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Objective: Behavioral inhibition (BI) during early child-
hood predicts risk for anxiety disorders and altered
cognitive control in adolescence. Although BI has been
linked to variation in brain function through adulthood,
few studies have examined relations between early
childhood BI and adult brain structure.

Method: The relation between early childhood BI and
cortical thickness in adulthoodwas examined in a cohort of
individuals followed since early childhood (N ¼ 53, mean
age 20.5 years). Analyses tested whether anxiety and/or
cognitive control during adolescence moderated relations
between BI and cortical thickness. Cognitive control was
measured with the Eriksen Flanker Task. Initial analyses
examined cortical thickness in regions of interest previously
implicated in BI, anxiety disorders, and cognitive control:
dorsal anterior cingulate (dACC), anterior insula (aI), and
subgenual anterior cingulate (sgACC); and volumes of the
amygdala and hippocampus. Exploratory analyses exam-
ined relations across the prefrontal cortex.
This article is discussed in an editorial by Dr. Matthew D. Albaugh on
page 91.

Supplemental material cited in this article is available online.
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Results: BI during early childhood related to thinner
dACC in adulthood. Neither anxiety nor cognitive control
moderated this relation. A stronger congruency effect on
the Eriksen Flanker Task during adolescence indepen-
dently related to thinner dACC in adulthood. Higher
anxiety during adolescence related to thicker cortex in the
right ventrolateral prefrontal cortex (VLPFC) in adulthood
among those with low BI as children.

Conclusion: Temperament in early childhood and the
interaction between temperament and later anxiety relate
to adult brain structure. These results are consistent with
prior work associating BI and anxiety with functional
brain variability in the dACC and VLPFC.

Key words: behavioral inhibition, anxiety, cortical thick-
ness, structural MRI, cingulate
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ehavioral inhibition (BI) is a temperament defined by
high negative reactivity to novelty, particularly in
B social contexts.1,2 Some toddlers high in BI3,4 exhibit

social reticence through the school years and face high risk
for anxiety disorders through early adulthood.5-7 An early
history of childhood BI also predicts patterns of brain
function through adulthood,8,9 especially during tasks that
measure cognitive control, such as the Eriksen Flanker
Task.10-12 Interestingly, prior research suggests that anxiety
symptoms in adolescence moderate relations between
atypical brain activity and BI.10,13,14 Although several
studies link early childhood BI to variation in brain function
during adolescence and adulthood, few studies examine
the relations between early childhood BI and adult brain
structure. The current study examines these relations.

Behavioral inhibition, anxiety disorders, and cognitive
control have all been linked to functional variation in a
common set of brain regions, including the amygdala, hip-
pocampus, dorsal anterior cingulate (dACC), anterior insula
(aI), and subgenual anterior cingulate (sgACC).15-22 The
amygdala and hippocampus, in the bilateral medial tem-
poral lobes, play roles in evaluating the emotional signifi-
cance of stimuli.23 Variation in functioning of these
structures may relate to increased emotional reactivity to
specific stimuli.24,25 The dACC and anterior insula in the
prefrontal cortex both are members of a “cingulo-opercular”
network putatively involved in adjusting cognitive control
in response to errors.26 Activity in the dACC in response to
errors appears to be increased in both BI and anxiety
disorders, and variation in the function of the dACC may
explain increased error sensitively associated with these
phenotypes.10 Finally, the sgACC in the medial prefrontal
cortex is thought to regulate amygdala activity, and varia-
tion in this region has been associated with poorer emotion
regulation.27

Although there are well-established links between early
childhood BI and later brain function, little is known about
the relation between BI and adult brain structure. In contrast
to functional brain studies, measures of brain structure
do not depend on the particular task chosen by the experi-
menter or moment-to-moment fluctuations in mood state.
Thus, structural brain studies complement functional
studies by elucidating enduring, state-independent struc-
tural correlates of early childhood BI. Early childhood BI
could be associated with altered adult brain structure either
because such differences are present at birth or because high
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TABLE 1 Demographic Characteristics and Assessment
Participation Rates

Female 24 (45.3)
Age, y, mean (SD) 20.5 (1.62)
Ethnicity

White 53 (100)
Maternal education

High school graduate 3 (5.7)
Some college or technical school 6 (11.3)
College graduate 26 (49.1)
Graduate professional training 15 (28.3)
Other/no information 3 (5.7)

IQ, m (SD) 114.1 (10.5)
Data available for assessment

Age 4 mo visit 43 (81.1)

CHILDHOOD BEHAVIORAL INHIBITION AND ADULT CORTICAL THICKNESS
BI relates to behaviors or experiences associated with atyp-
ical brain development. In either case, linking adult brain
structure to early childhood BI biologically connects early
childhood BI to an adult measure that could inform outcome
prediction and early intervention in children with high BI.

Prior research provides initial evidence for a link between
individual differences in BI and brain structure. Schwartz
et al.28 used a longitudinal design and compared cortical
thickness in young adults with or without histories of high
reactivity at 4 months of age, an early marker of BI. Adults
with high reactivity at 4 months of age had thinner left
orbitofrontal cortex and thicker right ventromedial prefron-
tal cortex compared to adults with low reactivity at 4 months
of age. Another study examining relations between brain
structure during adulthood and retrospective report of BI
during childhood noted increased amygdala and caudate
volumes associated with BI.29 The current study examines
adult brain structure in relation to a stable measure of BI
acquired prospectively over 4 assessments from 14 months
to 7 years of age. Given that prospectively acquired mea-
sures of stable BI more consistently relate to later-life psy-
chopathology than measures collected at a single time
point,5 the current study uses a phenotype relevant to
functioning in adolescence and young adulthood.

The current study tests the hypothesis that BI measured
during early childhood predicts cortical thickness measured
during adulthood. This study further tests whether relations
between early childhood BI and cortical thickness in adult-
hood are moderated by anxiety and/or altered cognitive
control occurring during adolescence. Such moderation is
expected, given that both of these conditions have been
linked to BI and have been associated with an overlapping
set of brain regions. To address these questions, the study
uses a well-characterized, rigorously ascertained cohort
containing individuals followed since 4 months of age
through early adulthood.3,30 This unique longitudinal cohort
permits a rare opportunity to test prospective relations.
Initial analyses test whether childhood BI predicts adult
cortical thickness in regions commonly associated with BI,
anxiety, and cognitive control: dACC, aI, or sgACC; or
volume of the amygdala or hippocampus. These analyses
test whether anxiety and/or cognitive control measured at
intervening time points (in adolescence) moderate any
relations detected between early childhood BI and cortical
thickness in adulthood. Parallel exploratory vertexwise
analyses examine these same relations across all of the
prefrontal cortex.
Age 14 mo visita 44 (83.0)
Age 24 mo visita 45 (84.9)
Age 4 y visita 45 (84.9)
Age 7 y visita 44 (83.0)
Adolescent visit (mean age 14.7 y)b 49 (92.5)
Young adult visit (mean age 19.8 y)b 52 (98.1)
Conflict task visit (mean age 14.8 y) 29 (54.7)

Note: Data are expressed as n (%) except where noted.
aIndicates assessments that were used to compute the behavioral inhibition

score.
bIndicates assessments that were used to calculate the anxiety score.
METHOD
Participants
Participants were derived from an ongoing longitudinal study of BI
in which behavioral data were available beginning at 4 months of
age.3,30 Participants were originally recruited from the suburban
Washington, DC area through commercially available mailing lists.
Potential participants were screened over the telephone and
excluded on the basis of prematurity, low birth weight, or perinatal
complications. A home or laboratory visit was then scheduled for
433 infants (from 2 separate cohorts) within 2 weeks of their 4-month
JOURNAL OF THE AMERICAN ACADEMY OF CHILD & ADOLESCENT PSYCHIATRY

VOLUME 55 NUMBER 2 FEBRUARY 2016
birthday, and infants were assessed for motor reactivity and
emotional reaction to novel stimuli. Infants at the extreme ends of
these measures were invited to participate in the full longitudinal
study on the basis of selecting infants at high and low risk for
developing behaviorally inhibited temperament.3,31 A small number
of participants (5 in the sample used in the current study) were
added to the study in early childhood to serve as unfamiliar peers in
a social laboratory assessment (4 or 7 years of age).

A total of 163 were potential participants for the current study on
the basis of having participated in BI assessments during childhood
as well as anxiety assessments during adolescence or young adult-
hood. Of these 163 participants, 25 refused participation in the
young adult study, and an additional 105 were either excluded or
not approached on the basis of the following: contraindication to
magnetic resonance imaging (MRI), psychotropic medication use,
psychopathology requiring immediate clinical attention, recent
completion of other studies, and/or participant request not to be
contacted for a period of time after which the current study
was completed.12 Acceptable neuroimaging data were therefore
available for a subset of participants (n ¼ 53, mean age 20.5 years,
29 male and 24 female). Table 1 lists demographics for this subset
and participation rates for the 7 time points where data were
acquired (ages 4 months, 14 months, 24 months, 4 years, 7 years,
early adolescence [mean age 14.7 years], and young adulthood
[mean age 19.8 years]).

Children were observed for an assessment of BI at 14 and
24 months of age and for an assessment of social reticence at 4 and
7 years of age.1,32,33 BI at 14 and 24 months was assessed by
measuring infants’ reactions to novel objects and people.3 Mothers
also reported their child’s social fear at 14 and 24 months using the
Toddler Behavior Assessment Questionnaire.34 Social reticence is
considered a marker of BI during the early school-age years. For the
assessments of social reticence at ages 4 and 7 years, children’s
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reticent behavior with 3 unfamiliar peers was measured with
Rubin’s Play Observation Scale.33 Mothers also rated their child’s
social fear at 4 and 7 years using the shyness subscale of the
Colorado Child Temperament Inventory.35 For each of the 4 time
points, observed behavioral and maternal report measures were
standardized in the full cohort and then averaged to create a single
measure of early childhood BI.9,36,37 For our primary analyses, we
used this continuous composite measure of early childhood BI and
social reticence. This composite provides a stable measure of early
childhood BI and has been used extensively in prior work.11,12,36,37

For a secondary analysis to compare results with other studies, we
categorized participants on the basis of their reactivity profiles at
4 months of age. This analysis attempts to replicate findings from
the only other longitudinal structural brain study of young adults
with histories of BI in infancy.28 All 53 participants had the primary
composite measure of BI available. For the secondary analysis,
43 had complete data for the 4-month reactivity phenotype available
(of which 19 were classified as high negative reactive and 11 as low
reactive).

In addition to examining the influence of early childhood BI, we
wished to test whether anxiety and/or cognitive control during
adolescence moderated the relation between early childhood BI and
brain structure in young adulthood. This analysis minimized the
number of statistical comparisons and derived a measure of anxiety
incorporating as much data from the current study as possible.
Accordingly, a single composite measure of anxiety over adoles-
cence and young adulthood was created for each participant. This
composite measure was created on the basis of 3 measures obtained
during adolescence (mean age 14.7 years): parent report from Screen
for Child Anxiety Related Disorders (SCARED), child report from
SCARED38; the Anxious/Depressed raw score on the Youth Self-
Report (YSR)39; and 3 measures obtained during young adulthood
(mean age 19.8 years): Beck Anxiety Inventory,40 Liebowitz Social
Anxiety Scale,41 and the Anxious/Depressed raw score on the YSR.
Standardized scores were created for each measure for each partic-
ipant on the basis of all participants with available data on these
anxiety measures (n ¼ 163), not just the subset imaged for this
current study. The use of standardized scores allows an equal
weighting of each measure in the composite. The composite anxiety
measure was an average over these 6 standardized measures
(Cronbach’s alpha ¼ 0.71). The adolescent and young adult
composites were correlated (Spearman’s rho ¼ 0.48, p < .001),
suggesting traitlike features. Data were available in more than
80% of the imaged participants for each individual scale; 92.5% of
participants had at least 1 measure from adolescence, and 98.1% had
at least 1 measure from adulthood. All participants had at least 2 of
the 6 measures available.

The Eriksen Flanker Task was used to measure cognitive control
in the current sample. A subset of the cohort with imaging data in
young adulthood had completed the Eriksen Flanker Task in
adolescence (n ¼ 25, mean age 14.8 years, 9 female and 16 male). The
Eriksen Flanker Task consisted of equal numbers of congruent
(HHHHH and SSSSS) and incongruent (HHSHH and SSHSS) trials
in which participants had to indicate the central letter with a button
press.42 Cognitive control was measured with the congruency effect,
computed as the difference in reaction time for incongruent versus
congruent trials, divided by the reaction time on congruent trials.
Higher scores indicate poorer cognitive control.

Neuroimaging
All MRI data were acquired on the same scanner, a GE Healthcare
MR750 3.0 Tesla scanner with a 32-channel head coil. Each scanning
session included a single high-resolution, T1-weighted structural
imaging sequence (MPRAGE; sagittal acquisition; 176 slices; 1 mm3
124 www.jaacap.org
isotropic voxels; 256 � 256 matrix; flip angle ¼ 7�; repetition time
[TR] ¼ 7.7 milliseconds; echo time [TE] ¼ 3.42 milliseconds; inver-
sion time [TI] ¼ 425 milliseconds).

Image Processing
FreeSurfer 5.3 (http://surfer.nmr.mgh.harvard.edu/) was used to
generate subcortical segmentations,43,44 cortical parcellations using
the Destrieux et al. atlas,45 and pial and white matter surfaces from
the T1-weighted images.46-48 After the parcellations and surfaces
were generated, they were visually reviewed by trained research
assistants and, where necessary, manually edited and regenerated.
Regional volumes and cortical thicknesses were obtained from the
edited parcellations and surfaces.45,48

Regional A Priori Analyses
Three bilateral regions of interest (ROIs) from the Destrieux et al.
atlas45 were selected a priori for initial cortical thickness analyses: the
middle anterior part of the cingulate gyrus and sulcus (dACC), the
short insular gyrus (aI), and the subcallosal gyrus (sgACC). These
ROIs are depicted in Figure 1A. Bilateral volumes of the amygdalae
and hippocampi were examined in a priori analyses as well. In an
effort to replicate findings by Schwartz et al.,28 2 additional ROIs were
explored exclusively in the secondary analysis when examining the
relations between 4-month temperament and cortical thickness: left
orbitofrontal and right ventromedial regions were hand-drawn on an
average FreeSurfer volume based on Figures 1 and 2 from Schwartz
et al.28 These regions were then projected to individual participants to
generate thickness values for the left orbitofrontal and right ventro-
medial regions for each participant.

Prefrontal Cortex Exploratory Analyses
We additionally performed exploratory analyses in the prefrontal
cortex.28 General linear modeling programs available through
FreeSurfer (Qdec) were used for these vertexwise analyses. A pre-
frontal cortex mask was generated by combining the following
parcellations from the Desikan atlas49: superior frontal, rostral, and
caudal middle frontal, pars opercularis, pars triangularis, pars
orbitalis, lateral and medial orbitofrontal, frontal pole, and rostral
and caudal anterior cingulate cortices. To correct for multiple com-
parisons, Monte Carlo simulations available in the FreeSurfer soft-
ware were used to determine that an area of cortex 68.1 mm2 with
each individual vertex p < .001 was required to meet prefrontal
cortex-wide clusterwise significance of p < .05. Clusters meeting
multiple comparison correction are reported in Montreal Neuro-
logical Institute (MNI) coordinates.

Statistical Analyses
All statistical tests were performed using SPSS version 20 (IBM,
Armonk, NY) with the exception of the prefrontal cortex vertexwise
analyses, which were carried out using FreeSurfer. We used t tests to
compare BI and anxiety in the subset of participants that provided
versus did not provide imaging data, and c2 tests to test for po-
tential group differences in sex. Analogous tests compared partici-
pants in the current study that did versus did not provide Eriksen
Flanker Task data in adolescence.

The relations among temperament, anxiety, and cortical thick-
ness were examined with repeated measures analyses of variance
predicting thickness. Specifically, for each a priori region, cortical
thickness values from left and right hemispheres were included in a
single model, with hemisphere treated as a repeated measure.
Additional factors for the primary models comprised childhood BI,
anxiety in adolescence/young adulthood, the interaction between
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BI and anxiety, sex, and whole-brain average cortical thickness.
Variables were mean centered before computing interactions for
all analyses. When significant effects emerged in primary models,
secondary models added IQ and maternal education as covariates.
Three participants each were missing IQ and maternal education
data, and these missing values were replaced with group means;
excluding these participants did not change the significance of
results. Only results from secondary models are reported; primary
models were included to ensure that results were not driven
exclusively because of the addition of multiple covariates. For
amygdala and hippocampus analyses, volumes were used instead of
thicknesses, and whole-brain volume was used as a covariate
instead of whole-brain average thickness. Bonferroni correction was
used to protect against false-positive results for the 5 models based
on the a priori regions.

Prefrontal cortex vertexwise analyses were conducted separately
for each hemisphere using the primary model with FreeSurfer. One
participant’s composite BI measure was 3 standard deviations from
the mean, and another participant’s composite anxiety measure was
3 standard deviations from the mean. These outliers were handled
by Winsorizing for all analyses; no outliers were detected in other
measures.

Analyses examining the relations between cognitive control
and cortical thickness of dACC were based on Westlye et al.50 The
congruency effect on the Eriksen Flanker Task for each participant
was computed as the difference in reaction time for incongruent
versus congruent trials divided by the reaction time on congruent
trials. Higher scores indicate poorer cognitive control, and the mean
score across the sample was 0.10 with a standard deviation of 0.051.
To attempt replication, the relation between congruency and cortical
thickness was examined with a repeated-measures analysis of
variance with hemisphere as a repeated measure and congruency,
sex, and IQ as covariates. This model was followed up by addi-
tionally controlling for whole-hemisphere thickness. Finally, we
included congruency, early childhood BI, and the interaction
between BI and congruency in a single model to determine whether
congruency moderated the relation between BI and cortical
thickness.
FIGURE 1 Early childhood behavioral inhibition predicts cortical
adulthood. Note: Panel A illustrates the 3 cortical a priori regions of
significant relation between early childhood behavioral inhibition (B
represents a single participant, and thickness values are averaged a
value was Winsorized because BI > 3 SD from the mean. sgACC ¼
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Power analyses were computed using G*Power 3.1.51 Using a
single predictor in a regression model to detect a moderate effect
size (partial h2 ¼ 0.15), power in the full sample of 53 was 0.84,
power in the sample using just the 4-month phenotype (n ¼ 30) was
0.59, and power in the sample using the Eriksen Flanker Task data
(n ¼ 25) was 0.51. The power to detect a larger effect size (partial
h2 ¼ 0.25, on the order of the effect size of the main result in this
study) was 0.98 in the full sample, 0.86 for the 4-month phenotype
data, and 0.79 for the Eriksen Flanker Task data.
RESULTS
Participants
Compared to participants from the larger longitudinal study
who did not undergo imaging, participants who did
undergo imaging for the current study had significantly
lower anxiety scores over adolescence/young adulthood
(�0.18, SD ¼ 0.57, versus 0.16, SD ¼ 0.91, t ¼ 2.5, p ¼ .012,
d ¼ 0.45), but there were no differences in early childhood BI
scores (�0.06, SD ¼ 0.73, versus 0.012, SD ¼ 0.60, t ¼ 0.71,
p ¼ .48, d ¼ 0.11) or sex (c2 ¼ 1.5, p ¼ .22). Follow-up ana-
lyses revealed that imaged participants had significantly
lower levels of anxiety compared to excluded participants
(�0.18 versus 0.17, t ¼ 2.6, p ¼ .012). There was no difference
in anxiety scores between the imaged participants and
participants who refused participation (�0.18 versus �0.07,
t ¼ 0.7, p ¼ .49). It should be noted, however, that the
absolute difference in anxiety between imaged participants
and the total cohort was less than 0.2 SDs from the
cohort mean, and the imaged participants were representa-
tive of the original longitudinal cohort in terms of BI scores.
Within the current study sample, there were no significant
differences in anxiety, BI, or sex (t ¼ 1.39, p ¼ .17, d ¼ 0.38;
t ¼ 0.24, p ¼ .81, d ¼ 0.07; c2 ¼ 0.23, p ¼ .63, respectively)
between the subset of individuals who participated versus
thickness in the dorsal anterior cingulate (dACC) in young
interest, derived from the Destrieux atlas.45 Panel B depicts the
I) and cortical thickness in the dACC in adulthood. Each dot
cross left (L) and right (R) dACC. The encircled participant’s BI
subgenual anterior cingulate.
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FIGURE 2 Anxiety during adolescence moderates the relation between early childhood behavioral inhibition (BI) and the thickness
of the right ventrolateral prefrontal cortex (VLPFC) during adulthood. Note: Panel A depicts a z-map for the interaction between early
childhood BI and anxiety in adolescence in relation to cortical thickness in adulthood. Illustrated results survive clusterwise multiple
comparison correction across prefrontal cortex (p < .05). Panel B graphically illustrates the interaction for the right VLPFC region in
panel A. Higher anxiety during adolescence is related to increased thickness of the right VLPFC during adulthood among individuals
with low but not high early childhood BI.
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the subset of those who did not participate in the Eriksen
Flanker Task in adolescence. Early childhood BI and anxiety
in adolescence/young adulthood were not significantly
related in the sample used in this study (r ¼ �0.043, p ¼ .76).

Behavioral Inhibition, Anxiety, and Cortical Thickness:
Regional Analysis
The relations among BI during early childhood, anxiety in
adolescence/young adulthood, and cortical thickness in
young adulthood were examined in 3 bilateral a priori
cortical regions of interest: the dorsal anterior cingulate
(dACC), anterior insula (aI), and subgenual anterior cingu-
late (sgACC). These regions are depicted in Figure 1A.
Parallel analyses examined relations with hippocampus and
amygdala volumes. As depicted in Figure 1B, early child-
hood BI predicted thinner cortex in the dACC with a large
effect size (F1,45 ¼ 16.2, p < .001 uncorrected, partial h2 ¼
0.26, survived Bonferroni correction for 5 a priori regions).
This analysis controlled for multiple potential confounding
factors, including sex, maternal education, IQ, whole-brain
average cortical thickness, anxiety in adolescence/young
adulthood, and the interaction between BI and anxiety.
Of note, similar results emerged in bivariate analyses
examining only the relations between BI and dACC thick-
ness. Early childhood BI similarly predicted thinner cortex in
the sgACC (F1,45 ¼ 5.2, p ¼ .027 uncorrected, partial h2 ¼
0.10), although with a smaller effect size. Unlike findings for
the dACC, this result did not survive Bonferroni correction
for 5 comparisons. Neither anxiety nor the interaction be-
tween BI and anxiety was significantly related to dACC or
sgACC cortical thickness, suggesting that anxiety did not
moderate the relation between early childhood BI and
thickness of the dACC in adulthood. There were no
significant relations among childhood BI, anxiety in adoles-
cence/young adulthood, or the interaction between BI and
anxiety with anterior insula thickness or hippocampus or
amygdala volumes.
126 www.jaacap.org
Behavioral Inhibition, Anxiety, and Cortical Thickness:
Prefrontal Cortex Exploratory Analysis
To complement the a priori ROI analysis, a parallel analysis
examined the relations among BI during early childhood,
anxiety in adolescence/young adulthood, and cortical
thickness in young adulthood in an exploratory fashion
across prefrontal cortex. In contrast to the regional analysis,
the prefrontal cortex vertexwise analysis did not detect any
regions surviving multiple comparison correction that
were related to early childhood BI alone. A whole-brain
vertexwise map, uncorrected at p < .05, demonstrating the
relation between early childhood BI and cortical thickness in
young adulthood, is provided in Figure S1, available online.
This map is consistent with the regional analysis, as the
thickness of a large swath of cortex near the dACC was
related to early childhood BI; as above, however, this cluster
did not survive multiple comparison correction across the
prefrontal cortex. The prefrontal cortex vertexwise analysis
likewise did not detect any regions surviving multiple-
comparison correction that were related to anxiety in
adolescence/young adulthood.

The prefrontal cortex vertexwise analysis did, however,
detect a region in which thickness in young adulthood was
related to the interaction between early childhood BI and
anxiety in adolescence/young adulthood. As illustrated in
Figure 2, cortical thickness in an 83 mm2 patch of the
right ventrolateral prefrontal cortex (VLPFC; centered
at þ48.2 þ10.0 þ13.9 in MNI coordinates, within the pars
triangularis) was predicted by an interaction between
childhood BI and anxiety in adolescence/young adulthood,
controlling for sex and whole-hemisphere thickness
(p ¼ .024, corrected for multiple comparisons across pre-
frontal cortex). To explore the source of this interaction, a
median split divided participants into those with low
versus high levels of early childhood BI, and a similar
median split was performed for anxiety. Note that effect
sizes for this median split analysis are biased by the circular
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nature of the analysis, which computes statistics on a region
initially identified in an exploratory test. Effect sizes are
reported solely to interpret the interaction. In participants
with low early childhood BI, a high level of anxiety during
adolescence/young adulthood predicted thicker VLPFC
compared to a low level of anxiety (d ¼ 1.56). In participants
with high early childhood BI, however, anxiety during
adolescence/young adulthood was unrelated to VLPFC
thickness in young adulthood (d ¼ �0.46).

Temperament at 4 Months
The characterization of early childhood BI discussed above
was a composite of measures from age 14 months to 7 years.
Analyses in the only other study using a similar design,
Schwartz et al.28 relied on data from 4 months of age. In
secondary analyses, we used phenotypes similar to this prior
study in the small subset (57%) of our participants with
either high reactive negative (n ¼ 19) or low reactive (n ¼ 11)
temperament at age 4 months. This measure did not predict
cortical thickness in young adulthood in any of the a priori
regions tested including the left orbitofrontal and
right ventromedial regions derived from Schwartz et al.28

Prefrontal cortex vertexwise analyses similarly did not
reveal any significant relations between 4-month tempera-
ment and regional cortical thickness. Using a less stringent
threshold of p < .05 uncorrected also did not reveal any
relations between cortical thickness near the regions derived
from Schwartz et al.28 and temperament at 4 months.

Cognitive Control
We examined whether congruency effects on the Eriksen
Flanker Task during adolescence moderated the relations
between early childhood BI and dACC thickness in young
adulthood. Higher congruency effects on the Eriksen Flanker
Task during adolescence (reflecting poorer cognitive
control) predicted thinner dACC during young adulthood
(F1,23 ¼ 4.66, p ¼ .042, partial h2 ¼ 0.17), controlling for sex
and IQ. There was no relation, however, between BI in early
childhood and the congruency effect in young adulthood
among the current study sample (r ¼ �0.01, p ¼ .94). The
interaction between BI and congruency likewise was
unrelated to dACC thickness (F1,21 ¼ 2.12, p ¼ .16, partial
h2 ¼ 0.09), indicating that the congruency effect (1 measure
of cognitive control) did not moderate the relation between
early childhood BI and young adult dACC thickness.

DISCUSSION
The primary goal of the current study was to test the
hypothesis that BI in early childhood predicts thickness in
specific cortical regions, as well as volume of amygdala and
hippocampus, during adulthood. Consistent with this
hypothesis, BI during early childhood predicted thinner
dACC in adulthood, although no differences as a function of
BI were detected in anterior insula, sgACC (after correction
for multiple comparisons), amygdala, or hippocampus.
Neither anxiety nor cognitive control during adolescence
moderated the relation between early childhood BI and
dACC thickness in adulthood, although a higher congruency
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effect on the Eriksen Flanker Task during adolescence was
independently related to thinner dACC in adulthood. High
anxiety during adolescence and young adulthood was
related to thicker cortex in the right VLPFC in young
adulthood, but only among those who had low BI as
children.

These results are consistent with prior literature linking
BI to the dACC. The dACC is part of a network of brain
regions involved in identifying and signaling the need for
increased cognitive control.26 A series of studies in the cur-
rent and other samples use event-related potentials42,52,53

and functional MRI (fMRI)11,12 to measure brain activity
during tasks that require trial-by-trial changes in levels of
cognitive control. This series of studies demonstrates
consistently larger increases in neuronal activity in or near
the dACC among children and adolescents with high BI
relative to those with low BI.

These data are consistent with a model in which the
dACC of individuals high in BI is highly sensitive to conflict,
signaling the need for cognitive control.10 Notably, research
has shown this BI-related pattern of brain function does not
generate behavioral benefits but, rather, relates to risk for
anxiety.10 In light of this model, the current findings of
thinner dACC among individuals with higher BI suggests
the hypotheses that either a thinner dACC generates a larger
neural signal or that repeatedly high activity in the dACC
over development results in thinner cortex. Longitudinal
studies incorporating neuroimaging early in life are needed
to adjudicate these possibilities. In either case, these data
may provide a biological explanation for the link between
early childhood BI and adult outcomes. Moreover, by link-
ing early temperament to adult brain structure, the current
findings raise questions about the types of impairing
behaviors expressed in adulthood that could relate to both
early childhood temperament and dACC structure. For
example, adults with a childhood history of high BI may
have subtle abnormalities of cognitive control associated
with decreased dACC thickness. If so, interventions target-
ing impairment in children with high BI could influence
these or other behaviors in adulthood.

Importantly, variation in neither adolescent anxiety nor
cognitive control on the Eriksen Flanker Task moderated the
relation between early childhood BI and adult dACC thick-
ness. These results suggest that the association between early
childhood BI and adult dACC thickness manifests inde-
pendently of anxiety and/or this 1 particular measure of
cognitive control. One possibility is that although thinner
dACC in individuals with a history of BI may increase risk
for pathological anxiety and alterations in cognitive control,
some individuals compensate for this risk. Further studies
could test whether this compensation occurs functionally
within the dACC (i.e., activity is normal even though
structure is abnormal) or through functional and/or struc-
tural changes in other brain areas.

In the current study, adolescent/young adult anxiety
moderated the relations between early childhood BI and
cortical thickness in a portion of the right VLPFC. High
anxiety in adolescence and adulthood related to increased
VLPFC thickness in young adults with a history of low BI in
www.jaacap.org 127

http://www.jaacap.org


SYLVESTER et al.
early childhood. No such relation occurred in adults with
high BI in early childhood. These results suggest that the
neurodevelopmental pathway to high anxiety could differ
depending on underlying temperament,10 with variation in
the VLPFC related to anxiety only in individuals low in BI.
Previous work consistently relates variation in the structure
and function of the right VLFPC to both anxiety disorders
and orienting to threat.54-56 The right VLPFC may be a
portion of the ventral attention network, involved in
stimulus-driven attention, and increased thickness may be
related to increased orienting to threat and subsequently
anxiety.27,57,58 Because VLPFC thickness is only relevant to
individuals low in BI during early childhood, a speculative
possibility is that the mechanisms of orienting to threat and
the pathway to anxiety differ depending on levels of BI.

In a secondary analysis that was only able to use a
small percentage (57%) of our participants, we did not
replicate Schwartz et al.,28 who reported thinner left orbito-
frontal cortex and thicker right ventromedial prefrontal
cortex in young adults with a history of high reactivity as
4-month-old infants. This difference could reflect low power
associated with small sample size, as well as methodological
factors. Nevertheless, the current study, Schwartz et al.,28

and other prior work7 suggest that early childhood BI
predicts aspects of brain structure or function later in
adulthood. Moreover, additional analyses replicated prior
work linking dACC thickness to congruency effects on the
Eriksen Flanker Task.50,59 Thus, the current findings repli-
cate some brain–behavior associations seen in prior work.

The results of this study should be interpreted in light of
several limitations. We had a moderate sample size for the
primary analysis and a small sample for our secondary
analyses. As a result, failure to detect associations could
reflect a type II error. Small sample sizes reflect the difficulty
of acquiring brain imaging data on participants followed
prospectively for more than 20 years. Demonstrating
large effect sizes in some analyses, however, speaks to the
value of such work, even with limited sample size. Another
consideration is that the sample used in this study had a
small (less than 0.2 SDs) but significant difference in the
amount of anxiety experienced during adolescence and
young adulthood relative to the whole longitudinal cohort.
128 www.jaacap.org
In summary, the current study demonstrates that varia-
tion in early childhood temperament is related to adult brain
structure. These data reinforce the hypothesis that the dACC
is a key brain structure in the physiology of BI, and provide
a candidate biological basis for the associations between
early childhood BI and adult functional outcomes. Future
studies following cohorts incorporating longitudinal neuro-
imaging that begin earlier in childhood are needed to
determine whether alterations are present early in childhood
or emerge later in the course of development. In addition,
future studies are required to determine the functional im-
plications of the cortical thickness differences detected in this
study. Regardless of the outcome of these additional studies,
data from the current study highlight the importance of
early intervention for children who are functionally
impaired from high BI because of the potential for enduring
effects on brain structure that occur into adulthood. &
JO
Accepted November 19, 2015.

Drs. Sylvester, Barch, Harms, Belden, and Luby are with Washington Uni-
versity School of Medicine, St. Louis. Mr. Oakberg is with University of Col-
orado Denver. Drs. Gold, White, Benson, and Pine are with the National
Institute of Mental Health (NIMH) Intramural Research Program, Bethesda,
MD. Drs. Troller-Renfree, Degnan, and Fox are with University of Maryland,
College Park. Dr. Henderson is with University of Waterloo, Waterloo, ON,
Canada.

This research was supported by National Institutes of Health grants
T32MH100019 (C.S.), R01MH090786 (D.B. and J.L.), R37HD017899
(N.F.), U01MH093349 (N.F.), R01MH074454 (N.F.); the Parker Fund
(C.S.); the Taylor Institute (C.S.); and the NIMH Intramural Research Program
(D.P.).

Dr. Degnan served as the statistical expert for this research.

Disclosure: Dr. Barch has served on an advisory board for Takeda, has a
contract with Pfizer, and has consulted for Amgen and Pfizer. All of these roles
are related to schizophrenia research. Dr. Luby has received royalties from
Guilford Press. Drs. Sylvester, Harms, Belden, Gold, White, Benson, Troller-
Renfree, Degnan, Henderson, Fox, and Pine, and Mr. Oakberg report no
biomedical financial interests or potential conflicts of interest.

Correspondence to Chad M. Sylvester, MD, PhD, Washington University
School of Medicine, Psychiatry, 4444 Forest Park, Suite 2500, Saint Louis,
MO 63110; e-mail: sylvestc@psychiatry.wustl.edu

0890-8567/$36.00/Published by Elsevier Inc. on behalf of the American
Academy of Child and Adolescent Psychiatry.

http://dx.doi.org/10.1016/j.jaac.2015.11.007
REFERENCES

1. Fox NA, Henderson HA, Marshall PJ, Nichols KE, Ghera MM. Behavioral

inhibition: Linking biology and behavior within a developmental
framework. Annu Rev Psychol. 2005;56:235-262.

2. Kagan J, Reznick JS, Snidman N, Gibbons J, Johnson MO. Childhood
derivatives of inhibition and lack of inhibition to the unfamiliar. Child
Dev. 1988;59:1580-1589.

3. Fox NA, Henderson HA, Rubin KH, Calkins SD, Schmidt LA. Continuity
and discontinuity of behavioral inhibition and exuberance: psychophys-
iological and behavioral influences across the first four years of life. Child
Dev. 2001;72:1-21.

4. Gest SD. Behavioral inhibition: stability and associations with adaptation
from childhood to early adulthood. J Personal Soc Psychol. 1997;72:467-475.

5. Chronis-Tuscano A, Degnan KA, Pine DS, et al. Stable early maternal
report of behavioral inhibition predicts lifetime social anxiety disorder in
adolescence. J Am Acad Child Adolesc Psychiatry. 2009;48:928-935.

6. Hirshfeld DR, Rosenbaum JF, Biederman J, et al. Stable behavioral inhi-
bition and its association with anxiety disorder. J Am Acad Child Adolesc
Psychiatry. 1992;31:103-111.
7. Clauss JA, Blackford JU. Behavioral inhibition and risk for developing
social anxiety disorder: a meta-analytic study. J Am Acad Child Adolesc
Psychiatry. 2012;51:1066-1075, e1061.

8. Schwartz CE, Wright CI, Shin LM, Kagan J, Rauch SL. Inhibited and
uninhibited infants “grown up”: adult amygdalar response to novelty.
Science. 2003;300:1952-1953.

9. Perez-Edgar K, Roberson-Nay R, Hardin MG, et al. Attention alters
neural responses to evocative faces in behaviorally inhibited adolescents.
Neuroimage. 2007;35:1538-1546.

10. Henderson HA, Pine DS, Fox NA. Behavioral inhibition and develop-
mental risk: a dual-processing perspective. Neuropsychopharmacology.
2015;40:207-224.

11. Jarcho JM, Fox NA, Pine DS, et al. Enduring influence of early tempera-
ment on neural mechanisms mediating attention-emotion conflict in
adults. Depress Anxiety. 2014;31:53-62.

12. Jarcho JM, Fox NA, Pine DS, et al. The neural correlates of emotion-based
cognitive control in adults with early childhood behavioral inhibition.
Biol Psychol. 2013;92:306-314.
URNAL OF THE AMERICAN ACADEMY OF CHILD & ADOLESCENT PSYCHIATRY

VOLUME 55 NUMBER 2 FEBRUARY 2016

mailto:sylvestc@psychiatry.wustl.edu
http://dx.doi.org/10.1016/j.jaac.2015.11.007
http://www.jaacap.org


CHILDHOOD BEHAVIORAL INHIBITION AND ADULT CORTICAL THICKNESS
13. Reeb-Sutherland BC, Vanderwert RE, Degnan KA, et al. Attention to
novelty in behaviorally inhibited adolescents moderates risk for anxiety.
J Child Psychol Psychiatry. 2009;50:1365-1372.

14. Hardee JE, Benson BE, Bar-Haim Y, et al. Patterns of neural connectivity
during an attention bias task moderate associations between early
childhood temperament and internalizing symptoms in young adult-
hood. Biol Psychiatry. 2013;74:273-279.

15. Blackford JU, Pine DS. Neural substrates of childhood anxiety disorders:
a review of neuroimaging findings. Child Adolesc Psychiatr Clin N Am.
2012;21:501-525.

16. Strawn JR, Dominick KC, Patino LR, Doyle CD, Picard LS, Phan KL.
Neurobiology of pediatric anxiety disorders. Curr Behav Neurosci Rep.
2014;1:154-160.

17. Shin LM, Liberzon I. The neurocircuitry of fear, stress, and anxiety dis-
orders. Neuropsychopharmacology. 2010;35:169-191.

18. Strawn JR, Hamm L, Fitzgerald DA, Fitzgerald KD, Monk CS, Phan KL.
Neurostructural abnormalities in pediatric anxiety disorders. J Anxiety
Disord. 2015;32:81-88.

19. Strawn JR, John Wegman C, Dominick KC, et al. Cortical surface anatomy
in pediatric patients with generalized anxiety disorder. J Anxiety Disord.
2014;28:717-723.

20. Strawn JR, Wehry AM, Chu WJ, et al. Neuroanatomic abnormalities in
adolescents with generalized anxiety disorder: a voxel-based
morphometry study. Depress Anxiety. 2013;30:842-848.

21. Mueller SC, Aouidad A, Gorodetsky E, Goldman D, Pine DS, Ernst M.
Gray matter volume in adolescent anxiety: an impact of the brain-derived
neurotrophic factor Val(66)Met polymorphism? J Am Acad Child Ado-
lesc Psychiatry. 2013;52:184-195.

22. Milham MP, Nugent AC, Drevets WC, et al. Selective reduction in
amygdala volume in pediatric anxiety disorders: a voxel-based
morphometry investigation. Biol Psychiatry. 2005;57:961-966.

23. LeDoux JE. Emotion circuits in the brain. Annu Rev Neurosci. 2000;23:
155-184.

24. Thomas KM, Drevets WC, Dahl RE, et al. Amygdala response to fearful
faces in anxious and depressed children. Arch Gen Psychiatry. 2001;58:
1057-1063.

25. Monk CS, Telzer EH, Mogg K, et al. Amygdala and ventrolateral pre-
frontal cortex activation to masked angry faces in children and adoles-
cents with generalized anxiety disorder. Arch Gen Psychiatry. 2008;65:
568-576.

26. Dosenbach NUF, Fair DA, Cohen AL, Schlaggar BL, Petersen SE. A dual-
networks architecture of top-down control. TrendsCognSci. 2008;12:99-105.

27. Sylvester CM, Corbetta M, Raichle ME, et al. Functional network
dysfunction in anxiety and anxiety disorders. Trends Neurosci. 2012;35:
527-535.

28. Schwartz CE, Kunwar PS, Greve DN, et al. Structural differences in adult
orbital and ventromedial prefrontal cortex predicted by infant tempera-
ment at 4 months of age. Arch Gen Psychiatry. 2010;67:78-84.

29. Clauss JA, SeayAL,VanDerKlokRM, et al. Structural and functional bases of
inhibited temperament. Social Cogn Affect Neurosci. 2014;9:2049-2058.

30. Fox NA, Rubin KH, Calkins SD, et al. Frontal activation asymmetry and
social competence at four years of age. Child Dev. 1995;66:1770-1784.

31. Calkins SD, Fox NA, Marshall TR. Behavioral and physiological ante-
cedents of inhibited and uninhibited behavior. Child Dev. 1996;67:
523-540.

32. Coplan RJ, Rubin KH, Fox NA, Calkins SD, Stewart SL. Being alone,
playing alone, and acting alone: distinguishing among reticence and
passive and active solitude in young children. Child Dev. 1994;65:
129-137.

33. Rubin KH. The Play Observation Scale (POS). Waterloo, ON: University
of Waterloo; 1989.

34. Goldsmith HH. Studying temperament via construction of the Toddler
Behavior Assessment Questionnaire. Child Dev. 1996;67:218-235.

35. Rowe DC, Plomin R. Temperament in early childhood. J Personal Assess.
1977;41:150-156.

36. Guyer AE, Benson B, Choate VR, et al. Lasting associations between
early-childhood temperament and late-adolescent reward-circuitry
response to peer feedback. Dev Psychopathol. 2014;26:229-243.
JOURNAL OF THE AMERICAN ACADEMY OF CHILD & ADOLESCENT PSYCHIATRY

VOLUME 55 NUMBER 2 FEBRUARY 2016
37. Guyer AE, Jarcho JM, Perez-Edgar K, et al. Temperament and parenting
styles in early childhood differentially influence neural response to peer
evaluation in adolescence. J Abnorm Child Psychol. 2015;43:863-874.

38. Birmaher B, Brent DA, Chiappetta L, Bridge J, Monga S, Baugher M.
Psychometric properties of the Screen for Child Anxiety Related
Emotional Disorders (SCARED): a replication study. J Am Acad Child
Adolesc Psychiatry. 1999;38:1230-1236.

39. Achenbach T. Manual for the Youth Self-Report and 1991 Profile. Bur-
lington, VT: University of Vermont, Department of Psychiatry; 1991.

40. Beck AT, Steer RA. Beck Anxiety Inventory Manual. San Antonio, TX:
Psychological Corporation; 1993.

41. Liebowitz MR. Social phobia. Modern problems of pharmacopsychiatry.
1987;22:141-173.

42. Mcdermott JM, Perez-Edgar K, Henderson HA, Chronis-Tuscano A,
Pine DS, Fox NA. A history of childhood behavioral inhibition and
enhanced response monitoring in adolescence are linked to clinical anx-
iety. Biol Psychiatry. 2009;65:445-448.

43. Fischl B, Salat DH, Busa E, et al. Whole brain segmentation: automated
labeling of neuroanatomical structures in the human brain. Neuron. 2002;
33:341-355.

44. Fischl B, van der Kouwe A, Destrieux C, et al. Automatically parcellating
the human cerebral cortex. Cereb Cortex. 2004;14:11-22.

45. Destrieux C, Fischl B, Dale A, Halgren E. Automatic parcellation of hu-
man cortical gyri and sulci using standard anatomical nomenclature.
Neuroimage. 2010;53:1-15.

46. Dale AM, Fischl B, Sereno MI. Cortical surface-based analysis. I. Seg-
mentation and surface reconstruction. Neuroimage. 1999;9:179-194.

47. Dale AM, Sereno MI. Improved localization of cortical activity by
combining EEG and MEG with MRI cortical surface reconstruction: a
linear approach. J Cogn Neurosci. 1993;5:162-176.

48. Fischl B, Dale AM. Measuring the thickness of the human cerebral cortex
from magnetic resonance images. Proc Natl Acad Sci U S A. 2000;97:
11050-11055.

49. Desikan RS, Segonne F, Fischl B, et al. An automated labeling system for
subdividing the human cerebral cortex on MRI scans into gyral based
regions of interest. Neuroimage. 2006;31:968-980.

50. Westlye LT, Grydeland H, Walhovd KB, Fjell AM. Associations between
regional cortical thickness and attentional networks as measured by the
attention network test. Cereb Cortex. 2011;21:345-356.

51. Faul F, Erdfelder E, Buchner A, Lang AG. Statistical power analyses
using G*Power 3.1: tests for correlation and regression analyses. Behav
Res Methods. 2009;41:1149-1160.

52. Lahat A, Lamm C, Chronis-Tuscano A, Pine DS, Henderson HA, Fox NA.
Early behavioral inhibition and increased error monitoring predict later
social phobia symptoms in childhood. J Am Acad Child Adolesc Psy-
chiatry. 2014;53:447-455.

53. Lamm C, Walker OL, Degnan KA, et al. Cognitive control moderates
early childhood temperament in predicting social behavior in 7-year-old
children: an ERP study. Dev Sci. 2014;17:667-681.

54. Pine DS, Fox NA. Childhood antecedents and risk for adult mental dis-
orders. Annu Rev Psychol. 2015;66:459-485.

55. McClure EB, Monk CS, Nelson EE, et al. Abnormal attention modulation
of fear circuit function in pediatric generalized anxiety disorder. Arch
Gen Psychiatry. 2007;64:97-106.

56. Britton JC, Bar-Haim Y, Carver FW, et al. Isolating neural components of
threat bias in pediatric anxiety. J Child Psychol Psychiatry. 2012;53:
678-686.

57. Sylvester CM, Barch DM, Corbetta M, Power JD, Schlaggar BL, Luby JL.
Resting state functional connectivity of the ventral attention network in
children with a history of depression or anxiety. J Am Acad Child
Adolesc Psychiatry. 2013;52:1326-1336, e1325.

58. Sylvester CM, Hudziak JJ, Gaffrey MS, Barch DM, Luby JL. Stimulus-
driven attention, threat bias, and sad bias in youth with a history of an
anxiety disorder or depression [published online ahead of print Feb
2015]. J Abnorm Child Psychol. DOI: 10.1007/s10802-015-9988-8.

59. Fjell AM, Walhovd KB, Brown TT, et al. Multimodal imaging of the self-
regulating developing brain. Proc Natl Acad Sci U S A. 2012;109:19620-
19625.
www.jaacap.org 129

http://dx.doi.org/10.1007/s10802-015-9988-8
http://www.jaacap.org


FIGURE S1 Whole-brain, vertexwise map demonstrating the relation between early childhood behavioral inhibition (BI) and
cortical thickness in young adulthood. Note: Results are adjusted for anxiety during adolescence/young adulthood, the interaction
between BI and anxiety, sex, and whole-hemisphere mean cortical thickness. Maps are thresholded at p < .05, uncorrected.
Warmer colors indicate a positive relation between BI and cortical thickness, and cooler colors indicate a negative relation. Although
no patches of cortex were significant after correcting for multiple comparisons across the prefrontal cortex, the highest peak in these
maps is centered near the dorsal anterior cingulate cortex, consistent with the regional analyses.
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