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Keywords: Converging evidence suggests that traditional domain-general working memory (WM) training
Working Memory does not have reliable far-transfer effects, but produces reliable, modest near-transfer effects on
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structurally similar untrained tasks. Given the critical role of WM in academic development, WM
training that incorporates task-specific features may maximize training effects on academic
outcomes. In this theory paper, we discuss the training to emphasize the domain-specific function
of WM highlighted by recent WM models. That is, WM should be better attuned to the materials
being learned through enhancing strategies of linking together WM with the long-term memory
knowledge, rather than only the enhancement of a “domain-general” attentional control overall.
We provided two example training routes that emphasize explicit instruction and practice on WM-
academic tasks (i.e., academic tasks that can be performed using a WM training paradigm) and
task-linking strategies (i.e., strategies that can be used in both academic tasks and WM tasks to
improve performance efficiency). We also review recent relevant intervention studies that are in
line with this approach and report promising effects on academic outcomes. Implications for
future studies are also discussed.

Introduction

Working memory (WM) is a system for the active maintenance and manipulation of information that is relevant for current task
goals (Baddeley, 1992), different from short-term memory that is a passive storage system. WM plays an important role in children’s
academic performance (Daneman & Merikle, 1996; Friso-van den Bos et al., 2013; Peng et al., 2016, 2018; Raghubar et al., 2010;
Swanson & Alloway, 2012). This is because many academic tasks involve multiple steps with intermediate information that must be
remembered for a short period and simultaneously manipulated to accomplish the task at hand. Not surprisingly, WM deficits present
the core of most severe cognitive deficits among children with varying types of learning disabilities, including difficulties in mathe-
matics (Peng et al., 2018; Swanson & Jerman, 2006) and in reading (Gathercole et al., 2006; Swanson & Jerman, 2006; Wang &
Gathercole, 2013).

Given the important role of WM in learning, over the past several decades, many studies have been conducted to understand how
WM can be used to guide academic curriculum design and instruction for both typically developing and at-risk learners (Cowan, 2014;
Gathercole et al., 2006; Paas et al., 2003, Swanson, 2020). One important line of research focuses on WM training. The fundamental
hypothesis for the majority of WM training studies is a domain-general approach that emphasizes WM capacity is domain general and
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malleable, so that it can be increased through training just as muscles can be trained to boost strength; improved WM capacity is
therefore expected to have a long-lasting impact on skills (e.g., academic skills) that are closely related to WM (Holmes et al., 2009;
Jaeggi et al., 2008; Melby-Lervag & Hulme, 2013). Early optimistic reports in support of this analogy were later shadowed by meta-
analyses indicating near-zero far-transfer effects (effects on untrained academic tasks with different task-paradigm/structure from the
WM training tasks, Melby-Lervég et al., 2016; Sala & Gobet, 2020; Shipstead et al., 2012).

Nevertheless, the majority of studies and meta-analyses have demonstrated robust, replicable near-transfer effects on similar WM
tasks/variants that usually have the same materials (e.g., both training and near-transfer tasks have identical verbal materials), task
paradigms (e.g., both training and near-transfer tasks have the same complex span paradigm), and strategies (e.g., both training and
near-transfer tasks can be performed with the same strategy) (Fellman et al., 2020; Melby-Lervag et al., 2016; Schwaighofer et al.,
2015; Soveri et al., 2017). These near-transfer effects, largely driven by task-specific features in WM training, suggest a domain-specific
approach to think about how to maximize WM training transfer effects on academic skills.

Specifically, based on the cognitive load theory, language/verbal skills, WM, and some cognitive strategies (e.g., sub-vocal
rehearsal) can be considered as primary knowledge/skills that are often naturally acquired in a typical developmental trajectory.
The major purpose of school is to teach students how to utilize the primary knowledge/skills to acquire evolutionarily novel knowledge
such as academic learning (Geary, 1995; Sweller et al., 2019, 2021, 2022). However, because of individual differences in the primary
knowledge/skills, students may utilize the primary knowledge/skills to varying degrees during academic learning. In addition, the
cognitive load theory emphasizes that WM is limited and can be overloaded when instructional materials are novel and complicated,
but WM can be unlimited when knowledge of instructional materials can be fluently retrieved from long-term memory (Sweller et al.,
2019). Thus, instruction should be designed to help students efficiently utilize WM (not to overload WM) by linking learning materials
to long-term memory or primary knowledge (language and rehearsal strategy) to the greatest extent.

Under the cognitive load theory framework, the present paper discussed a domain-specific approach of WM training to help stu-
dents utilize WM in actively searching for and activating knowledge/strategies in long-term memory, which not only increases the
efficiency of WM in a specific task (maximizing the domain-specific function of WM) but also directly serves to the purpose of academic
instruction at schools (Ericsson & Kintsch, 1995; Logie et al., 2020; Sweller et al., 2019; Unsworth & Engle, 2007). Of note, we did not
intend to propose a theory on WM training that is readily to be applied in the practice (as we only had limited preliminary evidence
later discussed in this paper). Rather, this paper proposes an alternative way of thinking about WM training from a developmental
perspective, contributing to the debate/development of WM training theories.

In the following sections, we first describe the theoretical foundations for the domain-specific approach of WM training, including
theories/debates on the domain-specificity of WM, the mutualism theory between WM and academic skills, and the element theory of
cognitive transfer. We then describe two training task features of the domain-specific approach of WM training: WM-academic tasks
(academic tasks with embedded WM training paradigm) and task-linking strategies (strategies such as rehearsal of important infor-
mation that can be used in both academic and WM tasks to facilitate task performance). Next, we review relevant intervention studies
that have used WM-academic task training and/or task-linking strategy training. Finally, we discuss implications for future research in
academic interventions based on the domain-specific approach of WM training.

Domain-Specific function of working memory

In Baddeley’s (1986) componential WM model, WM consists of two “slave systems” responsible for short-term maintenance of
domain-specific (verbal and visuospatial) information and a central executive that coordinates ongoing processing and storage of
information in those slave systems. The central executive (i.e., attentional control) directs attention to relevant information, sup-
pressing irrelevant information and inappropriate actions, and coordinates cognitive processes when more than one task must be
accomplished at the same time. It also differentiates WM from short-term memory, such that the central executive in Baddeley’s
componential model and many other successor WM models is the core component of WM or represents WM as a construct (Engle, 2018;
Engle & Kane, 2004; Oberauer, 2002). Thus, a person’s WM capacity is determined mostly by the central executive (attentional
control), which is considered domain general (Engle, 2018; Kane et al., 2005; Peng et al., 2018; Siif} et al., 2002).

However, there is a merging consensus among WM theorists and researchers that a completely domain-general WM model does not
hold (Doebel, 2020; Logie et al., 2020). The operation of WM also depends on domain knowledge and thus the function of WM has
domain specificity that is closely linked to long-term memory (Baddeley, 2000; Cowan, 1999; Ericsson & Kintsch, 1995; Paas et al.,
2004; Unsworth et al., 2013; but cf. Hambrick & Engle, 2002). Specifically, Baddeley (2000) updated their componential WM model by
adding a new component called the episodic buffer. The major role of the episodic buffer is to provide temporary storage of infor-
mation held in a phonological loop and visuospatial sketchpad, as to bind information from these subsidiary systems and from long-
term memory into a unitary episodic representation. Thus, episodic buffer has the domain-specific function to link among long-term
memory, the central executive, and the short-term storage system as to better facilitate the use of central executive and short-term
storage (Baddeley et al., 2010). Similarly, in Ericsson and Kintsch’s (1995) long-term WM model, long-term memory is suggested
to supplement or facilitate WM: individuals knowledgeable in a particular domain can process (encode and retrieve) information in
that domain more efficiently than information in domains they are less knowledgeable about. Based on these two models, the major
function of WM includes the integration of domain-specific skills, knowledge, and procedures as to meet the particular demands of
learning tasks within a particular domain.

Cowan'’s and Unsworth” WM models also specified how long-term memory works within/together the WM system. Specifically, in
the embedded-processes model of WM proposed by Cowan (Cowan, 1995, and 1999), WM is determined by the focus of attention that
is capacity limited. WM information comes from hierarchically arranged entities consisting of long-term memory, a subset of long-term
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memory currently activated (not in the focus of attention), and a subset of activated long-term memory in the focus of attention. In this
model, task-relevant information in long-term memory needs to be activated and ready to be used in a task and new combinations of
information can be formed within this active memory in the focus of the attention, which then may become a part of long-term memory
(learning or acquisition of new knowledge). In a similar vein, Unsworth and Engle (2007) proposed that WM consists of primary
memory and secondary memory. Primary memory serves to maintain a distinct number of separate representations active for ongoing
processing. Secondary memory is responsible for retrieving information that is not maintained in primary memory, which usually
requires a controlled and strategic search in long-term memory (Unsworth et al., 2013). Taken together, both Cowan’s and Unsworth’
WM models implicated that in order for learning to happen, WM (attentional control) needs to timely (moment-to-moment) and
efficiently search for, activate, maintain, and process relevant information from long-term memory, and combine different information
to create new knowledge in long-term memory.

The domain-specific function view of WM well explains experts’ performance differences between WM-demanding tasks that
require their expertise and WM-demanding tasks for which they lack expertise. For example, chess experts can simultaneously process
and remember many chess patterns during chess games that novice players cannot, whereas chess experts and novices perform equally
well on verbal and visuospatial WM tasks that do not require chess knowledge (Unterrainer et al., 2006; Waters et al., 2002). These
domain-specific function views of WM have strongly influenced research on expertise and decision making in various domains, such as
firefighting, medical diagnosis, and aviation, where experts/professionals are more likely to make timely, correct decisions in WM-
demanding, complex problem-solving situations (e.g., Zsambok & Klein, 2014). Thus, based on the domain-specific function of
WM, one’s WM capacity is at least jointly determined by two collaborating core components: the domain-general central executive
(attentional control), and the ability to retrieve domain-specific knowledge from long-term memory.

Mutualism in the development of working memory and academic Skills.

The evidence for the domain-specific function of WM usually involves comparing verbal and visuo-spatial WM tasks in their
correlations with performance on complex verbal or spatial tasks (Friedman & Miyake, 2000). Although there is evidence to support
both domain-general and domain-specific WM (e.g., Conway et al., 2007; Kane et al., 2004; Shah & Miyake, 1996; Friedman & Miyake,
2000), many studies focusing on children’s learning seem to favor the domain-specific perspective (also see Cowan et al., 2005; Gray
et al., 2017). Research has shown, for example, that children’s visuo-spatial WM fails to explain variance in their word reading and
comprehension of written passages (e.g., Nation et al., 1999; Seigneuric et al., 2000), whereas verbal WM accounts for statistically
significant variance in performance on those verbal tasks, even when relevant verbal skills (e.g., word reading) are controlled for (e.g.,
Arrington et al., 2014; Cain et al., 2004). Meta-analyses on children with specific learning difficulties also suggests a pattern of domain-
specificity of WM in relation to learning. That is, although children with various types of learning difficulties showed WM deficits
across (verbal, numerical, and visuospatial) domains (Peng et al., 2016; Swanson & Jerman, 2006), those with specific mathematics
difficulties showed more severe numerical WM deficits than their verbal WM deficits (Peng et al., 2016). Children with mathematics
difficulties could be differentiated from children with reading difficulties on visuo-spatial WM (Swanson & Jerman, 2006), likely
reflecting the salient role of visuo-spatial WM in mathematics learning and mathematics difficulties (Mammarella et al., 2017).

Recently, emerging evidence suggests that the development and practice of domain-specific skills may influence and shape the
domain-specific function of WM and its role in academic development. For example, van de Weijer-Bergsma et al. (2015) found that
both visuospatial and verbal WM were associated with calculations early on, because young children relied on both visuospatial and
verbal long-term memory knowledge (e.g., representations and strategies) to perform WM-demanding calculation problems. However,
as children developed through the elementary grades, the effects of visuospatial WM on calculations waned while the effects of verbal
WM increased. This developmental pattern is due primarily to the shift from using both visuospatial and verbal representations and
strategies during calculations early on to the use of verbal representations and strategies during calculations in later grades (De Smedt
et al., 2009; Geary et al., 2004).

Similar patterns have also been reported for the relation between WM and reading (Miller-Cotto & Byrnes, 2020; Peng et al., 2018).
Peng et al.’s (2018) meta-analysis of 197 studies found that WM is constantly related to reading through development. Although
domains of WM did not influence its relations to reading early on (e.g., before the 4th grade), the relation between verbal WM (in
comparison with visuospatial WM) and reading became stronger with development (e.g., after the 4th grade). Such effects were robust
even when other confounding variables (e.g., publication type, types of reading tasks, and bilingual status) were controlled for. Peng
et al. explained these findings within a WM-reading development model as follows: The domain-general central executive of WM is
heavily involved in reading’s early stages. As reading experience accumulates, lexical and verbal knowledge are consolidated in long-
term memory, and readers come to rely more on direct retrieval of lexical and verbal knowledge from long-term memory to perform a
variety of reading tasks. As students develop foundational reading skills and attempt to read for understanding, WM resources are
allocated to integrate verbal knowledge and procedures to meet the demands of reading tasks, strengthening verbal WM and the
impact of verbal WM on reading in the process. In the WM-reading development model, the relation between reading and WM is
reciprocal: WM primarily exerts an impact on reading early on, with reading also shaping the further development of verbal WM.

Most recently, mutualism theory has been empirically tested to reveal possible mutualism among different cognitive skills and
academic skills (e.g., Cunningham et al., 2021; Kail et al., 2016; Melby-Lervég et al., 2012; although there is still debate on this theory).
In a review, Peng and Kievit (2020) explored the potential mutualism between cognition (including WM) and academic achievement
based on (1) developmental effects on concurrent relations between cognition and academic performance, (2) longitudinal relations
between cognition and academic performance (especially between verbal WM and language skills), and (3) the effects of explicit
academic instruction on cognition. Peng and Kievit (2020)’s findings, together with other recent empirical studies not included in their
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review (e.g., Ritchie et al., 2015; Ritchie & Tucker-Drob, 2018; Willoughby et al., 2019; Zhang & Peng, 2022), suggest a possible
cognitive-academic bidirectional model. That is, in the early developmental stage, the accumulation and automatic retrieval of
domain-specific knowledge are not well established, and students are more likely to invest their cognitive abilities in the acquisition of
learning. Improvements in concrete knowledge then benefit more abstract cognitive abilities through mechanisms such as semantic
bootstrapping. Students with more advanced verbal skills and knowledge (e.g., vocabulary, comprehension) can decompose abstract
cognitive problems into constituent rules more efficiently (Kievit et al., 2017). Thus, the long-lasting learning and practicing of ac-
ademic skills/tasks serve as an “intervention” to improve cognition with development. Moreover, such cognitive-academic bi-
directionality is greatly influenced by environmental stimulation, such that sustained, high-quality academic instruction directly
fosters children’s academic and cognitive development, indirectly affecting academic and cognitive development by triggering cog-
nitive-academic bi-directionality. Taken together, the mutualism suggests that the mutual impact between WM and academic skills is
not likely to happen with a short period of time and requires a long-lasting and high-quality instruction input, especially among
children with disadvantages.

Based on the mutualism between WM and academic development (how environmental stimulation can facilitate that mutualism), it
is important to provide academic instruction and WM training simultaneously to produce synergistic, sustained effects on academic
outcomes. However, prior WM training research barely linked WM training with academic instruction. Many existing WM training
tasks and programs require children to practice WM tasks outside of the context of education or learning—that is, tasks that are not
related to the practice of reading or of mathematics skills in depth. Such training is task-paradigm and material fixed, produced little
effects on academic outcomes (even when considering publication bias such that sigfnicant training effects are more likely to be
published, Sala & Gobet, 2017; Shipstead et al., 2012), did not seem relevant in an educational setting, and was unlikely to be adopted
by schools or families especially when academic instructional time is already limited (Peng & Fuchs, 2017).

For example, traditional WM training studies have often used the n-back task (Shipstead et al., 2012, even though there are ar-
guments against using n-back tasks as WM tasks Kane et al., 2007; Redick & Lindsey, 2013; Schmiedek et al., 2014). In n-back tasks, the
participant is presented with a sequence of stimuli (e.g., figures and numbers) and must decide for each stimulus whether it is the same
as a stimulus presented n trials earlier. In a single n-back task, the participant is required to attend to one stream of stimuli, and in a
dual n-back task, two streams of stimuli are presented simultaneously, such that the participant must respond to both an auditory-
verbal and a visuospatial stream of stimuli. The training follows an adaptive rule, such that as a person meets specific performance
criteria, the task’s difficulty increases. When these criteria are not met, task difficulty decreases. Such training paradigm purely focused
on the practice of n-back tasks paradigm with very simple and limited types of materials (e.g., simple figures and numbers).

For most WM training studies with children, the CogMed WM training program has been adopted (Sala & Gobet, 2017). This
program includes several visuospatial and verbal memory training tasks, in which children are trained with the adaptive rule. For
example, in a visuospatial task called “Asteroids,” a field of several free-floating asteroids is presented on the screen, and a subset of
them lights up one at a time. The children reproduce the sequence of asteroids via mouse clicks. The length of the sequence to be
reproduced changes based on children’s performance trial-by-trial. In a verbal task called “Input Module,” a sequence of auditory digits
is played. The children reproduce the digits’ sequence in reverse/forward order by clicking on a number pad displayed on a robot’s
arm. The length of the sequence to be reproduced changes based on children’s performance trial-by-trial. Because these tasks are
embedded in videogames where children must click on a screen, CogMed’s activities are dominated by the simple manipulation of
simple visuospatial stimuli even for verbal memory tasks.

Adding traditional WM training to academic instruction also does not seem to produce synergistic effects on academic skills as
hypothesized by the mutualism model. Many WM intervention studies with school-aged children have been conducted during school
time. Children in most of those studies, whether in WM training groups or control groups, were receiving regular academic instruction
at school during the period of research (e.g., they were pulled out of the classroom for training or received training after school). With
this design, studies have seldom shown that the addition of WM training leads to greater improvement (far-transfer) in academic
outcomes among participants than among controls (Sala & Gobet, 2017; Shipstead et al., 2012).

Element theory of cognitive transfer

Thus, WM training with a more nuanced task design is needed to increase the educational relevance of WM training to tie WM
training closely to academic content from a developmental perspective. Such thought is in line with the element theory of cognitive
skills (Taatgen, 2013; Woodworth & Thorndike, 1901), which specifies how skills are acquired and how transfer between skills can be
explained.

Specifically, the theory claims skills can be broken down into primitive information processing elements, with some that are task-
specific (e.g., retrieval of task-specific information), and some task-independent (e.g., attentional monitoring of the task procedure). A
large overlap in these elements between tasks is the foundation for task learning/training and transfer. Taatgen (2013) suggested that
in the early learning stage, novice need to attend to each important element in a task, and the processing of each element consumes
WM. With the progress of learning and accumulation of knowledge, experts can combine these elements into fewer but larger clusters
(e.g., element 1 and 2 can be combined into cluster 1; element 3 and 4 can be combined into cluster 2), saving WM capacity from
processing each element. More importantly, these large clusters also bear an important transfer feature. That is, through the combi-
nation of the elements into larger clusters, individuals form strategies such as iteration (the repetition of a process in order to generate
an outcome) and rehearsal (the repetition of information for maintenance), which can be used in a different task that also require these
strategies.

For example, during reading comprehension, one needs to at least process several fundamental elements, including (not limited to)
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1) reading the word, 2) the retrieval of word meaning from long-term memory, 3) linking all words together to understand the
sentence, 4) the retrieval of background knowledge relevant to the sentences/text topic, 5) the maintenance of information from
previous read sentences, 6) integrating information from previously read sentences with incoming text information, and 7) integrating
information retrieved from long-term memory with text information. Beginning readers (early instruction on reading comprehension)
often need to use WM to process each of these above-mentioned elements. In contrast, experienced/knowledgeable readers, with
practice, can combine some of these elements into fewer and larger clusters such as 1) reading and retrieving the meaning of words can
be simultaneously done with the understanding of the sentence, 2) the retrieval of background knowledge can be simultaneously done
with the maintaining of information extracted from the text and the integrating information from the text and long-term memory.
These larger clusters also promote strategies such as iteration (e.g., repeating the integration process of information from long-term
memory and from text) and rehearsal (e.g., maintaining relevant and important information), which can be applied to a different
task such as mathematics word problem solving.

The Domain-Specific approach of working memory training

Taken together, based on the domain-specific function view of WM, the mutualism between WM and academic development, and
the element theory of cognitive skills, to maximize the effects of WM training on academic outcomes, we argue for a domain-specific
approach of WM training that emphasizes 1) training tasks should closely link the central executive (attentional control) with the use/
retrieval practice of long-term memory in a specific academic domain, and 2) training tasks should promote strategy use that can be
effectively applied in different academic tasks. Together with near-transfer effects of WM training on structurally similar tasks (Melby-
Lervag et al., 2016; Schwaighofer et al., 2015; Soveri et al., 2017), the domain-specific approach of WM training is more closely related
to academic development, incorporates various materials and strategies, and thus is more likely to produce effects on academic
outcomes in comparison to training WM or academic skills instruction alone.

WM-academic tasks. One important component to link the central executive (attentional control) with the use/retrieval practice
of long-term memory in a specific academic domain is to combine the WM training paradigm with academic materials, which we
labeled as WM-academic training task. Training on WM-academic tasks requires children to actively utilize WM and long-term memory
(searching for and retrieval of relevant information) simultaneously on a moment-to-moment basis. Knowledge formed during such
training can further shape new long-term academic knowledge, thus facilitating academic learning. This is a developmental approach
such that central executive and long-term memory are closely collaborated to process information and form new knowledge (Cowan,
1999; Ericsson & Kintsch, 1995; Unsworth et al., 2013).

Specifically, traditional WM training tasks only focused on the WM paradigm, which is fixed from a developmental perspective. In
comparison, WM-academic tasks are academic-relevant and thus have the potential to be embedded into educational practice, which is
developmental (accumulative) in nature (Ericsson et al., 2018). Moreover, such long-lasting practice on these tasks are more likely to
trigger WM-academic mutualism, which helps further enhance the domain-specific function of WM in learning within a certain domain
(e.g., verbal WM for reading) through development (Peng et al., 2018; Peng & Kievit, 2020).

Moreover, because WM-academic tasks are academic in nature, instruction of these tasks follow explicit, evidence-based
instructional principles. That is, children are taught or trained on these tasks with a series of supports or scaffolds, such that they
are guided through the learning process with clear statements about the rationale for learning the academic skill, clear explanations
and demonstrations of task procedures, and supported practice with feedback to reach independent mastery (Kirschner et al., 2006;
Stockard et al., 2018). In addition to these benefits of the traditional academic explicit instruction, WM-academic tasks also explicitly
requires students to exercise the WM process during academic learning. Such training is necessary for complex academic skills
acquisition that inevitably requires children to process information under a high WM load condition (e.g., Kendeou et al., 2014).

We can use the retell task based on complex span WM training as an example (WM-retell task). In an operation span task during WM
training, students are first asked to solve a simple calculation problem (presented on a flashcard) and then name a picture card (e.g.,
flower). This process proceeds with additional calculations and picture cards. At the end of each trial, students are asked to recall all the
picture cards in order. The number of picture cards in each trial is constantly adjusted to challenge students’ memory span. Based on
the domain-specific approach of WM training, such complex span tasks should be directly modified to include the practice of reading
skills and use of knowledge. For example, in such a task, students can be asked to read a story with several paragraphs. Each time
students finish reading a paragraph, they summarize the paragraph’s main idea. At the end of the story, they recall in order the main
ideas from each paragraph in order to get the story’s general main idea. Depending on the level of their performance, students can be
asked to practice with stories that have more or fewer paragraphs, or texts that vary in difficulty. The WM-retell task is based on the
retell process, but it differs from traditional retell instruction, which has students practice how to retell without explicitly teaching
students to practice the WM process during the retell. That is, the WM-retell task further decomposes the retell into more explicit
teachable steps to practice reading paragraphs, summarize paragraphs, remember main ideas of each paragraph, and practice how to
allocate attention to important information in passage comprehension and remembering main ideas of previous paragraphs.

The task-linking strategy. As emphasized by the element theory of cognitive skills, strategies that can be applied to the training
tasks and the transfer tasks are important elements for cognitive transfer (Taatgen, 2013). Following this logic, training should
emphasize strategies that can be applied to both WM tasks and academic tasks and can be used to improve task performance efficiency
(e.g., facilitating the information retrieval from the long-term memory, maintaining information) under high WM load conditions. We
call these strategies task-linking strategies.

Indeed, studies are emphasizing the important role of strategy use in WM performance and the relation between WM and other
tasks (e.g., Gonthier & Roulin, 2020; Turley-Ames & Whitfield, 2003). Specifically, research suggests the use of a specific (effective)
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Table 1

Summary of Reviewed Studies.

Developmental Review 65 (2022) 101035

Study Age/Grade Status Study Groups Domain-specific Approach of WM Effect Sizes (Hedges g/Cohen’s d) on
training Academic Outcomes
WM-Academic Task-linking Researcher- Standardized
Task Strategy developed Academic
Academic Measures
Measures
Fuchs et al., Grade 3 and 5 At-risk readers Randomized WM- N/A DS-WM vs. BAU DS-WM vs. BAU
2018 control trial comprehension Grade 3, Grade 3, Reading
1) Business-as- tasks Knowledge comprehension =
usual (BAU), n = acquisition = 0.08
382) Reading (R) 1.90%* Grade 5, Reading
,n = 403) Domain- Grade 3, Reading comprehension =
specific Approach comprehension = 0.33
of WM training 0.79*
(DS-WM) Grade 5, R vs. BAU:
,n=238 Knowledge Grade 3, Reading
acquisition = comprehension =
1.60%* -0.17
Grade 5, Reading Grade 5, Reading
comprehension = comprehension =
0.31 0.21
R vs. BAU
Grade 3,
Knowledge
acquisition =
1.36%*
Grade 3, Reading
comprehension =
0.05
Grade 5,
Knowledge
acquisition =
1.46%*
Grade 5, Reading
comprehension =
0.52
Garcia- 8.45 years Non-selective Randomized WM/ Executive N/A N/A DS-WM vs. R
Madruga old/Grade 3 control triall) function Reading
etal, Reading (R) -comprehension comprehension =
2013 ,n =162) Domain- tasks 0.72
specific Approach
of WM training
(DS-WM)
,n=15
Goodrich 4.38 years At-risk readers Randomized WM/ Executive Rehearsal N/A DS-WM vs. BAU
etal., old/preschool control trial function -reading/ strategy Print knowledge
2020; 1) Business-as- language tasks =0.25

usual (BAU), n =
232) Reading (R)
,n = 233) Domain-
specific Approach
of WM training
(DS-WM)

,n=23

Definitional
vocabulary = 0.12
Phonological
awareness = 0.49
Vocabulary =
0.76**

Syntax = 1.30**
Process = 0.13

DS-WM vs. R
Print knowledge
=0.24
Definitional
vocabulary = 0.15
Phonological
awareness = 0.15
Vocabulary =
0.17

Syntax = 0.78**
Process = -0.31

(continued on next page)
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Table 1 (continued)

Developmental Review 65 (2022) 101035

Study Age/Grade Status Study Groups Domain-specific Approach of WM Effect Sizes (Hedges g/Cohen’s d) on
training Academic Outcomes
WM-Academic Task-linking Researcher- Standardized
Task Strategy developed Academic
Academic Measures
Measures
R vs. BAU
Print knowledge
=0.04
Definitional
vocabulary =
-0.01
Phonological
awareness = 0.38
Vocabulary =
0.67**
Syntax = 0.70**
Process = 0.44
+Kroesbergen 5.87 years Non-selective Randomized WM/ Executive N/A DG-WM vs. BAU DG-WM vs. BAU
etal., old/ control trial function Dots comparison Early numeracy =
2014 kindergarten 1) Business-as- —numerical tasks =0.48 0.42
usual (BAU), n =
212) Domain- DS-WM vs. BAU DS-WM vs. BAU
general WM Dots comparison Early numeracy =
training (DG-WM) =0.97 0.93*
,n =153) Domain-
specific Approach DS-WM vs. DG- DS-WM vs. DG-
of WM training WM wM
(DS-WM) Dots comparison Early numeracy =
,n=15 =0.49 0.53
Swanson, 7.95 years Children with Randomized WM-word problem N/A N/A Verbal vs. BAU
2016 old/Grade 3 mathematics control triall) tasks High WM group:
difficulties Word-problem Calculation =
verbal strategies -0.06
(Verbal) Low WM group:
n = 262) Word- Calculation =
problem visual -0.05
strategies High WM group:
(Visual) = 27 Word problem =
3) Word-problem 0.14
verbal + visual Low WM group:
Strategies (VV) n Word problem =
=39 -0.01

5) Business-as-
usual (BAU) n =
344) Domain-
specific approach
of WM training
(DS-WM)
,n=36

Visual vs. BAU
High WM group:
Calculation =
0.40

Low WM group:
Calculation =
0.50

High WM group:
Word problem =
0.31

Low WM group:
Word problem =
-0.29

Verbal + Visual

vs. BAU

High WM group:

Calculation =

0.10

Low WM group:

Calculation =

0.03

High WM group:
(continued on next page)
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Study Age/Grade Status Study Groups Domain-specific Approach of WM Effect Sizes (Hedges g/Cohen’s d) on
training Academic Outcomes
WM-Academic Task-linking Researcher- Standardized
Task Strategy developed Academic
Academic Measures
Measures
Word problem =
0.14
Low WM group:
Word problem =
-0.22
DS-WM vs. BAU
High WM group:
Calculation =
0.80*
Low WM group:
Calculation =
0.89*
High WM group:
Word problem =
0.47*
Low WM group:
Word problem =
-0.18
+Jones et al. 12.54 years Non-selective Randomized N/A Meta- DG-WM vs. V DG-WM vs. V
(2020) old control triall) cognitive Post-intervention, Post-intervention,
Visual search (V) strategies Reading Math = 0.27
,n = 292) Domain- embedded comprehension = Follow-up, Math
general WM into WM -0.04 =0.13
training (DG-WM) training Follow-up,
,n = 313) Domain- Reading
specific Approach comprehension = DS-WM vs. V
of WM training -0.11 Post-intervention,
(DS-WM) Math = 0.22
,n=232 DS-WM vs. V Follow-up, Math
Post-intervention, =0.15
Reading
comprehension =
0.09 DS-WM vs. DG-
Follow-up, wM
Reading Post-intervention,
comprehension = Math = -0.06
0.08 Follow-up, Math
=0.01
DS-WM vs. DG-
WM
Post-intervention,
Reading
comprehension =
0.12
Follow-up,
Reading
comprehension =
0.19
Partanenetal.  8.61 years Children with Randomized N/A Meta- N/A DS-WM vs. BAU
(2015) old/ Grade 2 special needs control trial cognitive Post-intervention,
and 3 1) Business-as- strategies Arithmetic = 0.19
usual (BAU), n = embedded Follow-up,
242) Domain- into WM Arithmetic =
general WM training -0.05

training (DG-WM)
,n =203) Domain-
specific Approach
of WM training
(DS-WM)

,n =20

Post-intervention,
Reading = -0.15
Follow-up,
Reading = -0.15
Post-intervention,
Phonological
ability = 0.01
Follow-up,

(continued on next page)
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Table 1 (continued)

Study Age/Grade Status Study Groups Domain-specific Approach of WM Effect Sizes (Hedges g/Cohen’s d) on
training Academic Outcomes
WM-Academic Task-linking Researcher- Standardized
Task Strategy developed Academic
Academic Measures
Measures
Phonological

ability = -0.21
Post-intervention,
Word
comprehension =
0.07

Follow-up, Word
comprehension =
0.15
Post-intervention,
Spelling = 0.02
Follow-up,
Spelling = 0.16

DG-WM vs. BAU
Post-intervention,
Arithmetic =
-0.28

Follow-up,
Arithmetic = 0.12
Post-intervention,
Reading = -0.17
Follow-up,
Reading = 0.02
Post-intervention,
Phonological
ability = -0.21
Follow-up,
Phonological
ability = -0.67
Post-intervention,
Word
comprehension =
-0.19

Follow-up, Word
comprehension =
0.13
Post-intervention,
Spelling = -0.37
Follow-up,
Spelling = 0.02

DS-WM vs. DG-
WM
Post-intervention,
Arithmetic = 0.46
Follow-up,
Arithmetic =
-0.17
Post-intervention,
Reading = 0.02
Follow-up,
Reading = -0.17
Post-intervention,
Phonological
ability = 0.23
Follow-up,
Phonological
ability = 0.46
Post-intervention,
Word
comprehension =
0.26

Follow-up, Word

(continued on next page)
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Table 1 (continued)

Study Age/Grade Status Study Groups Domain-specific Approach of WM Effect Sizes (Hedges g/Cohen’s d) on
training Academic Outcomes
WM-Academic Task-linking Researcher- Standardized
Task Strategy developed Academic
Academic Measures
Measures
comprehension =
0.03

Post-intervention,
Spelling = 0.39

Follow-up,
Spelling = 0.14
Peng & Fuchs,  7.13 years At-risk readers Randomized N/A Rehearsal DG-WM vs. BAU N/A
2017 old/ Grade 1 control trial strategy Retell = 0.16
1) Business-as- Listening
usual (BAU), n = comprehension =
202) Domain- 0.65*
general WM
training (DG-WM) DS-WM vs. BAU
,n =193) Domain- Retell = 0.65*
specific Approach Listening
of WM training comprehension =
(DS-WM) 0.63
,n=19
DS-WM vs. DG-
WM
Retell = 0.43
Listening
comprehension =
-0.06

Note: +: effect sizes were calculated based on the descriptive statistics provided by the study. * p <. 05; ** p <.01.

strategy during WM tasks may reflect WM performance and partially underlie the relation between WM and other tasks (e.g., Gonthier
& Thomassin, 2015; Robison & Unsworth, 2017; Unsworth & Spillers, 2010). There are two models on the role of specific strategy use
in WM. The strategy mediation hypothesis suggests that the relation between WM and other tasks may be mediated by the effective
strategies used in the tasks (Gonthier & Thomassin, 2015). That is, individuals with high WM tend to use effective strategies in a
specific task. Having all individuals using an effective strategy in a specific task reduce the WM demand in the task performance and
thus reduce the relation between WM and task performance. In contrast, the strategy affordance hypothesis suggests the relation
between WM and other tasks is affected by the similarity of the strategy used in both tasks (Bailey et al., 2008). That is, if the strategies
used to improve WM performance also can be used to improve performance on other tasks, then using these strategies in WM tasks is
likely to link WM closely to performance on other tasks (Fellman et al., 2020; Laine et al., 2018; Logie, 2012; Peng & Fuchs, 2017). For
example, for young at-risk children, teaching and intensively practicing rehearsal strategy in complex span tasks may facilitate the use
of such strategy in comprehension tasks where important information can be efficiently rehearsed and remembered, which can help
reduce the WM load during comprehension and achieve better comprehension outcomes (Peng & Fuchs, 2017).

Most previous WM training programs and studies did not explicitly teach strategies (Shipstead et al., 2012), but they often pro-
moted the development of strategies spontaneously employed to complete WM tasks (Soveri et al., 2017). Research based on intro-
spective reports and observations from children in WM training suggested that repeated practice on WM tasks promotes the
development of idiosyncratic strategies. For example, when asked what they thought had helped them improve, 37% of children with
low WM and 67% of children with ADHD reported using strategies after training that included rehearsal and visualization (Holmes
etal., 2009; Holmes et al., 2010). Similarly, Peng and Fuchs (2017), based on observations of 1st graders at risk for reading difficulties
in a verbal WM training condition (without strategy instruction), found that the children used strategies in 28% of all training trials on
average. Of these, 59% involved rehearsal, 32% showed evidence of a counting strategy (such as remembering numbers in numerical
WM tasks), 6% included a visual strategy (to air draw the to-be-remembered number or words), and 3% involved a semantic strategy
(to semantically link to-be-remembered words together).

Moreover, prior WM training studies suggested that the near-transfer effects may be linked to task-specific strategy (Chooi & Logie,
2020; Forsberg et al., 2020). For example, in their meta-analysis, Soveri et al. (2017) focused on n-back task training and specifically
separated WM outcomes with different task paradigms: n-back, simple span, and complex span. They found a moderate effect of task-
specific transfer to untrained n-back tasks, g = 0.62, 95CI [0.44, 0.81], and smaller transfer effects to other untrained WM measures, g
= 0.24, 95CI [0.16, 0.32]. The authors argued that task-specific WM training improvement can only enhance performance on tasks
with a similar structure where the same strategies can be successfully employed. Such strategy mediation effects have been more
directly examined and observed in most recent WM training studies among adults, where strategy instruction on WM tasks signifi-
cantly improved performance on the same and similarly-structured WM tasks, compared to WM training without strategies instruction
(Forsberg et al., 2020; Malinovitch et al., 2021). Yet, sufficient WM training without strategies instruction ultimately lead to the
discovery of efficient strategy taught in the WM strategy training group (Fellman et al., 2020). All these evidence, taken tougher,
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suggest the transfer of WM training to structurally similar non-trained tasks may be due in part to the same strategy use in both training
and non-trained tasks and due to the efficiency of such strategy use in a WM-demanding condition (e.g., Bailey et al., 2008; Fellman
et al., 2020; von Bastian & Oberauer, 2013).

Review of studies

Recently, there are some WM training studies in line with the domain-specific approach of WM training. Next, we reviewed these
articles to illustrate how WM-academic tasks and task-linking strategies may work in an educational context. Specifically, articles for
review were identified in two ways. First, a computer search of published articles and dissertations in Education Resources Information
Center (ERIC), MEDLINE, and PsychlInfo for literature was conducted. We used the earliest possible start date till January 2021.
Abstracts were searched for the following terms: (“working memory” OR “executive function”) AND (“training” OR “intervention”)
AND (“academic” OR “reading” OR math* OR “strategy”). * can help include different forms of search terms (e.g., math* can include
mathematics). Second, we searched in previous relevant WM intervention reviews/meta-analysis. The initial search yielded 1,917
articles. The first author and a graduate student in education then reviewed all studies by titles and abstracts. After excluding 391
duplicate articles and 664 irrelevant articles, the remaining 862 articles were closely reviewed using two specific criteria: First, studies
must have samples as school-aged students (before grade 12) and must have academic tasks as part of the outcomes. Based on this
criterion, we excluded 187 articles. Second, studies have to be quasi-experimental or randomized control trials that included the
training components tapping WM-academic tasks (performing academic tasks in a complex span paradigm or performing academic
tasks with the central executive task paradigm such as inhibition and switching) or strategy (task-specific strategies such as rehearsal or
meta-cognitive strategies) instruction/training in WM tasks. Based on this criterion, we excluded another 666 articles.

From the literature, we have identified and reviewed 9 randomized controlled trials of interventions tapping WM-academic tasks or
task-linking strategy during WM training and including academic outcomes among school-aged children. Instead of doing a systematic
review or meta-analysis, we have reviewed these studies here to serve as a proof-of-concept for the domain-specific approach of WM
training, in order to provide examples of WM-academic task training and task-linking strategy training across various academic areas.
Effect sizes and p values (if significant) were provided to indicate the magnitude of effects of interventions. The summary of each
reviewed study is also presented in Table 1.

WM-academic task training

Several reading and mathematics intervention studies adopted complex span paradigms to teach students how to efficiently use
WM and relevant executive functions (e.g., updating) with the retrieval of relevant information about the academic tasks from long-
term memory (Fuchs et al., 2018; Garcia-Madruga et al., 2013; Goodrich et al., 2020; Kroesbergen et al., 2014; Swanson, 2016). For
example, in their randomized controlled trial with 31 students in the intermediate grades (8- to 9-year-olds; 50 min per session for 12
sessions over 4 weeks), Garcia-Madruga et al. (2013) embedded WM within reading comprehension instruction. In one complex
reading span task, students silently read anaphora and analogy problems presented on a screen, actively recalled the word solution for
each anaphora or analogy problem, and then wrote the words down in order. In a WM task with reading and updating, students read
different texts with a stream of information in which the relevant facts constantly changed. Students kept track of the changing in-
formation during reading, and at several points in the story, they evaluated different aspects of the story at that time (e.g., the order of
the horses in a race, the score on a scoreboard in a football match). Garcia-Madruga et al. found that such WM embedded reading
comprehension instruction produced effects on reading comprehension (standardized measures) in comparison to the active controls
(Cohen’s d = 0.79).

In a randomized controlled trial of a reading intervention with 116 struggling readers in grades 3 and 5 over 14 weeks (42 sessions,
20-45 min per session), Fuchs et al. (2018) tested WM-reading task training using a three-group design: a WM-reading training group,
a reading instruction-only group, and a business-as-usual control group. The WM-reading training group received the same reading
instructions and instruction time as did the reading instruction-only group. However, the WM-reading training group received about 5
~ 10 min (based on the authors’ intervention log) devoted to WM-reading task training in each session. Three WM-reading tasks were
used. In a “What If?” task, students read a story, retold it, and retold it again with a changed ending, which required updating story
information in WM. In a cloze span task, students first completed the cloze task and then recalled in order words that they selected to
fill in the blanks in the cloze task. In a WM-main idea task, after summarizing the main idea of each paragraph of a story, students
recalled in order all main ideas from previous paragraphs together with the one that they had just created. Because of the limited time
devoted to these WM-reading tasks in each session, the training on these tasks was not adaptive.

Fuchs et al. (2018) did not find significant treatment effects on standardized reading measures, but most effect sizes for treatment
groups versus controls were educationally meaningful (Hedges’ g > 0.25; Lipsey et al., 2012). Moreover, among 3rd graders, both of
Fuchs et al.’s (2018) treatment groups significantly outperformed controls on researcher-developed vocabulary and on reading
comprehension (Hedges’ g = 0.31-1.46). Effect sizes were larger for the WM-reading training group versus controls on researcher-
developed vocabulary and reading comprehension (except on reading comprehension among 5th graders) than for the reading
instruction-only group versus controls on those measures. Note too that students in the reading instruction-only group practiced on
more reading materials than did those in the WM-reading training group, who needed to spend time working on memory activities (e.
g., recalling words or main ideas). Thus, the relatively larger (although not statistically significant) effects favoring the WM-reading
training group on some reading measures provide promising evidence that for at-risk readers, WM-reading task training may be a more
efficient way to improve reading skills than traditional reading instruction or drill-and-practice.
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Goodrich et al. (2020) conducted a randomized controlled trial among low-performing preschool English language learners. Sixty-
nine children were randomly assigned to three conditions: WM-reading training, reading instruction-only, and business-as-usual
control. Students in the treatment groups completed instructional sessions lasting approximately 25 min per day (4 days each
week) for 7 weeks. Every week, the first day and the third day were devoted to reading instruction only. The second day and the fourth
day were devoted to WM-reading training using the same materials from the prior reading session (e.g., the WM-reading training
materials on the second day were from the reading materials on the first day). With this design, Goodrich et al. (2020) purposefully
exercised students’ ability to retrieve relevant long-term memory information during the WM-reading tasks. The reading instruction
and instruction time were the same for the two treatment groups, except that some instructional time was devoted to WM-reading task
training in the WM-reading training group. WM-reading tasks used the complex span paradigm with adaptive training and instruction
in rehearsal strategy. The WM-reading training tasks required children to complete a “trial” of a designated early literacy activity (e.g.,
identifying the initial sound/letter of a word; matching lower and upper case letters), rehearse the relevant word/letter/sound used
during that trial, complete the next trial of the early literacy activity, and then recall the relevant words/letters/sounds in order from
each trial. If students succeeded in recalling two words/letters/sounds, the rehearsal procedure continued with a third word/letter/
sound being introduced, followed by an attempted recall of all three words/letters/sounds. This process continued until children did
not successfully recall all relevant words/letters/sounds.

The treatment groups in Goodrich et al. (2020) significantly outperformed controls on standardized vocabulary and syntax
measures (Hedges’ g = 0.67 - 1.30), and the WM-reading training group also showed higher performance on syntax (a WM demanding
task) than the instruction-only group (Hedges’ g = 0.78). An aptitude-by-treatment interaction was reported, such that WM-reading
training was most effective on reading outcomes in comparison with controls among students with relatively high pretreatment
WM abilities. This study systematically tapped both WM-reading task training and task-linking strategy training in an adaptive way,
and as in Fuchs et al. (2018), the WM-reading training group spent less time on reading instruction (less exposure to reading materials)
due to practice on memory activities in comparison with the reading instruction-only group. Thus, Goodrich et al. (2020) have pro-
vided promising evidence in support of the domain-specific approach of WM training, given a small sample.

Besides reading intervention, we have found two studies in mathematics intervention that tapped the domain-specific approach of
WM training. Kroesbergen et al. (2014) randomly assigned 51 five-year-old children with below-average mathematics skills to three
study groups: domain-general WM training (with non-numerical materials), domain-specific WM training (with numerical materials),
and a business as usual control. The training included eight 30-min sessions across 4 weeks. The two WM training activities shared
similar training paradigms and training dosage, except that the domain-specific WM focused on exercising numerical skills and
retrieving numerical information from long-term memory (e.g., on simultaneously processing and remembering numbers). For
example, in a “Counting Recall” activity, children saw a set of triangles and circles on a screen, counted the circles, remembered the
count for each set, and recalled the (count) number from each set in order. In a “linear board game,” children took turns to throw a die
with the numbers one, two, and three and remembered the number they threw. When all the children had thrown the die, they recalled
the number they threw and attempted to take the right number of steps on the board. In a “Memory” activity, on one side of a table,
there were cards with different amounts of dots; on the other side of the table, there were cards with numbers. Children took turns and
turned one card with dots and one card with a number each time to find matched pairs. When matched, the child could take the cards,
but the cards had to be turned back if not matched. The domain-specific WM group significantly outperformed the control group on the
standardized numeracy measure (Hedges’ g = 0.93), and outperformed (although not statistically significant) the domain-general WM
group on both researcher-developed and standardized numeracy measures (quantity discrimination and various complicated counting
skills) that tap numerical WM heavily among young children (Kroesbergen et al., 2009) (Hedges’ g = 0.49 - 0.53).

Swanson (2016) studied the effects of systematically increasing WM load embedded in word problem solving instruction that
practices the retrieval of problem-solving schema from the long-term memory. This randomized control trial with 162 elementary
school children with mathematics difficulties included 5 conditions: (1) practice with increasing WM load only (practice in the in-
cremental presentation of irrelevant propositions during word problem solving without explicit strategy instruction), (2) practice with
verbal emphasis (explicit verbal strategies for word problems) and increasing WM load, (3) practice with visual emphasis (explicit
diagrams representing strategies) and increasing WM load, (4) practice with verbal + visual emphasis and increasing WM load, and (5)
business-as-usual control. In comparison to the business-as-usual control, the practice with increasing WM load only group for those
with relatively higher WM capacity showed the strongest effect size on word problem performance (Hedges’ g = 0.47, p <.05) and
calculations (Hedges’ g = 0.80, p <.05), whereas those with lower WM capacity performed better in the control group. There was an
aptitude-by-treatment effect. In those with relatively lower pretreatment WM capacity, simply practicing verbal and/or visual stra-
tegies or practicing word problems with increasing WM load may overload WM capacity and compromise performance on complex/
WM-demanding word problems. In contrast, in children with relatively higher pretreatment WM capacity, simply practicing verbal
and/or visual strategies also seemed to overload WM capacity, but practicing world problems with increasing WM load (WM-word
problem tasks) helped them allocate WM capacity more efficiently to achieve better word-problem solving.

To sum, the above-mentioned studies adopted the WM-academic tasks. The common pattern across these WM-academic tasks is
using WM complex span as the paradigm, in which students practiced academic skills (e.g., summarizing main ideas; counting
numbers) and tried to remember the outcome of those academic practice by retrieving this information from long-term memory (e.g.,
the main ideas; the number from counting). Yet, different studies placed a different emphasis on those WM-academic tasks. While some
studies involved a lot of practice on those WM-academic tasks with adaptive rules (Garcia-Madruga et al., 2013; Goodrich et al., 2020;
Swanson, 2016), other studies only devoted a small amount of time to those WM-academic tasks without adaptive rules (Fuchs et al.,
2018).
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Task-linking strategy training

Research on WM training tends to focus on either of two major sets of strategies: training on metacognitive strategies such as
planning, organizing, monitoring, and evaluation, and training on task-specific strategies.

Jones et al. (2020) and Partanen et al. (2015) trained school-aged children to use metacognitive strategies during WM training,
using a randomized controlled design. Jones et al. randomly assigned 95 typically developing children aged 9-14 years to a WM
training group, WM + metacognitive strategy training group, or a control group. In the WM + metacognitive strategy group, children
were explicitly taught to think about their thinking as they completed WM training tasks or academic tasks, and to plan, monitor, and
evaluate specific metacognitive strategies that served to self-motivate and refocus. For example, during training, questions prompted
children to plan at the beginning, reminded them to monitor thoughts during training and required them to self-evaluate at the end.
The questions tapped the goal of the task, the generation of task-specific strategies (although not specifically mentioned), steps needed
to complete the task, strategies to stay focus, and evaluation of strategies. As children progressed in the training, the questions were
replaced with prompting reminders of how to plan, monitor and evaluate. Jones et al. (2020) found that the WM training group and the
WM plus meta-cognitive strategy training group significantly outperformed the control group (visual search training) on non-trained
WM tasks and mathematics in post-intervention and follow-up points (Hedges’ g = 0.24 - 0.65), with larger effect sizes associated with
WM plus meta-cognitive strategy training group. In particular, the authors argued that such meta-cognitive strategies prompted
children to be aware and develop task-specific strategies that can help improve the efficiency use of their WM resources, which is in
line with the strategy mediation hypothesis.

Partanen et al. (2015) adopted the same randomized controlled design with the same three groups in 64 children with special needs
(average mean age is 8 years old). Partanen et al. (2015) used questions as prompts to facilitate students’ reflections on cognitive and
metacognitive strategies during WM training. The questions guided the students to pay attention to WM training task characteristics,
formulate the goal for performance on the task, and identify and formulate strategies for both success and failure on the task. Partanen
et al. (2015) found WM plus meta-cognitive strategy training significantly outperformed the WM training group on non-trained WM
tasks in post-intervention (Hedges’ g = 0.77, p <.05) but no significant training effects were found on academic skills. Similar to Jones
et al. (2020), Partanen et al. (2015) acknowledged that such meta-cognitive strategies inevitably lead to “task-oriented” strategy use
that can add to the training effects.

In contrast to metacognitive strategies, task-specific strategies are mentally effortful goal-directed processes that have also been
found to enhance WM performance (Oberauer, 2019; Peng & Fuchs, 2017). One of the most common WM-specific strategies is
rehearsal, which involves the repetition of to-be-remembered information (Baddeley, 1999; Oberauer, 2019; Sadoski et al., 2000;
Turley-Ames & Whitfield, 2003). Although rehearsal is traditionally considered a mnemonic tool for memory or WM tasks, it is also an
important task-specific strategy commonly applied in academic tasks.

Rehearsal, an important component of the phonological loop, plays an important role in early phonological processing and
decoding development (Baddeley et al., 1986). Children often use rehearsal to keep sounds in the phonological loop so that they can
manipulate and blend sounds in phonological processing and decoding tasks, and such use of rehearsal plays a crucial role in learning
the novel phonological forms of new words (Baddeley et al., 1998; Cunningham et al., 2021). Rehearsal is also important for early
reading comprehension development. That is, rehearsal directly supports the rereading strategy widely adopted by young and old
readers. Through reading a sentence or text over and over, students not only practice reading fluency but are more likely to remember
more of the sentence or text’s content, which facilitates the use of WM to integrate information (from the sentence or text and from
long-term memory) and to achieve better reading comprehension (Marley et al., 2010).

Moreover, rehearsal during WM tasks can greatly facilitate the central executive of WM. Research has demonstrated that the central
executive is heavily involved in short-term storage of information when more information is being rehearsed (Unsworth & Engle,
2007). Under a WM training condition, rehearsing a long list of to-be-remembered items is an effortful information processing task that
requires the central executive (Peng & Fuchs, 2017; Unsworth & Engle, 2007). Salmi et al. (2018) conducted a neuroimaging meta-
analysis on WM training and found that only dorso- and ventrolateral prefrontal cortex showed consistent training-related modulations
specific to WM training, possibly due to their well-established role in short-term storage and rehearsal. This suggests that rehearsal may
be heavily involved during (verbal) WM training and maybe a critical factor associated with WM improvement from WM training.

We found two WM intervention studies with school-aged children that specifically trained rehearsal strategies during WM training.
One is that of Goodrich et al. (2020), who explicitly had children practice rehearsal strategies on WM-demanding reading tasks in their
embedded WM reading instruction group. Goodrich et al. found that such training significantly improved several reading outcomes
even in contrast to an active control group (i.e., reading instruction only). However, without including an embedded WM reading
instruction group that did not have rehearsal instruction, Goodrich et al. did not demonstrate the unique effects of rehearsal instruction
added to the WM training. In contrast, Peng and Fuchs (2017) used a randomized controlled trial with 58 at-risk first-grade readers and
examined whether rehearsal strategy instruction would add extra benefits to WM training. Children were randomly assigned to three
groups: WM training with rehearsal strategy instruction, WM training without strategy training, and business-as-usual control. The
rehearsal strategy was taught and practiced in an adaptive WM complex span paradigm for 10 sessions (30 min per session on 10
consecutive days). The authors found that in comparison with the WM training without strategy training and the business-as-usual
control, the WM training with strategy instruction group showed better performance on listening comprehension and retell out-
comes (non-standardized measures, Hedges’ g = 0.43 - 0.65, ps < 0.05). The authors argued that improved WM capacity together with
fluent use of rehearsal in high WM-demanding conditions may have enabled children to retain information on listening comprehension
and retell tasks.

Taken together, for studies on meta-cognitive strategies during WM training, the effects on non-trained WM tasks seemed to be
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limited only to structurally similar WM tasks (e.g., near-transfer effects on visuospatial WM tasks, as a result of training on visuospatial
WM tasks), which suggests that meta-cognitive strategies instruction during WM training likely facilitated children’s awareness on
task-specific strategies and improve the efficiency of applying these task-specific strategies to structurally similar non-trained WM
tasks. For task-specific strategy training, strategies afforded by both WM tasks and academic tasks seemed to produce stronger effects
on academic outcomes. These findings are in line with the strategy affordance hypothesis and strategy mediation hypothesis, sug-
gesting the transfer of WM training to structurally similar non-trained tasks may be due in part to the same strategy use in both training
and non-trained tasks and also due to the efficiency of such strategy use in a WM-demanding condition (e.g., Bailey et al., 2008;
Fellman et al., 2020; von Bastian & Oberauer, 2013). That said, all those task-linking strategies in WM training aimed to reduce the
cognitive load of WM/WM-academic tasks, as to save cognitive resources for the knowledge retrieval from long-term memory and
maintaining information to facilitate WM/WM-academic tasks performance.

Summary of the review

Across all the reviewed studies, researchers tried to 1) train students how to efficiently retrieve and utilize relevant information
from long-term memory during the WM-academic tasks under a WM-demanding situation, and 2) train students with strategies such as
rehearsal and meta-cognitive strategies to reduce the WM load during the WM-academic tasks as to aid the information retrieval,
combining the retrieved information with information extracted from WM-academic tasks, and maintaining the new information (the
integration of information from the long-term memory and information from the current WM-academic tasks). Based on the (adaptive)
training on these processes, students are expected to efficiently use strategies to maintain information and facilitate the role of long-
term memory in WM-demanding academic tasks as to acquire new academic information in a more general learning setting.

Recommendations for future work

In this theory paper, we have discussed the domain-specific approach of WM training to emphasize explicit instruction and practice
on academic tasks with a WM training paradigm and task-linking strategies that can be applied to academic tasks and WM tasks. In
comparison to the domain-general WM training, domain-specific WM training is developmental in nature and more educationally
relevant. More importantly, using WM along with the domain-specific materials can make the material learning and the retrieval of
long-term memory knowledge more effortful, which can create a helpful “generation effect” that is known to boost the long-term
learning (Blair, 2002; Diamond, 2013; Liew, 2012). Although our review suggested promising effects for this approach, we noted
several points in the following about how future studies can further refine and validate this approach.

Study Design. Future research should include randomized control trials, with a focus on improving academic outcomes among
school-aged student samples (at-risk or typically developing children in K-12). Ideally, there could be five study groups: academic
instruction-only, the domain-general WM training, WM-academic training (based on the WM-academic task training and task-linking
strategy training), a business-as-usual control, and domain-general WM training + academic instruction. The academic content and
instructional time should be equated among treatment groups, and information on relevant academic skills instruction in classrooms
should be collected for all groups to control for counterfactual effects (Lemons, et al. 2014). Treatment fidelity should be closely
documented. For the WM-academic training group, children’s performance on each WM-academic task and strategy use in each session
should be documented to closely monitor whether children are mastering knowledge of the WM-academic tasks and task-linking
strategies (Peng & Fuchs, 2017). WM-academic task performance can also be collected in other study groups to investigate WM-
academic task performance changes across study groups explain near-or far-transfer effects (as mentioned in the mediator section
below).

Further, fade-out effects are quite common in academic interventions and often occurs among those with learning difficulties
(Bailey et al., 2016), likely due to many factors including un-sustained learning environment after interventions and that the trained
skills not strongly transferring to later academic skills learning (Bailey et al., 2020). Moreover, the “vicious circle” theory between
learning disabilities and cognitive deficits further highlights the gap in WM between children with learning difficulties and their
typically developing peers widens across grades. It is possible that the deficits in retrieving academic information in long-term
memory, together with domain-general attention control in WM, and possible insufficient instruction contribute to the consistent
low performance among individuals with learning disabilities (Peng et al., 2022). Thus, our proposed domain-specific WM training
may provide students with more cognitive strategies and skills to retrieve and utilize relevant background knowledge in WM-
demanding academic tasks in general learning setting after interventions (Doebel, 2020; Duke & Cartwright, 2021; Peng & Good-
rich, 2020). Unfortunately, among those studies we reviewed here, none measured long-term follow-up effects. Follow-up testing is
needed to examine the possible fade-out effects in the future.

Academic outcomes. The academic outcomes and training skills for WM-academic tasks should be WM-demanding academic
skills across reading or mathematics. That said, any type of academic skill can be WM demanding if the skill is novel to children (e.g.,
even simple calculation problems or word-reading tasks can be quite WM demanding for young children who are just starting to learn
those skills; Peng et al., 2018; Peng et al., 2016). Thus, the choice of academic outcomes and training skills should be appropriate for
the sample’s level of academic development, with materials that can activate and facilitate the retrieval of knowledge from long-term
memory. Ideally, the trained academic skills should be the academic outcomes, with structurally similar tasks as potential near-transfer
outcomes (e.g., reading comprehension measures that tap summarization and retell can be near-transfer measures for training on WM-
summarization or WM-retell). Through long-lasting training for various WM-demanding subskills in a specific academic domain (e.g.,
word recognition, language comprehension, reading comprehension in the literacy domain), far-transfer effects may be more likely on
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standardized measures that require children to efficiently apply WM to retrieving, monitoring, and manipulating various WM-
demanding academic skills simultaneously.

Unlike reading, with its two major instructional components (decoding and reading comprehension; Hoover & Gough, 1990),
mathematics implicates many more instructional components (e.g., numeracy skills, calculation, fraction, algebra, word problem
solving, and geometry; Common Core State Standards Initiative, n.d.). These mathematic skills are usually taught sequentially at
different stages through K-12 and become more integrated in later grades. Further research should explore the feasibility and validity
of designing instruction for various mathematics skills within the domain-specific approach of WM training. One way is to facilitate the
efficient use of WM for mathematics skills that require language comprehension such as word problem instruction (Fuchs, 2020).
Another approach is to focus on the use of WM in mathematics information retrieval from long-term memory such as combining
complex span paradigm with on mental calculations with multiple addends, subtrahends, and multipliers.

Mediators. We propose four possible mediator variables to explain advantageous effects (if any) of the domain-specific approach of
WM training: (1) possible changes on the domain-general WM measures (e.g., changes on WM measures that are not structurally
similar to WM-academic tasks or academic outcomes), (2) possible changes on the domain-specific WM measures (e.g., changes on WM
measures that are structurally similar to WM-academic tasks or academic outcomes), (3) possible changes on task-linking strategy use
efficiency (e.g., changes on rehearsal efficiency on trained or untrained tasks), and (4) changes on trained WM-academic tasks, which
can be used as progress monitoring measures for near-transfer training effect. Evidence supporting the domain-specific approach of
WM training would be even stronger if these variables (single or combined) explain the treatment effects (WM-academic + Task-
linking strategy training vs. academic instruction/domain-general WM training/domain-general WM training + academic instruction/
business-as-usual controls) on trained academic skills or structurally similar academic outcomes.

More diverse strategies support. Further research should explore the effects of diverse strategy training within the domain-
specific approach of WM training (Brod, 2020). Studies with both children and adults suggest that during WM training, individuals
in general are prone to use metacognition to find and apply the most efficient task-specific strategies (e.g., Fellman et al., 2020; Jones
et al., 2020; Peng & Fuchs, 2017). Thus, combining metacognitive and task-specific strategy training might facilitate WM-academic
tasks performance (e.g., students would be directly taught and guided to use metacognitive strategies to monitor task-specific stra-
tegies during training). In addition, the strategy-linking model of WM suggests strategies be used in both academic tasks and WM tasks.
Given the academic instructional feature of the domain-specific approach of WM training, it is important to explore evidence-based
strategies used in reading or mathematics instruction and how those strategies can be used in a WM training paradigm. For
example, there is also a growing body of research that suggested individuals who spend time using elaborative strategies on pro-
cessing/encoding maintained items in a meaningful way are more likely to retrieve relevant information from long-term memory
during WM tasks (Jarjat et al., 2018; Loaiza & Lavilla, 2021; Souza & Oberauer, 2017). This evidence suggests elaborative strategies
such as semantic linking (linking to-be-remembered items in a meaningful way) can best activate and link information from long-term
memory with information extracted from the WM-academic tasks.

Meanwhile, it is important to consider the strategy use from a developmental perspective. Strategy mediation hypothesis cate-
gorized strategies used in WM tasks into effective ones and ineffective ones (Gonthier & Roulin, 2020). However, the effectiveness of
strategies vary across individuals and development (Alexander et al., 1998). For example, for young children who are still developing
cognitive abilities (with relatively lower WM capacity), simple strategies such as rehearsal are often adopted to reduce WM load as to
retain more information during learning (Ornstein et al., 1988). For adults, there are various strategies with different levels of
complexity and the complexity of strategies is partly determined by long-term memory of the task performance. That is, if individuals
are more familiar with the tasks, they will have more WM available to use more complicated and potentially more effective strategies.
If individuals are not familiar with the tasks, their WM devoted to complex strategy use is limited and they are more likely to use
simpler but less effective strategies (Gonthier & Roulin, 2020). Thus, the choice of the task-linking strategies is developmental and
should take into account individual’s general WM capacity, knowledge/fluency of strategies, and knowledge on the academic skills in
the WM-academic training tasks simultaneously.

Aptitude-by-treatment effects. Prior research on WM training has often reported aptitude-by-treatment effects. For example,
several studies, together with the ones reviewed here, indicated that both WM training without explicit academic content instruction
and WM training embedded within explicit skill instruction seem to benefit children with stronger general cognitive abilities (e.g.,
higher nonverbal intelligence or higher WM capacity) on both trained WM and untrained cognitive or academic tasks (e.g., Gathercole
et al., 2019; Swanson, 2016; Swanson & McMurran, 2018; Goodrich et al., 2020). However, the cognitive-academic bidirectional
model suggests that at-risk children, in comparison with typically developing peers, are less likely to trigger cognitive-academic bi-
directionality to improve both cognition and academic skills even with academic instruction only (Peng & Kievit, 2020). Thus,
future research should further investigate how to make the domain-specific approach of WM training more beneficial for children with
learning disabilities or/and lower general cognitive abilities.
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