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Abstract

Background: Emotion dysregulation is a key dimensional trait in psychopathology. It is of
particular interest in ADHD because individual differences in emotion dysregulation predict
impairment. Despite growing recognition of its importance, an understanding of emotional
functioning in ADHD needs to be better integrated with the well-known non-emotional attentional
impairments in the disorder. Here, we assess differences in early, reactive and later, regulatory
attention to emotional stimuli, as well as how impairments in attentional control to non-emotional
stimuli are affected under different emotional contexts.

Methods: 130 adolescents (napnp =61) completed an emotional go/no-go task while 32-channel
EEG data were recorded. Reaction time and accuracy were analyzed using the linear ballistic
accumulator model.

Results: The multimethod approach provided convergent evidence of increased early, reactive
attention capture and over-arousal (faster drift rates, increased P1) by positively-valenced stimuli
in ADHD, but no differences in later attention to emotional stimuli. Over-arousal in positive-
valence contexts appeared to exacerbate existing ADHD-related impairments in attentional control
to non-emotional stimuli as well (reduced N2 amplitude). In contrast, positive valence contexts
facilitated attentional control to non-emotional stimuli for typically-developing adolescents.

Conclusions: Results highlight the dynamic interaction of emotion with atttentional control in
ADHD. Distinguishing reactive and regulatory contributions to emotion dysregulation has been
informative for clarifying mechanisms and spurring development of novel interventions in other
disorders. It can be informative in ADHD as well.

Corresponding author: Sarah Karalunas, Oregon Health & Science University, 3181 SW Sam Jackson Park Rd., Portland, OR
97239-3097, Phone: 503-494-5780, karaluna@ohsu.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosures
Dr. Karalunas, Dr. Weigard, and Dr. Alperin each reported no biomedical financial interests or potential conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karalunas et al. Page 2

Keywords

ADHD; cognitive control; emotion dysregulation; event-related potentials; sequential sampling
models; EEG

Introduction

Emotion dysregulation is at the core of many psychiatric illnesses and may, in fact, help
explain high rates of overlap (1). Emotion dysregulation is of particular interest in ADHD.
24-50% of individuals are characterized by dysregulation of negative affect (2) that predicts
individual differences in impairment (3—7). Dysregulation of positive affect also occurs in
ADHD (8, 9) and neurobiological theories (10) and multiple pathway models (11) highlight
how increased reactivity to both positive and negative stimuli combined with weak
attentional control can be distinct routes by which ADHD may develop. Although many
studies have described the prevalence rates of emotion dysregulation in ADHD using ratings
scales, diagnostic interviews, and similar methods, the causes of emotion dysregulation in
ADHD are not well-understood (2). It remains unclear how emotion dysregulation should be
understood in relation to the well-documented impairments in attentional control in ADHD.
Here, we characterize how cognitive and emotional processing interact in ADHD as a step
towards integrating cognitive and emotional theories of the disorder.

Explanations of emotion dysregulation in ADHD

Although there are multiple relevant viewpoints on causes of emotion dysregulation, models
converge (12-17) on the broad importance of attention, including 1) early, reactive (also
called “bottom-up”) and 2) later, regulatory (also called “top-down”) attentional systems.
Bottom-up and top-down processing interact continually (18-20) but these processes can
also be distinguished in terms of behavioral, functional, and neural correlates (14, 21, 22).
Here, we examine differences in early attention capture by emotional stimuli, later attention
directed to emotional stimuli, and the ability to control attention to non-emotional stimuli
when they occur in emotional contexts (i.e., during a task with other emotional stimuli).

In ADHD, weaknesses in top-down attentional control on non-emotional tasks are well-
documented (23-27). Crucially, attentional control on non-emotional tasks relies on many of
the same brain regions and networks that support control of attention in emotional contexts.
For example, the dorsal lateral and ventral medial prefrontal cortex, the anterior cingulate
cortex, and areas of the parietal cortex are all activated when individuals are asked to control
attention on non-emotional tasks and when they are asked to control emotions (28). Because
an overlapping set of neural networks support control of attention in both emotional and
non-emotional contexts, one hypothesis has been that the emotion dysregulation observed in
ADHD is the result of weak attentional control (29). In other words, children with ADHD
have weak attentional control, and this weak attentional control also prevents them from
controlling their emotions. However, relationships between attentional control deficits on
non-emotional tasks and ratings of emotion dysregulation have not been consistently found
in ADHD (29, 30), suggesting that this simple model is incomplete.
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One limitation is that few studies have measured attentional control during emotional tasks.
Because the same attentional resources are important in both non-emotional and emotional
contexts, it may be that severity of attentional control impairments in ADHD vary based on
the emotional context. More specifically, when attention is captured by, or directed to,
emotional stimuli this may limit the attentional resources available for non-emotional tasks.
In ADHD, this would lead to attentional impairments that are only evident under specific
emotional contexts or are significantly worse in specific emotional contexts. This is in
contrast to the simpler model that suggests a direct relationship between attentional control
impairments on non-emotional tasks and dysregulated emotion in ADHD. It would explain
the poor correspondence of non-emotional measures of attentional control with emotion
dysregulation in ADHD.

Within ADHD, only a handful of studies directly address emotion-related changes in
attentional control. Although other tasks have been used (31), studies have most often relied
on variants of an emotional go/no-go task, which is the paradigm used here. Using standard
cognitive performance measures (i.e., reaction time and accuracy), many studies have failed
to find ADHD-related effects of emotion on attentional control (32-35), and at least one
study unexpectedly found enhancements in attentional control using negatively-valenced
stimuli (36). Factors such as small sample sizes may account for prior lack of findings;
however, differences in peripheral (36) or central (33, 34) nervous system functioning have
been identified even in the absence of reaction time or accuracy differences, suggesting that
individuals with ADHD may also be achieving similar performance via recruitment of
different cognitive or neurobiological resources. In addition, lack of effects in prior studies
may be related to use of traditional measures (i.e., reaction time and accuracy) that cannot
differentiate the multiple factors influencing performance. The current study addresses both
limitations.

Sequential sampling models (SSMs)

From a developmental and computational cognitive science perspective, control of even
relatively complex emotional states (37) and actions (38) are understood as the result of
multiple more basic and quantifiable processes. Sequential sampling models are one
approach to distinguishing these basic processes (39). Using the full distribution of reaction
times and accuracy, separate parameters are estimated that quantify: 1) information
processing speed/efficiency (i.e., drift rate), 2) speed-accuracy trade-offs (boundary height),
3) non-decision time (e.g., encoding and motor response), and 4) response biases. SSMs
have already helped clarify the nature of non-emotional attentional impairments in ADHD
by demonstrating that these are largely due to differences in speed/efficiency of information
processing and to a lesser extent to differences in non-decisional processes (e.g., motor
output), but are not related to speed-accuracy trade-offs (40-43). The granular computational
parameters should be more sensitive to emotional effects than RT and accuracy measures
(44), but this approach has not been applied to understand the effects of emotion on
attentional control in ADHD.
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Event-related potentials

Similar behavioral outputs can be generated by in different ways. Event-related potentials
(ERPs), which reflect the neural response time-locked to events of interest, are ideal for
differentiating these effects. ERP methods have been informative for understanding basic
emotion in other populations (45). Several components are sensitive to interactions between
emotion and attention. Early attention capture by emotional stimuli is reflected in changes in
occipito-temporal P1 and N170 components (46—48). Our own prior work applying these
approaches identified increased early attention capture to positive stimuli in children with
ADHD who also experienced dysregulation of positive affect (49). However, recent
systematic review identified no clear pattern of findings for early ERPs (50), suggesting
additional studies are needed.

The centro-posterior late positive potential (LPP) is responsive to later, regulation of
attention to emotional stimuli (51). In adults with ADHD, there is some evidence for
increased LPP to emotional stimuli during passive viewing (52), while differences in
children have not been found (53). In adolescents, one study failed to find differences in LPP
to emotional stimuli, while another found increased LPP for some types of emotional stimuli
(fear) but not others (sadness). Overall, ADHD-related differences in the LPP in response to
emotional stimuli requires additional characterization.

ERPs can also be used to characterize differences in top-down attentional control to non-
emotional stimuli. The no-go N2 is associated with conflict monitoring and inhibitory
control (54, 55). It increases as inhibitory demands increase (54, 55) and is often smaller in
adolescents with ADHD than typically-developing controls (56, 57). Lopez-Martin et al.
(33) found larger amplitude no-go N2 to emotional distractors (both negative and positive) in
ADHD than controls in the absence of other performance differences, which they interpreted
as reflecting increased recruitment of resources to achieve similar performance. However,
the sample was small (n=20) and additional studies looking at the response to task-relevant
stimuli are also needed.

Current Study

The current study examined ADHD-related differences in attention to 1) emotional stimuli
and 2) to non-emotional stimuli that occurred during an emotional task in adolescents with
and without ADHD. The period from late childhood through adolescence reflects a period of
high-risk for failures of emotion regulation due to the relatively earlier development of
subcortical emotion processing regions as compared to prefrontal regions associated with
cognitive control (58-61). This general risk may be even higher for adolescents with ADHD
due to greater delays in maturation of frontal regulatory neural networks (62—65).

Participants completed three different emotional go/no-go tasks. Differences in 1) early
attention capture by emotional stimuli, 2) later attention to the emotional stimuli, and 3)
attentional control to the non-emotional stimuli that occurred during the emotional task were
characterized using a linear ballistic accumulator model (LBA, one type of sequential
sampling model) and ERPs. We compared these responses to a task condition where none of
the stimuli were emotional. We predicted that all adolescents would have larger early
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attention capture to emotional than non-emotional stimuli (i.e., greater increases in drift rate,
P1 and N170 in emational versus neutral conditions), but that these effects would be
particularly pronounced in ADHD. We also hypothesized that adolescents with ADHD
would have reduced top-down control of attention to emotional stimuli compared to non-
ADHD controls (i.e., greater increase in LPP in emotional versus neutral conditions), but the
strength of this hypothesis was qualified by mixed prior findings. Finally, because emotional
content captures attentional resources, we expected greater ADHD-related weaknesses in
attentional control to the non-emotional stimuli that occurred in the emotional task
conditions than when all stimuli were neutral (i.e., smaller no-go N2 in emotional than
neutral conditions). The current study includes: 1) a larger sample than used in similar prior
studies, 2) a novel SSM approach to decomposing the behavioral (reaction time and
accuracy) effects, 3) integration of neurophysiological measures with the SSM framework,
and 4) consideration of the response to both emotional and non-emotional stimuli to help
clarify how emotion affects attentional impairments in ADHD.

Methods and Materials

Participants and Recruitment

130 individuals (napHp = 61) were recruited from a larger, ongoing longitudinal study and
were invited to participate in an additional EEG testing visit. Prior work has examined
relationships between emational traits and response to emaotional stimuli in a subset of the
current sample, as well as ADHD-related differences in resting-state EEG patterns
associated with emotional functioning in an overlapping sample (49, 66). Recruitment for
the larger study uses a community-based strategy based on public advertising and outreach.
A parent/legal guardian provided written informed consent, and adolescents provided written
assent for the study. All research was carried out in accordance with the World Medical
Association Declaration of Helsinki. Ethics approval was obtained from the Institutional
Review Board at Oregon Health & Science University.

Full description of screening and diagnostic procedures are found in the Supplemental
material. Briefly, parents and teachers completed standardized ADHD rating forms and
parents completed a semi-structured clinical interview. Parents also completed ratings of
child emotional traits using the Temperament in Middle Childhood Questionnaire (67). 1Q
was estimated based on a reliable and valid two-subtest short form of the WISC-IV (Block
Design and Vocabulary). Final DSM-1V diagnostic groups were determined following all
criteria for symptoms count, cross-situational severity, and impairment. Adolescents with
ADHD taking stimulant medications were included in the study but were required to be off
medication for 24 (for short-acting preparations) to 48 hours (for long-acting preparations)
prior to testing.

Experimental Procedure

Participants completed three separate conditions (positive [happy], negative [fear], neutral)
of an emotional go/no-go task in counterbalanced order. For each condition, participants
were shown a series of grey-scale faces from 12 individuals (6 female) from the NimStim set
[54] and were asked to respond by button press to specified target faces (see Figure 1).
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Within each condition, 172 trials were presented in semi-random order in two equal blocks.
The positive and negative conditions contained 70% go (emotional) and 30% no-go (neutral)
stimuli. In the neutral condition, all faces had neutral expressions and participants responded
to either male or female faces and withheld responding to the other sex. Each participant
completed one block in which they responded to male faces and one block in which they
responded to female faces (counterbalanced).

EEG Recordings

EEG was recorded at 500Hz with 32 Ag-AgCl active electrodes using PyCorder v1.0.9. The
electrode array was based on the international 10-20 system centered at Cz. EEG signals
were amplified by a BrainVision actiCHamp2 amplifier (Cary, NC). Recordings were
referenced to Cz online then re-referenced offline.

ERP Measurement & Analyses

EEG data were analyzed using ERPLAB [55] and EEGLAB [56]. Full details of data
processing are in the Supplement. Component amplitudes were measured as using
ERPLAB’s numerical integration algorithms in a specified stimulus-locked time windows
and at electrode sites selected based on those used most commonly in the literature: a) P1:
between 60 and 160 ms and b) N170: between 150 and 250 ms at the right occipito-temporal
electrode site P8 following our prior publication (49); c) LPP: between 600 and 1000 ms
post stimulus at electrode site Pz; and d) no-go N2: between 200-400ms at Fz. Cases in
which the algorithm returned a zero amplitude were excluded. Latency for the P1, N170, and
N2 components was measured as the peak latency in the same time window but amplitude
measures were considered the primary analyses due to concerns with reliability of latency
measures. Components related to emotional stimulus processing (P1, N170, LPP) were
analyzed for correct go trials (i.e. correct responses to emotional faces). Components related
to cognitive control were analyzed for incorrect no-go trials (i.e., failures of inhibition for
neutral stimuli). Standard multivariate repeated-measures ANOVA tests were used to
examine effects of emotion condition between groups.

LBA Analyses

Prior to LBA analysis, all RTs < 200 ms were excluded to prevent fast guesses from
influencing parameter estimates (68). One person (control subject) was excluded because
they were missing all trials from a single condition due to computer error. For the remaining
subjects, a hierarchical Bayesian version of the LBA (69) was then fit to data in each group
using Dynamic Models of Choice (DMC: 70, 71), a free set of R functions (72) for
simulation and Bayesian analysis using the LBA and other choice RT models. Full details of
these procedures are available in the Supplement. We report evidence for differences in
group mean (U) posterior distributions using odds ratios (ORS) (43, 73) and interpret these
Jeffreys’ (74) recommendations. We report the diagnosis x emotion interactions from the
LBA analyses that are directly relevant to our hypotheses. Results using standard RT and
accuracy are in the Supplement along with group-level results for LBA parameters from the
neutral condition. Briefly, we note that RT and accuracy measures identified main effects of
emotion and group but no diagnosis x emotion interactions. Group differences in LBA
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parameters in the neutral condition were consistent with prior studies of non-emotional tasks
(40, 41, 75, 76).

Relationships among measures.—Where applicable, correlation coefficients
(Pearson’s 1) for relationships between emotion-related changes in LBA parameters and
corresponding changes in ERPs were estimated using a “plausible values” analysis (77).
Additional details are in the Supplemental materials. A similar approach was used to test
relationships between changes in LBA parameters and parent ratings of emotional traits.
Relationships between ERP measures and emotional traits were examined using standard
correlations.

See sample demographics in Table 1. Consideration of covariates is described in the
Supplement. Results reported below are without covariates.

LBA Parameters

Drift Rate.—There was substantial evidence for a diagnosis x emotion interaction for both
go (OR=11.94) and no-go trials (OR=6.09) in the positive compared to neutral condition. On
go trials, adolescents with (OR=93.96) and without ADHD (OR=3.53) both had faster drift
rates to positive versus neutral stimuli; adolescents with ADHD had a larger increase in drift
rate than non-ADHD controls. On no-go trials, typically-developing adolescents increased
drift rates in the positive as compared to neutral condition (OR=31.20), but there was no
change in no-go drift rate for the ADHD group (OR=1.38). See Figure 2a and 2c.

Adolescents with (OR=3.52) and without (OR=20.64) ADHD both had slower drift rate to
fearful than neutral stimuli. However, there was little evidence for diagnosis x emation
interactions for the fear condition (all OR<2.53).

Response Boundary Height.—There was strong evidence for diagnosis x emation
interactions for go trials in the positive compared to neutral condition (OR=24.88). On go
trials, typically-developing adolescents reduced their boundary height in the positive
compared to neutral condition (OR=10.58), requiring less evidence to make a go response.
In contrast, adolescents with ADHD increased go boundary height (OR=6.35) in the positive
compared to neutral condition, requiring more evidence to make a go response.

There was also strong evidence for diagnosis x emotion interactions for no-go trials
(OR=24.93) in the positive compared to neutral condition. For no-go responses, there was
little evidence that typically-developing adolescents changed their boundaries (OR=2.87) in
positive as compared to neutral condition. In contrast there was strong evidence (OR=24.53)
that adolescents with ADHD reduced their no-go boundary in positive versus neutral
conditions, indicating they required less evidence to withhold responding. See Figure 2b and
2c.

In the fear condition, there was little evidence for group x emotion interactions or main
effects of emotion (all OR < 2.57).
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Event-related potentials

P1. A 3 (emotion) x 2 (diagnosis) multivariate repeated measures ANOVA identified a
significant diagnosis x emotion interaction for P1 amplitude (F[2, 112] = 4.35, p=.015,
partial n2 = .07). P1 amplitudes did not differ between conditions for typically-developing
adolescents. However, adolescents with ADHD had larger P1 amplitudes to emotional
(positive and negative) than to neutral stimuli. See Figure 3. There were no significant main
or interaction effects for latency (all p > .33).

N170. A 3 (emotion) x 2 (diagnosis) multivariate repeated measures ANOVA identified a
significant main effect of emotion for N170 amplitudes (F[2, 93] = 4.01, p=.021, partial 12
=.08). This was qualified by a significant diagnosis x emotion interaction (F[2, 93] = 5.00, p
=.040, partial n2 = .07). Typically-developing adolescents had similar N170 in response to
emotional and neutral stimuli, whereas adolescents with ADHD had reduced N170
amplitude in the positive as compared to neutral condition. See Figure 3. There were no
significant main or interaction effects for latency (all p > .53).

LPP. A 3 (emotion) x 2 (diagnosis) multivariate repeated measures ANOVA identified a
significant main effect of emotion on LPP amplitude (F[2, 110] = 18.19, p < .001, partial 12
=.25). All adolescents showed larger LPPs in the negative than in other conditions. No other
main or interaction effects were significant (all p>.179).

No-go N2. For N2 amplitude, a 3 (emotion) x 2 (diagnosis) multivariate repeated-measures
ANOVA identified a main effect of group (F[1, 91]=8.30, p=.005). This was qualified by a
significant diagnosis x emotion interaction (F[2, 90]= 3.70, p = .029, partial n?2 = .08).
Adolescents with ADHD had smaller N2 amplitude in all conditions than non-ADHD
controls. This difference between groups was largest in the positive condition. See Figure 4.
There were no significant main or interaction effects for latency (all p > .25).

Relationships among measures

We examined relationships between changes in drift rate, changes in boundary separation,
and changes in ERP amplitudes for the positive emotion condition. None of the relationships
were credibly different than zero. See Table S1.

Changes in LBA parameters in the emotional conditions were not credibly related to parent
ratings of emotional traits (see Table S2). However, larger P1 in the negative condition was
associated with more parent-reported fear within the ADHD sample (/=.39, p=.002). No
other relationships between ERPs and emotional traits were statistically significant (see
Table S3).

Discussion

Emotion dysregulation is increasingly recognized as an important clinical feature for many
children with ADHD (2). However, it remains unclear how emotion is related to well-
studied, non-emotional attentional impairments in this population. In the current study,
multimethod evidence partially converged to demonstrate that adolescents with ADHD have
increased early, reactive attention capture by positively-valenced stimuli. These differences
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in emotional reactivity co-occur with disruptions in attentional control to non-emotional
stimuli that are worse in positive-valence contexts than in non-emotional contexts. We
speculate that dysregulation of positive affect in ADHD is related to increased reactive
attention capture and that this increased reactivity may exacerbate impairments in attentional
control in specific emotional contexts. Future studies that directly examine the pathways
between early disruptions to attention and downstream impairments in attentional control
will be important.

Traditional performance measures captured expected changes in cognitive performance with
emotional stimuli: faster RTs in response to positive stimuli and slower RTs in response to
negative stimuli. However, these measures were not sensitive to differences between groups.
In contrast, use of a novel SSM approach identified ADHD-specific effects. All adolescents
had faster drift rates to positively-valenced stimuli, but this effect was especially pronounced
in the ADHD group. Changes in drift rate are associated with functioning of frontal-parietal
networks (78) that are densely innervated by locus coeruleus-norepinephrine (LC-NE) inputs
driving arousal-related attention processes. The large increase in drift rate in ADHD is
consistent with increased arousal in response to positive stimuli.

Convergent evidence was also observed using ERP methods. The P1 component was larger
in response to positive as compared to neutral stimuli for children with ADHD, an effect that
was not present in the typically-developing group. The P1, which is generated by the
extrastriate cortex, reflects basic early visual processing of stimuli. It is modulated by
emotional face expression, reflecting prioritization of attention to emotional content (46).
Thus, both ERP and SSM findings suggest increased reactive attention capture by positively-
valenced stimuli in ADHD as compared to typical development.

Results also demonstrate the importance of considering emotional context in studies of
attentional control in ADHD. Positive-valence conditions facilitated stimulus processing for
typically-developing adolescents, evidenced by their faster drift rate for both go (emotional)
and no-go (neutral) stimuli in the positive task condition as compared to the task condition
with all neutral stimuli. Findings are consistent with evidence that positive emotion can
facilitate aspects of attentional control (79). Given the overall enhancement of drift rate for
both go and no-go stimuli, typically-developing adolescents adaptively decreased their go
response height while maintaining their no-go response boundary, suggesting fronto-striatal
driven changes in top-down response strategy (78, 80, 81) that would be expected to occur as
task difficulty decreased (82, 83).

Unlike typically-developing controls, adolescents with ADHD did not have faster no-go drift
rate in the positive condition (they only increased their go drift rate), suggesting they
experienced a specific, strong bias towards the positively-valenced emotional stimuli rather
than an overall facilitation of performance. In addition, adolescents with ADHD required
more evidence to make a go response but also less to make a no-go response. Put another
way, adolescents with ADHD experienced a strong go stimulus bias in positive conditions,
but also shifted towards a no-go response bias (84). This differed from the adaptive
reduction in both response thresholds demonstrated by their typically-developing peers and
may indicate impaired top-down control over response threshold adjustments in the disorder.
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Again, ERPs provide convergent evidence for impaired top-down attentional control in
positive-valence conditions. Adolescents with ADHD had smaller no-go N2 amplitudes on
failed inhibitory trials in all conditions, consistent with well-known difficulties on non-
emotional tasks that require attentional control. However, the N2 was smallest in the positive
condition, indicating less recruitment of neural resources to deal with response conflict in
the positive context. Crucially, the no-go trials on which these effects were observed were
always emotionally neutral stimuli. Thus, the overall emotional context (the fact that the no-
go trials were occurring amidst many positively-valenced go trials) contributed to
disruptions in attentional control that extended beyond processing of the emotional stimuli
themselves.

Effects for positive stimuli were robust and apparent across multiple levels of measurement.
However, the changes in LBA parameters were not correlated with changes in ERPs. This
may be related to lack of reliability of change scores. Alternatively, because LBA parameters
and ERPs are affected by only partially overlapping processes, it may be that the parallel
effects we observed are due to different underlying influences. This possibility is also
consistent with the lack of latency effects. The drift rate parameter is, as the name implies,
related to speed of information processing and so changes in speed of the ERPs might also
be predicted if the same processes were influencing both measures. However, the lack of
latency findings may also be due to the generally lower reliability of those measures.

Relationships between cognitive parameters and neural response patterns may be clarified by
use of other neuroimaging methodologies, such as functional MRI, to examine changes in
frontoparietal brain networks in similar tasks. In addition, we focused on direct, linear
relationships between ERPs and cognitive parameters. While this approach offers a
reasonable starting point, Turner et al. (85) recently highlighted several new approaches that
can account for the interaction among parameters within and across levels of analyses. Given
the complexity of the processes of interest, these alternative models are likely to be
informative in the future.

In addition, inconsistent effects were observed for negatively-valenced stimuli. Several
explanations for the inconsistent effects require investigation. First, other emotions need to
be considered. Studies using anger stimuli may be of particular interest given growing
recognition that anger, specifically, is dysregulated in ADHD (86). In addition, variability in
LBA parameters was larger for the negative than positive-valence stimuli. ADHD is an
emotionally heterogeneous disorder (9, 87, 88). In our sample, correlations between LBA
parameters and ratings of adolescents’ emotional traits were not credibly different than zero,
however, larger P1 to positive stimuli predicted higher fear ratings. It is possible that a
subgroup of children show differences in the negative condition that are obscured in the full
ADHD sample. We are pursuing work to address each of these limitations now.

The current work demonstrates that adolescents with and without ADHD differ in the way
emotion affects their attention. Findings provide partially convergent cognitive and
neurophysiological evidence of greater early attention capture by positive stimuli and
worsening attentional control impairments in positive emotional contexts. Future studies
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should focus on the potential relationships between these effects to determine if the
differences in early attention capture may directly contribute to worsening attentional control
later in the processing stream. Non-emotional attention impairments in ADHD remain
important as potential mechanisms for symptom change (87). However, decision-making in
the real-world is not emotionally neutral and fully integrating an understanding of emotion
into cognitive accounts of ADHD will require simultaneously considering both cognitive
and affective domains.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental Task depicted for the Happy condition.
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Panels A and B show violin plots depicting posterior difference distributions for the effects
of emotion conditions (Happy - Neutral, Fear - Neutral) for the Control (light grey) and
ADHD (dark grey) groups. These are presented as box plots of difference distribution
samples surrounded by density plots of the same samples. Panel C illustrates the effects of
the positive emotion condition on the LBA model parameters for each group.
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A. ADHD ERP waveforms for correct go trials C. Scalp topography for fear-neutral and happy-

neutral difference

10 = = ADHDFear ———ADHD Gender - ADHD Happy

fear-neutral happy-neutral

ADHD

B. Control ERP waveforms for correct go trials
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- Control Gender  —— Control Happy

(@

fear-neutral happy-neutral

Control

Figure 3.
Effects of emotion condition on ERPs. Panels A and B show the ERP waveforms for each

diagnostic group. Panel C shows the scalp topography for the emotion-neutral differences in
each group. Scalp topography of the main effects for each emotion condition are in Table S1.
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A. ADHD ERP waveforms for incorrect no-go trials C. Scalp topography for happy-neutral difference
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Figure 4.
Effects of emotion condition on the no-go N2 ERP, which is related to cognitive control.

Panels A and B show the ERP waveforms for each diagnostic group. Panel C shows the
scalp topography for the happy-neutral condition. Scalp topography of the main effects for
each emotion condition are in Table S1.
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Table 1.
Sample description
P e piag

Age (vears) 13.9 (1.5) 13.8 (1.1) 651 0.00
Sex (% male) 58.8 83.3 .002

% on Stimulant Medlication 56.2

9% White, non-Hispanic/Latino 75.4 75.4 995

Median family income $35-50K $75-100K 021

10 108.9 (15.6) 1155(12.6) .009 0.05
Parent Conners’ Inattention 74.7 (10.8) 47.6 (10.0) .001 0.41
Parent Conners’ Hyp-Imp 68.8 (15.5) 48.1(8.9) .001 0.63
Parent Conners’ Aggression 56.1 (12.9) 47.3(5.8) .001 0.17
Teacher Conners’ Inattention 65.9 (12.5) 48.1 (7.4) .001 0.44
Teacher Conners’ Hyp-Imp 64.3 (15.5) 48.2 (7.0) .001 0.32
Teachers Conners’ Aggression ~ 57.1 (15.9) 47.7 (5.8) .001 0.14
Parent TMCQ Negative Affect 2.7 (0.53) 2.2 (0.39) .001 0.19
Parent TMCQ Fear 24(067)  21(058  .010 0.05
Parent TMCQ Surgency 3.6 (0.55) 3.5(0.64) 233 0.01
Parent TMCQ HIP 3.3(0.69) 3.5(0.78) 121 0.02
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