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Abstract 

The current study investigated the effects of metacognitive and executive function (EF) training 

on childhood EF (inhibition, working memory (WM), cognitive flexibility, proactive/reactive 

control) and academic skills (reading, reasoning, math) among children from disadvantaged 

backgrounds. Children (N = 134, M age = 8.70) were assigned randomly to the three training 

groups: (a) meta-cognitive training of basic EF processes (Meta-EF) (b) training of basic EF 

processes (Basic-EF) and (c) active controls (Active Control). They underwent 16 training 

sessions over the course of two months. No effects of EF and/or metacognitive training were 

found for academic outcomes. However, both Meta-EF and Basic-EF groups demonstrated 

greater gains than the Active Control group on proactive control engagement and WM, 

suggesting that EF training promotes a shift to more mature ways of engaging EF. Our findings 

suggest minimal near- and far-transfer effects of metacognitive training, but highlight that 

proactive engagement of EF can be promoted through EF training in children.  

Keywords: Metacognitive training, executive function, SES, academic skills, cognitive 

development  

 

Public Significance Statements: By demonstrating the potential effects of executive function 

training, with or without metacognitive reflection training for children from low 

socioeconomic backgrounds, we hope this work will help generate concrete educational 

instruments to counter socioeconomic disparities and improve children’s opportunities for 

educational equality.  
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1. Introduction 

As children grow older, greater need for autonomy calls for increasingly complex and 

flexible goal-directed behaviours. Such behaviours are supported by rapidly developing 

executive function (EF), the goal-directed regulation of one’s own thoughts, actions, and 

emotions (Diamond, 2012) in early childhood (for a review, see Karbach & Unger, 2014). 

Young children are already expected to engage emerging EF on a daily basis, for instance, to 

follow teachers’ instructions at school, take turns, raise a hand before talking, etc. Indeed, 

emerging EF in childhood predicts some indices of mental health, as well as professional 

success and wealth in adulthood (e.g., (Borella et al., 2010; Moffitt et al., 2011; Titz & Karbach, 

2014). Most EF training studies have reported promising gains on untrained EF tasks (near-

transfer effects; Kassai et al., 2019), albeit some studies finding no generalization of EF training 

to other cognitive skills (see Melby-Lervåg & Hulme, 2013 and Diamonf & Ling, 2016 for 

meta-analysis and systematic reviews). Findings have also been inconsistent in terms of 

transfer to untrained cognitive and academic skills (far-transfer effects; Diamond, 2012; 

Diamond & Lee, 2011; Karbach & Unger, 2014; Sala & Gobet, 2017; Titz & Karbach, 2014; 

see Strobach & Karbach, 2021 for a review). Our current study adopts an innovative approach 

by targeting metacognitive processes in addition to basic EF processes, to examine whether 

such combined training programs can lead to greater improvements in EF abilities, including 

changes in the way EF is engaged, and academic skills among children.  

 Metacognition, which predicts academic success and intelligence (Ohtani & Hisasaka, 

2018), is a multidimensional construct that encompasses both metacognitive knowledge, which 

refers to knowledge about oneself, the task, and strategies, and procedural metacognition, 

which entails identification and assessment of one’s learning, performance, and strategy use 

(Brown, 2017; Roebers, 2017; Veenman et al., 2006). Following Nelson and Narens (1990), it 
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is generally accepted that two aspects of procedural metacognition operate in concert. 

Metacognitive monitoring allows self-reflection on and self-evaluation of ongoing cognitive 

activity, including performance, progress towards goal attainment, and changes in task 

demands, while metacognitive control uses this information for online adjustment of ongoing 

activity (e.g., Bryce & Whitebread, 2012; Lyons & Zelazo, 2011; Roebers, 2017). Both aspects 

of metacognition develop with age and schooling during childhood (e.g., Schneider, 2008), 

although age-related progress in metacognitive control may lag behind metacognitive 

monitoring (e.g. Krebs & Roebers, 2010; Bryce et al., 2015). For instance, 9-year-olds, but not 

6-year-olds, spend more time studying difficult than easy items in a memory task (i.e., greater 

metacognitive control in older children), even though younger children can already tell which 

items are harder to learn (i.e., they already show efficient metacognitive monitoring; Destan et 

al., 2014). 

Several frameworks tightly link metacognition and EF at the conceptual level (Bryce et 

al., 2015; Kälin & Roebers, 2022; Roebers, 2017; Roebers & Feurer, 2016). For instance, age-

related gains in monitoring and/or self-reflection abilities have been proposed to drive the 

development of both metacognition and EF (e.g., Roebers, 2017; Lyons & Zelazo, 2011). EF 

has also been regarded as a main contributor to metacognition development (e.g., one may 

more flexibly select a suitable strategy when efficient EF skills allow successful 

implementation of a wide array of strategies), which has received empirical support (Bryce et 

al., 2015; Kalin & Roebers, 2022; Roebers et al., 2012; but see Spiess et al., 2016). Conversely, 

EF development has been hypothesised to be driven in part by metacognitive gains (e.g., 

Chevalier, 2015; Zelazo, 2015). Accordingly, EF development is not so much driven by an 

quantitative increase in control resources, but by more flexible engagement of these resources 

as a function of changing task demands with age. Indeed, children initially engage EF in a rigid, 

undifferentiated, and suboptimal fashion independent of specific task demands, but show 
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increasingly flexible EF engagement with age, as suggested by differentiation of the processes 

engaged to support inhibition, working memory, and cognitive flexibility (e.g., Karr et al., 

2018; Lee et al., 2013), as well as emergence of new control strategies (e.g., verbal strategies; 

Cragg & Nation, 2010; Fatzer & Roebers, 2012). Greater flexibility in EF engagement may 

rely at least in part on growing metacognitive control and monitoring, including better error 

detection and feedback processing with age (e.g., Andersen et al., 2014; Chevalier et al., 2010; 

DuPuis et al., 2015; Hadley et al., 2020), in order to better represent variations in task demands 

and adjust how and how much control is engaged accordingly. For instance, when given the 

choice between tasks requirring more or less cognitive effort/EF engagement, 11-12-year-olds 

and adults, but not 6-7-year-olds, preferentially select the task that requires less effort, 

suggesting greater sensitivity to and/or use of variations in task demands to minimize EF 

engagement with age (Niebaum et al., 2019; see also Ganasan et al., 2021; O’Leary & Sloutsky, 

2017). 

 Metacognitive development may contribute in particular to increasingly proactive 

engagement of EF processes during childhood—a major aspect of EF development (Munakata 

et al., 2012) that predicts academic skills over and beyond working memory, inhibition, and 

set-shifting performance (Kubota et al., 2020; Skau et al., 2022; Wang et al., 2021). 

Specifically, young children tend to engage EF reactively, down or up-adjusting EF 

engagement as changes in task demands occur (e.g., figuring out directions while already 

walking). In contrast, older children more flexibly engage EF either reactively or proactively, 

anticipating and actively preparing for upcoming tasks (e.g., looking up walking directions 

before going to a new place), depending on specific task demands (e.g., Blackwell et al., 2014; 

Chatham et al., 2009; Chevalier et al., 2015; Lucenet & Blaye, 2014; Voigt et al., 2014). Recent 

findings suggest that metacognitive development may contribute to more flexible engagement 

of reactive or proactive control with age, by allowing children to monitor how they engage EF 
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(reactively or proactively), how well they did it, and whether it was successful given current 

task demands. Consistently, when given as long as they want to proactively prepare for an 

upcoming task, 6-year-olds were less likely than 10-year-olds to start the task before being 

fully prepared (even though they performed better after full than partial preparation), 

suggesting an age-related increase in metacognitive monitoring of proactive EF engagement 

(Chevalier & Blaye, 2016). Furthermore, 5- and 6-year-olds can engage control more 

proactively, when reactive control is made more difficult (Chevalier et al., 2015) or they are 

encouraged to monitor their performance (Hadley et al., 2020), suggesting that performance 

monitoring may be key to engagement of proactive control in younger children.  

 If metacognition contributes to EF development, including greater proactive control 

engagement, a critical question is whether training metacognition can improve EF, the same 

way it benefits  mathematical and reading abilities in children (Schaeffner et al., 2021). Recent 

promising findings suggest that metacognitive training itself may enhance EF performance in 

clinical populations (Kajka, 2019, Haugen et al., 2023). For instance, Kajka (2019) examined 

the effect of metacognitive training on working memory in children with ADHD and Haugen 

et al. (2023) found Goal Maintenance Training effects on self-reported executive functioning 

for psychosis participants. However, evidence is missing in typically developing children. In 

fact, the few studies investigating mindfulness training support this view. Mindfulness training 

shares some characteristics with metacognitive training, because participants are instructed to 

reflect on current actions or thoughts and their context clearly and objectively (Shapiro et al., 

2015). The training exercises are usually not only cognitive but include strategies like breathing 

exercises, sitting mediations, and more movement-based relaxation activities. Indeed, 

mindfulness training improved attention, concentration, and social-emotional abilities in 

children (Flook et al., 2010; Schonert-Reichl & Lawlor, 2010; Zelazo et al., 2018). However, 

these findings are based on the reports of teachers and parents, and therefore evidence for 
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effects on behavioural measures or educational outcomes (such as the tests for EF and 

achievement in the current study) is still missing. 

Combining metacognition and EF training may be especially powerful to enhance EF 

and in particular, flexible engagement of EF processes (Marulis et al., 2020). To our 

knowledge, only a handful of studies have combined EF and metacognitive training. Some 

work has shown metacognitive strategy training can enhance children’s working memory and 

reading comprehension (Carretti et al., 2017; Partanen et al., 2015). However, these results 

were confounded by several factors such as the lack of a training group that only received 

process-based EF training (Carretti et al., 2017) or the lack of control activities for the basic-

EF training only group (Partanen et al., 2015). Following this, two studies  have compared EF 

and metacognitive training (Meta-EF) to EF training alone (Basic-EF) and to active controls 

(Control) in order to examine the scaffolding effect of metacognitive training on EF training in 

either 5-year-olds (Pozuelos et al., 2019) or 9- to 14-yeard-olds (Jones et al., 2020). 

Preschoolers in Pozuelos et al.'s study showed changes in neural markers for conflict 

processing at immediate post-test for the Meta-EF group only (in comparison to Basic-EF and 

Control group), although no group differences were observed at the behavioural level. In 

addition, they also found significant improvements in fluid intelligence for the Meta-EF group. 

Jones et al.’s study, on the other hand, found basic EF training (regardless of whether it was 

combined with metacognitive training) to contribute to greater working memory and 

mathematical performance observed at immediate post-test in 9- to 14-year-olds. However, 

working memory gains were better maintained for the Meta-EF group than the Basic-EF group 

three months after training. In sum, training metacogntive reflection alongside EF may translate 

into both near- (i.e., training effects of targeted EF processes) and far-transfer effects (i.e., 

training effects of untrained academic skills) by combining a strategy and process-based 

approach to training. However, existing studies have focused on only one EF and/or a restricted 
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age range, potentially explaining why no behavioural effect on EF performance was observed 

at immediate post-test and limiting the generalizabity of the beneficial effect of combined 

metacognition and EF training. Importantly, none of these studies have examined the key 

question of whether metacognitive training leads to more mature ways of engaging EF such 

proactive control engagement. 

The present study investigated whether combined metacognition and EF training in the 

context of not just one but all three main EF domains (inhibition, working memory, and 

shifting) may lead to immediate behavioural gains in terms of EF performance and far transfer 

to other cognitive and academic skills, relative to both EF training alone and active controls. 

Critically, it examined whether metacognition+EF training can elicit a shift to more proactive 

engagement of EF. To date, it is unknown whether proactive control can be enhanced through 

EF training and whether adding metacognition training yields additional gain. Yet, this is an 

important question given theoretical proposals that metacognition may play a key role in 

increasingly flexible engagement of reactive and proactive control as a function of task 

demands with age.  

The training programme targeted mostly metacognitive monitoring (e.g., reflection on 

task demands, strategy use, and performance), given theoretical accounts that monitoring may 

be key to both metacognition and EF (Chevalier, 2015; Lyons & Zelazo, 2011; Roebers, 2017; 

Zelazo, 2017), but also included metacognitive control training (e.g., generation and selection 

of strategies) to maximise the potential effects of metacognitive+EF training. Given that 

transfer effects in previous studies were larger after working memory and shifting training than 

after inhibition training (Karbach & Unger, 2014; Thorell et al., 2009), we assessed the effects 

of training on each domain of EF separately by administering trainings which engaged in 

working memory, inhibition, and shifting. We specifically targeted low SES children (although 

our study does not look into SES effects of training gains), because process-based trainings 



10 

 

 

targeting EF often resulted in compensation effects (i.e., the largest benefits in participants with 

the lowest cognitive baseline abilities; e.g., (Karbach et al., 2015, 2017). Thus, targeting this 

specific population may most likely induce greater transfer, compared to focusing on higher 

SES children. We expected both EF and metacognition+EF training to elicit near-transfer 

effects on working memory, inhibition, and shifting, relative to the controls. We expected these 

effects to be greater after metacognition+EF training than EF training alone. Critically, we 

predicted that the Meta-EF group would shift to more proactive EF engagement and show 

greater gains in academic skills (math; Jones et al., 2020 and/or matrix reasoning; Pozuelos et 

al., 2019), to a greater extent than the other groups.  

2. Method 

2.1 Participants 

The participants in the study were 155 children (Mean age = 8.73 years, SD = .72; N female = 

82) recruited from schools in Scotland (N = 93) and Germany (N = 62). In order to determine 

the deprived areas in each country, we used the Scottish index of multiple deprivation 

(SIMD) to identify the most deprived areas in Scotland (lowest 10%), then mapped each 

school’s catchment area to the SIMD map to identify eligible schools. In Germany, most of 

the children (75%) were recruited in areas with a regional at-risk-of-poverty rate above the 

national mean (Federal Statistical Office, 2019). Ten participants who withdrew during the 

study and 11 participants who reported to have a diagnosis of developmental disorder, 

impaired hearing and vision, and/or acquired brain injury were excluded from the data 

analysis, leaving the final pool with 134 participants (Mean age = 8.70 years, SD = .97; N 

female = 71). The ethics boards at the [xxx] approved the study. This study was not 

preregistered. Parental consent was received for all participants and children received small 

presents such as stickers, stationaries, and books as compensation for participating in the 
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study. All data have been made publicly available at the UK Data Service and can be 

accessed at [xxx]. 

 

2.2 Procedures   

The participants in each country were randomly allocated to one of three different 

training groups: (a) MetaEF (b) BasicEF (c) Control. The statistical description of the three 

groups is indicated in Table 1.  The groups did not differ on age, vocabulary, or processing 

speed (p’s > .31).  

 

Table 1. Statistical description of the three training groups 

 

 

 

 

 

 

 

2.3 Procedure  

The study comprised two pre-test sessions (1 hour each), 16 training sessions (45 

minutes each), and two post-test sessions (1 hour each) as indicated in Figure 1. Training 

commenced within two weeks of the pre-test sessions and was conducted two to three times 

per week for every participant. The post-test sessions were administered within two weeks of 

the final training session. In the first pre-test session, the participants completed the matrix 

reasoning and vocabulary subtests of the Wechsler Intelligence Scale for Children (WISC-IV; 

Wechsler, 2004), as well as a mathematical reasoning task (WIAT-III; Wechsler, 2017), 

reading comprehension task (WIAT-III; Wechsler, 2017), and a processing speed task 

(colour-naming test). They also completed a range of questionnaires assessing metacognition, 

mindset, motivation, and personality and wellbeing. In the second pre-test session, they 

completed three executive function tasks (Backwards Corsi, Anti-saccade, Cued Task 

Group N Mean  

Age (SD) 

Vocabulary 

(SD) 

Processing  

Speed (SD) 

MetaEF 46 8.68 (1.04) 25.34 (3.90) 30.74 (8.63) 

BasicEF 42 8.66 (0.98) 24.42 (4.67) 28.10 (6.42) 

Control  46 8.75 (.93) 25.33 (3.93) 30.95 (6.77) 
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Switching, see below). The same procedure was followed for the two post-test sessions 

(excluding the vocabulary and processing speed tasks, as we did not expect training to affect 

these abilities).  

  Training session 1 introduced the three primary executive function tasks (N-back, 

ARTS, AX-CPT, described in detail below) that were used in the first 13 training sessions. 

These following twelve sessions each focused on two of these tasks, rotating through all three 

as indicated in Figure 1. In each of sessions 14-16, a novel EF task was presented, in order to 

facilitate generalisation of training to new contexts. These tasks were all embedded and 

linked within a cover story that involved two elves, Lessa and Leo, who live in a magic 

kingdom called Asfallon. The children were asked to go on an adventure with them and help 

them collect magic points through completing different games that involved magicians, 

dragons, trolls, and other magic creatures. Sessions 2-16 followed a standard structure 

alternating between solo work on EF tasks (approximately 30 minutes), and pair work on 

metacognitive (for the Meta-EF group) or creative tasks (for Basic-EF and Control groups). 

The pair work lasted for approximately 15 minutes, split into 5-minute exercises at three 

points during each session. The set of stimuli used for EF training tasks changed after session 

8 to facilitate generalization of the newly acquired skills across different materials. The 

sessions were always supervised by one to two members of the research team.  
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 Figure 1. Overall procedure of the study. Pre- and post-test sessions were completed 

individually and training sessions in pairs. Red, blue, and green indicate set-shifting, 

inhibition, and working memory tasks, respectively. ‘Activities’ refer to metacognitive or 

creative exercises. ARTS = Alternating Runs Task Switching, AXCPT = AX-Continuous 

Performance Task, WCST = Wisconsin Card Sorting Test. 

 

 

As indicated in Table 2, Meta-EF and Basic-EF groups both took part in adaptive EF 

exercises, while the Control group participated in matched non-adaptive EF exercises. In 

terms of activities, the Meta-EF group took part in metacognition exercises, while the Basic-

EF and Control groups participated in matched creative exercises.  

 

Table 2. Overview of targeted skills, task difficulty, and activities for the three groups 

 Control Basic-EF Meta-EF 

Targeted Skills - EF EF + Metacognition 

Task Difficulty Non-adaptive Adaptive Adaptive 

Activity  Creative exercise Creative exercise Metacognitive exercise 

 

 

2.4 Training tasks 

 In this section, we will focus on the EF tasks used for training throughout sessions. 

Please refer to Figure 2 for the illustrations of the three main EF training tasks (AX-CPT, 

ARTS, N-back). All the following EF tasks were adaptive for the Meta-EF and Basic-EF 
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groups but not for the Control group. For detailed descriptions (including information on task 

adaptivity), please refer to the Supplementary Materials.  

AX-Continuous Performance Task (AX-CPT).  This task was used to train 

participants’ inhibitory skills throughout training sessions 1-13. The participants were 

presented with sequences of pictures, including pairs of cues (wand or hat) and probes 

(cauldron or broom). At probe onset, the child was instructed to press one of two response 

keys, associated to either target or non-target responses. If the cauldron appeared after the 

wand, then the participants were instructed to press the green button (key “A”), but if any 

other order of stimuli occurred (e.g., the wand followed by the broom) then they were told to 

press the yellow button (key “L”). The task consisted of a practice phase with two blocks (18 

trials each) and an experimental phase with two blocks (30 trials each). In terms of adaptivity, 

for the Meta-EF and Basic-EF groups, the participants all started with level 0 and the level 

increased or decreased after the participants completed each block. As the levels increased, 

the time to respond got shorter and the proportion of AX trials increased, making the task 

more challenging. The level (a) increased if the error rate in that block was below 20% (b) 

stayed at the same level if the error rate was 20%- 40% (c) decreased if the error rate was 

below 40%. The error rate was calculated based on all trials of the previous block of non-AX 

trials. If participants failed to respond in time, this counted as an error as well. For the 

Control group, block and trial procedures were identical to the other two groups but the task 

difficulty was not adapted. The blocks always included 50% of AX trials and the participants 

had 3500-ms to respond. 
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Alternating Runs Task Switching (ARTS). This task was used to train set shifting and 

switching skills throughout training sessions 1-13. Participants performed two tasks (A and 

B) either in single-task blocks (task A or B separately; Control group) or in mixed-task 

blocks (switching between both tasks; Meta-EF and Basic-EF groups). In mixed-task blocks, 

participants were instructed to switch tasks on every second trial. Task A requires participants 

to decide whether a picture shows a dragon or a troll and task B whether the picture is shown 

upright or upside down. There were three blocks of practice trials (10 trials each) and four 

blocks of experimental trials (17 trials each). For the Meta-EF and Basic-EF groups, the 

stimulus presentation and the response time window decreased as performance improved and 

vice versa.  In similar vein to the AX-CPT task, the level (a) increased if the error rate in that 

block was below 20% (b) stayed at the same level if the error rate was 20%- 40% (c) 

decreased if the error rate was below 40%. The Control group did the single task blocks only 

and the stimulus presentation time was always set to 1500-ms and they had a time window of 

5000-ms to respond.  

Visuospatial N-back Task (N-back). This task was used to train the participants’ 

working memory and updating skills throughout training sessions 1-13. Stimuli were 

presented in a 3x3 grid and the center grid was only used for task prompts (i.e., fixation 

cross). The stimulus moved from one place to another on the 3x3 grid and the participants 

were asked to press the space bar every time they see the stimulus in the same place as n 

trials back. There were two practice blocks (one 1-back and one 2-back with 15 trials each) 

and three experimental blocks (20 + n trials each). The Control group always stayed at 2-back 

level throughout the three experimental blocks, while the Meta-EF and Basic-EF groups 

adapted the level depending on their performance. Their performance was rated based on the 

Pr score, which is calculated by subtracting number of False Alarm from Hit trials. The level 
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(a) increased if the Pr score was more than 4 (b) stayed the same if the Pr score was 3 or 2 (c) 

decreased if the Pr score was less than 2.  

Wisconsin Card Sorting Test. This task was used to train set shifting and switching 

skills in training session 14. Four key cards, numbered 1 to 4, were presented at the top of the 

screen and response cards were presented one at a time below. The task required participants 

to match the series of response cards with any of four key cards by pressing the number 

corresponding to that key card. Response cards were matched by colour (red, green, blue, 

yellow), shape (triangle, star, cross, circle), or number (1, 2, 3, 4). There were one practice 

block (20 trials) and two experimental blocks (64 trials each). In the beginning, the sorting 

rule is switched after 10 consecutive correct sorts, but the frequency of rule switches 

increased and the time to response decreased as the difficulty level increased for the two 

training groups. The levels increased if the category was completed with less than 4 errors, 

stayed the same if it was completed with 4-7 errors, and levelled down if it was completed 

after more than 8 errors. Each block started with the last difficulty level reached in the 

previous block. In the control version, the task was exactly the same but the rule changes 

were explicitly announced and the sorting rule was displayed on the screen simultaneously 

with the stimulus. 

Go-No-Go task. This task was used to train inhibition skills in training session 15. In 

this task, pictures appeared consecutively in the middle of the screen. There were four sets of 

“go” stimuli and one set of “no-go” stimulus. The children were instructed to press the 

response key every time a “go” stimulus (i.e., ordinary books, 80% of trials) was presented 

and withhold from responding every time a “no-go” (i.e., magic book; 20% of trials) stimulus 

was presented. There was one practice block (10 trials, two “no-go” trials) and five 

experimental blocks (30 trials each, six “no-go” trials). The level went up or down within 

blocks; the level increased after 2 consecutive correct responses on “no-go” trials (i.e., no 
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response) and decreased after two consecutive errors on “no-go” trials; otherwise, the level 

stayed the same. Each block starts with the last difficulty level reached in the previous block. 

The control version included only “go” stimulus (absence of “no-go” trials). 

Complex spatial span task. This task was used to train WM skills in training session 

16. In this task, the children performed a visuospatial WM task against a secondary 

processing task. In the encoding phase, WM-stimuli were presented in a 3x3 grid (one at a 

time, starting with two items to be remembered, i.e., span = 2). After each stimulus, the 

children performed the processing task (react to a stimulus by clicking on one of two 

response buttons presented under the grid). In the recall phase, participants were required to 

recall the position of the WM stimuli in the correct order. There was one practice block (10 

trials with span = 2) and three experimental blocks (20 trials each). The task started with 2 

items to be remembered (span = 2) and the span increased as performance improved and vice 

versa for the two training groups. The level went up after 2 consecutive correct responses; 

went down after two consecutive errors; and otherwise stayed at same level. In the control 

version, the task difficulty did not change, and the task difficulty was always set to span 

length of 2. Each block started with the last difficulty level reached in the previous block. 
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Figure 2. Illustrations of AX-CPT (left), ARTS (middle), and N-back (right). AX-CPT = AX-

Continuous Performance Task, ARTS = Alternating Runs Task Switching. 

 

2.5 Near Transfer Tasks 

In this section, we describe EF tasks that are used to examine near-transfer effects of 

trained components. The illustrations of these tasks are presented in Figure 3.  

Antisaccade task. In order to locate the target briefly presented on the other side of the 

monitor, participants must resist the reflexive urge to look at a visual cue that appears 

unexpectedly on the peripheral field of the screen and instead look in the opposite direction. 

First, a fixation cross was shown in the center of the panel followed by a cue (i.e., goblin) on 

one side of the screen, then a target on the other side. The targets were selected at random 

from a list of target stimuli (dog, pig, donkey, goose), with the restriction that they appeared 

equally frequently. The mask (i.e., tree) appeared to cover the target stimulus after 100-ms of 

target presentation, and the participants were given a maximum of 1500-ms to respond. The 

task started with an instruction, then two blocks of practice trials (eight trials each), and 

finally three blocks of experimental trials (24 trials for each block). The child was seated 

precisely 60 cm away from the monitor, as sitting further away from the monitor would make 
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identifying the animal easier even after fixating on the cue. The accuracy of the experimental 

trials was used for further regression analyses.  

Cued task switching (CTS).  Participants completed two tasks (A and B) in single-task 

blocks (task A or B separately) or mixed-task blocks (switching between task A and B). Four 

practice blocks (two single blocks x five trials and two mixed blocks x 10 trials) and four 

single blocks and six mixed blocks of experimental trials were used (17 trials each). 

Participants switched tasks in mixed-task blocks based on a visual cue that indicated shape- 

(i.e., an image of a flower or a tree) or size-sorting (i.e., an image of a small circle or a big 

circle). In the mixed block, half of the trials were switch trials (i.e., the task shifted from the 

previous trial) and the other half were stay trials (i.e., the task remained the same). 

Additionally, in half of the trials (for both single and mixed blocks), the cue was presented 

1000-ms before the stimulus appeared, making proactive preparation ahead of stimulus onset 

possible (i.e., cue is visible). In the other half, the cue was masked and presented at the same 

time as the stimulus. “XX” appeared on the screen 1000-ms before the presentation of the 

stimulus, rather than a cue, rendering proactive preparation impossible (i.e., cue is not 

visible). The difference in performance between stay trials and switch trials in mixed-task 

blocks (i.e., switch costs) as well as the difference in performance between stay trials in 

mixed-task blocks and single trials in the single blocks (i.e., mixing costs) were used for 

further regression analyses as proxies for cognitive flexibility. Furthermore, proactive control 

was measured as the difference in reaction times (RTs) between “cue visible” trials and “cue 

not visible” trials in the mixed blocks. Higher values indicate better proactive control.   

Backwards Corsi-block task. The children were asked to remember the sequence of 

moves in reverse order after a stimulus moved in a 3x3 grid on the computer screen. A 

stimulus (i.e., cat) was introduced one by one at a random location in the 3x3 grid in each 

trial. The task started with two grid locations. For each sequence length, six trials were 
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presented, with each sequence length increasing by one location if the participant got at least 

two trials correct. The maximum sequence length that the participants could reach was 

8.  One block of demo trials and one block of practice trials (10 trials each) were included in 

this task, with a maximum of seven blocks of experimental trials (six trials each). The 

product score, which is the product of the sequence span and the number of correctly 

remembered trials, was used to assess working memory capacity. This composite calculation 

considers both the correct number and the span length, making it a more accurate and fine-

grained metric than the maximum span length reached (Kessels et al., 2000).  

 

Figure 3. Illustrations of Antisaccade (left), CTS = Cued Task Switching (middle), and Corsi-

block (right) tasks.  

 

2.6 Far Transfer Tasks 

We now describe far-transfer tasks that assessed the effects of training to untrained 

components beyond EF, namely, academic skills (i.e., intelligence, reading, and math).  

Matrix Reasoning task. We used a subtest of the Wechsler Intelligence Scale for 

Children (WISC-IV; Wechsler, 2004). This task assessed non-verbal reasoning. This was a 

nonverbal task in which one had to complete geometrical figures by selecting the correct 

missing piece from five options. After three successive failures, the task was discontinued. 
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Scores corresponded to the sum of correct responses (1 point for each trial) with a maximum 

score of 32. Children all started from item one regardless of age.  

Reading comprehension task. We used a different subset of items from the subtest of 

the Wechsler Individual Achievement Test Third Edition (WIAT-III; Wechsler, 2017) in each 

of the pre- and post-test sessions. The children were asked 6-7 content-related questions for 

each of the two short stories in this task. With a maximum score of 26, scores corresponded 

to the number of correct responses (13 questions total, one point for partial and two points for 

complete answers).  

Math problem solving task. We used a subset of items from the subtest of the 

Wechsler Individual Achievement Test Third Edition (WIAT-III; Wechsler, 2017) in each 

session. The children were required to solve a maximum of 25 math questions (e.g., basic 

concepts, everyday applications, geometry, and algebra). The task was aborted when the 

children made three consecutive errors. Scores corresponded to the sum of correct responses 

(one point for each trial) with a maximum score of 25. 

2.5.2 Activities  

As indicated in Table 3, the Meta-EF group underwent metacognitive activities along 

with adaptive EF tasks, while the Basic-EF and Control groups completed activities related to 

fostering creativity, positive thinking, and self-respect along with adaptive (Basic-EF) and 

non-adaptive (Control) EF tasks. We created two workbooks, one for the Meta-EF group and 

one for the Basic-EF and Control groups. The workbooks, specific instructions and scripts for 

each session, as well as detailed session aims can be accessed through the Supplementary 

Materials.  

The metacognitive activities targeted mostly metacognitive monitoring and, to a lesser 

extent, metacognitive control, with the aim to foster metacognitive reflection on executive 

function engagement. They were completed in pairs to encourage children to exchange their 
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respective reflections. Specifically, they targeted task demand identification, strategy 

reflection and monitoring, and performance evaluation. Task demand identification activities 

were aimed at promoting the evaluation of specific task demands and sources of interference. 

For example, participants were asked to identify the sources of interference (i.e., say why 

each task is difficult) and indicate, among different types of trials (e.g., congruent vs. 

incongruent) or different versions of a task (e.g., 1-back vs. 2-back), which is easier or more 

difficult and why. They also watched videos where Leo and Lessa (i.e., the protagonists of 

the cover story) explain how they use different metacognitive strategies to approach each task 

and were encouraged to model their behaviour. In other sessions, they had to predict to what 

extent proposed task modifications (e.g., repeating the stimuli more or less frequently in an 

N-Back task) would change task difficulty, and to rate the difficulty of each task before and 

after completing it. Strategy reflection activities were designed to promote reflection on how 

one completes a task, on the costs and benefits of possible strategies, and generate and select 

a strategy for upcoming tasks. Participants were instructed to “coach” the experimenter by 

explaining the task structure and how they approach the task. They also completed exercises 

in which they consider alternative strategies suggested by the experimenter and highlight the 

potential costs and benefits of each. The performance evaluation activities were aimed at 

promoting performance monitoring and evaluating the fit of a specific strategy to the task 

demands. Participants were invited to generate their own feedback, for instance by choosing 

between two performance scores (e.g., a clock indicating correct but too late responding, and 

a thumb up signalling correct responding in time) that accurately reflects their performance.  

The Basic-EF and the Control group instead undertook exercises that focused on 

fostering empathy, group work, growth mindset, and creativity. The activities were organized 

in a similar manner as the Meta-EF group, in which the participants worked on various tasks 

indicated in the workbook in pairs for 15 minutes in total (three exercises for 5 min each). For 
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instance, the participants were asked to identify different groups that they belong to and 

express how they felt about being a member of each group. In other sessions, they were asked 

to reflect on their feelings and engage in calming activities such as colouring and drawing. 

Growth mindset was an activity that all groups underwent, where they watched several videos 

that introduced this concept and discussed certain phrases/languages that can be used to foster 

one’s growth mindset.  

 

Table 3. Summary of the activities in each training group. “Component” refers to the specific 

component of metacognition/creativity skills that was targeted in each session and 

“Activities” refer to brief descriptions of the activities in each Component.  

Sessions 1-4 

                          Component                        Activities 

Meta-EF  

 Monitoring • Words to describe uncertainty 

• Uncertainty judgements using the sure-o-meter 

(individually and in pairs) 

 Task Demands • Ordering task instructions 

• Describing the task 

• Sequencing language  

 Growth Mindset • Video 1 - introducing a growth mindset 

• Video 2 - the value of making mistakes 

• Video 3 - growth mindset language and the 

incredible power of ‘yet’ 

 Monitoring • Words to describe uncertainty 

• Uncertainty judgements using the sure-o-meter 

(individually and in pairs) 

 

Control + Basic-EF  

 Similarities between 

individuals 
• Sharing likes / dislikes and looking for similarities 

 Benefits of a group • Identifying how teams work together 

• Recognising what groups they’re in 

• Thinking about how being in a group feels  

 Growth Mindset • Video 1 - introducing a growth mindset 

• Video 2 - the value of making mistakes 

• Video 3 - growth mindset language and the 

incredible power of ‘yet’ 

Sessions 5-7 

Meta-EF 

 Monitoring task 

demands 
• Identifying when an elf character misses a step in 

the instructions 



24 

 

 

 

 

 

Strategy Use • Words to describe strategies 

• Linking different strategies to different games and 

different people (predicting which ‘thinking word’ 

the elves will use for different games) 

• Identifying the strategies when seen in the videos 

• Personalising strategies by identifying how we feel 

when we use each strategy  

 Goal Maintenance • Maintaining a goal on a physical post-it note 

• Maintaining a goal on a mental post-it note 

 Growth Mindset • Separating growth mindset phrases from fixed 

mindset phrases 

• Challenge to use favourite growth mindset phrase 

during session 

Control + Basic-EF 

 Empathy • Watching Empathy videos 

• Discussing how to be empathic 

 Recognising strengths • Identify what you’d like to work on 

• Finding a skill you’re proud of  

 Appreciating 

imperfection 
• Watching ‘ish’ story 

• Describing ‘ish’ pictures 

• Drawing favourite things about self ‘ish’ 

 Growth Mindset • Separating growth mindset phrases from fixed 

mindset phrases 

Challenge to use favourite growth mindset phrase 

during session 

Sessions 8-10 

Meta-EF 

 Goal calibration • Choosing a goal for each block 

• Goal maintenance 

 Strategy use • Linking strategies to ‘new’ games (transfer) 

• Choosing which strategies will help to achieve goals 

 Task demands • Identifying difficulties in games (from elves and 

self) 

• Choosing strategies to solve these problems 

 Generalising • Linking problems in games to real life and 

discussing if the same strategies will help 

Control + Basic-EF 

 Reflecting on feelings • Thinking about how colours make us feel 

• Drawing with colours that make you feel good 

 Calming activities • Colouring  

• Reflecting on activities that make you feel calm 

• Creating mandalas 

Sessions 11-13 

Meta-EF 

 Planning • Planning vocabulary 

• Making own plans using GOT IT planning, deciding 

goals, obstacles, thinking words 

 Monitoring • ‘Stop’ step of GOT IT planning 

• ‘Is it working’ step of GOT IT planning 
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• Observe elves’ plans and predict who will do better 

 Evaluating with growth 

mindset 
• Talk nicely 

• Tickboxes after EF game to assess other gains 

 Generalising • Planning for a real-world task 

• Planning for the new games that will be played 

Control + Basic-EF 

 Importance of 

perspective 
• Draw half happy half sad, tear and throw away sad 

• Colouring with positive colours 

• Make two faceless sticks “happy” and “sad” with 

tiny change 

• Happiness shield 

 Focusing on the positive • The dot 

• Together collage sad colours, then cover with happy 

 Reframing negative 

feelings 
• Find positive things to say about sad situations 

• Make scary pictures funny 

Sessions 14-16 

Meta-EF 

 Planning • Making Stop GOT IT plans after first round of game 

 Monitoring • Refer to plan   

 Task Demands • Explain games using sentence starters 

 Problem-solving • Articulate questions about the games and try to 

answer them in the next round  

 Generalisation • Interview partner about games 

Control + Basic-EF 

 Expressing yourself 

appropriately 
• Recognising inappropriate monster and mouse 

• How to ask for what you want assertively 

• Recognising when you act inappropriately 

•  Thinking about how inappropriate expression 

affects others 

 Focusing on strength • Drawing your strengths   

 Nurturing growth • Sharing good ideas you’ve had 

• Thinking about how to help ideas grow 

 

2.6 Data Analysis 

We ran linear mixed effects models and generalized linear mixed effects models for 

all analyses below (i.e., training gains, executive function gains, academic performance 

gains) by using the lme4 package (Bates et al., 2015) in R (version 4.1.0). Before running the 

models, reaction time data were all log-transformed. In all models, we included Session (pre, 

post), Group (Meta-EF, Basic-EF, Control) and its interactions as fixed effects, 

Country/Testing site (Germany, UK) as a covariate and Subject as a random intercept. For the 
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analysis on proactive control index and cognitive flexibility in the Cued Task Switching, we 

also included Cue_Visibility (no: proactive control not possible, yes: proactive control 

possible) and Trial_Type (stay, single, switch) respectively as condition variables and their 

three-way interaction with Session and Group. These categorical variables were treatment 

coded and the levels indicated in italic were set as the reference level. P-values were obtained 

by likelihood ratio tests of the null model against the model with the effect in question. We 

ran a pairwise Tukey’s test comparison using the emmeans package in R (Lenth, 2021) to 

examine whether (a) there were baseline differences among the groups and (b) whether there 

were group differences in performance gains from pre- to post-test.  

 

3. Results 

 

3.1 Training gains  

Since the difficulty level increased as participants performed better on the training 

tasks, reaction time and error measures are not appropriate to assess gains across training 

sessions. Thus, we compared the difficulty level that the participants reached at the beginning 

and end of training sessions for each task. We will only report training gains from the Basic-

EF and Meta-EF groups, since the difficulty level for the Control group always stayed the 

same across sessions. Figure 4 visualizes the training gains for the three tasks.  
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Figure 4. Training gains of the three tasks split by Session (beginning, end) and Group 

(BasicEF, MetaEF). Panel A: Training gains in AX-CPT; Panel B: Training gains in ARTS; 

Panel C: Training gains in N-back. Error bars indicate standard errors. AX-CPT = AX-

Continuous Performance Task, ARTS = Alternating Runs Task Switching.  

 

3.2.1 AX-CPT  

As shown in Figure 4 Panel A, there was a significant main effect for Session (E 

= .57, p = .002) but no significant effect for Group (E = .10, p = .60) and a near-significant 

interaction between Session and Group (E = .51, p = .05). This means that both groups 

increased their difficulty level to a significant degree and the Meta-EF group tended to 

improve more than the Basic-EF group. There was no significant effect of Country (E = -.02, 

p = .87), which indicated no differences in performance between those tested in UK and in 

Germany.  

3.2.2 ARTS  

There was a significant main effect for Session (E = 2.75, p < .001) but no significant 

effects for Group (E = .16, p = .63) nor interaction between Session and Group (E = .45, p 
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= .31). Thus, difficulty level increased over time at a similar rate in both groups in the ARTS 

task (Figure 4, Panel B). There was no significant effect of Country (E = .21, p = .42).  

3.3.3 N-back  

The output showed a significant main effect for Session (E = 1.25, p < .001) but no 

significant effects for Group (E =-.08, p = .49) or interaction between Session and Group (E 

= .22, p = .16). Children, regardless of whether they were in the Meta-EF or the Basic-EF 

group, improved their level to a significant extent over time (Figure 4, Panel C). There was 

no significant effect of Country (E = -.14, p = .15).  

3.2 Baseline differences at pre-test 

 There were significant differences in proactive control index between the Basic-EF 

and Control group, with the Controls showing greater proactive control engagement than the 

Basic-EF group at pre-test (E = -.31, p = .004). Otherwise, there were no significant 

differences between groups on all measures of executive function and academic skills at pre-

test.  

3.3 Near transfer effects  

Here, we report the near transfer effects on untrained mesures of EF processes: Cued 

Task Switching (CTS), Backwards Corsi-block, and Antisaccade from pre- to post-test.  

3.3.1. CTS  

Table 4 shows the model using the Type III Analysis of Variance Table with Satterthwaite's 

method output for reaction time and accuracy on the Cued Task Switching task. There were 

significant main effects of Group, Trial Type, Session, as well as an interaction between 

Group and Session for reaction time data. As for accuracy, there were significant main effects 

of Group, Trial Type, Session, as well as interactions between Group and Session as well as 

Trial type and Session. No three-way interactions between Group, Trial Type, and Session 
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were found for either reaction time (RT) or accuracy models. Thus, changes in switch and 

mixing costs for both RT and accuracy did not differ across the three groups (see Figure 5). 

Moreover, simple pairwise contrasts between Session and Group for the RT model revealed 

that the Meta-EF group showed a greater RT decrease from pre-test to post-test than both 

Basic-EF (E = .08, p < .001) and Control groups (E = .29, p < .001). Moreover, the Basic-EF 

group became faster at responding from pre- to post-test than the Control group (E = .20, p 

< .001). In contrast, accuracy decreased from pre-test to post-test in the Meta-EF (E = .33., p 

< .001) and Basic-EF groups (E = .30, p < .001), with no difference between the two groups 

(E = .03, p = .61), whereas it stayed consistent in the Control group (E = -.001, p = .97). 

Simple pairwise contrasts between Trial type and Session further revealed an overall 

reduction in mixing costs (E = -.39, p < .001) from pre- to post-test but not in switch costs (E 

= .009, p = .87) for accuracy. 

Table 4. Linear mixed effects regression model output for switch costs and mixing costs 

(Reaction Time and Accuracy) on Cued Task Switching 

 

RT Sum Sq Mean Sq F value P-value 

Group 3.39 1.70 12.20 < 0.001 

Trial_type 228.73 114.36 822.83 < 0.001 

Session 267.40 267.40 1923.92 < 0.001 

Age 1.68 1.68 12.11 < 0.001 

Country 0.06 0.06 0.46 0.50 

Group:Trial_type 0.91 0.23 1.63 0.16 

Group:Session 132.43 66.21 476.40 < 0.001 

Trial_type:Session 0.82 0.41 2.97 0.05 

Group:Trial_type:Session 2.42 0.61 4.35 < 0.001 

 

Accuracy Sum Sq  Mean Sq  F value  P-value 

Group 13.01 6.51 6.51 0.003 

Trial_type 408.77 204.38 204.38 <.001 

Session 75.34 75.34 75.34 <.001 

Age 5.07 5.07 5.07 .03 

Country 0.05 0.05 0.05 0.43 

Group: Trial_type 5.57 1.39 1.39 0.13 

Group:Session 31.83 15.91 15.91 <.001 

Trial_type:Session 58.60 29.30 29.30 <.001 

Group: Trial_type:Session 1.65 0.41 0.41 .79 
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Figure 5. Predicted performance gains on the Cued Task Switching task split by Trial Type 

(repetition, single, switch), Group (Basic-EF, Meta-EF, Control), and Session (pre, post) for 

reaction time (top A panel) and accuracy (bottom B panel) data. Error bars indicate 

confidence interval. 

 

Regarding the proactive control scores (i.e., proactive not possible RT – proactive 

possible RT), as shown in Table 5, there were significant main effects of Group, Session, Cue 

Visibility, a significant interaction between Group and Session, Session and Cue Visibility, 

and a three-way interaction between Group, Session, and Cue_visibility. Pairwise contrasts of 

the three-way interaction indicates that both Meta-EF (E = -.05, p = .02) and Basic-EF groups 

(E = -.08, p < .001) engaged control more proactively over time than the Control group (see 

Figure 6 for visualization), with no difference between the Meta-EF and Basic-EF groups (E 

= -.03, p = .23). Results from the pairwise comparison between Group and Session indicate 

that Meta-EF group’s global RT decreased to a greater extent than the Basic-EF (E = .08, p < 

.001) and Control (E = .28, p < .001) and Basic-EF became faster at responding from pre- to 

post-test than the Control group (E = .20, p < .001). 
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Table 5. Linear mixed effects regression model output for proactive control index on Cued 

Task Switching 

 

  Sum Sq  Mean Sq  F value  P-value  

Group 2.64 1.32 9.73 < 0.001 

Session 138.22 138.22 1017.22 < 0.001 

Cue_visibility 220.95 220.95 1626.11 < 0.001 

Age 1.30 1.30 9.59 < 0.001 

Country 0.11 0.11 0.84 0.36 

Group:Session 74.74 37.37 275.01 < 0.001 

Group: Cue_visibility 0.15 0.07 0.54 0.59 

Session: Cue_visibility 4.41 4.41 32.42 < 0.001 

Group:Session: Cue_visibility 1.68 0.84 6.20 < 0.001 

 

  

 

Figure 6. Predicted performance gains on the Cued Task Switching task split by 

Cue_visibility (yes = cue visible, no = cue not visible), Group (Basic-EF, Meta-EF, Control), 

and Session (pre, post) for reaction time data. Error bars indicate confidence interval.  

 

3.3.2. Backwards Corsi-block 

As for the working memory product score on the Backwards Corsi-block task, there was a 

significant effect of Session as well as a Group and Session interaction (see Table 6). 

Working memory product scores improved to a greater extent in both the Meta-EF (E = -

12.41, p = .003) and Basic-EF groups (E = -8.93, p = 0.03) than the Control group (see Figure 
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7 for visualization). No significant difference in working memory product score gains was 

found between the Meta-EF and Basic-EF groups (E = -3.49, p = 0.39).  

 

Table 6. Linear mixed effects regression model output for working memory product score on 

Backwards-Corsi-block task 

 

  

  

Sum Sq  Mean Sq  F value  P-value  

Group 20.48 10.24 0.06 0.94 

Session 4374.69 4374.69 26.13 < 0.001 

Age 781.51 781.51 4.67 0.03 

Country 783.23 783.23 4.68 0.03 

Group:Session 1634.75 817.38 4.88 0.01 

 

 

Figure 7. Predicted performance gains on the Backwards Corsi-block task split by Group 

(Basic-EF, Meta-EF, Control) and Session (pre, post) for working memory product score. 

Error bars indicate confidence interval.  

 

3.3.1. Antisaccade 

For the Antisaccade task, there was a significant effect of Session and a near-significant 

interaction between Group and Session (see Table 7). The pairwise contrasts revealed 
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significant difference in accuracy gains from pre to post-test between Meta-EF and Basic-EF 

(E = -.17, p = 0.02), with Basic-EF improving to a greater extent than Meta-EF. No 

differences in improvements in inhibition were found between Meta-EF and Control (E = .06, 

p = .39) or Basic-EF and Control (E = -.11, p = .14) (see Figure 8 for visualization).   

 

 

Table 7. Generalized linear mixed effects regression model output for accuracy on 

Antisaccade task 

 

  

Sum Sq  Mean Sq  F value  P-value 

Group 3.08 1.54 1.54 0.22 

Session 173.13 173.13 173.13 < 0.001 

Age 9.88 9.88 9.88 0.001 

Country 1.23 1.23 1.23 0.80 

Group:Session 5.39 2.69 2.69 0.06 
 

 

 

 
 

Figure 8. Predicted performance gains on the Antisaccade task split by Group (Basic-EF, 

Meta-EF, Control) and Session (pre, post) for accuracy. Error bars indicate confidence 

interval.  
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3.4 Far transfer effects  

We will now report the results of the far transfer effects, namely, the development of math, 

reading, and matrix reasoning scores from pre- to post-test. The output of these models, as 

indicated in Table 8, informs us about whether training effects of the three academic skills 

differ among the three groups.  

 

Table 8. Output of the linear regression model for math, reading, and matrix reasoning scores. 

 

Predictors Sum Sq Mean Sq F value P-value 

Math     

Group 18.87 9.43 0.88 0.41 

Session 181.66 181.66 17.02 < 0.001 

Country 9.39 9.39 0.88 0.35 

Age 242.53 242.53 22.72 < 0.001 

Group:Session 4.92 2.46 0.23 0.79 

Reading     

Group 183.44 91.72 2.84 0.06 

Session 135.55 135.55 4.20 0.04 

Country 131.65 131.65 4.08 0.04 

Age 694.60 694.60 21.52 < 0.001 

Group:Session 50.61. 25.31 0.78 0.46 

Matrix Reasoning     

Group 19.94 9.97 0.78 0.46 

Session 178.98 178.98 14.06 < 0.001 

Country 56.24 56.24 4.42 0.04 

Age 79.66 79.66 6.26 0.01 

Group:Session 23.80 11.90 0.93 0.39 
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Table 8 shows that Session was the only significant variable for all three academic skills. No 

interactions between Session and Group were found for any of the academic skills (see Figure 

9 for visualization). There was a significant effect of Country on matrix reasoning 

performance, whereby the children from Germany performed better than the ones from the 

UK. Although the interactions were not significant, we examined the improvement in each 

group by running post-hoc pairwise contrasts, as these were part of our a priori hypothesis. 

The pairwise contrasts revealed that Meta-EF group showed significant performance increase 

in math (E = -2.13, p = .003), reading (E = -2.84, p = .03), and matrix reasoning (E = -2.43, p 

= .0013) scores, while the Control and Basic-EF groups showed significantly improvement 

on math only (Control: E = -1.56, p = .02; Basic-EF: E = -1.36, p = .06). The effect size of 

the intervention effect for the Meta-EF group calculated by using the eff_size function in 

emmeans (Lenth, 2021) was the largest for matrix reasoning (g = .64), followed by math (g = 

.58), and reading (g = .50) (effect size of intervention effect for math was .39 for Control and 

.36 for Basic-EF).  

 

Figure 9. Plot graphs of math (Panel A), reading (Panel B), and matrix reasoning (Panel C) 

performance split by Session and Group. Error bars indicate confidence interval. 
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4. Discussion 

 We examined whether EF training combined with metacognitive skills training would 

enhance EF and academic performance, including proactive control engagement, in children 

from disadvantaged backgrounds, to a greater extent than EF training alone or no adaptive 

training. EF training improved working memory and was associated with greater proactive 

control engagement, relative to the active control group. Training-elicited change in the way 

children engaged cognitive control was further evidenced by faster, albeit less accurate, 

responses in the cued task-switching paradigm, a pattern that was more pronounced when 

children additionally received metacognitive training. Although Group and Session did not 

interact for academic skills, we also found significant gains in all three academic skills for the 

Meta-EF group, whereas gains for the other groups were restricted to maths. We discuss each 

of the main findings in turn below.  

 In terms of near-transfer effects (i.e., to untrained EF tasks), our results are broadly in 

line with previous studies that found a positive effect of EF intervention on targeted EF 

processes. The two training groups improved significantly more than the Control group on 

working memory. This finding is consistent with a meta-analysis suggesting that EF training 

has largest near-transfer effect on working memory (Kassai et al., 2019). Indeed, EF training 

benefits working memory in typically developing younger children (Bergman Nutley et al., 

2011; Blakey & Carroll, 2015; Röthlisberger et al., 2012; Traverso et al., 2015), older 

children with lower EF (Dunning et al., 2013; Holmes et al., 2009; Re et al., 2015; Wong et 

al., 2014), and children diagnosed with ADHD (Bigorra et al., 2016; Chacko et al., 2014; 

Hovik et al., 2013; Klingberg et al., 2005; Kray et al., 2012). Our study extends prior findings 

to a population of low SES children, which is important given that these children often have 

EF difficulties and thus are a priority for targeted interventions.  
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Importantly, EF training promoted proactive control engagement, suggesting a shift to 

a more mature way of engaging cognitive control. Both the Meta-EF and Basic-EF groups 

engaged greater proactive control from pre- to post-test when compared to the Control group, 

in CTS when the cue was provided ahead of the target. To our knowledge, this is the first 

evidence that proactive control can benefit from EF training in children. This finding is 

important given the specific contribution of proactive control to academic skills (Kubota et 

al., 2020; Skau et al., 2022; Wang et al., 2021), and especially remarkable given that our EF 

training programs did not target proactive/reactive control strategies per se. We suspected 

that combining metacognitive reflection with EF training may help children better monitor 

how and how well they engage control (e.g., whether they engage it reactively or proactively, 

whether they fully or partially prepared for the upcoming task) and how well they performed, 

hence leading them to better determine whether proactive control is viable for current task 

demands. This prediction was rooted in previous findings suggesting that metacognitive 

reflection training elicits more adult-like neural markers of conflict monitoring in 5-year-olds 

(Pozuelos et al., 2019), and 6-year-olds engage proactive control more when they are 

encouraged to actively monitor their performance (Hadley et al., 2020). Yet, contrary to our 

expectations, MetaEF training was not more effective than BasicEF training at promoting 

proactive control. This surprising finding has important implication for understanding 

proactive control development as it suggests that metacognition may not play a role as critical 

as previously assumed in that development, at least not in children from 7 years on. It is 

possible that metacognition is critical for proactive control engagement at ages 5 and 6, when 

children just start engaging EF proactively but do have much experience yet about task 

demands where proactive control is adaptive, but not later in development.  

An open question is whether any EF training programme can promote proactive 

control or whether it is necessary to expose children to diversity of tasks tapping different EF 
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processes and gradually increasing in difficulty, as in the present study. This diversity of 

tasks may provide children the opportunity to test multiple approaches to EF engagement. 

Recent evidence suggests that acquisition of abstract task knowledge about regularities of a 

task helps children subsequently engage proactive control (Yanaoka, van’t Wout, Saito, & 

Jarrold, 2022). Giving children the opportunity to experience and learn about different tasks 

may be sufficient for children to use proactive control adaptively as a function of task 

demands. This question will have to be tested directly in future studies. 

It is worth noting that greater proactive control engagement was observed even 

though the training task (AX-CPT) involved different task demands from the experimental 

task (CTS), namely inhibition and task switching, respectively. Although past work has 

shown that children in middle childhood engage in proactive control consistently across 

different contexts to a limited extent only (Kubota et al., 2020), our findings show that 

proactive control can be trained and crucially transferred across untrained contexts in 

children. Taken together, our findings underline that EF training can help children from low 

SES backgrounds to engage EF in a more mature and efficient manner, evidencing more 

flexible EF engagement after EF training.  

Change in the way children approached the task was further evidenced by faster 

responses, at the cost of lower accuracy, from pre- to post-test in the Basic-EF and Meta-EF 

groups, but not in the control group. Interestingly, the RT reduction was more pronounced for 

Meta-EF than Basic-EF, perhaps reflecting greater adaptation of strategies in children who 

received metacognitive training. Even though this pattern was true of both trials with or 

without early cue presentation, it may be related to greater proactive control engagement 

given that proactive control can take multiple forms, including not only cue-based 

preparation but also general attention mobilisation (Jin et al., 2020). On a practical level, one 
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may wonder whether faster responses at the cost of lower accuracy can  really be interpreted 

as effective training benefits rather than a negative outcome. However, encouraging children 

to shift to greater proactive control strategies often translate into faster responses 

accompanied by either no gain or even a reduction in accuracy (Chevalier et al., 2015, 2020; 

Jin et al., 2020). Such process reflects the transient cost of engaging a more mature but less 

familiar approach (see Siegler & Jenkins, 2014). As such, it should be a transitory phase 

related to the shift to more proactive EF engagement, and accuracy should increase once 

children more routinely and efficiently engage EF proactively. However, more research is 

needed to examine whether and the extent to which the speed accuracy trade-off observed 

here relates to greater proactive control engagement. 

Contrary to our hypotheses, metacognitive training did not yield greater near-transfer 

effects than the Basic-EF training on any of EF tasks. This is, however, consistent with 

previous studies that examined the effectiveness of metacognitive training alongside EF 

training. Both studies (Jones et al., 2020; Pozuelos et al., 2019), in fact, did not find any 

metacognitive training advantage at the behavioural level at immediate post-test. In a similar 

vein to our results, Jones et al. found that both groups— working memory training group and 

metacognitive training group—similarly improved in working memory performance at the 

immediate post-test, but this effect in a three -month follow-up test in the metacognitive 

training group only. Pozuelos et al., on the other hand, only found greater metacognitive 

training effects on a neural marker of conflict processing, but this did not translate to a 

behavioural advantage. Our findings adds to these other studies that training metacognition 

and EF in tasks tapping all three EF domains did not yield additional immediate behavioural 

gains compared with EF training alone. It should be noted, however, that our metacognitive 

activities emphasised metacognitive monitoring to a greater extent than metacognitive 

control. As EF has been found to relate more to metacognitive control than monitoring 
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(Roebers et al., 2012), an EF training emphasising metacognitive control may have yielded 

different findings. 

The metacognitive component of our training did provide children with specific 

control strategies (e.g., verbal strategies). Instead, it aimed to instill the habit of generating 

and evaluating control strategies appropriate for new contexts on the basis of task demands 

and performance monitoring.  Thus, the benefits of metacognitive activities may grow over 

time, as children gain experience with EF engagement in a greater variety of situations, that 

is, metacognitive training may ignite a positive dynamic of self-reflection on EF engagement. 

If so, the benefits of instilling metacognitive self-reflection through training may not be fully 

observable immediately after training and may emerge later after reinforcement has taken 

place. Indeed, prior studies obtained findings consistent with this possibility. For instance, 

far-transfer to mathematical skills was not greater after EF training with than without 

metacognition immediately after training but it was three months later (Jones et al., 2019). 

Similarly, children who received mindfulness and reflection training (i.e., calming games and 

activities that encourage reflection in the context of goal-directed problem solving) 

outperformed the controls only at the follow-up post-test four weeks later (Zelazo et al., 

2018). Likewise, the positive effects of 8-week mindfulness training on EF in adolescents 

with ADHD was strongest at the 8-week follow up test (rather than at immediate post-test or 

16-week follow up test; Van de Weijer-Bergsma et al., 2012). In fact,  the delayed or gradual 

manifestation of the effects of intervention—so called the “sleeper effect”—is not uncommon 

and aligns with the idea that acquired skills such as EF and metacognition need some time for 

consolidation and independent practice in order to see generalization effects to both near and 

far skills (Hermida et al., 2015; Zelazo et al., 2018). Thus, future studies should consider 

running follow-up tests to ensure that there is enough time for the training effects to 
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consolidate into behavioural advantage and to examine whether the observed benefits are 

maintained for an extended period of time.  

Finally, we found no significant interactions between Group (Meta-EF, Basic-EF, 

Control) and Session (pre, post) for math, reading, and matrix reasoning scores, suggesting 

that all groups improved their academic performance to a similar degree. The absense of 

group differences in academic performance gains is partially in line with Jones et al. (2019) 

in which they found no advantage of metacognitive strategy training over working memory 

training on both math and reading skills at immediate post-test in 9- to 14-year-olds, 

suggesting that additional metacognitive training did not yield better generalization of far-

transfer effects on academic outcomes. Our study, which has similar amount of participants, 

number of training sessions, length of each training session, and metacognitive training 

excercises to Jones et al. (2019), also show no effect of EF training, let alone metacognitive 

and EF training on academic skills. However, Pozuelos et al. (2019) did observe far-transfer 

to non-verbal reasoning at immediate post-test in 5-year-olds, perhaps because far-transfer is 

greater in younger children. 

Multiple meta-analyses showed weak to modest far-transfer effects of process-based 

EF training on academic skills (Melby-Lervåg et al., 2016; Sala & Gobet, 2017). A large 

scale study investigating training effects of core modules of EF (updating switching, and 

inhibition) showed no evidence of transfer effects to non-trained EF tasks and training-

specific effects were observed for updating only (Zuber et al., 2023). Some researchers even 

suggest that current theoretical framework that reduces EF to a few component processes that 

support other abilities/phenomena or self regulation should be reconsidered, as how we 

conceptualize EF has a great impact on how we construct and implement EF training and 

interventions (Doebel et al., 2017; Perone et al., 2021). Our findings, thus, suggest that added 
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benefits of metacognitive training in addition to EF training is mininmal for academic skills, 

although null effects should not be interpreted as an absence of an effect. Since there are 

limited amount of work that examine the (a) training effects of metacognition on EF, as well 

as (b) EF and metacognitive training on EF, the results so far are mixed and requires further 

investigation (and perhaps reframing/reconsideration of training programmes) with large 

sample size.  

5. Conclusion 

Both metacognitive training and basic EF training yielded greater working memory 

and proactive control improvement relative to the controls. Thus, proactive control 

engagement is amenable to change after cognitive training in children, even though EF 

training did not target proactive control specifically. Further, adding metacognition to EF 

training did not yield greater increase in proactive control engagement. These findings have 

important conceptual implication. First, they suggest that proactive control engagement is 

malleable through training in children. Second, they failed to provide support for the role of 

metacognition in proactive control development, either because metacognitive training needs 

to focus more explicitly on reactive/proactive control or because reactive/proactive control 

adjustments are to a large extent implicit (Gonthier, Ambrosi, & Blaye, 2021). Third, they 

show that EF training programmes can induce both qualitative and quantitative changes in the 

ways in which children engage EF processes. However, we found no evidence for EF alone 

or EF and metacognition training benefits on academic skills. Our findings thus suggest 

minimal added benefits of metacognitive training (along with EF training), as no greater near- 

or far-transfer effects were observed in the metacognitive training group.  By demonstrating 

the potential benefits of EF training, with or without metacognitive reflection training for 

children from low SES backgrounds, we hope this work will help generate concrete 
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educational instruments to counter socioeconomic disparities and improve children’s 

opportunities for educational equality.  
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