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Abstract

Objectives: Irritability is a transdiagnostic symptom in developmental psychopa-

thology, conceptualized as a low threshold for frustration and increased proneness

to anger. While central to emotion regulation, there is a vital need for empirical

studies to explore the relationship between irritability and underlying physiological

mechanisms of cardiovascular arousal.

Methods: We examined the relationship between irritability and cardiovascular

arousal (i.e., heart rate [HR] and heart rate variability [HRV]) in a transdiagnostic

sample of 51 youth (M=12.63 years, SD=2.25; 62.7%male). Datawas collectedusing

the Empatica E4 during a laboratory stop‐signal task. In addition, the impact ofmotion
activity, age, medication, and sleep on cardiovascular responses was explored.

Results: Main findings showed that irritability was associated with increased HR

and decreased HRV during task performance.

Conclusions: Findings support the role of peripheral physiological dysregulation in

youth with emotion regulation problems and suggest the potential use of available

wearable consumer electronics as an objective measure of irritability and physio-

logical arousal in a transdiagnostic sample of youth.
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1 | INTRODUCTION

Irritability is a multifaceted clinical construct conceptualized as a low

threshold for frustration and proneness to anger. Irritability is an

impairing symptom in various childhood psychopathologies and a risk

factor for later depression, anxiety, and suicidality (Brotman, Kircanski,

et al., 2017). The clinical presentation of irritability, as formulated in

the related diagnosis of Disruptive Mood Dysregulation Disorder

(DMDD), includes both a behavioral component of aggression/temper

outbursts and a mood component of frustration, grouchiness, or

annoyance (Avenevoli et al., 2015; Brotman, Kircanski, & Lei-

benluft, 2017; Cardinale et al., in press; Copeland et al., 2013; Moore

et al., 2019; Silver et al., 2021).

While commonly measured using either clinician‐ or parent‐ and
youth‐reports (Haller et al., 2020; Stringaris et al., 2012), there is a

need for more ecologically valid, objective measures of irritability in
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situ (Murray‐Close et al., 2017; Smith et al., 2019). Ambulatory pe-

ripheral physiological assessments offer the possibility to provide

naturalistic data on mood‐related symptoms, with the potential to

evaluate the external validity of more stringently controlled labo-

ratory findings (Wilhelm & Grossman, 2010).

Heart rate (HR) and heart rate variability (HRV) are two standard

indices of peripheral physiological arousal mediated by the autonomic

nervous system (Appelhans & Luecken, 2006; Kreibig, 2010). HR, the

number of heartbeats per minute, typically increases under stress;

HRV, variation in heartbeats within a specific timeframe, typically

decreases under stress. Thus, HRV can be conceptualized as a mea-

sure of autonomic flexibility, with some researchers in the field sug-

gesting it indexes an individual's ability to regulate emotional arousal

in response to environmental demands (Beauchaine & Thayer, 2015).

Easily acquired cardiovascular measures have the potential

facilitate unique insights into emotional regulation in youth (Deutz

et al., 2019). Lower resting HR at baseline (e.g., Herpertz et al., 2001;

Van Goozen et al., 2000) and increased HR during emotional arousal

(e.g., Gatzke‐Kopp et al., 2015; Woltering et al., 2016) have been

demonstrated to predict externalizing behaviors in youth who engage

in aggressive, anti‐social, and conduct behaviors. Lower HRV at

baseline (e.g., Koenig et al., 2016; Monk et al., 2001), large reductions

in HRV in response to stressors (e.g., Monk et al., 2001; Rozenman

et al., 2017), and lower HRV during post‐stress recovery (e.g.,

Rozenman et al., 2017) are associated with both internalizing and

externalizing psychopathology in youth such as anxiety, depression,

or anti‐social behaviors. Moreover, a recent study demonstrated that

increased HR during rest is associated with dysregulation rather than

uniquely associated with either externalizing or internalizing symp-

tomology (Deutz et al., 2019) and a review by Pinna and

Edwards (2020) reported that increased HRV was associated with

effective emotional regulation strategies and better acceptance of

emotions across multiple cognitive tasks in adult participants.

Cardiovascular arousal has been primarily studied in anger/

aggression in the context of samples with dysregulation problems

(Bimmel et al., 2008; Fairchild et al., 2008; Fanti, 2019; Popma

et al., 2006; Sijtsema et al., 2013; Tonacci et al., 2019; Vidal‐Ribas
et al., 2016; Williams et al., 2003). Both constructs of aggression

and dysregulation relate to irritability (Appelhans & Luecken, 2006;

Brotman, Kircanski, & Leibenluft, 2017; Gatzke‐Kopp et al., 2015;

Grabell et al., 2018; Murray‐Close et al., 2017); however, irritability is
a complex transdiagnostic symptom in developmental psychopa-

thology that spans a continuum of severity (Vidal‐Ribas et al., 2016),
and its association with physiological arousal has yet to be explored.

Only a few studies have examined psychophysiological arousal in

youth with irritability, and results are mixed. Two studies (Leno

et al., 2020; Mikita et al., 2015) demonstrate diminished cardiovas-

cular reactivity patterns in response to emotional arousal in irritable

youth with high‐functioning autism. Other work has found no car-

diovascular differences between irritable and other subtypes of

youth with mild and severe attention‐deficit/hyperactivity disorder

(ADHD; Karalunas et al., 2014). Notably, these are the only studies

we are aware of that examine cardiovascular arousal in irritable

youth; however, irritability was not an explicit target in those studies,

and cardiovascular arousal in youth whose primary clinical concern is

chronic irritability has yet to be examined.

Taken together, early evidence suggests that increased irritabil-

ity may be associated with disrupted physiological arousal patterns; a

relationship that is still poorly understood. Exploring cardiovascular

activity as a potential mechanism for irritability may have salient

mechanistic and treatment implications (Brotman, Kircanski, et al.,

2017; Phillips et al., 2008). To the best of our knowledge, there are

no previous studies investigating this association in the context of

irritability as a transdiagnostic symptom.

In the present study, we explore the link between irritability and

cardiovascular arousal (i.e., HR and HRV) during an in‐lab standard-

ized stop‐signal task (SST; Verbruggen & Logan, 2008) in a trans-

diagnostic sample of youth. The SST measures inhibitory control,

which has been found to be deficit in youth with irritability (e.g.,

Fishburn et al., 2019; Liuzzi et al., 2020), particularly in the context of

frustration (Deveney et al., 2013). SST adapts to individual perfor-

mance to maintain an adequate level of difficultly and has also been

used in other paradigms to elicit frustration (Deveney et al., 2013;

Tseng et al., 2019). Thus, we anticipated SST will elicit physiological

arousal and frustration and that performance on this task would be

affected by this, particularly in irritable youth who are characterized

by over reactivity to frustration (Brotman, Kircanski, et al., 2017).

Based on prior work (Deutz et al., 2019; Mikita et al., 2015;

Pinna & Edwards, 2020), we hypothesized that higher levels of irrita-

bility in youth would be associated with blunted HRV responses and

greater HR during the SST compared to a resting baseline condition.

Our secondary aim was to investigate potential associations among

irritability, task performance of inhibitory control, sleep, and cardio-

vascular arousal, as well as links between disrupted sleep (e.g., less

sleep time and more awakening during the night) and emotion dys-

regulation across different clinical diagnoses (e.g., Delaplace

et al., 2018; Faedda et al., 2016; Huỳnh et al., 2016; Tobaldini, Cogliati,
et al., 2013; Tobaldini, Nobili, et al., 2013; Tobaldini et al., 2014).

Previous research indicates a bidirectional relationship between sleep

and cardiovascular regulation. Disrupted sleep can alter the cardio-

vascular system, leading to increased cardiovascular risk, while aber-

rant cardiovascular function is often characterized by altered sleep.

Furthermore, associations between sleep deprivation and increased

cardiovascular arousal during stressors have been reported (Zhong

et al., 2005). Based on this existing data, we anticipated less sleep time

and worse task performance to be associated with increased cardio-

vascular arousal during SST. In an exploratory manner, we tested the

potential effect of irritability on these associations.

2 | METHODS

2.1 | Participants

Table 1 presents participant demographic, clinical, medication, and

sleep information. Fifty‐four youth were recruited from the
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TAB L E 1 Demographic and clinical characteristics

Characteristic (N = 51)

Sex, % female 37.3%

Age (years)

Mean (SD) 12.63 (2.25)

Range 8.12–17.76

Race, N (%)

White 33 (64.74)

Multiracial 10 (19.59)

Black or African American 6 (11.81)

Unknown 2 (3.90)

Ethnicity, N (%)

Not Hispanic or Latino 41 (80.42)

Hispanic or Latino 6 (11.83)

Unknown 4 (7.83)

Youth‐reported ARI

Mean (SD) 3.49 (3.02)

Range 0.00–11. 00

Parent‐reported ARI

Mean (SD) 5.02 (3.90)

Range 0.00–12.00

Medication, N (%)

None 35 (68.6)

Stimulants 15 (29.4)

SSRI (anti‐depressant) 5 (9.80)

SGA (anti‐psychotic) 2 (3.92)

No information 1 (1.96)

Primary diagnosis, N (%)

ADHD 16 (31.37)

DMDD 16 (31.37)

Anxiety disorder 10 (19.61)

No diagnosis 9 (17.65)

Stop‐signal reaction time, mean (SD) 290.18 (69.26)

Sleep duration, mean (SD) 8.41 (1.74)

HR, experimental blocks, mean (range) 77.46 (51.80–107.54)

RMSSD, experimental blocks, mean (range) 165.49 (18.35–475.80)

Note: Anxiety disorder includes generalized anxiety disorder, separation
anxiety disorder, social anxiety disorder, and specific phobia.

Experimental blocks represent the five blocks included in the SST.

Primary diagnosis refers to the primary diagnosis for which participants

were recruited for research purposes. Participants could have

comorbid/multiple diagnoses and could use multiple medications.

Abbreviations: ADHD, attention‐deficit/hyperactivity disorder; ARI,
affective reactivity index; DMDD, disruptive mood dysregulation

disorder; HR, heart rate; RMSSD, root mean square of the successive

difference; SGA, second‐generation antipsychotic; SSRI, selective

serotonin reuptake inhibitor; SST, stop signal task.

community to participate in research at the National Institute of

Mental Health (NIMH). Participants were informed that they could

stop the task or withdraw from the study at any time and received

monetary compensation for their participation. Three participants

dropped out of the study before completion and were excluded from

the final analyses.

The final sample consisted of 51 youth, aged 8 to 18 years

(M = 12.63 years, SD = 2.25; 62.7% males), with primary diagnoses of

DMDD (N = 16), ADHD (N = 16), anxiety disorders (generalized,

social, or separation anxiety disorder; N = 10), or no diagnosis (N = 9).

Diagnoses were established prior to participation using the Kiddie

Schedule for Affective Disorders and Schizophrenia (K‐SADS‐PL;
Kaufman et al., 1997), including an additional extended DMDD

module (Wiggins et al., 2016).

Participants were recruited through the NIMH Emotion and

Development Branch for characterization and intervention research,

through online postings, mailed postcards, and community talks. All

caregivers and youth provided consent and assent to the study

protocol, respectively, in accordance with the NIMH Institutional

Review Board procedures. The initial evaluation visit included a

diagnostic interview conducted by a doctoral‐ or master's‐level
clinician using the Schedule for Affective Disorders and

Schizophrenia for School‐Age Children‐Present and Lifetime version

(K‐SADS‐PL; Kaufman et al., 1997) to evaluate primary diagnosis and
to determine eligibility for the study protocol. Exclusionary criteria

included: cardinal bipolar disorder symptoms, diagnosis of schizo-

phrenia, schizoaffective disorders, posttraumatic stress disorder,

substance abuse within the last 3 months, and an intelligence quo-

tient below 70, as assessed by the Wechsler Abbreviated Scale of

Intelligence (Wechsler, 1999).

2.2 | Materials

2.2.1 | The stop‐signal task

The SST has been widely used to assess response inhibition in youth

(Alderson et al., 2007; Lipszyc & Schachar, 2010; Verbruggen &

Logan, 2008). In the current study, participants completed five

experimental blocks of the task for a total of 440 trials. The task

includes simple “go” trials as well as “stop‐signal” trials. In the simple
“go” trials, participants are presented with a standard two‐choice
reaction time task (i.e., the participant is presented with an “X” or

“O”) and instructed to press the right arrow key if an X appears on

the computer screen and the left arrow key if an O appears. A stop‐
signal (1000 Hz auditory tone) randomly occurs in 25% of the total

trials (110 trials across the five experimental blocks). Participants are

instructed not to press an arrow key in response to an X or O if the

auditory stop‐signal occurs. The onset of the stop‐signal is presented
after a 250 ms delay relative to the presentation of the go‐stimuli
(X or O).

Throughout the SST task, the stop‐signal delay was adjusted

based on performance to titrate accuracy on the inhibition trials as

close to 50% as possible across all participants. This was
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accomplished by increasing or decreasing the stop‐signal delay by

50 ms following a correct or incorrect inhibition trial, respectively.

Prior to completing the task, participants completed two practice

blocks. First, participants learned the go‐response by responding only
to go‐trials. During this practice block, participants received feedback
indicating if their response was correct or not to ensure that they

learned the simple go‐response options. Next, participants completed
an abridged version of the experimental task during which they had

the opportunity to hear the auditory stop‐cue and learn about the

stop‐trials. Performance on the task was measured using the stop‐
signal reaction time (SSRT). SSRT is a measure of motor inhibition

calculated as mean stop‐signal delay time minus mean reaction time

to the go trials. Higher values represent worse task performance and

reflect less efficient inhibitory motor control. After each of the five

experimental blocks, participants rated their subjective level of

frustration on a 9‐point Likert scale (1 = “not at all”; 9 = “extremely”).

2.2.2 | Self‐report and clinical measures

Affective reactivity index

The affective reactivity index (ARI) is a 7‐item parallel parent‐report
and youth‐report questionnaire that probes for irritable mood and

outbursts over the past 6 months (Stringaris et al., 2012). The first six

items are related to irritable mood and behaviors, with a total score

that ranges between 0 and 12. Higher scores indicating higher levels

of irritability. The last item assesses levels of impairment due to ir-

ritability. In the present study, both parents and their youth

completed the ARI questionnaire within three months of completing

the SST. In the current study, parent and youth assessments were

significantly correlated (r(51) = 0.57, p < 0.001).

Medication and sleep form

Medication usage and sleep report were used to collect information

that could potentially impact cardiovascular response. Specifically,

youth reported the number of hours they slept the night before

completing the SST. In addition, medications taken by participants in

the past 24 h and the time of day they were taken were reported by

youth and their parents.

Task experience of frustration

As described above, participants rated their subjective level of frus-

tration on a nine‐point Likert scale after each experimental block of

the SST.

2.2.3 | Cardiovascular recording

Cardiovascular arousal and motion activity were collected wirelessly

during the SST using the E4 by Empatica, Inc. The E4 uses photo-

plethysmography (PPG; Allen, 2007) to record blood volume pulse

(BVP) data at 64 Hz, from which HR and HRV can be derived.

Although this sampling rate is relatively low (Berntson et al., 1997),

recent studies comparing waveform features acquired from PPG

measurement across varying sampling rates indicate that 64 Hz is

comparable to higher sampling rates and can measure cardiac mea-

sures of HR and HRV accurately (Fujita & Suzuki, 2019).

E4 device firmware includes motion artifact removal and beat

detection algorithms that automatically discard non‐prototypical
beats without smoothing inter‐beat interval sequences. The PPG

sensing technology in the E4 has been validated against gold‐
standard laboratory‐based and clinical equipment in typically devel-

oping individuals (McCarthy et al., 2016; van Lier et al., 2019). The E4

records motion‐based activity up to ±8 g at 32 Hz using three‐axis
accelerometry and has an event marking button that places a time‐
stamped annotation in the data collection output file when pressed.

2.3 | Procedure

Eligible participants were invited on‐site to the National Institutes of
Health in Bethesda, Maryland. At the beginning of the visit, partici-

pants completed self‐report clinical questionnaires. In preparation

for the SST task, an experimenter introduced participants to the E4,

placed it on the wrist of their non‐dominant hand, and initiated a

practice run of the task. As mentioned above, participants were

instructed that they would be presented with an X or an O and to

press the right arrow key if an X appeared on the computer screen

and the left arrow key if an O appeared. Additionally, if they heard a

beep, they were instructed not to press any buttons. E4 data were

recorded continuously throughout the whole assessment period, with

timing tags set up to measure a 3‐min resting phase (i.e., baseline),

five experimental blocks, and a 3‐min resting phase 10 min after

completing the task to capture recovery rates (i.e., follow‐up). Par-
ticipants were prompted to press the event marking button on the E4

at the start and end of each phase. Experimenters were present at

the time of data acquisition to monitor and validate these event

markings. During the two resting phase intervals, participants were

instructed to sit quietly and avoid moving. Data were then down-

loaded, pre‐processed, and plotted for signal quality evaluation

before analysis.

2.4 | Data analysis

We pre‐processed our cardiovascular data at the individual level

using Kubios HRV 3.3.1 premium software, a common commercial

package (Tarvainen et al., 2014), which has been applied in previous

studies during dynamic tasks (e.g., Weippert et al., 2013). The E4 BVP

trace was used to compute HR and HRV. Kubios HRV Premium

software includes an adaptive QRS detection algorithm, pulse wave

detectors, and tools for automatic and threshold‐based artifact

correction and trend removal (Tarvainen et al., 2014). We used the

automatic correction method offered in Kubios (Lipponen & Tarvai-

nen, 2019) to separate ectopic (i.e. skipped or extra heartbeats) or

outliers from typical beats by comparing current RR values with

4 of 13 - NAIM ET AL.
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the median of the surrounding 10 RR interval values. This algorithm

uses a correction default of 5% to avoid significant distortions or

suppression of variability in statistical analyses. For each beat, the 90

surrounding beats' quartile deviation was calculated and multiplied

by a factor of 5.2. Missed or extra beats were detected by comparing

the current RR value with the median of the surrounding 10 RR in-

terval values (Lipponen & Tarvainen, 2019). Ectopic beats were

corrected by replacing corrupted RR times with interpolated RR

values, using a piecewise cubic spline interpolation method. Beats

that were too long or too short were corrected by interpolating new

values to the RR time series. Missed beats were corrected by adding

a new R‐wave occurrence time. Extra beats were corrected by

removing erroneously detected R‐waves and recalculating the RR

interval series. A total beat correction ratio for the percentage of

ectopic, extreme, missed, or extra corrected beats were generated by

the software for each participant. Overall, the mean of the beat

correction ratios in the current sample was 7.77% (SD = 4.45, range

0%–24.8%). There were no differences in correction ratios across the

different time points (χ2 = 56, p = 0.233) or across diagnostic groups

at any of the time points (ps > 0.070).

We explored potential outliers exceeding 3 SD from the mean

HR/HRV scores at the individual level (Barnett & Lewis, 1994). No

outliers were observed. After pre‐processing the cardiovascular data,
we ran multilevel mixed‐effects regression with robust standard er-

rors to analyze within‐subject time‐series data using Hierarchical

Linear Modeling (HLM software, version 8.0, Raudenbush

et al., 2019). Primary analyses examined associations between

parent/youth‐reported irritability and trajectories of cardiovascular

response throughout the task using HR and Root Mean Square of the

Successive Difference (RMSSD; a time‐domain index used to assess

HRV, the successive difference between neighboring heartbeats) as

dependent variables. RMSSD was selected as it exhibits high reli-

ability among youth (Weiner & McGrath, 2017) and high accuracy

capturing cardiovascular reactivity during short periods of recording

time (Salahuddin et al., 2007). HR measures were computed in beats

per minute. Motion activity and age were included as covariates.

To test these associations, primary HLM included HR/RMSSD

changes as outcome measures, Level‐1 included within‐subject
repeated data (i.e., time, motion activity), and Level‐2 included

between‐subject variables (ARI scores and age). Level‐1 continuous

variables were person‐centered, and Level‐2 continuous predictors

were grand‐mean centered before analysis to enable meaningful

interpretation of the conditional main effects (Kraemer & Bla-

sey, 2004). Outcome variables were specified as continuous. All

models included a random intercept. We used the Maximum Likeli-

hood estimation procedure and considered a p‐value < 0.05 to be

statistically significant. Following HLM, we ran generalize linear

model repeated measures models with post hoc tests to evaluate

differences among specific means driving observed effects.

Additional similar series of HLM analyses were performed to

investigate our secondary questions, examining associations be-

tween: (1) behavioral task performance of inhibitory control (i.e.,

SSRT), ARI, and the interaction between these variables in predicting

cardiac changes in HR/HRV; (2) sleep duration, ARI, and the inter-

action between these variables in predicting cardiac changes in HR/

HRV; and (3) task experience of frustration, ARI, and the interaction

between these variables in predicting cardiac changes in HR/HRV.

Analyses were performed separately for parent‐ and youth‐
report measures. Given a reported cross‐informant discrepancy in

youth with behavioral and emotional problems (Achenbach

et al., 1987), as well as with irritability (Vidal‐Ribas et al., 2016),

separating analyses across informants allowed us to explore whether

this factor should be considered when linking irritability and physi-

ological arousal. Models with HR and HRV were conducted

independently.

Finally, we ran regression models to test associations between

irritability and HR/HRV levels at different time points (baseline,

during the task, post‐task, and at follow‐up) and between irritability

and change in HR/HRV from post‐task to follow‐up to assess

whether irritability predicts recovery rate and return to baseline

after the task. Change scores for HR were computed by subtracting

HR levels at follow‐up from HR levels at the final experimental block

(i.e., larger difference represents a greater change between these

time points). Positive values represent higher HR levels after the final

experimental block relative to follow‐up. Change scores for HRV

were computed by subtracting HRV levels at the final experimental

block from HRV levels at follow‐up (i.e., larger difference represents
a greater change between these time points). Positive values repre-

sent higher HRV levels at follow‐up relative to the final experimental
block.

3 | RESULTS

3.1 | Cardiac changes over the course of the task

Bivariate Pearson correlation testing between HR and HRV yielded

a strong negative association between the two indices (r = −0.78,
p < 0.001). The main effects of time testing changes in cardiac

measures during the task showed that both HR (β = 0.96,

t(50) = 1.60, SE = 0.16, p = 0.01) and HRV (β = −4.86, t(50) = −2.58,
SE = 1.88, p = 0.01) changed significantly during the course of the

task (see Figure 1). Post hoc tests revealed that the observed time

effects associated with increased HR (observed delta range: 4.01–

5.34, SE range: 1.38–1.69) and decreased HRV (observed delta

range: 30.6–101.59, SE range: 16.64–21.12) during the task

compared to baseline‐ and to follow‐up‐ resting phase measure-

ments (all ps < 0.010).

3.2 | Cardiac reactivity as a function of irritability
levels

Adjusting for motion activity and age, the time‐by‐ARI interaction
was a significant predictor of HR. Specifically, parent‐reported irri-

tability, as measured by ARI (β = 1.08, t(48) = 2.99, SE = 0.36,

NAIM ET AL. - 5 of 13
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p = 0.004), was significantly associated with HR, such that higher

reported irritability predicted greater increased HR over time. No

significant findings for youth‐reported irritability were found.

Parallel findings were observed for HRV. Adjusting for motion

activity and age, the time‐by‐ARI interaction was a significant pre-

dictor of HRV. Specifically, parent‐reported irritability, as measured

by ARI (β = −8.46, t(48) = −2.54, SE = 3.33, p = 0.014), was signifi-

cantly associated with HRV, such that higher reported irritability

predicted a larger decrease of HRV over time. No significant findings

were found for youth‐reported irritability.

Regression models were conducted to further explore the

relationship between parent‐rated irritability and HR/HRV levels

across the different time points (baseline, during the task, post‐task,
and follow‐up). Adjusting for age and motion activity, results showed
that higher levels of parent‐rated irritability predicted elevated HR

at baseline (r = 0.28, b = 0.98, t(49) = 2.03, p = 0.048). Notably,

parent‐rated irritability predicted elevated HR at the beginning of

the task (r = 0.29, b = 0.98, t(49) = 2.12, p = 0.04), post‐task

(r = 0.29, b = 1.25, t(49) = 2.12, p = 0.04) and at follow‐up (i.e.,

recovery phase) (r = 0.39, b = 1.38, t(49) = 2.88, p = 0.006) (see

Figure 2). Additionally, irritability was associated with less positive

change from post‐task to follow‐up (r = −0.32, b = −0.98,
t(49) = −2.26, p = 0.029) (see Figure 3). This negative association

between irritability and post‐task to follow‐up changes in HR sug-

gests lower rates of recovery for youth with higher irritability. No

significant associations for youth‐reported irritability were

observed.

Models for HRV revealed a similar pattern of results, wherein

higher levels of parent‐rated irritability associated with lower

RMSSD at follow‐up (i.e., recovery phase) (r = −0.39, b = −15.14,
t(49) = −2.91, p = 0.005) and lower recovery from post‐task to follow‐
up (r = −0.35, b = −14.93, t(49) = −2.55, p = 0.014) (see Figures 4

and 5).

Finally, changes in HR during the task were marginally predicted

by experienced frustration during the task (β = 0.51, t(50) = 1.92,

SE = 0.27, p = 0.057), suggesting that elevated frustration was

F I GUR E 1 Changes in cardiac measures during SST; (a) HR levels across time and (b) RMSSD levels across time. BL, baseline resting phase;

Blocks 1–5, experimental blocks of the SST; FU, follow‐up; HR, heart rate; RMSSD, root mean square of successive difference between normal
heartbeats; SST, stop signal task

F I GUR E 2 Association between parent‐reported irritability and heart rate (HR) during recovery phase. Graph reflects model in which
variables were standardized
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F I GUR E 3 Heart rate (HR) change from post‐task to follow‐up as a function of parent‐reported irritability. Graph reflects model in which
variables were standardized

F I GUR E 4 Association between parent‐reported irritability and heart rate variability (HRV)–root mean square of the successive
difference (RMSSD) during recovery phase. Graph reflects model in which variables were standardized

F I GUR E 5 Heart rate variability (HRV)–root mean square of the successive difference (RMSSD) change from post‐task to follow‐up as a
function of parent‐reported irritability. Graph reflects model in which variables were standardized
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associated with elevated HR during the task. However, this associa-

tion was not moderated by levels of irritability (ps > 0.478). No as-

sociation was found between frustration ratings during the task and

changes in HRV.

3.3 | Behavioral performance during the task

Our mixed model analysis showed a main effect of SSRT scores on

both HR (β = −0.10, t(45) = −4.10, SE = 0.02, p < 0.001) and HRV

(β = 0.66, t(45) = 3.43, SE = 0.19, p = 0.001). These effects suggest

that better performance on the task, as indicated by lower SSRT

scores, associate with higher levels of cardiovascular arousal (i.e.,

higher HR and lower HRV). No interaction effects were found with

irritability for this model. Additionally, SSRT was not correlated with

irritability in the current study (rs < 0.177, ps > 0.219), suggesting

that irritability did not mediate the relationship between cardiovas-

cular arousal and task performance.

3.4 | Sleep measure

Our model showed that longer sleep duration the night before was a

significant predictor of lower HR (β = −2.65, t(45) = − 2.89, SE = 0.92,

p = 0.006) and higher HRV (β = 30.62, t(45) = 3.99, SE = 7.68,

p < 0.001) throughout the task. More importantly, higher‐order
interaction effects for sleep duration by parent‐reported irritability

were found for both HR (β = −0.46, t(45) = −2.11, SE = 0.22,

p = 0.040) and HRV (β = 3.30, t(45) = 1.96, SE = 1.69, p = 0.050). No

other significant associations were found for sleep.

To further explore these interaction effects, we used the median

split method to divide the sample into two sub‐groups of high and

low irritability, based on parent‐reported ARI scores (Mdn = 4.00),

and modeled the effect of sleep duration within each of the sub‐
groups. Results suggest that the negative association between

sleep duration and HR was stronger in high levels of irritability

(β = −3.04, t(23) = −1.74, SE = 1.74, p = 0.078) compared to low

levels (β = −0.99, t(22) = −1.02, SE = 0.98, p = 0.320). The positive

association between sleep duration and HRV was also stronger for

youth with high levels of irritability (β = 37.2, t(23) = 2.36,

SE = 15.82, p = 0.027) compared to low levels of irritability

(β = 17.2, t(22) = 2.42, SE = 7.09, p = 0.031), as reported by the

parent.

3.5 | Covariates

Age was negatively and significantly correlated with irritability, as

observed by the ARI measures (Youth‐reported ARI: r(51) = −0.44,
p = 0.001; Parent reported‐ARI: r(51) = −0.32, p = 0.022). Therefore,

models were analyzed with age as a covariate to explore potential

mediation effects and rule out the possible confounding effect of age

on associations between irritability and HR/HRV change. All findings

survived this inclusion. Age did not emerge as a significant predictor

for either HR or HRV change (ps ≥ 0.050).

Motion activity, as measured within‐individuals across the

different time points, did not significantly correlate with ARI scores

(rs ≤ 0.13, ps ≥ 0.360). All findings survived after including within‐
individual motion activity as a covariate.

As shown in Table 1, participants in the current study differed in

psychotropic medication exposure. There is some indication in the

child psychiatry literature that medication usage may potentially

impact physiological measures, specifically elevated HR levels at rest

(for review, see Hennissen et al., 2017). Therefore, post hoc analyses

were conducted adding medication usage as a categorical covariate

to the model (uncentred) using dummy‐coding (0 = participant not

medicated; 1 = participant medicated). All findings survived this

inclusion.

4 | DISCUSSION

We found that HR increased during the SST task and HRV decreased,

compared to baseline and follow‐up, across the entire sample. Spe-

cifically, we found cardiovascular reactivity to be associated with

higher reported irritability levels, an association that remained sig-

nificant after adjusting for potential confounds such as motion ac-

tivity and age. These findings speak to the putative benefit of HR and

HRV as peripheral physiological biomarkers of irritability and points

to the potential effectiveness of the SST in inducing physiological

arousal and evoking regulation demands.

Relatedly, a trend was found between elevated frustration as

experienced by the participants during the task, and increased HR.

Frustration is a construct associated with irritability, as irritable

symptoms are often triggered by increasing task difficulty or blocked

goals (Brotman, Kircanski, et al., 2017; Kircanski et al., 2019). Taken

together, our findings support the role of peripheral dysregulation in

youth with emotion regulation problems. Parent‐reported irritability
predicted the magnitude of task‐evoked cardiac reactivity. Though

peripheral reactivity during stress or frustration‐provoking tasks

might be expected and adaptive to some extent, the current findings

support accumulating evidence that enhanced and prolonged reac-

tivity might be maladaptive and associated with lower emotional

regulation and increased symptoms severity (Gatzke‐Kopp
et al., 2015; Murray‐Close et al., 2017), as reflected by increased

levels of irritability in the current study. Increased irritability was also

predictive of increased cardiovascular reactivity at follow‐up and

with minor change in peripheral activity from task to follow‐up.
Collectively, these findings suggest lower levels of autonomic re-

covery for youth reported to be highly irritable and align with pre-

vious studies demonstrating lower post‐stress recovery in youth with
internalizing and externalizing psychopathology (e.g., Kircanski

et al., 2016; Mikita et al., 2015; Rozenman et al., 2017). Future

studies aiming to replicate this study in other samples or contexts,

and those that intervene (i.e., try to change physiological reactivity

and assess the effect on irritability), are needed to evaluate
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the robustness of the current findings that cardiovascular reactivity

is a potential mechanism for, or peripheral biomarker of, irritability.

Our findings are in line with previous research suggesting that

cardiovascular responding may serve as a potential physiological

mechanism associated with negative emotional arousal states and

related clinical phenotypes. An accumulative body of research dem-

onstrates the role cardiovascular activity plays in regulation pro-

cesses and adaptation to changing circumstances (Thayer et al., 2009;

Thayer & Lane, 2000). Numerous studies observe maladaptive car-

diovascular activity in dysregulated youth across diagnoses such as

ADHD (Musser et al., 2011; Rash & Aguirre‐Camacho, 2012),

conduct problems (Garralda et al., 1991; Lorber, 2004; Van Goozen

et al., 2000, 2007), and anxiety and depression (Kircanski et al., 2016)

compared to healthy controls. Findings show aberrant cardiovascular

reactivity and recovery during stress inducing task or provocation in

emotional disorders. However, to our knowledge, no previous studies

have examined cardiac reactivity in the context of irritability, a

construct which is strongly and by definition concomitant with dys-

regulation and over‐reactivity (Avenevoli et al., 2015). Some previous
studies focus on related constructs such as aggression, mainly in the

context of conduct behaviors such as in anti‐social disorder, and find
predictive value in HR pre‐ and post‐stress inducing task or provo-

cation (Bimmel et al., 2008; Fairchild et al., 2008; Popma et al., 2006;

Sijtsema et al., 2013; Williams et al., 2003). Other studies shows that

cardiovascular responses to psychosocial stress are reduced in youth

diagnosed with conduct or anti‐social disorders compared to control
subjects (e.g., Fairchild et al., 2008). This is the gap we sought to

address in the current study.

While our primary aim was to examine associations between

multiple cardiac measures and irritability, we also explored the po-

tential role of sleep as a moderator, as disrupted sleep has been

linked to emotional over‐reactivity and autonomic dysregulation (e.g.,
Delaplace et al., 2018). As expected, more hours of sleep the night

before predicted less cardiovascular reactivity during tasking. Inter-

estingly, this effect of sleep on decreased physiological arousal was

more pronounced in youth with higher irritability levels than youth

with lower irritability levels. Based on existing findings linking poor

sleep to autonomic dysregulation in youth with irritability (e.g.,

Delaplace et al., 2018), the current results putatively suggest that

improved sleep hygiene, specifically sleep duration, might inoculate

against the cardiovascular over‐reactivity we observed in more irri-

table youth.

Inconsistent with previous studies, we found no association be-

tween irritability and task performance. The SST used in the present

study is a canonical assessment of inhibitory control. Inhibitory

control reflects the ability to modify prepotent responses (Buzzell

et al., 2017; Cardinale et al., 2019; Nigg, 2017) and is perturbed in

youth with irritability‐related diagnoses (Fishburn et al., 2019; Lips-

zyc & Schachar, 2010). Previous studies indicate that irritability is

associated with reduced performance on inhibitory control tasks,

with corresponding neural dysfunction in prefrontal regions (Fish-

burn et al., 2019; Perlman et al., 2015). However, in the current

study, youth with higher cardiovascular reactivity and reported

irritability did not exhibit diminished inhibitory control. Notably,

SSRT served as a predictor of cardiovascular arousal, wherein better

task performance was associated with higher HR and lower HRV

levels. One possible interpretation of this potentially counterintuitive

finding could be explained by the well‐established inverted U‐shaped
relationship between emotional arousal and performance (Yerkes &

Dodson, 1908), whereby task performance is improved when levels

of emotional arousal are elevated but not extreme. We speculate that

performance on the SST might be similarly related to physiological

arousal. It may be that the SST, although including elements of

increased difficulty that might elicit frustration, still evokes emotional

arousal only to a certain degree, but not in an extreme way. Thus,

performance improves without reaching the point of the U‐shape
carve in which arousal is too highly elevated, leading to a decrease

in performance. We propose that SST in the current study is only

capturing the first half of the inverted U‐shaped curve. This is a

putative mechanism that could not be tested more directly given the

structure of the current study. Future studies could explore our hy-

pothesis by using other tasks perceived to be more provocative or

emotionally arousing. This would allow comparison to the current

results and elucidate our potential interpretation regarding the way

physiological arousal might affect performance.

While our results are informative, it is important to note several

limitations. First, whereas our findings on parent‐reported irritability
were significant and consistent, youth‐reported irritability was not

statistically significant across analyses. This pattern is in line with

well‐known informant discrepancies in developmental psychopa-

thology (De Los Reyes & Kazdin, 2005), particularly in youth with

externalizing problems (Salbach‐Andrae et al., 2009). Specifically,

studies have shown moderate parent and child agreement for the ARI

measurement (Pan & Yeh, 2019; Stoddard et al., 2014; Stringaris

et al., 2012), suggesting youth may underreport levels of symptoms

relative to parents. Indeed, in the current sample, youth‐reported
irritability scores were lower than parent‐reported scores across

the different ARI measures (see Table 1), which might serve as a

potential explanation of the null findings associated with youth‐
reported measures.

Second, these findings are preliminary. Extant research does not

indicate robust or consistent positive associations between cardiac

and other physical measures among youth without distinguished

physical problems (e.g., obesity; Martins et al., 2002). While research

suggests RMSSD is less susceptible to such effects (e.g., Penttilä

et al., 2001; Quintana et al., 2016), the autonomic measures we used

may have been influenced by blood pressure status, respiration rate,

body mass index, and overall physical health, as well as by individual

differences at the time of assessment. Although assessment times

were comparable throughout the sample (generally during early af-

ternoon hours), we did not have detailed records to formally rule out

the assessment time's influence and other physical parameters on

our findings.

Third, future research should include other and larger diagnostic

groups such as depression or oppositional defiant disorder to further

explore the transdiagnostic aspect of cardiac reactivity in irritability.
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Similarly, future studies could include more objective measures of

sleep (e.g., actigraphy) as the current study relied on self‐reported
sleep and it has been suggested that individuals cannot accurately

report how much they sleep on a single night (e.g., Lauderdale

et al., 2009). Finally, 31.4% of the sample was medicated at the time

of the study. While post hoc analyses did not indicate differences in

HR or HRV by medication status, future studies should include a

larger sample of nonmedicated youth to evaluate this possible

interaction effect more sensitively.

In sum, this study demonstrates higher HR and lower HRV as a

function of irritability during a standard cognitive inhibition task in

a transdiagnostic sample of youth. These findings indicate that

youth with high irritability may have greater sensitivity to envi-

ronmental demands and maladaptive physiological reactions in the

context of a frustration‐inducing cognitive task. Additionally,

sleep duration might play a putative protective role in regulating

physiological arousal, especially for youth with high levels of irri-

tability. The present study is the first we are aware of to examine

potential psychophysiological mechanisms of physiological arousal

and its effects on task performance in a sample including

highly irritable youth. These effects are of theoretical and clin-

ical interest, potentially aiding our understanding of the psycho-

physiological mechanisms involved in irritability and how to address

them.

At a broader level, our findings provide a preliminary founda-

tion for potential future applications exploring in situ use of

commercially available wearable consumer electronics as an objec-

tive measure of irritability in transdiagnostic youth. Future studies

examining the usage of wearable devices during other emotional

states would advance understanding of their ability to also differ-

entiate between irritability and other clinical constructs and

phenotypes.
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