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Objective: Cross-sectional, longitudinal, and genetic associations exist between irritability and depression. Prior studies have examined developmental
trajectories of irritability, clinical outcomes, and associations with child and familial depression. However, studies have not integrated neurobiological
measures. The present study examined developmental trajectories of irritability, clinical outcomes, and cortical structure among preschoolers over-
sampled for depressive symptoms.

Method: Beginning at 3 to 5 years old, a sample of 271 children enriched for early depressive symptoms were assessed longitudinally by clinical
interview. Latent class mixture models identified trajectories of irritability severity. Risk factors, clinical outcomes, and cortical thickness were compared
across trajectory classes. Cortical thickness measures were extracted from 3 waves of magnetic resonance imaging at 7 to 12 years of age.

Results: Three trajectory classes were identified among these youth: 53.50% of children exhibited elevated irritability during preschool that decreased
longitudinally, 30.26% exhibited consistently low irritability, and 16.24% exhibited consistently elevated irritability. Compared with other classes, the
elevated irritability class exhibited higher rates of maternal depression, early life adversity, later psychiatric diagnoses, and functional impairment.
Further, elevated baseline irritability predicted later depression beyond adversity and personal and maternal depression history. The elevated irritability
class exhibited a thicker cortex in the left superior frontal and temporal gyri and the right inferior parietal lobule.

Conclusion: Irritability manifested with specific developmental trajectories in this sample enriched for early depression. Persistently elevated irritability
predicted poor psychiatric outcomes, higher risk for later depression, and decreased overall function later in development. Greater frontal, temporal, and
parietal cortical thickness also was found, providing neural correlates of this risk trajectory.
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ssociations between irritability and depression are of interest
in developmental psychopathology. The unique role that
irritability plays in pediatric depression is evident in that, in
multiple editions of the DSM, irritability is a criterion for pediatric, but
not adult, depressive disorders. Indeed, youth irritability predicts subse-
quent depression, and offspring of depressed mothers face increased risk
for irritability and subsequent depression.1-4 Moreover, phenomenolog-
ical work has begun to elucidate distinct developmental trajectories of
irritability in youth,2,5 including associations with maternal depression.
However, it is essential to integrate brain development into this research
and examine longitudinal outcomes. We present the first study linking
trajectories of irritability severity to brain structure differences in a pe-
diatric sample enriched for depression. This adds to a small but growing
literature examining the development of irritability, its neural un-
derpinnings, and associations with depression and other clinical
outcomes.

It is important to begin longitudinal studies of irritability and
depression as early as preschool. Although temper outbursts are ubiqui-
tous in preschoolers, normative and non-normative outbursts can be
differentiated, providing opportunities for early interventions.6-8 Early
intervention could be particularly important in preschoolers also showing
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symptoms of depression and/or anxiety. The frequency of temper loss
generally decreases during development, albeit with interindividual
variability.7 Prior population-based work identified several latent trajec-
tories of irritability, in which most children showed low irritability that
decreased across the first 9 years of life, but smaller subsamples exhibited
chronically elevated or increasing irritability, which were more likely to
have a maternal depression history and to develop more internalizing
symptoms themselves.2 Another longitudinal study similarly found a
small group of children with chronically elevated irritability trajectories
exhibiting the worst outcomes, including antisocial personality features in
adulthood.5 Similar trajectories have been noted across adolescence and
young adulthood when examining irritability related to aggression and
violence.9 Critically, irritability relates to parental history of depression
and anxiety and to risk for subsequent depression and impairment.3,4

Indeed, across ages, meta-analysis longitudinally associates irritability
with risk for depression, anxiety disorders, and global impairment,1,10

whereas other studies highlight significant genetic associations between
depression and irritability.11,12

Complementing these behavioral studies, recent work has probed
the neural correlates of clinically impairing irritability in youth, although
none in a pediatric sample with elevated early symptoms of depression.
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IRRITABILITY AND CORTICAL THICKNESS
Irritable youth show dysfunctional frontal, cingulate, and striatal
responses to induced frustration13,14 and aberrant frontal and amygdala
responses during emotional face processing.15-17 However, few studies
have examined irritability-related differences in brain structure. Youth
with severe irritability (specifically, disruptive mood dysregulation dis-
order) exhibit smaller gray matter volume in the pre-supplementary
motor area,18 dorsolateral prefrontal cortex,18,19 superior frontal gyrus
(SFG),19 and larger insula volume18 compared with healthy youth.

The present study leveraged a pediatric sample enriched for early
depressive symptoms and followed prospectively to examine trajectories
of irritability severity from preschool through late childhood/early
adolescence. Importantly, this is the first study to examine differences in
brain structure as a function of these trajectories; specifically, we
measured cortical thickness across 3 neuroimaging waves during late
childhood/early adolescence. Further, we add to the growing literature on
irritability by focusing specifically on a sample enriched for early
depression. Similar to prior work,2 we expected classes of youth with low
and declining or chronically elevated or increasing irritability trajectories
across development. We hypothesized that classes with elevated irrita-
bility would show higher rates of depressive symptoms compared with
others. Also, building on the affective disorders literature, we hypothe-
sized associations between irritability and cortical thickness in prefrontal
cortical regions involved in cognitive control and emotion regulation.

METHOD
Participants
Participants were drawn from the prospective longitudinal Preschool
Depression Study (PDS; N ¼ 306; present analyses examined 271
with �3 annual clinical assessments available as is necessary for growth
curve modeling; Table S1, available online, presents demographics by
subsample). The PDS has the broad goal of exploring clinical and neural
outcomes relating to preschool-onset depression. Details of the study
have been published previously.20 Briefly, 3- to 5-year-old children and
their primary caregivers were recruited from the St. Louis metropolitan
area with oversampling for early depressive symptoms. Children and
caregivers completed in-depth clinical interviews annually; children
participated in 3 annual neuroimaging scans beginning at 7 to 12 years of
age. Parental written consent and child assent after 4 years of age were
obtained before participation and the institutional review board at
Washington University (St. Louis, MO) approved all experimental
procedures.

Diagnostic Assessments
Staff, trained to proficiency by appropriate experts, conducted in-person
assessments with participants and parents/guardians from enrollment
through the time of the scans (Figure S1, available online, presents study
flow diagram). Before children were 8 years of age, a semistructured
parent-report interview was used to assess psychiatric symptoms (Pre-
school-Age Psychiatric Assessment; PAPA).21 After 8 years of age, the
child and parent reports on the Childhood and Adolescent Psychiatric
Assessment (CAPA)22 were collected. Interviews were audiotaped,
reviewed for reliability, and calibrated for accuracy.20

PAPA and CAPA data were summarized based on whether children
ever received diagnoses of major depressive disorder (MDD), an anxiety
disorder (generalized anxiety, separation anxiety, panic disorder, agora-
phobia, and/or social phobia), oppositional defiant disorder (ODD) or
conduct disorder (CD), or attention-deficit/hyperactivity disorder
(ADHD) at any time point from baseline through the ninth annual
assessment. Further, the presence or absence of 15 stressors endorsed at
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baseline was summed plus early exposure to poverty to create a composite
early life adversity score (range 0–16; details are presented in Supplement
1, available online). Psychotropic medication use also was assessed,
because this varied widely across participants and time; a summary var-
iable of use ever was examined.

Measures
Irritability severity was defined as the sum of 5 items from the depression
and conduct problems sections of the PAPA and CAPA (items: losing
temper, nondestructive temper tantrums, irritability, touchy or easily
annoyed, angry, or resentful). Supplement 1, available online, presents
full definitions, stem questions, and coding rules for these items. Similar
to prior work,3 the presence of symptoms at each assessment was sum-
med (range 0–5) based on PAPA parent report or if either reporter
endorsed an item on the CAPA.23 This measure was reliable across as-
sessments (Cronbach a ¼ 0.75).

Parents rated children’s functional impairment at the first scan
session on the MacArthur Health and Behavior Questionnaire (HBQ).24

Three HBQ subscales were of interest: functional impairment (range 0–16),
global peer relationships (range 0–22), and academic functioning (range
0–32).

The Family Interview for Genetic Studies25 assessed the presence of
affective disorders in first- and second-degree relatives. The presence or
absence of maternal depression or anxiety history was examined as a risk
factor for internalizing symptoms in the child.

The Kaufman Brief Intelligence Test26 or the Wechsler Abbrevi-
ated Scale of Intelligence27 was used to assess IQ at school age
(depending on age or study wave). Baseline socioeconomic status was
quantified as a family’s income-to-needs ratio28,29 (i.e., total family
income divided by the federal poverty level, based on family size, at the
time of assessment).

Examining Trajectories of Irritability Across
Development
We used latent class mixture models implemented in R30 using the lcmm
package31,32 to identify latent groups of individuals who shared similar
developmental trajectories of irritability severity. In these models, irrita-
bility was the dependent variable and age at each assessment (in months)
was the independent variable. Details are presented in Supplement 1,
available online.

Demographics and Clinical Outcomes
Baseline demographic differences (Table 1) across the 3 latent trajec-
tory classes were characterized using analysis of variance and c2 test.
The c2 tests characterized group differences in maternal depression
history and child diagnoses (presence or absence across any of up to 8
assessments from baseline through approximately 15 years old). Ana-
lyses of variance assessed group differences in later functional impair-
ment (HBQ).

Baseline Irritability as a Predictor
In addition, we used logistic regression to test whether baseline irritability
predicted ever receiving a depression diagnosis above and beyond stan-
dard predictive/risk factors—sex, baseline PAPA depression symptom
severity (excluding irritability, including negative mood, anhedonia, so-
matic changes, guilt, etc.), adversity, and maternal depression history. To
examine specificity, we used a matched logistic regression with irritability
predicting anxiety diagnosis, beyond sex, baseline anxiety severity (e.g.,
www.jaacap.org 337
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TABLE 1 Demographics and Clinical Characteristics of Latent Trajectory Classes

Low Irritability Declining Irritability High Irritability
Class, n 82 145 44
Assessments (n), mean (SD) 6.01 (1.36) 6.14 (1.41) 5.70 (1.56)
Girls, n (%)*** 41 (50.00) 81 (55.90) 10 (22.70)
White race, n (%) 40 (48.80) 81 (55.90) 28 (63.60)
Age at baseline (mo), mean (SD)*** 53.64 (9.91) 51.72 (8.60) 59.07 (9.25)
Age at scan 1 (mo), mean (SD) 125.15 (13.81) 120.45 (14.84) 127.08 (15.56)
IQ, mean (SD)a 103.52 (13.63) 106.73 (14.89) 100.31 (15.47)
Baseline adversity score, mean (SD)*b 2.36 (1.66) 2.69 (1.79) 3.48 (2.40)
Baseline income-to-needs ratio, mean (SD) 2.31 (1.17) 2.19 (1.29) 2.24 (1.34)
HBQ peer relationships, mean (SD)*c 3.61 (0.59) 3.48 (0.50) 3.23 (0.77)
HBQ academic functioning, mean (SD)***c 4.22 (0.45) 3.98 (0.58) 3.34 (0.87)
HBQ global functioning, mean (SD)***c 1.96 (2.58) 4.05 (4.95) 9.67 (5.52)
Maternal MDD, n (%)***d 19 (23.20) 60 (41.40) 29 (69.00)
Child MDD, n (%)*** 20 (24.40) 79 (54.50) 39 (88.60)
Child anxiety, n (%)*** 37 (45.10) 83 (57.20) 39 (88.60)
Child ADHD, n (%)*** 10 (12.20) 52 (35.90) 32 (72.70)
Child ODD/CD, n (%)*** 11 (13.40) 57 (39.30) 35 (79.50)
Psychotropic medication use, n (%)*** 4 (8.30) 22 (23.4) 16 (61.50)

Note: The number of participants in each trajectory class (class) and the number of times that each child’s symptomology was assessed (assessments) are noted. De-
mographic characteristics are noted by group and by early adversity, impairment on the MacArthur Health and Behavior Questionnaire (HBQ), maternal depression history,
and rates of child diagnoses across assessments. Group differences in these factors were tested by analysis of variance or c2 test and significant group differences are
indicated (*p < .05; ***p < .001). We note the total sample with available data on each measure and the sample size within each class. ADHD ¼ attention-deficit/
hyperactivity disorder; CD ¼ conduct disorder; MDD ¼ major depressive disorder; ODD ¼ oppositional defiant disorder.
an ¼ 220 IQ, n ¼ 65 low, n ¼ 120 declining, n ¼ 35 high irritability.
bn ¼ 269 adversity, n ¼ 80 low, n ¼ 145 declining, n ¼ 44 high irritability.
cn ¼ 160 HBQ, n ¼ 47 low, n ¼ 89 declining, n ¼ 24 high irritability.
dn ¼ 269 Maternal MDD, n ¼ 82 low, n ¼ 145 declining, n ¼ 42 high irritability.
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worrying, avoidance, fear/anxiety of separation, autonomic symptoms,
etc.), adversity, and maternal anxiety history.

Magnetic Resonance Image Acquisition and Structural
Analysis
Three waves of neuroimaging data were collected using a 3-T TIM TRIO
Siemens scanner (Siemens, Erlangen, Germany). Structural images
(1-mm isotropic voxels) were processed using the longitudinal stream33,34

in FreeSurfer 5.3 (http://surfer.nmr.mgh.harvard.edu/). Details are pre-
sented in Supplement 1, available online.

Of the 271 children with estimated irritability trajectories, 139 had
2 to 3 waves of structural data usable for longitudinal processing.
Figure S2, available online, shows the timing of these scans. Differences
in cortical thickness were compared across classes controlling for age at
the first scan and sex using a “different offset, different slope” general
linear model in FreeSurfer (mri_glmfit). Specifically, 2 standard summary
outcome measures from the longitudinal processing model were exam-
ined: temporal average (thickness at midpoint of linear fit) and rate of
change in thickness across time. Cluster-wise correction was used
for multiple comparisons (mri_glmfit-sim–cache 1.3 abs–cwp
0.05–2spaces) with a vertex-wise/cluster-forming threshold of a p value
less than .05 and adjusting for tests in each hemisphere. Interactions with
age and sex are presented in Table S2, available online, because we did
not have a priori hypotheses about these interactions and power was
limited, given the small samples split within class by sex. Exploratory
analyses examining potential interactions with quadratic effects of age
also are noted in Supplement 1, available online.
338 www.jaacap.org
RESULTS
Irritability Trajectory Characteristics
Of the 5 models tested (Table S3, available online), the model of 3 latent
classes (Figure 1) showed the lowest Bayesian information criterion, the
lowest Akaike information criterion, and the highest entropy, suggesting
the best and most parsimonious fit and best classification of individuals.
Some children (14.24%) showed high irritability during the preschool
period, which remained high across development (“high irritability”
class). Many children (53.14%) showed preschool-age irritability as
elevated as the high irritability class, but decreasing across development
(“declining irritability” class). This likely represents a normative trajectory
across development.7 Some children (30.63%) showed low preschool-age
irritability, which remained low (“low irritability” class).

The children in the high irritability class were more likely to be male
and slightly older at baseline and had more adverse childhood experiences
(Table 1). The trajectory classes did not differ significantly in race, age at
scan, IQ, or income-to-needs ratio.

Clinical Associations
Compared with the other classes, children in the high irritability class
showed higher rates of maternal depression history (Table 1). These
youths were more likely to receive a diagnosis of MDD, anxiety disorder,
ADHD, or ODD/CD across clinical assessment waves (Table 1).

Baseline levels of irritability, which were elevated in the high irri-
tability class, predicted later MDD diagnoses (odds ratio 1.37, p ¼ .01)
beyond the effects of sex, maternal depression, adversity, and other
baseline depressive symptoms (Table S4, available online). Indeed, in area
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FIGURE 1 Irritability Trajectory Classes

Note: The low, declining, and high irritability latent trajectory classes are dis-
played. Individual participant irritability severity scores (y-axis; Preschool-Age Psy-
chiatric Assessment [PAPA] and Childhood and Adolescent Psychiatric Assessment
[CAPA] sum scores) at each assessment wave are presented as thin lines (i.e., 1 line
per participant) and time locked to the child’s age at assessment indicated in
months on the x-axis. Thicker lines represent the linear slope and loess fit lines
of irritability severity for each trajectory class across age.

IRRITABILITY AND CORTICAL THICKNESS
under the curve analyses predicting who did versus did not develop
MDD, baseline irritability alone (area under the curve 0.73, 95% CI
0.68–0.79) was not significantly different in its discrimination from full
baseline MDD symptom severity (area under the curve 0.82, 95% CI
0.77–0.87). The association between irritability and depression showed
specificity in not predicting later anxiety diagnosis (odds ratio 1.02,
p ¼ .89; Table S4, available online).

Brain Structure
No regions showed significant differences in rate of change of thickness
over time as a function of irritability class. Five regions did show overall
differences in cortical thickness (temporal average, thickness at midpoint
of linear fit) as a function of irritability trajectory classes (Table 2,
Figure 2). The left SFG, left superior temporal gyrus (STG), and right
TABLE 2 Regions Showing Differences in Cortical Thickness by T

Region

Peak Coordinates

Size (mm2) Fx y z
Left superior frontal gyrus L10 48 33 468 9.0
Left superior temporal gyrus L56 L4 L7 504 5.1
Right inferior parietal lobule 45 L48 15 450 8.8
Left rostral middle frontal gyrus L16 53 L12 438 12.0
Right superior frontal gyrus 8 56 21 446 5.4

Note: Five regions showed significant trajectory class-related differences in the tempora
peak of thickness differences are indicated (x, y, z) as is the area of each cluster (size). T
statistic and effect size (partial h2) of group differences in mean thickness from a univar
marginal means from these models are indicated for each trajectory class as is a summ
classes (effect). D ¼ declining irritability; H ¼ high irritability; L ¼ low irritability.
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inferior parietal lobule (IPL) showed thicker gray matter in children in
the high irritability class; these regions showed the same pattern at each
wave (Figure S3, available online). The left rostral middle frontal gyrus
and right SFG showed a different pattern, specifically a thinner cortex in
the declining irritability class compared with the other 2 classes.

Various control analyses were examined to confirm these findings.
The number of children ever taking psychotropic medications by the time
of the first scan differed by trajectory class (Table 1). However, all dif-
ferences in cortical thickness across trajectory classes remained significant
after controlling for medication use (p< .05). Of these 5 regions, only left
SFG thickness differed significantly by medication use, showing a thinner
cortex in those with prior medication use (Table S5, available online).
Medication use was too varied across children and time to examine effects
of specific medications. In addition, we found no significant differences in
cortical thickness when comparing participants who had or had not ever
been diagnosed with MDD, anxiety, ODD/CD, or ADHD (Table S5,
available online), suggesting some specificity to irritability trajectories.
These associations between trajectory groups also remained significant
when controlling for baseline levels of non-irritability depression symptom
severity, adverse life events, income-to-needs ratio, and irritability severity
at scan. These covariates did not independently associate with thickness in
any of these regions (Table S5, available online).
DISCUSSION
This is the first study to relate latent trajectories of irritability symptoms
across early development to cortical thickness in a sample of youth
enriched for depressive symptoms during the preschool period. We
identified 3 latent trajectories classes based on repeated semistructured
clinical interviews from preschool age through adolescence. The class
with chronically elevated irritability showed poor clinical outcomes,
specifically increased rates of depression and other psychopathology and
greater general functional impairment. This trajectory class experienced
higher rates of maternal depression and early adversity. Furthermore,
during later childhood/early adolescence, these chronically irritable chil-
dren showed greater SFG, STG, and IPL thickness across 3 scan waves
compared with other children in the sample. This work builds on the
small prior literature examining trajectories and longitudinal outcomes of
irritability. In addition, this work presents novel findings in a sample with
elevated early depressive symptoms and in regarding cortical thickness.

Although this sample was enriched for children with elevated early
depression symptoms, the latent trajectory classes identified resemble prior
rajectory Class

Partial h2

Estimated Marginal Means by Class

EffectL D H
9 0.13 3.26 3.24 3.46 L [ D < H
0 0.08 3.08 3.04 3.20 L [ D < H
4 0.12 2.74 2.70 2.87 L [ D < H
3 0.16 3.06 2.89 3.09 D < L [ H
4 0.08 3.26 3.14 3.23 D < L [ H

l average of cortical thickness across scan waves. The Talairach coordinates at the
he average thickness across each cluster was extracted for each participant; the F
iate general linear model controlling for age and sex are indicated. The estimated
ary of the Bonferroni-corrected significant (p < .05) post hoc differences between
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FIGURE 2 Regions Showing Differences in Cortical Thickness by Trajectory Class

Note: Five regions showing differences in the temporal average of cortical thickness across wave as a function of irritability trajectory class are displayed. Regions showing
greater thickness in the high irritability class are denoted in bold.
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research. A large community-based study using parent-report questionnaire
data from 1 to 9 years of age identified 5 latent trajectory classes.2 The large
sample in this prior study might have allowed for the identification of
smaller trajectory classes that we did not detect. We did replicate findings
that most children show a normative decline in irritability across early
childhood,2 although children in the present sample showed higher levels of
irritability at baseline, possibly because of the high levels of early depressive
symptoms. Further, we replicated a class of children exhibiting chronically
high irritability who were more likely to have maternal depression history.
We also noted a larger male proportion in this class, which could relate to
our sample characteristics/acquisition but prior work did note a large male
percentage in a high and steady irritability class.2 Our work also identified
similar but fewer classes than the work by Hawes et al.5 Similarly, we found
the worst psychiatric outcomes among children with early irritability that
remained high across development, although this prior study found that
most children were in a chronically low irritability class.5 Notably, a
strength and unique feature of the present study was the well-validated
clinical interview assessment rather than questionnaire measures and the
use of a preschool sample oversampled for depressive symptoms.

In examining cortical thickness in later childhood/early adolescence,
we found that the left SFG, left STG, and right IPL showed increased
thickness in the high irritability class compared with the other trajectory
classes. This was stable across 3 neuroimaging waves. This also was robust
when controlling for early depressive symptoms, baseline adversity, and
baseline socioeconomic status, indicating some specific to irritability in
general or in the context of elevated depressive symptoms. Prior work
identified reduced gray matter volume in a similar but right hemisphere
SFG region in children with disruptive mood dysregulation disorder,
bipolar disorder, or ADHD compared with healthy youth.19 However,
ours is the first study to link developmental trajectories of irritability,
based on a dimensional measure, to brain structure, and the first to
examine this in a sample enriched for early onset depression. We also
identified 2 regions showing a thinner cortex in the declining irritability
class compared with the other classes, which was not hypothesized and
should be explored in future work. In addition, future work is needed to
340 www.jaacap.org
examine the functional implications of these alterations in SFG, STG,
and IPL structure. Given documented neuropsychological aberrations in
pediatric irritability (e.g.,35-38), these structural alterations could relate to
deficits in attentional or executive control and potentially to reward
processing or social cognition. In particular, prior work highlighted a
similar SFG region as showing altered reward/loss processing in irritable
children13 and altered response to negative feedback in the IPL.14

Given the limited number of brain morphometry studies on youth
with elevated irritability or on psychiatrically impaired children scanned
longitudinally, it is difficult to draw conclusions regarding increased
cortical thickness in chronic irritability. Prior cross-sectional research on
pediatric psychopathology showed mixed results. Studies of pediatric
anxiety disorders39-42 and depression43 suggested increased regional
thickness or gray matter volume. Given cross-sectional, longitudinal, and
genetic associations among irritability, anxiety, and depression,1,10

increased cortical thickness could be a shared feature among the 3
symptoms. Other studies suggested a thinner cortex associated with
ADHD,44,45 CD,46,47 and anxiety, although the latter study highlighted
weaker associations in older youth.48 A study also suggested slower pat-
terns of typical growth and reduction of different subcortical volumes in
youth with depression.49 Longitudinal imaging studies suggested that
youth with ADHD reach peak cortical thickness later than controls50 and
that greater cortical thinning is associated with worse ADHD outcomes.51

The timing of neuroimaging across development could contribute to these
mixed results. When interpreting increased cortical thickness, it is
important to note the typical developmental thinning in the regions
identified here in this age range, although critically, we do not identify any
group-by-time interactions. Thus, further longitudinal studies of irrita-
bility in samples with and without early depression and other pediatric
psychiatric problems are needed to determine the clinical significance and
implications of increased and decreased cortical thickness.

The present study informs the demographic and clinical character-
istics of children with high irritability that remains stable across devel-
opment. Of note, although many children exhibit irritability, only a
subset manifests persistent irritability across development even in a
Journal of the American Academy of Child & Adolescent Psychiatry
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IRRITABILITY AND CORTICAL THICKNESS
sample enriched for early depressive symptoms. This distinct, relatively
small subset is worthy of clinical attention given the higher risk for later
depression and general impairment. Importantly, elevated preschool-age
irritability, particularly when persistent, might predict later depressive
episodes and poorer clinical outcome over and above risk owing to fa-
milial depression history and early adversity. Our findings suggest the
need to carefully monitor children with irritability, especially those who
also have depressive symptoms, and to evaluate familial factors, such as
maternal depression and early adversity. The present data suggest that
children with persistently elevated irritability might be most in need of
early intervention and prevention given the elevated risks of poor out-
comes attributable to this potentially modifiable characteristic.

The present study replicates and provides further robust evidence for
increased maternal depression and child psychopathology among children
with chronically high irritability.2 Because this sample was enriched for
early depressive symptoms, the rates of maternal depression and child pa-
thology are above the expected population rates. Nonetheless, the graded
increase in risk and manifest illness across the low, declining, and high
irritability trajectory groups is marked, mirroring prior findings.2,3 Chil-
dren in the high irritability class also experienced more early life adversity.
Furthermore, we note that early irritability symptoms, which are particu-
larly elevated in the high irritability group, predict later depression above
and beyond other risk factors, includingmaternal depression, adversity, sex,
and perhaps most notably even other early depressive symptoms. These
data suggest that early irritability might be a robust risk marker and that
monitoring these symptoms across development aid prediction of later
depression. Future work should continue to confirm the trajectories of
irritability across development to highlight additional risk factors and
clinical outcomes. Brain imaging beginning earlier in development also will
be critical to identifying potential risk markers for sustained irritability and
to better understand associated neural development. It also will be
important to parse correlates of these neural differences to identify partic-
ular behaviors or outcomes associate with regional structure.

Although the present approach to retrospectively ascertaining irri-
tability severity from diagnostic interview has been used previously
(e.g.,52) and similar approaches have been used with questionnaire
measures (e.g.,2,5), future work should use measures specifically designed
to assess irritability (e.g., the Affective Reactivity Index53 or the Multi-
dimensional Assessment of Preschool Disruptive Behavior54). These
measures could yield more robust assessment of irritability across devel-
opment and avoid biased recall. In addition, a possible limitation of this
study could be an omitted variable bias in our analysis and the creation of
trajectories. As such, the present work should be compared with future
studies using prospective and targeted measures to assess the generaliz-
ability of these results. Further, although the well-validated clinical
interview assessments were a strength of the present study, we used only
parent report at the early assessment time points (child report was not
obtained before 8 years of age) and then combined parent and child
reports at later waves. This maximized our use of the available data and
should not contribute to systematic differences among trajectory groups.
In addition, although the present study examined 3 annual waves of high-
quality neuroimaging, we did not have the data to assess brain structure
early in development; earlier scanning could aid in predicting
Journal of the American Academy of Child & Adolescent Psychiatry
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longitudinal outcomes and is an important future step. Moreover,
although the oversampling for depressive symptoms in this sample was
useful in examining associations with psychopathology, this might limit
generalizability to population samples and thus future work in epide-
miologic samples will be needed to replicate these effects.

In addition, psychotropic medication use differed across trajectory
groups, but this did not affect the observed associations between
irritability and cortical thickness. Medication use was related on its own
to SFG thickness, although we were limited in our ability to parse effects
of particular medications. Similarly, we observed differences in IQ
between trajectory groups; that is, compared with the high irritability
group, mean IQ was 6.42 points higher in the declining irritability group
and 3.21 points higher in the low irritability group. Although these
differences did not reach statistical significance and did not correlate with
thickness in the regions identified here, we lacked the sample size to test
moderation effects by IQ. Given associations between IQ and brain
structure,55 it will be important to examine this in future studies,
particularly to explore interactions between IQ and irritability on brain
development and depression risk. Although the overall sample was rela-
tively large for neuroimaging studies, the subsamples in each trajectory
group were too small to assess age and sex interactions.

Overall, in this sample enriched for early depression, we found
evidence for distinct developmental trajectories of irritability across
childhood and a unique role for irritability in brain development. Of
note, irritability longitudinally predicted later depression in youth above
and beyond typical risk factors in this enriched sample. Future studies
with larger samples in community samples should examine these phe-
nomena further. In particular, it will be interesting to explore potential
moderation effects of age, sex, and other factors related to brain structure,
such as psychotropic medication use, socioeconomic status,29 IQ,55 or
cognitive control.5
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IRRITABILITY AND CORTICAL THICKNESS
SUPPLEMENT 1
Adverse Childhood Experiences

1. poverty
2. parental arrests
3. parental hospitalizations
4. accident or crash with automobile, plane, or boat
5. accidental burning, poisoning, or drowning
6. attacked by an animal
7. adult loved one died
8. sibling or peer died
9. domestic violence
10. hospitalized, visited emergency room, or invasive medical procedure
11. man-made disaster
12. natural disaster
13. other life event
14. physical abuse
15. sexual abuse, sexual assault, or rape
16. witnessed someone threatened with harm, seriously injured, or killed

PAPA/CAPA Irritability Item Text
PGE0I01 Losing Temper. Discrete episodes of temper manifested by
shouting or name calling but without violence and not meeting criteria
for a temper tantrum.

� What sort of temper has s/he got?
� What happens when s/he loses his/her temper?

0 ¼ absent
2 ¼ present

PGE1I01 Nondestructive Temper Tantrums. Discrete episodes of
excessive temper, frustration, or upset manifested by shouting, crying or
stamping, or nondestructive violence directed against property.

Violence or damage done in this context does not constitute
vandalism or assault.

� What sort of temper has s/he had in the past 3 months?
� What happens when something upsets him/her or s/he doesn’t get
what s/he wants?

� Does s/he have angry outbursts?
� Does s/he have temper tantrums?

0 ¼ absent
2 ¼ excessive temper, upset, shouting, crying, or nondestructive

violence directed only against property (e.g., stamping, kicking, throwing
toys, hitting walls, spitting, holding breath, etc.).

PDA8I01 Irritability. Increased ease of precipitation of externally directed
feelings of anger, bad temper, short temper, resentment, or annoyance.
(Change could predate the primary period and continue into at least part
of the primary period.)

Note that this rating is of a change in the child’s usual liability to be
precipitated into anger; it does not refer to the form of the anger once it
has been precipitated.

Note bene: The irritable mood itself is being rated, not just its
manifestations; thus, frequency and duration ratings refer to the number
and length of episodes of the mood, not of the episodes of snappiness,
shouting, or quarrelsomeness.
Journal of the American Academy of Child & Adolescent Psychiatry
Volume 57 / Number 5 / May 2018
� Has s/he been more irritable than usual in the last 3 months?
� Or made angry more easily?
� Has s/he had more tantrums than usual in the last 3 months?

0 ¼ absent
2 ¼ irritable mood present during at least 2 activities manifested by

at least 1 instance of snappiness, shouting, or quarrelsomeness and at least
sometimes uncontrollable by the child

3 ¼ irritable mood present in most activities, accompanied by
snappiness, shouting, or quarrelsomeness and nearly always uncontrol-
lable by the child

PDA6I01 Touchy or Easily Annoyed. The child is generally more prone
to FEELINGS of anger bad temper, short temper, resentment, sulking,
or annoyance UNDER MINOR PROVOCATION than most children.
This pattern need not represent a change in behavior.

� Do things get on his/her nerves easily?
� What sorts of things?
� Does s/he get annoyed more easily than most children, do you think?

0 ¼ absent
2 ¼ present

PDA7I01 Angry or Resentful. The child is generally more prone to
MANIFESTATIONS of anger or resentment (such as snappiness,
shouting, quarreling, or sulking) under minor provocation than most
children.

This pattern need not represent a change in behavior.

� Does s/he get angry very often?
� Does s/he get “sulky” or “pout”?

0 ¼ absent
2 ¼ present
Examining Trajectories of Irritability Across
Development
In the latent class mixture models, irritability was the dependent variable
and age at each assessment (in months) was the independent variable. Age
was indicated to have a random and class-specific effect. A linear link
function was used and the variance-covariance matrix for the random
effect was diagonal.

An automatic grid search was used to run the estimation function
for a maximum of 20 iterations from 50 random sets of initial values to
avoid convergence on local maxima. At the end, the parameters corre-
sponding to the best logarithmic likelihood were used as initial values for
the final estimation of the parameters.
Magnetic Resonance Image Acquisition and Structural
Analysis
Three waves of neuroimaging data were collected using a 3-T TIM TRIO
Siemens scanner. At each wave, 2 T1-weighted images were acquired in
the sagittal plane using an MPRAGE 3-dimensional sequence (repetition
time 2,400 ms, echo time 3.16 ms, flip angle 8�, slab 176 mm, 176 slices,
matrix size 256 � 256, field of view 256 mm, voxel size 1 � 1 � 1 mm).
The T1 image with the best image quality was used for structural
analyses.
www.jaacap.org 342.e1
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Structural images were processed using the longitudinal stream in
FreeSurfer 5.3 (http://surfer.nmr.mgh.harvard.edu/).1 Processing
included skull stripping, Talairach transformations, atlas registration, and
creating spherical surface maps and parcellations, initialized with com-
mon information from an unbiased within-patient template. This lon-
gitudinal stream decreases biases that could occur by selecting a single
image as a baseline for registration and increases reliability and statistical
power significantly.2 White and pial surfaces generated by FreeSurfer
were visually inspected by a single trained and supervised staff member.
Surface edits were performed as needed and the surfaces were regenerated
as recommended by FreeSurfer for quality control. From the overall
Preschool Depression Study imaging sample, approximately 10% of scans
had to be discarded for poor scan quality. These data were resampled on
SUPPLEMENTAL REFERENCES
1. Reuter M, Schmansky NJ, Rosas HD, Fischl B. Within-subject template estimation for

unbiased longitudinal image analysis. Neuroimage. 2012;61:1402-1418.
2. Reuter M, Fischl B. Avoiding asymmetry-induced bias in longitudinal image processing.

Neuroimage. 2011;57:19-21.
3. Bernal-Rusiel JL, Reuter M, Greve DN, Fischl B, Sabuncu MR. Alzheimer’s

Disease Neuroimaging I (2013): spatiotemporal linear mixed effects modeling for the

FIGURE S1 Study Flow Diagram

Note: This figure displays the flow of data through the Preschool Depression Study. The
of children examined at each wave of imaging is presented. Only children with at least

342.e2 www.jaacap.org
an average template (fsaverage) and smoothed with a 10-mm full-width/
half-maximum kernel.

Testing Interactions with Quadratic Effects of Age
Because thickness can change nonlinearly with age, we examined a linear
mixed model approach in Freesurfer3,4 in addition to the analyses noted
in the main text. In this model, we included a random intercept for each
participant, trajectory group as a between-subject factor, and interactions
with linear and quadratic age trends across waves. Quadratic interactions
between age and trajectory group were examined to test for potential
nonlinear differences in thickness. No regions passed multiple compari-
sons correction when examining class-by-quadratic age trend interactions
in these linear mixed models.
mass-univariate analysis of longitudinal neuroimage data. Neuroimage. 2013;81:
358-370.

4. Bernal-Rusiel JL, Greve DN, Reuter M, Fischl B, Sabuncu MR. Alzheimer’s Disease
Neuroimaging I (2013): statistical analysis of longitudinal neuroimage data with linear
mixed effects models. Neuroimage. 2013;66:249-260.

total number of children through each assessment wave is presented. The number
2 waves of good-quality data were examined. MRI ¼ magnetic resonance imaging.
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FIGURE S2 Timing of Each Scan Wave With Good Structural
Imaging Data

Note: Points connect each individual by lines. Individuals are sorted by age at the
first scan and colored by irritability trajectory class. The first and second waves
were collected on average 18.67 months apart (SD 6.52) and the second and third
were similarly spaced (mean 15.53, SD 6.14).

TABLE S1 Demographic and Clinical Characteristics of Full Prescho
Included in the Latent Class Mixture Models (n¼ 271 ChildrenWith�
Available), and Subset of Those Children Included in Imaging Analys

Original PDS Sampl
Class, n 306
Assessments (n), mean (SD) 5.5 (2.0)
Girls, n (%) 148 (48.4)
White race, n (%) 164 (53.6)
Age at baseline (mo), mean (SD) 53.4 (9.6)
Age at scan 1 (mo), mean (SD) 122.8 (14.8)
IQ, mean (SD) 104.7 (14.7)
Baseline adversity score, mean (SD) 2.7 (1.9)
Baseline income-to-needs ratio, mean (SD) 2.2 (1.3)
HBQ peer relationships, mean (SD) 3.4 (0.6)
HBQ academic functioning, mean (SD) 3.9 (0.7)
HBQ global functioning, mean (SD) 4.3 (5.1)
Maternal MDD, n (%) 119 (38.9)
Child MDD, n (%) 152 (49.7)
Child anxiety, n (%) 161 (52.6)
Child ADHD, n (%) 107 (35.0)
Child ODD/CD, n (%) 133 (43.5)

Note: Significant differences between those retained and excluded from each subsampl
Specifically, c2 and t tests were used to compare children included in the latent class su
sufficient PAPA data). Compared with those excluded from the latent class analyses, the
tended to have higher income-to-needs ratios, and were more likely to have anxiety. C
analyses, the final 139 children in the imaging analyses completed more assessments,
depression diagnoses. ADHD ¼ attention-deficit/hyperactivity disorder; CD ¼ conduct d
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ol Depression Study (PDS) Sample (N¼ 306), Sample of Children
3Waves of Preschool-Age Psychiatric Assessment [PAPA] Data

es (n¼ 139 Children with �2 Waves of Imaging Data)

e Latent Class Subsample Imaging Subsample
271 139

6.0 (1.4)*** 6.9 (0.9)*

132 (48.7) 67 (48.2)
149 (55.0) 70 (50.4)
53.5 (9.5) 54.4 (9.3)

122.8 (14.8) 123.3 (14.8)
104.8 (14.8) 104.5 (15.2)

2.7 (1.9) 2.9 (2.0)
2.2 (1.3)* 2.0 (2.1)*

3.4 (0.6) 3.4 (0.6)
3.9 (0.7) 3.9 (0.7)
4.3 (5.1) 4.4 (5.2)

108 (39.9) 65 (46.8)*

138 (50.9) 82 (88.60)**

94 (34.7)* 53 (38.1)
152 (56.1) 82 (59.0)
117 (43.2) 63 (45.3)

e are denoted in the latent class or imaging column (*p < .05; **p < .01; ***p < .001).
bsample with those excluded from the original PDS sample (i.e., who did not have
included children had more PAPA assessments (based on their inclusion criterion),
ompared with those included in the latent class but excluded from the imaging
reported lower income-to-needs ratios, and exhibited more maternal and child
isorder; MDD ¼ major depressive disorder; ODD ¼ oppositional defiant disorder.
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FIGURE S3 Mean Cortical Thickness From Each Cluster Showing Significant Whole Brain Trajectory Group Differences in the
Temporal Average of Thickness, Split by Trajectory Group and Scan Wave

Note: Error bars indicate 1 SD.
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TABLE S2 Regions Showing Interactions With Trajectory Class

Region

Peak Coordinates

Size (mm2) F Predicting Interactionx y z
Right superior frontal gyrus 9 53 11 466 3.36 average class 3 sex
Left superior parietal lobule L15 L82 27 428 3.15 average class 3 sex
Left rostral middle frontal gyrus L41 27 31 644 3.45 rate class 3 age
Right posterior cingulate gyrus 9 L26 30 544 4.28 rate class 3 age
Right precentral gyrus 11 L17 68 1013 3.80 rate class 3 age
Right cingulate isthmus 22 L53 6 552 4.36 rate class 3 age 3 sex
Right middle temporal gyrus 48 0 L32 1159 4.25 rate class 3 age 3 sex
Right postcentral gyrus 52 L13 17 809 4.14 rate class 3 age 3 sex

Note: These regions showed interactions between trajectory class and/or age and sex (interaction); the F statistic of this interaction is presented as are the peak co-
ordinates and size of each cluster. These effects were significant in models examining the temporal average of cortical thickness or rate of change (predicting). The
trajectory classes split by sex or age were small, so we did not explore these interactions because they were likely underpowered.

TABLE S3 Summary of Latent Class Mixture Models With 1 Through 5 Classes That Were Tested

Classes Log Likelihood Parameters BIC AIC Entropy Class 1, % Class 2, % Class 3, % Class 4, % Class 5, %
1 L2,685.99 5 5,400.00 5,129.09 — 100.00
2 L2,672.84 8 5,390.49 5,116.79 0.39 69.00 31.00
3 L2,655.31 11 5,372.25 5,111.86 0.68 16.24 30.63 53.14
4 L2,651.06 14 5,380.56 5,118.89 0.65 7.75 29.52 23.62 39.11
5 L2,644.71 17 5,384.66 5,117.89 0.67 8.86 26.20 38.75 15.13 11.07

Note: The result with 3 trajectory classes was used for subsequent analyses because it showed the lowest Bayesian information criterion (BIC), the lowest Akaike information
criterion (AIC), and the highest entropy. Although models with 4 or 5 classes showed slightly lower log-likelihood values, the BIC and AIC values were higher, the entropy
was slightly lower, and both had small trajectory classes containing less than 10% of the sample. Bold typeface denotes the model that was selected for the analyses in the
current study.

TABLE S4 Logistic Regression Confidents (b), Wald Statistics, Significance (p), and Odds Ratios for Prediction of (A) Later Major
Depressive Disorder (MDD) Diagnosis or (B) Later Anxiety Disorder Diagnosis

(A) Predicting Later MDD b Wald p Value Odds Ratio
Baseline irritability 0.31 7.32 .01 1.37
Sex (girls > boys) L0.10 0.10 .75 0.91
Maternal MDD 0.63 4.08 .04 1.88
Baseline MDD symptoms 0.54 37.76 <.001 1.71
Adverse childhood experiences 0.23 7.14 .01 1.26

(B) Predicting Later Anxiety b Wald p Value Odds Ratio
Baseline irritability 0.02 0.02 .89 1.02
Sex (girls > boys) 0.37 1.88 .17 1.45
Maternal anxiety 0.07 0.03 .86 1.07
Baseline anxiety symptoms 0.44 38.61 <.001 1.55
Adverse childhood experiences 0.03 0.13 .71 1.03

Note: Significant predictors (p < .05) are in italics. Baseline irritability was a significant predictor of later MDD above and beyond sex, maternal MDD, baseline MDD
symptoms (subtracting out irritability symptoms from the depression module), and adverse childhood experiences. This effect was not significant when predicting anxiety.
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TABLE S5 Associations Between Thickness and Covariates

Left Superior
Frontal Gyrus

Left Superior
Temporal Gyrus

Right Inferior
Parietal Lobule

Left Rostral Middle
Frontal Gyrus

Right Superior
Frontal Gyrus

Age at scan 1 (y) L0.149 L0.143 L0.203* L0.308** L0.256**

Sex L0.768 0.064 L0.758 0.059 0.26
Baseline non-irritability depression symptom severity 0.017 L0.021 0.009 L0.076 L0.099
Baseline income-to-needs ratio L0.065 L0.058 0.058 0.009 L0.098
IQ L0.100 L0.121 0.091 L0.051 L0.116
Baseline adverse life events L0.044 L0.059 L0.106 L0.033 L0.094
Irritability severity at scan 1 0.116 0.049 0.030 L0.052 0.010
Maternal depression history L0.295 L0.408 L0.46 0.337 0.353
Psychotropic medication use ever L2.022* L1.504 L0.221 L0.124 L1.512
ADHD diagnosis ever L1.649 L0.403 0.837 1.714 0.657
MDD diagnosis ever 1.209 L0.372 0.327 1.652 1.18
Anxiety diagnosis ever L0.441 0.565 0.674 1.097 0.462
ODD/CD diagnosis ever L1.695 L1.101 0.093 0.981 0.309

Note: This table displays associations between factors that varied by trajectory group or that could influence cortical thickness. T statistics are presented for effects of
binary variables (sex, maternal depression history, medication use, and child diagnoses). Pearson correlation coefficients are presented for the remaining variables.
ADHD ¼ attention-deficit/hyperactivity disorder; CD ¼ conduct disorder; MDD ¼ major depressive disorder; ODD ¼ oppositional defiant disorder.
*p < .05; **p < .01; ***p < 001.
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