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Accelerated cortical thinning within structural brain networks
is associated with irritability in youth
Robert J. Jirsaraie1, Antonia N. Kaczkurkin1, Sage Rush1, Kayla Piiwia1, Azeez Adebimpe 1, Danielle S. Bassett1,2,3,4,5, Josiane Bourque1,
Monica E. Calkins1, Matthew Cieslak1, Rastko Ciric1, Philip A. Cook6, Diego Davila1, Mark A. Elliott6, Ellen Leibenluft7, Kristin Murtha1,
David R. Roalf1, Adon F. G. Rosen 1, Kosha Ruparel1, Russell T. Shinohara8, Aristeidis Sotiras6, Daniel H. Wolf1,
Christos Davatzikos6,2,3 and Theodore D. Satterthwaite 1

Irritability is an important dimension of psychopathology that spans multiple clinical diagnostic categories, yet its relationship to
patterns of brain development remains sparsely explored. Here, we examined how transdiagnostic symptoms of irritability relate to
the development of structural brain networks. All participants (n= 137, 83 females) completed structural brain imaging with 3 Tesla
MRI at two timepoints (mean age at follow-up: 21.1 years, mean inter-scan interval: 5.2 years). Irritability at follow-up was assessed
using the Affective Reactivity Index, and cortical thickness was quantified using Advanced Normalization Tools software. Structural
covariance networks were delineated using non-negative matrix factorization, a multivariate analysis technique. Both cross-
sectional and longitudinal associations with irritability at follow-up were evaluated using generalized additive models with
penalized splines. The False Discovery Rate (q < 0.05) was used to correct for multiple comparisons. Cross-sectional analysis of
follow-up data revealed that 11 of the 24 covariance networks were associated with irritability, with higher levels of irritability being
associated with thinner cortex. Longitudinal analyses further revealed that accelerated cortical thinning within nine networks was
related to irritability at follow-up. Effects were particularly prominent in brain regions implicated in emotion regulation, including
the orbitofrontal, lateral temporal, and medial temporal cortex. Collectively, these findings suggest that irritability is associated with
widespread reductions in cortical thickness and accelerated cortical thinning, particularly within the frontal and temporal cortex.
Aberrant structural maturation of regions important for emotional regulation may in part underlie symptoms of irritability.

Neuropsychopharmacology (2019) 44:2254–2262; https://doi.org/10.1038/s41386-019-0508-3

INTRODUCTION
Irritability is a debilitating dimension of psychopathology that cuts
across multiple psychiatric disorders, including major depression,
bipolar disorder, generalized anxiety disorder, oppositional defiant
disorder, and disruptive mood dysregulation disorder. Symptoms
of irritability include angry mood, exaggerated responses to
negative stimuli, and limited frustration tolerance [1]. More
specifically, irritability can be categorized as a chronically
increased reactivity to negative emotional stimuli that is
manifested verbally or behaviorally through temper tantrums,
verbal rages, and/or aggression toward people or property. While
many youths with severe irritability are diagnosed with bipolar
disorder, studies utilizing careful assessment and longitudinal
follow-up have demonstrated that the phenotype of chronic
irritability is distinct from bipolar disorder [2–6]. This conceptua-
lization is supported by evidence that symptoms of irritability exist
along a continuum and can be measured reliably across disorders
as a unique dimension [7–9]. Prior studies have revealed that

irritable youths are at increased risk for anxiety and depressive
disorders and diminished functional outcomes, including reduced
income and educational attainment [2, 10, 11]. Despite growing
research on the impact of irritability, its neurobiological substrates
remain sparsely investigated. This gap is critical, as understanding
how aberrant patterns of brain development confer vulnerability
to irritability is a prerequisite for targeted interventions that “bend
the curve” of brain maturation to achieve better outcomes.
Symptoms of irritability are common in early childhood but

generally decrease with age [12]. However, there are subgroups of
children who exhibit chronically elevated levels of irritability
throughout development [12–14]. To date, only two studies have
investigated how irritability relates to longitudinal brain develop-
ment [15, 16]. Adleman et al. (2012) reported that irritable youths
had decreased gray matter volume in regions that support
cognitive control and motor inhibition, such as the pre-
supplementary motor area, insula, and dorsolateral prefrontal
cortex. In contrast, Pagliaccio et al. (2018) reported that chronically
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irritable youths had increased cortical thickness (CT) in the
superior temporal and dorsolateral prefrontal cortex. Notably,
longitudinal analyses from both studies did not detect any
significant differences in the rate of cortical changes between the
irritable group and typically developing groups. However, both
studies used standard image analysis techniques and assessed
irritability using a case–control design.
In addition to this prior work in structural imaging, studies using

functional imaging have found that chronic irritability is asso-
ciated with aberrant activation in fronto-temporal regions
important for emotion regulation, including the dorsolateral
prefrontal cortex, lateral orbitofrontal cortex, and anterior
temporal cortex [17–19]. Additional functional magnetic reso-
nance imaging (MRI) studies using response inhibition tasks have
similarly reported that irritability is related to abnormal activation
of the dorsolateral prefrontal cortex, which could further
contribute to deficits in affect regulation [20, 21]. Studies using
functional near infrared spectroscopy suggest that abnormalities
of the dorsolateral prefrontal cortex can be detected as early as
3–5 years of age [22, 23]. Furthermore, anger and irritability were
found to be inversely correlated with the functional connectivity
between the amygdala and regulatory regions such as the
orbitofrontal cortex [24–26].
Taken together, these findings suggest that abnormalities

within executive and affective circuitry may be associated with
chronic irritability. However, longitudinal studies of irritability are
scarce, thereby limiting inferences that directly relate irritability to
development. In fact, previous longitudinal studies on irritable
youths have only acquired neuroimaging data between the ages
of 7 to 16 years [15, 16]. Consequently, less is known about the
neural markers of irritability during both infancy and early
adulthood. Both stages of development are important given that
the fronto-temporal regions critical for affect regulation under-
goes protracted maturation throughout childhood and well into
early adulthood [9, 27]. In particular, mapping neural trajectories
as irritable youths transition into adulthood could be helpful for
preventing deleterious outcomes during that period, which is
when substance use, mood, and psychotic disorders often
emerge [28].
In this study, we investigated how longitudinal structural brain

maturation relates to a dimensional measure of irritability in a
transdiagnostic sample of adolescents and young adults. We
hypothesized that irritability at follow-up would be associated
with reduced CT and accelerated longitudinal thinning in brain
regions implicated in emotion regulation such as the dorsolateral,
ventrolateral, and orbitofrontal cortex. In contrast to prior studies
that examined structural differences within specific regions [15] or
across hundreds of thousands of voxels [16], we studied structural
covariance networks using a powerful multivariate analysis
technique known as non-negative matrix factorization (NMF).
Previous work using this approach has demonstrated that NMF-
derived networks enhance both interpretability and statistical
power [29, 30]. As described below, we provide new evidence that
irritability is associated with reduced CT and accelerated thinning
in brain regions critical for emotion regulation.

METHODS
Participants
A total of 137 participants (mean age= 16.0 years, SD= 3.2,
range= 8–22 years, 80 non-Caucasian, 83 females) were recruited
from the Philadelphia Neurodevelopment Cohort (PNC; [31, 32]).
As part of the PNC, all participants received a psychiatric screening
interview and a structural MRI scan. Four items from the
psychiatric interview provided a baseline screening for irritability
(see Supplementary Methods for details). Participants who
endorsed symptoms of irritability from at least one of the four

binary GOASSESS items within the context of a psychiatric
disorder were preferentially contacted about a follow-up study,
in order to evaluate the dimensional impact of irritability across
psychiatric disorders. Of the participants who were recruited for a
follow-up visit, 102 endorsed at least one symptom of irritability
and 35 did not screen positive for any symptoms at baseline (see
Table S1). Follow-up diagnostic interviews, irritability assessments,
and MRI scans were completed with a mean inter-scan interval of
5.2 years (inter-scan interval SD= 1.0, mean age= 21.1 years,
SD= 3.0, range= 13–26 years). All procedures were approved by
the Institutional Review Boards of the University of Pennsylvania
and the Children’s Hospital of Philadelphia.

Clinical phenotyping
Psychopathology symptoms at baseline were evaluated using a
structured computerized screening interview [33], which was a
modified version of the Kiddie-Schedule for Affective Disorders
and Schizophrenia [34]. As previously described [35], the
GOASSESS interview collected information on symptoms, fre-
quency, duration, distress, and impairment for lifetime mood,
anxiety, behavioral, eating, and psychosis-spectrum disorders. A
total of 98 participants screened positive for at least one
psychiatric disorder, and 39 did not screen positive for any
disorder. Notably, a specialized assessment of irritability was not
collected at baseline. However, four items from the GOASSESS
screening interview were summed to provide a coarse dimen-
sional assessment of irritability (see Supplementary Methods). All
98 participants with a psychiatric disorder reported symptoms of
irritability at baseline along with 4 participants without a
psychiatric disorder.
Clinical diagnoses at follow-up were assessed using a custom

protocol [36] including modules from the Kiddie-Schedule for
Affective Disorders and Schizophrenia [34], the Disruptive Mood
Dysregulation Disorder Child Version [19], and the psychotic and
mood differential diagnosis modules of the Structured Clinical
Interview for DSM-IV [37]. All sections were administered by highly
trained assessors in a semi-structured manner, allowing for follow-
up probes and clarification of endorsed items. The semi-structured
interview used to assess diagnosis status at follow-up was more
detailed compared to the fully structured baseline screening
interview (GOASSESS). As a result, the baseline interview may have
been more sensitive but less specific, resulting in the higher rates
of observed psychopathology at baseline. At the second time-
point, there were 70 participants with at least one clinical
diagnosis, and 67 participants who did not meet criteria for any
disorders (see Table S2).
At follow-up, the Affective Reactivity Index (ARI) was used to

measure self-reported symptoms of irritability [38]. This scale
contains six items on symptom severity and a seventh item on
functional impairment, which are rated on a three-point scale
(ranging from 0 for “not true” to 2 for “certainly true”). The
reliability and validity of the ARI have been previously reported
[38, 39]. The sum of the first six items in the ARI was used as a
dimensional measure of irritability, which was log transformed to
obtain a more normal distribution (mean= 0.81, SD= 0.75,
range= 0–2.7; see Figure S1A).
As psychiatric symptoms have substantial comorbidity, one

potential risk is that any observed associations with irritability may
be driven by collinearity with other symptom domains (see
Fig. S1B). To evaluate this possibility, symptoms from relevant
domains were measured at follow-up using the Beck Depression
Inventory (BDI; [40]), the Screen for Child Anxiety Related
Disorders (SCARED; [41]), the Strengths and Weaknesses of ADHD
symptoms and Normal-behaviors (SWAN; [42]), and the PRIME
Early Psychosis Screening Test (PRIME; [43]). These additional
dimensions of psychopathology were included as covariates in
sensitivity analyses.
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Image acquisition
The baseline structural images were collected as part of the
Philadelphia Neurodevelopment Cohort [31, 32]. In brief, all
baseline scans were acquired on the same MRI scanner (Siemens
TIM Trio 3 Tesla, Erlangen, Germany; 32-channel head coil) using
the same imaging sequence. Structural brain imaging was
completed using a magnetization-prepared, rapid acquisition
gradient-echo (MPRAGE) T1-weighted image with the following
parameters: TR 1810ms; TE 3.51 ms; FOV 180 × 240mm; matrix
256 × 192; 160 slices; slice thickness/gap 1/0 mm; TI 1100ms; flip
angle 9°; effective voxel resolution of 0.93 × 0.93 × 1.00 mm; total
acquisition time 3:28 min. The follow-up structural scans were
completed on a different MRI scanner (Siemens Prisma 3 Tesla,
Erlangen, Germany; 64-channel head coil), but the imaging
sequence and parameters were identical to those used on the
baseline acquisition, and all measures were statistically harmo-
nized prior to analysis; we describe this harmonization procedure
in detail below.

Image processing and quality assurance
Structural image processing for estimating CT was completed with
Advanced Normalization Tools version 2.1.0 (ANTs). A custom
template and tissue priors were utilized to avoid registration bias
and maximize sensitivity to detect regional effects that can be
impacted by registration errors. Structural images were then
processed and registered to this template using the ANTs CT
pipeline [44, 45]. This procedure includes brain extraction, N4 bias
field correction [46], Atropos probabilistic tissue segmentation
[47], top-performing SyN diffeomorphic registration to template
space [48], and diffeomorphic registration based CT measurement
[49]. The ANTs CT pipeline has been validated in multiple open
data sets, has good test–retest reproducibility, and enhanced
ability to predict age and gender from regional thickness
measurements when compared to FreeSurfer [44]. CT images
were down-sampled to 2mm voxels and subsequently smoothed
by 4mm before applying NMF.
All raw and processed images were reviewed by a highly

trained imaging analyst who provided a quantitative score for
each image [50]. This quality score was included as a covariate in
all analyses, as described below. The analyst was trained to >85%
concordance with faculty consensus ratings on an independent
dataset. All images from both timepoints did not have any
substantial artifacts. As an extra precaution to ensure that our
observed results were not driven by motion artifact, we also re-
computed analyses while controlling for motion during a resting-
state fMRI scan acquired during the same scanning session (see
Tables S3 and S4).

Non-negative matrix factorization
Cortical thickness data from both timepoints were summarized
using structural covariance networks for two reasons. First, prior
work has revealed inherent patterns of covariance in brain
structure and analyzing the data according to this covariance
structure enhances interpretability, as it has been shown to
overlap with underlying functional networks [30, 50, 51]. Second,
distilling the data into covariance networks reduces the large
number of multiple comparisons present in voxel-based mor-
phometry studies [51]. We used NMF to identify structural
networks in which CT consistently co-varies across individuals
and brain regions (see Fig. S2A). This tool (https://github.com/
asotiras/brainparts) implements an extension of standard NMF
that adopts orthonormality constraints for the estimated struc-
tural covariance networks and projective constraints for their
respective loadings [52]. This procedure yields compact networks
with positive weights that are more interpretable and reprodu-
cible compared to other decomposition techniques, such as
principal component analysis and independent component
analysis [29, 30]. Additionally, this procedure employs a

deterministic initialization algorithm [53] that leads to faster
convergence, promotes sparsity, and ensures consistent results
across multiple runs.
Multiple NMF resolutions were examined (2 to 30 networks, in

increments of 2) in order to select the ideal number of
components. Each resolution was computed in a split-half sample
(matched on age, sex, image quality, and irritability) to evaluate
reproducibility. The optimal number of components (24) was
chosen based on the solution with the highest reproducibility
(96.5%), which was quantified using the Adjusted Rand Index (see
Fig. S2B). NMF networks are three-dimensional but were mapped
to a surface for visualization using Caret (see Fig. 1; [54]).

Statistical harmonization
The CT values of structural brain networks from both timepoints
were harmonized using the ComBat procedure to minimize the
potential variance introduced by different MRI scanners. The
ComBat procedure models scanner-specific scaling effects by
utilizing Bayesian techniques that were originally implemented in
the context of statistical genomics. These methods improve
stability of the estimated parameters compared to traditional
approaches, such as covarying for site/protocol effects [55].
Subsequent studies using neuroimaging data have shown that
ComBat removes unwanted sources of scanner variability and
preserves biological associations in the data [56–58]. The ComBat
algorithm has even been effective for lifespan studies with
broad age ranges, similar to our longitudinal design [55]. Effects of
age, sex, and irritability were protected in the harmonization
process.

Statistical analyses
As described in detail below, we evaluated cross-sectional relation-
ships between irritability and CT at both timepoints, in addition to
the longitudinal associations between irritability at follow-up and
the annualized rates of change in CT. Statistical analyses were
completed using R version 3.5.1 [59], and all code is publicly
available (https://github.com/PennBBL/jirsaraieStructuralIrritability).
Given that brain development is a non-linear process [28, 60], age
was always modeled using penalized splines within a generalized
additive model [61]. In this type of model, a penalty is assessed on
nonlinearity using restricted maximum likelihood in order to avoid
overfitting. The false discovery rate was controlled (q < 0.05) using
the Benjamini–Hochberg procedure to correct for multiple
comparisons.
As a first step, we examined the relationships at baseline

between CT and the sum of the four irritability screening items.
Second, we evaluated the relationships at follow-up between CT
and irritability as measured by the ARI. Third, we evaluated how
irritability at follow-up (using the ARI) related to longitudinal rates
of change. Cross-sectional analyses included age, sex, and quality
assurance ratings as covariates; longitudinal analyses included
age at baseline, sex, and an average of the quality assurance
ratings across timepoints as covariates. Longitudinal analyses
evaluated the annualized rates of change in CT [62]. The total
difference in CT between both timepoints was divided by
baseline CT to get the total percent change ΔCT=CTTP1ð Þ, which
was subsequently divided by the time between scans ΔAgeð Þ),
yielding standardized the percent change of CT across all
participants CTRateð Þ:

CTRate ¼ ΔCT=CTTP1ð Þ
ΔAge

�

Sensitivity analyses were conducted on all significant results to
ensure that effects were not being driven by maternal education,
paternal education, race, diagnosis status, or other dimensions of
psychopathology (see above). Each of these variables were
individually included as covariates. Two additional analyses were
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conducted excluding participants taking psychotropic medica-
tions or using recreational drugs. Finally, we examined interac-
tions between irritability and age, irritability and sex, as well as
irritability and diagnostic status (typically developing vs. those
with any psychiatric disorder). The models for cross-sectional,
longitudinal, and age-related moderation analyses were as
follows:

gam
CTTP2 � IrritabilityTP2 þ spline AgeTP2ð Þ þ Sex

þImageQuality RatingTP2

� �

gam
CTRate � IrritabilityTP2 þ spline AgeTP1ð Þ þ Sex

þImageQuality RatingMean

� �

lm
CTTP2 � IrritabilityTP2 ´AgeTP2 þ Sex

þImageQuality RatingTP2

� �

RESULTS
Irritability at follow-up is elevated across diverse diagnostic
categories
Irritability at follow-up was not associated with any demographic
variables at follow-up, such as age (p= 0.657), sex (p= 0.431), race
(p= 0.092), participant education (p= 0.490), paternal education
(p= 0.166), or maternal education (p= 0.872). As expected,
irritability at follow-up varied among diagnostic groups at both
baseline (p= 0.028) and follow-up (p < 0.001). However, this effect
was completely driven by differences between the typically
developing participants and those who met diagnostic criteria
for a psychiatric disorder; irritability did not differ between specific
psychiatric disorders at baseline (p= 0.535) or follow-up (p=
0.446). Despite differing assessments of irritability between
timepoints, the dimensional measures of irritability were signifi-
cantly associated (r= 0.211, p= 0.014).

Fig. 1 Structural covariance networks. Visualization of the 24 structural covariance networks revealed by NMF. Warmer colors indicate higher
loadings. Networks include (1) medial temporal lobe, (2) anterior cingulate, (3) insula, (4) anterior prefrontal cortex, (5) posterior parietal cortex,
(6) dorsolateral prefrontal cortex, (7) inferior frontal cortex, (8) temporo-parietal junction, (9) temporal pole and medial orbitofrontal cortex,
(10) inferior temporal gyrus, (11) occipital cortex, (12) peri-sylvian cortex, (13) fusiform gyrus, (14) dorsal frontoparietal cortex, (15) lateral
temporal cortex, (16) posterior cingulate cortex, (17) supramarginal gyrus, (18) lateral orbitofrontal cortex, (19) temporo-occipital cortex, (20)
inferior temporal cortex, (21) lingual gyrus, (22) superior temporal gyrus, (23) inferior temporal sulcus, (24) precuneus
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Cross-sectional irritability at follow-up is associated with thinner
cortex
As an initial step, we assessed cross-sectional associations
between irritability and CT at each timepoint. At baseline, we
examined the limited measure of irritability that was available
(sum of four screening items), whereas the cross-sectional analysis
in follow-up data used the specialized assessment provide by the
ARI. Cross-sectional analyses of this coarse baseline data did not
reveal any associations that survived FDR-correction. In contrast,
dimensional irritability at follow-up was associated with thinner
cortex within 11 of the 24 NMF networks (see Table 1). Effects
were prominent in networks that included the orbitofrontal

cortex, which is critically involved in emotion regulation (see
Fig. 2). Moderation analyses revealed that only the relationship
between irritability at follow-up and the dorsolateral prefrontal
cortex (network 6) weakened with age (see Figure S3); no other
interactions were significant.

Sensitivity analyses provide convergent results
Sensitivity analyses of cross-sectional findings at follow-up
revealed that irritability remained associated with all 11 networks
when controlling for maternal education, paternal education,
diagnostic status, or race (see Table S5). Despite reduced statistical
power, sensitivity analyses excluding 23 participants who were

Table 1. Cross-sectional associations between irritability at follow-up and structural covariance networks at follow-up

NMF-networks r β SE t p p-FDR

N-1: Medial temporal lobe −0.29 −0.28 1.17 −4.21 <0.001 <0.001

N-8: Temporo-parietal junction −0.23 −0.22 1.44 −3.01 0.003 0.009

N-9: Temporal pole & medial orbitofrontal cortex −0.23 −0.20 1.30 −2.71 0.008 0.023

N-10: Inferior temporal gyrus −0.20 −0.21 1.34 −2.76 0.007 0.018

N-11: Occipital cortex −0.30 −0.26 1.71 −3.59 <0.001 0.003

N-13: Fusiform gyrus −0.37 −0.35 1.07 −4.71 <0.001 <0.001

N-15: Lateral temporal cortex −0.32 −0.31 1.10 −4.25 <0.001 <0.001

N-18: Lateral orbitofrontal cortex −0.26 −0.26 0.84 −3.53 <0.001 0.004

N-20: Inferior temporal cortex −0.20 −0.18 1.01 −2.54 0.012 0.027

N-21: Lingual gyrus −0.20 −0.20 1.17 −2.56 0.012 0.026

N-22: Superior temporal gyrus −0.22 −0.22 0.98 −3.02 0.003 0.009

Partial correlations (Pearson’s r; controlling for age, sex, and data quality), β (standardized regression coefficients), standard errors, t-statistics, uncorrected and
FDR-corrected p-values for significant associations between irritability and CT at follow-up. All analyses were conducted on a log transformation of irritability to
improve normality and contained 132 degrees of freedom

Fig. 2 Thinner cortex within multiple structural covariance networks is associated with irritability at follow-up. Cross-sectional analyses reveal
that thinner cortex within multiple frontal and temporal networks were associated with irritability (log-transformed ARI). These networks
comprise regions that are critical for affective regulation, such as medial temporal cortex, temporal pole, and both medial and lateral
orbitofrontal cortex
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taking psychotropic medications did not significantly impact
results, nor did excluding 32 participants who tested positive on a
urine drug screen (primarily cannabis; see Table S5). Additional
sensitivity analyses were conducted to determine whether these
significant effects were specific to irritability or could reflect
comorbid dimensions of psychopathology. Inclusion of depres-
sion, anxiety, or psychosis-spectrum symptoms as covariates did
not significantly impact results; when dimensional ADHD symp-
toms were included as a covariate 5 of the original 11 networks
persisted (see Table S5).

Irritability at follow-up is associated with accelerated longitudinal
cortical thinning
Finally, we evaluated associations between irritability at follow-
up and the longitudinal rates of change within CT networks.

These analyses revealed that irritability at follow-up was
significantly associated with accelerated longitudinal cortical
thinning within nine networks (see Table 2 and Fig. 3). Notably,
seven of these networks overlapped with the cross-sectional
associations at follow-up. Sensitivity analyses revealed that
irritability remained associated with rate of change within all
nine CT networks when controlling for maternal education,
paternal education, diagnostic status (except for network 18), or
race (see Table S6). All significant effects remained when
excluding participants who were taking psychotropic medica-
tions; four networks persisted after excluding participants who
used had a positive urine drug screen (see Table S6). Finally,
irritability remained associated with CT in these networks when
controlling for comorbid symptoms of ADHD; four networks
remained significant when covarying for anxiety or depression

Table 2. Longitudinal associations between irritability at follow-up and annualized rates of change in structural covariance networks

NMF-networks r β SE t p p-FDR

N-1: Medial temporal lobe −0.35 −0.36 <0.01 −4.46 <0.001 <0.001

N-7: Inferior frontal cortex −0.21 −0.21 <0.01 −2.48 0.014 0.043

N-9: Temporal pole and medial orbitofrontal cortex −0.28 0.28 <0.01 −3.36 0.001 0.008

N-11: Occipital cortex −0.35 −0.34 <0.01 4.32 <0.001 <0.001

N-15: Lateral temporal cortex −0.22 −0.23 <0.01 −2.70 0.008 0.038

N-17: Supramarginal gyrus −0.21 −0.21 <0.01 −2.53 0.013 0.043

N-18: Lateral orbitofrontal cortex −0.20 −0.20 <0.01 −2.45 0.016 0.043

N-20: Inferior temporal cortex −0.24 −0.23 <0.01 −2.81 0.006 0.034

N-22: Superior temporal gyrus −0.20 −0.21 <0.01 −2.44 0.016 0.043

Partial correlations (Pearson’s r; controlling for age, sex, and data quality), β (standardized regression coefficients), standard errors, t-statistics, uncorrected and
FDR-corrected p values for significant associations between irritability at follow-up and annualized rate of change of CT. All analyses were conducted on a log
transformation of irritability to improve normality and contained 132 degrees of freedom

Fig. 3 Accelerated cortical thinning is associated with irritability. Longitudinal analyses revealed that the annual rates of change in many
frontal and temporal networks were also associated with irritability (log-transformed ARI). Consistent with cross-sectional findings, these
networks comprise the temporal pole, medial temporal cortex, and both medial and lateral orbitofrontal cortex
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(see Table S6). Age, sex, and diagnostic status did not moderate
any longitudinal relationships.

DISCUSSION
We evaluated the dimensional association between irritability in
youth and CT within structural covariance networks. Relative to
previous studies on the neurodevelopment of irritability [15, 16],
we observed widespread effects across the frontal and temporal
cortex. Of the 24 covariance networks derived from NMF,
irritability was associated with thinner cortex within 11 networks
at follow-up and accelerated longitudinal thinning within 9
networks. In general, these relationships did not vary by age,
sex, or diagnosis status, and some relationships could not be
explained by confounding variables or comorbid dimensions of
psychopathology. The most notable effects were observed in
regions that are critical for emotion regulation, including
orbitofrontal, lateral temporal, and medial temporal cortex. As
described below, these results provide important insights regard-
ing the neurodevelopmental substrates of transdiagnostic irrit-
ability in youth.
Previous functional MRI studies have found that irritability is

associated with aberrations in multiple brain regions, including
the orbitofrontal cortex, medial temporal cortex, temporal pole,
superior temporal gyrus, and occipital cortex [17–19, 63]. We build
upon this literature regarding brain function and demonstrate that
many of these same regions exhibited CT reductions and
accelerated cortical thinning that was related to transdiagnostic
symptoms of irritability. Structural deficits in regions necessary for
affect regulation, such as the orbitofrontal cortex and medial
temporal cortex, may be critical for the pathogenesis of irritability.
Additionally, abnormalities in the fusiform gyrus and visual cortex
may relate to deficits in facial emotion recognition, which has
been robustly associated with irritability in prior work [19, 64–67].
However, irritability was also associated with multiple other brain
systems that were not predicted, including the motor and visual
cortexes, which will need to be replicated by future studies.
Taken together, these findings further support the notion that
deficits in inter-related brain networks underlie vulnerability to
irritable mood.
Previous structural and functional MRI studies have suggested

that irritability is related to abnormalities within the dorsolateral
prefrontal cortex [15–18, 22, 23]. Surprisingly, we did not find this
association. However, previous studies were conducted on
participants between the ages of 7 and 18, whereas our age
range extended up to 26 years. Further, Tseng et al. (2018)
reported that activation of the medial prefrontal cortex and
anterior cingulate cortex during a frustration attention task was
greater in irritable children compared to irritable young adults.
Thus, it is possible that the relationship between irritability and
prefrontal cortex does not extend into early adulthood. Modera-
tion analyses modeling an irritability-by-age interaction supported
this possibility: among the younger participants in our sample,
irritability was negatively associated with CT of the dorsolateral
prefrontal cortex. However, this relationship waned by early
adulthood.
The current study documented more robust and widespread

associations between irritability and CT than previous structural
MRI studies [15, 16, 63, 68]. This difference may be attributed to
three distinct advantages of the current approach. First, the
structural covariance networks defined by NMF provided a
parsimonious summary of the high-dimensional imaging data
that limited multiple comparisons. This concise summary of the
data allowed us to use rigorous FDR-correction for all compar-
isons, rather than cluster-based inferences that may be prone to
Type 1 errors in many common implementations [69]. Second,
instead of a categorical case–control approach, we used a

validated dimensional measure of irritability. While case–control
studies are useful for describing DMDD as a distinct clinical
syndrome [1], a dimensional measurement of irritability may
provide a greater sensitivity to detect individual differences in
brain structure [9]. Lastly, most studies have analyzed irritability
within a specific psychiatric disorder, such as bipolar disorder [16]
or depression [15]. In comparison, relatively fewer studies have
examined irritability in the context of the comorbidity that is
commonly observed in clinical practice [18, 19, 67, 68]. Our study
included a transdiagnostic sample with substantial comorbidity,
resulting in findings that may be more generalizable to the
community.
Despite these advantages, several limitations should be noted.

One disadvantage to having a sample with diverse clinical
phenotypes and comorbid disorders is that we did not have
sufficient statistical power to test whether the neural mechanisms
underlying irritability differed among specific psychiatric disorders.
Identifying the common and dissociable neural correlates of
irritability across specific disorders could potentially have impor-
tant implications for targeted therapies [1, 9]. Additionally, this
study would have benefited from having the same dimensional
measure of irritability at baseline and follow-up so that long-
itudinal analyses could have tested within-subject changes in
irritability and CT. As previously noted, this is the first longitudinal
study to examine brain maturation as irritable adolescents
transition into adulthood. Ideally, longitudinal studies with three
or more timepoints would map trajectories of brain development
from childhood to adulthood.
In summary, we found that transdiagnostic symptoms of

irritability were associated with widespread reductions in CT and
accelerated cortical thinning in multiple brain networks. In
particular, structural deficits were found in networks that support
emotion regulation, including the orbitofrontal, medial temporal,
and lateral temporal cortex. Future studies should incorporate
repeated measurements of irritability and data from multi-modal
imaging. Ultimately, such findings could allow for targeted
interventions in youth at risk.
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