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Abstract

Attention-deficit/hyperactivity disorder (ADHD) is a prevalent disorder characterized by 

symptoms of inattention, hyperactivity, and/or impulsivity, as well as executive dysfunction. 

Recent work underlines the importance in understanding the role of emotion reactivity and 

regulatory deficits in the context of the disorder. One study (i.e., Musser et al. 2011) utilized a 

positive and negative emotion induction and suppression task, as well as indexes of autonomic 

nervous system reactivity, to examine emotional functioning in youth with ADHD. This study 

revealed inflexible parasympathetic-based regulation across emotion conditions among youth with 

ADHD compared to typically developing youth. The present study sought to replicate and extend 

these findings to a clinically recruited, diverse sample, while also examining sympathetic 

functioning. Two hundred fifty-nine participants (160 youth with ADHD), aged 5 to 13, completed 

the task utilized in Musser et al. 2011, while indexes of parasympathetic (i.e., respiratory sinus 

arrhythmia [RSA]) and sympathetic (i.e., pre-ejection period [PEP] and electrodermal activity 

[EDA]) reactivity were obtained. ADHD was associated with significantly elevated 

parasympathetic (i.e., augmented RSA) and sympathetic (as indexed by EDA) reactivity. Overall, 

results replicate and extend Musser et al. 2011, revealing sympathetic-linked disruptions in 

emotion reactivity and parasympathetic-linked disruptions in emotion regulation among youth 

with ADHD. Future studies of behavioral therapies for ADHD should consider the efficacy of 

adding an emotion regulation skills training component.
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Attention-deficit/hyperactivity disorder (ADHD) is characterized by inattention, 

hyperactivity, and/or impulsivity, as well as impairment across contexts (American 

Psychiatric Association 2013). ADHD is one of the most prevalent psychiatric disorders of 

childhood, affecting seven to 11 % of youth, ages four to seventeen years, in the United 

States (Visser et al. 2014; Vitola et al. 2017). Although ADHD is often conceptualized as a 

disorder of deficits in attention or executive functioning, recent work has established the 

need to integrate emotional functioning into the conceptualization of this disorder (Graziano 

and Garcia 2016; Musser et al. 2011; Shaw et al. 2014), as well as clinical care (Barkley and 

Fischer 2010; Wehmeier et al. 2010). Several reviews (e.g., Martel 2009; Shaw et al. 2014) 

and a recent meta-analysis (e.g., Graziano and Garcia 2016) support this assertion. For 

example, a recent meta-analysis of 77 studies revealed youth with ADHD display both 

greater emotion dysregulation (weighted ES d = .80) and excessive negative emotion 

reactivity (weighted ES d = .95), with effect sizes similar to, if not larger than, those 

reported in the literature on executive dysfunction (d = .46–.69; Graziano and Garcia 2016; 

Willcutt et al. 2005). These findings emphasize the importance of considering emotion 

reactivity and regulation in order to further understand ADHD.

Emotion reactivity, in the context of this study, is the intensity of the “bottom-up” emotional 

response to a stimulus (Rothbart and Derryberry 1981). Relatedly, emotion regulation is 

defined as the “top-down” manipulation of an emotional response, which can occur 

behaviorally, via effortful cognitive control, and/or physiologically (Gross 1998). Behaviors 

that commonly characterize emotion dysregulation among youth with ADHD include 

emotional impulsiveness and difficulty managing the intensity of emotional states (Barkley 

2010; Bunford et al. 2015; Graziano and Garcia 2016). Emotion reactivity and regulation are 

associated with changes in autonomic nervous system functioning, which can be indexed via 

psychophysiological measures (Bunford et al. 2015).

Autonomic Indexes of Emotional Functioning

Psychophysiological measurements via electrocardiogram, impedance cardiography, and 

electrodermagraphy can be used to derive indexes of autonomic nervous system functioning. 

Respiratory sinus arrhythmia (RSA), derived from electrocardiogram data, is a reliable and 

valid index of parasympathetic nervous system activity. RSA is specifically related to 

parasympathetic control of heartrate through efferent vagus nerve activity, as empirically 

demonstrated by pharmacological blockade studies (Beauchaine 2001; Berntson et al. 1993; 

Hayano et al. 1991). Prior work demonstrates that, in specific contexts, greater RSA 

reactivity is associated with emotion dysregulation (Berntson et al. 1997; Calkins 2007; 

Eisenberg et al. 1995; Porges et al. 1996).

Relatedly, impedance cardiography can be utilized to derive cardiac pre-ejection period 

(PEP), an index of sympathetic nervous system activity (Sherwood et al. 1991). PEP is the 
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interval between contraction of the left ventricle and the onset of ejection of blood into the 

aorta and is a commonly utilized index of beta-adrenergic influence over the heart 

(Beauchaine 2001; Berntson et al. 1997). PEP has been associated with a variety of 

sympathetically mediated functions, including emotional reactivity, mental effort, reward 

sensitivity, and approach behaviors (Beauchaine 2001; Crowell et al. 2006; Kelsey et al. 

2007). Shortening of PEP in response to emotionally evocative contexts generally indexes 

greater sympathetic influence over heartrate associated with emotional reactivity (Brenner 

and Beauchaine 2011; Brenner et al. 2005).

Similarly, electrodermal activity (EDA; Fowles 1986) has been utilized to index sympathetic 

activity. Increased activity in cholinergic fibers, which directly affect the activity of the 

eccrine sweat glands, is associated with greater sympathetic activity (Beauchaine 2001; 

Cacioppo et al. 2007; Fowles 1986; Shields et al. 1987; Uno, 1977). Previous literature has 

indicated EDA as being highly correlated with sympathetic activity (Wallin 1981), as well as 

emotional arousal/reactivity (Bradley et al. 1990); particularly for negative, avoidance-based 

emotions (e.g., anxiety and/or stress; Salminen et al. 2013). Thus, EDA and PEP serve as 

indexes of sympathetic-based emotion reactivity, while RSA is an index of 

parasympathetically-based emotion regulation.

Emotion Dysregulation in Youth with ADHD via Autonomic Indexes

Over the past decade, several studies have expanded the understanding of emotion 

functioning among youth with ADHD via autonomic indexes. Prior studies have utilized 

psychophysiological measures to index autonomic functioning during emotion regulation 

tasks (e.g., social rejection and frustration tasks) or in response to emotionally evocative 

stimuli (e.g., International Affective Picture System [IAPS]; Beauchaine et al. 2013; 

Conzelmann et al. 2014; Lang et al. 1999; Leaberry et al. 2018; McQuade and Breaux 2017; 

Taskiran et al. 2018). However, these studies often examine a singular process (i.e., only 

emotional reactivity or only emotion regulation) or use methodology that does not 

adequately distinguish the two processes. Thus, these studies do not allow for an 

investigation of both emotion reactivity and regulatory mechanisms underlying emotion-

related functioning in youth with ADHD. To our knowledge, only one prior study has 

specifically probed both emotion reactivity and regulation of both negative and positive 

emotion, with the use of an emotion induction and suppression design, in youth with and 

without ADHD (i.e., Musser et al. 2011).

Examining Emotion Regulation by the Elicitation of Induction and 

Suppression of Emotion

Suppression of an emotion, here, is defined as the purposeful act of inhibiting one’s 

emotional expression during an emotionally arousing activity, whereas induction involves 

prompting for the active experience and expression of said emotion (Gross 1998; Gross and 

Levenson 1993, 1997). Suppression and induction of emotions within an artificial setting 

(e.g., research lab) has been successfully completed through instructing participants to either 

conceal or exhibit the emotion during the presentation of an emotionally arousing video clip 

(e.g., Beauchaine et al. 2001; Ehring et al. 2010; Gross 1998; Musser et al. 2011).
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Of particular interest with regard to the present study, Musser et al. 2011 evaluated emotion 

reactivity and regulation within the context of induction and suppression conditions, while 

utilizing positive and negative valence film clips. Electrocardiogram and impedance 

cardiography data were obtained during each condition (i.e., negative suppression, positive 

suppression, negative induction, and positive induction of emotions) within a well-

characterized group of youth with ADHD and typically developing youth. Results indicated 

that among youth with ADHD, RSA was augmented (i.e., increased) from baseline levels of 

functioning across task conditions. Thus, less flexible emotion regulation was observed in 

response to task demands among youth with ADHD compared to typically developing 

youth. However, no group differences in PEP reactivity were observed, implying that 

sympathetic functioning among youth with ADHD in an emotional context is intact.

Replication and Extension of the Study of Emotion Induction and 

Suppression in ADHD

While the Musser et al. 2011 study has many notable strengths, including the well-

characterized sample, use of a task that allowed for induction and suppression of both 

negative and positive emotions, as well as indexing of both autonomic branches, it also 

included limitations. These limitations include a relatively small sample size (i.e., 32 youth 

with ADHD and 34 typically developing youth) with insufficient power to fully examine 

ADHD heterogeneity with respect to Diagnostic and Statistical Manual of Mental Disorders 

Fifth Edition (DSM-5; American Psychiatric Association 2013) presentation and/or which 

symptom domain(s) contributed to the results. Additionally, the sample was highly limited in 

ethnic and racial diversity and was recruited from the community, resulting in limitations in 

generalizability. Finally, the index of sympathetic functioning utilized (e.g., PEP activity) in 

Musser et al. 2011 may be more appropriately interpreted as an index of approach-based 

reward responding (Brenner et al. 2005) than a broad index of sympathetic control. Thus, 

specific measures associated with emotional functioning in negative or avoidance-based 

emotional domains, such as EDA, are needed. Prior work suggests reduced EDA levels in 

youth with ADHD during rest and emotionally evocative tasks, when compared to typically 

developing peers (Barry et al. 2012; Conzelmann et al. 2014; Losoya 1995; Satterfield and 

Dawson 1971). However, such prior work has not simultaneously examined indexes of 

sympathetic (e.g., EDA) and parasympathetic (e.g., RSA) functioning in youth with and 

without ADHD.

The Present Study

The current study seeks to replicate Musser et al. 2011, while extending the study’s methods 

to include EDA measurements in a larger, more ethnically and racially diverse sample that is 

clinically recruited. Given the use of a clinical sample, which are generally believed to be 

characterized by greater symptom severity/impairment (Surman et al. 2010), results and 

effect sizes are expected to be similar to or greater than those observed in Musser et al. 2011. 

That is, with respect to RSA reactivity, youth with ADHD are expected to be elevated from 

baseline during task conditions and less flexible across task conditions in comparison to 

typically developing youth. As Musser et al. 2011 did not identify significant group 
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differences in PEP reactivity, no hypotheses regarding PEP reactivity are predicted in the 

current study. However, the results of analyses examining PEP are reported, as Musser et al. 

2011 may have been under powered to detect effects. With respect to EDA, youth with 

ADHD are expected to experience reduced EDA reactivity across task conditions compared 

to typically developing youth. Further, prior work has demonstrated significant differences 

in emotion reactivity and regulation according to ADHD presentation and symptom domain 

(i.e., inattention, hyperactivity/impulsivity) at the behavioral level of analysis (see Martel 

2009; Maedgen and Carlson 2000), such that youth with predominantly inattentive 

presentation (ADHD-I) have been shown to have poor emotion regulation, while youth with 

the predominantly hyperactivity/impulsive presentation (ADHD-HI) have been shown to 

demonstrate atypical emotion reactivity. Thus, the current study additionally investigates 

whether such differences were also present at the psychophysiological level of analysis, and 

explored these associations in follow-up analyses examining 1) ADHD DSM-5 presentation 

and 2) ADHD-I and ADHD-HI symptom domains.

Method

Participants

Two hundred fifty-nine youth, ages five to thirteen years (M = 8.93, SD = 1.84), participated 

in the current study. One hundred sixty met DSM-5 (American Psychiatric Association 

2013) criteria for ADHD, while 99 were typically developing comparison youth. The 

majority of the sample identified as Hispanic/Latinx (i.e., 88.66% Hispanic/Latino), 

consistent with the geographic location of the study. Further, 80.62% identified as racially 

Caucasian, 9.30% as African American, 1.16% as Asian, and 8.92% as another race or 

multiple races, which is also consistent with the demographics of the geographic location of 

the study. Thus, overall, the sample represents a demographic which has traditionally been 

underrepresented in research on mental health. The age range of youth (i.e., five to thirteen 

years spanning middle childhood), was specifically selected as it is the most common period 

in which youth are diagnosed with ADHD (Polanczyk et al. 2007) and corresponds with the 

developmental period selected in the original study (i.e., Musser et al. 2011).

Recruitment and identification—All participants were approved through the 

institutional review board at Florida International University, with youth ascenting and 

parents consenting to the study. However, in contrast to Musser et al. 2011, which utilized a 

community sample, the present study utilized a clinical sample. Specifically, youth with 

ADHD were recruited from a double-masked, crossover study examining tolerance to 

stimulant medication via an annual Summer Treatment Program (STP). Recruitment for the 

STP was completed through multiple platforms, including the university’s clinical treatment 

center, school personnel (e.g., teachers), physicians, and advertisements (e.g., billboard, 

newspaper, postal service, and radio). Inclusion criteria for STP included a current DSM-5 

diagnosis of ADHD and an estimated Full-Scale Intelligence Quotient (IQ) score > 80. 

Exclusion criteria for STP included demonstrated intolerance to methylphenidate or OROS 

methylphenidate at the highest therapeutic dose (e.g., hypertension, Tourette’s disorder, 

arrhythmias, and mania/psychosis). Meeting full diagnostic criteria for autism was also 

exclusionary. Additional exclusion criteria specific to the present study, based upon parent 
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report, included the use of psychotropic medication for any disorders other than ADHD in 

the previous six months, as well as the presence of any cardiovascular, developmental, 

neurological disorders, major depressive disorder, and/or mania or psychosis.

In contrast to the original study (i.e., Musser et al. 2011), in which youth with ADHD and 

typically developing youth were both collected through the community, only typically 

developing youth were recruited through the community in the current study. As such, 

typically developing comparison youth were recruited through advertisements (e.g., 

newspapers, electronic mails, and flyers in the university’s treatment center) and community 

events (e.g., family-oriented expos and local school events). Exclusion criteria for typically 

developing youth included the use of any psychoactive medication (including stimulants), 

estimated Full-Scale IQ score < 80, the presence of any cardiovascular, developmental 

disorder, neurological disorder, major depressive disorder, and/or mania or psychosis. 

Finally, typically developing youth were excluded if they presented with more than three 

symptoms of ADHD.

To examine eligibility, as well as obtain clinical, demographic, and diagnostic information, 

parents of participants completed a demographic survey and the Diagnostic Interview 

Schedule for Children Version Four (DISC-IV; Shaffer et al. 2000). Parents and teachers of 

youth with ADHD completed the Disruptive Behavior Disorders Rating Scale (Pelham et al. 

1992) and Pittsburgh Modified Conner’s Rating Scale (Pelham et al. 2005a). Likewise, 

parents of typically developing youth completed similar measures; however teacher ratings 

of typically developing youth were not available. Both youth with ADHD and typically 

developing youth completed the Wechsler Abbreviated Scale of Intelligence Second Edition 

(Wechsler 2011) to obtain an estimated Full-Scale IQ.

Final ADHD and other diagnoses—The diagnostic process for identifying youth with 

ADHD was completed using best-practice recommendations (Pelham et al. 2005b). 

Specifically, parent and teacher rating scales were utilized to identify ADHD symptoms 

according to DSM-5 (i.e., Disruptive Behavior Disorder Scale and Pittsburgh Modified 

Conner’s Rating Scale 2005a); Pelham et al. 1992). Parent and teacher ratings of impairment 

were utilized to identify cross-situational impairment (i.e., Impairment Rating Scale; 

Fabiano et al. 2006). A parent clinical interview was utilized to obtain corroborating 

information, as well as to obtain information regarding comorbid diagnoses and symptoms 

(e.g., DISC-IV; Shaffer et al. 2000). Two Ph.D. level clinicians reviewed all information to 

determine final diagnoses of ADHD and comorbid disruptive disorders (e.g., anxiety, 

conduct disorder [CD], oppositional defiant disorder [ODD]). In the event that consensus 

was not obtained (i.e., less than 1% of cases), a third clinician was consulted, and the 

majority opinion was utilized. Diagnoses other than ADHD, CD, and ODD (e.g., anxiety 

disorders) were determined by parental endorsement on the DISC-IV.

Medication washout—Youth diagnosed with ADHD were required to partake in a 

washout period of seven half-lives of their prescribed stimulant medication dosage (i.e., 

approximately forty-eight hours) prior to completing study tasks.
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Task and Psychophysiology Recording Procedures

Procedures for this study were identical to those utilized in Musser et al. 2011 and are 

described here in brief.

Baseline task conditions—Psychophysiology data was recorded during a two-minute 

resting baseline prior to the task and during two neutral baselines, while participants viewed 

a set of 10 neutral pictures from the IAPS (Lang et al. 1999). During the neutral periods, 

which occurred before the task and between valence conditions to account for and reduce 

carry-over effects, participants rated each neutral picture using the Self-Assessment Manikin 

(SAM) valence and arousal scales (Bradley and Lang 1994). Neutral baselines were utilized 

to calculate change scores to account for psychophysiological responses associated with 

attending and orienting.

Emotion induction and suppression task—Participants were informed they would be 

watching clips from the movie Homeward Bound, in which two dogs and a cat are separated 

and reunited with their human family. Each clip from Homeward Bound has been shown in 

prior work to induce either positive or negative emotions, with the first two clips being 

associated with negative emotions (e.g., separation from family) and the last two clips 

associated with positive emotions (e.g., reunion with family; Musser et al. 2011).

Using procedures identical to Musser et al. 2011, induction and suppression demands were 

incorporated via instructions to the participants. Specifically, during the induction 

conditions, participants were instructed to express the emotion they believed was 

experienced by the main character (e.g., if the child believed the main character was happy, 

the child would express that emotion). In the suppression conditions, participants were 

instructed not to think about the emotion of the main character and to “keep it a secret” by 

retaining a neutral face (i.e., suppressing the emotion). In order to further validate the 

valence and arousal level associated with each clip, participants completed SAM valence 

and arousal scales after each clip. In keeping with Musser et al. 2011, all participants 

completed the task in the same order: resting baseline, neutral period, negative induction, 

negative suppression, neutral period, positive induction, and positive suppression.

Psychophysiology recording and processing overview—Identical 

psychophysiological indexes were obtained to those in Musser et al. 2011, with the addition 

of EDA. To obtain psychophysiological indexes continuously across task conditions, 

disposable silver/silver-chloride electrodes were placed in an electrocardiogram and 

impedance cardiography configuration (for added details see Musser et al. 2011). 

Additionally, EDA electrodes with 0 % chloride were placed on the palm of the non-

dominant hand at roughly the thenar and hypothenar muscles. In processing all 

psychophysiological data, in the event that 10 s or more of a 60 s epoch were determined to 

contain artifact or missing data, then the entire epoch was excluded and subsequently 

imputed (below). This occurred in fewer than 5 % of cases across all psychophysiological 

variables.
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RSA.: RSA was derived in 60 s epochs using the detrended R-R time series, which was 

derived from electrocardiogram, and then submitted to a Fourier transformation. The high 

frequency respiratory band (ms2) was set over the respiratory frequency band of 0.24 to 1.04 

Hz and estimated via ICG. Respiratory rates were derived from the impedance cardiography 

signal (Z0) to verify that signals remained within the analytic bandwidth. R-R waves were 

inspected for artifacts by visual inspection and MindWare Heart Rate Variability V.3.1. 

Among typically developing youth 3.50% of cases were edited for artifacts, while among 

youth with ADHD, on average 2.80% of cases were edited for artifacts. Thus, groups did not 

differ with respect to presence of artifacts (χ2 = 0.10, p = 0.75). Inter-rater reliability (k > 

0.90) was established by two raters examining 20% of the data from each condition.

PEP.: PEP was derived at 60 s epochs from electrocardiogram and impedance cardiography 

with MindWare Impedance Cardiography V.3.1. PEP was indexed as milliseconds from the 

onset of the Q-wave to the B-point of the dZ/dt wave. Artifacts were examined and removed 

through the MindWare software and through visual inspection. Among typically developing 

youth 4.50% of cases were edited for artifacts. Similarly, among youth with ADHD, 3.90% 

of cases were edited for artifacts. Thus, groups did not differ with respect to presence of 

artifacts (χ2 = 0.06, p = 0.81). Inter-rater reliability (k > 0.85) was established by two raters 

examining 20% of the data obtained from each condition.

EDA.: EDA was recorded at a rate of 1000 samples per second and derived at 60 s epochs. 

Artifacts were examined and removed by MindWare EDA V.3.1.1 and through visual 

inspection. Criteria for a skin conductance response (SCR) included at least 0.05 

microsiemens of a difference from peak and to trough, and an SCR duration of no more than 

10 s with at least 0.25 s between each SCR. The value used during analysis was mean skin 

conductance. Among typically developing youth 4.30% of cases were edited for artifacts. 

Among youth with ADHD, on average 4.30% of cases were edited for artifacts. Thus, 

groups did not differ with respect to presence of artifacts (χ2 < 0.01, p = 0.99). Inter-rater 

reliability (k > 0.90) was established by two raters examining 20% of the data obtained from 

each condition.

Analytic Plan—Primary analyses were completed in a manner identical to Musser et al. 

2011 to compare replicability of results. As such, a repeated measures ANCOVA (RM-

ANCOVA) was conducted with covariates identical to those in Musser et al. 2011, including 

youth’s biological sex and total number of comorbid diagnoses of ODD, CD, and/or anxiety. 

Missing data was handled through multiple imputation. Here, missing data ranged from 

1.5% to 12.8% of cases missing RSA, PEP, and/or EDA baseline and/or reactivity scores for 

one or more task conditions. More specifically, typically developing youth were missing 

approximately 1.01% to 12.20% cases, while youth with ADHD were missing 

approximately 1.20% to 11.20% cases. No demographic information or SAM valence and 

arousal ratings were determined to be missing. Overall, data was determined to be missing at 

random, and groups did not differ with respect to the amount or type of data missing.

Specificity of effect via ADHD DSM-5 presentation and symptom domains.: Post-hoc 

analyses were conducted in order to examine the effects of each DSM-5 ADHD presentation 
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(via RM-ANCOVA) and each continuous ADHD symptom domain (i.e., inattention and 

hyperactivity/impulsivity via Linear Mixed Effects Multi Level Models [MLM]).

Power Analysis—G*Power revealed with a sample size of 259, a post-hoc power analysis 

for RM-ANOVA with two levels would have adequate power (b = 0.99, p < 0.05) to detect 

moderate effects (Cohen’s d > 0.30). With the addition of youth’s biological sex and total 

number of comorbid diagnoses (i.e., anxiety, CD, and ODD) as covariates, power was 

reduced only slightly.

Results

Preliminary Analyses

Descriptive and diagnostic statistics—As presented in Table 1, age, ethnicity, and IQ 

did not differ between groups; inclusion of these variables did not affect results, and thus, 

these variables were excluded from further analyses. However, groups differed significantly 

according to youth’s biological sex, χ2(1) = 14.41, p < 0.001, Cramer’s V > 0.23, with 

ADHD group being more likely to be male, as in prior literature (Anderson et al. 1987; 

Gaub and Carlson 1997; Gershon 2002; see Table 1). Thus, youth’s biological sex was 

covaried in all results. Although family income differed significantly between ADHD and 

typically developing youth, F(1,187) > 5.54, p = 0.02, ηp
2 > 0.02, family income did not 

affect results; and was not included as a covariate.

Clinical characteristics are also included in Table 1. Scores on the Parent Disruptive 

Behavior Disorder Rating Scale differed significantly between parents of ADHD and 

typically developing youth, as expected, F(1,248) > 618.60, p < 0.001, ηp
2 > 0.71. The total 

number of comorbid diagnoses (i.e., anxiety, CD, and ODD) also differed significantly 

between the groups and was treated as a covariate, χ2(3) > 90.17, p < 0.001, Cramer’s V > 

0.10.

Effectiveness of emotion induction by self-report—A 2 ×2×2 RM-ANOVA 

(valence[negative/positive] × regulation [induction/suppression] × group[control/ADHD]) 

was used to assess SAM valence and arousal scores across the four task conditions (i.e., 

negative induction, negative suppression, positive induction, and positive suppression).

With respect to valence (i.e., ranging from 1 [unpleasant] to 5 [pleasant]), similar to Musser 

et al. 2011, there was a significant main effect of valence conditions (i.e., negative versus 

positive), F(1,245) = 44.02, p < 0.001, ηp
2 = 0.15, and a significant main effect of regulation 

conditions (i.e., induction versus suppression), F(1,245) = 5.87, p = 0.02, ηp
2 = 0.02. Across 

the full sample, youth rated the positive conditions as more pleasant (M = 4.54, S.E. = 0.05) 

compared to the negative conditions (M = 2.47, S.E. = 0.07). Additionally, youth rated the 

induction condition as more pleasant (M = 3.77, S.E. = 0.06) compared to the suppression 

conditions (M = 3.24, S.E. = 0.06). Similar to Musser et al. 2011, none of the interactions by 

ADHD group status were significant, all F(1,245) < 0.02, p > 0.80, ηp
2 < 0.001. Further, the 

main effect of group was not significant, F(1,245) = 0.07, p = 0.79, ηp
2 < 0.001. Thus, youth 

with ADHD and typically developing youth did not differ significantly in their SAM valence 

ratings across task conditions.
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With respect to SAM arousal ratings, neither the main effects of task valence conditions, 

F(1,245) = 0.16, p = 0.69, ηp
2 = 0.001, nor regulation conditions were significant, F(1,245) 

= 0.09, p = 0.77, ηp
2 < 0.001, respectively. Additionally, the interaction of valence by 

regulation by group was not significant, F(1,245) = 0.21, p > 0.64, ηp
2 < 0.001. Thus, 

overall SAM ratings of arousal on the task conditions did not vary according to group.

Effects of Emotion Induction and Suppression on PEP, RSA, and EDA

Baseline effects—As in Musser et al. 2011, groups did not differ significantly in their 

SAM ratings of the IAPS neutral pictures utilized during the neutral pictures, all F(1,252) < 

2.65, p > 0.10, ƞp
2 < 0.012 (see Table 2). However, in contrast to Musser et al. 2011, 

significant group differences in RSA were present during both resting baseline and each of 

the neutral baselines, all F(1,255) > 18.52, p < 0.001, ηp
2 > 0.06, with youth with ADHD 

exhibiting lower levels of RSA across baselines than typically developing youth (see Table 

3). Additionally, significant group differences in EDA were observed during resting baseline 

and the first neutral baseline, F(1, 255) > 4.58, p < 0.05, ηp
2 > 0.01, but not the second 

neutral baseline, F(1, 255) < 1.94, p > 0.16, ηp
2 < 0.008, with youth with ADHD exhibiting 

lower EDA activity across baseline conditions compared to typically developing youth (see 

Table 3). No significant group differences in PEP were observed during baseline conditions, 

all F(1, 255) < 3.23, p > 0.07, ηp
2 < 0.02 (see Table 3).

Overall effects on RSA—RSA raw and reactivity (i.e., change scores from neutral 

period) scores for each task epoch are listed according to group in Table 3. A 2×2×2 RM-

ANOVA (valence[negative/positive] × regulation[induction/suppression] × group[control/

ADHD]) examined the effects of task condition on RSA reactivity according to ADHD 

group status. In contrast to Musser et al. 2011, none of the interactions were significant, all 

F(1,255) < 0.94, p > 0.34, ηp
2 < .004. However, there was a significant main effect of group 

on RSA reactivity, F(1,255) = 13.02, p < 0.001, ηp
2 = 0.049; such that, across task 

conditions, youth with ADHD exhibited greater RSA augmentation (i.e., increase from 

neutral baseline to task; M = 0.38, S.E. = 0.06) compared to typically developing youth (M = 

0.10, S.E. = 0.08; see Fig. 1).

Overall effects on PEP—PEP raw and reactivity (i.e., change scores from neutral period) 

scores for each task epoch are listed according to group in Table 3. A 2×2×2 RM-ANOVA 

examined the main and interaction effects of task valence and regulation condition (by 

ADHD diagnostic group) on PEP reactivity. Consistent with Musser et al. 2011, neither the 

main effect of diagnostic status, all F(1,255) < 2.11, p = 0.17, ηp
2 = 0.008, nor the 

interactions by diagnostic status, all F(1,255) < 0.26, p > 0.66, ηp
2 = 0.001, were significant 

(see Fig. 2).

Overall effects on EDA—To extend Musser et al. 2011, the effects of emotion induction 

and suppression on EDA were examined. Raw and reactivity (i.e., change scores from 

neutral period) EDA scores for each task epoch are listed according to group in Table 3. A 

2×2×2 RM-ANOVA examined the effects of task condition on EDA reactivity according to 

ADHD group status. Neither the interactions by diagnostic group were significant, all 

F(1,255) < 0.78, p > 0.28, ηp
2 < 0.005. However, the main effect of group was significant, 
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F(1,255) > 5.78, p = 0.018, ηp
2 > 0.02; such that, overall (i.e., across all four task 

conditions) youth with ADHD exhibited significantly greater EDA augmentation (i.e., 

increase from neutral baseline to task epoch; M = 0.74, S.E. = 0.15) compared to typically 

developing youth (M = 0.22, S.E. = 0.20; see Fig. 3).

ADHD presentation and symptom domain effects—A post-hoc analysis was 

conducted in order to examine the effects of each DSM-5 ADHD presentation (i.e., ADHD-I 

or ADHD combined presentation [ADHD-C]; ADHD-HI was excluded due to low sample 

size [n = 15]). Here, 4×2×2 RM-ANOVA examined the effects of task condition on RSA, 

PEP, and EDA reactivity according to DSM-5 ADHD presentation (and TD status; available 

in Table S1).

None of the interactions were significant for RSA, PEP, and EDA reactivity, all F(1,253) < 

1.14, p> 0.37, ηp
2 < 0.02. While group main effects were not significant for PEP reactivity, 

F(3,253) < 1.82, p > 0.17, ηp
2 < 0.03, nor for EDA reactivity, F(3,253) < 2.44, p > 0.11, ηp

2 

< 0.03, group main effects were significant for RSA reactivity, F(3,253) = 6.14, p < 0.02, 

ηp
2 > .06. However, when the RSA reactivity main effect was probed, significant differences 

were not observed between youth with ADHD-I and ADHD-C, F(1,255) = 3.49, p= 0.10, 

ηp
2 = 0.03. Similar results were observed when RM-ANOVA was repeated with covariates 

of youth’s biological sex and any comorbid diagnosis (i.e., anxiety, CD, and ODD), F(3,253) 

= 4.37, p= 0.08, ηp
2 = 0.03. Thus, the effect appears to not be specific to a particular ADHD 

presentation type.

A series of Linear Mixed Effects MLM were used to predict physiological measures (i.e., 

RSA, PEP, and EDA in separate models) from task conditions, inattention symptoms, 

hyperactive/impulsive symptoms, and the interactions of task conditions and symptom type. 

For RSA, the overall model (i.e., including inattention, hyperactivity/impulsivity, task 

conditions, and the interaction of task conditions with each symptom domain) was 

determined to fit the data for RSA, Log-Likelihood = −1000.53, χ2(11) = 30.38, p = 0.0001. 

Here, none of the symptom or symptom by condition terms were found to be significantly 

associated with RSA, all B< 0.04, p > 0.09. However, given the marginal effect of the 

inattention domain, B= 0.04, p= 0.09 and the high correlation between inattention and 

hyperactivity/impulsivity domains, r= 0.82, p < 0.001, a follow-up model was fit removing 

the hyperactivity/impulsivity terms. This model was determined to have a similar fit, Log-

Likelihood = −1001.62, χ2(7) = 28.13, p = 0.0001. Here, the inattention main effect was 

found to be significant, B = 0.03, p < 0.001, f2 = 0.02. Neither the full model examining PEP 

nor the full model examining EDA fit the data, all Log Likelihood<−1800.00, χ2(5) < 5, p> 
0.50. Thus, the RSA effect observed in the main analysis appears to be primarily driven by 

inattention symptoms.

Discussion

This study sought to replicate and extend Musser et al. 2011 by examining indexes of 

parasympathetic (i.e., RSA) and sympathetic (i.e., PEP and EDA) functioning during an 

emotion induction and suppression task among youth with and without ADHD. Results were 

predicted to be parallel to those of Musser et al. 2011. Specifically, youth with ADHD were 
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expected to experience augmented levels of RSA reactivity across task conditions in 

comparison to typically developing youth, indicating that youth with ADHD experience 

emotion dysregulation compared to typically developing youth.

Although not exact, the present study’s pattern of RSA results observed were similar to 

those of Musser et al. 2011, with a significant between groups difference across task 

conditions varying within the small effect size range (Cohen 1988). Specifically, while in 

Musser et al. 2011 youth with ADHD showed a pattern marked by slight augmentation from 

neutral periods across each task condition, in the present study, youth with ADHD showed a 

pattern marked by significant augmentation from neutral periods across task conditions, 

varying within the medium effect sizes range (Cohen 1988). Thus, these differences across 

task conditions, as documented in two independent studies, suggest youth with ADHD 

experience difficulties in regulating emotional response(s) during emotionally evocative 

situations. The differences observed in the level of RSA augmentation among the ADHD 

sample in this study and the Musser et al. 2011 study may be due to differences in the nature 

of the samples. Specifically, the current study included a clinical sample of youth with 

ADHD, while Musser et al. 2011 included a community sample. Further, the present sample 

was more racially diverse and likely to identify ethnically as Hispanic/Latinx than the 

Musser et al. 2011 sample. These results hold in both a clinical sample and across racial and 

ethnic groups, which boosts confidence in the results. Further, levels of RSA reactivity of 

typically developing youth in both studies were similar, further instilling confidence in the 

results.

With respect to PEP reactivity, similar to Musser et al. 2011, no significant differences in 

PEP reactivity were observed when comparing youth with ADHD and typically developing 

youth, which was determined to be in the small effect range (Cohen 1988). Prior literature 

has suggested that PEP may be specifically linked to approach-based emotion reactivity, 

which the task described herein is unlikely to engage, and the fact that PEP reactivity from 

neutral period was modest across both groups.

As an extension to Musser et al. 2011, EDA reactivity was included to index sympathetic 

arousal to negative emotions. Based on previous literature (e.g., Barry et al. 2012; 

Conzelmann et al. 2014; Losoya 1995), it was predicted that youth with ADHD would 

experience under arousal (i.e., lower EDA reactivity) during the emotionally evocative task 

compared to typically developing youth. However, in contrast to our hypothesis, EDA 

reactivity was significantly elevated among youth with ADHD compared to typically 

developing youth, varying within the small to medium effect size range (Cohen 1988). This 

suggests that youth with ADHD in this sample were characterized by elevated sympathetic 

activity in response to task conditions compared to typically developing youth. Of note, the 

present study statistically controlled for comorbid disruptive behavior disorders, which have 

been associated in prior work with reduced sympathetic reactivity (Lazzaro et al. 1999; 

O’connell et al. 2004; Odle and Ouellette 2016); thus, our results (similar to prior literature) 

suggest that when controlling for such comorbidity, youth with ADHD experience elevated 

sympathetic-based emotional reactivity (Mangeot et al. 2001).
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As a further extension to Musser et al. 2011, the current study examined DSM-5 ADHD 

presentations and symptom domain specificity. No significant differences according to 

ADHD presentation were observed among any of the psychophysiological indexes of 

emotion reactivity or regulation, varying within the small effect size range (Cohen 1988). 

However, the RSA effect appears to be driven primarily by inattention symptoms, suggesting 

that inattention may be more closely related to emotion dysregulation than hyperactivity/

impulsivity. This is also in line with prior work by Martel (2009), as well as Maedgen and 

Carlson (2000), at the behavioral level of analyses which suggests that inattention may be 

more strongly associated with emotion dysregulation, while hyperactivity/impulsivity may 

be more strongly associated with disruptions in emotion reactivity.

Similar to Musser et al. 2011, results in this study were not due to differences in youth’s 

biological sex, use of medication, nor presence of comorbid diagnoses. Additionally, as in 

Musser et al. 2011, this study did not observe group differences in SAM valence or arousal 

scales, varying within the small effect size range (Cohen 1988). Thus, youth with ADHD 

and typically developing youth did not differ with respect to understanding the nature of the 

task.

Due to identical methodology implemented in the current study and Musser et al. 2011, 

similar limitations are applicable. By utilizing a task with conditions based on positive and 

negative valence, rather than specific emotional states (e.g., happiness, sadness, and anger), 

interpretations of these results are limited in relation to specific emotions. Additionally, 

analysis of ADHD subtypes was insufficiently powered to detect effects of the ADHD-HI 

presentation. Furthermore, order effects due to consistency between task conditions per 

participant were not meaningful to the interpretations of the results in Musser et al. 2011, 

thus similar assumptions can be made in the current study as identical measures were used. 

On a similar note, altering the order of task conditions would have confounded the story line 

of the movie. Additionally, ethnic and racial diversity was also limited in this sample. 

However, it is important to note that while Musser et al. 2011 included a sample which 

predominantly identified as Non-Hispanic/Latinx and White, the current study includes a 

sample that identified as majority Hispanic/Latinx. Thus, while additional work in more 

ethnically and racially representative samples is needed, of note, this study provided a much 

needed extension to a demographic which has traditionally been underrepresented in 

research on mental health (i.e., Hispanic/Latinx youth). Importantly, this work demonstrates 

that results replicate in such a sample. Additionally, future studies should consider utilizing 

paired sample recruitment through matched clinical or community samples in order to yield 

more precise effect size estimates. A final noted limitation of the current study is that a 

single author involved in the prior study was involved in and integral to the completion of 

the current study. As such, we recognize and encourage other novel investigators to engage 

in a study designed to examine the replicability of these findings.

In conclusion, this study adds to the growing literature on emotion dysregulation among 

youth with ADHD. Findings generally support those observed in the original Musser et al. 

2011 study, in that overall dysregulation across positive and negative valence conditions was 

present within youth with ADHD in comparison to typically developing youth. These 

findings may be applicable in clinical settings, given that they have been shown to replicate 
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in a clinical sample. As such, assessment for emotional functioning during assessment 

procedures may be helpful in further understanding presenting problems and in treatment 

planning. Further, the development of future evidence-based treatment programs for youth 

with ADHD should target the emotion reactivity and regulation difficulties common among 

these youth.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Mean change scores in respiratory sinus arrhythmia (RSA) from neutral period to each of 

the task epochs for youth with ADHD and typically developing (TD) youth. Neutral period 1 

to negative induction (NI), neutral period 1 to negative suppression (NS), neutral period 2 to 

positive induction (PI), and neutral period 2 to positive suppression (PS). Error bars 

represent standard error
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Fig. 2. 
Mean change scores in pre-ejection period (PEP) from neutral period to each of the task 

epochs for youth with ADHD and typically developing (TD) youth. Neutral period 1 to 

negative induction (NI), neutral period 1 to negative suppression (NS), neutral period 2 to 

positive induction (PI), and neutral period 2 to positive suppression (PS). Error bars 

represent standard error
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Fig. 3. 
Mean change scores in electrodermal activity (EDA) from neutral period to each of the task 

epochs for youth with ADHD and typically developing (TD) youth. Neutral period 1 to 

negative induction (NI), neutral period 1 to negative suppression (NS), neutral period 2 to 

positive induction (PI), and neutral period 2 to positive suppression (PS). Error bars 

represent standard error
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