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ABSTRACT OF THE DISSERTATION
COGNITIVE FACTORS AND PARASYMPATHETIC REGULATION AS
INTERACTING MECHANISMS OF ATTENTION-DEFICIT/HYPERACTIVITY
DISORDER
by
Anthony Robert Ward
Florida International University, 2019
Miami, Florida
Professor Erica D. Musser, Major Professor

Attention-deficit/hyperactivity disorder (ADHD) is among the most commonly
diagnosed mental health disorders in childhood, and yet, the causal mechanisms of the
disorder remain unclear. Deficits in attention regulation, inhibition, and working memory
are frequently proposed as core mechanisms of ADHD, but these deficits are highly
heterogeneous at the individual level, which hampers advances in understanding the
etiology of the disorder. Recent research has shown that parasympathetic nervous system
(PNS) regulation is linked to cognitive function and emotion regulation; atypical PNS
regulation is associated with problems in these domains as well as higher risk for
psychopathology overall. This dissertation examined aspects of attention, response
inhibition, and working memory, as well as PNS regulation and reactivity, in a sample of
children both with and without ADHD; between-groups comparisons were conducted
using ANCOVA, as well as examining associations with a continuous measure of ADHD

symptom severity using multiple regression. Furthermore, the possible moderating effect



of PNS reactivity on the association between each cognitive domain and ADHD was

evaluated.

Children with ADHD exhibited significantly poorer performance on tests of
attention, response inhibition, and attentional regulation compared to typically
developing youth. Parasympathetic regulation at rest was also significantly reduced
among ADHD youth compared to typically developing peers. In addition, there was a
consistent moderating effect of PNS reactivity on the continuous associations between
each cognitive domain and inattention symptom severity. The possible relevance of these
findings is discussed with respect to multiple pathway and additive models of ADHD
development, as well as cognitive-energetic etiological models which hypothesize
deficits in broad regulatory capacities which cascade into executive functioning
difficulties. Future directions are also noted and include the need to examine similar
interactions within a longitudinal design, and the need to describe the role of PNS

regulation in the development of ADHD in greater detail.
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CHAPTER I. INTRODUCTION TO THE DISSERTATION

Attention-deficit/hyperactivity disorder (ADHD) is a childhood-onset
neurodevelopmental disorder characterized by inattention, hyperactivity, and/or
impulsivity, which lead to substantial impairment across multiple settings (American
Psychiatric Association, 2013). The disorder is prevalent with epidemiological studies
estimating between 7 and 9% of school-age children meet criteria for the diagnosis
(Pastor & Reuben, 2008; Thomas et al., 2015). Further, ADHD persists throughout
adolescence and adulthood for many individuals (Biederman, Petty, Clarke, Lomedico, &
Faraone, 2010; Langberg et al., 2008; Kessler et al., 2006). The estimated economic
impact of ADHD with regard to treatment, education, family productivity, and criminal
justice costs is estimated at $42.5 billion annually (Pelham, Foster, & Robb, 2007).
Furthermore, ADHD in childhood is a risk factor for a host of negative health,
psychosocial, and economic outcomes across development (Barkley, Anastopoulus,
Guevremont & Fletcher, 1991; Barkley, Fischer, Smallish, & Fletcher, 2004; Molina &
Pelham, 2003). Thus, commensurate with the prevalence, high costs, and public health
impact associated with ADHD, research focusing on etiology and potential prevention
and intervention programs has progressed for decades and remains a high priority for the

field.

Diagnosis of ADHD relies on reports of observable behaviors in at least one of
two domains: inattentive symptoms and/or hyperactive/impulsive symptoms (American
Psychiatric Association, 2013). However, these symptom domains, as well as the three

DSM-5 presentations of ADHD, do not appear to correspond with substantial differences



in impairment, neurocognitive features, or response to treatment. Prior to publication of
the DSM-5, a meta-analytic review authored by the ADHD subcommittee of the
Disruptive Behavior Disorders Work Group described the DSM-1V subtypes as
“convenient clinical shorthand” which lack corresponding etiological correlates and long-

term prognostic specificity (Willcutt et al., 2012, p.2).

Cognitive Heterogeneity in ADHD

These broad issues are emblematic of research over recent decades, which has
shown that children with ADHD likely constitute a highly heterogeneous group with
regard to underlying cognitive and developmental mechanisms. For example, numerous
theories have proposed weaknesses in domains of executive functioning — the top-down
cognitive processes involved in regulating goal-directed cognition and behavior — as core
to the etiology of ADHD (Barkley, 1997; Castellanos & Tannock, 2002; Rapport, Chung,
Shore, & Isaacs, 2001). However, while children with ADHD exhibit substantial
impairment in these domains at the group level, up to half of individual children with
ADHD perform within the normative range on these tasks (see Nigg et al., 2005).
Additionally, there is substantial within-person variability across task performance
among individuals with ADHD (Karalunas, Geurts, Konrad, Bender, Nigg, 2014; Kofler
et al., 2013). These findings lend support to theories of ADHD as being rooted in

multiple etiological pathways (Nigg, Goldsmith & Sachek, 2004; Sonuga-Barke, 2005).

One theoretical framework (Nigg et al., 2004) captures this heterogeneity in a
particularly relevant way with respect to the current series of studies. Relative to other

prominent theories which implicated cognitive or motivational differences as a central



feature of ADHD, Nigg and colleagues’ (2004) “multiple pathway model” incorporated
temperament constructs in describing the development of ADHD. Temperament is
generally defined as a set of early developing traits which are mostly stable across
development, consistent across situations, and which are partially heritable (Nigg et al,
2004; Rothbart, 2007). This model (Nigg et al., 2004) focuses particularly on the
temperament dimensions of effortful control (i.e., important contributor to self-regulation
of cognition and emotion), and positive and negative approach behaviors (i.e., affective
and behavioral reactivity). These temperament domains are not posited as alternative
measures of the clinical phenotypes; rather, the development of these broad-based and
early traits coincide with behavioral and cognitive correlates of ADHD, and provide more
developmentally sensitive measures of the emergence of risk for ADHD. Indeed, the
temperamental domains emphasized in this model have important influences on the
development of attention and self-regulation (Posner & Rothbart, 2000; Posner, Rothbart,
Sheese & Voelker, 2014). With respect to the current studies, this multiple pathway
model (Nigg et al., 2004) describes individual differences in regulatory control and
reactivity — which combine and interact with socialization processes — as essential
sources of etiological and developmental heterogeneity. As the following literature
review makes clear, the current studies are concerned with elucidating whether measures
of regulation and reactivity (at the level of the parasympathetic nervous system; PNS)
may help clarify documented cognitive heterogeneity in ADHD, as has been suggested in

previous research (Ward, Alarcon, Nigg & Musser, 2015).



Parasympathetic Nervous System Regulation and Child Psychopathology

Along with the increasingly well-characterized cognitive and developmental
heterogeneity in ADHD (Whalstedt, Thorell, & Bohlin, 2009; Willcutt et al., 2012) and
influential theories positing multiple etiological pathways (Sonuga-Barke, 2002, 2005),
there is growing recognition that the developmental differences associated with ADHD
involve broad regulatory constructs as well as aspects of executive functioning (Musser et
al., 2011; Nigg & Casey, 2005; Sergeant, 2005). Extant research has increasingly
examined the role of self-regulation (e.g., emotion regulation, arousal and effort) across a
variety of normative and adverse developmental outcomes using cardiac-derived
measures of PNS activity (Beauchaine, 2001; Calkins, Fox, & Marhsall, 1996;
Marcovitch et al., 2010; Miller et al., 2013; Obradovic & Boyce, 2012; Porges, 2007;
Thayer et al., 2009). Among typically developing children, cardiac-derived measures of
PNS regulation are linked to differences in cognitive function (Holzman & Briggett,
2017; Sturge-Apple et al., 2016), including working memory and attention (Gianaros,
Van der Veen, & Jennings, 2004; Pu, Schmeichel & Demaree, 2010; Suess, Porges,
Plude, 1994), as well as emotion regulation (Beauchaine, 2001; Gross, 1998) — two areas
that are commonly impacted in ADHD (Graziano & Garcia, 2016). For this reason, there
has been a recent surge in research on ADHD which incorporates measures of PNS
regulation.

Much of the work on PNS regulation as an index of self-regulation stems from
Porges’ (1995, 2007) polyvagal theory which proposes that parasympathetic output via
the vagus nerve is associated with self-regulation. Polyvagal theory predicts successful

broad-based regulation to be associated with the reliable withdrawal of PNS influence



during challenging states. This is presumed to allow for increases in metabolic resources
to cope with challenge (i.e., increased heart rate, respiration, etc.), including cognitive,
emotional, or other environmental demands (Porges, 2007). A well-validated index for
PNS influence over cardiac activity is respiratory sinus arrhythmia (RSA), which is
derived from the dynamic fluctuation in heart rate which occurs naturally during
respiration.

The significance of polyvagal theory for developmental psychopathology has
been well-recognized through studies which have examined differences in RSA either at
rest or in terms of reactivity in response to cognitive tasks and emotion regulation
paradigms. In particular, reduced RSA at rest and either blunted or exaggerated
withdrawal of RSA during challenging contexts is associated with myriad
psychopathology (Beauchaine, 2001; Beauchaine, 2012; Graziano & Derefinko, 2013).
Such patterns of RSA have been posited as a transdiagnostic risk factor for childhood
psychopathology (Beauchaine & Thayer, 2015).

With respect to ADHD, differences in PNS regulation during challenges have
been observed across various contexts when compared to non-affected children (Musser
etal., 2011, 2018; Rash & Aguirre-Camacho, 2012; Ward, et al., 2015). For example, in
one study, children with ADHD exhibited elevated RSA compared to typically
developing youth in the context of and emotion regulation paradigm involving positive
and negative emotional stimuli (i.e., consistently elevated PNS response across valence
contexts; Musser et al., 2011), and these indices differentiate between heterogeneous
behavioral and temperamental profiles among ADHD children (Karalunas et al., 2014;

Musser et al., 2013).



PNS Activity as a Potential Moderator of Working Memory Ability in ADHD

In addition, and central to the current set of studies, working memory disruptions
in ADHD appear to be moderated by PNS dysregulation among children with ADHD
(Ward et al., 2015). Working memory refers to a limited capacity, short-term memory
which stores, actively updates, and allows manipulation of transitory information
(Baeddely, 2007; Engle, 2002; Engle, Tuholski, Laughlin, & Conway, 1999). In a recent
study, children with exaggerated PNS reactivity (i.e., either exacerbated RSA withdrawal
or augmentation) and weaker working memory performance were more likely to be
diagnosed with ADHD than their peers (Ward et al., 2015). Given the well-established,
but heterogeneous association between ADHD and working memory ability cited above,
these effects may explain some of the cognitive heterogeneity observed in ADHD. That
is, poor working memory was associated with ADHD and its symptoms particularly

when compounded by atypical parasympathetic regulation.

These findings suggest an additive process; when working memory deficits are
present along with atypical PNS response, ADHD was more likely and more severe
(Ward et al., 2015). Critically, however, it remains unclear whether the moderating role
of PNS reactivity is specific to working memory only, or whether PNS reactivity relates
to other cognitive deficits commonly associated with ADHD, such as response inhibition
(i.e., the ability to inhibit a previously habituated response) and response variability (i.e.,
within-subject inconsistency in reaction time). Specifically, moderation models will
examine RSA reactivity during the tests of attention and inhibition as a moderator of the
association between each cognitive measure and ADHD (as a diagnosis and in terms of

symptom severity). Additionally, replicating the previous research by Ward and



colleagues (2015) in an ethnically and socioeconomically diverse, clinic-recruited sample
will investigate the generalizability of the previously obtained results. This dissertation
seeks to address these gaps using a multi-level assessment battery consisting of working
memory, response inhibition, and reaction time variability tasks with concurrent
assessment of PNS regulation in a diverse, clinical sample of children with ADHD

diagnosed using gold-standard assessment procedures.

The current study will contribute to understanding of etiological and executive
function heterogeneity in ADHD by further elucidating specific bio-neurocognitive
mechanisms, which may serve to influence both prevention and research efforts.
Furthermore, a greater understanding of the etiological mechanics of the disorder has the
potential to impact clinical practice and pharmacological treatment of the disorder, as

new targets may be identified.

Specific Aims and Hypotheses

Study 1 examines independent and interactive contributions of PNS regulation
and working memory in ADHD. Specifically, it is hypothesized that a) working memory
(assessed via spatial span) will be weakened in ADHD children compared to typically
developing (TD) youths, b) PNS-based regulation during a working memory task
(indexed by RSA withdrawal from baseline) will be present for control group, but blunted
for the ADHD group, and ¢) PNS-based regulation will moderate the association between
working memory and ADHD, such that blunted PNS-based regulation with weakened

WM will predict ADHD (both categorically and continuously).



Study 2 examines the independent and interactive contributions of PNS regulation
and response inhibition, as well as interactions between PNS regulation and attention, in
ADHD. The following predictions are hypothesized: a) response inhibition will be
weakened in ADHD children compared to typically developing youth, b) vigilant
attention performance will be weaker in the ADHD group than in the TD youth group c)
PNS-based regulation during a response inhibition task will be present for the control
group, but blunted for the ADHD group, d) PNS-based regulation during the task will
moderate the association between attention performance and ADHD, such that poor PNS-
based regulation with weakened attention will predict ADHD (both categorically and
continuously), and e) PNS-based regulation during the task will moderate the association
between response inhibition and ADHD, such that poor PNS-based regulation with

weakened response inhibition will predict ADHD (both categorically and continuously).

Study 3 will examine the association between reaction time variability and
ADHD, as well as the interactive contributions of parasympathetic regulation and
reaction time variability in ADHD. Hypotheses include: a) reaction time variability will
be greater in ADHD children compared to TD children, b) PNS-based regulation during
task will moderate the association between reaction time variability and ADHD, such that
poor PNS-based regulation with greater reaction time variability will predict ADHD

(both categorically and continuously).

This research will contribute to the field’s understanding of how physiological

regulation is related to the link between ADHD symptoms and specific cognitive



difficulties. In addition, significant findings may hold promise for informing future

research on etiological pathways, prevention, and individualized treatment approaches.



CHAPTER II: STUDY 1.
Introduction to Study 1

Weak performance on tasks of working memory (WM)! is associated with ADHD
diagnoses and symptoms (Martinussen et al., 2005; Rapport et al., 2001;Kasper,
Alderson, & Hudec, 2012). Further, poor WM performance helps to explains variance in
associated impairments that are commonly seen with the disorder, such as academic
problems (Gropper & Tannock, 2009). Meta-analytic studies support a relatively robust
association between WM — including both auditory and visual/spatial modes — and
ADHD diagnosis (Martinussen et al., 2005). However, there is marked heterogeneity in
this effect (Kasper et al., 2012), with as many as half of individual children with ADHD
exhibiting WM in a normative range (Nigg et al., 2005). In fact, WM is heterogeneous
among typically developing children as well, such that the distribution of WM
performance in typically developing samples substantially overlaps with ADHD samples
(Fair, Bathula, Nikolas, & Nigg, 2012). That is, while aspects of cognitive functioning
(such as reduced performance on WM tasks) are robustly associated with a diagnosis of
ADHD, these features are not universal among children with ADHD, nor specific to the

disorder (Harvey et al., 2004; Landrg, Stiles, & Sletvold, 2001).

! Ward et al., (2015) used the term “short-term memory storage/reordering” to more precisely define the
specific aspect of working memory used in that study, based on distinctions drawn from extant empirical
work (see Engle et al., 1999 and Conway et al., 2005 for detailed discussions). Here, I use the term
“working memory” in keeping with the numerous studies which incorporate similar cognitive tasks.

10



In line with these empirical developments, contemporary theories propose that
there may be multiple developmental profiles (or “pathways”) which can manifest as
ADHD symptoms (Castellanos, Sonuga-Barke, Milham & Tannock, 2006; Sonuga-
Barke, 2005; Nigg, Goldsmith & Sachek, 2004). Following these shifting
conceptualizations, recent work has examined how measurement of other broad systems
involved in self-regulation may inform the heterogeneous cognitive profiles observed in
ADHD. In particular, cardiac-derived indices of parasympathetic nervous system (PNS)
activity are sensitive to changes in engagement and attention demands related to
performance on a variety of cognitive tasks (Duschek, Muckenthaler, Werner & Reyes
del Paso, 2009; Marcovich et al., 2010; Porges, 2007; Hansen, Johnsen, Sollers, Stenvik
& Thayer, 2004) including tests of WM (Hansen, Johnsen & Thayer, 2003). In addition,
associations between atypical PNS regulation and ADHD have been reported under
various contexts, such as during rest (Rash-Aguirre & Camacho, 2012; Ward et al.,
2015), during emotion regulation (Beauchaine et al., 2001; Crowell et al., 2006; Musser

etal., 2011), and during challenging cognitive tasks (Ward et al., 2015).

Recent work by our group investigated the contribution of dysregulation in PNS
control over heart rate (indexed through respiratory sinus arrhythmia; RSA) and found
that exaggerated PNS reactivity (i.e., excessive RSA elevation or withdrawal during the
WM task) moderated the association between worse WM ability and greater likelihood of
an ADHD diagnosis (Ward et al., 2015). In addition, the combination of atypical PNS
response (exaggerated RSA withdrawal) during the task and poor WM performance
predicted more severe ADHD symptoms. However, replication of these findings is

needed in order to confirm these conclusions and inform future longitudinal research.

11



Replication of research findings is a priority in the field of clinical psychological science
given that type I error may occur among published research articles much more often
than was previously recognized (loannidis, 2005, 2012; Maxwell, Lau & Howard, 2012;
Pashler & Wagenmakers, 2012). Finally, substantiating a cognitive/regulatory profile
predictive of ADHD could also inform research on early development and prevention of
ADHD.

The current study seeks to replicate the previous study by Ward and colleagues
(2015) which examined the moderating role of PNS regulation on the association
between WM and ADHD. One of the limitations of that study was the relative ethnic
homogeneity of the samples utilized; for example, over 80% of the overall sample
identifying as non-Hispanic Caucasian. The present study expands on Ward et al. (2015)
by examining these associations in an ethnically diverse, clinically-recruited sample of
children. Generally, it is expected that results will mirror those of Ward et al. (2015).
Specifically, it is hypothesized that 1) WM will be weakened in ADHD children
compared to typically developing youths, 2) PNS activity indexed by respiratory sinus
arrhythmia (RSA) at rest will be elevated in children with ADHD relative to controls 3)
PNS-based regulation during the WM task (indexed by RSA withdrawal during the task)
will be present for control group, but blunted for the ADHD group, and 4) PNS-based
regulation will moderate the association between WM and ADHD, such that blunted
PNS-based regulation with weakened WM will predict ADHD (both categorically and

continuously).

12



Study 1 Methods

Participants

Participants were 196 children aged 7 to 12 years (M=9.27, SD=1.41); 126 met
DSM 5 criteria for ADHD (80% male; 65% combined presentation, 23% inattentive
presentation, 12% hyperactive/impulsive presentation), and 70 were typically developing
(TD) comparison youth (57% male). Children younger than age 12 were recruited given
the age criterion for a diagnosis of ADHD, which requires onset of symptoms prior to age
12 years (American Psychiatric Association, 2013). Thus, children in the ADHD group
are likely to be experiencing current and ongoing impairment and high symptom severity.
Additionally, the age range of 7-12 years old was utilized for Study 1 specifically to
mirror the age range utilized by Ward et al. (2015). Racial and ethnic minority children
(identifying as Hispanic/Latino or racial minority) made up a large proportion of the
sample (92.1% of controls, 94.4% of ADHD). Specifically, approximately 15% of
participants (23% of controls, 12% of ADHD) were identified by a parent as a racial
minority (10% African American, 1.2% Asian, and 1% American Indian, 1.9%
other/mixed race). Further, 89% of the overall sample identified as Hispanic (i.e., an
individual can fall under both categories). Additional demographic and diagnostic details
are provided in Table 1. The local Institutional Review Board approved the study; all
procedures conformed to the Ethical Principles of Psychologists and Code of Conduct
(American Psychological Association, 2002). Parents provided written informed consent

and children provided written informed assent.
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Procedures

Recruitment. Children with ADHD in the current study are a subset of children
enrolled in a double-blind, cross-over study examining tolerance to stimulant medication
in children with ADHD. The larger study took place in the context of a Summer
Treatment Program (STP) over the course of three years. Families in the larger study
were recruited through several sources, including a university treatment center, referrals
from schools and physicians, and advertisements (billboards, newspaper, radio).
Typically developing (TD) children were recruited from the community through

advertisements (e.g., flyers) and community exhibitions.

Exclusion Criteria. All participants in the larger study were required to meet
DSM 5 criteria for ADHD and to have no documented contraindication for use of
methylphenidate, documented intolerance to methylphenidate, or failed trial of OROS
methylphenidate at full therapeutic dose. Children in the TD group were required to have
no more than three ADHD symptoms endorsed by parents. In addition, both ADHD and
TD youth were required to meet the following inclusion criteria for the current study: Full
Scale 1Q > 75, no diagnosis of autism, seizures, arrhythmias, hypertension, Tourette's or
Tic disorders, psychoses, mania, or other disorders made worse by stimulants. Other
disorders, including disruptive behavior and/or mood or anxiety disorders were free to

vary and treated as covariates as appropriate in relevant analyses.

Diagnostic Procedures and Measures of Psychopathology. Participants in both
groups (ADHD and TD) underwent a multi-gate screening process to establish eligibility

and diagnostic assignment. A parent/guardian completed questionnaires and standardized
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rating forms (see Procedures), as well as the Diagnostic Interview Schedule- Child
Version (DISC-1V; Shaffer et al., 2000), with a trained master’s-level clinician.
Additionally, parent-report and teacher-report on the Disruptive Behavior Disorders
Rating Scale (DBD-RS; Pelham, Gnagy, Greenslade, and Milich, 1992) and the
Pittsburgh Modified Conners Rating Scale (Pelham, Fabiano, & Masseti, 2005) were
obtained for all children with ADHD. However, only parent-report (i.e., no teacher-
report) for the DBD-RS and Conners was obtained for TD children. All children (ADHD
and TD) completed the Wechsler Abbreviated Scale of Intelligence (WASI-11; Wechsler,
2011) and the word reading, spelling, and numerical operations sub-tests of the Wechsler

Individual Achievement Test (WIAT-11I; Wechsler, 2009).

Diagnoses of ADHD were made according to best-practice recommendations
(Pelham, Fabiano, and Massetti, 2005) and included parent and teacher ratings of ADHD
symptoms (from the DBD-RS), a structured parent interview (DISC-1V), and parent and
teacher ratings on the Impairment Rating Scale. Two Ph.D. level clinicians reviewed all
available data from the initial assessment to confer diagnoses of ADHD and disruptive
behavior disorders (i.e., CD and/or ODD) and ensure children met inclusion criteria. If
disagreements occurred (less than 1% of cases), a third clinician reviewed the file and
majority decision was used. For the purposes of this study, all other comorbid diagnoses
(excluding ODD and CD) were determined based on endorsements of parent report on

the DISC-1V (Shaffer et al., 2000).

Medication Status and Context. The larger study utilized a crossover design in

which children were given placebo for either the first or second half of the STP (3 weeks
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each condition) after an initial 2-week titration period. All data used in the current study,
for the ADHD sample, were obtained after children were “washed out” of stimulant
medications (i.e., at least 48 hours without medication; equivalent to 7 half-lives) and

currently taking placebo.
Measures

Psychopathology. Parent-reported symptoms of ADHD and oppositional defiant
disorder were measured by the DBD-RS (detailed above). The mean rating of DSM-5
ADHD symptoms was utilized as a continuous measure of ADHD severity. Mean
symptom rating was selected rather than the count of endorsed symptoms because
children in the ADHD group needed to have at least six endorsed symptoms in either or
both the inattention or hyperactive/impulsive symptom domain. Therefore, using
symptom count would result in a greater restriction of range in this variable. A structured
interview with the child’s parent (DISC-1V; Shaffer et al., 2000) was also administered.
Comorbid diagnoses of ODD, CD, anxiety, or mood disorders were measured using

parent endorsements on the DISC-1V for the respective disorder.

Spatial Span. The Spatial Span task (similar to the CANTAB Spatial Span; Fray,
Robbins & Sahakian, 1996) backward condition was used to assess visual-spatial short-
term memory (i.e., re-ordering and rehearsal of visual-spatial information). The task was
administered using E-prime software. The task stimuli are presented as a series of white
boxes arranged on-screen in fixed locations. The boxes light-up one at a time, followed
by a tone, after which participants click on the boxes in the reversed order of what was

displayed. Before beginning the automated task, children demonstrate comprehension by

16



correctly completing a single practice trial (span of three); no children in the current
sample failed to advance to testing. During the task, two trials are administered at each
span length (i.c., a “block™), beginning with a span length of three (i.e., three boxes light
up sequentially) and continuing up to a maximum span of nine boxes. One element is
added to the span in each subsequent block if at least one trial was completed with 100%
accuracy. The task is automatically ended when at least one error is produced on both

trials within a block.

Analyses utilize a partial credit scoring algorithm (Conway et al., 2005) which
assigns credit according to the proportion of correctly-recalled items within a trial. In
addition, participant scores on the Spatial Span were “load-weighted,” meaning that it is
possible for each item in a span to result in a single point (e.g., a span of three has a
maximum score of three, while a span of five has a max score of five). The result is
greater distinction according to performance, wherein individuals who reach larger span
lengths and more consistent performance across trials may obtain a higher score. It
should be noted that while this approach is considered best practice by many, it also is
highly correlated with “unit weighted” and “all-or-nothing” approaches which are also

commonly utilized extant cognitive literature (r=.87 to .93; Conway et al., 2005).

Physiological Recording. Disposable silver/silver-chloride electrodes were placed
in a standard electrocardiogram (ECG) and impedance cardiography (ICG) configuration.
The ECG electrodes were placed at the right collar bone and the tenth-left rib with a
ground electrode placed at the tenth-right rib. To estimate respiration rates, ICG was used

with two voltage electrodes placed below the suprasternal notch and xiphoid process and
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two current electrodes placed along the spine 3 to 4 cm above and below the voltage
electrodes. ECG and ICG were recorded continuously during a two-minute resting
baseline, a neutral baseline, and the WM task (each detailed below). The R-R series was
sampled at 1,000 Hz. Heart rate, interbeat-interval (IBI) and respiration rate data were

derived using the ECG and ICG data following collection.

Respiratory Sinus Arrhythmia (RSA). The RSA was indexed by extracting the
high frequency component (>0.15 Hz) of the R-R peak time series. Respiratory sinus
arrhythmia was derived using spectral analysis of the R-R time series (Berntson, et al.,
1997), in 30 second epochs across rest, neutral baseline, and Spatial Span task. A length
of 30 seconds was utilized given that several participants completed the spatial span task
in less than 60 seconds. The R-R time series data were detrended and Fast Fourier
transformation was applied. The obtained high frequency band of heart-rate variability
data was set over the respiratory frequency band of 0.24 to 1.040 Hz. Respiration rates

and amplitudes were derived from the impedance cardiograph signal (Z0).

The R-R waves were examined for artifacts and outliers using MindWare® Heart
Rate Variability software, version 3.1 (MindWare, 2012). Artifacts were removed by
trained research assistants using the software and visual inspection. This process was
repeated by independent raters on a randomly selected sub-sample consisting of 20% of
the cases form the complete sample, and satisfactory inter-rater reliability was indicated
(all k > 0.85). In addition, there were no between-group differences in the artifacts

identified, all p > 0.50.
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Resting and Neutral Physiological Baselines. Prior to physiological recording,
children’s resting RSA was assessed during a single two-minute period while in a still,
seated position. Additionally, children completed a neutral period task before and after
the Spatial Span task. This neutral period lasted approximately two minutes and included
viewing 10 pictures from the neutral set of the International Affective Picture System
(Lang, Bradley & Cuthbert, 1997) on a computer screen. The purpose of the neutral
period was to account for the physiological response associated with orienting and
attending, as well as facilitating the return of physiological activity to baseline levels
prior to beginning the next task. Respiratory sinus arrhythmia during this neutral baseline

task was used to calculate physiology change scores.

Physiological Reactivity. Physiological reactivity to task demands were calculated
by subtracting average RSA during the first 30sec epoch of the neutral baseline condition

from average RSA during the first 30 sec epoch of the WM task (described below).
RSA [Spatial Span] — RSA [Neutral period] = ARSA [reactivity]

RSA during the task was compared to the neutral period rather than the resting baseline
in order to avoid indexing reactivity solely associated with orienting and responding to

the task.
Study 1 Analytic Plan.

Group differences (i.e., ADHD vs. control) in WM performance, resting RSA, and
RSA reactivity during the WM task (i.e., RSA change scores calculated as on-task RSA
minus neutral period RSA) were each examined using analysis of covariance

(ANCOVA). Separate linear regression models were used to examine continuous
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associations between ADHD symptom severity and each of the following predictors:
WM performance; resting RSA; RSA reactivity during the WM task. Additionally,
regression-based moderation analyses were used to examine the interaction of RSA
reactivity and WM performance in predicting ADHD (as both a diagnostic category and
continuous dimension of symptom severity, in separate models) using the PROCESS
macro (Hayes, 2013). Variables were mean-centered prior to moderation analyses. The
PROCESS macro performs both linear- and logistic-regression based moderation
analyses, probes interaction effects, and provides multiple indices of conditional effects.
Pick-a-point effects are given for logistic moderation models, while Johnson-Neyman
conditional effects are presented for linear regression moderation models (Bauer &
Curran, 2005; Hayes, 2013). Missing data were addressed through list-wise deletion for
all models.

Study 1 Results

Distribution and Power Analysis

When examining the entire sample (i.e., both youth with and without ADHD),
mean scores from the DBD Rating Scale demonstrated kurtosis (z > 1.96), but not skew.
This was expected given the inclusion of a control group exhibiting few symptoms of
ADHD by design. Thus, as planned, linear and logistic regression-based approaches were
utilized given their relative robustness against violations of normality (Cohen, Cohen,
West & Aiken, 2003). The mean raw scores of parent-rated ADHD symptoms across the
two domains measured by the DBD-RS (DSM-5 inattentive and hyperactive/impulsive

domains) were highly correlated with one another (r = .81), as well as with the overall
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ADHD symptom ratings (both r > .95). Using G*Power (Faul, Buchner, Lang, 2009),
post-hoc power analysis of ANCOVA for sample size N=196 indicated power of .74
(borderline) to detect a small effect (partial-n? = 0.06), consistent with effects sizes
obtained for differences in WM and RSA in a previous study of children with ADHD
(partial-n®’s =.06 and .03, respectively; Ward et al., 2015). For the same sample, post-hoc
power analysis for logistic regression indicated power of .80 (satisfactory) to detect a
medium effect size (odds ratio = 1.70) and, for linear regression, power of .81
(satisfactory)to detect a small effect (R?=.03). These proposed effects sizes are consistent

with those found in previous research (Ward et al., 2015).

Sample Characteristics

Table 1 provides demographic and clinical description of the sample by group.
Compared to children in the control group, children with ADHD were more likely to be
male (x°=11.81, p <.001) and less often belonged to a racial minority (y° = 3.69, p <
.05). However, racial minority individuals were not significantly different with regard to
WM, resting or task RSA, RSA-change, nor ADHD symptom severity (all p > .21).
Finally, no significant between-group differences were observed in terms of age,

estimated full scale 1Q, or proportion of Hispanic/Latino (all p > .10).

As expected regarding clinical characteristics, children with ADHD had more
symptoms of oppositional defiant disorder (ODD) and conduct disorder (both p <.001),
were more likely to have a diagnosis of those disorders (both p < .05), and were more
often prescribed medication for ADHD prior to entering the study (i.e., no subjects in the

control group were medicated; p<.001). These differences are largely representative of
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children with ADHD in the general population (APA, 2013). No statistically significant
between-group differences were observed in diagnoses of anxiety or depressive disorders

(all p > .05).

Correlations of the primary variables of interest, demographic, and clinical
characteristics are displayed in Table 2. Child age was significantly correlated with WM
performance, and RSA during Spatial Span (i.e., not reactivity). Child Full Scale 1Q was
significantly correlated with WM performance (p< .05). Given these significant
associations, as well as theoretical links with the primary variables of interest and
consideration of the covariates included in the original manuscript (Ward et al., 2015),
age, gender, previous medication status, and ODD symptom count were included as
covariates in all models. These are the same covariates included in models examined by
Ward et al., (2015). Although 1Q was associated with WM task performance, experts
have criticized using 1Q as a covariate in studies of cognitive functioning and ADHD

(e.g., Dennis et al., 2009).
Analyses Using ADHD Diagnosis

Analyses initially focused on the ADHD syndrome as defined by DSM-5 criteria

(American Psychiatric Association, 2013).

Working Memory according to ADHD Diagnosis. A one-way ANCOVA
examined group differences in WM while controlling for covariates. The main effect of
diagnostic group on WM was not significant, F(6, 175) = 0.00, p = .99.

Baseline RSA according to ADHD Diagnosis. At resting baseline, youth with

ADHD (EMM=6.17, SE=0.13) exhibited significantly lower resting RSA (i.e., an
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indication of reduced PNS-based regulation) compared to control youth (EMM=7.009,
SE=0.22), F(6, 179) = 9.59, p < .01, ny2=.05. Youth with ADHD (EMM=6.25, SE=0.14)
also exhibited significantly lower RSA during the neutral baseline condition compared to
control youth (EMM=6.90, SE=0.23), F(6, 177) = 4.51 , p < .05, ny?>=.03. Between-group
RSA effects at baseline are shown in Table 3.

Autonomic Reactivity Effects according to ADHD Diagnosis. Respiratory sinus
arrhythmia reactivity was indexed by subtracting the respective RSA values during the
neutral baseline condition (see Methods) from the RSA value during the WM task.
ANCOVA revealed no significant between-groups difference in RSA reactivity during
the WM task (F(6, 177) = 0.88, p > .34 as summarized in Table 3a.

Test of Moderation Effects. To test the hypothesis that the association between
ADHD diagnosis and WM performance would be moderated by RSA reactivity,
moderation analyses were conducted using a logistic regression approach (via PROCESS;
Hayes, 2013). When predicting diagnostic group status (i.e., ADHD vs typically
developing), the interaction of mean WM score and RSA reactivity was not statistically

significant (z = 0.21, b = 0.64, p > .80), indicating that moderation was not present.

Analyses Using Continuous/Dimensional ADHD Measures

Multiple regression analyses examined the association between WM performance
as the predictor variable and overall ADHD severity as the outcome variable, which was
measured using the mean of parents’ ratings (i.e., raw scores) for ADHD symptoms on
the DBD-RS (Pelham et al., 1992). To investigate DSM-5 dimensional specificity, mean

raw scores for inattentive and hyperactive/impulsive items (also from the DBD-RS) were
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used to index inattentive and hyperactive/impulsive symptom severity as the outcome in
separate models. Child age, sex, ODD symptoms, and medication status were treated as

covariates in all models described below.

Working Memory and Continuous Measures of ADHD. In the model with mean
overall ADHD symptom rating as the dependent variable, WM score was not
significantly associated with overall ADHD rating, = -0.06, t(174)=-1.10, p > .27
(Table 4a). Additionally, WM score was not significantly associated with ratings of the
inattentive symptom domain, = -0.05, t(175)=-1.19, p > .23, nor was the relationship
significant between WM and hyperactive/impulsive symptom ratings, = 0.01, t(175)=

0.13, p > .89 (see Tables 4b, 4c).

At-Rest RSA and Continuous Measures of ADHD. Results of regression analyses
are summarized in Table 4a. The model with overall ADHD rating as the outcome
variable and resting baseline RSA and all covariates as predictors was significant, F(5,
178)=54.97, p <.001, R? = .61. Specifically, RSA at resting baseline was significant and
negatively associated with overall ADHD symptom rating, p= -.16, t(175)=-3.27, p <
.01, sr? =.023. In separate model, RSA during neutral baseline fell short of significant as
a predictor of overall ADHD rating, = -.10, t(176)=-1.95, p = .05, sr2 = .008. Lower
resting RSA predicts greater ADHD severity, indicating that children in the ADHD group

tend to exhibit reduced PNS-regulation over heart rate.

To examine the specificity of significant findings with respect to DSM-5 ADHD
symptom dimensions, multiple regression analyses replicated these analyses with resting

RSA as the predictor of interest, and inattentive or hyperactive/impulsive symptom
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ratings as the outcome (hyperactive/impulsive or inattentive symptom severity,
respectively, was added as an additional covariate). Resting RSA was a significant
negative predictor of inattention, p = -0.16, t(176)= -4.04, p < .001, sr?=.026, but not

hyperactivity/impulsivity (p =.27; see Tables 4b and 4c).

Autonomic Reactivity and Continuous Measures of ADHD. Testing the hypothesis
that autonomic reactivity during the WM task (i.e., change in RSA from neutral period)
would be related to ADHD severity, the model with RSA change plus covariates was
significant, F(5, 176) = 50.20, p <.001, R? = .59. However, RSA change was not a
significant predictor (= .07, t(176)= 1.39, p = .16) when accounting for covariates.
When examining potential specificity with respect to ADHD symptom domains (similar
to with resting RSA above), RSA reactivity was not a significant predictor of inattentive

severity (p = .44) nor hyperactive/impulsive severity (p = .66).

Test of Moderation Effects on Continuous Measures of ADHD. Moderation
analyses were conducted using mean ADHD symptom rating as the continuous outcome
variable. The models were identical to the moderation models described above which
used ADHD diagnosis, but with symptom severity (from the DBD-RS) as the outcome
variable and using a linear regression approach. The interaction of WM performance and
RSA reactivity was significant in predicting overall ADHD symptom severity, b = -0.81,
SE=0.31, t(170)=-2.63, p < .01. Conditional effects are displayed in Table 5 and indicate
that lower WM score was associated with higher mean symptom rating when RSA

withdrawal was above average, but not at mean levels of RSA withdrawal.
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Additional moderation analyses examined the WM - RSA interaction effect with
individual ADHD symptom domains (i.e., either inattentive or hyperactive/impulsive
symptom ratings, separately) as the dependent variable, adding the other respective
domain as a covariate. Neither the model predicting inattentive symptom ratings (p =.14)

nor hyperactive/impulsive symptom ratings (p = .32) was significant.

Follow-up analyses examined the moderating effect of RSA reactivity among the
ADHD subgroup only (n=126). The interaction was significant b = -0.67, SE= 0.28,
t(114)=-2.35, p < .05, and indicated similar conditional effects to the same model in the
full sample. Children who displayed both weaker WM as well as excessive RSA

withdrawal were predicted to have the most severe ADHD symptoms.

Study 1 Discussion

Prevailing etiological theories of ADHD implicate deficits in cognitive constructs,
such as working memory (WM), as primary drivers of ADHD symptoms and
impairments (Barkley, 1997; Rapport et al., 2001), but youth with ADHD are
heterogeneous with respect to individual decrements in these constructs (Kasper et al.,
2012; Nigg et al., 2005; Wahlstedt, Thorell, & Bohlin, 2009). Prior work by our group
has demonstrated that heterogeneity in WM among community-recruited children with
ADHD is accounted for by the co-occurrence of abnormal PNS-based regulation (Ward
et al., 2015). The current study sought to replicate and extend these findings by
examining these relationships in a more ethnically diverse, clinic-recruited sample.

The first hypothesis that children with ADHD would experience reduced WM

relative to TD children was not supported. These findings run counter to previous

26



literature, as well as our previous study, which reported significantly reduced WM
performance (partial-eta=.03 to .06) among children with ADHD compared to typically
developing children (Ward et al.,2015). However, while recent meta-analyses yield large
effect sizes for WM differences among ADHD youth, these studies also reveal
statistically significant heterogeneity statistics (Kasper et al., 2012; Martinussen et al.,
2005; Willcutt et al., 2005) indicating that inconsistency in the effects are not likely due
to chance (Higgins, Thompson, Deeks, Altman, 2003). The recent meta-analysis by
Kasper and colleagues (2012) noted that considerable between-study variability in
working memory performance among youth with ADHD is moderated by the type of
memory task utilized. Specifically, WM tasks with more intense demands of the central
executive component of WM have been shown to be associated more consistently with
impaired performance among ADHD samples than tasks which emphasize recall and re-
ordering of memorized items (such as the span task utilized here). The current findings
may be emblematic of this variability, which would suggest group differences in WM
may be present if assessed through a more comprehensive battery. At the same time,
PNS-based regulation has also been found to impact cognitive performance in children
with and without ADHD (Marcovitch et al., 2010; Suess, Porges, Plude, 1994; Ward et
al., 2015). The current study is concerned with investigating the role of PNS regulation in
this well-documented heterogeneity and, therefore, we examine these associations below.
Both attenuated PNS-based regulation, as well as blunted PNS reactivity during
challenging tasks, are associated with psychopathology in children, including among
youth with ADHD (Beauchaine, 2001; Graziano & Derefinko, 2013; Musser et al., 2011).

Additionally, low baseline PNS-based regulation is associated with reduced WM
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performance in children and adults (Gianaros et al., 2004; Hansen, Johnson & Thayer,
2003). In the present study, children with ADHD exhibited significantly reduced RSA (a
cardiac index of PNS regulation) at rest when compared to children in the TD group.
Further, when ADHD symptoms were examined continuously, reduced RSA at rest was
associated with greater ADHD severity. Specifically, low resting RSA was specifically
associated with higher parent ratings of inattention, but not hyperactivity. These results
suggest reduced PNS regulation is more common among ADHD youth than TD children
and that children with greater inattention may be particularly characterized by reduced
PNS. These findings corroborate other research demonstrating that reduced tonic PNS
influence over heart-rate is associated with myriad psychopathology (Beauchaine, 2001),
including ADHD (Rash & Aguirre-Camacho, 2012). Notably, however, these findings
differ from those of Ward et al. (2015), where RSA at rest was significantly higher
among youth with ADHD than the TD group. While prevailing theoretical
conceptualizations suggest children with ADHD will exhibit reduced vagal-mediated
PNS influence over resting heart rate (i.e., reduced resting RSA; Beauchaine & Thayer,
2015; Porges, 2007), results have been mixed. A recent systematic review of six studies
concluded reduced heart-rate variability (a measure of PNS regulation related to RSA) at
baseline may characterize children with ADHD (Rash & Aguirre-Camacho, 2012). A
more recent meta-analytic study (of six studies of children; Koenig et al., 2017)
concluded no significant differences in heart rate variability between ADHD children and
TD youth. Importantly, both reviews were unable to examine moderators, such as age
and/or gender, due to a small number of extant studies. However, reports of reduced

baseline PNS-regulation are often linked to samples with co-occurring externalizing
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symptoms (Beauchaine et al., 2001; Crowell et al., 2006; Hinnant & EI-Shiekh, 2009),
which were substantially more prevalent in the current clinic-referred sample (Table 1)
relative to our previous study (Ward et al., 2015). Although our analyses controlled for
the presence of ODD symptoms, this is an imperfect means of statistically controlling for
the full gamut of externalizing psychopathology; and it may be that ADHD symptoms
and externalizing problems are each associated with atypical PNS-based responding, but
in different ways, thereby influencing the current findings. Further, previous studies
examining externalizing comorbidity have noted reduced PNS-based regulation at-rest
(Hinnant & EI-Sheikh, 2009) or during tasks (Tenenbaum et al., 2017), as well as blunted
reactivity when engaged in challenging tasks (Beauchaine et al., 2001; Musser et al.,
2013).

Parasympathetic nervous system reactivity during the WM task was also re-
examined here. Using change in RSA (from neutral task to the WM task) to index PNS
reactivity, between-group differences in PNS reactivity were not significant. This was
somewhat surprising given the significant correlation between RSA-change and ADHD
severity (Table 2). In addition, comparing mean level of RSA during resting and task
periods for each group (Table 3 and Figure 2) suggests that mean RSA among the ADHD
group increased across these periods while mean RSA among TD subjects exhibited less
change. However, non-significant differences in PNS reactivity to the WM task are
consistent with the findings by Ward et al. (2015). Given the observed differences in
PNS-based regulation, and the previously documented relationship between PNS-based
regulation and cognitive function (Gianaros et al., 2004; Hansen, Johnson & Thayer,

2003; Holtzman & Briggett, 2017), we continued to pursue the question of whether

29



heterogeneity in WM among ADHD children can be explained by PNS reactivity, as
observed previously (Ward et al., 2015).

The interaction of WM performance and RSA reactivity was significant in
predicting ADHD symptom severity. The current finding was corroborated by a similar
significant interaction when analyzed in the ADHD group only, but a non-significant
interaction effect among the control group. Conditional effects indicated that, for those
children with an exaggerated PNS response during the task (i.e., greater elevations in
RSA from neutral to WM task periods), lower WM score predicted higher ADHD
ratings. However, when PNS reactivity was within approximately 1 SD of the sample
mean, the link between WM and ADHD severity was not significant. Of note, the
moderation model which examined the interaction of PNS reactivity and WM with
dichotomous ADHD diagnosis as the outcome variable was not significant. This finding
diverges from the results obtained by Ward and colleagues (2015) where the moderation
model was significant both when ADHD was considered in terms of continuous severity
and as a dichotomous category. The precise reason is unclear but may be illustrative of
the differences between the Ward et al (2015) sample and the current sample, with the
latter exhibiting substantially higher rates of comorbid externalizing disorders and ethnic
diversity. As discussed previously, PNS reactivity to challenging contexts does vary as a
function of externalizing symptoms independent of ADHD (Beauchaine, Gatzke-Kopp &
Mead, 2007; Beauchaine, Hinshaw & Pang, 2010; Beauchaine, 2012).

These results replicate previous findings wherein PNS reactivity outside of an
optimal range combined with weakened WM performance predicted more severe ADHD

symptomatology (Ward et al., 2015). Children with ADHD exhibit differences in
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autonomic functioning in a variety of contexts including emotion regulation (Musser et
al., 2011, 2013), cognitive tasks (Borger et al., 1999; Ward et al., 2015), and at rest
(Negrao, Bipath, VVan der Westhuizen, Viljoen, 2011; Ward et al., 2015). In theory, PNS
regulation (indexed by RSA) is one facet of broader self-regulation system which
includes interconnectivity between the vagus nerve, brainstem nuclei (e.g., nucleus
ambiguus), and prefrontal cortical networks (Porges, 2007; Thayer, Hansen, Saus-Rose &
Johnsen, 2009). It may be that some ADHD children experience inefficient operating in
this “central-autonomic network” (Thayer et al., 2009) as partially indexed here through
RSA (Holtzman & Briggett, 2017). This would lead to inefficient regulation of attention,
social behavior, and cognitive functioning, leading to the behavioral and cognitive
problems that characterize ADHD. Such a viewpoint overlaps with models of ADHD
which frame optimal self-regulation as consisting of both bottom-up (i.e., autonomic and
sub-cortical) and top-down (i.e., cortically-mediated executive functions) capacities
(Nigg, Goldsmith, Sachek, 2004; Rothbart, Derryberry & Posner, 1994). Under such a
model, WM ability associated with top-down self-regulation can be hampered by
abnormal bottom-up regulation which may include PNS responding (Porges, 2007; Ward
etal., 2015).

Overall, it is concluded that PNS regulation is a promising mechanism for
explaining heterogeneity in WM performance among children with ADHD. These
findings may also align with multi-pathway etiological models of ADHD, which propose
that disrupted temperamental regulation and reactivity play a pivotal role in the
development of ADHD and eternalizing symptoms, and which are partially indexed

through cardiac-based PNS measures (Nigg et al,. 2004; Calkins & Keene, 2004). The
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current findings are significant in that they replicate previous findings within a sample
that varied considerably in terms of ethnic diversity and referral source. For example,
93% of the current sample identified as belonging to an ethnic minority group (primarily
Hispanic), which is in stark contrast to the prior study which was majority Caucasian;
additionally, the current sample recruited treatment-seeking subjects while the previous
study utilized a community-recruited sample (Ward et al., 2015).

Despite the numerous strengths of the present study, including the large sample,
well-characterized diagnostic groups, and multi-method approach, there are limitations.
First, the study is cross-sectional and, therefore, it is unclear how PNS regulation and
WM problems interact across development, whether one precedes the other, or if they are
both preceded by a third causal variable. Secondly, while the current study used a
measure of spatial WM which is well-represented in findings linking working memory
deficits to ADHD, a more comprehensive battery would allow elucidation of multiple
aspects of working memory. For example, a battery of WM tasks tapping auditory/verbal
working memory as well as visual-spatial modes, or multiple tasks which tap the various
components of WM (e.qg., storage/rehearsal, central executive, etc.) to varying degrees.
Finally, sympathetic nervous system responding is also an essential factor in the central
autonomic network described above. Measuring the impact of sympathetic activity at
baseline and in response to cognitive challenge is warranted, and currently in progress
within our group. Future studies that address these limitations through use of longitudinal
case-control designs and more comprehensive batteries will be well-positioned to
describe the developmental trends which distinguish the role of WM and autonomic

function in heterogeneous ADHD etiology.
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These results indicate a promising initial step in describing ADHD in terms of
underlying cognitive and physiologic functioning, while further establishing that such a
description is likely not found at a single level of analysis (Castellanos et al., 2006;
Sonuga-Barke, 2005). More specifically, the results suggest that ADHD is likely more
severe when weakened cognitive functions are present alongside compromised
physiological regulation. These findings set the stage for future work examining the role
of PNS regulation and reactivity as a modifier of cognitive development regarding

ADHD and other psychopathology.
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CHAPTER III: STUDY 2.

Introduction to Study 2

A deficit in response inhibition has been proposed as a central feature underlying
ADHD (Barkley, 1997) and has been shown to be associated with many of the
characteristics of the disorder (Lijffijt, Kenemans, Verbaten & van England, 2005; Nigg,
1999; Walcott & Landau, 2004). Paradigms for objectively measuring response inhibition
include computerized tasks, such as the Go/No-Go task, wherein a child must respond as
quickly and accurately to target stimuli as possible, while also inhibiting responses to
similar, less frequent non-target stimuli (Trommer, Hoeppner, Lorber & Armstrong,
1988). Increased errors of commission (i.e., responses to non-target trials) indicate
disinhibition or impulsive responding, while errors of omission (i.e., failures to respond
to target stimuli) are interpreted as an indicator of inattention (Trommer et al., 1988;
Metin, Roeyers, Wiersema, van der Meere & Sonuga-Barke, 2012). Additionally, slowed
reaction times to stimuli indicate difficulty with response execution (Borger & van der
Meere, 2000; Tillman, Thorell, Brocki & Bohlin, 2007). Overall, a large existing
literature indicates that children with ADHD tend to exhibit slower reaction times and
commit more errors of both kinds on response inhibition tasks, such as the Go/No-Go
(Casey et al., 1997; Lijffijt, Kenemans, Verbaten & Engeland, 2005; Slaats-Willemse,
Swaab-Barneveld, Sonneville, van der Meulen & Buitelaar, 2003; Sonuga-Barke,
Bitsakou & Thompson, 2010; Trommer et al., 1988). At the same time, deficits in
response inhibition are not universal among children diagnosed with ADHD; that is,

similar to findings regarding WM, there is substantial heterogeneity in terms of accuracy
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and reaction times on response inhibition tasks among youth with ADHD (Nigg et al.,
2005; Sonuga-Barke et al., 2010). Further, there is also wide heterogeneity observable in

the performance on these tasks among typically developing youth (Fair et al., 2012).

Recent etiological theories reconcile with these findings by positing multiple
developmental pathways to the ADHD diagnosis (Nigg et al. , 2004; Sonuga-Barke,
2005). These pathways likely involve the interaction of multiple substrates (or risk
factors) which are often studied in isolation (Nigg, 2010; Castellano et al., 2006). As
mentioned previously, recent work has examined how ADHD may be associated with
PNS activity at rest (Rash & Aguirre-Camacho, 2012; Tenenbaum et al., 2017; Ward et
al., 2015) and dynamic PNS response during challenging cognitive tasks (Crowell et al.,
2006) as well as during emotion regulation paradigm (Musser et al., 2011). Furthermore,
it appears that better performance on cognitive tasks is related to an optimal range of
RSA reactivity (i.e. PNS response) such that too little or too much RSA withdrawal
during a task is associated with worse performance on that task (Marcovitch et al. 2010).
Additionally, findings from Ward and colleagues (2015) and the current results from
Study 1 have shown that 1) ADHD children tend to exhibit PNS dysregulation at baseline
and 2) abnormally strong PNS responses to a task predict a strong link between short-
term memory problems and greater ADHD severity. However, it remains unclear whether
this profile of weakened cognitive and self-dysregulation may help explain between-
subject heterogeneity in other commonly identified cognitive correlates of ADHD, such

as response inhibition decrements.
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The current study examines between-group effects of performance on a Go/No-
Go task (GNG) using a case-control design in sample of children with well-characterized
ADHD diagnoses and control subjects. In addition, the moderating effect of PNS
reactivity on the association between ADHD symptoms severity (as a continuous
outcome) and GNG performance metrics is investigated. Specifically, it is hypothesized
that a) response disinhibition metrics (GNG errors of omission and errors of commission)
will be elevated in ADHD children compared to typically developing youth, b) PNS-
based regulation during a response inhibition task will be blunted for the ADHD group
when compared to the control group, and ¢) PNS-based regulation during the task will
moderate the association between GNG errors (i.e., both Error types) and ADHD, such

that poor PNS-based regulation with weakened response inhibition will predict ADHD.

Study 2 Methods

Summary

Whereas the design of Study 1 was aimed at replicating a previous study, Study 2
aims to further investigate whether a similar overall relationship is observed when other
areas of executive functioning are considered. Namely, a Go/No-go task (GNG) was
completed by children both with and without ADHD while ECG data were recorded. The
GNG task yields indices of response inhibition, response execution, and vigilant
attention. In Study 1, participant age range was restricted to 7-12 years old to resemble
the original study being replicated. However, replication was not an express goal for
Study 2, and so 6-year-old children were included in Study 2 (i.e., the age range of

subjects is 6 to 12 years old). This age is inclusive of the period in which ADHD is often
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identified (APA, 2013) and response inhibition has already begun to develop (Bedard et
al., 2002; Rothbart, Derryberry & Posner, 1994; Williams et al., 1999). Therefore, this

age range was deemed reasonable for Study 2.

The primary analytic aims of Study 2 include between-groups analysis (i.e.,
ADHD-diagnosed and typically-developing children) of these GNG measures, as well as
multiple regression to examine associations between GNG measures and ADHD
symptom severity (i.e., a continuous measure of ADHD psychopathology). In addition, as
in Study 1, ECG data were used to derive cardiac-based indices of RSA, an index of PNS
influence over heartrate. A between-group comparison of resting RSA is examined
briefly to ensure a profile consistent with samples from Study 1. However, the primary
analyses involve regression-based moderation models which examine the potential
moderating role of RSA-change (an index of PNS reactivity) on the association between
GNG performance and ADHD (both as a diagnosis and as a continuous dimension of

symptom severity).
Participants

For Study 2, participant ages ranged from 6 to 12 years (M=8.79, SD=1.65).
Males made up 80% of the ADHD group and 54% of the non-ADHD control group. The
sample of children with ADHD utilized in Study 2 is comprised of a subset of the sample
from Study 1 (n = 70) who completed the GNG task; however, as noted above, this group
also contains a small number of additional 6-year-old children (n =10). The sample of
non-ADHD control subjects in Study 2 (n = 79) comprises the same control subjects from

Study 1, with the addition of 9 children also due to the widened age range. Among the
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ADHD group, 73% were diagnosed with combined presentation, 14% were diagnosed as
the predominantly inattentive presentation, and 13% were diagnosed as the
predominantly hyperactive/impulsive presentation (DSM-5; American Psychiatric
Association, 2013). Hispanic or Latino children made up a large proportion of the sample
(89% of controls, 91% of ADHD). Additionally, approximately 14% of participants (18%
of controls, 10% of ADHD) were identified by a parent as a racial minority (10.4%
African America, 2.4% Asian, and 1% American Indian). Additional demographic and
diagnostic details for the Study 2 sample are provided in Table 6. The local Institutional
Review Board approved the study and all procedures conformed to the Ethical Principles
of Psychologists and Code of Conduct (American Psychological Association, 2002).
Parents provided written informed consent and children provided written informed

assent.

Procedures

Recruitment and Exclusion Criteria. See Study 1 Methods; recruitment for the

current and exclusion criteria for the current study are identical to those used in Study 1.

Exclusion Criteria. Exclusion criteria for Study 2 are identical to those from
Study 1, with two exceptions. First, children as young as 6 years old were not excluded
(see Summary and Participants sections, above). Second, children with an abnormally
high rate of omitted responses were excluded due to the likelihood that they were non-

compliant (see GNG procedures, below, for details).

Diagnostic Procedures and Measures of Psychopathology. Participants in both

groups (ADHD and TD) underwent identical processes for screening, establishing
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eligibility, and diagnostic assignment as was described for Study 1. Please see Study 1

Diagnostic Procedures on p. 14 for details.

Medication Washout and Context. These procedures and the context of data
collection are identical to those listed in Study 1 Methods on p. 15. All data used in the

current study, for the ADHD sample, were obtained while children were taking placebo.
Measures

Psychopathology. Measures of clinical symptoms was identical to that used in
Study 1. Briefly, parent-reported symptoms of ADHD and oppositional defiant disorder
were measured by the DBD-RS. A structured interview with the child’s parent, the
Diagnostic Interview Schedule for Children for DSM-IV (DISC-1V; Shaffer et al., 2000),
was also administered. For the purposes of the current study, all comorbid diagnoses
were determined on the basis of parent-reported endorsements on the DISC-IV. See page

14 for additional details.

Go/No-Go Task. Subjects completed a computerized Go/No-Go task (GNG)
presented using E-Prime 2.0 (Cservenka, Fair & Nagel, 2014; Hare Tottenham,
Davidson, Glover, & Casey, 2005). This task presented photographs of neutral-affect

female and male faces derived from the NimStim Face Stimulus Set?. There is ample

2 Development of the MacBrain Face Stimulus Set was overseen by Nim Tottenham and
supported by the John D. and Catherine T. MacArthur Foundation Research Network on
Early Experience and Brain Development. Please contact Nim Tottenham at
tott0006@tc.umn.edu for more information concerning the stimulus set.
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evidence that these faces are perceived as emotionally neutral by adult and child subjects
(www.macbrain.org/resources.htm). The photographed faces were presented in grayscale
and were comprised of four females and two males. Child subjects were instructed to
responded to female faces (i.e., “Go-Trials”) by pressing a button as fast as possible;
however, subjects were instructed to not press the button when male faces were displayed
(i.e., “No-Go” trials). Stimuli were presented for 500 ms and the inter-trial interval varied
between 2,000 ms and 12,000 ms (M = 5200 ms). The task consisted of 43 trials with 30
“go” targets 75% and 13 “no-go” trials, resulting in a total task time of 307.5 sec (i.e.,
five minutes). Similar to previous studies using GNG tasks (e.g., Epstein et al. 2011;
Geurts et al., 2008), response trials with a response time of less than 250 ms were
removed, as they were likely accidental presses (Luce, 1986; Usher & McClelland,
2001); this resulted in .04% of trials being excluded from the data set. In addition,
subjects with greater than 80% of non-response to the 30 “go” trials were excluded from
analysis as they were likely non-compliant or the result of equipment malfunction;
similar criteria are used in previous studies using GNG tasks (e.g., Epstein et al. 2011;
Geurts et al., 2008). This accuracy criterion resulted in 6 controls and 2 ADHD subjects

(4.8% of total cases) eliminated from the original dataset.

Physiological Recording and RSA. The methods and equipment for physiological
recording and calculation of RSA were identical to that described for Study 1 (pgs. 16-
17). Specific to Study 2, RSA was derived in 30 second epochs across rest, neutral
period, and GNG task. The initial 30 second epoch of these tasks was utilized based on
the consideration and reasoning that: 1) this epoch was less prone to the effects of

boredom (i.e., still somewhat novel), avoiding additional confounding self-regulatory
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demands; 2) the initial 30s epochs of rest, neutral, and GNG tasks were also utilized in
Study 1. Maintaining consistency in methodology will aid in comparing findings across

the studies and respective cognitive measures.

Physiological reactivity to task demands were calculated by subtracting average
RSA during the first 30sec epoch of the neutral period task from average RSA during the

first 30 sec epoch of the GNG task (described below).
RSA [GNG] — RSA [Neutral period] = ARSA [reactivity]

Resting Baseline and Neutral Physiological Period. These procedures are identical
to that described in Study 1 (see p. 18 for details). Regarding the neutral period, similar to
the procedure described for Study 1, children completed an identical neutral pictures task
before the GNG task. The neutral period lasted approximately two minutes and included
viewing 10 pictures from the neutral set of the International Affective Picture System

(Lang, Bradley & Cuthbert, 1997) on a computer screen.

Analytic Plan

Group differences (i.e., ADHD vs. control) in Go/No-Go performance metrics and
RSA (i.e., both at rest and reactivity to the task) were examined using analysis of
covariance (ANCOVA). The RSA variables included resting RSA, neutral-period RSA,
and RSA reactivity during the Go/No-Go task (i.e., RSA change scores calculated as task
RSA minus neutral RSA). Go/No-Go performance was indexed by Errors of
Commission, Errors of Omission, total errors, and mean reaction time to “Go” trials
(MRT). Additionally, linear regression models were used to examine continuous

associations among Go/No-Go and RSA variables (as predictors in separate models) and
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ADHD symptom severity (as the outcome in each model). Ancillary analyses will also
examine associations with DSM inattentive or hyperactive/impulsive symptom domains
as outcomes as well. Finally, regression-based moderation analyses were used to examine
the interaction of RSA reactivity and Go/No-Go performance in predicting ADHD (as
both a diagnostic category and continuous dimension of symptom severity, in separate
models) using the PROCESS macro (Hayes, 2013). Variables were mean-centered prior
to moderation analyses. The PROCESS macro performs both linear- and logistic-
regression-based moderation analyses, probes interaction effects, and provides multiple
indices of conditional effects. Pick-a-point effects are given for logistic moderation
models, while Johnson-Neyman conditional effects are presented for linear regression
moderation models (Bauer & Curran, 2005; Hayes, 2013). Little’s test of missingness
examined RSA variables (at rest and on-task), GNG performance variables (total errors),
ADHD diagnostic status, gender, and age. Missing data among these variables ranged
from 0% (child gender) to 8.2% (missing GNG task data) but Little’s test indicted no
evidence of non-random missingness (y? = 8.90, p > .35). Missing data was addressed
through list-wise deletion for all models.
Study 2 Results

Distribution and Power Analysis

Using G*Power (Faul, Buchner, Lang, 2009), post-hoc power analysis for
ANCOVA with two levels indicated power of .77 to detect a medium effect of partial-n?=
.08. with a sample of N=149, when covariates and interaction were accounted for.
Therefore, the current between-subject analyses are slightly underpowered, as there is a

77% probability that Type Il error will be avoided, and that actual between-subject
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effects will reach statistical significance. For linear multiple regression analyses, power

analysis indicated power of .95 to detect a small effect (R?=.10) for a sample size of 149.
Post-hoc power analysis for logistic regression indicated power of .92 to detect a medium
effect size (Odd Ratio = 1.75) given a sample of N=140. These proposed effects sizes are

consistent with those found in previous research (Ward et al., 2015).
Sample Characteristics

Table 6 provides demographic and clinical description of both groups. Compared
to children in the control group, children with ADHD were more likely to be male (=
10.64, p < .05), which is typical among youth diagnosed with ADHD (APA, 2013). No
significant between-group differences were observed in terms of age, estimated full scale

1Q, or proportion of racial minority or Hispanic/Latino (all p > .10).

As expected regarding clinical characteristics, children with ADHD had more
symptoms of oppositional defiant disorder (ODD) and conduct disorder (both p < .001),
were more likely to have a diagnosis of ODD (y?= 30.48, p < .001), but not CD (2=
3.24, p = .07). As expected, children in the ADHD group had a history of being
prescribed medication for ADHD prior to entering the study, but no subjects in the
control group were medicated; x° = 76.80, p < .001. These differences are largely
representative of children with ADHD in the general population (APA, 2013). No
statistically significant between-group differences were observed in diagnoses of anxiety
or depressive disorders (all p >.17). Correlations of the primary variables of interest,
demographic, and clinical characteristics are displayed in Table 7a. Child age was

significantly correlated with Errors of Omission (r = -.18, p < .05) and mean reaction
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time (r =-.37, p <.05). Age, gender, previous medication status, and ODD symptom
count were included as covariates in all models given associations with either the

independent variables or outcomes of interest.
Analyses based on ADHD Diagnosis

Analyses initially focused on the ADHD syndrome as defined by DSM-5 criteria

(American Psychiatric Association, 2013).

Go/No-Go Performance by ADHD Diagnostic Status. ANCOVA was used to
examine group differences in Go/No-Go performance via Errors of Omission, Errors of
Commission, Total Errors, and mean reaction time (MRT) while controlling for
covariates (Table 8a). The effect of diagnostic group on Errors of Omission was not
significant, F(6, 126) = 1.73, p = .19, nor was the Group effect on Errors of Commission
F(6, 126) = 0.00, p = .99, nor Total Errors, F(6,126) = 2.09, p = .15. However, there was
a significant effect of Group on MRT, F(6, 126) = 5.01, p < .05, np?=.04, such that youth
with ADHD had slower MRT (EMM=641.80, SE=25.55) relative to control subjects
(EMM=542.35, SE=26.69).

Baseline RSA according to ADHD Diagnosis. At resting baseline, youth with
ADHD (EMM=6.07, SE=0.18) exhibited significantly lower resting RSA (i.e., an
indication of reduced PNS-based regulation) compared to control youth (EMM=7.14,
SE=0.19), F(5, 124) = 11.88, p < .01, ,2=.09. Youth with ADHD (EMM=6.09,
SE=0.20) also exhibited significantly lower RSA during the neutral baseline condition
compared to control youth (EMM=6.85, SE=0.20), F(6, 126) = 4.90 , p < .05, n>=.04.

Between-group RSA effects are shown in Table 8a.
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RSA Reactivity Effects according to ADHD Diagnosis. RSA reactivity was
indexed by subtracting the RSA values during the neutral baseline condition from RSA
values during the Go/No-Go task. ANCOVA revealed no significant between-groups
difference in RSA reactivity during the Go/No-Go task, F(6, 126) = 1.99, p = .16 (see
Table 8a).

Test of Moderation Effects. To test the hypothesis that the association between
ADHD diagnosis and GNG performance would be moderated by RSA reactivity,
moderation analyses were conducted using a logistic-regression-based approach (Hayes,
2013). When predicting diagnostic group status (i.e., ADHD vs typically developing), the
interaction of total number of GNG errors and RSA reactivity was not statistically
significant (z = 0.73, b = 0.08, p = .47). Follow up analyses were conducted to examine
whether RSA reactivity moderated the relationship between other indices of performance
and ADHD diagnosis; however, neither Errors of Omission (p > .61), Errors of
Commission (p > .78), nor MRT (p > .65) significantly interacted with RSA reactivity to
predict ADHD diagnosis.

Analyses Based on Continuous/Dimensional ADHD Measures

Multiple regression analyses examined the association between GNG
performance (i.e., the same indices used to compare diagnostic groups) as the predictor
variable and overall ADHD severity as the outcome variable, which was measured using
the mean of parents’ ratings (i.e., raw scores) for ADHD symptoms on the DBD-RS
(Pelham et al., 1992). To investigate symptom type specificity, mean raw scores for
inattentive and hyperactive/impulsive items (also from the DBD-RS) were used to index

inattentive and hyperactive/impulsive symptom severity as outcomes in separate models.
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Child age, sex, ODD symptoms, and medication status were treated as covariates in all

models described below.

Go/No-Go and Continuous Measures of ADHD. In the model with mean overall
ADHD symptom rating as the dependent variable, Errors of Omission were not
significantly associated with total ADHD symptom severity rating, 3= 0.03, t(125)= 0.46,
p = .64 (Table 9a). However, Errors of Commission were a significant positive predictor
of total ADHD symptom severity rating, = 0.12, t(125)= 2.01, p <.05. Additionally,
slower mean RT predicted more severe total ADHD symptom ratings = 0.14, t(125)=
2.24, p < .05. The association of GNG Total Errors (i.e., the sum Errors of Omission and

Commission) and ADHD symptom ratings was not significant, p = .06.

To investigate whether GNG performance was uniquely associated with individual
DSM-5 symptom dimensions, follow up analyses repeated these models using inattentive,
and separately, hyperactive/impulsive symptoms as the outcome while controlling for the
counterpart dimension and relevant covariates. Errors of Omission were not significantly
associated with inattentive symptom rating, p > .67 (Table 9b), nor were mean RT (p >
.21), nor Total Errors (p > .13). However, Errors of Commission was a significant
positive predictor of inattentive symptom rating, B= 0.14, t(125)=2.98, p < .01. When
predicting hyperactive/impulsive symptom ratings, none of the GNG performance indices

were significant predictors (all p > .13; see Table 9c).

At-Rest RSA and Continuous Measures of ADHD. This sample constitutes a sub-
sample of that examined in Study 1; in addition, the neutral period physiological data are

unique to the period immediately prior to the GNG task. Therefore, at-rest and neutral
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period RSA were examined in separate models predicting parent-rated ADHD severity.
Results of regression analyses are summarized in Table 9a. The model with overall
ADHD rating as the outcome variable and resting baseline RSA and all covariates as
predictors was significant, F(5,123)= 41.17, p <.001, R? = .63. Specifically, RSA at
resting baseline was significant and negatively associated with overall ADHD symptom
rating, p= -.21, t(123)=-3.76, p < .001, sr?> = -.21. In a separate model, neutral period
RSA was a non-significant predictor of overall ADHD rating, p > .41. The findings
indicate that lower resting RSA predicts higher-rated ADHD severity, while RSA during
a neutral period between tasks was not significantly associated with ADHD symptom
severity. Children with higher rated ADHD symptom severity appear to exhibit reduced

PNS-regulation over resting heart rate compared to controls.

To examine the specificity of significant findings with respect to DSM-5 ADHD
symptom dimensions, multiple regression analyses replicated these analyses with resting
RSA as the predictor of interest, and in separate models, inattentive or
hyperactive/impulsive symptom ratings as the outcome (see Tables 9b and 9c). Resting
RSA was a significant negative predictor of inattention, p = -0.12, t(122)=-2.54, p < .05,
sr?=-.12, but not hyperactivity/impulsivity (B = -0.01, t(122)= -0.30, p = .77). Neutral
period RSA was not a significant predictor of inattention symptom severity (p = -0.06,
t(122)=-1.25, p =.22) nor hyperactive symptom severity (B = 0.03, t(122)= 0.66, p = .51).
Overall findings suggest that, while at rest, inattentive symptom severity is uniquely

predictive of reduced PNS-regulation over heart rate.
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Autonomic Reactivity and Continuous Measures of ADHD. Next, multiple
regression was used to examine the association between RSA reactivity and ADHD
severity when accounting for covariates, but the RSA-change predictor was not
significant (f= .01, t(118)=0.12, p = .90). When examining potential specificity with
respect to ADHD symptom domains (similar to with resting RSA above), RSA reactivity
was not a significant predictor of inattentive severity (= 0.04, t(118)=0.80, p =.79) nor

hyperactive/impulsive severity (p=-0.03, t(118)=-0.74, p = .46).

Test of Moderation Effects on Continuous Measures of ADHD. Moderation
analyses examined whether the association between GNG performance and ADHD
symptom severity was affected by RSA reactivity; a linear regression approach was
utilized (Cohen, Cohen, West & Aiken, 2003; Hayes, 2013). The interaction of RSA
reactivity and total GNG errors was not significant in predicting overall ADHD symptom
severity, b =-0.01, SE= 0.02, t(116)=-0.53, p = .59. Follow-up analyses examining each
of the following interactions predicting ADHD symptom severity were also not
significant: total Errors of Commission X RSA reactivity (p = .51), total Errors of

Omission x RSA reactivity (p = .81), and Mean RT x RSA reactivity (p = 15).

Additional moderation analyses examined the GNG errors x RSA interaction
effect in separate models containing either inattentive or hyperactive/impulsive symptom
ratings as the outcome (and adding the other respective domain as a covariate). Neither
the model predicting inattentive symptom ratings (p =.17) nor hyperactive/impulsive

symptom ratings (p = .23) was significant.
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Follow-up analyses examined the moderating effect of RSA reactivity among the
ADHD subgroup only (n=70). The interaction of GNG Total Errors and RSA-change was
not a significant predictor of ADHD severity (b =0.01, SE = 0.03, p =.21). The model
with hyperactivity/impulsivity severity as the outcome was also not significant (b =-0.01,
SE =0.02, p =.39). However, when examining the same interaction with ADHD
inattention as the outcome, the interaction was significant b = 0.07, SE=0.03, t(54) =
2.04, p < .05. When probing this interaction, conditional effects indicated that during
positive RSA-change (from neutral to task), GNG errors significantly predicted
inattention severity among ADHD children (Table 10). Specifically, Johnson-Neyman
indices show the region of significance occurring for rather intense RSA elevation in
response to the task (92" percentile and above). This indicates that severe inattentive
symptoms were associated with greater overall GNG errors among those children who

exhibited the greatest elevations in RSA during the GNG task.

Study 2 Discussion
Weakened response inhibition and vigilant attention are central to prominent

etiological theories of ADHD (Barkley, 1997; Douglas, 1999); however, there is evidence
that these effects are heterogeneous at the individual level (Nigg et al., 2005; Lambek et
al., 2010; Whalstedt, Thorell & Bohlin, 2009). PNS-based regulation (indexed by RSA)
has proven an influential component of behavioral, cognitive, and emotion regulation in
both TD (Marcovitch et al., 2010; Pluess et al., 1994) and clinical groups (Crowell et al.,
2006; Musser et al., 2011), to the point of moderating well-established links between
cognitive components and ADHD (Kahle et al., 2018; Ward et al., 2015). The current

study builds on these findings and the findings in Aim 1 by exploring the interactive
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associations between attentional and inhibitory control, PNS activity, and ADHD (both at
the dichotomous level as a diagnosis and at the continuous level by examining symptom
severity).

ANCOVA revealed no significant ADHD between-group differences with respect
to the number of Errors of Omission or Errors of Commission during the GNG task.
However, children with ADHD responded to “Go” targets more slowly on average than
their typically developing peers (Table 8a). Additionally, when examined continuously,
Errors of Commission were positively associated with parent-rated ADHD symptom
severity, and MRT was positively associated with ADHD symptom severity (Table 9a).
The latter effect of MRT indicated that longer RT was related to more severe ADHD
symptom ratings. Errors of Omission were not associated with ADHD symptom severity,
counter to previous research (Borger et al., 1999; Epstein, et al., 2003), and failing to
support the hypothesis that this feature would be elevated in the ADHD group. Although
other studies have reported null between-group effects for Errors of Omission (e.g.,
Teicher, Ito, Glod & Barber, 1996), methodological differences may be the most likely
factor, particularly given that the effects of MRT and Errors of Commission were
significant. For example, the relatively shorter duration of the GNG task (43 discrete
trials, rather than 100 or more, which is common; Conners, Epstein, Angold & Kilaric,
2003) may have reduced the sensitivity of the task to the effects of deficient sustained
attention. Notably, deficits in sustained or “vigilant” attention are associated with ADHD
while shorter-term selective attention is generally considered to be intact (Huang-Pollock
& Nigg, 2003; Huang-Pollock, Nigg & Halperin, 2006) — by definition, the effects of a

sustained attention deficit are more apparent with longer tasks.
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The findings that children with ADHD exhibit slower MRT and more frequent
errors of commission replicate findings from previous literature (Booth et al., 2005;
Borger et al., 1999; Carte, Nigg & Hinshaw, 1996; Lijffijt et al., 2005; Metin et al., 2012;
Scheres, Oosterlaan & Sergeant, 2001; Sediman, Biederman, Faroane, Weber & Ouellete,
1997). Slower MRT among ADHD groups has been proposed as resulting from
dysfunction in motor planning, arousal, or effort (Sergeant, 2005), or as a by-product of
greater distractibility in the ADHD groups (Barkley, 1997; Leth-Steensen et al., 2000).
Similarly, elevated Errors of Commission have been interpreted both as evidence for a
primary deficit in response inhibition (Barkley, 1997), or as a secondary outcome
stemming from deficient self-regulation (Douglas, 1999; Sergeant, 2000, 2005). When
further contemplating these findings, the possibility that slower MRT among ADHD
youth may be reflective of over-cautious responding (i.e., due to poor response
inhibition) was considered. However, Errors of Commission were not significantly
correlated with MRT (r =.01; Table 7a). Therefore, the current findings reinforce the fact
that weakened response inhibition in children with ADHD is a robust characteristic which
manifests across different samples, using different tasks, contexts, and stimuli (Epstein et
al., 2011; Metin et al., 2012), including when differentiating between male and female
faces as in the task used here.

Furthermore, when examining each DSM-5 symptom domain separately, Errors
of Commission were uniquely associated with inattentive symptom severity (Table 9b),
but not with hyperactive/impulsive symptoms (Table 9c). The finding that problems with
response inhibition would be uniquely tied to inattention rather than

hyperactive/impulsive symptoms seems counter-intuitive. However, these results align
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with the conclusion of a recent meta-analytic review where deficits in executive
functioning (which response inhibition is linked to) are more consistently associated with
inattentive symptoms (see Willcutt et al., 2012 for a review). In particular, difficulty
inhibiting a pre-potent response, whether driven by underlying disinhibition or difficulty
adequately regulating attention or arousal, may be more readily observed as ADHD
inattentive symptoms than as hyperactivity/impulsivity symptoms. However,
heterogeneity among individuals with ADHD with regard to inhibitory deficits continues
to impede progress toward verifying specific developmental pathways involving such

associations.

Therefore, analyses next turned to examining PNS regulation at rest and reactivity
during the GNG task (indexed via RSA). The effect of resting RSA was examined in
Study 1, but verified again in Study 2 due to slight differences in samples between the
studies. As expected, effects of RSA during the resting baseline and RSA during the
neutral period preceding the task were similar (see Table 8a). Notably, the significant
difference in PNS activity observed during the neutral period became negligible during

the GNG task.

Attempts to clarify how PNS activity may be involved in ADHD impairment and
presentation have led to findings that PNS reactivity moderated associations between
short-term memory (an aspect of working memory) and ADHD symptoms (see Study 1;
also, Ward et al., 2015). To test whether this moderation effect was specific to short-term
memory or also true for other executive function domains, the potential moderating role

of RSA-change on the association between GNG errors and ADHD symptom severity
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was examined. Findings were less robust and consistent compared to the findings in
Study 1. Specifically, RSA-change was not a significant moderator of links between
GNG performance and overall ADHD severity. However, follow-up analysis among the
ADHD sample indicated a significant interaction: the association between GNG Errors
and ADHD inattention severity was moderated by RSA-change (Figure 3). Exploring
conditional effects further revealed that, among children with ADHD, children who
exhibited a rather extreme increase in PNS influence during the task along with greater
rate of GNG errors (both omissions and commissions) had more severe ADHD

inattention (see Table 10 and Figure 3).

These results are similar to findings that PNS regulation is related to performance
on cognitive tasks and ADHD symptom presentation (i.e., severity of parent-rated
symptoms; Beauchaine et al., 2013; Gao, Borlam & Zang, 2015; Griffiths et al.,2017;
Ward et al., 2015). Here specifically, attentional/inhibitory performance was associated
with ADHD inattention, but only for a subset of children with abnormal PNS reactivity.
A similar overall finding was found with the relationship between working memory
problems and ADHD symptomatology in Study 1, but apparently this moderation effect
is not confined to that construct. Thus, there is preliminary evidence that atypically
intense PNS reactivity partially explains some of the neuropsychological heterogeneity in
ADHD, as it appears that a specific profile of intense PNS reactivity combined with
weakened prefrontal-based cognitive functions is particularly associated with the highest

symptom severity.
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Of course, there are limitations to consider which temper firm conclusions and
highlight needed future directions. First, given the results of post-hoc power analysis for
this study (see Results), the follow-up analyses conducted within the ADHD-only group
were likely under-powered since utilizing this subgroup effectively reduced the sample
size by half (see Table 6). In addition, the current sample was recruited from a treatment-
seeking population of children (i.e., children who were enrolled in the Summer Treatment
Program), which may indicate some caveat regarding generalizability of the novel
findings (i.e., the moderation effect of PNS regulation on the response inhibition-ADHD
association). Previous research has suggested that clinic-recruited or treatment-seeking
samples in mental health research may constitute a more severely affected population
(MacLeod et al., 1999). However, the findings regarding weakened response inhibition
and response execution among ADHD youth replicate previous findings (Lijffijt et al.,

2005; Oosterlaan, Logan, & Sergeant, 1998).

Another important consideration involves the phenomenon that children with
ADHD not only exhibit neuropsychological heterogeneity between individuals, but task
performance may be highly variable within individual children themselves. That is,
children with ADHD tend to be inconsistent in their performance on commonly used
cognitive tasks (i.e., intra-individual variability), as is becoming well-documented in
literature examining response time variability (RTV). In fact, RTV has shown to be a
robust correlate of ADHD, with studies indicating a stronger effect for RTV than gross
performance indices such as task errors (Epstein et al., 2011; Klein et al., 2006).

Therefore, examining the potential interactive effects of PNS regulation and reactivity
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with an index of performance variability such as RTV is undertaken in the third and final

aim/study.
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CHAPTER IV: STUDY 3.

Introduction to Study 3

Observations from clinicians and empirical work have suggested for decades that
children with ADHD are more inconsistent compared to their non-ADHD peers with
regard to engagement and responding to environmental stimuli, particularly in contexts
with high demands on attention or working memory (Cohen & Douglas, 1972; Douglas
1999). As the use of computerized tasks of attention and response inhibition became
more prevalent, this inconsistency was quantified via reaction time fluctuations during
such tasks. Reaction time variability (RTV) refers to the trial-to-trial fluctuations in
reaction time (RT) across the distribution of an individual’s responses on a task. A large
literature documents that children with ADHD exhibit elevated RTV compared to
typically developing peers (Karalunas, Geurts, Konrad, Bender, & Nigg, 2014; Kofler, et
(2013) obtained an effect size of 0.76, which is similar to or larger than other cognitive

differences observed in ADHD (Martinussen et al., 2005; Willcutt et al., 2005).

Various methods are used to characterize RTV, including measures of overall
inconsistency (such as standard deviation), as well as more fine-grained distributional
properties of individual-level RT data. The classic and most rudimentary means of
characterizing RTV is to calculate the standard deviation of reaction times (SDRT) for
each individual in a sample. While SDRT represents an informative index of global
variability in RT, it does not account for differences in overall mean RT, which may

serve as a confound. In fact, SDRT is often highly correlated with mean RT in studies
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involving non-clinical samples (r=.92; Wagenmakers & Brown), as well as in samples of
children with ADHD (r=.74; Nigg, 2001). Additionally, RT distributions are typically
characterized by a prominent positive skew, comprised of a set of larger (i.e. slower) RTs
(e.g., Luce, 1986; Luce & Green, 1972), for which calculations of SDRT are biased
(Epstein et al., 2011). That is, in such situations, SDRT does not account for the extent of
skew nor the magnitude of influence exerted by the outlying values in the right tail (Luce,
1986).

More recently, the ex-Gaussian distributional model has demonstrated utility for
providing quantitative measures which characterize an individual’s pattern of responses
in more detail (Heathcote, Popiel & Mewhort, 1991; Ratcliff, 1979). The ex-Gaussian
distributional model assumes that the data (i.e., in this case, the distribution of an
individual’s RTs) are comprised of both a normally distributed (Gaussian) component
and an exponential component (Figure 4). Modeling RT data using the ex-Gaussian
function yields two parameters related to the Gaussian component, Mu and Sigma, and
one parameter of the exponential component, Tau. Mu and Sigma quantify the mean and
standard deviation, respectively, of the normally distributed component of RT’s, while
Tau describes the mean magnitude of the right-hand tail (i.e., positive skew). The ex-
Gaussian function is fitted at the individual level, and so the obtained metrics reflect
properties of intra-individual variability independent of between-subject differences in
task performance or RT. When applied to RT data, larger values of Tau indicate a greater
proportion of extreme slow responses and, therefore, a greater influence of excessively

slow RTs on the distribution.
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In the context of research on increased RTV as a feature of ADHD, findings from
ex-Gaussian studies indicate that children with ADHD exhibit significantly larger values
of Tau relative to control groups (Epstein et al., 2011; Hervey et al., 2006; Leth-Steensen,
Elbaz, & Douglas 2000e), indicating more frequent abnormally slow responses. These
same studies often further show that Mu (i.e., mean of RT among the Gaussian
component) for ADHD youth are not significantly different than TD youth (Epstein et al.,
2011), or in some cases faster (Hervey et al., 2006; Leth-Steensen et al., 2000). These
studies concluded that findings of slower mean RT and increased SDRT among ADHD
samples (Lijffijt et al., 2005; Oosterlaan, Logan, & Sergeant, 1998) are likely due to a
subset of abnormally slow responses (i.e., indexed by a larger Tau), and these abnormally
slow responses likely reflect lapses in attention (Henriquez-Henriquez et al., 2015; Leth-
Steensen et al., 2000; Vaurio, Simmonds, Mostofsky, 2009) and/or state-regulation

deficits (Karalunas et al., 2014; Geurts et al., 2008).

While many theories indicate that RTV is the result of more frequent attentional
lapses among children with ADHD, accounts of the hypothesized underlying
neurodevelopmental differences responsible for increased RTV vary (Barkley, 1997;
Kofler et al., 2013; Russell et al., 2006; Sergeant, 2005; Sonuga-Barke & Castellanos,
2007). For instance, Russell and colleagues (2006) hypothesize that intra-individual
cognitive and behavioral variability related to ADHD stems from delayed or inconsistent
synaptic firing due to neurochemical differences in ADHD neurodevelopment. These
neuronal differences lead to lapses of attention and deficits in state regulation (i.e.,
regulation of effort, arousal, and activation in the face of cognitive demands), which in

turn cause variable task performance (see also Sergeant, 2005).
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These hypotheses contribute an intriguing conceptual parallel with the recently
burgeoning literature that connects irregular PNS regulation (i.e., vagally mediated,
respiratory- driven, high frequency heart-rate variability such as RSA) to domains related
to attention, inhibition, and self-regulation (Chapman, Woltering & Lewis, 2010;
Gianaros, van der Veen & Jennings, 2004; Holzman & Bridgett, 2017; Marcovitch et al.,
2010; Sturge-Apple et al., 2017; Thayer et al., 2009). With regard to the characteristic
problems associated with ADHD, PNS regulation is associated with deficient regulation
of behavior, cognitive control, and emotion in children with ADHD and/or related
externalizing problems (Borger et al., 1999; Conradt et al., 2014; Rash & Aguirre-
Camacho, 2012; Kahle et al., 2018; Musser et al., 2011). Specific to observed cognitive
heterogeneity among children with ADHD, reactivity of the PNS appears to moderate
associations between weakened performance on cognitive tasks and ADHD symptoms.
Study 1 showed that PNS reactivity moderates the relationship between working memory
and ADHD symptom severity, replicating a previous study (Ward et al., 2015). In Study
2, PNS reactivity moderated the association between Go/No-Go task performance and
ADHD inattentive symptoms (independent of hyperactivity), but only when errors of
omission and errors of commission were summed (i.e., indexing problems of response
inhibition as well as attention, combined). Therefore, PNS reactivity appears to account
for some aspects of cognitive heterogeneity that are frequently observed in ADHD,
particularly as it relates to working memory, attention, and inhibition (Nigg et al., 2005;

Sonuga-Barke, Bitsakou & Thompson, 2010; Whalstedt et al., 2009).

However, there is a relative dearth of studies examining PNS regulation as it

relates to RTV in children with ADHD. This represents a gap in the current literature

59



given that effect sizes for RTV differences in children with ADHD are often larger than
other frequently used constructs such as attention or response inhibition (Kofler et al.,

2013; Karalunas et al., 2014; Martinussen et al., 2005; Willcutt et al., 2005).

The current study evaluated RTV in a group of children diagnosed with ADHD
and a group of TD children (i.e., the same sample utilized in Study 2). Distributional
properties of RT data were indexed by SDRT (i.e., overall dispersion of RT’s), as well as
the ex-Gaussian indices of Mu, Sigma, and Tau. It was hypothesized that 1) SDRT will
be higher among the ADHD group relative to the TD group, 2) Tau will be greater in the
ADHD group compared to the TD group, indicating a greater proportion of abnormally
slow RTs, 3) a significant group difference will not be observed for Sigma, indicating
that differences in overall variability are not accounted for by differences in the Gaussian
portion of the RT distribution, 4) Tau (but not Sigma) will interact with RSA-change to

predict ADHD diagnosis and/or ADHD symptom severity.

Similar to Studies 1 and 2, statistical analyses included separate between-subjects
comparisons of SDRT, Mu, Sigma, and Tau based on diagnostic group (ADHD vs. TD).
In addition, continuous associations between these distributional properties and ADHD
symptom severity are tested in separate linear regression models. Finally, moderation
analyses examined the interaction of RTV indices (SDRT, Sigma, and Tau) with PNS
reactivity (i.e., indexed by RSA-change) in predicting ADHD, both as a diagnostic

category and as a continuous outcome (i.e., ADHD symptom severity).
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Study 3 Methods

Summary

Study 3 aims to evaluate whether differences in RTV between youth with ADHD
and TD youth is moderated by abnormalities in PNS reactivity. RTV was derived from
RT data on the same GNG task used in Study 2. Therefore, subject recruitment
procedures, measures of psychopathology, and sample characteristics were identical.
Herein, RTV is examined both between-groups (i.e., ADHD vs TD) and as it relates to
ADHD symptom severity. Finally, moderation analyses investigate interactions between
RTV and PNS reactivity (indexed through RSA change from neutral period to task

period) in predicting ADHD (both as a diagnosis and in terms of symptom severity).
Participants

Study 3 utilized the same sample described in Study 2. Details regarding
recruitment of participants, identification of diagnoses, and basic descriptive,
demographic and clinical data is available in Study 2, pps. 36 - 38 as well as in Table 6.
In brief, children between ages 6 and 12 years old, both with and without ADHD,

participated in the study.
Procedures

Recruitment and Exclusion Criteria. Recruitment and exclusion criteria for the
current study are identical to those described in Studies 1 and 2. Additional criteria
specific to the GNG task data that were incorporated for Study 2 were also used for Study
3 and are detailed on pages 38-39. In brief, participants in the ADHD group were

recruited from an existing study on ADHD medication and TD youth were recruited from
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the surrounding community. Exclusion criteria included diagnosed autism spectrum

disorder, estimated 1Q below 75, seizures, heart conditions, mania, or psychosis.

Diagnostic Procedures and Measures of Psychopathology. These procedures and
measures are identical to those described in Studies 1 and 2. Please see p. 14 for details
regarding clinical assessment and diagnostic procedures. In brief, both groups were
screened and identified using gold-standard assessment procedures including parent and
teacher ratings scales, structured parent interview, and standardized intellectual and
academic achievement testing. Diagnosis and group assignment were based on

independent review of the assessment results by two licensed child psychologists.

Medication Washout and Medication-Based Context. Medication washout
procedures and the medication-based context of research activities are detailed in Study 1
on p. 15. In summary, the larger study from which participants were recruited utilized a
double-masked, crossover design in which children were given placebo for either the first
or second half of the STP (3 weeks each condition) after an initial 2-week titration period.
All data used in the current study, for the ADHD sample, were obtained after children
were “washed out” of stimulant medications (equivalent to 7 half-lives or approximately
48 hours), when they were currently administered placebo, rather than active stimulant

medication.
Measures

Psychopathology. Measures of clinical symptoms were the same as those described
in Study 1 and Study 2; please see page 14 for details. Briefly, parent-reported symptoms

of ADHD and oppositional defiant disorder were measured by the DBD-RS, a well-
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validated rating scale. A structured interview with the child’s parent (DISC-IV; Shaffer et
al., 2000) was also administered. Symptoms of ADHD and externalizing disorders were
measured with the DBD-RS and comorbid anxiety or mood disorders were based on the

DISC-IV.

Go/No-Go Task. Data reflecting RT and RTV are derived from the Go/No-Go
(GNG) task described in Study 2. A detailed description of the GNG task is provided in
Study 2 on pages 38-39. In brief, children were instructed to respond to target stimuli
(“go” trials which constitute 75% of trials) but ignore non-target stimuli (“no-go” trials),
all of which presented for 500 ms. The task consisted of 43 trials in total with a varying
inter-stimulus interval (M = 5200 ms). Techniques specific to calculating RTV are

described in the Analytic Plan section below.

Psychophysiological Recording and RSA. The methods and equipment for
physiological recording (via electrocardiogram and impedance cardiograph) and the
method used to derive respiratory sinus arrhythmia (RSA) were identical to that described
for Studies 1and 2 on page 38-39. The epoch and length of physiological data collected

during the GNG are identical to what is detailed for Study 2 on page 39.

Resting and Neutral Physiological Baselines. The procedures for collecting
physiological data at rest and during a neutral period preceding the task are identical to
those described in Study 1 on page 18. In summary, prior to the administration of any
tasks, physiological data were collected during a two-minute period where the child was

instructed to relax, refrain from speaking and to stay still (i.e. resting baseline). In
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addition, in order to eliminate potential carry-over from other tasks, physiological data

were collected during a neutral period which preceded each task in the battery.
Analytic Plan

Overall design of statistical analysis was similar to Study 1 and Study 2.
Specifically, ANCOVA was used to examine whether RTV was significantly different
between the ADHD and TD group. In addition, given evidence that ADHD may be best
described in terms of dimensional symptomatology (Willcutt et al., 2012), multiple
regression was used to investigate the relationship between RTV and ADHD symptom
severity. Ancillary analyses examined associations with DSM inattentive or
hyperactive/impulsive symptom domains as outcomes. Finally, a regression-based
approach was used to examine the interaction of RSA reactivity and RTV in predicting
ADHD (as both a diagnostic category and continuous dimension of symptom severity, in
separate models). Details on this approach and probing conditional effects can be found

onp. 19 and p. 41.

Calculating ex-Gaussian Parameters. As described in the Introduction to Study 3,
response time (RT) data are often characterized by a distribution with most observations
clustered in a relatively normally distributed fashion, with a prominent positive skew
present (reflecting a subset of slower responses; see Figure 4). For this reason, the ex-
Gaussian distribution — which reflects the sum of a normally distributed component (i.e.,
a Gaussian component) and an exponential (i.e., positive skew) component -- is often
used to model RT variability (RTV; Geurts et al., 2008; Heathcote, Popiel, & Mewhort,

1991; Hervey et al., 2006; Leth-Steenson, Elbaz, & Douglas, 2000; Metin et al., 2016;
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Vaurio, Simmonds, & Mostofsky, 2009). The QMPE program (Heathcote, Brown &
Cousineau, 2004) was used to derive the ex-Gaussian parameters of individual RT
distributions. QMPE utilizes quantile maximum probability estimation (Heathcote et al.,
2004) which has been demonstrated as superior for modeling ex-Gaussian distributions of
response times compared to similar methods, including continuous maximum likelihood
estimation (Heathcote, Brown & Mewhort, 2002; Heathcote et al., 2004). Three
descriptive parameters are obtained: Mu (n) and Sigma (o), which represent the mean and
standard deviation, respectively, of the normal portion of the distribution of response
times; as well as Tau (1), which describes the exponential component (i.e., the magnitude
of positive skew). As reviewed previously, the extent to which RTV is characterized by
excessively slow RT (as indexed by Tau) -- relative to variability which is clustered
around the mean in a relatively Gaussian manner (indexed by Mu and Sigma) — is an
indicator of lapsed attention and/or state regulation (Karalunas et al., 2014; Metin et al.,

2016; Vaurio, Simmonds, & Mostofsky, 2009).

Study 3 Results
The statistical analyses performed for Study 3 share similar methods, covariates
and numbers of independent and dependent variables. Therefore, post-hoc power
analyses using G*Power (Faul, Buchner, Lang, 2009) are identical to those presented in
Study 2, pages 41-42. In brief, power to detect a medium-sized effect with the ANCOVA
for the current sample size and number of covariates was .77, or just below satisfactory.
Post-hoc power analysis for the linear regression models reflected power to detect a

medium effect of .95, which is well above satisfactory.
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Sample Characteristics

Study 3 utilized the same sample and measures as Study 2. Therefore, demographic
and clinical description of the sample is provided in Table 6 as well as on p. 42. Overall,
the differences between the ADHD and TD group observed for this sample are
representative of well-established characteristics of the disorder (APA, 2013), such as
more often being male (p <.01), greater prevalence of ODD (p <.001) and CD (p < .01;
there were no CD symptoms or diagnoses among the TD group), and a greater likelihood
of being prescribed medication for ADHD prior to the study (p <.001). Within the
ADHD group, children prescribed stimulant prescription prior to the study demonstrated
faster mean reaction time than those with ADHD who had not been prescribed such
medication prior to the study (p < .05). Across the entire sample, male subjects had
marginally faster Mu (p = .05). In addition, child age was significantly correlated with
SDRT (r =-.35), Sigma (r = -.17), and Tau (r = -.30). That is, older children were less
variable in their responding (i.e., SDRT and Sigma), and had fewer abnormally slow
responses (i.e., Tau), consistent with global developmental trends (e.g., Greenberg &
Waldmant, 1993). In light of these effects, and in keeping the covariates utilized in
Studies 1 and 2, child age, sex, ODD symptoms, and medication status were included as

covariates in all Study 3 analytic models.

Analyses based on ADHD Diagnosis
One-way ANCOVA was used to examine group differences in SDRT (i.e., an
index of overall reaction time variability). In addition, ex-Gaussian functions of Mu (i.e.,

the mean of the Gaussian portion of the RT distribution), Sigma (i.e., the standard
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deviation of an individual’s RT’s within the Gaussian distribution component), and Tau
(i.e., a measure of the extent to which abnormally slow responses contributed to
variability) were also compared between diagnostic groups using ANCOVA (see Table
12a).

There was significantly elevated SDRT in the ADHD group (M=128.51,
SE=12.21) compared to the TD group (M=78.12, SE=12.91), F(6, 125) = 5.56, p < .05,
n% = .04, indicating greater overall variability in individual RTs among children with
ADHD relative to the TD group (Table 12a). As discussed previously, this finding
indicates a global difference in RT fluctuations between groups, but illustrates little in
terms of the nature of the difference. When examining measures of the Gaussian
component of RT distributions, the effect of diagnostic group on Mu was not significant,
F(6, 125) = 0.25, p > .61, suggesting that RTs among the Gaussian portion of individuals’
RTs were relatively comparable between ADHD and TD groups. Regarding Sigma, the
effect was also not significant, F(6, 125) = 0.25, p > .61. The results of these two
analyses suggest that, when only the Gaussian portion of the overall distribution is
examined, children with ADHD and their TD peers are not clearly differentiated in terms
of RT distribution, consistent with previous findings (Leth-Steensen et al., 2000; Vaurio
et al., 2009). In contrast, Tau differed significantly according to diagnostic group status,
F(6, 125) = 5.99, p < .05, n% = .04, suggesting that the RT distributions of youth with
ADHD exhibited greater density in the positively skewed portion compared to TD youth.
This overall pattern of findings signifies that the difference in SDRT among individuals

in the ADHD group are driven primarily by differences in the magnitude of positive skew
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of RT distributions. That is, children with ADHD tended to produce a greater number of
abnormally slow responses relative to TD children.

Test of Moderation Effects. To test the hypothesis that the association between
ADHD diagnosis and Tau would be moderated by RSA reactivity, moderation analyses
were conducted using a logistic-regression-based approach (Hayes, 2013). When
predicting diagnostic group status (i.e., ADHD vs typically developing), the interaction of

Tau and RSA reactivity was not statistically significant, z = 0.84, b = 0.002, p = .40.

Analyses Based on Continuous/Dimensional ADHD Measures

Four regression models examined the association between RTV indices as the
predictor variable and ADHD symptom severity as the outcome variable, as measured
using the mean parent rating of ADHD symptoms on the DBD-RS (Pelham, Gnagy,
Greenslade, & Milich, 1992). Each predictor (i.e., SDRT, Mu, Sigma, and Tau), together
with the covariates specified previously, was examined in a separate model with ADHD
symptom severity as the outcome. In addition, ancillary analyses explored whether each
RTV index was related to a specific symptom domain (i.e., either inattention or
hyperactivity/impulsivity) as measured by the mean parent rating of all symptoms for
either domain.

RTV and Continuous Measures of ADHD. In the model with SDRT as the predictor
and ADHD symptom rating as the outcome variable, the effect was significant and
indicated that greater overall variability in RT (across an individual’s entire set of
responses) was associated with greater ADHD symptom severity, p= 0.13, t(124)=2.08, p

< .05 (Table 13a). When separating the distribution into Gaussian and exponential
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components, Mu (the mean of RT in the normally distributed portion of RT’s) was not
significantly related to symptom severity, = 0.05, t(124)=0.90, p = .37. Additionally,
Sigma (the standard deviation of RT’s among the Gaussian portion of the distribution)
was also not a significant predictor, = 0.05, t(124)=0.86, p = .39. This finding indicates
that, unlike SDRT which reflects variability across the entire RT distribution, variability
of RTs within the Gaussian portion is not associated with ADHD symptom severity. The
next step was to examine whether the amount of abnormally slow responses was
specifically related to ADHD symptomatology. However, the association between Tau
and ADHD symptom severity fell short of significance, p=0.12, t(124)=1.96, p = .053.

Follow up ancillary analyses tested whether the predictors of interest were uniquely
related to one of the ADHD symptom domains (i.e., inattentive or hyperactive/impulsive
symptom severity). In these analyses, the other respective symptom domain was included
as a covariate in order to ascertain unique covariance (e.g., hyperactive symptoms
included as a covariate in the model with inattention as the outcome, etc.). However, no
significant associations between the distribution characteristics and the individual
symptom domains were observed. Specifically, in separate models, neither SDRT (p =
.09), Mu (p = .75), Sigma (p = .69), nor Tau (p =.09) were significant predictors
inattentive symptoms severity; similarly, neither SDRT (p = .91), Mu (p =.70), Sigma (p
=.27), nor Tau (p =.81) were significant predictors hyperactive/impulsive symptoms
severity in their respective models. Additional details can be found in Tables 13b and
13c.

Test of Moderation Effects on Continuous Measures of ADHD. Moderation

analyses examined whether RSA reactivity may moderate associations between RTV
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components and ADHD symptom severity as has been observed with other cognitive
correlates of ADHD. As in Study 1 and 2, a linear regression approach was utilized
(Cohen, Cohen, West & Aiken, 2003; Hayes, 2013). Results for all moderation models
involving the interaction of SDRT and RSA-change are displayed in Table 14a, and
results for all models involving the interaction of Tau and RSA-change are displayed in
Table 14b.

The interaction of SDRT and RSA-change fell short of significance in predicting
overall ADHD symptom severity, b = 0.001, SE= 0.001, t(115)=1.963, p =.053. In
addition, the interaction of Sigma and RSA-change was not significant, b = 0.002, SE=
0.001, t(115)=1.613, p = .11, further suggesting that RT variability among the Gaussian
portion of RTs was not associated with ADHD symptom severity, even when considering
different conditions of RSA reactivity. Finally, the interaction of RSA-change and Tau
was not significantly associated with ADHD symptom severity b = 0.001, SE= <0.001,
t(115)= 1.74, p = .083.

These results did not support the initial hypotheses that abnormal RSA reactivity
would moderate the associations between RTV and ADHD symptom severity. However,
previous work — including Studies 1 and 2, and Ward et al., (2015) — indicated that
parasympathetic reactivity during cognitive tasks moderated the association between task
performance and severity of reported inattentive ADHD symptoms, but not
hyperactivity/impulsivity symptoms of ADHD. Therefore, moderation models were
repeated with either inattentive symptom severity or hyperactive/impulsive symptom
severity as the outcome. Again, the counterpart dimension was included as a covariate in

order to confine observed effects of the interaction strictly to the outcome of interest.
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The moderation model with RSA-change as a moderator of the association between
SDRT and inattention severity was significant, b = 0.002, SE=0.001, t(114)= 2.66, p <
.01 (see Table 14a). Conditional effects indicated that subjects with higher RSA-change
(i.e., above-average elevation of RSA in response to the task) comprised a group of
children for whom SDRT was significantly associated with inattentive symptom severity,
but this association was not significant when RSA change values were at mean or below-
average (see also Figure 5). The Johnson-Neyman region of significance (Johnson &
Neyman, 1936; Bauer & Curran, 2005) indicated that 27% of the RSA-change values fell
in the elevated range associated with the significant interaction. When examining the
interaction of Sigma and RSA-change in predicting ADHD inattention severity, the
interaction term was not significant, b = 0.001, SE= 0.001, t(114)= 1.18, p = .24,
indicating that RT from the Gaussian portion of RT distribution was (still) not
significantly associated with ADHD inattention severity when considering RSA-change
conditions. However, when examining the interaction of Tau and RSA-change, the
product was a significant predictor of inattention severity, b = 0.001, SE=<0.001, t(114)=
2.03, p < .05 (Table 14b). In particular, higher Tau was significantly associated with
higher inattention severity ratings when RSA-change was elevated (i.e., above-average
RSA elevation in response to the task; see Figure 6).

Follow-up analyses examining the interaction of RTV indices and RSA-change in
models with ADHD hyperactive/impulsive symptom severity as the outcome were also
conducted. All tested interactions were not significant, including the following interaction
terms in separate models: SDRT x RSA-change (p =.24), Sigma x RSA-change (p = .96),

and Tau x RSA-change (p = .48). Thus, the degree of RSA-change did not significantly
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alter the association between any of the RTV variables and hyperactive/impulsive
symptom severity.

Therefore, these results illustrate that RTV is particularly associated with
inattention symptom severity when the RSA response to the GNG task is augmented
above average. Importantly, however, when RTV is decomposed according to an ex-
Gaussian function, this moderation effect may involve the RTV characterized by Tau
(i.e., abnormally slow responses described by exponential distribution) rather than Sigma

(i.e., standard deviation of RT’s within the normally distributed portion of responses).

Study 3 Discussion

The current study evaluated associations between RTV and ADHD, as well as the
role of PNS regulation as a moderator of these associations. Children with ADHD
exhibited greater global RTV (SDRT) compared the TD group. Further, this difference
was characterized more specifically by a greater frequency of abnormally slow responses
(characterized by Tau) among the ADHD group. However, the normally-distributed
portions of individual RT distributions did not reflect significant between-group
differences in terms of mean RT (Mu) or standard deviation (Sigma). In linear regression
models, higher SDRT was associated with elevated ADHD symptom severity while a

positive effect for Tau fell short of significance (p =.053).

These results align with previous studies that implicate RTV as a robust feature of
ADHD - linked specifically to a greater proportion of very slow RTs —and manifested
across various types of choice-response and attention tasks (Adamo et al., 2014; Epstein

etal., 2011; Hervey et al., 2006; Karalunas, Huang-Pollock & Nigg, 2012; Karalunas et
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al., 2014; Kofler et al., 2013). In particular, these results extend previous findings to a
GNG task which involves distinguishing male and female faces (rather than other tasks
using text, numbers, or objects), while also bolstering the generalizability of this effect in

an ethnically diverse sample of children with ADHD.

Elevated RTV in children with ADHD relative to TD subjects is often interpreted
as indicating more frequent lapses of attention (Castellanos et al., 2005; Hervey et al.,
2006; Leth-Steensen et al., 2000). However, a primary focus of this line of research is
whether RTV may be a common underlying feature of other common cognitive correlates
in ADHD - particularly since higher RTV can reasonably be assumed to affect task
accuracy and efficiency. RTV has, therefore, been linked to etiological theories of ADHD
which emphasize deficiencies of an overarching regulatory process that facilitates
attentional engagement, arousal, effort, and/or cognitive inhibitory processes (e.g., Nigg,
Goldsmith & Sachek, 2004; Russel et al., 2006; Sergeant, 2005; Sonuga-Barke &
Castellanos, 2007). More recently, attempts to examine self-regulation in ADHD via
objective cardiac-derived measures has become more common in the literature (Musser et
al., 2011; Musser & Nigg, 2017; Rash & Aguirre-Camacho, 2012) and these indexes of
self-regulation have been shown to moderate of the association between ADHD and
cognitive correlates (Ward et al., 2015). Therefore, a next step in this study was to
conduct moderation analyses, which examined whether the robust association between

RTV and ADHD was impacted by PNS-based regulation.

In moderation models with ADHD symptom severity as the outcome, the

interaction of RSA reactivity and SDRT was not significant. In addition, the interaction
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of Tau with RSA reactivity fell short of significance (p =.08). However, when evaluating
these effects for specific ADHD symptom domains, it was determined that RSA
reactivity moderated the association between SDRT and inattentive symptom severity,
and separately, the association between Tau and inattentive symptom severity. For both
models, a positive association between the RTV index (i.e., either SDRT or Tau) and
inattentive symptom severity was significant only under the condition of an abnormally
strong PNS response (i.e., significantly above average elevation in RSA). The
correspondence of these findings with the ANCOVA and regression models is somewhat
striking. The significant moderation findings involved global RTV (i.e., SDRT) and,
when RTV was decomposed into Gaussian and exponential components, RTV linked to
the exponential distributional component (i.e., Tau); however, there was no significant
moderation effect on the RTV-ADHD association when indexing RTV from the Gaussian
portion of the distribution (i.e., Sigma). Thus, if one assumes that Tau is a metric of
attentional lapses during the task, it appears that abnormally high PNS reactivity (i.e.,
excessive RSA elevation) qualified a group for whom more frequent objectively
measured attentional lapse (i.e., Tau) did, in fact, map onto higher levels of parent-rated

inattentiveness.

Overall, these findings support the conceptualization that abnormal PNS reactivity
denotes a sub-optimal preparation to engage with environmental demands and
undermines effective self-regulation (Beauchaine & Thayer, 2015; Porges, 2007; Thayer
et al., 2009). With regard to ADHD, a neurobehavioral profile wherein intra-subject RTV
is combined with sub-optimal PNS regulation is linked to higher inattentive symptom

severity (but not hyperactivity/impulsivity). Although directionality of effects is not
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addressed here, these results encourage further examination of state-regulation factors
which may be at play in ADHD psychopathology (e.g., Nigg et al., 2004; Russel et al.,
2006; Sergeant, 2005). Recent studies provide behavioral evidence that RTV is reduced
among children with ADHD when “state-regulation” is induced by introducing reward
conditions and/or modifying event rates during response tasks (Epstein et al., 2011;
Kuntsi, Wood, Van der Meere & Asherson, 2009; Ryan, Martin, Denckla, Mostofsky &
Mahone, 2010). Such contextual modifications are purported to lead to increased arousal
and effort, which has positive impacts on performance across response inhibition tasks
and RTV among ADHD youth (Andreou et a., 2007; Chee, Logan, Schachar, Lindsay &

Wachsmuth, 1989; Kofler et al., 2013).

There are important limitations to the current study, but which urge future
investigations. First, Monte Carlo studies of the analytic method utilized for estimating
ex-Gaussian parameters (Quantile Maximum Probability Estimation; QMPE)
demonstrates reliable satisfactory performance for samples as small as 40 observations
(i.e., 40 trials with responses per individual; Heathcote, Brown & Mewhort, 2002;
Heathcote, Brown & Cousineau, 2004). However, in the current sample, the mean
number of go-trials with a response (i.e., excluding errors of commission) was 24.8,
which is below this number; thus it is important to examine the indices of model
convergence and model fit provided by QMPE (Brown, Cousineau & Heathcote, 2004, p.
2). These indices indicated that the ex-Gaussian parameters of Mu, Sigma, and Tau were
“trustworthy” for n=102 cases (65%) and “probably useful” for the remaining n=56 cases
(35%; Brown, Cousineau & Heathcote, 2004, p. 4). That is, no cases had so few data that

the calculated ex-Gaussian parameters would be deemed unreliable. It is also encouraging
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that the current results which utilized ex-Gaussian parameters are markedly consistent
with previously published studies — with the exception of slightly smaller effect sizes (see
meta-analysis by Kofler et al., 2013). Therefore, this study should be replicated with a

task with a higher number of response trials.

Second, while elevated RTV in youth with ADHD is a robust finding observed
across various response-choice tasks (Adamo et al., 2014; Karalunas et al., 2014; Kofler
et al., 2013), there is evidence of heterogeneity within this effect across individuals with
ADHD. For example, Geurts and colleagues (2008) found that youth with ADHD and
comorbid autism spectrum disorder exhibited greater RTV compared to ADHD-only
youth, although a more recent meta-analysis concluded that RTV effects present in
comorbid groups were attributable to ADHD, and not robust in samples of autism only
(Karalunas et al., 2014). Henriquez-Henriquez and colleagues (2015) observed that
elevated RTV among children with ADHD was particularly prominent for individuals
with specific variants of the DRD4 gene. Therefore, the effect of RTV in ADHD is
heterogeneous, and possibly not specific to ADHD. These considerations temper
conclusions concerning RTV as an indicator of ADHD-specific dysfunction, yet they do
not rule out the notion that RTV represents an underlying state dysregulation which
transcends psychiatric diagnostic categories, and likely does not represent a unitary
underlying process at the cognitive or genotypic level (Karalunas et a., 2014; Kuntsi,
2014). Future work is needed to clarify the extent to which the observed moderation

effects of PNS-based regulation are impacted by comorbidity or risk genotype.
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Finally, the current study is cross-sectional and, therefore, conclusions regarding
the developmental timing and trajectories of RTV and PNS-based regulation as it relates
to ADHD are not possible. However, results from recent studies indicate longitudinal
associations between abnormal PNS-based reactivity and increased behavioral or
cognitive dysregulation in at-risk populations (Conradt et al. 2014; Kahle, Utendale,
Widaman, & Hastings, 2018), which signifies that longitudinal examinations mirroring

the current study are merited.
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CHAPTER V. OVERALL CONCLUSIONS

This dissertation investigated whether cognitive deficits frequently associated with
ADHD would replicate in a treatment-seeking sample and whether the association
between these cognitive constructs and ADHD was moderated by PNS activity, a
biological component of self-regulation. Across all three studies, severity of ADHD
symptoms was associated with poorer performance in measures of working memory,
response inhibition and response execution (with the exception of GNG errors of
omission, a broad index of vigilance), and attentional lapse. Additionally, while the
ADHD group exhibited significantly poorer WM, this effect was not significant in
models with covariates. In terms of PNS regulation, the ADHD group was characterized
by reduced PNS-based influence over resting heart rate. Most notably, however,
moderation analyses consistently revealed that poorer performance across several
cognitive constructs was related to greater ADHD symptom severity particularly when
task-linked PNS withdrawal was disproportionate relative to the sample mean. With
regard to WM, this moderation finding applied to overall ADHD symptom severity (i.e.,
across both symptom dimensions). When examining response inhibition and RTV as
predictors in individual models, PNS withdrawal was a significant moderator in models
with inattentive symptom severity as the outcome, but this was not true for

hyperactivity/impulsivity.

The significant main effects of cognitive-level measures replicate previous
research documenting weakened aspects of executive functioning in children with ADHD

(Willcutt et al., 2005) and are broadly consistent with theories regarding the underlying
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cognitive mechanisms related to ADHD (Barkley, 1997; Nigg, 2001; Sergeant, 2005). In
addition, the ADHD group was characterized by lower PNS regulation (i.e., RSA during
resting baseline) relative to TD group, yielding a medium effect size. These findings
replicate the results of a systematic review (Rash & Aguirre-Camacho, 2012), but run
counter to recent meta-analytic findings of null effect for this association (Koenig et al.,
2017). However, the analysis by Koenig and colleagues (2017) included only six studies
involving children with ADHD, and the authors noted their inability to examine
moderators such as age and gender due to a small number of extant studies. While the
current results add to a trend of inconsistent findings in this domain of research,
examination of the role of PNS regulation in ADHD continues to proliferate the field.
Indeed, theoretical models linking autonomic nervous system processes to self-regulation
of behavior, cognition, and emotion (Porges, 1995; Thayer & Lane, 2000; Thayer et al.,
2009) have proven a useful framework for investigating potential mechanisms of ADHD
across multiple domains of functioning (i.e, behavioral, cognitive, and physiological),
including emotion regulation (Graziano & Garcia, 2017; Leaberry, Rosen, Fogleman,
Walerius & Slaughter, 2018; Musser et al., 2011; Karalunas et al., 2014) and executive
functioning (Borger et al., 1999; Utendale et al., 2014; Ward et al., 2015). Porges’ (1995)
polyvagal theory predicts that PNS-based regulation over heart rate, via the vagus nerve
(i.e., the “vagal brake”), facilitates regulated engagement with environmental demands.
Applying this model, the reduced resting PNS in the ADHD group may reflect a reduced
margin of PNS regulatory capacity, relating higher risk for dysregulated cognition,

emotional responding, and social behavior (Beauchaine, 2001; Porges, 1995, 2007) which
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are characteristic of the diagnosis (APA, 2013; Musser & Nigg, 2017; Nijmeijer et al.,

2008; Nigg, Hinshaw & Huang-Pollock, 2006; Ward et al., 2015).

A particularly notable aspect of the current results is the rather consistent findings
of PNS responding as a significant moderator of cognitive function and ADHD
symptoms across studies. The overall findings show that abnormally applied PNS-
regulation during the tasks characterized children with weaker aspects of executive
functioning that corresponded with more severe ADHD symptoms. Extant theoretical
models describe optimal PNS-based self-regulation as underlying efficient moment-to-
moment top-down cognitive control (Thayer et al, 2009). Specifically, Thayer and
colleague’s (2009) Neurovisceral Integration Theory predicts that, based on the
transactional relationships between the autonomic and central nervous systems, the
cardiac-derived indices used here also reflect prefrontal cortical functioning (a primary
area underlying attention, response inhibition, and working memory; Boes et al., 2008;
Bush, Valera & Seidman, 2005; Collette, Hogge, Salmon, & Van der Linden, 2006).
Empirically, this model has found support where PNS regulation has been found to
predict performance on cognitive tasks (Chapman, Woltering, Lamb & Lewis, 2010;
Gianaros et al., 2004; Mezzacappa, Kindlon, Saul & Earls, 1998; Suess et al., 1994).
Additionally, behavioral dysregulation (i.e., elevated behavioral problems and/or ADHD
symptoms) has long been associated with abnormalities in PNS response (Beauchaine,
Katkin, Strassberg, & Snarr, 2001; Conradt et al., 2014; Patriquin, Lorenzi, Scarpa,
Calkins & Bell, 2015; Utendale et al., 2014). Therefore, the current findings replicate
previous results involving short-term working memory (i.e., Ward et al., 2015) and also

extend these findings by suggesting that 1) this moderation effect is generalizable to
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response execution and attention, and 2) compromised neurovisceral integration may be
one manifestation of the heterogeneous cognitive and self-regulation mechanisms

underlying ADHD.

With regard to developmental models of ADHD specifically, this profile of
atypical regulation interacting with executive deficit may map onto “multiple pathway”
models of ADHD development (Nigg et al., 2004; Sonuga-Barke, 2005). For example, in
Nigg and colleague’s (2004) model, primary ADHD-C and ADHD-I were speculated to
arise from a pattern of affective dysregulation, and mild executive function or attention
deficits in early development. Although affective dysregulation was specified in this
model, dysregulated emotional responding in youth with ADHD is shown to coincide
with a profile of atypical PNS responding relative to TD youth, such as that observed

across the current studies (see: McQuade & Breaux, 2017; Musser & Nigg, 2017).

Limitations and Future Directions

As mentioned in each discussion section, longitudinal work is needed to elucidate
how atypical PNS regulation is manifested in the development of ADHD. Development
of executive function and related constructs throughout childhood is fairly well
characterized (Willoughby, Wirth, & Blair, 2012; Zelazo & Carlson, 2012), and the
development of PNS-based regulation across childhood has been extensively studied over
the past two decades (Bornstein & Suess, 2000; Calkins & Keene, 2004; EI-Sheikh, 2005;
Field & Diego, 2008). However, studies of the developmental processes regarding these
domains as they relate to the etiology and course of ADHD (and psychopathology

broadly) are more recent and not specific to ADHD (Beauchaine & Gazke-Kopp, 2012;
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Beauchaine et al., 2013). Accordingly, it remains unclear whether PNS dysregulation
represents a direct contribution toward developing ADHD (i.e. perhaps via deficits in
emotion or cognitive regulation) or whether PNS dysregulation emerges concurrent with

ADHD symptoms as a result of other etiological factors.

Relatedly, recent empirical findings have shed new light on the development of
executive functioning in early childhood. While executive functioning is highly heritable
(Kuntsi et al., 2006), a component of this heritability involves socialization processes
within parent-child dyads which directly — and indirectly via epigenetic processes — shape
self-regulation across early development (i.e., including several aspects of executive
function; Bridgett, Burt, Edwards, Deater-Deckard, 2015; Deater-Deckard, 2014).
Furthermore, PNS regulation may serve as a mediator or moderator of these
developmental links between socialization and self-regulation, including development of
deficient self-regulation associated with psychopathology (Calkins, Propper & Mills-
Koonce, 2013; Obradovic, 2016). With regard to the link between parenting behavior and
ADHD, lower levels of parental expressed warmth are linked to a developmental
trajectory of more persistent and severe ADHD symptoms across middle childhood
(Musser et al., 2016), and the cross-sectional association between excessive PNS
reactivity and ADHD has been found to be moderated by positive parent speech during a

dyadic task (Musser et al., 2018).

These findings suggest that longitudinal studies of the relations between PNS
regulation, executive function dimensions, and psychopathology should incorporate

measures of family environment, parenting styles, and broader socio-economic factors in
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order to more comprehensively chart the development of ADHD (Blair & Raver, 2012;

Bridgett et al., 2015).

One limitation of the current studies, and a second future direction, is the need to
compliment these studies by examining the other branch of the autonomic nervous
system, the sympathetic nervous system (SNS). Although the SNS has been less
frequently studied in relation to executive functioning, it is a physiological component of
arousal and emotional reactivity (Bernston et al., 1994; Quigley & Stifter, 2006). For
example, measures of SNS responding (e.g., pre-ejection period) are linked to approach-
oriented behavior such as those involving reward or punishment outcomes (Berntson et
al., 1994; Richter & Gendolla, 2009). In samples diagnosed with ADHD or related
externalizing problems, baseline SNS at rest is typically reduced, and SNS reactivity
during tasks involving emotion regulation or reward/punishment is often blunted in these
groups relative to typically developing control groups (Beauchaine et al., 2013; Crowell
et al., 2006; Tenenbaum et al., 2018). These effects may be at work in executive function
processes as well; recently, Tenenbaum et al. (2018) measured pre-ejection period during
two versions of the GNG task (i.e., one neutral, and one with facial affect stimuli) in the
same sample utilized for the current project. Children with ADHD exhibited increases in
SNS-based cardiac reactivity to the task, while TD youth exhibited slight reductions,
characterized by a moderate effect size (np,?=0.06). Therefore, including measures of SNS
functioning in future studies on ADHD cognitive mechanisms will yield a more
comprehensive understanding of underlying physiological regulation in children with

ADHD (Bauer, Quas, & Boyce, 2002; EI-Sheikh et al. 2009).
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Another limitation of the overall design across all three studies involves
generalizability of the cognitive measures. A primary variable in each study was a
cognitive component (i.e., working memory, response inhibition, attention, RTV)
measured by way of a computerized test. However, as many have pointed out, such tests
may offer high levels of reliability and internal validity but are less reliable in predicting
adaptive functioning in real-world contexts which require the respective cognitive ability
(Barkley & Fischer, 2011; Wilson, 1993). That is, they may demonstrate poor ecological
validity. Therefore, as it relates to the cognitive features of ADHD, it is possible that the
weaknesses in respective cognitive domains found here may not consistently generalize
to observable deficits in these areas in the day-to-day lives of youth with ADHD. Rating
scale measures of EF-related behaviors have been developed as way of measuring the
observable behaviors which theoretically arise from deficits in executive functioning
(Gioia, Guy, Isquith & Kenworthy, 1996; Barkley, 2012), but research has shown weak
correspondence between these two modalities (i.e., laboratory testing versus rating
scales) which indicates that unique information may be contributed by either approach.
Future work should incorporate a more comprehensive battery of testing for working
memory, response inhibition, and attentional control (as noted in the previous discussion
sections), and rating scale measures of executive function are a likely to be a valuable

compliment (Toplak, West & Stanovich, 2013).

Finally, the aforementioned limitations aside, the current results will require
replication. A strength of the overall project was that Study 1 represents a replication and
extension of previous work (Ward et al., 2015) and, therefore, Studies 2 and 3 represent

an extension of the replication aim and should be replicated. Furthermore, the current
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studies utilized a relatively unique sample relative to most psychopathology research
conducted in the United States as the makeup is majority Hispanic with the majority of
subjects coming from families with college-educated parents. Therefore, even the most
basic level of replication using identical measures may seek to extend these findings to a

more ethnically and socioeconomically diverse sample.

Findings from the three studies have indicated that abnormal physiological
regulation may explain the heterogeneous relationships between ADHD and aspects of
executive functioning. Further study of these relationships may prove fruitful for progress
in prevention and intervention studies related to ADHD. For example, children with the
profile of dysregulated PNS response and compromised aspects of executive functioning
may respond differently to interventions. Recent research examined a sample of young
children just prior to beginning the Incredible Years treatment program and examined
effects at the end of treatment. The findings showed that children with a profile of
reduced PNS regulation at baseline evidenced less improvement at post-treatment follow
up (Beauchaine et al., 2013). In addition, a pair of studies examining an adapted version
of Parent-Child Interaction Therapy for young children born prematurely revealed effects
of PNS regulation on treatment outcomes. Bagner and colleagues (2012) showed that
lower resting RSA was associated with greater improvements in disruptive behavior
following treatment, while another study found greater use of positive parenting
behaviors was associated with enhanced RSA suppression (i.e. a pattern of moderate
RSA withdrawal more often associated with non-clinical samples; Graziano Bagner,
Sheinkopf, Vohr & Lester, 2012). Taken together with the results of the current studies,

these findings indicate that PNS regulation is associated with psychopathology but also
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malleable through proximal developmental processes, such as parent-child interactions

(Calkins, Graziano, Berdan, Keane & Degnan, 2008; Calkins et al., 2013).

Ideally, this overall project fits together with other relevant research to form the
basis for future investigations of these synergistic processes, within a developmental
psychopathology framework, to inform more targeted prevention efforts, reveal
meaningful mechanisms of treatment response, and lead to novel and effective treatment

approaches.
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Table 1. Demographic and Diagnostic Characteristics for ADHD and Control Groups —

Study 1 Tables and Figures

Study 1.
Group
ADHD Control F/y? n’IN
(n=126) (n=70)
Demographics
AgeinYears 8.75(1.62) 9.56 (1.28) 4.66* .02
Est. 1IQ? 98.85(12.14) 102.57 (12.93) 3.81 .02
% Male 80.2% 57.1% 11.81** .25
%Hispanic 88.6% 88.7% 0.00 .00
% Racial Minority 11.5% 22.8% 3.69* 15
% Prev Medicated ® 74.6% 0% 08.42** 71
Parent Ratings
Inatt. Score®  2.07 (0.65) 0.27 (0.36) 404.26** .69
Hyp. Score®  1.74 (0.69) 0.22 (0.24) 275.12** .63
Tot. ADHD score®  1.91 (0.58) 0.25 (0.27) 453.49** g1
# Inatt. Symptoms®  6.52 (2.70) 0.28 (0.71) 315.59** .63
# Hyp. Symptoms®  5.29 (2.81) 0.21 (0.55) 195.81** 51
# ODD Symptoms®  2.97 (2.46) 0.07 (0.40) 83.90** 31
# CD Symptoms ¢ 0.63 (0.98) 0.00 (0.00)
Teacher Ratings
Inatt. Scorec  2.12 (0.77)
Hyp. Score®  1.71 (0.87)
Tot. ADHD score®  1.92 (0.70)
# Inatt. Symptoms ¢ 6.21 (3.07)
# Hyp. Symptoms®  4.80 (3.17)
# ODD Symptoms®  2.75 (2.82)
# CD Symptoms®  0.91 (1.46)
Comorbid (%)
ODD Diagnosis? 40.2 1.5 33.24**
CD Diagnosis ¢ 4.1 0 2.80*
Anx Diagnosis ¢ 10.4 3 3.24 0.13
Mood Diagnosis ' 0.8 0 0.52 0.05

Note. N =196. 2 = Eta-squared; V = Cramer’s V; ODD: Oppositional defiant disorder; Inatt.= DSM-5
Inattentive domain; Hyp.= DSM-5 Hyperactive/Impulsive domain. 2 Full-Scale I1Q from WASI-II;
Indicates whether child was prescribed medication for ADHD prior to entering study (all youth medication-
free at time of data collection); ¢ from parent-reported DBD Rating Scale; ¢ estimate from parent-reported
C-DISC; ¢ Any Generalized Anxiety, Social Phobia, and Separation Anxiety disorder; fEither Major
Depressive or Dysthimic disorder.*p < .05; **p < .001.
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Table 2. Inter-Correlations among Clinical, WM, and RSA Indices

2 (ODD)  3(ADHD) 4(SS)  5(RB-RSA) 6(NtRSA) 7(SS-RSA) 8(ARSA)

Variables

1. Age -.04 -.14 28" .00 -11 -.12 .01

2. ODD Symptoms 1.00 65" .00 -.04 -11 -.06 .09

3. Parent-rated ADHD 1.00 -.10 22" -.18" -.05 16"
4. Spatial Span score 1.00 -.02 .05 -.02 -.07
5.RBL RSA 1.00 .56 .64 .00

6. Neutral RSA 1.00 55" -.58"
7. Spatial Span RSA 1.00 377
8. RSA Change 1.00.00

Note. * p < .05. **p < .001. RBL = Resting baseline; RSA = respiratory sinus arrhythmia; Spatial Span = working memory task.
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Table 3a. Estimated Marginal Means and ANCOVA Results for WM and RSA Variables.

EMM (SE)
ADHD Control F Partial-n??
WM Task
Span Score*® | 0.69 (0.01) 0.69 (0.02) 0.00 <.01
Span Correct Trials® 3.77 (0.20) 3.74 (0.34) 0.01 <.01
RSA
Resting RSA 6.17 (0.13) 7.09 (0.22) 9.59" .05
Neutral RSA | 6.25(0.14) 6.90 (0.23) 451" .03
Span RSA 6.61 (0.12) 6.99 (0.20) 2.04 .01
RSA Change! 0.37 (0.12) 0.10 (0.21) 0.88 .01

Notes. * Estimated Marginal Mean (Standard Error), with covariates: age, gender, previous
medication status, ODD symptoms. 1> = partial-Eta squared. 2 Span Score Range: .333 - .897 °
Partial-credit scoring (see Methods). ¢ Number of error-free trials. ¢ Difference of RSA WM task
minus RSA during Neutral period. *p< .05.

Table 3b. Raw Means for WM and RSA Variables with Between-Groups Comparisons.

Mean (SD)
ADHD Control F N
WM Score
Span Score*? | 0.69 (0.13) 0.70 (0.13) 0.41 <.01
Span Correct Trials® 3.62 (1.83) 4.28 (2.31) 4.70° .02
RSA
Resting RSA | 6.30 (1.27) 6.86 (1.12) 9.47" .05
Neutral RSA | 6.29 (1.36) 6.79 (0.97) 7.24" .04
Span RSA | 6.69 (1.17) 6.87 (0.96) 1.28 .01
RSA Change? | 0.41 (1.20) 0.09 (0.98) 0.32 .02

Notes. 2 Span Score Range: .333 - .897 ° Partial-credit scoring (see Methods). ¢ Number of error-
free trials. ¢ Difference of RSA WM task minus RSA during Neutral period. *p< .05.
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Table 4a. Results of Regression Models Predicting Mean Rating of Overall ADHD
Symptoms

Predictor t b SE B sr?
WM Score -1.10 -0.39 .036 -.06 .003
Resting RSA -3.27*  -0.12 0.04 -.16 .023
Neutral RSA -1.95" -0.07 0.04 -.10 .008
RSA-reactivity 1.39 0.06 0.04 .07 .004

Note. sr? = squared semi-partial correlation; all models included these covariates: sex, child age, ODD
symptoms and prescribed medication status. * p <.05. "p = .053

Table 4b. Results of Regression Models Predicting Mean Rating of Inattention Symptoms

Predictor t b SE B sr?

WM Score -1.11 -0.38 0.34 -0.05 .003
Resting RSA -4.04 -0.14 0.03 -0.16 .026
RSA-reactivity 0.78 0.03 0.04 0.03 .001

Note. sr? = squared semi-partial correlation; all models included these covariates: sex, child age, ODD
symptoms and prescribed medication status. * p < .05. **p <.001

Table 4c. Results of Regression Models Predicting Mean Rating of
Hyperactive/Impulsive Symptoms

Predictor t b SE B sr?

WM Score 0.20 0.06 0.28 0.01 <.001
Resting RSA 1.10 0.03 0.03 0.04 .002
RSA-reactivity 0.43 0.01 0.03 0.02 <.001

Note. sr? = squared semi-partial correlation; all models included these covariates: sex, child age, ODD
symptoms and prescribed medication status. * p < .05. **p <.001
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Table 5. Conditional Effects — WM Predicting Mean ADHD Rating by level of RSA-
Change.

Outcome ARSA b SE 95% CI p
-1SD 0.41 0.48 (-0.54, 1.35) 40
Overall ADHD Rating Mean -0.52 0.36 (-1.23,0.18) 14
+1SD -1.46 0.53 (-2.49, -0.42) .01
Interaction term p < .01
-1SD -0.06 0.47 (-0.98, 0.86) 90
IN Rating Mean -0.46 0.35 (-1.15,0.22) 19
+1SD -0.86 0.52 (-1.89, 0.16) 10
Interaction term p = .14
-1SD 0.34 0.38 (-0.40, 1.09) 37
HI Rating Mean 0.02 0.28 (-0.54, 0.58) .93
+1SD -0.29 0.42 (-1.13, 0.54) 49

Interaction term p = .32

Note. IN, Inattentive symptom domain; HI, hyperactive/impulsive symptom domain. Models with IN rating
and HI rating as outcomes included HI rating and IN rating, respectively, as an additional covariate.
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Figure 1. Interaction of RSA Change and WM Predicting Overall ADHD Raw Score
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Figure 2. Mean RSA across Each Period per Group — Study 1.
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Study 2 Tables and Figures

Table 6. Demographic and Diagnostic Characteristics for ADHD and Control Groups

for Study 2.
Group
ADHD Control FIX2 Eta?/V
(n=70) (n=79)
Demographics
Age (years) 8.77 (1.61) 8.88 (1.72) 0.18 <.01
Estimated 1IQ*  97.91 (13.17) 100.71 (12.32) 1.76 .01
%Male 79.5% 54.8% 10.64* .26
%Hispanic/Latino 91.0% 88.7% 0.20 .04
%Racial Minority 11.6% 16.2% 0.60 .07
%College Educated® 44.4% 69.2% 9.72" .26
%Prev. Medicated? 69.9% 0% 76.80™ 73
Parent Ratings
Inattention Score 2.00 (0.72) 0.32 (0.37) 331.72" .69
Hyp. Score 1.80 (0.72) 0.26 (0.28) 302.17" .67
Total ADHD Score 1.90 (0.63) 0.29 (0.28) 410.33™ 74
# Inatt. Symptoms ® 6.12 (2.77) 0.29 (0.75) 347.22™ .69
# Hyp. Symptoms° 5.34 (2.85) 0.24 (0.59) 260.37" .63
# ODD Symptoms® 3.01 (2.54) 0.07 (0.40) 111.35™ 42
# CD Symptoms © 0.67 (1.05) 0.00 34.46™ 18
Teacher Ratings
Inattention Score 2.05 (0.82) 0.52 (0.71) 39.99™ 32
Hyp. Score 1.80 (0.88) 0.26 (0.35) 38.77" 32
Total ADHD Score 1.92 (0.75) 0.39 (0.42) 51.03" .38
# Inatt. Symptoms © 6.15 (3.01) 1.15 (2.27) 32.37" 28
# Hyp. Symptoms ¢ 5.25 (3.09) 0.23 (0.83) 33.51™ 29
# ODD Symptoms © 2.88 (2.70) 0.08 (0.28) 13.85™ 14
# CD Symptoms © 1.03 (1.55) 0.0 5.69 .06
Comorbidity (%)
ODD Diagnosis ¢ 40.6 2.7 30.48™ 46
CD Diagnosis ¢ 4.3 0 3.24 15
Anx Diagnosis %¢ 10.0 4.2 1.85 11
Dep Diagnosis 0 0 -- --

Note. N = 238. ODD: Oppositional defiant disorder; Inatt.: DSM-5 Inattentive domain; Hyp.: DSM-5
Hyperactive/Impulsive domain. 2 Full-Scale 1Q from WASI-II; ® Parents attaining 4-year college degree or
higher; ¢ from parent-reported DBD Rating Scale; ¢ estimate from parent-reported C-DISC; ¢ Summed
across Generalized Anxiety, Social Phobia, and Separation Anxiety; fSummed across Major Depressive
and Dysthimic disorders; ¢ Children prescribed medication for ADHD prior to entering the study (all youth
prescribed OROS upon enrolling). #? = Eta-squared; V = Cramer’s V."p < .05; p < .001.
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Table 7a. Correlations Among Clinical, Go/No-Go, and RSA Variables — Entire Sample.

2 3 4 5 6 7 8 9 10
1. Age -.01 -.10 -.18" -.06 -.35™ .06 -.04 -.10 -.06
2. ODD Symptoms 1.00 71 -.02 .10 .05 -11 -.03 .01 .04
3. Parent-rated ADHD 1.00 .03 20" 14 -.26" -.05 -.03 .02
4. GNG Errors-Om 1.00 -AT™ 22" -.02 -.18" -.02 20"
5. GNG Errors-Co 1.00 .01 -.03 A7 12 -.08
6. MRT Go-Trials 1.00 -13 -12 -.02 12
7. RBL RSA 1.00 58" .60™ -.06
8. Neutral RSA 1.00 .60™ -56™
9. Go/No-Go RSA 1.00 317
10. RSA Change 1.00

Note. * p < .05. **p < .001. RBL = Resting baseline; RSA = respiratory sinus arrhythmia.
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Table 7b. Correlations Among Clinical, Go/No-Go, and RSA Variables ~ADHD Sample Only?.

2 3 4 5 6 7 8 9 10
1. Age 10 -13 -31° A1 -37" .01 -01 -.03 -.02
2. ODD Symptoms 1.00 46™ -17 12 -.03 12 13 .09 -.09
3. Parent-rated ADHD 1.00 -13 32" 15 -.16 .16 14 -.06
4. GNG Errors-Om 1.00 -.65™ 23 -.04 -.16 -12 .09
5. GNG Errors-Co 1.00 -.02 .07 17 13 -11
6. RT Go-Trials 1.00 -.25" -.24 -.16 14
7. RBL RSA 1.00 64" 52" -.30"
8. Neutral RSA 1.00 74 -57
9. Go/No-Go RSA 1.00 14
10. RSA Change 1.00

Note. 2 ADHD subsample, n=70. * p < .05. **p < .001. RBL = Resting baseline; RSA = respiratory sinus arrhythmia.
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Table 8a. Estimated Marginal Means and ANCOVA Results for Go/No-Go and RSA Variables.

EMM (SE)
ADHD Control F Partial-n??

Go/No-Go Task
Errors Omission 12.92 (0.59) 11.57 (0.62) 1.73 .01
Errors Commiss 6.78 (0.37) 6.78 (0.38) 0.00 .00
MeanRT (go)® | 641.80 (25.55) 542.35 (26.69) 5.01" .04
Total Errors® 19.70 (0.54) 18.35 (0.56) 2.09 .02

RSA

Resting RSA 6.07 (0.18) 7.14 (0.19) 11.88" .09
Neutral RSA 6.09 (0.20) 6.85 (0.20) 4.90 .04
G/NG RSA 6.66 (0.17) 7.00 (0.18) 1.32 .01
RSA Change! 0.56 (0.17) 0.16 (0.17) 1.99 .02

Note. Estimated marginal mean and standard error with age, gender previous medication status and ODD
symptoms as covariates. “p < .05, "p < .001. ?Partial-n? of .0099, .0588, and .1379 reflect small, medium,
and large effect sizes, respectively (Cohen, 1969; Richardson, 2011). ® Mean reaction time during the “go”
trials. ¢ Sum of correct hits and correct omissions. ¢ positive values indicate elevated RSA during the GNG
task compared to neutral period.

Table 8b. Raw Means for Go/No-Go and RSA Variables with Between-Groups Comparison.

Mean (SD)

ADHD Control F N

Go/No-Go Task
Errors Omission 12.63 (3.99) 11.62 (3.39) 2.78 .02
Errors Commiss 6.91 (2.41) 6.66 (2.18) 0.46 .00
MeanRT? | 612.53 (172.98) 574.58 (168.03) 1.84 .01
Total Errors® 19.54 (3.04) 18.28 (3.48) 5.52" .04

RSA

Resting RSA 6.33 (1.13) 6.89 (1.13) 8.83" .06
Neutral RSA 6.33 (0.15) 6.70 (0.13) 3.39 .02
G/NG RSA 6.76 (0.13) 6.89 (0.12) 0.62 .00
RSA Change® 0.41 (0.12) 0.19 (0.11) 1.68 .01

Note. “p < .05,  Mean reaction time during the “go” trials. ® Sum of correct hits and correct omissions.
°Positive values indicate elevated RSA during the GNG task compared to neutral period.
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Table 9a. Results of Regression Models Predicting Mean Rating for ADHD Symptoms — Study 2.

Predictor t b SE B sr?
Go/No-Go Predictors
Errors Commission 2.01" 0.05 0.02 0.12 .013
Errors Omission 0.46 0.01 0.02 0.03 .001
Total Errors?®  1.87" 0.03 0.02 0.11 011
Mean RT (go)  2.24" <0.01 <0.01 0.14 016
Physiological Predictors
Rest Baseline RSA  -3.76™  -0.17 0.05 -0.21 .043
Neutral Period RSA -0.82 -0.04 0.05 -0.05 .002
G/NG Task RSA -0.88 -0.05 0.05 -0.05 .003
RSA Change 0.12 0.01 0.06 0.01 <.001

Note. sr? = semi-partial correlation. "p < .05. ™p <.001. “p = .06. & The sum of errors of commission and
errors of omission.

Table 9b. Results of Regression Models Predicting Mean Rating for Inattentive Symptoms.

Predictor t b SE B sr?
Go/No-Go Predictors
Errors Commission 2.98" 0.06 0.02 0.14 .018
Errors Omission -0.42 -0.01 0.01 -0.02 <.001
Total Errors @ 151 0.02 0.01 0.07 .005
Mean RT (go) 1.25 <0.01 <0.01 0.06 .003
Physiological Predictors
Rest Baseline RSA  -2.54" -0.11 0.04 -0.12 .013
Neutral Period RSA -1.25 -0.05 0.04 -0.06 .004
G/NG Task RSA -0.71 -0.03 0.05 -0.03 .001
RSA Change 0.80 0.04 0.05 0.04 .002

Note. sr? = semi-partial correlation. *p < .05. ™p < .001. Each predictor in a separate model; Parent-reported
hyperactive/impulsive symptoms covariate.  The sum of errors of commission and errors of omission.

Table 9c. Results of Regression Models Predicting Mean Rating for Hyperactive/Impulsive
Symptoms.
Predictor t b SE B P sr
Go/No-Go Predictors
Errors Commission  -1.50 -0.03 0.02 -0.06 14 .003
Errors Omission  0.81 0.01 0.01 0.03 42 .001
Total Errors?  -0.09  <0.01 0.01 <0.01 .93 <.001
Mean RT (go)  0.47 <0.01 <0.01 0.02 .64 <.001
Physiological Predictors
Rest Baseline RSA  -0.30 -0.01 0.04 -0.01 17 <.001
Neutral Period RSA  0.66 0.02 0.03 0.03 51 .001
GING Task RSA  0.05 <0.01 0.04 <0.01 .96 <.001
RSA Change -0.74 -0.03 0.04 -0.03 46 .001
Note. sr? = semi-partial correlation. *p < .05. ™p < .001. Each predictor in a separate model; Parent-reported
inattentive symptoms covariate.  The sum of errors of commission and errors of omission..
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Table 10. Conditional Effects — Total GNG Errors predicting Mean ADHD Rating, by
level of RSA-Change 2.

Outcome ARSA b SE 95% ClI p

-1 SD -0.02 0.04 -0.11-0.06 .63
Overall ADHD Rating Mean 0.01 0.03 -0.04 - 0.07 .59

+1SD 0.05 0.04 -0.02-0.12 .16
Interaction term, p = .21

-1SD -0.06 0.05 -0.15-0.04 .23
IN Rating ¢ Mean 0.01 0.03 -0.05 - 0.07 .83

+1 SD 0.07 0.04 -0.01-0.15 .08
Interaction term, p = .04

-1SD -0.03 0.04 -0.11-0.05 43
HI Rating ¢ Mean -0.01 0.02 -0.06-0.04 .75

+1 SD 0.01 0.03 -0.05-0.08 .65

Interaction term, p = .39

21n the ADHD subsample only, n=70. ° Hyperactivity rating included as covariate. ¢ R? change due to
interaction = .05. 9 Inattention rating included as covariate.
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Figure 3. Interaction of RSA Change and GNG Errors Predicting Mean Inattentive
Symptom Rating.
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Note. In the ADHD subsample only, n=70. Mean inattentive symptom rating is from the parent-report
DBD-RS rated on a 0-3 scale. Low/High GNG Errors and RSA-Change represent -/+1 SD.
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Study 3 Tables and Figures

Table 11a. Correlations Among Clinical, RTV, and RSA Variables — Entire Sample.

2. 3. 4. 5. 6. 7. 8. 9. 10.
1. Age -.10 -357 -35" -13 -17" -30™ .06 -.10 -.06
2. ADHD Rating 1.00 14 15 .06 .10 A1 -.26" -.03 .02
3. MRT 1.00 75" 68" 317 63™ -12 -11 A2
4. SDRT 1.00 20" 32 .88™ -.08 .10 19"
5. Mu 1.00 40" -.08 -12 -11 .02
6. Sigma 1.00 -.05 -01 .01 .02
7. Tau 1.00 -.05 .08 A7
8. RBL RSA 1.00 60" -.06
9. Go/No-Go RSA 1.00 317
10. RSA Change 1.00

Note. MRT= Mean reaction time to “go” trials. SDRT=Standard deviation of reaction time to “go trials. ARSA=change in RSA from neutral period to task
period.

Table 11b. Correlations Among Clinical, RTV, and RSA Variables within ADHD Group®.

2. 3. 4. 5. 6. 7. 8. 9. 10.
1. Age -13 -37" -.30" -.07 -.08 -.30" 10 -.03 -.02
2. ADHD Rating 1.00 15 .07 .16 22 .01 -.16 14 -.06
3. MRT 1.00 .69™ 62" .06 65" -.25" -.16 14
4. SDRT 1.00 .04 .06 .93™ -.18 .01 22
5. Mu 1.00 .20 -13 -.14 -.18 .04
6. Sigma 1.00 -.15 .08 -.04 .03
7. Tau 1.00 -17 -.02 17
8. RBL RSA 1.00 52" -.30"
9. Go/No-Go RSA 1.00 14
10. RSA Change 1.00

Note. MRT= Mean reaction time to “go” trials. SDRT=Standard deviation of reaction time to “go trials. ARSA=change in RSA from neutral period to task
period. ® ADHD subsample, n=70.
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Table 12a. Estimated Marginal Means and ANCOVA Results for RTV Variables.

EMM (SE)

ADHD Control F Mp2?

RT Distribution Measures
MRT | 641.79 (25.55) 542.35 (26.69) 5.01" .04
SDRT | 128.51(12.21) 78.12 (12.91) 5.56" .043
Mu | 449.92 (19.42) 432.92 (20.52) 0.25 .002
Sigma | 67.33 (12.42) 56.46 (13.12) 0.25 .002
Tau | 194.42 (21.94) 100.43 (23.19) 5.99" .046

RSA

Resting RSA 6.07 (0.18) 7.14 (0.19) 11.88" .09
Neutral RSA 6.09 (0.20) 6.85 (0.20) 4.90" .04
G/NG RSA 6.66 (0.17) 7.00 (0.18) 1.32 .01
RSA Change® 0.56 (0.17) 0.16 (0.17) 1.99 .02

Note. Estimated marginal mean and standard error with age, gender previous medication status and ODD
symptoms as covariates. MRT and RSA variables were examined in Study 2 but are presented here to aid
description. "p < .05, ™p < .001. ?Partial-n? of .0099, .0588, and .1379 reflect small, medium, and large

effect sizes, respectively (Cohen, 1969; Richardson, 2011). ° Positive values indicate elevated RSA during
the GNG task compared to neutral period.

Table 12b. Raw Means for RT and RTV Variables with Between-Groups Comparison.

Mean (SD)
ADHD Control F n?
RT Distribution Measures

MRT | 612.53 (172.98) 574.58 (168.03) 1.84 012

SDRT | 115.55 (88.26) 89.35 (65.08) 4.28" .028
Mu | 441.21 (123.27) 443.24 (118.81) 0.01 <.001

Sigma | 64.09 (64.68) 57.09 (83.35) 0.32 .002

Tau | 168.46 (163.73)  126.33 (108.40) 3.47* .023

RSA

Resting RSA 6.33 (1.13) 6.89 (1.13) 8.83" .06

Neutral RSA 6.33 (0.15) 6.70 (0.13) 3.39 .02

G/NG RSA 6.76 (0.13) 6.89 (0.12) 0.62 .00

RSA Change® 0.41 (0.12) 0.19 (0.11) 1.68 .01

Note. MRT and RSA variables were examined in Study 2 but are presented here to aid description. "p < .05.
*p = .06. 2Positive values indicate elevated RSA during the GNG task compared to neutral period.
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Table 13a. Results of Regression Models Predicting Mean Rating for ADHD Symptoms —
Study 3.
Predictor t b SE B sr
Reaction Time Variability

SDRT 2.076°  0.001 0.001 0.125 014
Mu 0.904 <0.001 <0.001 0.054 .003
Sigma  0.855 0.001 0.001 0.051 .002
Tau 1.955% 0.001 <0.001 0.116 012

Note. Child age, gender, ODD symptoms, and previous stimulant prescription status included as covariates.
sr? = semi-partial correlation. “p < .05. "p < .001. ~ p=.053. 2

Table 13b. Results of Regression Models Predicting Mean Rating for Inattentive
Symptoms — Study 3.
Predictor t b SE B sr
Reaction Time Variability
SDRT  1.687 0.001 0.001 0.084 .008
Mu 0.314 <0.001 <0.001 0.015 <.001
Sigma -0.402 <0.001 0.001 -0.020 <.001
Tau 1.722 0.001 <0.001 0.084 .006

Note. Child age, gender, ODD symptoms, and previous stimulant prescription status included as covariates.
sr? = semi-partial correlation. “p < .05. ”p < .001. 2 .

Table 13c. Results of Regression Models Predicting Mean Rating for
Hyperactive/Impulsive Symptoms — Study 3.
Predictor t b SE B sr?
Reaction Time Variability
SDRT -0.108 <0.001 0.001 -0.005 <.001
Mu 0.389 <0.001 <0.001 0.016 <.001
Sigma  1.103 0.001 <0.001 0.044 .002
Tau -0.241 <0.001 <0.001 -0.010 <.001

Note. Child age, gender, ODD symptoms, previous stimulant prescription status, and parent inattention
rating included as covariates. * p <.05. @ The sum of errors of commission and errors of omission.
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Table 14a. Conditional Effects — SDRT predicting ADHD Symptom Severity, by level of RSA-

Change.
Outcome ARSA b SE 95% ClI p
-1SD <-0.001 0.001 -0.003, 0.002 .93
Overall ADHD Rating Mean 0.001 0.001 <-0.001, 0.003 10
+1SD 0.003 0.001 0.001, 0.004 <.001
Interaction term, p = .053
-1 SD -0.001 0.001 -0.003, 0.001 .28
IN Rating @ Mean 0.001 0.001 -0.001, 0.002 A4
+1SD 0.002 0.001 0.001, 0.004 <.01
Interaction term, p < .01
-1 SD 0.001 0.001 -0.001, 0.002 29
HI Rating ° Mean <0.001 0.001 -0.001, 0.001 .60
+1SD <-0.001 0.001 -0.002, 0.001 .63

Interaction term, p = .24

Note. Child age, gender, ODD symptoms, and prior stimulant medication included as covariates in model. @
Hyperactivity rating also included as covariate. ® Inattention rating also included as covariate.

Table 14b. Conditional Effects — Tau predicting ADHD Symptom Severity, by level of RSA-

Change.
Outcome ARSA b SE 95% ClI p
-1SD <0.001 0.001 -0.001, 0.001 .94
Overall ADHD Rating Mean 0.001 <0.001 -0.001, 0.002 .07
+1SD 0.002 0.001 0.001, 0.003 <.01

Interaction term, p = .08

-1SD <0.001 0.001 -0.001, 0.001 .62
IN Rating @ Mean 0.001 <0.001 <0.001, 0.001 .22

+1 SD 0.001 0.001 0.001, 0.002 .01
Interaction term, p = .04

-1SD <0.001 0.001 -0.001, 0.001 .56
HI Rating ° Mean <0.001 <0.001 -0.001, 0.001 .85

+1 SD <0.001 <0.001 -0.001, 0.001 .69
Interaction term, p = .48

Note. Child age, gender, ODD symptoms, and prior stimulant medication included as covariates in model. @
Hyperactivity rating also included as covariate. ® Inattention rating also included as covariate.
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Figure 4. ex-Gaussian Probability Function
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Note. The ex-Gaussian probability function, shown in panel C, as a convolution of (A) a normally
distributed (i.e., Gaussian) function with mean RT=500 ms and SDRT=100 ms, (B) an exponential function

with Tau=250 ms.

Taken from Lacouture & Cousineau (2008) Tutorials in Quantitative Methods for Psychology 4(1), p. 39.

Used by permission of the authors.
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Figure 5. Interaction of SDRT and RSA-Change Predicting Mean Inattentive Symptom
Rating.
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Figure 6. Interaction of Tau and RSA-Change Predicting Mean Inattentive Symptom
Rating.
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and RSA-Change represent -/+1 SD.
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