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Abstract

Emotion regulation difficulties are present in many, if not most, children with attention-deficit/
hyperactivity disorder (ADHD) and confer risk for a host of adverse outcomes. Little is known,
however, regarding the neurocognitive and behavioral mechanisms that underlie these difficulties.
A well-characterized, clinically evaluated sample of 145 children ages 8-13 years (M=10.33,
SD=1.47; 55 girls; 69% White/non-Hispanic) were administered multiple, counterbalanced
working memory tests and assessed for emotion dysregulation and ADHD symptoms via multiple-
informant reports. Bias-corrected, bootstrapped conditional effects modeling indicated that
underdeveloped working memory exerted significant direct effects on emotion regulation in all
tested models as well as indirect effects on emotion regulation via parent-reported hyperactive/
impulsive symptoms (95% Cls excluded zero). Interestingly, hyperactive/impulsive symptoms also
predicted emotion dysregulation when controlling for the influence of working memory.
Inattention failed to predict emotion regulation difficulties in all tested models (all 95% Cls
included zero). This pattern of results replicated across parent and teacher models and were robust
to control for mono-informant bias, age, and gender. These findings suggest that emotion
dysregulation in ADHD reflects, in part, both a direct outcome of underdeveloped working
memory and an affective outcome of hyperactive and/or impulsive symptomatology, both
attributable to and independent of the role of underlying working memory deficits.
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Attention-deficit/hyperactivity disorder (ADHD) is a heterogeneous neurodevelopmental
disorder present in approximately 5% of school-aged children (Polanczyk et al., 2014) and
characterized by impairing symptoms of inattention, hyperactivity, and/or impulsivity
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(American Psychiatric Association, 2013). Difficulties with emotion regulation are also
present in the majority of children with ADHD and predict a host of adverse near- and long-
term outcomes (Graziano & Garcia, 2016). Experimental and correlational findings in the
cognitive literature implicate working memory as a key mechanism underlying the ability to
regulate emotions and suppress outward expression of strong emotions (Schmeichel et al.,
2008; Schweizer et al., 2013; Sperduti et al., 2017). Additionally, experimental and
longitudinal evidence suggests that underdeveloped working memory may exert a
directional, if not causal, role in ADHD inattention and hyperactive/impulsive symptom
expression (Karalunas et al., 2017; Kofler et al., 2010; Rapport et al., 2009). To our
knowledge, however, no study to date has examined the link among working memory
deficits, ADHD symptoms, and emotion dysregulation in children with ADHD. The current
study addresses this gap in the literature, and uses well-validated tests of working memory,
multi-informant/multi-instrument indices of ADHD symptoms and emotion regulation, and
bias-corrected conditional effects modeling to characterize the relations among working
memory, ADHD symptoms, and emotion regulation in a large and carefully-phenotyped
sample of children with and without ADHD.

Emotion Regulation and ADHD

Emotion regulation difficulties are common among children with ADHD, occurring at
clinically significant levels in approximately 48%-54% of pediatric ADHD cases based on
converting meta-analytic effect sizes (¢= 0.80-0.95; Graziano & Garcia, 2016) into the
proportion of population overlap (Zakzanis, 2001). Broadly speaking, emotion regulation
refers to one’s physiological, experiential, and behavioral expressions of an emotion and the
ability to modulate the speed and intensity of escalation and de-escalation of that emotion
(Bunford et al., 2015; Zelkowitz & Cole, 2016). While there are several factors that
influence the subjective experience and behavioral expression of emotion (Gross, 1998),
emotion regulation is of particular interest in the current study given (a) meta-analytic
evidence of large magnitude impairments in this process in children with ADHD and (b) the
availability of standardized parent and teacher reports that provide quantitative data on the
frequency and severity of children’s emotion dysregulation (Graziano & Garcia, 2016).

Although there is growing interest in characterizing the nature of emotion dysregulation in
children with ADHD (e.g., Bunford et al., 2015; Graziano & Garcia, 2016), there is a
paucity of research investigating potential factors underlying these difficulties.
Understanding the mechanisms and processes that underlie emotion dysregulation in ADHD
is particularly important given evidence that these symptoms are resistant to current gold-
standard treatments for ADHD, including pharmacological intervention (Galanter et al.,
2003) and behavioral parent training (Waxmonsky et al., 2008). As such, understanding the
etiology of emotion dysregulation in children with ADHD is imperative when considering
secondary lines of treatment to address these difficulties. Further, difficulties with emotion
regulation persist into adulthood for individuals with ADHD (Richard-Lepouriel et al.,
2016) and predict academic impairment (Classi et al., 2012; Qian et al., 2016), higher rates
of health care utilization (Classi et al., 2012), and higher daily parenting stress (Walerius et
al., 2016) over and above the influence of core ADHD behavioral symptoms (Bunford et al.,
2014). Importantly, emotion regulation difficulties appear to exist in children with ADHD
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above and beyond what would be expected from common comorbid diagnoses such as
ODD, depression, or anxiety (e.g., Bunford et al., 2014). Rather, early emotion dysregulation
associated with ADHD appears to predict the later development of these comorbid
conditions (Steinberg & Drabick, 2015).

Taken together, the evidence base at this time indicates that emotion dysregulation is an
impairing feature of ADHD that does not respond to first-line ADHD treatments, and
evidence-based treatments directly targeting emotion regulation are limited. This is
problematic given that difficulties with emotion regulation portend risk for adverse outcomes
across a broad range of academic, social, and clinical outcomes. At the same time, the
mechanisms and processes underlying this risk remain poorly understood. As described
below, we hypothesized that impaired working memory may be a factor that underlies
emotion dysregulation in ADHD due to shared developmental and neurological processes
(Banich et al., 2009; Brass et al., 2005; Miller, 2000; Owen et al., 2005; Wager et al., 2008;
Wolfe & Bell, 2007). In the next section, we review the evidence implicating working
memory deficits in ADHD’s phenotypic expression, followed by a review of the current
evidence base linking working memory and emotion regulation in the cognitive and
developmental literatures.

Working Memory and ADHD

Working memory refers to the active, top-down manipulation of information held in short-
term memory (Baddeley, 2007), and includes interrelated functions of the mid-Ilateral
prefrontal cortex and interconnected networks that involve supervisory attentional control,
updating, processing, and reordering (Nee & Jonides, 2013; Wager & Smith, 2003). Recent
investigations of executive functioning heterogeneity in ADHD suggest that approximately
62% to 85% of children with ADHD have working memory deficits when assessed using
tasks with a prominent executive component (Karalunas et al., 2017; Kasper et al., 2012;
Kofler et al., 2018a). Working memory is associated with the primary behavioral symptoms
of ADHD, including inattention (Gathercole et al., 2008; Kofler et al., 2010), hyperactivity
(Hudec et al., 2015; Rapport et al., 2009), and impulsivity (Raiker et al., 2012; Patros et al.,
2015). Additionally, working memory abilities predict ADHD symptom severity in
longitudinal studies (Halperin et al., 2008; Salari et al., 2017; van Lieshout et al., 2016).
Improvements in working memory are also associated with ADHD symptom reduction
longitudinally, while other cognitive processes implicated in ADHD (i.e., response
inhibition, delayed reward discounting) do not appear to covary with ADHD symptoms over
time (Karalunas et al., 2017). Importantly, experimentally manipulating working memory
demands can elicit symptoms of ADHD, suggesting that these relations are not likely
attributable to third variable, epiphenomenal, or other non-directional explanations (Kofler et
al., 2010; Rapport et al., 2009). Finally, working memory deficits in ADHD have been
linked with ecologically valid indices of impairment in functional domains that have also
been linked with emotion regulation difficulties, including social problems (Bunford et al.,
2014; Kofler et al., 2011) and academic underachievement (Rennie et al., 2014). Taken
together with the cross-sectional and longitudinal findings, this line of research suggests that
working memory deficits may be a potential causal pathway to ADHD-related inattentive
and hyperactive/impulsive symptomology (Kofler et al., 2010; Rapport et al., 2009). To our
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knowledge, however, no study to date has assessed the extent to which underdeveloped
working memory may impart risk for difficulty regulating emotions in children with ADHD.

Working Memory and Emotion Regulation

Executive functioning in general (Schmeichel & Tang, 2015; Wante et al., 2017) and
working memory in particular have been linked with emotion regulation in most (McRae et
al., 2012hb; Opitz et al., 2014; Rutherford et al., 2016; Schweizer et al., 2011; Schweizer et
al., 2013; Schweizer et al., 2017) but not all studies (Dubert et al., 2016; Gyurak et al., 2009;
Gyurak et al., 2012; Marceau et al., 2018). Working memory’s association with emotion
regulation abilities has been documented in infants/toddlers (Wolfe & Bell, 2007),
adolescents (Schweizer et al., 2017) and adults (e.g., Schmeichel et al., 2008; Sperduti et al.,
2017; Xiu et al., 2016) using a wide range of methodologies, including physiological
markers (e.g., Sperduti et al., 2017), the ability to suppress facial expressions during
experimental tasks (e.g., Schmeichel et al., 2008), and self-report and other-informant
questionnaires (e.g., Rutherford et al., 2016). Emotion regulation also seems to rely on many
of the same frontoparietal neural networks (Banich et al., 2009; Wager et al., 2008) that are
involved in performance on working memory tasks (Brass et al., 2005; Miller, 2000; Owen
et al., 2005).

Evidence for a directional effect of working memory on emotion regulation, rather than vice
versa, comes from experimental studies demonstrating that increased working memory load
may interfere with emotion processing and regulation by reducing cortical activation in areas
implicated in emotion processing, whereas increasing emotional salience of stimuli fails to
interfere with working memory recall (Erk et al., 2007; Schmeichel et al., 2008; Van Dillen
et al., 2009; cf. Gray et al., 2002; Spies et al., 1996). For example, Erk and colleagues (2007)
found that cortical activity was significantly reduced in the amygdala and ventral striatum as
working memory demands increased. Conversely, there was no interference effect of
emotional stimuli on working memory task performance (Erk et al., 2007). Similarly, Van
Dillen and colleagues (2009) found that adding a cognitively demanding task diminished
amygdala responses after exposure to negative stimuli, suggesting that working memory
load may mitigate emotional reactivity to negative stimuli by increasing activation in the
right dorsolateral frontal cortex and the right superior parietal cortex. Additionally,
Schmeichel and colleagues (2008) demonstrated that individual differences in working
memory capacity are related to the ability to suppress the expression of experimentally-
induced emotion. Specifically, participants with higher working memory capacity were
better able to suppress their emotions when instructed, despite no differences in the
subjective experience of emotional intensity relative to participants with lower working
memory capacity (Schmeichel et al., 2008). Taken together, these studies suggest that
working memory and emotion regulation are not only supported by overlapping neural
networks, but that increasing working memory load diminishes activation in cortical regions
associated with processing emotion and impacts the ability to regulate behavioral
expressions of emation.
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Current Study

Method

Participants

The evidence base at this time indicates that many, if not most, children with ADHD have
impairments in working memory and emotion regulation. In addition, evidence from the
developmental and cognitive literatures suggests that working memory may be a key
mechanism underlying the ability to effectively regulate the expression of emotions.
However, to our knowledge, the extent to which these findings may explain emation
regulation difficulties in children with ADHD has not been investigated. The current study is
the first to examine the relation between working memory and the ability to regulate
emotions in a carefully-phenotyped clinical child sample using a multi-trait, multi-method,
and multi-informant approach to assess the unique and overlapping relations among working
memory abilities, ADHD inattentive and hyperactive symptoms, and emotion regulation
abilities. Bias-corrected, bootstrapped conditional effects modeling (Hayes, 2013) was used
to assess the extent to which working memory abilities predict better-developed emotion
regulation abilities, both independently and via working memory’s effects on ADHD
inattentive and hyperactive/impulsive symptoms (e.g., Kofler et al., 2010). We hypothesized
that better-developed working memory would predict better-developed emotion regulation
skills. In addition, we expected this association to be partially attributable to working
memory’s relation with ADHD inattentive and hyperactive/impulsive symptoms, which in
turn impact emotion regulation (i.e., both direct and indirect effects of working memory on
emotion regulation).

The sample comprised 145 children aged 8 to 13 years (M= 10.33, SD = 1.47; 55 girls)
from the Southeastern U.S. recruited through community resources from 2013-2018 for
participation in a larger study of the neurocognitive mechanisms underlying pediatric
attention and behavioral problems. The Florida State University IRB approved the study
prior to and throughout data collection, and all parents and children gave informed consent/
assent. Sample ethnicity was mixed with 100 Caucasian/Non-Hispanic (69%), 18 Hispanic/
English-speaking (12.4%), 13 African American (9%), 4 Asian (2.8%), and 10 multiracial
children (6.9%; Table 1).

All children and caregivers completed a comprehensive evaluation that included detailed,
semi-structured clinical interviewing and multiple norm-referenced parent and teacher
questionnaires. A detailed account of the comprehensive psychoeducational evaluation can
be found in the larger study’s preregistration: https://osf.io/nvfer/. The final sample was
composed of 145 children, including 49 children with ADHD; 53 children with ADHD and
common comorbidities (22 anxiety, 10 depression, 14 oppositional-defiant disorder/ODD,
and 29 suspected specific learning disorders); 21 with common clinical diagnoses but not
ADHD (18 anxiety, 3 depression, 2 ODD, and 1 suspected specific learning disorder); and
22 neurotypical children (Table 1). Psychostimulants (AMprescrived= 44; 30.3%) were withheld
>24 hours for neurocognitive testing. Psychoeducational evaluations were provided to
caregivers. Children were excluded if they presented with gross neurological, sensory, or
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motor impairment; non-stimulant medications that could not be withheld for testing; or
history of seizure disorder, psychosis, intellectual disability, or autism spectrum disorder.

Working memory testing occurred as part of a larger battery of neuropsychological testing
that involved 1-2 sessions of approximately three hours each. All tasks were
counterbalanced to minimize order effects. Children received brief breaks after each task and
preset longer breaks every 2-3 tasks to minimize fatigue. Children were seated in a caster-
wheel swivel chair. Performance was monitored at all times by the examiner, who was
stationed just outside of the testing room (out of the child’s view) to provide a structured
setting while minimizing performance improvements associated with examiner demand
characteristics (Gomez & Sanson, 1994).

Working Memory—The Rapport et al. (2009) computerized working memory tests
correctly classify children with vs. without ADHD at similar rates to parent and teacher
ADHD rating scales (Tarle et al., 2017), and predict hyperactivity (Rapport et al., 2009),
inattention (Kofler et al., 2010), impulsivity (Raiker et al., 2012), and ADHD-related
functional impairments (e.g., Kofler et al., 2018b). Reliability and validity evidence includes
good to excellent internal consistency (a=.82-.97; Kofler et al., 2018b), 1-3-week test-retest
reliability (.76-.90; Sarver et al., 2015), and expected relations with criterion working
memory complex span (s=.69) and updating tasks (r=.61; Wells et al., 2018). Six trials per
set size were administered in randomized/unpredictable order (3—6 stimuli/trial; 1 stimuli/
second) as recommended (Kofler et al., 2016). Five practice trials were administered before
each task (80% correct required). Task duration was approximately 5 (visuospatial) to 7
(phonological) minutes.

Phonological working memory: Children were presented a series of jumbled numbers and
a letter (1 stimuli/second). The letter was never presented first or last to minimize primacy/
recency effects and was counterbalanced to appear equally in the other serial positions.
Children reordered and recalled the numbers from least to greatest, and said the letter last
(e.g., 4H62 is correctly recalled as 246H).

Visuospatial working memory: Children were shown nine squares arranged in three offset
vertical columns. A series of 2.5 cm dots were presented sequentially (1 stimuli/second); no
two dots appeared in the same square on a given trial. All dots were black except one red dot
that never appeared first or last to minimize primacy/recency effects. Children reordered the
dot locations (black dots in serial order, red dot last) and responded on a modified keyboard.

Composite working memory variable: We controlled for task impurity (Conway et al.,
2005) by selecting tasks that differed on short-term memory modality (phonological vs.
visuospatial) and computing a Bartlett maximum likelihood weighted average based on the
intercorrelations among scores at each set size (i.e., component score; DiStefano et al.,
2009). This weighted average provides a more accurate estimate of construct stability than
confirmatory approaches (Willoughby et al., 2016). Conceptually, this process improves
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construct specificity by removing variance from non-executive task demands, time-on-task
effects (via inclusion of 4 blocks/task), short-term memory modality, and other non-shared
task parameters (e.g., orthographic-to-phonological conversion; Alderson et al., 2015). Thus,
the 8 working memory performance variables (4 blocks each for PHWM, VSWM) were
reduced to a single working memory indicator (54.60% of variance explained; loadings

= .46-.82). The participant (V= 145) to component (1) ratio was acceptable (Hogarty et al.,
2005). Higher scores reflect better working memory.

ADHD Symptoms—ADHD symptoms were assessed using parent and teacher total raw
scores from the Behavior Assessment Scale for Children (BASC-2/3; Reynolds &
Kamphaus, 2015) Attention Problems and Hyperactivity subscales. Raw scores were used as
recommended for research purposes (Achenbach, 1991). Psychometric support for these
subscales includes high internal consistency (a=.79-.94), test-retest reliability (r=.87-.91)
and expected correspondence with other indices of ADHD symptoms (e.g., Achenbach &
Rescorla, 2001; Conners, 2008; DuPaul et al., 2016). Higher scores indicate higher quantity/
severity of ADHD symptoms.

Emotion Regulation—Emotion regulation was assessed using parent and teacher total
raw scores from the Behavior Rating Inventory of Executive Function (BRIEF; Gioia,
Isquith, Guy, & Kenworthy, 2000) Emotional Control subscale. This subscale assesses
parent and teacher perceptions of children’s difficulties at modulating emotional responses
(e.g., “mood changes frequently”, “has explosive, angry outbursts”). Informants rate children
on a three-point Likert scale (never a problem, sometimes a problem, often a problem).
Evidence for the reliability and validity of the BRIEF Emotional Control subscale includes
high internal consistency (a=.89-.93), 3-week test-retest reliability (r=.79-.92) and expected
relations with other parent- and teacher-reports of emotion regulation (e.g., Achenbach &
Rescorla, 2001; Conners, 2008; Reynolds & Kamphaus, 2015). Higher scores indicate more
difficulty with emotion regulation.

Intellectual Functioning (IQ) and Socioeconomic Status (SES)—IQ was estimated
using the Verbal Comprehension Index of the WISC-IV (n= 2), WASI-II (n= 35), or WISC-
V (n=108; Wechsler, 2003, 2011, 2014). Hollingshead (1975) SES was estimated based on
caregiver(s)’ education and occupation.

Data Analysis Plan

The study’s primary analyses used PROCESS (Hayes, 2013) with 10,000 bootstrapped
samples to analyze the bias-corrected relations among working memory, ADHD symptoms,
and emotion dysregulation while covarying age and gender (Preacher, Rucker, & Hayes,
2007). Bias-corrected, bootstrapped conditional effects modeling was preferred because it
allowed shared variance among predictors to be parsed according to theory and previous
research. Working memory performance was modeled as a predictor of inattentive
symptoms, hyperactive/impulsive symptoms, and emotion dysregulation. The ADHD
symptom clusters were also modeled as predictors of emotion dysregulation. Inattention and
hyperactivity/impulsivity were included separately based on evidence that they differentially
predict relations between working memory and other ADHD-related impairments (e.g.,
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Bunford et al., 2014; Kofler et al., 2018b). To remove mono-informant bias, parent-reported
ADHD symptoms were modeled to predict teacher-reported emotion dysregulation, and vice
versa, in separate models. Sensitivity analyses were then conducted to probe the extent to
which results were influenced by our control for age, gender, and mono-informant bias.

Importantly, the BASC-2/3 Attention Problems and Hyperactivity subscales were considered
appropriate predictors because they do not contain any items that explicitly assess emotion
regulation (Reynolds & Kamphaus, 2015). Pathway directionality was specified a priori
based on the available literature reviewed above. Specifically, working memory was
modeled to predict ADHD symptoms, rather than vice versa, based on prior theoretical work
and experimental evidence that increasing working memory demands evokes inattentive and
hyperactive behavior (Kofler et al., 2010; Rapport et al., 2009), whereas working memory
deficits remain large when covarying attentive behavior during testing (Kofler et al., 2010).
In addition, ADHD symptoms were modeled as predictors of emotion dysregulation given
conceptualizations of emotion regulation difficulties as secondary features of ADHD
(Graziano & Garcia, 2016). Finally, working memory was modeled as a predictor of emotion
regulation, rather than vice versa, given the preponderance of evidence support effects in this
direction (Erk et al., 2007; Schmeichel et al., 2008; Van Dillen et al., 2009; cf. Gray et al.,
2002; Spies et al., 1996). Notably, the cross-sectional design precludes testing competing
models regarding directional effects of working memory and emotion regulation or emotion
regulation and ADHD symptoms (i.e., reversing arrows does not distinguish plausible
models; Thoemmes, 2015). Effects are considered statistically significant if their 95%
confidence intervals (Cls) do not contain zero. Effect ratios for significant indirect effects
indicate the proportion of the total effect (c pathway) that is conveyed via the indirect
pathway (ab; i.e., effect ratio = ab/c). Raw scores for all variables were converted to z-scores
based on the current sample to allow path coefficients to be interpreted as standardized p-
weights (Preacher et al., 2007).

Power Analysis

Large effects were predicted based on large relations between emotion regulation and
ADHD symptoms (&= 0.80-0.95; Graziano & Garcia, 2016) and large relations between
working memory and ADHD symptoms (d'= 2.0; Kasper et al., 2012). Our N of 145 exceeds
the V=34 required for bias-corrected bootstrapping to detect an effect of these expected
magnitudes for a = .05 and power = .80 with one intermediate effect (Fritz & MacKinnon,
2007). Conservatively assuming partial mediation and approximately equal contributions of
each mediator, V=100 produced power = .94-.96 to detect the total indirect effect with two
intermediate effects (Briggs, 2006). Power for detecting significance for each intermediate
effect with /=100 was .92-.94. Thus, the current study’s N of 145 is adequately powered to
detect effects of the expected magnitude.

Preliminary Analyses

Each of the independent and dependent variables were screened for univariate outliers,
defined as values greater than 2 interquartile ranges outside of the median. Seven data points
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(0.14% of data points from the ADHD group and 1.99% of data points from the Non-ADHD
group) were identified as outliers and were corrected to the most extreme value within 2
interquartile ranges of the median. Data were screened for multivariate outliers (defined as
SDBETA > 1; Cook & Weisberg, 1982). No multivariate outliers were identified. Missing
data were determined to be missing completely at random (Little’s MCAR test: /1/2: 553, p
=.79) and were imputed using expectation maximization based on all available data. This
process affected six (0.59%) data points. Task data from subsets of the current battery have
been reported for subsets of the current sample to examine conceptually unrelated
hypotheses in Kofler et al. (2018a—d). Data for the study’s primary outcome, emotion
dysregulation, have not been previously reported. Demographic characteristics are shown in
Table 1. The zero-order correlation matrix is reported in Supplemental Table 1 (online). The
models with parent- and teacher-reported emotion regulation as the outcome were run
separately but are reported together for readability given the consistency across models.

Primary Analyses: Cross-Informant Conditional Effects Models

As shown in Figure 1, results of the bias-corrected, bootstrapped conditional effects models
covarying age and gender indicated that better-developed working memory was associated
with better-developed emotion regulation based on both parent (8= -0.20, 95% CI = -0.37
to —0.03) and teacher report (8= —0.17, 95% CI = —0.35 to —0.0007). Better working
memory abilities also predicted fewer parent-reported inattentive (8 =-0.34, 95% CI =
-0.51 to —0.17), parent-reported hyperactive/impulsive (8= —0.25, 95% Cl = -0.41 to
-0.08), and teacher-reported inattentive symptoms (8= -0.28, 95% CI = -0.45 to —-0.11);
the working memory-hyperactive/impulsive association did not reach significance based on
teacher report (8 =-0.14, 95% CI = —0.30 to 0.03). In addition, fewer hyperactivity/
impulsivity symptoms, but not attention problems, predicted better-developed parent-
reported (8= 0.33, 95% CI = 0.12 to 0.53) and teacher-reported emotion regulation (5=
0.35, 95% CI = 0.12 to 0.58) when controlling for working memory.

Conditional effects of working memory through cross-informant hyperactivity/impulsivity
symptoms were significant when parent-reported hyperactivity/impulsivity was modeled to
predict teacher-reported emotion regulation (indirect effect: 8= —0.09, 95% CI = -0.19 to
-0.02; ER = .53); this indirect effect did not reach significance when teacher-reported
hyperactivity/impulsivity was modeled to predict parent-reported emotion regulation (8=
-0.04, 95% CI = -0.11 to 0.006). The direct effect of working memory on teacher-reported
emotion regulation was no longer significant after accounting for working memory’s effects
on emotion regulation via the hyperactivity/impulsivity pathway (8 =-0.13, 95% CI = -0.31
to 0.05); the direct effect of working memory on parent-reported emotion regulation
remained significant as expected based on the lack of significant indirect effects in that
model (Figure 1). No conditional effects via the attention problems pathway were observed
(both 95%Cls include zero).

Sensitivity Analyses

Additional analyses were conducted to probe the extent to which results were influenced by
our a priori decisions to control for (a) age and gender by using these variables as covariates
and (b) mono-informant bias via the use of cross-informant models. Results are reported in
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the Supplementary Online materials and summarized here. First, we repeated the primary
analyses while removing the statistical control for age and gender. Next, we substituted the
cross-informant for single-informant data (i.e., parent-reported ADHD symptoms predicting
parent-reported emotion dysregulation, and teacher-reported ADHD symptoms predicting
teacher-reported emotion dysregulation). As shown in Supplemental Figures 1 and 2, results
in all cases were highly consistent with those reported above, including direct effects of
working memory on emotion regulation, direct effects of hyperactivity/impulsivity on
emotion regulation when controlling for working memory, indirect effects of working
memory on emotion regulation via parent-reported hyperactivity/impulsivity, and no direct
or indirect effects via the attention problems pathway (all 95% Cls include zero) in all
models. In terms of effect ratios for the significant indirect effects of working memory on
emotion regulation via the parent-reported hyperactivity/impulsivity pathway, the effect ratio
of .53 reported above increased slightly when control for age and gender was relaxed (effect
ratio=.58) and increased substantially when removing control for mono-informant bias
(effect ratio=.95), highlighting the inflated effects associated with, and importance of
controlling for, mono-informant bias.

Taken together, the cross-informant and mono-informant models were highly consistent in
indicating that working memory predicted emotion regulation, and that hyperactivity/
impulsivity predicted emotion regulation independent of working memory. Evidence for
indirect effects of working memory on emotion regulation through hyperactivity/impulsivity
was more nuanced, such that this effect was conveyed only via parent-reported
hyperactivity/impulsivity, regardless of whether parent- or teacher-reported emotion
regulation was the outcome. In other words, working memory predicts emotion regulation,
and hyperactivity/impulsivity predicts emotion regulation both independently and potentially
via its role as a phenotypic expression of working memory deficits that underlie the
behavioral expression of ADHD symptoms. In contrast, there was no evidence to suggest a
link between children’s inattentive symptoms and their skill at regulating their emotions.

Discussion

The present study was among the first to examine the relations among working memory,
ADHD symptoms, and children’s skills at regulating their emotions. Additional strengths of
the study include the use of a multi-method, multi-informant, and multi-task design,
inclusion of a clinically-evaluated and carefully-phenotyped sample, and a direct replication
of the study’s findings across different informants/settings. Overall, the results were highly
consistent across models, and indicated that working memory exerted significant direct
effects on emotion regulation. The models diverged in terms of the extent to which this
association was conveyed via working memory’s association with ADHD hyperactive/
impulsive symptoms. These findings were consistent with evidence from the cognitive
literature suggesting a functional relation between working memory and emotion regulation
(Schmeichel et al., 2008), recent evidence suggesting a relation between varying working
memory demands and the frequency of emotional expression in children with ADHD (Tarle
et al., 2019), and experimental evidence linking working memory with ADHD-related
excess gross motor movement (hyperactivity; Kofler et al., 2015; Rapport et al., 2009) and
impulsivity (Raiker et al., 2012). In addition, the results extend previous findings by
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demonstrating secondary effects of the working memory/hyperactivity relation onto
children’s skills at regulating their emotions and suggesting that working memory’s effects
on emotion regulation may occur both directly and via an indirect behavioral pathway.
Interestingly, hyperactivity/impulsivity also predicted emotion regulation independent of
working memory, whereas ADHD inattentive symptoms were not significantly associated
with emotion regulation despite showing the expected covariation with working memory.
These findings were consistent with meta-analytic evidence linking ADHD with emotion
regulation difficulties (Christiansen et al., 2019; Graziano & Garcia, 2016) and extend this
line of inquiry by suggesting specificity in this relation such that this risk appears to be
conveyed specifically via ADHD hyperactive/impulsive rather than inattentive symptoms.

Past literature suggests that deficits in working memory may underlie the phenotypic
expression of ADHD-related inattentive and hyperactive/impulsive behaviors (e.g., Kofler et
al., 2010; Rapport et al., 2009), and that emotion dysregulation is a common feature
associated with ADHD (Christiansen et al., 2019; Graziano & Garcia, 2016). The present
study tested the hypothesis that working memory would predict ADHD symptoms which
would, in turn, predict emotion regulation. We found partial support for this prediction, with
indirect effects of working memory on emotion regulation through parent- but not teacher-
reported hyperactive/impulsive symptoms. Given that this effect was replicated across cross-
informant and mono-informant models, it appears that working memory may be further
implicated in emotion dysregulation insofar as underdeveloped working memory contributes
to the expression of ADHD-related hyperactive/impulsive symptoms as they are perceived
by parents. That is, emotion regulation deficits in children with ADHD appear to reflect, in
part, the behavioral expression of underlying working memory deficits that result in
difficulty controlling impulses and/or regulating gross motor activity (e.g., Kofler et al.,
2010; Rapport et al., 2009). This conclusion is consistent with mixed evidence suggesting
that emotion dysregulation may be more prevalent in children with ADHD who present with
higher levels of hyperactive/impulsive symptoms (for review, see Bunford, Evans, &
Wymbs, 2015).

Interestingly, hyperactivity/impulsivity also exerted direct effects on emotion regulation
independent of the effects of working memory in all models tested, suggesting that there
may be multiple pathways to emotion dysregulation in ADHD. That is, the current findings
suggest at least four independent pathways through which children exhibit difficulties with
emotion regulation: (1) emotion dysregulation that is directly related to working memory
abilities; (2) emotion dysregulation that reflects the behavioral expression of underdeveloped
working memory that results in age-unexpected difficulties controlling impulses (Raiker et
al., 2012) and/or gross motor movements (Kofler et al., 2015; Rapport et al., 2009), as
evidenced by the significant indirect effects observed in all models that included parent-
reported hyperactivity/impulsivity; (3) emotion dysregulation secondary to additional
aspects of the hyperactive/impulsive syndrome unrelated to underlying working memory
deficits, as evidenced by the significant effects of hyperactivity/impulsivity on emotion
regulation even after controlling for working memory; and (4) emotion dysregulation
independent of all neurocognitive and behavioral mechanisms tested in the current study
(inferred from the non-multicollinearity between emation regulation and all assessed
predictors). This multiple pathway hypothesis is consistent with evidence for the
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multidimensionality of working memory (Nee & Jonides, 2013), hyperactivity/impulsivity
(Gibbins et al., 2012), and emotion regulation (Graziano & Garcia, 2016; Gross, 1998), and
extends these models by suggesting that different components of these constructs may be
differentially related to different underlying neurocognitive and behavioral mechanisms. For
example, the working memory system includes multiple short-term ‘memory’ storage
buffers (verbal, visual-spatial, episodic) and central executive ‘working” components
(updating, dual-processing, reordering; Baddeley, 2007; Wager & Smith, 2003). Similarly,
hyperactive/impulsive symptoms have been lumped together since DSM-111 (APA, 1980) but
at least some factor analytic studies support the conceptual distinction between hyperactivity
and impulsivity (Glutting, Youngstrom, & Watkins, 2005; Span, Earleywine, & Strybel,
2002), or alternatively between excess gross motor movement (hyperactivity) and auditory/
verbal intrusion (Gibbins et al., 2012; Kofler et al., under review). Similarly, emotion
dysregulation can result from an impaired threshold for affective arousal (i.e., emotional
reactivity/lability) or from difficulties with top-down regulatory processes (i.e., emotion
regulation; Graziano & Garcia, 2016) that can occur secondary to disruptions at one or more
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 (Gross, 1998). Future work that identifies and fractionates working
memory, hyperactivity/impulsivity, and emotion regulation into their component parts are
needed to replicate and extend the current study’s findings regarding independent
neurocognitive and behavioral pathways to emotion regulation difficulties.

Given the current and previous findings that these emotion regulation difficulties appear to
be modulated by higher-order working memory processes directly (e.g., Schmeichel, 2008)
and potentially via an impulsive/hyperactive behavioral pathway, future work is needed to
determine the point(s) in the emotion generation/expression process that this influence is
conveyed. According to Gross’s (1998) model, emotion regulation can occur at several
different points during the process of emotion generation: the situation an individual selects,
how they modify that situation to match their needs, which aspects of the environment the
individual attends to, how emotional stimuli are interpreted, and how initial interpretations
and reactions to stimuli are modulated by the individual. Working memory may be
implicated at any of these stages of emotion generation and expression. For example, to up-
or down-regulate their initial emotional responses in a socially appropriate manner, children
must be able to evaluate, differentiate, and recall appropriate emotional responses for a
situation, retain that information in short-term/working memory, and flexibly apply the rules
corresponding to that situation. More specifically, when selecting situations, a child must be
able to identify and recall situations that led to dysregulated emotions in the past, and
actively maintain a representation of behaviors that were previously helpful while
continually integrating incoming information from the present environment (i.e., high
working memory demands). This interpretation is consistent with experimental evidence
indicating that higher working memory capacity facilitates both the active suppression of
emotional expressions and the ability to utilize cognitive reappraisal to modulate emotional
responses (Schmeichel et al., 2008).
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Limitations and Future Directions

The current study has several strengths, including a relatively large and clinically evaluated
sample of children, cross-informant replication, and the multi-method, multi-informant, and
multi-task design. However, the following limitations should be considered when
interpreting results. First, the use of other-informant measures of emotion regulation is
informative in that they measure emotion regulation using behaviors observable to parents
and teachers, rather than relying on children’s introspective self-report that may be hindered
by limited insight, particularly in light of replicated evidence that children with ADHD
reliably under-report their own symptoms and impairments (e.g., Langberg, Dvorsky, &
Evans, 2013; Owens et al., 2007). The discrepancies between parent and teacher reported
symptoms and their relations with other constructs in the current study highlight the
importance of considering multi-informant ratings of children’s symptoms, given that
symptoms may manifest differently across settings. Additionally, these measures are limited
in their ability to disentangle the mechanisms underlying emotionally dysregulated behavior,
as these behaviors may be caused by deficits in emotion regulation, increased emotional
reactivity or lability, or some combination of these factors. Although this study focused on
the behavioral manifestation of emotion dysregulation, there is evidence that emotional
reactivity and regulation may represent the same construct (Zelkowitz & Cole, 2016). Both
processes are impaired in children with ADHD (Graziano & Garcia, 2016) and have been
implicated as potential explanations of emotion dysregulation in ADHD (e.g., Christiansen
etal., 2019; Graziano & Garcia, 2016). Future research should investigate emotion
regulation using more specific measures of emotion regulation subcomponents, including
considering physiological indicators of emotional reactivity or measuring self-reported
cognitive strategies involved in emotion regulation in ADHD.

Next, the current study used performance from construct-valid working memory tasks but
did not examine the effects of other executive and non-executive neurocognitive functions,
or subcomponents of the working memory system, in relation to ADHD symptoms and
emotion dysregulation. Previous studies suggest that other executive functions, including
inhibitory control and set shifting/cognitive flexibility, may be important to the etiology of
emotion dysregulation (Christiansen et al., 2019; Schmeichel & Tang, 2015; Wante et al.,
2017). Given that patterns of deficits in executive functioning are highly variable among
children with ADHD (Castellanos & Tannock, 2002; Kofler et al., 2018a), it will be
important for future work to consider the unique contributions of these processes in addition
to working memory as they relate to emotion dysregulation. In that context, the current
study’s oversampling for children with ADHD was considered a strength to the extent that
this heterogeneity was expected to provide a wider range of scores and thus greater
likelihood of detecting interrelations among the constructs, particularly when combined with
inclusion of (a) other conditions associated to greater or lesser extents with difficulties in the
assessed domains, and (b) neurotypical children more likely to exhibit strengths in the
assessed domains. Nonetheless, the inclusion of children without ADHD may reduce
specificity of the findings to ADHD, just as the oversampling of children with ADHD may
reduce generalizability to the broader population of children. Because emotion dysregulation
may be a transdiagnostic factor that is associated with and/or predicts the emergence of
common ADHD comorbidities (Steinberg & Drabick, 2015), future work with larger
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samples of children with ADHD with and without comorbid diagnoses is needed to elucidate
factors that contribute to emation dysregulation in ADHD specifically. Finally, although the
preponderance of evidence at this time suggests that working memory may influence
emotion regulation more so than vice versa (Erk et al., 2007; Schmeichel et al., 2008; Van
Dillen et al., 2009), there is some evidence to suggest these effects may be bidirectional or
that emotional valence may disrupt working memory performance (Gray et al., 2002; Spies
et al., 1996). The cross-sectional nature of our data prevented examination of competing
models regarding directionality (Thoemmes, 2015); experimental and longitudinal studies
are needed to test for causality and directionality of the effects reported herein.

Clinical Implications

Taken together, the current findings were consistent with previous literature linking
underdeveloped working memory with emotion regulation difficulties, while suggesting that
this relation may be conveyed in part via working memory’s role in controlling behavioral
impulses more generally. Interestingly, hyperactivity/impulsivity showed strong covariation
with emotion dysregulation, both independently and via its role as a phenotypic expression
of working memory deficits that underlie the behavioral expression of ADHD symptoms. In
contrast, ADHD inattentive symptoms do not appear to convey risk for difficulties with
emotion regulation. These findings suggest multiple, independent pathways to emotion
regulation difficulties in ADHD, with implications for understanding emotion dysregulation
as a transdiagnostic risk factor for impairment (Graziano & Garcia, 2016) and the
development of comorbid disorders for children with ADHD (Steinberg & Drabick, 2015).
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Cross-informant conditional effects models with age and gender covaried
Note. Effects are significant if their 95% Cls do not contain zero (bolded).
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Table 1.
Sample and demographic variables
Variable ADHD Non-ADHD Cohen’sd t X2 p
M SD M SD

N (Boys/Girls) 102 (66/36) 43 (24/19) - - 1.02 .31, ns
Age 10.23 1.44 10.56 1.53 - 1.24 - .22, ns
SES 4851 1172 49.79 12.04 - 0.60 -- .55, ns
VCI 105.07 16.88 108.84 11.96 - 1.33 -- .18, ns
Ethnicity (A, BR, B, H, W) (1,8,9,9,75)  (3,2,4,9,25) - - 901 .06
Working Memory Component Score -0.33 0.93 0.79 0.64 -1.40 -8.32 - <.001
Parent Emotion Regulation (Raw Score) 20.82 519 17.02 450 0.78 4.18 -- <.001
Teacher Emotion Regulation (Raw Score) 14.11 5.13 11.95 4.05 0.47 2.70 - .02
Parent Attention Problems (Raw Score) 12.97 2.93 9.33 4.08 1.02 5.32 - <.001
Teacher Attention Problems (Raw Score) 1442 414 9.63 6.44 0.88 4.50 -- <.001
Parent Hyperactivity/Impulsivity (Raw Score) 16.27 6.25 9.58 4.93 1.19 6.25 -- <.001
Teacher Hyperactivity/Impulsivity (Raw Score) ~ 13.43 8.44 7.56 7.88 0.72 3.90 - <.001
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Note: A = Asian; B = Black/African American; BR = Biracial; H = Hispanic/English-speaking; SES = Hollingshead SES total score; VCI =
Wechsler Verbal Comprehension Index; W = White/Non-Hispanic
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