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Introduction: Approximately 48–54% of children with attention-deficit/hyperactivity disorder (ADHD) have impairing difficulties with emotion regulation, and these difficulties are not ameliorated by first-line ADHD treatments. Working memory and inhibitory control represent promising intervention targets given their functional, if not causal, links with ADHD-related emotion dysregulation.

Methods: This preregistered randomized controlled trial tested whether two digital therapeutic training protocols that have been previously shown to improve working memory (Central Executive Training [CET]) and inhibitory control (Inhibitory Control Training [ICT]) can improve emotion regulation in a sample of 94 children with ADHD aged 8–13 years (M = 10.22, SD = 1.43; 76% White/non-Hispanic; 29 girls).

Results: Results of Bayesian mixed model ANOVAs indicated both treatment groups demonstrated significant decreases in emotion dysregulation relative to pre-treatment at immediate post-treatment (parent report; d = 1.25, BF10 = 8.04 × 1013, p < 0.001), at 1–2 months after completing treatment (teacher report; d = 0.99, BF10 = 1.22 × 106, p < 0.001), and at 2–4-months follow-up (parent report; d = 1.22, BF10 = 1.15 × 1014, p < 0.001). Contrary to our hypotheses, the CET and ICT groups demonstrated equivalent reductions in emotion dysregulation and maintenance of effects. Exploratory analyses revealed that results were robust to control for informant expectancies, ADHD medication status/changes, in-person vs. at-home treatment, child age, and time from treatment completion to post-treatment ratings.

Discussion: To determine whether working memory and inhibitory control are causally linked with ADHD-related emotion dysregulation, future studies should include active control conditions that do not train executive functions prior to making decisions about the clinical utility of CET/ICT for the treatment of emotion dysregulation in ADHD.

Clinical trial registration: [https://clinicaltrials.gov/], identifier [NCT03324464].
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is a neurodevelopmental disorder characterized by impairing symptoms of inattention, hyperactivity, and impulsivity (1). ADHD affects approximately 5% of school-aged children (2), and most children with ADHD experience difficulties with emotion regulation that, in turn, portend significantly greater distress and impairment than ADHD symptoms alone (3). Unfortunately, the limited available literature suggests that evidence-based treatments for ADHD (4)—including psychostimulants (5) and behavioral parent training (6)—often do not reduce emotion dysregulation, suggesting the need for interventions that directly target factors that underlie ADHD-related emotion dysregulation. Working memory and potentially inhibitory control have been linked functionally with ADHD-related emotion dysregulation (7–10), suggesting that they may reflect promising intervention targets for producing downstream improvements in emotion regulation for children with ADHD. The present randomized controlled trial tests the extent to which two cognitive training protocols that have been previously shown to improve working memory (Central Executive Training [CET]) and inhibitory control (Inhibitory Control Training [ICT]) (11) can improve emotion regulation for children with ADHD.


Emotion regulation and executive functioning in attention-deficit/hyperactivity disorder

Emotion regulation refers to the ability to modulate the speed and intensity of emotional escalation and de-escalation, and it involves complex physiological, experiential, and behavioral processes (12, 13). Approximately 48–54% of children with ADHD exhibit comorbid difficulties with emotion regulation based on recent meta-analytic evidence [d = 0.80–0.95; (3)]. Mitigating emotion dysregulation in ADHD is imperative given that it increases the already large burden of illness associated with ADHD (14), including predicting greater academic and social impairment (15–17), higher rates of healthcare utilization (16), and higher daily parenting stress (18) than ADHD symptoms alone (19). Additionally, emotion dysregulation persists into adulthood for many people with ADHD (20–22), and portends increased risk for the development of comorbid psychopathology [e.g., oppositional defiant disorder, anxiety, depression; (23)].

Several conceptual models have been proposed to explain the high prevalence and adverse outcomes of emotion dysregulation in children with ADHD (3, 24), with growing acknowledgment that the phenomenology, etiology, course, and correlates of emotion dysregulation are likely as heterogenous as most other ADHD-related symptoms (25–28). Of the proposed mechanisms linking ADHD and emotion regulation, underdeveloped executive functions—particularly working memory and inhibitory control—reflect promising investigative targets. Working memory refers to the active, top-down manipulation of information held in short-term memory (29), and is impaired in 68–85% of children with ADHD (30–32). Inhibitory control refers to a set of interrelated cognitive processes that underlie the ability to withhold (action restraint) or stop (action cancelation) an ongoing behavioral response (33), and is impaired in 21–46% of children with ADHD (28, 34, 35).

Working memory and inhibitory control have each been theorized as core deficits underlying ADHD-related behavioral symptoms and functional outcomes [e.g., (36, 37)], including emotion dysregulation (38). Conceptually, intact executive functions are necessary to regulate the generation and expression of emotion at each of its theorized stages. That is, emotion generation and expression require one to select and modify situations, actively attend to stimuli, form cognitive interpretations of events, and modulate responses accordingly (39). Deficits in working memory and/or inhibitory control may lead to a breakdown in any of these complex processes. Indeed, working memory predicts emotion regulation in samples of children with ADHD with and without common comorbidities (7, 9). Additionally, experimental evidence indicates that increasing working memory demands produces disproportionate increases in negative emotional expression for children with ADHD relative to their typically developing counterparts, suggesting that working memory is functionally related to emotion dysregulation in ADHD (10). Inhibitory control has also been associated with emotion regulation in children with ADHD (9, 40), and there is some evidence suggesting this relation is causal in other populations [i.e., emotionally dysregulated adults; (41)]. Interestingly, however, when considered together, only working memory uniquely predicted emotion regulation, whereas inhibitory control did not (8).



Executive function interventions for emotion dysregulation in other populations

Given the established links among working memory, inhibitory control, and emotion regulation, there has been increased interest in the extent to which training these executive functions can improve emotion regulation in various populations. For example, training working memory using emotional/affective stimuli has improved emotion regulation in samples of neurotypical adults (42–44) as well as clinical samples of adolescents and adults (45, 46). In contrast, findings are more mixed for inhibitory control, such that training inhibitory control improved emotion regulation in adults with elevated emotional reactivity (41) but did not affect emotion regulation in neurotypical adults (47). Finally, one study trained both working memory and inhibitory control, and reported improved emotion regulation in typically developing preschoolers relative to waitlist controls (48). Taken together, the evidence supporting training working memory and/or inhibitory control for improving emotion regulation in non-ADHD samples is promising, albeit mixed.



Executive function interventions for emotion dysregulation in children with attention-deficit/hyperactivity disorder

Both working memory and potentially inhibitory control may be functionally related to emotion regulation difficulties in children with ADHD (9, 10), but, to our knowledge, no study to date has examined whether emotion regulation improves in children with ADHD following targeted training of executive functioning (49). In a partial exception, Tamm et al. (50–52) reported that a play-based (non-computerized) metacognitive attention training for preschoolers with ADHD failed to improve emotion regulation based on parent report. Similarly, in a randomized controlled trial comparing the efficacy of training all, some, or no executive functions, impacts on most cognitive and behavioral outcomes were non-specific and not attributable to any particular treatment target (53). Additionally, meta-analytic evidence suggests that, even though direct training may improve working memory and inhibitory control for preschoolers with ADHD and related externalizing behaviors, effects on behavioral outcomes are not significant (54). However, the extent to which similar findings would be obtained by training specific executive functions in school-aged samples of children with ADHD remains unknown.

For children with ADHD, evaluating the efficacy of executive function training protocols is further complicated by target misspecification and related issues of first-generation protocols that significantly limit their potential to produce downstream effects on behavior and functioning [for reviews see (49, 55)]. Specifically, most executive function training protocols have historically not produced the intended improvements in the executive function(s) they were intended to train (49, 56, 57). Indeed, most executive function training protocols have been shown to train cognitive abilities—such as short-term memory capacity rather than central executive working memory processes (29)—that are not impaired in most children with ADHD and, in most cases, are unrelated to ADHD symptoms and functional outcomes even cross-sectionally (11, 49). Thus, their lack of downstream effects on behavior and functioning is unsurprising to the extent that they are training cognitive abilities that generally do not support the behaviors we are trying to modify [e.g., (55)].

To address these limitations, our group created two translational, evidence-based, digital therapeutic treatments that include gaming elements (11, 34, 58). These computerized treatments incrementally increase demands on their target processes (central executive working memory for CET, inhibitory control for ICT). In previous clinical trials, CET and ICT were both rated as acceptable and feasible by parents and children (11, 34). In terms of affecting their respective cognitive training targets, CET was superior to gold-standard behavioral parent training (34) and ICT (11) for improving working memory performance. Similarly, ICT was superior to CET for improving inhibitory control, albeit only on one of two outcome tests, demonstrating that both CET and ICT successfully improve their targeted executive function (11). In terms of clinical outcomes, CET produced improvements in parent-rated ADHD symptoms that were equivalent to those obtained from gold-standard behavioral parent training, and CET was superior to behavioral parent training for decreasing objectively assessed hyperactivity in a sequential recruitment controlled trial (34). In a double-blind randomized controlled trial comparing CET and ICT, CET was superior to ICT in reducing parent- and teacher-reported ADHD symptoms and objectively assessed hyperactivity; CET-related ADHD symptom improvement was also maintained at 2–4 months follow up (11).



Current study

Given that CET and ICT (a) effectively improve working memory and inhibitory control processes, respectively, that are linked with ADHD-related emotion dysregulation; and (b) have been shown previously to produce clinically meaningful improvements in other behavioral and functional domains for children with ADHD (11, 26, 59), we hypothesized that both CET and ICT would produce improvements in emotion regulation. In addition, given evidence that working memory is better than inhibitory control at predicting emotion regulation for children with ADHD (8), as well as prior evidence that CET produced superior improvements relative to ICT on other behavioral and functional outcomes (11, 59), we hypothesized that CET would be superior to ICT for reducing emotion dysregulation.




Methods


Study timeline, randomization, allocation concealment, and masking

The current study reports on secondary outcomes from a randomized clinical trial of CET vs. ICT for ADHD (11) (Table 1). The sample reflects consecutive referrals from March 2017 to April 2021. Prior to March 2020, children (n = 73; 77.7%) completed three visits during the pre-treatment evaluation, lasting approximately 3.5 h each. These children also completed testing sessions at mid-treatment, post-treatment, and 2–4 months follow up. Four treatment cases were lost to follow-up from March to June 2020 as the study was shut down due to COVID-19. Procedures were adjusted when the study resumed in June 2020 to minimize face-to-face contact, including reducing the pre-treatment battery to a single 4-h testing session that included the use of face masks and social distancing for participants and study team members (n = 21; 22.3%). Additionally, weekly treatment sessions that occurred in the clinic prior to the shutdown were conducted via telehealth for all children beginning in June 2020, and in-clinic mid/post/follow-up child testing was discontinued. Treatment delivery format (pre-COVID face-to-face vs. peri-COVID telehealth) was probed as a covariate as described below. Parents (pre/mid/post/2–4 months follow-up) and teachers (pre/post) completed measures at each time point according to the original protocol. Teacher questionnaires were sent during the post-treatment session and were completed by teachers approximately 1–2 months post-treatment (Figure 1).


TABLE 1    Sample demographic and pre-treatment characteristics.
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FIGURE 1
Study timeline. BASC-3, behavior assessment scale for children; CET, central executive training; EDI, emotion dysregulation inventory; ICT, inhibitory control training.


Randomization was conducted by the study methodologist using unpredictable allocation stratified by medication status according to CONSORT guidelines. Study evaluators were masked to treatment group. Data screening, cleaning, and analyses were conducted masked to treatment group. Best practice guidelines for cognitive training studies were closely followed as described in Table 2.


TABLE 2    Critical evaluation of the current study relative to best practice guidelines for cognitive training methodology and reporting standards [adapted from (66) and (75)].
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Participants

As shown in Table 1, the treated sample comprised 94 children with ADHD aged 8–13 years (M = 10.22, SD = 1.43; 29 girls) from the Southeastern US, consecutively referred to a university-based research clinic through community resources. Psychoeducational evaluations were provided to caregivers. IRB approval was obtained/maintained; all parents/children gave informed consent/assent. Child race/ethnicity was mixed, with 71 (75.5%) White/Non-Hispanic, 11 (11.7%) Black/African American, 7 (7.4%) Hispanic/Latino, and 5 (5.3%) multi-racial/ethnic children. All participants spoke English.



Inclusion/exclusion criteria

All families completed a comprehensive evaluation that included detailed semi-structured clinical interviewing [K-SADS; (60)] and age/sex norm-referenced parent and teacher ADHD ratings [ADHD-Rating Scale-5 and Behavior Assessment Scale for Children-3; (61, 62)]. Study eligibility required: (1) DSM-5 diagnosis of ADHD (any presentation) by the directing clinical psychologist and multidisciplinary treatment team based on K-SADS (2013 update for DSM-5) and differential diagnosis considering all available clinical information indicating onset, course, duration, and severity of ADHD symptoms consistent with the ADHD neurodevelopmental syndrome; (2) clinical/borderline elevations on at least one parent and one teacher ADHD rating scale (i.e., >90th percentile), or previous psychoeducational evaluation documenting cross-informant symptoms (e.g., for children prescribed medication that reduces ADHD symptoms at school); and (3) current impairment per K-SADS. Diagnoses comorbid with ADHD in the current sample included anxiety (31.9%), specific learning (22.3%), autism spectrum (13.8%), oppositional defiant (6.4%), and depressive (2.1%) disorders. Additional details regarding the psychoeducational evaluation and differential diagnosis process can be found on our preregistration website: https://osf.io/abwms.

As shown in the CONSORT diagram (Figure 2), a total of 112 children with ADHD were evaluated; n = 16 were eligible but declined participation, and n = 2 were excluded due to average or better performance on all pretreatment working memory tests, resulting in a total treated sample of 94 (83.9% of eligible cases). No inhibitory control thresholds were set as specified in our NIMH grant. Children with ADHD that did vs. did not participate in the treatment phase of the study did not differ on age, sex, SES, race/ethnicity, IQ, medication status, ADHD presentation, and the presence of common comorbidities (all p ≥ 0.20). Untreated children with ADHD did not differ from treated children with ADHD on parent-reported emotion dysregulation (p = 0.21–0.27), but they had moderately higher teacher-reported emotion dysregulation (p = 0.02–0.03; d = 0.57–0.61) than the children with ADHD who participated in the treatment phase of the study. Children that were not randomized to CET or ICT were not followed past the pre-treatment evaluation.
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FIGURE 2
CONSORT diagram. The 154 children assessed for eligibility include all children recruited for evaluation in our research clinic during the study timespan, regardless of recruitment reason (because families would have been offered the intervention trial if their child was diagnosed with ADHD and otherwise eligible). The number of confirmed ADHD cases who were considered for eligibility is 112, of whom 94 (83.9%) were randomized and treated.


Children were excluded from the larger study for gross neurological, sensory, or motor impairment; seizure disorder, psychosis, or intellectual disability; or non-stimulant medications that could not be withheld for testing.



Procedures

As detailed in Kofler et al. (11), identical procedures were used for both treatment groups. Both CET and ICT are 10-week digital therapeutic treatments accessed via computer or mobile device. Once a week, children were monitored by study staff for a 1-h session while they completed their training exercises in-office (pre-COVID) or via telehealth according to identical, manualized procedures. Additional weekly training sessions were parent-supervised, in-home training (goal: 15-min/day, 2–3 days/week). Weekly in-office (pre-COVID) or telehealth parent check-ins were also included to promote adherence and troubleshoot difficulties with the at-home training. No active treatment components are included in the parent check-ins, which were identical across groups.



Treatments

Central executive training and ICT each contain nine games, with each game created to train various functions/modalities of their respective targeted executive function. Both treatments include an automated token economy in which children receive virtual “tickets” for successful responses during games, completing games, and completing the daily “mission mode” to facilitate increased engagement in the task and reinforcement of training targets. Tickets were exchanged for tangible prizes that children collected during weekly in-office sessions or intermittently throughout treatment if they participated via telehealth due to COVID-19. The daily “mission mode” consists of three games that the child has not recently played that are selected by the software and must be completed prior to having access to all nine games, and it is designed to ensure appropriate breadth of training. Please see Kofler et al. (34) and Kofler et al. (11) for a more detailed description and rationale of the treatments’ active control, adaptive training, and methods for maximizing dosage. Both interventions have been shown to have high feasibility and acceptability in terms of high parent satisfaction, high child-reported ease of use, and total child training time (11, 34).


Central executive training

The computerized CET protocol focused on improving children’s working memory (11, 34). CET contains nine games that train each of the three primary central executive processes–updating, dual-processing, and temporal/serial reordering (30)–using three different stimulus modalities—verbal/phonological, visual, and spatial. CET’s algorithms facilitate continually adaptive training by dynamically adjusting various parameters depending on the training target to incrementally increase central executive demands. Such parameters include target density, categories: stimuli ratio, target: non-target stimuli ratio, visual discriminability, and search space size. For example, increasing the search space size produces greater visual saccades, which, in turn, increases central executive demands during spatial working memory tasks because these saccades interrupt spatial rehearsal (63, 64).



Inhibitory control training

The computerized ICT protocol focused on improving the “action restraint” and “action cancelation” components of inhibitory control (65). ICT was developed as an active, credible control comparison for CET based on best practice guidelines for rigorous digital therapeutic treatment trials (66). As such, each of the 9 ICT games contains an identical website address, name, art, animations, storyline, layout, interface, and use of adaptive training algorithms as its CET counterpart. Similarly, ICT dynamically adjusts parameters such as go:stop target ratio, presentation rate, response speed (timers), and number of stimuli (65) to ensure incremental increases in inhibitory control demands. For example, stretching the target density (i.e., increasing the proportion of “go” trials) increases inhibition demands by increasing prepotency, which makes it more difficult to inhibit during infrequently occurring “stop” trials (67).




Secondary intervention outcome assessment (emotion regulation)


Behavior assessment scale for children-3

The BASC-3 (62) contains two subscales that assess emotion regulation based on parent and teacher report: Emotional Self-Control and Negative Emotionality. The emotional self-control subscale assesses children’s skill at regulating their emotions and affect in response to changes in the environment (e.g., “is overly emotional”), and the negative emotionality subscale assesses children’s tendency to respond in an overly negative way to routine and novel environmental stimuli (e.g., “finds fault with everything”). These subscales were selected as the primary emotion regulation outcomes given their relative rigor according to an extensive review of all available emotion regulation measures (68). Psychometric support for the emotional self-control and negative emotionality subscales includes high internal consistency (α = 0.87–0.91) and test–retest reliability [r = 0.86–0.88; (62)]. The emotional self-control subscale contains 12 items, and the negative emotionality subscale contains 9 items for parent report and 8 items for teacher report. All items are rated on a four-point Likert-type scale (never, sometimes, often, and almost always). Higher raw scores indicate more difficulties with emotion regulation.



Emotion dysregulation inventory

An additional measure of emotion regulation was added to the study protocol in March 2018 given emerging data linking emotion regulation with the executive functions targeted by our protocols as described above. The Emotion Dysregulation Inventory (EDI) (69) assesses children’s emotion regulation based on parent report, and contains 13 items that are rated on a five-point Likert-type scale (e.g., “emotions go from 0 to 100 instantly”). Psychometric support for the EDI includes excellent internal consistency (α = 0.90–0.92), expected relations with other emotion regulation measures, and the ability to discriminate between children with known emotion regulation difficulties and their typically developing counterparts (70). Higher raw scores indicate more difficulties with emotion regulation.

Due to an administrative error, the parent Emotion Regulation Checklist (ERC) was administered instead of the EDI at pre-treatment for the first 62 participants. The EDI was administered at all other time points. The ERC (71) emotional lability subscale contains 15 items that are rated on a four-point Likert-type scale (e.g., “exhibits wide mood swings”). Psychometric support for the ERC includes high internal consistency (α = 0.98), discriminant validity relative to distinct constructs such as resilience, expected relations with other metrics of emotion regulation (r = 0.44–0.79), and the ability to differentiate between groups of children at-risk vs. not at-risk for emotional problems (71). Higher raw scores reflect more difficulties with emotion regulation. The ERC and EDI are strongly correlated [r = 0.53–0.64: (70)]; thus, we made the a priori decision to retain these participants and use their pre-treatment ERC data in the exploratory analyses. To equate the scaling across the ERC and EDI, we computed the proportion of the maximum possible score for each child for each measure at each time points.




Intellectual functioning and socioeconomic status at pre-treatment

Pre-treatment IQ was estimated using the WISC-V Verbal Comprehension Index (72). Hollingshead (73) SES was estimated based on caregiver(s)’ education and occupation at pre-treatment.



Informant expectancy questionnaires


Parent expectancies

Parent treatment-related expectancies were assessed via the NICT Expectations of Cognitive Training scale (74) at mid-treatment. The scale contains seven items that assess the extent to which parents expect cognitive training to improve their child’s functioning. Higher mean scores indicate higher expectancies (range = 1–7). The impact of parent expectancies on improvements in parent-reported emotion regulation during treatment was assessed via sensitivity analyses as described below.



Teacher expectancies

Teachers were not directly assessed for expectancies given our goal of obtaining ratings from teachers who were unaware that the children were receiving treatment. Instead, parents reported on the teachers’ knowledge of treatment participation on a study-created post-treatment blinding questionnaire. Based on parent report, all teachers remained masked to treatment allocation/group, whereas 37 of 94 (39.4%) teachers were told that the child was participating in an intervention [i.e., masked to treatment allocation but unmasked to study participation, creating the opportunity for expectancy effects; (66)]. The potential impact of teacher expectancies was assessed via sensitivity analyses as described below.




Bayesian analyses

Traditional null hypothesis significance tests (p-values) were supplemented with Bayes Factors as recommended (75). Bayes Factors were added because they allow stronger conclusions by estimating the magnitude of support for both the alternative and null hypotheses (76). BF10 is the Bayes Factor (BF) indicating how much more likely the alternative hypothesis (H1) is relative to the null hypothesis (H0). Values >3.0 are considered moderate support for the alternative hypothesis (77). BF01 is the inverse of BF10 (i.e., BF01 = 1/BF10), and is reported when the evidence favors the null hypothesis (76). BF01 is interpreted identically to BF10 (>3 = moderate, >10 = strong, >100 = decisive evidence that ICT and CET produce equivalent changes in an outcome). We refer to findings of BF10 >3 as significant evidence for an effect (i.e., support for the alternative hypothesis of an effect at/above pre-specified evidentiary thresholds), and findings of BF01 >3 as significant evidence against an effect (i.e., support for the null hypothesis of no effect at/above pre-specified evidentiary thresholds). Both p-values and Bayes Factors are reported. We refer to effects as “marginally significant” when results indicate p < 0.05 but BF10 < 3.0 (i.e., when the effect is supported by null hypothesis testing but the Bayes Factor suggests evidentiary value below our prespecified threshold).



Transparency and openness statement

Best practice guidelines for cognitive training studies were closely followed as detailed in Table 2. Trial outcomes and detailed data analytic plans for the CET vs. ICT randomized controlled trial were preregistered at https://osf.io/abwms. The analytic plan detailed in the preregistration was followed for the present study. All emotion regulation measures included in the study battery were analyzed and are reported here. Primary outcomes (effects on working memory, inhibitory control, and ADHD symptoms) and academic outcomes are reported in Kofler et al. (11) and Singh et al. (59), respectively, for subsets of the current sample. The deidentified raw data (.jasp) and results output (including analysis scripts and test statistics) are available for peer review as recommended (75): [https://osf.io/86fwu/]. We report how we determined our sample size, all data exclusions (if any), all manipulations, and all measures in the study.



Data analysis overview

Data analyses were conducted with default priors using JASP version 0.14.1 (78). Our analytic plan included a 2 (between-subjects factor Treatment Group: CET vs. ICT) × 2 (within-subject factor Subscale: emotional self-control, negative emotionality) × 3 (within-subject factor Time: pre-, mid-, post-treatment) repeated measures ANOVA to examine treatment-related changes in emotion regulation based on parent report, with post-hocs following significant interactions and a priori planned contrasts to characterize the pattern of change over time separately for each treatment group. Similarly, teacher data were analyzed using a 2 (between-subjects factor Treatment Group: CET vs. ICT) × 2 (within-subject factor Subscale: emotional self-control, negative emotionality) × 2 (within-subject Time: pre-, post-treatment) repeated measures/mixed model ANOVA with the same post hoc/planned contrast plan.




Results


Power analysis

Power analysis using G*Power 3.1 (79) indicated that our sample size (N = 94), with α = 0.05, β = 0.80, and 3 time points (pre, mid, post), is powered to detect main effects of at least d = 0.29 and treatment group × time interaction effects of at least d = 0.34. Effects of these magnitudes were considered reasonable given evidence that (a) experimentally manipulating demands on working memory [d = 0.95; (10)] and inhibitory control [d = 0.52; (41)] both produce changes in emotion regulation that are at least moderate in magnitude; (b) CET produces large improvements in working memory [d = 0.96–1.20; (11, 34)]; and (c) ICT produces large improvements in stop-signal inhibitory control [d = 1.12; (11)]. Thus, the study is sufficiently powered to address its primary aims.



Study retention, outliers, and missing data handling

Study retention was high for both CET (89% completers) and ICT (78%); completion rates did not differ based on treatment allocation (p = 0.33). The treatment groups also did not differ on missing data rates (p = 0.48–0.73); complete data were available for 80.5% of post parent, 70.1% of post teacher, and 66.2% of follow-up parent ratings. Missing data were determined to be missing completely at random (Little’s MCAR test: p > 0.99) and were imputed using expectation maximization based on all available data. This maximum likelihood-based approach has been shown to produce unbiased results for missingness rates at/above the current levels when data are missing at random (80), as was the case in the current study. Finally, all independent and dependent variables were screened for univariate outliers, defined as values greater than 3 SD outside the within-group mean. Outliers were corrected to the most extreme value within 3 SD of the mean; this process affected 2.3% of data points.



Pre-treatment characteristics

Children randomized to ICT (n = 50) vs. CET (n = 44) did not differ from each other in parent- or teacher-rated emotion regulation or any of the pre-treatment characteristics shown in Table 1 (all BF10 ≤ 0.70, p > 0.05). Additionally, the treatment groups did not differ regarding comorbid diagnoses, training duration, or proportio nof children prescribed psychostimulants.



Primary results


Tier 1: Parent-reported emotion regulation at immediate post-treatment


Behavior assessment scale for children-3 model

Consistent with our hypotheses, the 2 (between-subjects factor Treatment: CET, ICT) × 2 (within-subject factor Subscale: negative emotionality, emotional self-control) × 3 (within-subject factor Time: pre-, mid-, and post-treatment) repeated measures/mixed model ANOVA for parent-reported emotion regulation was significant for main effects of Time (BF10 = 8.04 × 1013, p < 0.001; η2p = 0.28, d = 1.25) and Subscale (BF10 = 3.50 × 1018, p < 0.001; η2p = 0.44, d = 1.77), and for the Time × Subscale interaction (BF10 = 3.00 × 1035, p = 0.002; η2p = 0.06, d = 0.51; Figure 3). Contrary to our expectations, there was significant evidence against the Treatment × Time interaction (BF01 = 9.80, p = 0.32; η2p = 0.01, d = 0.20), indicating that the CET and ICT groups showed equivalent reductions in parent-reported emotion regulation. Similarly, there was no significant main effect of Treatment or a Treatment × Subscale × Time interaction (all BF10 < 1, p ≥ 0.70). A priori planned contrasts indicated that both the CET and ICT groups demonstrated reductions in emotion dysregulation across both subscales from pre- to post-treatment (all BF10 ≥ 6.00, all p ≤ 0.002; dICT = 0.55 to 0.57; dCET = 0.42 to 0.48). We also repeated the primary model using proportion of the total possible score for each subscale to account for the subscales containing different numbers of items. When using proportions, both the Subscale and Subscale × Time effects were no longer significant, suggesting that differences in subscales were due to scaling issues rather than differences in emotion regulation subcomponents. This interpretation is consistent with the planned contrasts, which indicated that both groups demonstrated improvement across both subscales from pre- to post-treatment.
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FIGURE 3
Graphical representation of parent-reported (top) and teacher-reported (bottom) models, with BASC-3 emotional self-control and negative emotionality subscales collapsed within each time point for each informant. Parent ratings were obtained at pre, mid, post, and LTFU. Teacher ratings were obtained at pre and 1–2 months post-treatment. LTFU, long-term follow-up (2–4 months after treatment concluded).




Emotion dysregulation inventory model

Next, we examined the extent to which our primary results replicated using a narrowband measure of emotion regulation as described above. Results were consistent with the primary model, including a significant main effect of Time (BF10 = 3.95 × 1041, p < 0.001; η2p 0.62, d = 1.28) and evidence against a Treatment × Time interaction (BF01 = 17.54, p = 0.70; η2p = 0.004, d = 0.13).




Tier 2: Teacher-reported emotion regulation at 1–2 months post-treatment

Consistent with the parent-report model, the 2 (between-subjects factor Treatment: CET, ICT) × 2 (within-subject factor Subscale: negative emotionality, emotional self-control) × 2 (within subject factor Time: pre- and post-treatment) repeated measures/mixed model ANOVA was significant for the main effect of Time (BF10 = 1.22 × 106, p < 0.001, η2p = 0.19, d = 0.99). Similar to the parent-report model, there was evidence against a Treatment × Time interaction (BF01 = 5.08, p = 0.98, η2p = 0.000006, d = 0.005), suggesting that children in both treatment conditions showed equivalent reductions in teacher-reported emotion regulation. There was a significant main effect of Subscale (BF10 = 4.35 × 1017, p < 0.001; η2p = 0.61, d = 2.50) and a Time × Subscale interaction (BF10 = 5.03, p < 0.001; η2p = 0.17, d = 0.91). However, in contrast to the parent model, both the Subscale and Time × Subscale effects remained significant when accounting for the different number of items per subscale using the proportion of total possible scores as described above, suggesting that patterns of improvement across the interventions were different for the distinct emotion regulation subcomponents. Indeed, a priori planned contrasts indicated that both treatment groups improved on the teacher-reported emotional self-control subscale from pre- to post-treatment (all BF10 > 10; all p ≤ 0.006; dICT = 0.68; dCET = 0.35), whereas neither group exhibited significant changes in negative emotionality (BF10 ≤ 2; p ≥ 0.99).



Tier 3: Parent-reported emotion regulation at 2–4 months post-treatment

Additional analyses were conducted to probe for maintenance of effects based on parent report. These analyses involved repeating the parent pre/mid/post-treatment model above, this time adding follow-up as a fourth time point. Of primary interest were planned contrasts assessing (a) whether emotion dysregulation remained significantly below pre-treatment levels at follow-up (pre vs. follow-up), and (b) whether post-treatment gains were lost across the no-contact follow-up duration (post vs. follow-up). Reporting is truncated for readability. Results were consistent with the primary parent-report model reported above, including a main effect of Time (BF10 = 1.15 × 1014, p < 0.001; η2p = 0.27, d = 1.22) and evidence against a Treatment × Time interaction (BF01 = 45.45, p = 0.52; η2p = 0.008, d = 0.18). Pre-planned contrasts indicated that parent-rated emotion dysregulation across both subscales remained significantly reduced at follow-up relative to pre-treatment for both treatment groups (all BF10 > 10, all p ≤ 0.01; dICT: emotional self-control = 0.66, negative emotionality = 0.60; dCET: emotional self-control = 0.67, negative emotionality = 0.50). Similarly, neither group demonstrated a significant loss in parent-rated emotional self-control or negative emotionality from post-treatment to follow-up, suggesting that the pre/post gains in emotion regulation were maintained at 2–4 months follow-up for both groups (all BF10 < 3, all p > 0.99).



Tier 4 sensitivity analyses: Expectancy effects, medication status, medication changes, maturation, and COVID protocol changes

Finally, we performed a series of exploratory analyses to examine the extent to which the significant reductions in emotion dysregulation during treatment may reflect an artifact of non-treatment processes (Table 3). The pattern, significance, magnitude, and interpretation of all results were unchanged when pre-treatment age, parent expectancies, teacher masking, medication status and changes, time between treatment completion and informants completing the post-treatment ratings, or COVID protocol status were added as covariates to the primary models. In all cases, the main effect of Time remained significant (all BF10 > 10, all p < 0.01; d = 0.50 to 1.15), suggesting that the improvements observed during treatment are unlikely to be due to these non-treatment factors. In no case did adding covariates result in a significant Treatment × Time interaction (all BF01 > 3; all p ≥ 0.52). Finally, none of the covariates showed significant main effects of Time or interacted with Treatment, Time, or Subscale, with one exception. In the teacher model, there was a significant main effect of age (BF10 = 2.96, p = 0.02; η2p = 0.06) and an age × Subscale interaction (BF10 = 1.55 × 1018, p < 0.001; η2p = 0.17), such that younger children exhibited greater improvements in teacher-reported emotional self-control (but not negative emotionality).


TABLE 3    Post-treatment outcome data and covariates for exploratory analyses.
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Discussion

The current study was the first randomized controlled trial to compare the effects of training central executive working memory vs. inhibitory control on emotion dysregulation for children with ADHD. We hypothesized that both treatment groups would demonstrate reductions in emotion dysregulation during treatment, and that CET would be superior to ICT. Results indicated that both treatment groups exhibited moderate improvements in emotional control from pre- to post-treatment per both parent and teacher report, and both groups experienced moderate reductions in negative emotionality according to parent, but not teacher, report. Contrary to our expectations, reductions in emotion dysregulation from pre- to- post treatment were equivalent across the CET and ICT groups, as demonstrated by consistent evidence against a treatment × time interaction across all tested models. The use of CET and ICT as active, credible controls for one another is a significant improvement on previous trials that are unable to account for expectancy/placebo effects (66) in cognitive training interventions, most of which have proven unsuccessful in ameliorating ADHD symptoms and impairments in well-controlled clinical trials (49). However, the lack of significant treatment group × time interactions precludes us from confidently attributing improvements in emotion regulation to active treatment components of CET and ICT despite sensitivity analyses suggesting that the improvements during treatment were robust to all assessed threats to validity.

The significant reductions in parent- and teacher-reported emotion dysregulation that occurred during treatment were robust to control for most extraneous variables. Our findings were consistent with extant studies documenting improvements in emotion regulation following working memory training in neurotypical and clinical samples that did not include ADHD (42–46, 48). Additionally, the current study contributes to a small, mixed literature, in which some studies find that training inhibitory control improves emotion regulation for neurotypical children and adults with emotion regulation difficulties (41, 48) but not for neurotypical adults (47). There is little research on emotion regulation outcomes when training executive functions in children with ADHD, but our findings conflict with Tamm et al. (50) and Tamm et al. (51) who found no impact of a play-based metacognitive attention training on emotion regulation. However, this discrepancy is unsurprising given the difference in training targets relative to the current study. That is, directly training a specific executive function provides a more potent treatment dose than attempting to target executive functioning more broadly (49), and CET and ICT target specific cognitive functions that are linked with ADHD-related emotion dysregulation (7–10). Thus, it appears possible that both working memory and inhibitory control may be causally linked with emotion regulation difficulties in ADHD. At the same time, clinical implications should be considered tentative because we did not include an untreated control group to conclusively rule out spontaneous recovery as an alternative explanation for the significant improvements associated with both active treatments.

Although the current study cannot conclusively rule out maturation/spontaneous recovery as an explanation for the significant improvements in emotion regulation that occurred during treatment for both groups, this explanation appears unlikely based on extant literature and when contextualized with other results from the RCT. For example, children often experience more difficulties with emotion regulation between the ages of 9 and 13 than they do in early childhood (81–83). In other words, maturation effects, if present, might be expected to produce increases in emotion regulation difficulties rather than the decreases observed in the current study. Thus, it seems unlikely that we would expect to see spontaneous improvements in emotion regulation over this time period in the absence of targeted intervention. Notably, however, to our knowledge, no study to date has reported on the spontaneous development of children’s emotion regulation over the relatively short duration covered by our active treatment phase (i.e., 10 weeks).

Similarly, if the observed improvements in emotion regulation were artifacts of maturation, spontaneous recovery, or other factors unrelated to the tested interventions, it seems unlikely that we would have obtained the specific patterns of improvement that were observed across informants and time points. In particular, it seems reasonable to conclude that the pattern of significant pre/post improvement followed by the non-significant post/follow-up change makes these alternative explanations unlikely. Stated differently, it would seem to be a logical stretch to argue that children experienced an acute episode of maturation/spontaneous recovery that, coincidentally, temporally coincided with the active treatment component and then, coincidentally, abruptly stopped when treatment was completed. Similarly, the maintenance of gains at follow-up, combined with our sensitivity analyses, also appears to effectively rule out expectancy effects as an alternative explanation for the observed improvements. That is, our understanding is that expectancy effects are time limited rather than producing lasting change (66), in which case an expectancy hypothesis would not be able to account for the lasting improvements observed in the current study.

Alternatively, it is possible that the improvements observed during treatment were attributable to non-specific or shared components of the treatments rather than the treatment targets specifically. For example, participants in both conditions participated in comprehensive psychoeducational evaluations, which included feedback sessions that provided psychoeducation about ADHD and associated difficulties as needed. However, psychoeducation alone has failed to improve ADHD-related emotion dysregulation and higher doses of psychoeducation may be iatrogenic for ADHD-related treatment outcomes (84–86). Additionally, both CET and ICT included routine contact with the study team. Extant literature documents the non-specific benefits of supportive clinician contact (87), which has also demonstrated incremental value in trials of internet-based psychosocial interventions (88, 89). However, it is unlikely that improvements are solely attributable to clinician contact given that significant treatment × time interaction effects have been found for most other studied outcomes from this trial, including ADHD symptoms, academic outcomes, and organizational skills (11, 59, 90). In essence, there does not appear to be a compelling argument that non-specific clinician contact would specifically impact some but not most studied outcomes—especially given that teachers also reported improvements despite no contact from the study team.

Beyond the potential but tentative clinical intervention implications, results of the current study add to research documenting cross-sectional links between inhibitory control and ADHD-related emotion regulation (9, 40), and extend these findings by suggesting that these relations may be causal. However, the equivalent reduction in emotion dysregulation for both treatment groups is somewhat inconsistent with cross-sectional evidence that working memory but not inhibition uniquely predicts ADHD-related emotion dysregulation when included in the same model (8). Future work specifically examining the extent to which (a) improvements in working memory or inhibitory control covary with improvements in emotion regulation; and (b) these performance improvements are reflected at the cortical level will be important for furthering our understanding of the role of these executive functions in children’s emotion regulation skills.


Limitations

The present study demonstrates several strengths, including a carefully characterized sample of children with ADHD with and without comorbidities, outcome ratings from multiple informants masked to treatment allocation, and intervention groups that served as active, credible controls for one another (66). However, some limitations warrant consideration when interpreting results. First, ICT was developed as an ideal active, credible control for CET in consideration of expected effects on the trial’s primary clinical outcomes (ADHD symptoms) given experimental evidence implicating working memory (37, 91), but not inhibitory control (92), as a causal mechanism underlying core ADHD symptoms. However, given experimental evidence for functional, if not causal, roles for both working memory and inhibitory control on emotion regulation (10, 41), it will be necessary for future trials to include a third treatment arm that targets processes(es) unrelated to children’s emotion regulation skills. Given that previous studies suggest that executive functions, particularly working memory, exert direct effects on emotion regulation as well as indirect effects via ADHD inattentive and hyperactive/impulsive symptoms, future trials should consider the extent to which improvements in emotion regulation represent a direct outcome of executive function training vs. a downstream outcome of improved ADHD symptoms.

Additionally, the clinical diversity of the sample was useful given that comorbidity is the rule rather than the exception in individuals with ADHD [e.g., (93)], but the inclusion of comorbidities may limit the specificity of these findings regarding children with only ADHD. Unexpectedly, children with ADHD whose families self-selected out of the treatment phase had moderately higher emotion regulation difficulties based on teacher but not parent report. Despite finding medium to large improvements in emotion regulation for treated children, it is possible that larger effects would have been detected if more severely dysregulated children were retained in the trial and/or if we recruited specifically for children with emotion regulation difficulties. Finally, most participants in the current trial identified as White/non-Hispanic. Future studies should recruit samples with larger proportions of historically excluded racial/ethnic groups to ensure that results generalize to these groups.



Clinical and research implications

Taken together, results of this double-blind randomized controlled trial were consistent in documenting significant improvements in emotion regulation for children with ADHD that persist at least 2–4 months after treatment termination and are not likely artifacts of any assessed threats to validity. If results of the current study are consistent with future studies including an additional control treatment that targets a mechanism that would not be expected to affect emotion regulation, it would appear likely that working memory and inhibitory control are potentially functionally linked with emotion regulation difficulties in ADHD, consistent with prior experimental evidence in ADHD and non-ADHD samples (10, 41). At the same time, implications for clinical practice should be considered tentative because we did not include an additional control treatment that targets a mechanism that would not be expected to affect emotion regulation. The incremental value of adding CET and/or ICT to extant evidence-based treatments for emotion dysregulation should be examined in future work, as the combination of improving the underlying neurocognitive foundation and directly training emotion regulation skills may prove more beneficial for improving functioning for children with ADHD than treating emotion dysregulation in isolation (54, 55).




Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: Open Science Framework (OSF) https://osf.io/86fwu/.



Ethics statement

The studies involving human participants were reviewed and approved by the Florida State University Human Subjects Committee. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin. Written informed consent was obtained from the minor(s)’ legal guardian/next of kin for the publication of any potentially identifiable images or data included in this article.



Author contributions

NG was the lead investigator for analysis and interpretation of the data and drafting of the work. MK was the principal investigator for funding acquisition and had a supporting role in revision of the manuscript. All authors made substantial contributions to the conception of the work, revision of the manuscript, and the acquisition of data for the work, and provided approval for publication of the content.



Funding

This work was supported in part by the NIH grant (R01 MH115048, PI: MK). The sponsor had no role in the design and conduct of the study; collection, management, analysis, and interpretation of the data; or preparation, review, or approval of the manuscript.



Conflict of interest

The principal investigator MK/Florida State University (FSU) was awarded U.S. Patent 11,210,967 for the Neurocognitive Interventions described in the present study. Central Executive Training was recently licensed to Sky Therapeutics, where MK is in negotiations to serve as Chief Science Officer and consultant.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. American Psychiatric Association. Diagnostic and statistical manual of mental disorders. 5th ed. Washington, DC: American Psychiatric Association (2013). doi: 10.1176/appi.books.9780890425596

2. Polanczyk GV, Willcutt EG, Salum GA, Kieling C, Rohde LA. ADHD prevalence estimates across three decades: an updated systematic review and meta-regression analysis. Int J Epidemiol. (2014) 43:434–42. doi: 10.1093/ije/dyt261

3. Graziano PA, Garcia A. ADHD and children’s emotion dysregulation: a meta-analysis. Clin Psychol Rev. (2016) 46:106–23. doi: 10.1016/j.cpr.2016.04.011

4. Evans SW, Owens JS, Wymbs BT, Ray AR. Evidence-based psychosocial treatments for children and adolescents with attention deficit/hyperactivity disorder. J Clin Child Adolesc Psychol. (2018) 47:157–98. doi: 10.1080/15374416.2017.1390757

5. Galanter CA, Carlson GA, Jensen PS, Greenhill LL, Davies M, Li W, et al. Response to methylphenidate in children with attention deficit hyperactivity disorder and manic symptoms in the multimodal treatment study of children with attention deficit hyperactivity disorder titration trial. J Child Adolesc Psychopharmacol. (2003) 13:123–36. doi: 10.1089/104454603322163844

6. Waxmonsky J, Pelham WE, Gnagy E, Cummings MR, O’Connor B, Robb JA. The efficacy and tolerability of methylphenidate and behavior modification in children with ADHD and severe mood dysregulation. J Child Adolesc Psychopharmacol. (2008) 18:573–88. doi: 10.1089/cap.2008.065

7. Groves NB, Kofler MJ, Wells EL, Day TN, Chan ES. An examination of relations among working memory, ADHD symptoms, and emotion regulation. J Abnorm Child Psychol. (2020) 48:525–37. doi: 10.1007/s10802-019-00612-8

8. Groves NB, Wells EL, Soto EF, Marsh CL, Jaisle EM, Harvey TK, et al. Executive functioning and emotion regulation in children with and without ADHD. Res Child Adolesc Psychopathol. (2021) 50:721–35. doi: 10.1007/s10802-021-00883-0

9. Sjöwall D, Roth L, Lindqvist S, Thorell LB. Multiple deficits in ADHD: executive dysfunction, delay aversion, reaction time variability, and emotional deficits. J Child Psychol Psychiatry. (2013) 54:619–27. doi: 10.1111/jcpp.12006

10. Tarle SJ, Alderson RM, Arrington EF, Roberts DK. Emotion regulation and children with attention-deficit/hyperactivity disorder: the effect of varying phonological working memory demands. J Attent Disord. (2021) 25:851–64. doi: 10.1177/1087054719864636

11. Kofler MJ, Wells EL, Singh LJ, Soto EF, Irwin LN, Groves NB, et al. A randomized controlled trial of central executive training (CET) versus inhibitory control training (ICT) for ADHD. J Consult Clin Psychol. (2020) 88:738–56. doi: 10.1037/ccp0000550

12. Bunford N, Evans SW, Wymbs F. ADHD and emotion dysregulation among children and adolescents. Clin Child Fam Psychol Rev. (2015) 18:185–217. doi: 10.1007/s10567-015-0187-5

13. Zelkowitz RL, Cole DA. Measures of emotion reactivity and emotion regulation: convergent and discriminant validity. Pers Individ Dif. (2016) 102:123–32. doi: 10.1016/j.paid.2016.06.045

14. Zhao X, Page TF, Altszuler AR, Pelham WE, Kipp H, Gnagy EM, et al. Family burden of raising a child with ADHD. J Abnorm Child Psychol. (2019) 47:1327–38.

15. Bunford N, Evans SW, Langberg JM. Emotion dysregulation is associated with social impairment among young adolescents with ADHD. J Attent Disord. (2018) 22:66–82. doi: 10.1177/1087054714527793

16. Classi P, Milton D, Ward S, Sarsour K, Johnston J. Social and emotional difficulties in children with ADHD and the impact on school attendance and healthcare utilization. Child Adolesc Psychiatry Ment Health. (2012) 6:1–8. doi: 10.1186/1753-2000-6-33

17. Qian Y, Chang W, He X, Yang L, Liu L, Ma Q, et al. Emotional dysregulation of ADHD in childhood predicts poor early-adulthood outcomes: a prospective follow up study. Res Dev Disabil. (2016) 59:428–36. doi: 10.1016/j.ridd.2016.09.022

18. Walerius DM, Fogleman N, Rosen P. The role of ADHD and negative emotional lability in predicting changes in parenting daily hassles. J Child Fam Stud. (2016) 25:2279–91. doi: 10.1007/s10826-016-0381-1

19. Bunford N, Brandt NE, Golden C, Dykstra JB, Suhr JA, Owens JS. ADHD symptoms mediate the association between deficits in executive functioning and social impairment in children. J Abnorm Child Psychol. (2014) 43:133–47. doi: 10.1007/s10802-014-9902-9

20. Christiansen H, Hirsch O, Albrecht B, Chavanon ML. Attention-deficit/hyperactivity disorder (ADHD) and emotion regulation over the life span. Curr Psychiatry Rep. (2019) 21:1–11. doi: 10.1007/s11920-019-1003-6

21. Hirsch O, Chavanon M, Riechmann E, Christiansen H. Emotional dysregulation is a primary symptom in adult attention-deficit/hyperactivity disorder (ADHD). J Affect Disord. (2018) 232:41–7. doi: 10.1016/j.jad.2018.02.007

22. Richard-Lepouriel H, Etain B, Hasler R, Bellivier F, Gard S, Kahn J, et al. Similarities between emotional dysregulation in adults suffering from ADHD and bipolar patients. J Affect Disord. (2016) 198:230–6. doi: 10.1016/j.jad.2016.03.047

23. Steinberg E, Drabick D. A developmental psychopathology perspective on ADHD and comorbid conditions: the role of emotion regulation. Child Psychiatry Hum Dev. (2015) 46:951–66. doi: 10.1007/s10578-015-0534-2

24. Shaw P, Stringaris A, Nigg J, Leibenluft E. Emotion dysregulation in attention deficit hyperactivity disorder. Am J Psychiatry. (2014) 171:276–93. doi: 10.1176/appi.ajp.2013.13070966

25. Hinshaw SP. Attention deficit hyperactivity disorder (ADHD): controversy, developmental mechanisms, and multiple levels of analysis. Annu Rev Clin Psychol. (2018) 14:291–316. doi: 10.1146/annurev-clinpsy-050817-084917

26. Kofler MJ, Irwin LN, Soto EF, Groves NB, Harmon SL, Sarver DE. Executive functioning heterogeneity in pediatric ADHD. J Abnorm Child Psychol. (2018) 47:273–86.

27. Luo Y, Weibman D, Halperin JM, Li X. A review of heterogeneity in attention deficit/hyperactivity disorder (ADHD). Front Hum Neurosci. (2019) 13:42. doi: 10.3389/fnhum.2019.00042

28. Nigg JT, Willcutt EG, Doyle AE, Sonuga-Barke EJ. Causal heterogeneity in ADHD: do we need neuropsychologically impaired subtypes? Biol Psychiatry. (2005) 57:1224–30. doi: 10.1016/j.biopsych.2004.08.025

29. Baddeley A. Working memory, thought, and action. Oxford: Oxford Press (2007). doi: 10.1093/acprof:oso/9780198528012.001.0001

30. Fosco WD, Kofler MJ, Groves NB, Chan ES, Raiker JS. Which ‘working’ components of working memory aren’t working in youth with ADHD? J Abnorm Child Psychol. (2019) 48:647–60. doi: 10.1007/s10802-020-00621-y

31. Karalunas SL, Gustafsson HC, Dieckmann NF, Tipsord J, Mitchell SH, Nigg JT. Heterogeneity in development of aspects of working memory predicts longitudinal attention deficit hyperactivity disorder symptom change. J Abnorm Psychol. (2017) 126:774–92. doi: 10.1037/abn0000292

32. Kasper LJ, Alderson RM, Hudec KL. Moderators of working memory deficits in children with ADHD: a meta-analytic review. Clin Psychol Rev. (2012) 32:605–17. doi: 10.1016/j.cpr.2012.07.001

33. Verbruggen F, Logan GD. Response inhibition in the stop-signal paradigm. Trends Cogn Sci. (2008) 12:418–24. doi: 10.1016/j.tics.2008.07.005

34. Kofler MJ, Sarver DE, Austin KE, Schaefer HS, Holland E, Aduen PA, et al. Can working memory training work for ADHD? Development of central executive training and comparison with behavioral parent training. J Consult Clin Psychol. (2018) 86:964–75. doi: 10.1037/ccp0000308

35. Sonuga-Barke E, Bitsakou P, Thompson M. Beyond the dual pathway model: evidence for the dissociation of timing, inhibitory, and delay-related impairments in attention-deficit/hyperactivity disorder. J Am Acad Child Adolesc Psychiatry. (2010) 49:345–55. doi: 10.1016/j.jaac.2009.12.018

36. Barkley RA. Behavioral inhibition, sustained attention, and executive functions: constructing a unifying theory of ADHD. Psychol Bull. (1997) 121:65–94. doi: 10.1037/0033-2909.121.1.65

37. Rapport MD, Bolden J, Kofler MJ, Sarver DE, Raiker JS, Alderson RM. Hyperactivity in boys with ADHD: a ubiquitous core symptom or manifestation of working memory deficits? J Abnorm Child Psychol. (2009) 37:521–34. doi: 10.1007/s10802-008-9287-8

38. McQuade JD, Breaux RP. Are elevations in ADHD symptoms associated with physiological reactivity and emotion dysregulation in children? J Abnorm Child Psychol. (2017) 45:1091–103. doi: 10.1007/s10802-016-0227-8

39. Gross JJ. The emerging field of emotion regulation: an integrative review. Rev Gen Psychol. (1998) 2:271–99.

40. Tenenbaum RB, Musser ED, Morris S, Ward AR, Raiker JS, Coles EK, et al. Response inhibition, response execution, and emotion regulation among children with attention-deficit/hyperactivity disorder. J Abnorm Child Psychol. (2019) 47:589–603.

41. Peckham AD, Johnson SL. Cognitive control training for emotion-related impulsivity. Behav Res Ther. (2018) 105:17–26. doi: 10.1016/j.brat.2018.03.009

42. Schweizer S, Hampshire A, Dalgleish T. Extending brain-training to the affective domain: increasing cognitive and affective executive control through emotional working memory training. PLoS One. (2011) 6:e24372. doi: 10.1371/journal.pone.0024372

43. Schweizer S, Grahn J, Hampshire A, Mobbs D, Dalgleish T. Training the emotional brain: improving affective control through emotional working memory training. J Neurosci. (2013) 33:5301–11. doi: 10.1523/JNEUROSCI.2593-12.2013

44. Xiu L, Zhou R, Jiang Y. Working memory training improves emotion regulation ability: evidence from HRV. Physiol Behav. (2016) 155:25–9. doi: 10.1016/j.physbeh.2015.12.004

45. Du Toit SA, Kade SA, Danielson CT, Schweizer S, Han J, Torok M, et al. The effect of emotional working memory training on emotional and cognitive outcomes in individuals with elevated social anxiety. J Affect Disord. (2020) 261:76–83. doi: 10.1016/j.jad.2019.09.085

46. Schweizer S, Samimi Z, Hasani J, Moradi A, Mirdoraghi F, Khaleghi M. Improving cognitive control in adolescents with PTSD. Behav Res Ther. (2017) 93:88–94. doi: 10.1016/j.brat.2017.03.017

47. Beauchamp KG, Kahn LE, Berkman ET. Does inhibitory control training transfer?: Behavioral and neural effects on an untrained emotion regulation task. Soc Cogn Affect Neurosci. (2016) 11:1374–82. doi: 10.1093/scan/nsw061

48. Xie J, Liu S, Fang P. Cognitive training improves emotion regulation in Chinese preschool children. Pediatr Int. (2021) 63:1303–10. doi: 10.1111/ped.14661

49. Rapport MD, Orban SA, Kofler MJ, Friedman LM. Do programs designed to train working memory, other executive functions, and attention benefit children with ADHD? A meta-analytic review of cognitive, academic, and behavioral outcomes. Clin Psychol Rev. (2013) 33:1237–52. doi: 10.1016/j.cpr.2013.08.005

50. Tamm L, Hughes C, Ames L, Pickering J, Silver CH, Emslie G. Attention training for school-aged children with ADHD: results of an open trial. J Attent Disord. (2010) 14:86–94.

51. Tamm L, Epstein JN, Peugh JL, Nakonezny PA, Hughes CW. Preliminary data suggesting the efficacy of attention training for school-aged children with ADHD. Dev Cogn Neurosci. (2013) 4:16–28. doi: 10.1016/j.dcn.2012.11.004

52. Tamm L, Nakonezny PA, Hughes CW. An open trial of a metacognitive executive function training for young children with ADHD. J Attent Disord. (2014) 18:551–9. doi: 10.1177/1087054712445782

53. Dovis S, Van der Oord S, Wiers RW, Prins PJ. Improving executive functioning in children with ADHD: training multiple executive functions within the context of a computer game. A randomized double-blind placebo controlled trial. PLoS One. (2015) 10:e0121651. doi: 10.1371/journal.pone.0121651

54. Pauli-Pott U, Mann C, Becker K. (2021). Do cognitive interventions for preschoolers improve executive functions and reduce ADHD and externalizing symptoms? A meta-analysis of randomized controlled trials. Eur Child Adolesc Psychiatry. 30:503–21.

55. Chacko A, Kofler M, Jarrett M. Improving outcomes for youth with ADHD: a conceptual framework for combined neurocognitive and skill-based treatment approaches. Clin Child Fam Psychol Rev. (2014) 17:368–84. doi: 10.1007/s10567-014-0171-5

56. Cortese S, Ferrin M, Brandeis D, Buitelaar J, Daley D, Dittmann RW, et al. Cognitive training for attention-deficit/hyperactivity disorder: meta-analysis of clinical and neuropsychological outcomes from randomized controlled trials. J Am Acad Child Adolesc Psychiatry. (2015) 54:164–74.

57. Landis TD, Hart KC, Graziano PA. Targeting self-regulation and academic functioning among preschoolers with behavior problems: are there incremental benefits to including cognitive training as part of a classroom curriculum? Child Neuropsychol. (2019) 25:688–704. doi: 10.1080/09297049.2018.1526271

58. Prins PJM, Dovis S, Ponsioen A, ten Brink E, van der Oord S. Does computerized working memory training with game elements enhance motivation and training efficacy in children with ADHD? Cyberpsychol Behav Soc Netw. (2011) 14:115–22. doi: 10.1089/cyber.2009.0206

59. Singh L, Gaye F, Cole A, Chan E, Kofler MJ. Central executive training for ADHD: effects on academic achievement, productivity, and success in the classroom. Neuropsychology. (2022) 36:330–45. doi: 10.1037/neu0000798

60. Kaufman J, Birmaher B, Brent D, Rao UMA, Flynn C, Moreci P, et al. Schedule for affective disorders and schizophrenia for school-age children (K-SADS-PL): initial reliability and validity data. J Am Acad Child Adolesc Psychiatry. (1997) 36:980–8. doi: 10.1097/00004583-199707000-00021

61. DuPaul GJ, Power TJ, Anastopoulos AD, Reid R. ADHD rating scale—5 for children and adolescents: checklists, norms, and clinical interpretation. New York, NY: Guilford Press (2016). doi: 10.1037/t05638-000

62. Reynolds CR, Kamphaus RW. Behavior assessment system for children (BASC-3). London: Pearson (2015). doi: 10.1002/9781118625392.wbecp447

63. Awh E, Jonides J. Overlapping mechanisms of attention and spatial working memory. Trends Cogn Sci. (2001) 5:119–26.

64. Postle BR, Awh E, Jonides J, Smith EE, D’Esposito M. The where and how of attention-based rehearsal in spatial working memory. Cogn Brain Res. (2004) 20:194–205.

65. Alderson RM, Rapport MD, Kofler MJ. Attention-deficit/hyperactivity disorder and behavioral inhibition: a meta-analytic review of the stop-signal paradigm. J Abnorm Child Psychol. (2007) 35:745–58.

66. Simons DJ, Boot WR, Charness N, Gathercole SE, Chabris CF, Stine-Morrow EA. Do “brain-training” programs work? Psychol Sci Public Interest. (2016) 17:103–86. doi: 10.1177/1529100616661983

67. Kane MJ, Engle RW. Working-memory capacity and the control of attention: the contributions of goal neglect, response competition, and task set to Stroop interference. J Exp Psychol. (2003) 132:47–70. doi: 10.1037/0096-3445.132.1.47

68. Mazefsky CA, Conner CM, Breitenfeldt K, Leezenbaum N, Chen Q, Bylsma LM, et al. Evidence base update for questionnaires of emotion regulation and reactivity for children and adolescents. J Clin Child Adolesc Psychol. (2021) 50:683–707. doi: 10.1080/15374416.2021.1955372

69. Mazefsky C, Day T, Siegel M, White S, Yu L, Pilkonis PA. Development of the emotion dysregulation inventory: a PROMIS® ing method for creating sensitive and unbiased questionnaires for autism spectrum disorder. J Autism Dev Disord. (2018) 48:3736–46. doi: 10.1007/s10803-016-2907-1

70. Mazefsky C, Yu L, Pilkonis P. Psychometric properties of the emotion dysregulation inventory in a nationally representative sample of youth. J Clin Child Adolesc Psychol. (2020) 50:1–13. doi: 10.1080/15374416.2019.1703710

71. Shields A, Cicchetti D. Emotion regulation among school-age children: the development and validation of a new criterion Q-sort scale. Dev Psychol. (1997) 33:906–16. doi: 10.1037//0012-1649.33.6.906

72. Wechsler D. Wechsler intelligence scale for children. 5th ed. San Antonio, TX: Pearson (2014).

73. Hollingshead AB. Four factor index of social status. New Haven, CT: Yale (1975).

74. Rabipour S, Davidson PS. Do you believe in brain training? A questionnaire about expectations of computerised cognitive training. Behav Brain Res. (2015) 295:64–70. doi: 10.1016/j.bbr.2015.01.002

75. Redick TS. Working memory training and interpreting interactions in intelligence interventions. Intelligence. (2015) 50:14–20.

76. Rouder JN, Morey RD. Default Bayes factors for model selection in regression. Multivariate Behav Res. (2012) 47:877–903.

77. Wagenmakers EJ, Love J, Marsman M, Jamil T, Ly A, Morey RD. Bayesian inference for psychology. Part II: example applications with JASP. Psychon Bull Rev. (2018) 25:58–76. doi: 10.3758/s13423-017-1323-7

78. JASP Team. JASP (version 0.14.1). (2020).

79. Faul F, Erdfelder E, Lang A-G, Buchner A. G*Power 3: a flexible statistical power analysis program for the social, behavioral, and biomedical sciences. Behav Res Methods. (2007) 39:175–91. doi: 10.3758/BF03193146

80. Kristman V, Manno M, Côté P. Loss to follow-up in cohort studies: how much is too much? Eur J Epidemiol. (2004) 19:751–60.

81. Cole PM. Moving ahead in the study of the development of emotion regulation. Int J Behav Dev. (2014) 38:203–7. doi: 10.1177/0165025414522170

82. Riediger M, Klipker K. Emotion regulation in adolescence. In: Gross JJ editor. Handbook of emotion regulation. New York, NY: The Guilford Press (2014). p. 187–202.

83. Zimmermann P, Iwanski A. Emotion regulation from early adolescence to emerging adulthood and middle adulthood: age differences, gender differences, and emotion-specific developmental variations. Int J Behav Dev. (2014) 38:182–94. doi: 10.1177/0165025413515405

84. Dekkers TJ, Hornstra R, Van der Oord S, Luman M, Hoekstra PJ, Groenman AP, et al. Meta-analysis: which components of parent training work for children with attention-deficit/hyperactivity disorder? J Am Acad Child Adolesc Psychiatry. (2022) 61:478–94. doi: 10.1016/j.jaac.2021.06.015

85. Ferrin M, Moreno-Granados JM, Salcedo-Marin MD, Ruiz-Veguilla M, Perez-Ayala V, Taylor E. Evaluation of a psychoeducation programme for parents of children and adolescents with ADHD: immediate and long-term effects using a blind randomized controlled trial. Eur Child Adolesc Psychiatry. (2014) 23:637–47. doi: 10.1007/s00787-013-0494-7

86. Hornstra R, Groenman AP, Van der Oord S, Luman M, Dekkers TJ, van der Veen-Mulders L, et al. Which components of behavioral parent and teacher training work for children with ADHD?–a metaregression analysis on child behavioral outcomes. Child Adolesc Ment Health. (2022). doi: 10.1111/camh.12561

87. Cuijpers P, Driessen E, Hollon SD, van Oppen P, Barth J, Andersson G. The efficacy of non-directive supportive therapy for adult depression: a meta-analysis. Clin Psychol Rev. (2012) 32:280–91. doi: 10.1016/j.cpr.2012.01.003

88. Melville KM, Casey LM, Kavanagh DJ. Dropout from internet-based treatment for psychological disorders. Br J Clin Psychol. (2010) 49:455–71. doi: 10.1348/014466509X472138

89. Palmqvist B, Carlbring P, Andersson G. Internet-delivered treatments with or without therapist input: does the therapist factor have implications for efficacy and cost? Expert Rev Pharmacoecon Outcomes Res. (2007) 7:291–7. doi: 10.1586/14737167.7.3.291

90. Chan ESM, Gaye F, Cole AM, Singh LJ, Kofler MJ. Central executive and inhibitory control training effects for ADHD-related organizational impairments. Poster presentation at the 56th association for behavioral and cognitive therapies (ABCT) conference. New York, NY: (2022).

91. Kofler MJ, Rapport MD, Bolden J, Sarver DE, Raiker JS. ADHD and working memory: the impact of central executive deficits and exceeding storage/rehearsal capacity on observed inattentive behavior. J Abnorm Child Psychol. (2010) 38:149–61. doi: 10.1007/s10802-009-9357-6

92. Alderson RM, Rapport MD, Kasper LJ, Sarver DE, Kofler MJ. Hyperactivity in boys with attention deficit/hyperactivity disorder (ADHD): the association between deficient behavioral inhibition, attentional processes, and objectively measured activity. Child Neuropsychol. (2012) 18:487–505. doi: 10.1080/09297049.2011.631905

93. Reale L, Bartoli B, Cartabia M, Zanetti M, Costantino MA, Canevini MP, et al. Comorbidity prevalence and treatment outcome in children and adolescents with ADHD. Eur Child Adolesc Psychiatry. (2017) 26:1443–57.



OPS/images/fpsyt-13-1034722-t001.jpg
Variable ICT

M

N (boys/girls) 50 (34/16)
Age 10.44
SES 48.88
WISC-V VCI 105.9
Race/Ethnicity (W, B, H, MR) 36,6,4,4
Medication (no/yes) 34/16
ADHD presentation (I, H/I, C) 16, 1,33
Comorbidity (no/yes) 18/32
BASC-3 emotional self-control (total raw score)

Parent 11.86

Teacher 9.44

BASC-3 negative emotionality (total raw score)
Parent 8.60
Teacher 4.96

SD

1.53
9.82
1.52

6.44
5.46

4.54
3.46

CET

M

44 (31/13)
9.96
47.06
100.82
35,5,3,1
28/16
14,1,29
16/28

11.34
11.15

8.66
598

SD

129
11.70
13.60

5.40
7.40

4.03
4.85

Cohen’s d

0.34
0.17
0.36

0.09
0.27

0.01
0.25

BFo;

4.15
1.43
3.42
0.86
34.48
3.77
66.67
31.25

4.26
222

4.61
2.48

0.80, ns
0.11, ns
0.42, ns
0.053, ns
0.64, ns
0.66, ns
0.99, ns
0.29, ns

0.68, ns
0.21, ns

0.95, ns
0.25, ns

B, black; BASC-3, behavior assessment scale for children; C, combined presentation; CET, central executive training; H, Hispanic/Latino; H/I, predominantly hyperactive/impulsive
presentation; I, predominantly inattentive presentation; ICT, inhibitory control training; MR, multiracial; SES, Hollingshead SES total score; W, white/non-Hispanic; WISC-V VCI,
WISC-V verbal comprehension index standard score; BE, Bayes factor, BF(, is the odds ratio of the evidence favoring the null to the evidence favoring the alternative hypothesis. A value

of 1 indicates that the data are equally likely under the null and alternative hypotheses, values >1 favor the null hypothesis that the groups are equivalent, and values >3 are considered

statistically significant evidence of equivalence.
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Variable ICT (n = 50) CET (n=44) Cohen’s d BFy,; P
M SD M SD
Primary Outcomes
BASC-3 emotional self-control (total raw score)
Parent 8.60 5.36 8.99 4.46 0.08 4.31 0.70, ns
Teacher 6.11 4.26 8.18 5.76 0.41 0.80 0.05, ns
BASC-3 negative emotionality (total raw score)
Parent 6.31 3.48 7.12 327 0.24 2:57 0.25, ns
Teacher 3.67 325 4.38 4.08 0.19 3.13 0.35, ns
Other Treatment-Related Variables
Medication changes (stop, no, add) 2,33,15 2,29,13 = 20.41 0.99, ns
Informant expectancies
Parent NICT expectancy score (mean raw score) 4.53 1.01 4.67 0.74 0.15 3.65 0.47, ns
Teacher masked to study (yes/no) 30/20 27/17 - 4.02 0.89, ns
COVID-19 telehealth (yes/no) 11/39 10/34 - 4.69 0.93, ns
Time elapsed from treatment to post ratings (days)
Parent 17.02 31.60 16.10 34.31 0.03 4.55 0.89, ns
Teacher 40.33 42.19 37.80 35163 0.06 4.35 0.75, ns

CET, central executive training; ICT, inhibitory control training; BASC-3, behavior assessment scale for children; effect sizes and statistical tests for the BASC subscales reflect control

for pre-treatment scores for the same subscale. BE, Bayes factor, BFy, is the odds ratio of the evidence favoring the null to the evidence favoring the alternative hypothesis. A value of

1 indicates that the data are equally likely under the null and alternative hypotheses, values >1 favor the null hypothesis that the groups are equivalent, and values >3 are considered

statistically significant evidence of equivalence.
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Best practice recommendations from Simons et al. (66)

v

J

Assess pre-treatment baseline performance for all groups

The current study used a pre/mid/post (parent) and pre/post (teacher) design in which outcomes were assessed at a priori specified time points that included

pre-treatment. Pre-treatment performance was assessed and controlled when probing between-group differences at post-treatment.
Include an active, credible control group matched for expectancies

Working memory and inhibitory control are both putative core mechanisms implicated in ADHD-related emotion dysregulation. The two versions of the
intervention are identical in all aspects except the target mechanism, and served as active, credible controls for each other. The CET and ICT interventions have

been shown previously to be identical or not differ significantly in terms of expectancies as well as caregiver- and child-reported feasibility and acceptability (11).
Include at least 20 participants in each treatment arm

All analyses include ICT n = 50 and CET n = 44 participants.
Randomly assign children to condition

Children were randomly assigned using unpredictable allocation concealment.
Pre-register the trial, and explicitly acknowledge departures from pre-registered plan

The trial was preregistered [https://osf.io/abwms]. All collected emotion regulation outcomes measures were reported. Data analyses were conducted masked to
treatment allocation.

Mask raters for all subjective outcome measures

Teachers were masked to treatment status and allocation condition. Caregivers were masked to allocation condition. However, caregivers were not masked to the
fact that their child was receiving an intervention because they are active participants in both treatments (66). Meta-analytic evidence indicates that estimates of
treatment effects are inflated for unmasked raters vs. masked raters by d = 0.36-0.40 for neurocognitive training studies (49).

Label any analyses conducted after inspecting the data as “exploratory”

The analyses reported herein did not depart from the a priori plan, with one clearly marked exception related to an administrative error during data collection for
our secondary outcome measure (EDI). Analytic decisions regarding this measure were made based on missing data counts without knowledge of their effects on
study results.

Avoid subgroup analyses unless preregistered

No subgroup analyses were preregistered; therefore, none were conducted. Within-group analyses were limited to planned comparisons to characterize the pattern
of change for each group across assessment points.

Identify all outcome data collected, including outcomes not reported herein

A complete list of data collected for secondary research questions can be found on the study’s OSF preregistration website.

Additional recommendations from Redick (75)

J

J

Report full pre-test and post-test means and SDs for all groups

Pre-treatment and post-treatment means and SDs are shown in Tables 1, 3, respectively.
Provide full, subject-level data as supplementary material

JASP (.jasp) data files are posted for peer review on the study’s OSF website [https://osf.io/86fwu/].
Use likelihood ratios, in particular Bayes Factors

Traditional p-values are supplemented with Bayes Factors to allow stronger conclusions regarding both between-group equivalence and emerging between-group

differences.
Examine outcomes graphically to ensure that the pattern of pre- to post-test change is theoretically consistent with the expected pattern of results

Graphical representations of study outcomes are shown in Figure 3.
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e Eligible but declined to participate (n = 16)

»| ® Not meeting below average/lower WM
criteria (n = 2)
e Intellectual Disability (n = 4)
e Exclusionary medication (n = 1)
Randomized (n = 94)
v
v { Allocation J v
Allocat§d to ICT inte.rvention .(n =50) Allocated to CET intervention (n = 44)
. R?CGIVed allf)cated I ETTEnHOmN (n = 50) e Received allocated intervention (n = 44)
* Did not receive allocated intervention (n = 0) e Did not receive allocated intervention (n = 0)
[ Follow-Up ]
| J
Lost to follow-up (n = 0) Lost to follow-up (n = 0)
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Pre-treatment Evaluation

e Participants completed psychoeducational evaluation. Parents were provided with diagnostic feedback.
e Measures completed:

o Parent: BASC-3 and EDI

o Teacher: BASC-3
e Eligible participants initiated treatment following diagnostic feedback

Five weeks of treatment with CET/ICT

Mid-treatment Evaluation

e Measures completed:
o Parent: BASC-3, EDI, NICT Expectancies Questionnaire, Teacher Masking

Five weeks of treatment with CET/ICT

Post-treatment Evaluation

e Measures completed:
o Parent: BASC-3 and EDI
o Teacher: BASC-3

Two to four months with no CET/ICT
treatment or contact with the study team

Long-term follow-up Evaluation

e Measures completed:
o Parent: BASC-3 and EDI
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