabilities, special educational needs, specific learning disabilities, or poor working memory (WM) capacity, (3) the study lacked a WM intervention, (4) the study employed non-computerized WM interventions (e.g., paper-based methods), and (5) the study did not include a control group. Ultimately, 23 out of 300 studies met the inclusion criteria for the systematic review.




2.3. Quality Assessment


The quality of the 23 studies was assessed according to the 5 dimensions used by Connolly et al. [36]. Each paper was read and given a score of 1–3 across the five criteria described below, where 3 indicates high, 2 indicates medium, and 1 indicates low on that criterion:




	
How appropriate is the research design for addressing the question or sub-questions of this review (higher weighting for inclusion of a control group)? Papers were coded as follows:




	
High = 3, e.g., Randomized Control Trial (RCT)



	
Medium = 2, e.g., quasi-experimental controlled study



	
Low = 1, e.g., case study, single subject-experimental design, pre-test/post-test design.








	
How appropriate are the methods and analyses (checking the methodological appropriateness, the representation of the target population in the sample, the completeness of the outcome data, and the significance of the measurements)?



	
How generalizable are the findings of this study to the target population with respect to the size and representativeness of the sample? To what extent would the findings be relevant across age groups (6–13 years), gender, sample diagnosis, etc.?



	
How relevant is the particular focus of the study (including conceptual focus, context, sample, and measures) for addressing the question or sub-questions of this review?



	
To what extent can the study findings be trusted in answering the systematic review questions?








Each paper was scored on a scale of 1 to 3 based on these five dimensions, resulting in total scores varying between 5 and 15. A high-quality paper was considered to have a score of 9 or higher out of 15 (i.e., 60% or higher quality) and was included in the current research.




2.4. Inter-Rater Reliability (Consistency and Reliability of Coding)


Two researchers revised all 23 included papers, then assessed the quality of the papers independently. The inter-rater reliability (ρ) for the total scores was 0.88, showing a good agreement between the two coders concerning the quality of the papers. The results also revealed that 22 out of 23 papers achieved 60% or higher quality and these papers were reviewed.




2.5. Data Extraction


Relevant information about the research design/methodology, intervention participants (including sample diagnosis, number, and age), type of intervention, and methods, as well as the reported outcomes, was summarized. The studies were independently reviewed, and any discrepancies were resolved through discussion. Further steps in the data synthesis process involved identifying general themes from the studies to extract information pertinent to the current research questions.





3. Results


Table 1 and Table 2 provide the collected information from the included studies (22 studies) in this systematic review. Table 1 focuses on critical aspects of each study’s location, quality assessment rating, participant demographics (sample size, age range, and diagnoses), the type of WM intervention or program used, and the study’s design and methodology.



3.1. WM Training Applications Used (What Are the Cognitive Applications Implemented to Train WM of Children with LDs and What Is Their Theoretical Underpinning?)


Cognitive intervention can be defined as a method to treat or improve cognitive functioning including oral and written language, reasoning, attention, executive functions, and perceptual processing [57]. In this systematic review, the cognitive applications are computerized WM training applications/programs that aim to improve WM functions, language abilities (reading and writing skills), academic achievement (language and mathematics), fluid intelligence, and other cognitive functions like attention. The applications under discussion fall into one of two categories: they were created either for commercial purposes or to support research endeavors.



As is shown in Table 1, 16 out of 22 studies applied a set of commercial WM training applications such as COGMED (9 studies), Jungle (4 studies), and BrainWare Safari (2 studies), and N-back (1 study). Notably, only two studies adapted existing training tasks for WM training, while four studies developed their own unique computerized WM training applications.



To illustrate, COGMED was the most commonly used application by the included studies as nine of those studies [37,38,39,40,41,42,43,44,45] applied the COGMED WM training application to train the WM capacity of children with learning difficulties at primary schools. It is a web-based cognitive training program designed to improve ADHD symptoms either in children or adults. It is widely used to improve individuals’short-term memory and WM by increasing their capacity. It is available in three versions: JM for the pre-school age group (4–6 years), RM for the school age group (7–18 years), and QM for adults. The program includes a series of exercises (around 10), such as storing a sequence of vocalized verbal information, immediate recall of visuospatial items (a group of lamps illuminating consecutively), instant recall of a series of numbers in reverse order, and immediate serial recall of visuospatial information combined with processing (remembering the sequence of lamps illuminating consecutively after altering their positions). The user should be trained for an average of 40 min per session, 5 days a week, for a 5–8-week period. COGMED includes some of the motivational features such as positive feedback (verbal) and provides the user with his best scores.



The Jungle was the second-most-common application, where four of the studies [46,47,48,49] used the Jungle WM training application to train WM. It is a web-based application designed to train the WM of children aged 7–16 years old. It consists of three computerized games to train different aspects of the WM; each game has 30 levels, and the level of difficulty increases as the child proceeds. The Quicksand game includes memory and the later use of word endings. The Code Breaker game includes a mental rotation of letters. The River Crossing game includes sequential memory of mathematical solutions. The child trains three times/week for 8 weeks. The child plays 10 trials per session per game for a total of 30 trials each day, during 30 min of training. In order to motivate the trainees, the Jungle program provides the children with positive verbal feedback and a display of the best scores.



Two studies used the BrainWare safari (BWS) program [50,51]. It is a cognitive training program that contains 20 exercises to train 41 cognitive skills in the form of video games. The training falls into six groups: visuospatial WM, Visual Sustained Attention, Visual Selective Attention, Visual Figure Ground, Visual Processing Speed, and Visual Motor Integration. BrainWare Safari is available via the website: http://mybrainware.com (accessed on 14 November 2024). The training takes 30 sessions, 50–60 min a day, 5 days a week for 6 weeks [51].



Only the study of Yang et al. [52] used N-Back as a cognitive training paradigm to train WM functions. N-back consists of phonological and visuospatial training tasks. Phonological tasks require listening to a series of auditory stimuli to recall them back. Visuospatial tasks require looking at a series of visual stimuli in a specific location to recall them back. The study trained the children for 15 min, five days a week for three weeks.



Two studies adapted three computerized WM training tasks to train the updating ability as one of the aspects of the central executive system of WM for children with LDs [3,5]. The Animal training task involved recalling the last three images from a series of presented images on the screen. The Letters and the Location training tasks are like the Animal training tasks; the trainees were asked to recall the last three letters from a series of presented letters on the screen in the Letters tasks, and the last three locations of a cartoon in the location task. The training lasted from 20–28 days of training, 45 min/day (5 days per week).



Only a handful of studies have taken the approach of developing their own unique WM training programs or applications for research purposes [53,54,55,56].



For example, the study of the authors of [53] developed their own training program written with C language for children with dyslexia. The program contains visual–spatial, visual–verbal, and central executive tasks to train different components of WM. The children were trained for 40 min daily for five weeks. Similarly, The study of Maehler et al. [55] developed a computer-based training program called AGENT 8–1–0, designed to enhance WM capacity and efficiency in children aged 8 to 10 years. The training program consisted of 10 games designed based on Baddeley’s model of working memory, incorporating game-like elements to engage the participants. The training program consisted of 18 sessions in total, spread across 3 sessions per week for 6 weeks. Each session lasted 45 min.




3.2. What Are the Effects of These Training Applications on Children’s WM or Other Cognitive/Academic Abilities?


Table 2 provides a comprehensive overview of how the WM training applications impacted both WM as a near transfer and other cognitive/academic skills as a far transfer.



Firstly, regarding the immediate effect (post-training) on the WM (near transfer effect), all the studies have shown a significant positive effect of the training applications on improving the WM capacity of children (e.g., Visual Short-Term Memory (VSSTM), Visual–Spatial Working Memory (VSWM), Verbal Short-Term Memory (VSTM), Verbal Working Memory (VbWM), and central executive. However, there are some variations in the pattern of those observed effects among the included (22) studies. For example, Dunning et al. [39] and Holmes et al. [40] showed a significant improvement in VSSTM, VSWM, and VbWM of those children undertaking the training, but not in VbSTM compared to the non-adaptive group. Similarly, Nelwan and Kroesbergen [46] revealed a possible improvement in VbWM in the short term, but no improvement was found on VSWM after the training. Conversely, Nelwan et al. [47] showed that the highly coached group performed better than the low-coached group in VSWM but not in VbWM.



Secondly, regarding the immediate effect (post-training) on other cognitive/academic abilities (far transfer effect), 18 out of the 22 included studies assessed the effect of the training applications on other cognitive/academic abilities (e.g., math, reading, language, literacy, fluid intelligence, spelling, and writing).



In detail, math was the most common ability measured by the 18 studies, where 13 out of those 18 studies worked on evaluating whether any improvement occurred on math. Only 6 out of those 13 studies reported a significant positive effect [37,46,47,48,50,56]. Six out of those 18 studies tested the improvements in the reading skills; four of them indicated that WM training can enhance reading skills [38,50,53,54]. Although five studies tested IQ ability, only two studies, those of Alloway and Alloway [48] and Chen et al. [3], demonstrated a significant positive effect on fluid intelligence. Finally, six studies tested the effect of the training on language ability and none of them showed any positive effect.



Thirdly, regarding the maintained effect (follow-up measure) on WM and other cognitive/academic abilities, 11 studies performed further follow-up on the measures 3 to 24 months after the training. Out of these, ten studies examined the maintained effect of WM training on children’s WM. All 10 studies showed a positive improvement in children’s WM 3 to 24 months after the training. However, Roberts et al. [44] found only a temporary improvement in VSSTM at 6 and 12 months after the training, but this improvement disappeared after two years. Furthermore, Maehler et al. [55] found no significant long-term improvements in WM for either the training or control groups.



Similarly, 10 out of the 11 studies measured the sustained effect on different cognitive/academic abilities such as WM, math, reading, language, and fluid intelligence. However, there are some variations in the pattern of those observed maintained effects among the included (10) studies.



For instance, Chen et al. [3] showed a positive maintained effect of the training on children’s WM capacity and other cognitive/academic abilities (e.g., fluid intelligence, math, and language). Conversely, Roberts et al. [44] reported that no maintained effect was revealed on WM or other cognitive/academic abilities (e.g., VSWM, VbWM, reading, math, spelling, the parent and teacher ratings of attention, social–emotional difficulties, and quality of life) after 6, 12, and 24 months of the training, although a temporary improvement was found in VSSTM after 6 and 12 months after the training.



It is noted that math was the most common academic ability measured in the follow-up stage, followed by language, literacy, and reading. While eight studies assessed the maintained effect of WM on children’s math performance, only three studies revealed a maintained effect on math [3,40,56]. Likewise, two out of three studies reported a maintained effect on reading comprehension 6 months after the training [38,54]. Finally, none of the four studies showed maintained improvement in language performance after the training.




3.3. What Are the Key Design Principles or Frameworks That Can Be Identified to Enhance the Design of Such Applications for Children with LDs?


The focus of all the studies is to suggest different types of WM tasks and examine their effect rather than offering them in a user-friendly way or suggesting practical guidelines targeting the end-user. It is noted that 16 studies used four commercial WM training programs (COGMED, Jungle, BrainWare Safari, and N-back). Generally, the focus of the four programs is to enhance the trainee’s WM capacity by expanding the amount of information that can be kept and manipulated in the WM components. The four programs shared some points. For example, the difficulty level of the user tasks increases while the trainee progresses to higher levels to provide a consistent challenge to children’s cognitive ability. The programs provide the children with positive verbal feedback, points, and a display of the best scores to motivate them during the training. However, none of these programs was designed based on suggested guidelines or design frameworks taking the needs and characteristics of the children with LDs into consideration. Additionally, none of these programs evaluated the children’s perceived experience of any program during the training period or targeted the Arab world.



In addition, the four programs are commercial ones, with COGMED being the highest cost. A clear example is a longitudinal study [44] that reported that the COGMED intervention cost A$1035 per child for a total of 452 school children. Therefore, this study does not recommend COGMED because of the high cost, the loss of classroom time during the training, and the lack of maintained effect.



On the other hand, four studies developed their own WM app/programs [53,54,55,56] to train different WM components. Three of the studies indicated that the WM training programs should incorporate an adaptive, gamified, and interactive design to effectively engage young participants. The program should feature visually engaging elements, along with clear audio and visual instructions for tasks, supported by demonstrations. Additionally, the WM programs should implement a reward system, including badges and points for correct responses, and incorporate a storyline in which children work together with a character, such as the private investigator, Anton. However, Luo et al. [53] created a computerized cognitive training application, written in C language, so it lacks a childish user interface. As a result, it impacts upon children’s motivation. This is the only study applied to this program, so not enough information or data are available. This program is only available in the Chinese language.



Finally, WM training usually requires effort and can be considered repetitive, and this is because WM training is a daily training lasting from 3 weeks [52] to 3 months [50]. Therefore, the included studies used some extrinsic motivators, such as points and rewards to motivate children and keep them engaged in the training. However, these extrinsic factors could not keep the children engaged in the daily training over the long term because they considered these extrinsic motivators as application assets that became less fun to collect on their own [24,25], and this consequently increased the dropout percentage of those children during the training.



Therefore, the included studies suggested some recommendations to design supportive and motivational WM applications for the children with LDs as follows:




3.4. Recommendations Targeting the WM Tasks


	
The studies suggested that it is better to use a range of tasks to train different components of WM, such as visuospatial tasks including pattern recognition, remembering the location, etc.; verbal tasks including recalling a sequence of objects, text, or numbers in order or reverse order; and central executive tasks including backward processing, and updating or inhibiting tasks.



	
The number of elements required to be remembered in WM tasks should progressively increase to challenge the children’s WM capacity, and the tasks should consist of a set of levels while the difficulty level of each task increases as the trainee progresses to higher levels [45].



	
All studies recommended adjusting the level of difficulty during training. The difficulty of tasks is consistently adjusted throughout the training process, considering each child’s WM capacity and enabling them to perform at their optimal limits.



	
It is recommended to provide the children with some effective strategies during the training to minimize the WM overload, such as rehearsal training and simplifying the training activities [49]. Likewise, Partanen et al. [43] recommended combining WM training with metacognitive techniques to support children with SEN.







3.5. Recommendations Targeting the User


	
To enhance motivation and engagement among children during training, it is essential to provide positive and immediate verbal feedback throughout the sessions and to display the participants’ best scores at the conclusion of the training [38,40,46,55]. Additionally, offering a reward system, such as badges and points for correct answers [45,55], incorporating a storyline in which children collaborate with a character, such as the private investigator, Anton [55], and providing tangible rewards (e.g., stationery items) at the end of each session or after every five completed training sessions can further encourage engagement and participation [39,53].



	
It is recommended to observe the children with attentional and learning problems during the training period to identify the issues facing them and provide them with immediate feedback and some strategies. This could motivate them and help to obtain the desired results [47].



	
It is recommended to provide the facilitator with a booklet to simplify the training process [51].



	
It is recommended to link the assessment to the cognitive intervention, meaning that selecting the appropriate intervention according to the cognitive deficits. For example, if the trainee has only a phonological deficit, he should be provided with only one phonological WM task rather than mixed (visual and phonological) tasks. This could help to reduce the training time [50,52].



	
Finally, Nelwan and Kroesbergen [46] recommended that future research has to take into consideration the precise planning of the intervention program, the proper support of the children during their training periods, and probably a reward system encouraging the children to do their best during measurements.







3.6. Recommendations Targeting the Environment (Learning Materials)


	
The WM training tasks should be selected cautiously to be more interesting for children, and this could be helpful for children in enhancing the training effects [3].



	
The training program should incorporate an adaptive, gamified, and interactive design to effectively engage young participants. It should include visually appealing elements along with clear audio and visual task instructions, accompanied by demonstrations [55].








4. Discussion


This systematic review (SR) aims to identify the current computer-based WM training applications and their theoretical underpinning, exploring their effect on improving WM capacity and other cognitive/academic abilities, and extracting a set of design principles for designing an effective WM application for children with LDs.



The findings revealed four commercial WM training applications utilized in 16 of the 22 selected studies, namely COGMED (9 studies) Jungle (4 studies), BrainWare Safari (2 studies), and N-back (1 study). Additionally, four studies developed their own WM programs, while two studies incorporated specific tasks from existing applications.



Regarding the near transfer effect of these commercial/research-based programs on WM, the results generally showed an immediate positive effect in the WM training programs reviewed after the training. This shows that it is possible to train WM capacity through computerized training applications, which may lead to diminished problems facing children with LDs during their learning.



The results showed inconsistency in the immediate- and long-term transfer effects of commercial and research-based programs on various cognitive and academic performances, such as math, language, reading fluency and comprehension, spelling, writing, and fluid intelligence. Math was the most frequently measured ability, with 13 out of 18 studies evaluating it, but only 6 reported significant improvements [37,46,47,48,50,56]. For reading skills, four out of six studies found positive effects from working memory (WM) training [38,50,53,54]. Of the five studies on IQ, only two showed significant gains in fluid intelligence [3,48]. None of the six studies on language ability reported positive effects. In follow-up assessments, math remained the most commonly measured ability, with only three out of eight studies showing sustained improvements [3,40,56]. Similarly, two out of three studies found maintained effects on reading comprehension after 6 months [38,54], while none of the four studies showed lasting improvements in language performance.



Additionally, Peijnenborgh et al. [58] generally supports these findings, showing reliable short-term improvements in verbal working memory, visuospatial working memory, and word decoding in children with learning disabilities after training. These improvements were sustained over time for up to eight months. However, the study did not find consistent evidence for far transfer effects to other cognitive or academic skills. Also, Sala and Gobet [59] found that while there were positive near transfer effects on memory tasks, there was no significant evidence of far transfer to other cognitive or academic skills. However, the most recent meta-analysis study of Rodas et al. [60] found that improvements in working memory were often due to biases in measurement, and there was no significant evidence of far transfer to fluid intelligence. Therefore, to better understand how WM training improves WM capacity and academic performance in children, further studies should be conducted or even longitudinal studies over a couple of years.



This SR sought to identify key design principles for creating effective WM applications tailored to children with LDs. By analyzing the four identified commercial WM training programs, this study uncovered several shared features that contributed to their success such as providing the children with positive verbal feedback, points, and a display of the best scores to motivate them during the training. However, the WM tasks used in these programs are not based on more real-life-like situations, are not presented in a meaningful context, or did not intrinsically motivate the trainee during the training period.



Furthermore, four studies have created their own WM training programs and recommend that these programs incorporate a reward system—such as points, badges, or unlocking new levels—to enhance trainee engagement and further motivate and encourage children’s progress.



Moreover, although none of these programs were designed based on suggested guidelines or design frameworks taking the needs and characteristics of the children with LDs into consideration, the selected studies mentioned some recommendations that can be categorized as recommendations targeting the WM tasks, the user, and the environment.



4.1. Suggestions for Design Guidelines


Based on this SR, some recommendations were identified but there was no definite set of designed guidelines. Therefore, the researchers reviewed the Human–Computer Interaction (e.g., usability and user experience) and some cognitive theories to derive more guidelines for covering how best to design the WM tasks and meeting the characteristics of those children of LDs, as shown in Table 3. The rationale behind choosing cognitive load theory and its frameworks is to extract some principles to develop less-demanding tasks that suit the limited WM capacity of children with LDs. Similarly, the rationale behind HCI concepts is to derive some principles to improve children’s experience with the cognitive applications, and the rationale behind using the game elements is to motivate the children intrinsically.



4.1.1. Cognitive Load Theory


Cognitive load theory explains how the information processing load caused by learning tasks can affect an individuals’ ability to process novel information and to construct schema in long-term memory [67]. It is based on the fact that human cognitive processing is heavily restricted by the limited working memory capacity. It differentiates between three kinds of cognitive processing demands that occur in WM during learning [68]: extraneous cognitive load, which deals with the design material; intrinsic cognitive load, which is influenced by the complexity of the presented material; and Germane cognitive load, which is desirable as it is required to understand the material [67].




4.1.2. Human–Computer Interaction Concepts: Usability and User Experience (UX)


The Human–Computer Interaction (HCI) seeks to understand and support human beings interacting with and through technology to build interfaces that are accessible, easy to use, and efficient. A successful user interface must respect the limits of human cognitive processing [69] and attempts to diminish the cognitive overload to improve usability. As a result, it can also free up mental resources that could be directed to maximize the understanding of the educational content—especially for individuals with a deficiency in WM capacity [68].



Usability heuristics were originally proposed to ensure that the user interface of a system is easy to use and functional [70]. Jackob Nielsen produced the most common 10 heuristics for designing a usable user interface [71]: visibility of system status; the match between the system and the real world; user control and freedom; consistency and standards; error prevention; recognition rather than recall; flexibility and efficiency of use; aesthetic and minimalist design; helping users recognize, diagnose, and recover from errors; and help and documentation. Therefore, a set of principles (e.g., consistency, aesthetic and minimalist design, help and error messages, and user control and freedom) were chosen to decrease the extraneous cognitive load by excluding non-essential material, making the application’s user interface easy to use and attractive.



As is shown in Table 3, some beneficial guidelines targeting the WM tasks were extracted, such as presenting all of the WM tasks in a meaningful story to keep the user motivated and engaged in the training. In addition, these guidelines also focused on the user. For example, the application should be intrinsically motivating, such as a contest between the child and a virtual competitor. Furthermore, the guidelines targeting how to design the material were helpful as it was recommended to keep consistency between the used elements (e.g., characters, colors, backgrounds, buttons, icons, etc.), and to minimize the distracting elements as much as possible to suit the limited WM capacity of those children with LDs.





4.2. The Final Set of the Suggested Guidelines


By merging the recommendations extracted from the 22 included studies from this SR and the guidelines derived from the UX and cognitive load theories in Table 3, a final set of guidelines (see Table 4) was developed to cover the WM tasks, the user, and the environment.




4.3. Limitations


The results of this SR regarding the effectiveness of the identified WM programs should be treated with caution because this SR does not include a meta-analysis to estimate the precise effect size of these WM training programs on children.



The SR excluded children with ADHD because not all children with ADHD have LDs; only around 20% of those children have a cognitive deficit [58,72]; therefore, only one-fifth of those children will benefit from such cognitive applications. ADHD can be treated using medicine or cognitive therapy. And finally, children with ADHD often have a problem with timing and/or motivation.





5. Conclusions


This study provides a collection of strong evidence that children with LDs have a low WM capacity, and WM functions can be trained. The improved WM can support children in gaining a set of academic abilities (e.g., reading comprehension). The findings revealed four commercial WM training applications—COGMED, Jungle, BrainWare Safari, and N-back—utilized in 16 of the 22 selected studies. Additionally, four studies developed their own WM programs, while two studies incorporated specific tasks from existing applications. The focus of the selected studies was suggesting different types of WM tasks and examining their effect rather than offering those tasks in a user-friendly way or suggesting practical guidelines targeting the end user. Those selected studies mentioned some recommendations that can be categorized as recommendations targeting the WM tasks, the user, and the environment. In addition to the previously mentioned recommendations, the researchers conducted a review of the Human–Computer Interaction principles, specifically focusing on usability and the user experience, as well as relevant cognitive theories. This review aimed to establish additional guidelines for effectively designing working memory tasks that cater to the needs of children with learning difficulties. A total of 15 proposed guidelines were identified, which are especially useful for designers and educators developing interventions for children with learning difficulties (LDs). These guidelines can be employed to create working memory training programs tailored for children with LDs. They align with educational science themes and support the advancement of practical and effective educational interventions.
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Figure 1. Flow diagram for the search and inclusion criteria for studies in this review. 
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Table 1. The study location, quality, demographic sample characteristics, and methodology from the included studies (22 studies) in the review.
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Study/Location/Quality (%)

	
Sample Diagnosis/

Number/Age

	
Study Design/Methodology






	
COGMED




	
Bergman-Nutley and Klingberg [37]

Sweden, 80%

	
Children with WM deficits.

N = 480, aged 7–12 Y

	
QE: The training group (176) with WM deficits and typical passive control group (304).

The study recruited the training group from a set of clinics that provide COGMED training for children/adults. The chosen children already had COGMED training during summer and were tested five times as a part of their training either in the clinic or at home before conducting the study.




	
Dahlin [38]

Sweden, 80%

	
Children with special educational needs (literacy difficulties)

N = 57, aged 9–12 Y

	
The training group (42) and passive control group (15)




	
Dunning et al. [39]

UK, 93%

	
Children with low WM

N = 47, aged 7–9 Y

	
RCT: Randomized Controlled Trial (adaptive CWMT (15), non-adaptive CWMT (19)

passive control group)




	
Holmes et al. [40]

UK/86.7%

	
Children low WM

N = 42, aged 9–11 Y

	
QE: Controlled (adaptive vs. non-adaptive training group)




	
Holmes et al. [41]

UK, 73%

	
Children with specific language disabilities/children with low language abilities.

N = 27, aged 8–10 years

	
QE: Two training groups (language learning disabilities (N = 12) and typical language performance (N = 15)) received COGMED training.




	
McKenzie [42]

USA, 73%

	
Children with LDs

N = 36, aged 7–8 Y

	
QE: Training group (18) received COGMED training. Passive control (18). Both groups received reading intervention in the previous year.




	
Partanen et al. [43]

Sweden, 100%

	
Children with special educational needs (SEN) from 10 schools

N = 64, age 8–9 Y

	
RCT: Randomized Controlled Trial (group1 (20): WM training group 2: WM training + metacognitive strategy training control group 3 (24))




	
Roberts et al. [44]

Australia, 87%

	
Children low WM

N= 452, aged 6–7 Y

	
RCT: Randomized Controlled Trial training group and passive control group




	
Ang et al. [45]

Singapore, 86.7%

	
Children with LDs

N= 111, aged 7 Y

	
QE: Two training groups: updating training, COGMED vs. two control groups: active control, passive control.




	
Jungle




	
Nelwan and Kroesbergen [46]

Netherlands, 73.3%

	
Children with LDs.

N = 64 aged 9–12 Y

	
QE: Three groups of children were assigned and trained in two periods: (1) jungle WM training first, followed by math training, (2) math training first, followed by jungle WM training, and (3) a control group that received math training only.




	
Nelwan et al. [47]

Netherlands, 73.3%

	
Children with LDs

N = 48 aged 9–12 Y

	
QE: Training group (23) received one high coaching session per week, passive control group (25).




	
Alloway and Alloway [48]

The UK, 60%

	
Children with LDs

N = 15 aged 12–13

	
QE: Training group (8), active control group, received targeted educational support (7).




	
Alloway, Bibile and Lau [49]

The UK, 86.7%

	
Children with LDs

N = 94, aged 10–11 Y

	
QE: Two control groups (non-active and active), and one training group. The active control group received low-frequency training (once a week) while the training group received high-frequency training (four times a week).




	
BrainWare Safari




	
Avtzon [50]

USA, 86.7%

	
Children with specific learning disabilities

N = 40 Aged 7–9 Y

	
QE: Training group (20) received BrainWare Safari training. Passive control (20) received their usual special education routine.




	
Shokoohi-Yekta et al. [51]

Iran, 60%

	
Children with LDs

N = 35 aged 7–12 Y

	
QE: Training group (15) received BrainWare Safari training. Passive control (20) received an academic education at school.




	
Phonological and visuospatial (N-back)




	
Yang et al. [52]

China, 73.3%

	
Children with

developmental dyslexia

N = 11 aged 9–11 Y

	
QE: Experiment 1: training group (13) received phonological (N-back) training.

Active control (12) received the idiom King video game.

Experiment 2: training group (12) received visuospatial (N-back) training.

Active control (12) received pull the carrot game.




	
Adopted WM training tasks.




	
Chen et al. [3]

China, 73.3%

	
Children with LDs

N = 54 aged 9–11 Y

	
QE: Randomized (active training (26) vs. passive control group (28).




	
Zhang et al. [5]

China, 66.7%

	
Children with LDs

N = 65 (45 with LDs and 20 without), aged 10–13 Y

	
QE: Adaptive training a group with LDs vs. two non-adaptive control groups (control group with LDs and normal group).




	
Developed a training program (Research-based)




	
Luo et al. [53]

China, 66.7%

	
Children with dyslexia

N = 30, aged 8–11 Y,

	
QE: The training group (15) and the active control group received low-dose training (15).




	
Ramezani et al. [54]

Iran, 80%

	
Children with dyslexia

N = 36 aged 8 Y

	
RCT (36 children, 7 dropped out):

Control group used VWM (18 children).

Intervention group used a VWM-balance program (18 children).




	
Maehler et al. [55]

Germany, 73.3%

	
Children with and without dyslexia.

N = 139 aged 8–9 Y

	
QE: Four groups:

Dyslexia: 84 (43 trained, 41 untrained)

Control: 69 (27 trained, 28 untrained)




	
Muñez et al. [56]

Singapore, 80%

	
Children with math LDs

N = 428, aged 7 Y

	
RCT (each group ~107 children):

	
WM training group.



	
WM plus numeracy (NWM) training group.



	
Numeracy (NUM) training group.





Active control (AC) group.
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Study

	
Results of Post- and Follow-Up Training on WM and Other Cognitive/Academic Performance






	
COGMED




	
Bergman-Nutley and Klingberg [37]

	
Post-training: The results showed an improvement in WM capacity, arithmetic performance, and following instructions after the training period.




	
Dahlin [38]

	
Post-training: The WM training improved the children’s WM capacity and reading comprehension in the training group, but no improvement occurred in the other two tests of word decoding and orthography.

Follow-up (6 months): The improved reading comprehension was maintained 6 months after the training, but no improvement occurred in the other two tests of word decoding and orthography.




	
Dunning et al. [39]

	
Post-training: The adaptive training group showed improvements in Visual Short-Term Memory (VSSTM), Visual–Spatial Working Memory (VSWM) and Verbal Working Memory (VbWM) in post-training measures though not in Verbal Short-Term Memory (VbSTM).

No improvements in either literacy, numeracy, or WM demanding classroom tasks occurred after the training.

Follow-up (a year): VbWM revealed maintained improvement after a year.

No improvements in literacy, numeracy, or WM demanding classroom tasks occurred one year after the training.




	
Holmes et al. [40]

	
Post-training: Adaptive group showed improvement in VSSTM, VSWM, and VbWM but not in VbSTM compared to the non-adaptive group.

Adaptive training did not lead to a significant boost to IQ, literacy, or numeracy.

Follow-up (6 months): The improvement in VSSTM, VSWM, and VbWM was sustained 6 months later.

Only numeracy was improved, but no improvements were revealed in IQ or literacy 6 months later.




	
Holmes et al. [41]

	
Post-training: A significant improvement in VSSTM in both training groups has been found. However, the verbal IQ and the language level in the training group with low language abilities were lower than a typical group.

Exploratory analyses showed that the children with low verbal IQs made greater gains in verbal-span-like WM tasks, while children with higher verbal IQs achieved greater gains in VSSTM after the training.




	
McKenzie [42]

	
Post-training: The WM capacity improved after the training period. However, no improvement was transferred to reading fluency and comprehension.




	
Partanen et al. [43]

	
Post-training: Results revealed the WM performance was improved in favor of the metacognitive intervention.

No transfer to arithmetic or reading and writing skills were identified after training in any of the two training groups.

Follow-up (6 months): The improvement in WM was maintained in VSWM 6 months after the training. However, no transfer to arithmetic or reading and writing skills was identified in any of the two training groups.




	
Roberts et al. [44]

	
Follow-up (6, 12, or 24 months):

The VSSTM improved temporarily after six and twelve months. However, this improvement was not maintained after two years.

No evident benefits to academic outcomes (reading, math, and spelling scores as primary outcomes) were found at 12 or 24 months.

This lack of effect is also seen in the parent and teacher ratings of attention, social–emotional difficulties, and quality of life.




	
Ang et al. [45]

	
Post-training: The results showed some general improvements in the trained tasks either in the training program or COGMED; however, these improvements neither transferred to other similar untrained WM tasks nor math.

Follow-up (6 months): The improvement in WM led to better performance of a similar task to the trained tasks. However, this improvement in WM did not result in better math performance.




	
The Jungle




	
Nelwan and Kroesbergen [46]

	
Post-training: A possible improvement in VbWM in the short term, but none on VSWM.

The performance of the children, who had WM training first, was better after math training than the performance of those who did not have WM training first or did not receive WM training.




	
Nelwan et al. [47]

	
Post-training: After WM training, the highly coached group performed better compared to the low-coached group in VSWM but not on VbWM.

The highly coached group performance in math was better than the low-coached group.




	
Alloway and Alloway [48]

	
Post-training: The WM, the crystallized intelligence, and academic attainment (math) were improved post-training compared to the control group.




	
Alloway et al. [49]

	
Post-training: Significant improvements in VbWM, VSWM, and spelling have been seen in the training group. No improvement was transferred to math performance.

Follow-up (8 months): The effect of the training was maintained for 8 months in all areas (WM, spelling), except in math.




	
The Computerized WM updating training.




	
Chen et al. [3]

	
Post-training: The children’s WM capacity and fluid intelligence were improved after the training.

However, no improvements were seen in the children’s academic performance (math and language).

Follow-up (6 months): The improvement in children’s WM capacity and their fluid intelligence was maintained six months after the training. However, the improvement in the academic performance (math performance) was delayed six months after the training.




	
Zhang et al. [5]

	
Post-training: The training group showed a significant improvement in WM updating compared to the control groups, while they did not exhibit considerable improvement in fluid intelligence after training.

The training group demonstrated lower language and math performance than the normal control group.




	
BrainWare Safari




	
Avtzon [50]

	
Post-training: The results showed greater improvements were seen in STM and VbWM, compared to executive function and processing speed.

The reading and math performance of the children was improved after the training.




	
Shokoohi-Yekta et al. [51]

	
Post-training: The results showed that the VSWM component was improved post-training compared to the passive group.




	
Phonological and visuospatial (N-back)




	
Yang et al. [52]

	
Post-training: The children’s VbWM and VSWM performance in experiments 1 and 2 were improved using N-back.

Experiment 1 showed an improvement in phonological awareness (corresponding to VbWM), and experiment 2 showed improvement in the orthographic awareness skill (corresponding to VSWM).

The results revealed that both experiments showed improvements in the fast word naming skills compared to the control group.

No difference in motivations or level of attitude was revealed among the groups.




	
Developed a training program (research-based)




	
Luo et al. [53]

	
Post-training: The WM training improved the WM capacity of dyslexic children and their reading skills.

The improvement in reading skills is positively correlated with the improvement in WM.




	
Ramezani et al. [54]

	
Post-training: Both the VWM-B and VWM groups showed significant improvements in WM capacity, reading skills, and postural control compared to baseline.

Follow-up: The VWM-B group maintained their improvements in WM capacity and reading skills at a significantly higher level than the VWM group.




	
Maehler et al. [55]

	
Post-training: Improved visuospatial working memory in typical children and central executive in children with dyslexia, but no phonological loop improvements for either group.

Follow-up (3 months later): No significant long-term improvements in working memory for either group.




	
Muñez et al. [56]

	
Post-training: Both the Numeric-only and Numeric-WM groups exhibited significant enhancements over the control group in non-symbolic numerical discrimination and number line estimation tasks. Additionally, the Numeric-WM group demonstrated notable improvement in math achievement compared to the control group.

Follow-up: The Numeric-WM group maintained significant gains over the control group in non-symbolic numerical discrimination, number line estimation, and math achievement, whereas the Numeric-only group did not sustain such improvements.
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Guideline

	
Reason for Suggestion






	
Guidelines for designing the learning environment (application interface design)




	
Use consistent elements throughout the application (e.g., characters, colors, backgrounds, buttons, icons, etc.).

	
Aesthetically, to improve the user interface.




	
Minimize distracting elements (e.g., movement, scrolling, background music, the competition time) in the application.

	
“Individuals learn better when non-essential words, pictures, and sounds are excluded rather than included” [61].

Therefore, to minimize the distraction level during the training, background music should be avoided. Additionally, the competition time should be avoided as research such as [62] revealed that it increases the users’ anxiety and thereby increases the cognitive load.




	
In case of providing help, the helper/guide should have a user-friendly tone and use affirmative language with familiar words.

	
“Individuals learn better when the narration is spoken in a human voice rather than a machine voice. The voice principle was supported in three out of three experiments, with a median effect size of d = 0.78” [63]




	
Alert users to errors or possible errors, e.g., before the exit or cancel orders.

	
To improve the UX and dimmish the cognitive overload.




	
Use sufficient contrast between the text and background, and the text’s font should be clear and readable (e.g., using sans-serif fonts such as Arial, Verdana, Helvetica, and Tahoma)

	
Research recommends using clear and readable fonts with individuals with LDs, such as sans-serif fonts [64].




	
Guidelines for designing the learning materials




	
Presenting the working memory activities in the form of a meaningful story is recommended.

	
Presenting the application’s content in a meaningful and amusing story to aid children to explore connections among the application activities [65]; thereby, they will be kept motivated during the training period.




	
The application’s activities are short, simple, and have their own goals, and the difficulty level of each activity increases as the trainee progresses to higher levels.

	
Individuals learn better when a narrated animation is offered in segments according to the user’s pace compared to a continuous unit [66].

Short activities could be used to diminish the imposed cognitive load level and keep children engaged and attentive during the training [24].

Points could be used to encourage children during the training because points represent their progress and can be considered immediate feedback and a reward.

Since the level of difficulty increases as the trainee reaches the higher levels, this could keep the child excited and motivated to reach higher levels.




	
Minimize text input and rely on spoken (e.g., providing a narration option) and visual inputs (e.g., using a visual password).

	
“Individuals learned more deeply from pictures and spoken words than from pictures and printed words” [66].

Therefore, a narration option and a visual password could be used to enhance the UX and dimmish the cognitive overload.




	
Present a summarizing report regarding the trainee’s achievement by the end of each activity and every session or set of activities.

	
Progress reports could be used to reward the child after each activity and at the end of each training session. This report could motivate the child to complete all activities to obtain the treasure.

Badges could be used, as a reward, to represent the children’s achievements and performance after each training session. Badges could be used along with points and levels to further motivate the children, particularly after each training session.




	
Highlight the most important elements, such as the options chosen by the users.

	
Individuals learn in a better way when adding cues to highlight the essential material [61].

Furthermore, the most important elements should be highlighted to be more obvious and accessible for children, improving the UX.




	
Proposed user guidelines

	




	
Allow the user to be in control of the application via support elements, self-paced progression, navigation.

	
To improve the UX and dimmish the cognitive overload.




	
Provide the users with help (either auditory or visual) whenever they need it throughout the application.

	
Individuals learn better from a multimedia message when they realize the information and features of the key components before the study begins [66]

A virtual assistant is used to help the child throughout the application (game element).




	
The application should be intrinsically motivating, such as being in the form of a contest between the child and a virtual competitor.

	
Internal competition promotes intrinsic motivation to keep children motivated during the training [30], while extrinsic motivator’s effect appeared to fade over time [24].

Therefore, external competition with other children could be avoided, and instead, internal competition (virtual competitor) employed to minimize the anxiety imposed by competition with others, thereby decreasing cognitive load.
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	Guidelines for Designing the Learning Environment (Application Interface Design)





	
	1.

	
Use consistent elements throughout the application (e.g., characters, colors, backgrounds, buttons, icons, etc.).









	
	2.

	
Minimize distracting elements (e.g., movement, scrolling, background music, the competition time) in the application.









	
	3.

	
In case of providing help, ensure the helper/guide has a user-friendly tone and use affirmative language with familiar words.









	
	4.

	
Alert users to errors or possible errors (e.g., before the exit or cancel orders).









	
	5.

	
Use sufficient contrast between the text and background, and the text’s font should be clear and readable (e.g., using sans-serif fonts such as Arial, Verdana, Helvetica, and Tahoma)









	Guidelines for designing the learning materials



	
	1.

	
Present the working memory activities in the form of a meaningful story.









	
	2.

	
Use a range of activities to train different components of WM, (e.g., verbal, visual, and central executive activities).









	
	3.

	
The application’s activities should be short, simple, and have their own goals, and the difficulty level of each activity should increase as the trainee progresses to higher levels.









	
	4.

	
Minimize text input and rely on spoken (e.g., providing a narration option) and visual inputs (e.g., using a visual password).









	
	5.

	
Present a summarizing repor