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Abstract

Objective: Characterizing the pathophysiology of irritability symptoms from a dimensional 

perspective above and beyond diagnostic boundaries is key to developing mechanism-based 

interventions that can be applied broadly. Face emotion processing deficits are present in youths 

with elevated levels of irritability. The present study aimed to identify the neural mechanisms 

of face emotion processing, in a sample enriched for irritability by including youth with high 

functioning autism spectrum disorder (HF-ASD).

Method: Youths (N=120, age=8.3–19.2 years) completed an implicit face emotion task during 

fMRI acquisition. We evaluated how irritability, measured dimensionally, above and beyond 

diagnostic group, relates to whole-brain neural activation and amygdala connectivity in response 

to face emotions.

Results: Both neural activation and amygdala connectivity differed as a function of irritability 

level and face emotion in the prefrontal cortex. Youths with higher irritability levels had decreased 

activation in response to both fearful and happy faces in the left middle frontal gyrus and to happy 

faces in the left inferior frontal gyrus. Furthermore, increased irritability levels were associated 

with altered right amygdala connectivity to the left superior frontal gyrus when viewing fearful 

and sad faces.

Conclusion: The neural mechanisms of face emotion processing differ in youths with higher 

irritability compared to their less irritable peers. The findings suggest that these irritability 

mechanisms may be common to both typically developing and HF-ASD youths. Understanding 
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the neural mechanisms of pediatric irritability symptoms that cut across diagnostic boundaries 

may be leveraged for future intervention development.

Social media promotion text:

Facebook: Study finds that irritable children (including irritable children with autism spectrum 

disorder) show altered brain activity in regions responsible for regulating their own emotions when 

they see other people’s emotional faces. #irritability #autism #ASD #emotion #brain #SDSU

Twitter: New @SDSU @JAACAP study finds that irritable children (including children with 

autism) show altered brain activity in regions responsible for regulating their own emotions when 

they see other people’s emotional face expressions. #irritability #autism #ASD #emotion #brain

Lay Summary:

Irritability in youths can lead to worse mental health, including suicidality, and lower financial 

outcomes in adulthood, but little is known about how perceiving others’ emotions may lead to 

irritability. This study examined brain responses in children with varying levels of irritability, 

including children with autism spectrum disorder who often have high levels of irritability, 

when viewing emotional faces. More irritable children showed different brain responses in areas 

responsible for controlling their emotions. Knowing that irritable children show altered emotion 

regulation-related brain activity in response to other people’s emotional faces may be helpful for 

designing treatments for irritability.
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Introduction

Irritability symptoms, conceptualized as a relatively lower threshold for anger,1 are among 

the most common self- and parent-reported mood symptoms in youth,2 and are prevalent 

across multiple diagnostic categories, including depressive, anxiety, and disruptive behavior 

disorders,3 as well as autism spectrum disorder (ASD)4 and typical development.5 Elevated 

irritability levels are associated with severe, pervasive impairment in childhood6 and 

moreover predict poorer mental health7–9 and socioeconomic10 outcomes in adulthood. 

Thus, addressing pediatric irritability is crucial,1 not only to improve the child’s wellbeing, 

but also to prevent poor outcomes in adulthood. However, treatment options, both 

pharmacological and non-pharmacological, are lacking for irritability symptoms. Indeed, 

the only FDA-approved medication for irritability is in the context of ASD.11 Because 

irritability symptoms occur across multiple diagnostic contexts,12 studying the irritability 

dimension’s neural basis may point to common pathophysiology and potential treatment 

targets that could be applied across diagnostic boundaries.

In line with this, Research Domain Criteria (RDoC) efforts have promoted a dimensional 

perspective to evaluate the neural underpinnings of symptom dimensions, such as irritability, 

across diagnostic boundaries.13 The present work aims to answer RDoC-based calls for 

research14 to investigate the neural correlates of irritability symptoms from a dimensional 

perspective in a sample enriched for irritability by including youth with high-functioning 
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ASD (HF-ASD), a diagnostic category with high prevalence of irritability.4 Irritability 

symptoms are common among youths without a psychiatric diagnosis15 as well as youths 

with HF-ASD,4 yet potential shared pathophysiology of the irritability dimension is largely 

unexplored.

Face emotion processing deficits have been suggested as one of the mechanisms underlying 

irritability symptoms1,16 and have been documented in irritable youths,17–22 as well as in 

HF-ASD.16,21,22 Irritability-related face emotion processing deficits manifest in difficulties 

accurately labeling emotions16,20 and in neural differences both when explicitly labeling 

face emotions18,19 as well as during implicit processing (e.g., gender identification of 

emotional faces).17,21,22 For example, irritable youths may interpret ambiguous faces as 

more hostile23 or may need more intense emotional information to accurately label an 

emotion.16 Difficulties understanding the facial expressions of others can negatively impact 

social interactions leading to confusion, frustration, and ultimately, irritability symptoms. 

The extant irritability literature has focused on threatening, happy, and neutral faces,19,24,25 

yet other emotional expressions, such as sadness and fear, may also be perceived as 

ambiguous in youth with emotion processing difficulties.18,21,26 The associated neural 

mechanisms may be informative for capturing the pathophysiology of irritability.

Few studies have examined the neural mechanisms of face processing across the irritability 

dimension in youths, but findings primarily examining highly-irritable diagnostic groups 

point to aberrant neural patterns in the amygdala18,19,25 and prefrontal cortex (PFC),24 

as well as amygdala connectivity with the PFC17 during both explicit (i.e., labeling 

face emotions)18,19 and implicit17,24,25 face emotion fMRI paradigms. Therefore, aberrant 

amygdala and prefrontal engagement may be related to aberrant face emotion processing 

among irritable youth. Neural activation has thus far been the predominant means of 

identifying the neural mechanisms of emotion processing in irritability,19,25 but identifying 

how brain areas interact (i.e., functional connectivity), may provide a more comprehensive 

picture of aberrant brain function in irritability.

Despite the recent focus on the importance of identifying transdiagnostic neural mechanisms 

of symptom dimensions,27 few studies have included multiple diagnostic groups to examine 

neural mechanisms of irritability levels. To our knowledge, there are only three such 

studies,17,18,24 yet those studies were not focused on the irritability dimension itself but 

rather on disentangling irritability from anxiety17,24 or bipolar disorder from disruptive 

mood dysregulation disorder.18 Furthermore, pediatric irritability has not yet been evaluated 

in a sample that includes youths with ASD, despite the high prevalence of irritability in 

this population.4 Examining irritability beyond diagnostic boundaries using a dimensional 

approach is important, because it is more likely to identify underlying mechanisms that 

are common across diagnoses.14 Moreover, an enriched sample increases the variance of 

irritability in the sample, leading to more robust statistical analyses.17, 24

The current study examines the neural mechanisms of face emotion processing in a sample 

enriched for irritability by including youth with HF-ASD, addressing the aforementioned 

gaps in the literature. Youths completed an implicit face emotion task during fMRI 

acquisition, probing bottom-up processing of face emotions, which has been suggested 
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to contribute to irritability.17,25 During the task, participants labeled the gender of actors 

displaying fearful, sad, happy, or neutral facial expressions. We evaluated how irritability, 

measured dimensionally, above and beyond diagnostic group and core autism symptoms, 

relates to whole-brain neural activation and amygdala connectivity, and interacts with 

differing face emotions. Based on previous research of the neural mechanisms of implicit 

emotion processing in irritable youth,17,19,24,25 we hypothesized that irritability would be 

associated with aberrant activation in the amygdala and PFC as well as amygdala-prefrontal 

connectivity in response to viewing differing face emotions.

Method

Participants

Data from 120 youths, aged 8.3–19.2 years (mean age [SD]=14.22[2.7]), were included. 

Additional participants were excluded due to missing key measures (n=11), movement-

related fMRI data quality (n=7), or poor accuracy (<80%) on the gender identification 

task (n=6). The age range in the present sample (i.e., late childhood through adolescence) 

encompasses important developmental periods during which irritability is a primary concern 

for parents seeking psychiatric care for their children.8,28 Irritability during this age 

range is predictive of serious mental health, academic, social, and financial problems 

across the lifespan.5,8 Therefore, understanding the mechanisms of irritability across this 

developmental range is important groundwork for preventing short and long-term effects of 

irritability.

Irritability is common among typically developing youths,2 but variability in the higher 

ranges is sparse. To examine irritability dimensionally, beyond diagnostic boundaries, youths 

with HF-ASD were included because irritability is prevalent in this population.4 Mean 

between-group irritability levels differed, as expected, but covered an overlapping range 

(see Table 1). The final sample included 73 youth recruited from the community and 47 

youth with ASD recruited through the University of Michigan Autism and Communication 

Disorders Center (UMACC), who had been diagnosed based on the Autism Diagnostic 

Observation Schedule (ADOS)29 and the Autism Diagnostic Interview-Revised (ADI-R).30 

Exclusion criteria included cognitive functioning scores <85, co-occurring neurological 

disorders or MRI contraindications. The Institutional Review Board of the University of 

Michigan approved all procedures and all participants provided consent/assent. Parental 

permission was obtained for participants <18 years. Data from a subset of participants were 

included in previous studies,21,22,26,31 including three on diagnostic group differences of 

neural face emotion processing.21,22,26

Irritability

Three items previously identified and validated as comprising an irritability factor32,33 from 

the Child Behavior Checklist (CBCL; version for 6–18 year olds)34 were used to assess level 

of irritability symptoms (“temper tantrums or hot temper,” “stubborn, sullen or irritable,” 

and “sudden changes in mood or feelings”), rated on a scale of 0–2. Items were summed 

and then used as a continuous variable as in prior studies.32,33 This subscale has acceptable 
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psychometric properties (alpha = .73),32,33 and is sensitive to variation along the irritability 

spectrum.18,33

This subscale was selected for two reasons. First, because it can be used across diagnostic 

categories, unlike the Aberrant Behavior Checklist (ABC) which is specifically geared 

toward ASD. Second, the CBCL irritability scale is particularly useful in the dimensional 

measurement of irritability in typical youths because it provides more variability in the lower 

ranges compared to other irritability measures.18,33 This is an important consideration given 

that the majority of youths included in the present study were recruited from the community.

See Supplement 1 for details on additional symptom measures, participant screening, and 

fMRI acquisition.

Gender Identification Task

During functional magnetic resonance imaging (fMRI) acquisition, participants completed 

an event-related gender identification task with emotional (happy, sad, fearful, or neutral) 

faces.21,22 Threatening faces were excluded from the paradigm to limit the number of 

contrasts. Faces came from the NimStim set35 and included an equal number of male and 

female faces. One trial consisted of a fixation cross (500ms), a face (250ms), and a black 

screen (1500ms) during which participants indicated the gender of the face by pressing the 

thumb button of a button box for male, and the index finger button for female. Participants 

thus viewed the faces without making explicit judgments on the face emotion (and thus 

either “tamping down” on the emotion and/or probing a particular labeling process related 

to language). All participants used the right hand to respond. Unlike emotional face task 

paradigms in other studies17 that present faces for multiple seconds and cannot control for 

attention, our implicit face processing task minimized cross-subject differences in attention 

by having a very quick (250ms) presentation of the face (i.e., enough for one saccade but not 

enough for multiple saccades around the screen) and a task (identifying gender) that required 

attention. Only trials in which gender was correctly identified were included in the analyses. 

Inter-trial intervals were jittered, ranging from 0 to 6000ms at intervals of 2000ms. Each of 

the two runs consisted of 60 trials, 15 of each emotion, and randomized for each participant.

Analytic Plan

Participant characteristics.—Since our sample consisted of individuals with and 

without the HF-ASD diagnosis, we conducted independent samples t-tests and chi square 

tests to assess whether the diagnostic groups differed on variables that could be relevant 

to irritability and potentially confound our results, i.e., gender, age, verbal and non-verbal 

cognitive functioning, core ASD symptoms (social communication impairment), anxiety, 

and depression. In the absence of statistical significance, potentially clinically meaningful 

differences were also considered.

Behavioral data analysis.—To examine potential differences in accuracy of labeling 

gender in relation to irritability, we conducted a univariate ANOVA with percent accuracy as 

the dependent variable and irritability level as the independent variable. We also examined 

potential group (HF-ASD vs. non-ASD) differences in task accuracy.
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fMRI data analysis.

fMRI preprocessing.: Preprocessing of fMRI data was done in AFNI. See Supplement 1 for 

additional details.

First-level models.: Three models were used for individual level analyses: one for neural 

activation, and one each for right and left amygdala functional connectivity. Face emotion 

regressors (i.e., happy, fearful, sad, and neutral) were included as described below. All 

models also included incorrect trials as a nuisance regressor as well as motion parameters 

(estimated in the x, y, z, roll, pitch, and yaw directions), and fourth-degree polynomials 

modeling low-frequency drift in the baseline model.

Neural activation.: In this analysis, the four emotion conditions were modeled as regressors 

convolved with AFNI’s GAM basis function over 250ms of face presentation for each trial. 

The resulting beta coefficient maps represent the magnitude of average neural activation for 

each emotion compared to implicit baseline.

Amygdala functional connectivity.: Given the extensive literature on the role of the 

amygdala in emotion processing (e.g.,36), we completed generalized psychophysiological 

interaction (gPPI) analyses using right and left amygdala seeds. The amygdala masks 

(right amygdala=972mm3; left amygdala=756mm3) were created using the Talairach atlas in 

AFNI. gPPI analyses calculated the change in correlations between the amygdala seeds and 

each voxel in the brain, for each condition compared to implicit baseline. The analyses result 

in a set of voxel-wise images that represent connectivity between the seed region and the rest 

of the brain for each face condition.

Addressing head motion.: Excessive head motion was addressed with multiple methods: 

realigning functional images, scrubbing TR pairs with framewise displacement >1mm, and 

including nuisance covariates for motion parameters in the individual level models.

Second-level models.

Addressing the potential confound of diagnostic group.: The aim of the present study 

was to evaluate the neural mechanisms of irritability from an RDoC-based dimensional 

perspective, and the present sample of youths was enriched for irritability by including 

youths with HF-ASD, a diagnostic category with characteristic social communication 

impairment.37 We controlled for potential effects of autism as follows: a) across all 

second-level models, diagnostic group (HF-ASD vs. non-ASD) was included as a binary 

covariate; b) additionally, we examined the impact of social communication impairment 

(Social Responsiveness Scale scores; see Supplement 1) on our results in post-hoc analyses. 

Between group effects of irritability are also of interest, yet they are outside the scope of the 

present study. Nevertheless, for the interested reader, we completed these additional analyses 

(i.e., Irritability × Diagnosis × Face Emotion), in Supplement 1. However, the results should 

be interpreted with caution as the variability of irritability is limited among the non-ASD 

sample.
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Whole-brain analyses.: AFNI’s 3dMVM was used to conduct second-level, repeated- 

measures ANOVAs with the individual-level beta coefficients as the dependent variable, 

face emotion (neutral, happy, sad, and fearful) as a within-subject factor, irritability as the 

between-subject quantitative variable. Diagnosis (HF-ASD vs non-ASD) was included as a 

covariate to examine neural mechanisms of irritability above and beyond potential diagnosis 

effects. Three whole-brain ANOVA models were conducted, one each for activation, and 

right and left amygdala to whole-brain functional connectivity. These models generated the 

contrast of primary interest, Irritability × Emotion, which examines neural correlates of face 

emotion processing depending on irritability level, in addition to lower-order terms (e.g., 

Emotion, Irritability, Diagnosis main effects).

A whole-brain cluster corrected threshold of α=.05 was used, calculated via AFNI’s 

3dClustsim program using a mixed-model spatial autocorrelation function (-acf) and the 

NN1 2-sided option, per recent recommendations.38 The cluster extent threshold resulting 

from the 3dClustsim analysis was k≥28 voxels for all second-level analyses. Additionally, a 

height threshold of p<.005 was used.

Amygdala Region-of-Interest (ROI) analyses.: Given the previously documented role that 

the amygdala may play in irritability (e.g.,36), we additionally utilized ROI analyses to 

specifically probe potential neural mechanisms of irritability related to amygdala activation. 

We extracted average activation for each condition in each individual based on the right and 

left amygdala masks from the Talairach daemon atlas in AFNI. ANCOVA in SPSS v. 24 

(IBM; Armonk, NY) was used to assess the Irritability × Emotion interaction covarying for 

Diagnostic Group.

Post-hoc analyses.: To evaluate significant omnibus findings for the Irritability × Emotion 

interaction, values from resulting clusters in each analysis were extracted and partial 

correlations conducted in SPSS: irritability was correlated with activation (or connectivity) 

for each face emotion condition separately, controlling for diagnosis. False discovery rate 

(FDR) was used to correct for multiple comparisons.

Additional analyses evaluating potential confounds.: Extracted values were also used to 

conduct post-hoc ANCOVAs using SPSS to assess the potential influence of confounding 

variables, including age, gender, anxiety and depression symptoms, core ASD symptoms 

(social communication impairment), task accuracy, and use of psychotropic medications. 

Additionally, whole-brain models were repeated with gender as an additional covariate.

Results

Participant characteristics for the overall sample as well as each participant pool separately 

are listed in Table 1. There were no significant diagnostic group differences in gender, age, 

verbal and non-verbal cognitive functioning (Table 1). Overall accuracy to label gender 

(mean=95.70%, SD=3.9%) was well above chance (50%). Irritability was not significantly 

associated with task accuracy (r=.10, p=.26), and did not significantly predict overall task 

accuracy controlling for diagnostic group (F1,117=0.003, p=.95). There was a significant 

between group difference in gender identification accuracy (t118=2.6, p=.01); thus, we 
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subsequently evaluated whether our results remain after controlling for accuracy (see 

Additional Analyses).

Associations of Irritability with Neural Activation

We found that the Irritability × Emotion interaction was associated with activation in the 

left middle frontal gyrus (MFG, F3,351=10.23, xyz=−35, 32, 33, k=98, p<0.05 corrected, 

Figure 1A), and left inferior frontal gyrus (IFG, F3,351=8.26, xyz=−44, 8, 9, k=38, p<0.05 

corrected, Figure 1B). Post-hoc analyses indicated that in the left MFG, there was a 

significant negative association between irritability and activation in response to fearful 

(r=−0.26, p<0.05, corrected) and happy faces (r=−0.25, p<0.05, corrected), and in the 

left IFG there was a significant negative association between irritability and activation to 

happy faces (r=−0.39, p<0.001, corrected). In other words, greater levels of irritability are 

associated with less activation to fearful and happy faces in the left MFG, and to happy faces 

in the left IFG. Post-hoc partial correlations were not significant for any other face emotion 

conditions. Clusters that emerged for other contrasts are listed in Table 2.

Amygdala ROI analysis.—Irritability × Emotion was not significantly associated with 

right or left amygdala activation.

Associations of Irritability with Right Amygdala Functional Connectivity

We detected that the Irritability × Emotion interaction was associated with right amygdala 

connectivity with the left superior frontal gyrus (SFG; F3,351=8.27, xyz=−20,14,48, 

k=56, Figure 2). Post-hoc analyses indicated a significant negative association between 

irritability and right amygdala connectivity in response to fearful faces (r=−0.33, p<0.001, 

corrected) and a significant positive association between irritability and right amygdala 

connectivity with sad faces (r=−0.25, p<0.05, corrected). Post-hoc partial correlations were 

not significant for other face emotion conditions. Clusters that emerged for other contrasts 

are listed in Table 2.

Associations of Irritability with Left Amygdala Functional Connectivity

The Irritability × Emotion interaction was associated with left amygdala connectivity with 

the bilateral anterior cingulate cortex (ACC)/MFG (F3,351=11.30, xyz=−5,38,24, k=1294), 

the right IFG (F3,351=9.15, xyz=62,14,21, k=30, Supplemental Figure S1), and the right 

precentral gyrus (F3,351=8.14, xyz=50,−2,40, k=29) (Table 2). Inspection of the extracted 

mean connectivity values for these clusters revealed that the results were outlier driven (i.e., 

driven by connectivity values >3 standard deviations from the mean; see Supplement 1 for 

outlier analyses). Additionally, follow-up analyses (see section below) revealed that that 

the bilateral ACC/MFG and right precentral gyrus clusters are no longer significant when 

controlling for potential confounding variables (see Supplement 1 for details). Overall, left 

amygdala connectivity results are therefore less robust and are not further discussed further 

in the main manuscript. Clusters that emerged for other contrasts are listed in Table 2.
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Additional Analyses

After taking the potential impact of age, gender, anxiety, depression, core ASD symptoms 

(social communication impairment), task accuracy, and psychotropic medication usage 

into account, main results for neural activation and right amygdala connectivity remain 

significant (see Supplement 1 for additional details).

Discussion

The present study focused on examining the neural mechanisms of implicit emotion 

processing in youth across the irritability spectrum by adopting an RDoC-based dimensional 

perspective on irritability in a sample of youths enriched for irritability by including 

youths with HF-ASD. As hypothesized, we found that both neural activation and amygdala 

connectivity differed as a function of irritability level and face emotion in the prefrontal 

areas, suggesting that the underlying neural mechanisms of face emotion processing vary 

with level of irritability. These findings are largely consistent with the literature,24,25 as 

outlined below, and are significant above and beyond diagnostic category as well as core 

ASD symptoms (i.e., social communication impairment), indicating that these irritability 

mechanisms may be common to both typically developing and HF-ASD youths.

Our whole-brain activation analyses revealed that youths with higher irritability levels have 

decreased activation in response to both fearful and happy faces in the left middle frontal 

gyrus and to happy faces in the left inferior frontal gyrus. These findings are consistent with 

previous studies investigating the neural mechanisms of face emotion processing in irritable 

youths. For example, deactivation of prefrontal areas in response to implicit processing 

of fearful faces was demonstrated in youths with severe mood dysregulation compared 

to non-irritable youths.25 Another study evaluating how neural mechanisms of threat bias 

differ based on severity of irritability symptoms found that higher irritability was associated 

with aberrant activation in the prefrontal cortex when youths were to attend away from a 

threatening face.24 Aberrant activation in frontal areas in response to emotional faces may 

therefore represent deficits in face emotion interpretation, which may underlie irritability.

Our amygdala connectivity findings implicated amygdala-prefrontal cortex connectivity, not 

amygdala-ventral visual area connectivity as in a prior study.17 Moreover, we did not find 

amygdala activation differences with varying levels of irritability, unlike other findings in 

irritable youths.19,25,39 This may be due to differences in task stimuli/design. Unlike our 

gender identification face paradigm, tasks in studies that found amygdala activation effects 

varied intensity of emotional faces19,25 or had participants judge nose width, which did not 

require attention to the entire face.39

Although more research is needed to consolidate differential findings, the fact that similar 

brain regions (i.e., prefrontal cortex, prefrontal-amygdala connectivity) emerged in our two 

orthogonal whole-brain analyses (activation and amygdala connectivity) is corroborating 

evidence that these regions are involved in irritability. That is, altered activation in 

the prefrontal cortex to fearful and happy faces as well as altered amygdala-prefrontal 

connectivity to fearful and sad faces, all in relation to irritability, suggest that the amygdala 

and the prefrontal cortex play an important role in face emotion mechanisms of irritability. 
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Moreover, it is interesting to note that across both orthogonal analyses, prefrontal circuitry 

was implicated in response to fearful faces (i.e., decreased activation and amygdala 

connectivity with greater levels of irritability). Fearful faces, like angry faces, can signal 

a threat in the environment40 and may thus elicit high-arousal, hostile responses in those 

prone to irritability.

Overall, the regions that emerged as significant in the present study have been linked 

to brain circuits associated with executive functions41 and emotion regulation, such as 

reappraisal of negative emotions.42 Irritability symptoms have likewise been linked to 

deficits in executive functioning in childhood.43 In the present study, youths with higher 

irritability levels demonstrated decreased recruitment of these regions when viewing happy 

and fearful faces, which could be a marker for weaker engagement of the self-regulation 

circuit in response to the faces. Amygdala-prefrontal connectivity has been shown to be 

related to successful emotion regulation, with increased connectivity between the amygdala 

and the inferior frontal gyrus related to down-regulation of emotions.44 The dysregulation of 

amygdala connectivity with the inferior frontal gyrus among youths with higher irritability 

symptoms may represent deficits in emotion regulation in response to fearful and sad 

faces. Recent evidence that mindful attention to breath regulates emotions via increased 

amygdala-prefrontal cortex connectivity45 suggests that this may not only be a mechanism 

of irritability but also a potential intervention route for irritable youths. In addition, our 

findings that prefrontal recruitment relates to irritability symptoms suggests that youths 

with increased irritability may have difficulty recruiting prefrontal areas to appropriately 

interpret social stimuli. Indeed, the inferior frontal gyrus and medial prefrontal cortex have 

also been implicated in social cognition46 and are likely related to interpretation of social 

information. As youths with irritability have difficulty labeling emotional faces,20 this may 

lead to difficulty and frustration in interpreting social cues, and thus lead to irritability.47

In our study, the inclusion of an HF-ASD group not only enriched the sample for irritability 

but also aligns with Research Domain Criteria efforts to redefine categorical diagnostic 

categories based on dimensionally measured symptom manifestations by evaluating the 

neural underpinnings of the irritability dimension across diagnostic categories.13 Of note, 

such dimensional conceptualizations may be more sensitive than traditional diagnostic 

group-based comparisons. For example, other studies comparing high-irritable to non-

irritable diagnostic groups generally failed to detect neural alterations in response to 

happy faces during implicit face tasks;25 by contrast, we found differences in relation to 

happy faces when irritability is captured dimensionally in the model. This dimensional 

approach of conceptualizing psychopathology may be promising as characterization of 

mechanism can reach beyond what are often arbitrary diagnostic boundaries and thus be 

more accurate. Moreover, understanding the dimensional features of irritability that expand 

across diagnostic boundaries may aid in intervention and prevention efforts that can be 

applied across a wide range of diagnoses.

We note several limitations of this study. First, the non-ASD participants in this study 

did not undergo full diagnostic screening and it is therefore possible that some subjects 

met diagnostic criteria for psychopathology. However, the primary focus of this study was 

to capture dimensionally-measured irritability levels, rather than diagnostic categorization. 
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Additionally, to control for potential effects of affective symptomatology, our results were 

adjusted for depression and anxiety, also measured dimensionally, across all subjects. 

Second, a more rigorous approach to controlling for confounding variables would have 

been to add them to the second-level fMRI analyses; however, to retain power and avoid 

collinearity, we chose a post-hoc method to control for confounding variables. Third, 

although our measure of irritability, like all Likert-style measures, is an ordinal scale, we 

modeled it continuously to be consistent with prior studies. A true “continuous” measure 

(i.e., where each step increase reflects exactly the same increase in irritability rather than 

“0=Not True”, “1=Somewhat or Sometimes True”, “2=Very True or Often True” for each 

item) would better capture the dimension, yet such a scale does not yet exist for irritability. 

Future psychometric work improving measures must go hand in hand with neuroscientific 

advances to best move the field forward. Fourth, despite controlling for differences 

between youths with and without ASD diagnosis and adjusting for social communication 

impairment symptom severity, residual confounding factors may have remained. There may 

be pathophysiological mechanisms of irritability that are unique to youths with ASD. The 

focus of the current study was to evaluate neural mechanisms of irritability above and 

beyond ASD symptoms, and we did not additionally focus on comparing HF-ASD and non-

ASD youths on neural mechanisms of the irritability dimension due to inherent differences 

in variance of irritability in the two diagnostic groups. However, we included these analyses, 

which have limited interpretability, in Supplement 1. Furthermore, despite enriching our 

sample by including youth with HF-ASD to increase the variability in irritability, lower 

levels of irritability were still more prominently represented compared to higher levels 

which may have introduced effects of heteroscedasticity in our analyses. Fifth, because 

our paradigm did not include angry faces, our study is less directly comparable to the 

many studies that investigated irritability in response to angry faces. However, our inclusion 

of other emotional faces (i.e., fearful, happy, and sad), which all showed involvement in 

irritability symptom mechanisms, contributes to the literature as many studies had looked 

at responses to angry faces exclusively. Finally, we did not use eye-tracking during fMRI 

acquisition and cannot rule out that eye fixation patterns differed between samples and 

influenced our results.48 However, these differences were likely minimized due to the very 

brief stimulus presentation (250ms), which limited opportunities for multiple saccades, and 

having participants identify the gender of the face, which required them to look at the entire 

face.

Our findings suggest that alterations in neural processing of face emotion may contribute 

to irritability symptoms. Understanding the neural mechanisms of pediatric irritability may 

be leveraged for future intervention development. Our findings and the research program 

for which they pave the way are important because interventions targeting irritability during 

adolescence may not only help us improve the wellbeing of children, but also help us 

prevent long term sequelae in adulthood. Prevention-focused interventions for irritable 

adolescents that target implicit emotion processing may be effective. Computer-based 

behavioral interventions,23 mindfulness approaches,45 and emerging treatments such as 

neurofeedback49 may be promising approaches.

The present study is one of the first to evaluate the neural mechanisms of irritability from 

an RDoC-based dimensional perspective; nevertheless, to document the full dimension of 
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irritability and to assess generalizability across other diagnoses on the irritability spectrum, 

future work with other diagnoses will be necessary. As youth with ASD are included in 

the future transdiagnostic studies of irritability symptoms, it will be important to examine 

the overlap of symptoms, such as rigidity, with irritability. Furthermore, the present study 

explored emotional face processing related to varying levels of irritability, yet because there 

are documented changes in irritability levels across development50 as well as maturation 

of the emotional networks of the brain,51 future longitudinal studies may wish to follow 

youths with varying levels of irritability to assess for changes in neural patterns as the youths 

develop.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Irritability × Emotion Interaction is Associated with Prefrontal Cortex Activation.
In A) Left Middle Frontal Gyrus and B) Left Inferior Frontal Gyrus. Partial correlation 

coefficients are shown. * p<0.05, corrected, ***p<0.001, corrected. For this and all figures, 

brain images represent axial sections (left=left) with threshold set at whole-brain-corrected 

p<.05.
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Figure 2. Irritability × Emotions Interaction is Associated with Right Amygdala Connectivity 
with Left Superior Frontal Gyrus.
Partial correlation coefficients are shown. * p<0.01, corrected, ***p<0.001, corrected
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