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Abstract

Severe irritability is common in youths with psychiatric disorders and results in signif-

icant dysfunction across domains (academic, social, and familial). Prior structural MRI

studies in the pediatric population demonstrated that aberrations of cortical thick-

ness (CT) and gray matter volume (GMV) in the fronto-striatal-temporal regions

which have been associated with irritability. However, the directions of the correla-

tions between structural alteration and irritability in the individual indices were not

consistent. Thus, we aim to address this by implementing comprehensive assess-

ments of CT, GMV, and local gyrification index (LGI) simultaneously in youths with

severe levels of irritability by voxel-based morphometry and surface-based mor-

phometry. One hundred and eight adolescents (46 youths with severe irritability and

62 healthy youths, average age = 14.08 years, standard deviation = 2.36) were

scanned with a T1-weighted MRI sequence. The severity of irritability was measured

using the affective reactivity index. In youths with severe irritability, there was

decreased CT, GMV, and LGI in the right superior frontal gyrus (SFG) compared to

healthy youths, and negative correlations between these indices of the SFG and irri-

tability. Our findings suggest that structural deficits in the SFG, potentially related to

its role in inhibitory control, may be critical for the neurobiology of irritability.
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1 | INTRODUCTION

Irritability is defined as a chronically excessive sensitivity to negative

emotional stimuli and impaired behavioral control resulting in anger out-

bursts and reactive aggression (Beauchaine & Tackett, 2020;

Leibenluft, 2017; Leibenluft, Blair, Charney, & Pine, 2003). Irritability

manifests across various psychiatric disorders but is a cardinal dimen-

sional psychopathology in disruptive mood and behavior disorders, such

as attention-deficit/hyperactivity disorder (ADHD), oppositional defiant

disorder (ODD), conduct disorder (CD), and disruptive mood dys-

regulation disorder (DMDD) (Avenevoli, Blader, & Leibenluft, 2015) .

The neurobiological mechanism of irritability in the pediatric pop-

ulation has been investigated mainly via neuroimaging modalities,

such as functional and anatomical magnetic resonance imaging (MRI)

(Adleman et al., 2012; Dennis, Humphreys, King, Thompson, &

Gotlib, 2019; Deveney et al., 2012; Deveney et al., 2013; Gold

et al., 2016; Jirsaraie et al., 2019; Pagliaccio, Pine, Barch, Luby, &

Leibenluft, 2018; Singh et al., 2010; Stoddard et al., 2017; Tseng

et al., 2019; Wiggins et al., 2016). In those studies, irritability has

shown associations with functional and anatomical impairment within

neural regions implicated in response inhibition/top-down attention

control and affective regulation. Studies using functional MRI (fMRI)

have reported that youths with severe irritability showed aberrant

activation in neural areas implicated in emotion regulation, reward

processing and motor execution: the amygdala, dorsolateral prefrontal

cortex (DLPFC), striatum, and anterior temporal cortex (TC) (Crum

et al., 2020; Deveney et al., 2012; Deveney et al., 2013; Gold

et al., 2016; Singh et al., 2010; Stoddard et al., 2017; Tseng

et al., 2019; Wiggins et al., 2016).

In the structural MRI studies, aberrations in cortical thickness

(CT) and gray matter volume (GMV) have been associated with irrita-

bility (Adleman et al., 2012; Dennis et al., 2019; Gold et al., 2016;

Jirsaraie et al., 2019; Pagliaccio et al., 2018). In these studies, irritabil-

ity was associated with the aberrations of GMV in the regions rele-

vant to emotion regulation and response inhibition/top-down

attention control, such as the superior frontal gyrus (SFG) including

pre-supplementary motor area (pre-SMA), DLPFC, TC, insula, and stri-

atum. A recurrent finding in both CT and GMV is structural alteration

in the SFG in youths with severe irritability (Adleman et al., 2012;

Dennis et al., 2019; Gold et al., 2016; Pagliaccio et al., 2018). How-

ever, the relationship between irritability and structural alteration is

unclear with conflicting results (Adleman et al., 2012; Dennis

et al., 2019; Gold et al., 2016; Jirsaraie et al., 2019; Pagliaccio

et al., 2018). While the studies measuring CT reported a positive rela-

tionship between irritability and the SFG thickness (Jirsaraie

et al., 2019; Pagliaccio et al., 2018), the studies using GMV showed a

negative relationship between irritability and SFG volume (Adleman

et al., 2012; Dennis et al., 2019; Gold et al., 2016).

One potential explanation of this inconsistency is that GMV may

reflect several structural parameters including not only CT associated

with the laminar structure of the cortex (Hutton, Draganski,

Ashburner, & Weiskopf, 2009; Panizzon et al., 2009), but also cortical

surface area (CSA) relevant to the number of cellular columns

(Rakic, 1988, 2007; Winkler et al., 2010) and gyrification related to

the pattern of cortical folding which can be measured by local

gyrification index (LGI) (Kelly et al., 2013; Schaer et al., 2008). Thus,

there is a convincing rationale to investigate these properties (CT and

GMV) as independent indices of brain structure simultaneously. Until

now there was no research combining CT, GMV, and LGI together to

investigate a fine-grained characterization of structural aberrations

related to irritability, which is the main aim of this study.

To assess these indices, we employ the two most commonly used

methods, voxel based morphometry (VBM) and Surface Based Mor-

phometry (SBM). VBM and SBM are complementary methods for the

observation of brain morphometry (Hutton et al., 2009). VBM pro-

vides the voxel wise estimation of the local amount or volume of a

specific tissue compartment and is often used to investigate the local

distribution of GMV (Ashburner & Friston, 2000). Surface-based mor-

phometry techniques allow us to analyze additional brain features

including CT (Fischl & Dale, 2000), CSA (Dale, Fischl, & Sereno, 1999),

and LGI (Schaer et al., 2008). Although CSA is an index of brain vol-

umetry, there is concern regarding high false positive rate of CSA

(twice as high as that of CT) (Greve & Fischl, 2018). Thus, we decided

to focus on CT, GMV, and LGI.

In short, the aim of this study is to investigate the relations

between severe irritability and CT, GMV and LGI using VBM and SBM

methods. We recruited a group of youths with diagnoses of Disrup-

tive Behavior and Mood Disorders (ADHD, CD, ODD, and DMDD)

and with severe irritability, and compared them with typically devel-

oping youths. Based on previous findings (Adleman et al., 2012;

Dennis et al., 2019; Gold et al., 2016; Jirsaraie et al., 2019; Pagliaccio

et al., 2018), we hypothesize; (1) The youths with severe irritability

will have reduction of the fronto-striatal-temporal volumes in the

GMV analysis. (2) Specifically, in the SFG, the youths with severe irri-

tability will show increased CT as well as decreased GMV and LGI

compared to typically developing youths.

2 | MATERIALS AND METHODS

2.1 | Participants

One-hundred eight participants participated in this study (age range

10–18, mean age = 14.08 ± 2.36). Participants were divided into two

groups: (1) severe irritability group (SIG): youths with clinically signifi-

cant level of irritability as defined by a score of 4 or greater (≥4) on

the self-reported affective reactivity index (ARI) (Stringaris

et al., 2012) (N = 46; 12 female; see Table 1 for details on their psy-

chiatric diagnoses); and (2) control group (CG): typically developing

youths (N = 62; 20 female). Written informed consent was obtained

from all participants and their guardians. The guardians reviewed the

consent documents and provided written permission. The Institutional

Review Boards at the participating institutions approved this study.

Youths in the severe irritability group and their guardians were

recruited from the outpatient clinic of a large academic medical center

in the Midwest and the surrounding community. They were
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interviewed by a licensed and board-certified child and adolescent

psychiatrist and/or advanced practice psychiatric nurse using the

Kiddie-Schedule for Affective Disorders and Schizophrenia for

School-Age Children-Present and Lifetime Version (K-SADS)

(Kaufman et al., 1997) to confirm their psychiatric diagnoses.

The exclusion criteria were: (1) comorbid psychotic, tic, or sub-

stance abuse disorders, (2) autism spectrum disorder with associ-

ated significant impairments in communication and significant

behavioral disturbance, (3) history of CNS disease (i.e., history of

seizure, epilepsy, CNS tumor, and CNS Hemorrhage) or serious CNS

infection (i.e., meningitis or encephalitis), (4) current user of anxio-

lytics (benzodiazepines), (5) positive urine pregnancy test, (6) posi-

tive urine drug screen, (7) metal in body, claustrophobia, or any

other condition that would preclude MRI, or (8) intellectual disability

(Wechsler Abbreviated Scale of Intelligence scores <70)

(Wechsler, 2011). Current use of psychotropic medications (stimu-

lants, alpha-agonists, antipsychotics, antidepressants, and mood sta-

bilizers) was not exclusionary if the dose and schedule were stable

for at least 6 weeks.

The healthy youths were recruited from community via advertise-

ments to the participating research institution. Absence of clinical

diagnoses was determined by a licensed and board-certified child and

adolescent psychiatrist according to DSM-5 criteria (American Psychi-

atric Association, 2013).

2.2 | Measures

2.2.1 | Sociodemographic information

Participants and their guardians provided the participants' demo-

graphic characteristics upon enrollment, including age, sex, and

ethnicity.

2.2.2 | Measures

The severity of irritability was measured using the Affective Reactivity

Index (ARI) (Stringaris et al., 2012). The ARI is a reliable and valid

instrument for assessing irritability and emotion dysregulation (test–

retest correlation coefficient: 0.80 and Cronbach alpha = 0.92)

(Mulraney, Melvin, & Tonge, 2014; Stringaris et al., 2012). The ARI

comprises 7-item parallel parent- and self- reports that are designed

to assess the child's irritable behavior (6 items; e.g., easily annoyed by

others, often loses temper) and impairment (1 item; i.e., irritability cau-

ses problems) over the past 6 months. Ratings were made based on a

3-point Likert scale, ranging from 0 (Not true) to 2 (Certainly true).

IQ was measured by the Wechsler Abbreviated Scale of Intelli-

gence (WASI-I or II) to rule out intellectual disability (IQ < 70)

(Wechsler, 2011).

2.3 | Data acquisition

Neuroimaging data were collected on a 3T Siemens Skyra scanner

(Erlangen, Germany). A T1-weighted magnetization-prepared rapid

gradient-echo sequence was used for obtaining high-resolution ana-

tomical images with the following parameters: 176 axial slices, repeti-

tion time (TR) = 2,200 ms; echo time (TE) = 2.48 ms; flip angle = 8�;

field of view (FOV) = 23 � 23 cm2; matrix = 256 � 208; slice

thickness = 1 mm; voxel size = 0.9 � 0.9 � 1 mm3.

Quality control was conducted at multiple points in the data

processing; first, the raw T1-weighted images were visually examined

for structural abnormalities and artifacts (e.g., ghosting or blurring)

due to head motion or dental instruments (prior to preprocessing),

secondly, the statistical quality checks were performed using covari-

ance between normalized segmented images to assess inter-subject

homogeneity and overall image quality and identify possible outliers

TABLE 1 Demographic and clinical
characteristics of the DMDD and healthy
control groups

Severe irritability group (N = 46) Control group (N = 62) t or chi

Sex (Boy) 34 (73.91%) 42 (67.74%) 0.48

Age 13.78 14.32 1.2

IQ 100.45 102.97 1.33

ARI-S 6.52 1.02 16.73***

ARI-P 8.22 0.45 23.75***

TIV 1,486.22 (153.61) 1,494.97 (139.63) 0.31

Disorder ADHD 38 (82.61%) —

ODD 28 (60.87%) —

MDD 10 (21.74%) —

DMDD 22 (47.83%) —

CD 5 (10.86%) —

GAD 8 (17.39%) —

Abbreviations: ADHD, attention deficit hyperactivity disorder; ARI-S, self-report affective reactivity

index; ARI-P, parent-report affective reactivity index; CD, conduct disorder; DMDD, disruptive mood

dysregulation disorder; GAD, generalized anxiety disorder; ODD, oppositional defiant disorder.

***p < .001 for group comparisons.
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(i.e., gray matter segmented images with mean values greater than

two standard deviations from the sample mean), and a visual inspec-

tion of the final preprocessed image was conducted again for poten-

tial newly introduced artifacts. No participant was excluded following

these steps.

2.4 | Voxel-based morphometry (VBM) analysis

2.4.1 | Preprocessing of VBM

VBM analysis was performed using the Computational Anatomy Toolbox

(CAT12; http://dbm.neuro.uni-jena.de/cat/), an extension toolkit of the

Statistical Parametric Mapping software package (SPM12, https://www.

fil.ion.ucl.ac.uk/spm/software/spm12/) running in MATLAB (R2019a;

MathWorks, Natick, MA). CAT12 provides the platform for all the ana-

lyses including voxel-based morphometry as well as surface-based mor-

phometry, and it offers processing pipelines for both procedures. Prior

research confirmed the accuracy of CAT12 as a measurement of CT

(Dahnke, Yotter, & Gaser, 2013) and folding index (Righart et al., 2017;

Seiger, Ganger, Kranz, Hahn, & Lanzenberger, 2018).

All anatomical images were preprocessed as follows: (1) correcting

for bias-field inhomogeneity; (2) segmenting into gray matter, white

matter, and cerebrospinal fluid (Ashburner & Friston, 2005); (3) creat-

ing the customized gray matter templates from the study images using

the diffeomorphic nonlinear registration algorithm (diffeomorphic ana-

tomical registration through exponentiated lie algebra, DARTEL) tech-

nique to improve inter-subject brain image registration (Ashburner,

2007); (4) warping the gray matter DARTEL templates into the tissue

probability maps in Montreal Neurological Institute (MNI) space using

registration and spatial normalization with preservation of the relative

amount of GMV; (5) smoothing with an a 8-mm full width at half max-

imum (FWHM) Gaussian kernel for statistical analyses (Leblanc,

Dégeilh, Daneault, Beauchamp, & Bernier, 2017).

2.4.2 | Brain tissue volumes: group analysis

After preprocessing, multivariate analysis of covariance (MANCOVA)

was performed to determine contributions of group toward whole

GMV, white matter, and CSF volumes controlling the nuisance vari-

ables including total intracranial volume (TIV), sex, IQ, and age using

SPSS version 26 (IBM Corp., Armonk, NY).

2.4.3 | GMV: group analysis

Exploratory whole-brain VBM analysis for GMV was conducted to com-

pare voxel-wise GMV difference between youths with severe irritability

and healthy youths. To eliminate the edge effects between the gray and

white matter border, all voxel with gray mater values of 0.1 (absolute

threshold masking) were excluded. To control the effect of nuisance var-

iables, age, TIV, IQ, and sex variables were entered as covariates.

2.4.4 | GMV: the severity of irritability within the
youths with severe irritability

Partial correlation analysis was performed to investigate the associa-

tion between GMV and the severity of irritability using ARI score after

excluding the effect of the nuisance variables in youths with severe

irritability. The statistical significance of group differences and correla-

tion analysis were set at uncorrected p < .001 at a cluster extent of

>50 voxels.

2.5 | Surface-based morphometry (SBM) analysis

2.5.1 | Preprocessing of SBM

Data preprocessing, cortical surface extraction, and statistical analyses

were conducted with the CAT12 implemented in SPM12. We applied

a fully automated processing pipeline for SBM provided by CAT12

toolbox that allows the simultaneous estimation of multiple morpho-

metric parameters including CT and LGI based on the absolute means

curvature approach (Luders et al., 2006) and the reconstruction of the

central surface of the left and right hemisphere by using the projec-

tion-based thickness method (Dahnke et al., 2013).

SBM preprocessing involved the following steps: (1) estimating WM

distance based on tissue segmentation, projection of local maxima to

other GM voxels with a neighbor relationship derived by WM distance

using partial volume correction, sulcal blurring, and sulcal asymmetries

without sulcus reconstruction, (2) topological correcting using spherical

harmonics-based approach (Yotter, Nenadic, Ziegler, Thompson, &

Gaser, 2011), (3) spherical registration by applying an adapted volume-

based diffeomorphic DARTEL algorithm, (4) reparameterization by the

surfaces into a common coordinate system, (5) smoothing with a 15 mm

(FWHM) (Dahnke et al., 2013; Leblanc et al., 2017).

Also, the LGI can be extracted based on an absolute mean curva-

ture approach (Luders et al., 2006). Central cortical surfaces were cre-

ated for both hemispheres separately.

2.5.2 | Mean CT in whole brain: group analysis

After preprocessing, analysis of covariance (ANCOVA) was performed

to determine contributions of group toward mean CT of whole brain

controlling for age, IQ, and sex covariates using SPSS version 26 (IBM

Corp., Armonk, NY USA).

2.5.3 | CT and LGI: group analysis

Statistical comparisons were performed by applying the general linear

model (GLM) approach implemented in CAT12/SPM12 for each of

the two morphometric methods (i.e., LGI and CT). We conducted

group difference of CT and LGI between youths with severe irritability

and healthy youths using age, sex, and IQ as covariates. The threshold
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of the statistical parametric map was at uncorrected p < .001 at a clus-

ter extent of >50 voxels (Lee, Kwak, & Chey, 2019). Atlas labeling was

performed according to Destrieux atlas (Destrieux, Fischl, Dale, &

Halgren, 2010).

2.5.4 | CT and LGI: the severity of irritability within
the patients with severe irritability

We performed whole-brain analyses investigating both positive and

negative correlations between the severity of irritability and anatomi-

cal marker (i.e., CT and LGI) controlling the nuisance variables, apply-

ing thresholds of uncorrected p < .001 at a cluster extent of >50

voxels.

3 | RESULTS

3.1 | Participant characteristics

Individuals with severe irritability and healthy controls did not differ

significantly in age (t = 0.48, p = .63), sex (x2 = 0.48, p = .49), IQ

(t = 1.20, p = .23), and TIV (t = 0.31, p = .76); see Table 1.

3.2 | VBM analysis

3.2.1 | Brain tissue volumes: group analysis

MANCOVA showed a significant main effect of group [F

(1, 106) = 3.664, p = .015] for GM, WM, and CSF volumes after con-

trolling TIV, age, IQ, and sex. Pairwise comparisons revealed that indi-

viduals with severe irritability had less total cortical GM [F

(1, 106) = 8.649, p = .004] and larger WM volume [F(1, 106) = 5.049,

p = .027] compared to healthy controls; see Table S1.

3.2.2 | GMV: group analysis and the severity of
irritability within patients with severe irritability

In the group analysis, the severe irritability group had lower GMV in

the bilateral superior/middle frontal gyrus, the bilateral insula, and

putamen, left temporal gyrus, right parahippocampal gyrus, left middle

occipital gyrus, left lingual gyrus, left angular gyrus, and right cerebel-

lum compared to the healthy group. Also, there were significant nega-

tive correlations between the severity of irritability (i.e., ARI scores)

and the GMV in right superior frontal gyrus (partial r = �.49), left

precentral gyrus (partial r = �.53), left middle occipital gyrus (partial

r = �.35), right parahippocampal gyrus (partial r = �.47), right cere-

bellum (partial r = �.47), and right caudate (partial r = �.49) within

patients with severe irritability; see Table S2 and 2 and Figure 1. For

the correlation result of the entire group, see Supplemental Material

Section 1.

3.3 | SBM analysis

3.3.1 | Mean CT in whole brain: group analysis

There is no main effect of group [F(1, 106) = .389, p > .05] for mean

CT after controlling IQ, age, and sex; see Table S1.

3.3.2 | CT: group analysis and the severity of
irritability within the patients with severe irritability

In contrast to predictions but in line with the VBM analysis, the result

of SBM group comparison showed decreased CT for the severe irrita-

bility group in the superior frontal gyrus compared to the healthy

group. In addition, the severity of irritability had significantly negative

correlation with the CT of right superior frontal gyrus (partial

r = �.48) in the correlation analysis; see Table S3 and 3 and Figure 2.

In Table S3 and 3, we also reported other regions showing signifi-

cantly increased CT of the left superior temporal gyrus, right para-

hippocampal gyrus, and left short insular gyrus in group analysis, as

well as regions including the right pre/postcentral gyrus showing sig-

nificant negative correlation with the severity of irritability. For the

correlation result of the entire group, see Supplemental Material

Section 2.

3.3.3 | LGI: group analysis and the severity of
irritability within the patients with severe irritability

In line with the results of VBM and SBM mentioned above, in the

between-group analysis, the severe irritability group exhibited

decreased LGI in the superior frontal gyrus and middle frontal gyrus

compared to the healthy youths, after controlling age, sex, and IQ; see

Table S4. In Table S4, we also reported the other regions showing

decreased LGI, including left short insular gyri and left superior tem-

poral gyrus in the severe irritability group compared to the healthy

group. The LGI analysis within the severe irritability group showed

clusters in the right middle temporal gyrus (partial r = �.38) right

superior part of the precentral sulcus (partial r = �.35), left post-

central sulcus (partial r = �.26), and right medial orbital sulcus (partial

r = �.42) with a significant negative correlation of LGI with the sever-

ity of irritability (Figure 3 and Table 4). For the correlation result of

the entire group, see Supplemental Material Section 3.

4 | DISCUSSION

In this study, we aimed to determine the structural aberrations in

youths with severe irritability, by comprehensive and simultaneous

assessment of CT, GMV, and LGI. There are two main findings. First,

the decreased CT, GMV, and LGI in the right SFG was commonly

found in youths with severe irritability compared to healthy youths. In

addition, CT, GMV, and LGI of the right SFG were negatively
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correlated with the severity of irritability (i.e., ARI score) in youths

with severe irritability. Second, there were other regions than SFG

where GMV and LGI were significantly decreased in youths with irri-

tability but without corresponding evidence of CT changes. These

regions included the left insula, right parahippocampal gyrus, and left

superior temporal gyrus. In summary, the current findings suggest that

structural impairment in the SFG (CT, GMV, and LGI) may be associ-

ated with severe irritability in youths. Different indices of cortical

macrostructure can be helpful to provide additional and complemen-

tary information in interpreting the structural changes in this finding.

Previous structural MRI studies have reported that irritability is

linked to aberrations in the fronto-striatal-temporal regions (Adleman

et al., 2012; Dennis et al., 2019; Gold et al., 2016; Jirsaraie

et al., 2019; Pagliaccio et al., 2018). Our finding confirms this by

showing reduced fronto-striatal-temporal volumes in the GMV analy-

sis, including the bilateral frontal cortex (BA 6, 8, 9, and 10), bilateral

putamen, and left temporal gyrus (BA 20, 21, and 37), in youths with

severe irritability compared to healthy youths (Table S2). Recent fMRI

studies using response inhibition tasks or emotion labeling tasks

showed that higher levels of irritability were related to increased neu-

ral activation in the fronto-striatal-temporal regions including the

frontal gyrus, parahippocampal gyrus, anterior cingulate, and striatum,

suggesting that youths with higher levels of irritability may require

more neural resources in these areas to compensate for poor inhibi-

tory control performance (Deveney et al., 2012; Deveney et al., 2013;

Singh et al., 2010; Stoddard et al., 2017; Tseng et al., 2019; Wiggins

et al., 2016). Previous studies of youths with diagnoses of ADHD or

autism spectrum disorder indicated that dysfunctional fronto-striatal-

temporal regions may be implicated in impairment in inhibitory con-

trol, which might be a contributing factor to irritability as well (Langen

et al., 2012; Liuzzi et al., 2020; McAlonan et al., 2009).

Among the fronto-striatal-temporal regions, we recurrently iden-

tified the reduction of right SFG in the - CT, GMV, and LGI results

(Tables S2, S3, and S4), and the negative relationship between the CT,

GMV, and LGI of the SFG and the severity of irritability in youths with

severe irritability (Tables 2, 3, and 4). The SFG is located at the supe-

rior part of the prefrontal cortex and includes multiple cyto-

architecturally different subregions such as the Brodmann areas (BAs)

4, 6, 8, 9, and 32 (Li et al., 2013; Petrides & Pandya, 2002). The part

of SFG shown in this study corresponds to the supplementary motor

area (SMA), preSMA, and a part of the premotor cortex (BA 4 and 6).

Prior studies reported that this region is connected with the opercular

part of the inferior frontal gyrus, precentral gyrus, middle cingulate

cortex, and striatum (Ford, McGregor, Case, Crosson, & White, 2010)

F IGURE 1 VBM correlation analysis (p < .001, uncorrected) in the severe irritability group. Brain regions that show a negative correlation
with the severeness of irritability (ARI scores). Right superior frontal gyrus (peak MNI coordinate: [39, �17, 65]); right parahippocampal gyrus
(peak MNI coordinate: [�23, �5, �30]); left precentral gyrus (peak MNI coordinate: [�65, 6, 24]); left middle occipital gyrus (peak MNI
coordinate: [�33, �75, 6]); right caudate (peak MNI coordinate: [20, 26, 9]); right cerebellum (peak MNI coordinate: [�2, �68, �11]). The x-axis
represents the ARI score, and the y-axis shows the relative amount of GMV
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and serves functions of motor control or top-down cognitive control

including conflict monitoring, error detection, response selection, and

attention control (Chouinard & Paus, 2010; Li et al., 2013; Martino

et al., 2011; Nachev, Kennard, & Husain, 2008). Recently, Fishburn

and his colleagues explored the relationship between frontal cortex

activation during inhibitory control and the entire set of

F IGURE 3 Links between LGI and severity of irritability in the severe irritability group. Shown are correlations at p ≤ .001, uncorrected for
multiple comparisons. The x-axis represents the ARI score, and the y-axis shows the LGI

F IGURE 2 SBM correlation analysis in the severe irritability group (p < .001, uncorrected at peak level). Clusters that had significant
correlation of CT with ARI scale values. The x-axis represents the ARI score, and the y-axis shows the CT
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temperamental dimensions including anger/frustration, impulsivity,

and low intensity pleasure (Fishburn et al., 2019). They found that

anger/frustration among temperament domains was uniquely predic-

tive of the amount of activation positively related to inhibitory con-

trol. Taken together, these finding suggest a significant role of the

attenuated SFG in the inhibitory control deficit, likely leading to the

symptom manifestation of severe irritability (Bonham, Shanley,

Waters, & Elvin, 2021).

We observed contradictory results in the left insula, right para-

hippocampal gyrus, and left superior temporal gyrus among CT, GMV,

and LGI. There were reduced GMV and LGI related to severe irritabil-

ity, but increased CT was shown in these regions in youths with

severe irritability compared to healthy youths. This discrepancy

between GMV, LGI, and CT may be associated with differences

between what the measures of these indices structurally represent.

Recent studies demonstrated that the changes of CT and LGI repre-

sent changes in laminar structure and folding patterns of the cortical

area respectively, while the changes of GMV was mediated by the

changes of CT, LGI, CSA and gray/white matter intensity contrast

(Hutton et al., 2009; Panizzon et al., 2009; Winkler et al., 2018). Sev-

eral studies also demonstrated that the indices of cerebral morphol-

ogy including CT and CSA are not linked genetically (Winkler

et al., 2018), influenced by regionally distinct genetic factors (Chen

et al., 2011), nor follow different trajectories over the lifespan (Fjell

et al., 2015), suggesting CSA and CT are globally and regionally inde-

pendent, and different biological factors may contribute to the

changes in CT and CSA (Chen et al., 2011; Fjell et al., 2015;

Rakic, 2007; Winkler et al., 2018). Furthermore, molecular genetics

studies suggest that the discrepancy between CT and GMV in these

regions may be due to an impaired structural cortical development

TABLE 2 Regions showing significant
correlation between GMV and severity of
irritability in the severe irritability groupBrain region

Label MNI coordinates

Tmax Number of voxel(BA) x y z

Negative correlation

Right superior frontal gyrus 4, 6 39

38

�17

�5

65

66

4.06

3.55

245

Left precentral gyrus

Inferior frontal gyrus

6, 9, 44 �65

�51

�50

6

�6

�3

24

20

11

4.48

3.62

3.59

261

Left parahippocampal gyrus 36 �23 �5 �30 3.84 72

Right caudate 20 26 9 4.14 128

Left middle occipital gyrus 19 �33 �75 6 4.68 78

Left cerebellum VI �2 �68 �11 3.97 45

Abbreviations: BA, Brodmann area; MNI, Montreal Neurological Institute.

Note: MNI coordinates of the maximum t-scores are shown for each cluster. Results are reported at

p < .001, uncorrected for the whole-brain analysis.

TABLE 3 Regions showing significant
correlation between CT and severity of
irritability in the severe irritability groupBrain region

MNI coordinates

Tmax Number of voxelx y z

Negative correlation

Right superior frontal gyrus 20 7 67 3.52 52

Right precentral gyrus 45 �14 55 4.35 102

Right postcentral gyrus 18 �40 67 4.12 110

Note: MNI coordinates of the maximum t-scores are shown for each cluster. Results are reported at

p < .001, uncorrected for the whole-brain analysis.

TABLE 4 Regions showing significant
correlation between LGI and severity of
irritability in the severe irritability group

Overlap of atlas region Cluster size p (uncorrected) Tmax

Negative correlation

100% right superior part of the precentral sulcus 1,920 <.001 3.52

100% left postcentral sulcus 4,447 <.001 3.40

100% right middle temporal gyrus 3,137 <.001 3.57

100% right medial orbital sulcus 951 <.001 3.65

Note: Results are reported at p < .001, uncorrected.
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(Huttenlocher & Dabholkar, 1997; Huttenlocher, De Courten, Garey, &

Van der Loos, 1982; Petanjek et al., 2011; Petanjek, Judaš, Kostovi�c, &

Uylings, 2008). The underlying neurobiological mechanisms for devel-

opmental changes in CT include both the process leading to early

postnatal thickness increase (i.e., proliferation of dendrites, dendritic

spines, axonal sprouting, and vascular development) and the process

leading to apparent thinning (i.e., synaptic pruning and intracortical

myelination) (Huttenlocher et al., 1982; Huttenlocher &

Dabholkar, 1997; Petanjek et al., 2008; Petanjek et al., 2011). Specifi-

cally, the apparent thinning process could move the boundary

detected in MRI between the gray and the white matter outward to

the brain surface, thereby causing apparent thinning of the MRI-

reconstructed cortex (Fjell et al., 2015). In line with these findings, the

increased LGIs of these regions shown in this study may indicate

lower degree of cortical maturation and are evidence to explain the

increased CT and reduced GMV in youths with severe irritability.

In addition, the different pattern between the SFG (i.e., decreased

GMV, LGI, and CT) and the left insula, right parahippocampal gyrus,

and left superior temporal gyrus (i.e., decreased GMV, LGI, and

increased CT) may be due to the different rates of cortical develop-

ment by the specific age range of the study population (10–18 years

old) in the individual brain regions (Fjell et al., 2015). A study on devel-

opmental and lifespan changes in CT showed that there is no similar-

ity for CT by age between the SFG (i.e., motor/pre-motor/SMA area)

and the temporal area, and the SFG exhibits more rapid cortical thin-

ning than the temporal lobe under 20 years of age (Fjell et al., 2015).

These findings demonstrate that irritability is associated with

structural aberrance in the right SFG, left insula, right para-

hippocampal gyrus, and left superior temporal gyrus. Different results

in individual indices of cortical morphology may be found due to dif-

ferences in the rate of cortical development in each region.

Several limitations of our study should be noted. First, although

there were clear correlations between severity of irritability and vol-

ume reduction in various areas (especially in SFG by multiple

methods), it should be noted that the sample showed a significant

propensity for externalizing diagnoses (82.6% ADHD, 60.9% ODD,

47.8% DMDD, and 21.7% MDD). As such, it is possible that the cur-

rent results primarily address the structural correlates of increased irri-

tability in adolescents with externalizing conditions rather than cross-

diagnostically more generally. It will be important in future work to

confirm that the current results are also relevant to irritability in ado-

lescents with internalizing conditions.

Second, although there were clear correlations between severity

of irritability and volume reduction in various areas (especially in SFG),

it is possible that categorical diagnosis (especially ADHD given the

high percentage of participants who had this diagnosis [82.61%]) may

be a critical factor in our current findings. However, at the same time,

it should be noted that generally not all ADHD patients show severe

levels of irritability (39.8% irritable type in ADHD) (Karalunas

et al., 2014). Thus, our results may point toward the impact of severity

of irritability or at least combined effect of categorical diagnosis and

severe irritability rather than any categorical diagnosis alone. Future

research is warranted in this regard.

Third, the sample size of youths with severe irritability (n = 46)

was relatively small for correlation analysis. However, these results

have the strength of acquiring data from youths with psychiatric

diagnoses confirmed by a structured interview (The Kiddie-Schedule

for Affective Disorders and Schizophrenia for School-Age Children-

Present and Lifetime Version, K-SADS-PL) (Kaufman, Birmaher,

Brent, Ryan, & Rao, 2000). Also, we presented the additional corre-

lation results obtained from a larger number of participants

(N = 108) including healthy youths and found a significantly differ-

ent correlation pattern between groups (see Tables S6–S8 and

Figures S1–S3).

Lastly, this was a cross-sectional study and we could not provide

any longitudinal observation of the structural abnormalities related to

severe level of irritability. Although age was not significantly different

and was used as a covariate in all of the analyses, the structural differ-

ence observed might reflect normal variation during brain develop-

ment. However, previous longitudinal MRI work has indicated that

GMV in the frontal lobe shows decreased volume during adolescence,

after a peak occurring at around 12 (Bansal, Gerber, &

Peterson, 2008; Giedd et al., 1999; Lenroot & Giedd, 2006; Semple,

Blomgren, Gimlin, Ferriero, & Noble-Haeusslein, 2013). As such, the

slightly older healthy control group might be expected to show smaller

GMV as a consequence of normal development. This would imply that

the current results underplay the GMV irritability findings. Future lon-

gitudinal studies are warranted, to investigate potential delay in corti-

cal development/maturation related to irritability in youths (Fjell

et al., 2015).

Despite these limitations, this is the first study to investigate

differences in CT, GMV, and LGI comprehensively and simulta-

neously in youths with severe irritability. We provide new evi-

dence that youths with severe irritability demonstrate associated

with structural alteration within the right SFG, left insula, right

parahippocampal gyrus, and left superior temporal gyrus. Specifi-

cally, SFG showed reduced GMV, CT, and LGI, which were associ-

ated the level of irritability manifested by the youths. Our findings

suggest that structural deficits in regions necessary for inhibitory

control, such as the superior frontal gyrus, may be critical for the

neurobiology of irritability. Also, the different results of individual

indices of cortical morphology in the left insula, right para-

hippocampal gyrus, and left superior temporal gyrus may be

related to differences in the rate of cortical development in each

region, suggesting that different indices of cortical morphology

provide additional and complementary information and that future

studies could benefit from studying several cortical properties

simultaneously.
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