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The relationship between anxious/depressed traits and neuromatura-
tion remains largely unstudied. Characterizing this relationship
during healthy neurodevelopment is critical to understanding pro-
cesses associated with the emergence of child/adolescent onset
mood/anxiety disorders. In this study, mixed-effects models were
used to determine longitudinal cortical thickness correlates of Child
Behavior Checklist (CBCL) and Young Adult Self Report Anxious/
Depressed scores in healthy children. Analyses included 341 sub-
jects from 4.9 to 22.3 year-old with repeated MRI at up to 3 time
points, at 2-year intervals (586 MRI scans). There was a significant
“CBCL Anxious/Depressed by Age” interaction on cortical thickness in
the right ventromedial prefrontal cortex (vmPFC), including the medial
orbito-frontal, gyrus rectus, and subgenual anterior cingulate areas.
Anxious/Depressed scores were negatively associated with thickness
at younger ages (<9 years), but positively associated with thickness
at older ages (15–22 years), with the shift in polarity occurring around
age 12. This was secondary to a slower rate of vmPFC cortical thin-
ning in subjects with higher scores. In young adults (18–22 years),
Anxious/Depressed scores were also positively associated with precu-
neus/posterior cingulate cortical thickness. Potential neurobiological
mechanisms underlying this maturation pattern are proposed. These
results demonstrate the dynamic impact of age on relations between
vmPFC and negative affect in the developing brain.
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Introduction

Magnetic resonance imaging (MRI) studies of subjects with
major depressive disorder (MDD), or at risk for developing
MDD, have greatly improved our understanding of the neuro-
circuitry involved in internalizing disorders (Peterson et al.
2009; Chen et al. 2010; Price and Drevets 2012). However, one
major limitation in the literature is that relations between sub-
clinical anxious/depressive symptoms and healthy brain devel-
opment have yet to be elucidated. Subclinical depressive and
anxious symptoms are frequent in children and teenagers
(Bell-Dolan et al. 1990; Pine et al. 1999), and high levels of
symptoms in adolescents have been shown to correlate with
the risk of adult MDD on longitudinal follow-up (Pine et al.
1999). Understanding how brain structure relates to anxious/
depressed problems, over time, in typically developing youths
is critical in that it may shed light on neurodevelopmental pro-
cesses underpinning the emergence of mood and anxiety dis-
orders. In the present study, we investigate cerebral cortical
thickness correlates of subclinical anxious/depressed

problems across development in a large cohort of healthy
youths and young adults. This approach dovetails with the Na-
tional Institute of Mental Health’s Research Domain Criteria
project, calling for a shift in research focus from categorical di-
agnoses towards examination of symptom dimensions (Morris
and Cuthbert 2012).

At the level of the cerebral cortex, medial prefrontal cortices
(mPFC), in particular the ventromedial prefrontal cortex
(vmPFC), have been most consistently associated with major
depression, normal sadness, and negative affect, both in mor-
phometric and functional imaging studies (Drevets et al. 1997;
Rajkowska et al. 1999; Drevets 2000, 2007; Zald et al. 2002;
Coryell et al. 2005; Drevets, Savitz, et al. 2008; van Tol et al.
2010; Hamani et al. 2011; Myers-Schulz and Koenigs 2012).
This area of the prefrontal cortex includes the anterior cingu-
late cortex (ACC), the subgenual anterior cingulate cortex
(SgACC), and the medial orbitofrontal cortex (OFC) (Bremner
et al. 2002; Drevets 2007; Drevets, Price et al. 2008; Hamani
et al. 2011). In general, patients with MDD have been found to
exhibit volumetric reductions in the OFC, ACC, and SgACC, as
well as increased metabolic activity in the SgACC (Öngür et al.
1998; Mayberg et al. 1999; Drevets, Savitz et al. 2008). The
SgACC is also functionally activated in normal sadness reac-
tions and emotional processing tasks in children and adults
(Mayberg et al. 1999; Damasio et al. 2000; Phan et al. 2002;
Killgore and Yurgelun-Todd 2006). In pediatric populations,
Botteron et al. (2002) found reduced left SgACC volume in
teenage females with MDD. Morphometric studies of anxiety
disorders have reported less consistent results (Richert et al.
2006; Monk 2008; Radua and Mataix-Cols 2009; Kühn et al.
2011). Few studies have looked at neuroanatomical correlates
of pediatric depressive and anxious symptoms in nonclinical
populations. Boes et al. (2008) found that rostral ACC volume
in healthy boys of 7–17 years of age was negatively correlated
with depressive symptoms.

Based on converging evidence from both structural and func-
tional neuroimaging research, and nonhuman primate tracer
studies, Price and Drevets (2010) have described the medial pre-
frontal network as central to the mediation of mood disorder
symptomatology and negative affect processing (Drevets, Price
et al. 2008). The medial prefrontal network includes areas on
the ventromedial surface of the frontal cortex, rostral and ventral
to the genu, areas along the medial edge of the orbital cortex,
and a caudolateral orbital region at the rostral end of the insula
(Price and Drevets 2012; Carmichael and Price 1996). This
network has extensive connections with both the amygdala and
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the visceral control areas in the hypothalamus and periaqueduc-
tal gray matter (Carmichael and Price 1995). The medial PFC
also has connection with the dorsolateral prefrontal cortex,
which is considered to be a key brain area in cognitive appraisal
of negative affects (Price and Drevets 2012). Finally, there are
cortico-cortical connections with the posterior cingulate cortex,
bearing resemblance to the default mode network (DMN), a key
functional network in self-referential thoughts (Andrews-Hanna
et al. 2010). Therefore, medial prefrontal structures are ideally
situated to modulate activity in core limbic regions, and thus,
regulate affect (Foland-Ross et al. 2010). Indeed, dysfunction in
the mPFC network, in conjunction with hyperactive and/or dis-
inhibited amygdala activation, has been posited to underpin
both depressive and anxious disorders (Drevets, Price et al.
2008; Monk 2008; Price and Drevets 2010, 2012; Murray et al.
2011), with potentially different roles for posterior vmPFC and
perigenual vmPFC (Myers-Schulz and Koenigs 2012).

At the phenotypic level, the Anxious/Depressed syndrome
(A/D) of the Child Behavior Checklist (CBCL) is a clinically
useful way to assess both depressive and anxious symptoms
in children and adolescents (Achenbach and Ruffle 2000). The
A/D syndrome, like the 7 other narrow and 2 broad band (in-
ternalizing and externalizing behavior) syndromes, resulted
from empirically based, factor analytic techniques (Achenbach
1991). The A/D scale has been found to correlate with the diag-
nosis of adolescent depression (Rey and Morris-Yates 1992),
and on longitudinal follow-up, A/D scores were revealed to be
more predictive of adolescent and young adult major
depression than anxiety disorders (Roza et al. 2003). The A/D
syndrome is strongly biologically determined, with up to
61–65% of the variance accounted for by genetic factors
(Hudziak et al. 2000). The Young Adult Self Report (YASR)
A/D syndrome provides similar information in subjects over 18
years of age, but is based on self report rather than parental
ratings (Achenbach 1997).

MRI cortical thickness measurement can identify subtle gray
matter variations in the cerebral cortex, and has revealed sig-
nificant brain–behavior relations in healthy children and pedi-
atric psychiatric disorders (Shaw et al. 2007; Karama et al.
2009; Ducharme et al. 2011). Of note, recent cortical thickness
studies on attention and ADHD have demonstrated the impor-
tance of taking into account the dynamic impact of age when
studying morphometric correlates of specific behaviors (Shaw
et al. 2007, 2011, Ducharme et al. 2012). Further supporting
this approach, recent evidence suggests that major functional
cerebral networks involved in affective processes progressively
develop from a structural point of view during childhood and
adolescence (Zielinski et al. 2010). To our knowledge, no
studies have looked at how anxious/depressed symptoms are
related to cortical developmental trajectories over time.

In this study, we investigate the possibility that subclinical
anxious/depressed symptoms are related to neurodevelop-
ment within particular prefrontal regions in healthy youths
and young adults. Specifically, using a large longitudinal
cohort of healthy typically developing youths (from 4.9 to 22.3
years of age), we assess the degree to which anxious/
depressed characteristics qualify cerebral cortical thickness de-
velopment. Based on the above literature, we hypothesized
that A/D scores would be associated with cortical development
in regions strongly implicated in top-down modulation of core
limbic structures—in particular, regions comprising the medial
prefrontal network (Price and Drevets 2010, 2012).

Materials and Methods

Sampling and Recruitment
The NIH MRI Study of Normal Brain Development is a multisite project
aiming to provide a normative database to characterize healthy brain
maturation in relationship to behavior (Evans and Brain Development
Cooperative Group 2006). Subjects were recruited at 6 pediatric study
centers across the United States of America with a population-based
sampling method seeking to minimize biases of selection (Waber et al.
2007). Based on available US Census 2000 data, 431 healthy children
from 4 years and 6 months to 18 years and 3 months were recruited
(Objective 1) with continuous monitoring in order to assure that the
sample was demographically representative of the US population on
the basis of variables that included age, gender, race, ethnicity, and so-
cioeconomic status. Informed consent from parents and child assent
were obtained for all subjects.

There were extensive exclusion criteria including meeting criteria
for current or past Axis I diagnosis established with the Diagnostic In-
terview Schedule for Children and Adolescents (C-DISC4), except
simple phobia, social phobia, adjustment disorder, oppositional
defiant disorder (ODD), enuresis, encopresis, and nicotine depen-
dence. Simple phobia, social phobia, adjustment disorder, and ODD
were not part of exclusion criteria because, at the time of the study
design (2001), there were no convincing data suggesting structural ab-
normalities in these disorders. Of note, all subjects in this study had
CBCL A/D t-scores ≤70 (pathological threshold) at all 3 visits; there-
fore, this should not represent a confounding factor in this study.
Other exclusion criteria included family history of major Axis I dis-
order, family history of inherited neurological disorder or mental retar-
dation due to nontraumatic events, abnormality on neurological
examination, gestational age at birth <37 weeks or >42 weeks, intrau-
terine exposure to substances known or highly suspected to alter brain
structure or function, and so forth. Children with substance misuse dis-
orders other than nicotine were excluded from the study. A more com-
prehensive list of inclusion/exclusion criteria is available in Evans and
Brain Development Cooperative Group (2006).

All subjects underwent extensive cognitive, neuropsychological,
and behavioral testing along with up to 3 MRI brain scans at 2-year in-
tervals (Visits 1, 2, and 3). With regard to participants of the present
study, the age range at Visit 1 was 4.9–18.3 years; 6.4–20.2 years at
Visit 2; and 8.4–22.3 years at Visit 3. Structural MRI and clinical/behav-
ioral data were consolidated and analyzed within a purpose-built data-
base at the Data Coordinating Center of the Montreal Neurological
Institute (MNI), McGill University.

Child Behavior Checklist and Young Adult Self Report
The CBCL is an age-appropriate standardized questionnaire completed
by parents (Achenbach and Ruffle 2000; Sadock et al. 2009). The
CBCL/6–18 that was utilized in this study is divided into 8 subscales,
including the A/D scale (Achenbach 1991; Achenbach and Rescorla
2001). It is a reliable measure with high stability over time (8-day test–
retest reliability for CBCL A/D is r = 0.82, Cronbach’s α = 0.84; 12- and
24-month stabilities of the CBCL A/D scale are r = 0.68 and r = 0.56,
respectively), and it has been validated in multiple cultures (Achen-
bach and Rescorla 2001). There were 10 subjects below 6 years of age
who were assessed with the parent rated CBCL/1½–5. Maximum poss-
ible A/D scores on the CBCL/6–18 and CBCL/1½–5 are, respectively,
26 and 16. Therefore, A/D scores of the 10 subjects assessed with the
CBCL 1½–5 were multiplied by 1.625 to make them comparable to the
CBCL/6–18 scale. For subjects over 18 years of age, YASR A/D scores
were used for a separate set of analyses since it is a self-reported
measure rather than a parent-rated score (Achenbach 1997). The YASR
was derived from items on the CBCL and serves as a self-report exten-
sion of the CBCL for young adults. Parents rated CBCL A/D scores have
been showed to be predictive of YASR A/D scores at 8-year follow-up
(Ferdinand and Verhulst 1995).

MRI Protocol
MR data (1.5T) were collected with 1 mm in-plane resolution, 1–2 mm
slice thickness, whole-brain coverage and multiple contrasts (T1W,
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T2W, and PDW) (Evans and Brain Development Cooperative Group
2006). A 3D T1-weighted spoiled gradient recalled echo sequence was
selected. Both American College of Radiology and living phantoms
were regularly scanned at each site to confirm the intersite reliability of
anatomical measurements (Evans and Brain Development Cooperative
Group 2006).

Automated Image Processing
Quality controlled native MR images were processed through the
CIVET-automated analysis pipeline, described in details in previous
manuscripts (Karama et al. 2009; Albaugh et al. 2013). This pipeline in-
cludes the CLASP algorithm for generating cortical thickness measure-
ments at 40 962 vertices per hemisphere (Collins et al. 1995;
MacDonald et al. 2000; Kim et al. 2005; Lee et al. 2006; Lyttelton et al.
2007). To ensure optimal data, a stringent visual quality control
(blinded as to the CBCL/YASR scores of the subjects) of the native cor-
tical thickness images of each subject was implemented to ensure that
there were no significant aberrations in cortical thickness estimations
for a given measurement (Karama et al. 2009). In total, 586 scans out
of 871 were kept for statistical analyses. For the CBCL A/D analysis,
there were 300 subjects (165 females, 135 males) of 4.9–18.0-year old
with a total of 533 MRI scans (60 subjects with 3 scans, 113 subjects
with 2 scans, 127 subjects with 1 scan). For the YASR A/D sample,
there were 41 subjects (22 females, 19 males) and a total of 53 MRI
scans (12 subjects had 2 data points), with ages ranging from 18.2 to
22.3 years of age. Twenty-eight of the 41 subjects of the YASR sample
also had data points with CBCL prior to 18 years of age.

Statistical Analyses
Statistical analyses were implemented using SurfStat (http://www.
math.mcgill.ca/keith/surfstat/), a statistical toolbox created for
MATLAB (The MathWorks, Inc., Nathan, MA, USA). Each subject’s
absolute native-space cortical thickness (release version 4.0) was line-
arly regressed against A/D raw scores at each cortical point in a
mixed-effects model, statistically controlling for the effects of age, total
brain volume (TBV), gender, and scanner (since different scanners
were used at the six sites). Age and TBV were controlled for as continu-
ous variables, while gender and scanner were entered as categorical
variables. Mixed-effect models permit the implementation of linear
regressions in samples combining subjects with different number of
measurements, providing a way in which to analyze unbalanced longi-
tudinal data while maximizing statistical power (i.e., via utilizing all
available data) (Diggle 2002; Singer and Willett 2003; Shaw et al.
2011). In each mixed-effects model, subject ID was entered as a
random effect in order to account for within-individual dependence.
Of note, contrary to previous studies that have identified quadratic and
cubic maturation patterns in children (Shaw et al. 2008; Raznahan et al.
2011), cortical thickness maturation follows primarily a first-order
linear decline after age 5 in the NIH MRI Study of Normal Brain Devel-
opment (see Supplementary Fig. 1).

To assess the impact of age on the cortical morphometric correlates
of anxious/depressed traits, we tested for an “A/D by age” interaction
on cortical thickness, using the following model:

Y ¼ intercept þ d1þ b1A=D þ b2Age þ b3Age
�A=D þ b4Gender

þ b5Total Brain Volume þ b6 Scanner þ e

where d1 represents the random effect of subject ID, and e corre-
sponds to residual error.

The 3-way “A/D by age by gender,” and the “A/D by gender” inter-
actions were serially analyzed to determine the impact of gender. Sig-
nificant interactions were decomposed using a centering method at
every year of age (Aiken and West 1991). Handedness, IQ, and socioe-
conomic status (SES) measured by household income level were also
tested in separate analyses as potential confounding variables. To de-
termine the specificity of associations with A/D, results were compared
with other CBCL subscales. Although the ACC (Brodmann area (BA)
24, 32), SgACC (BA 25), and OFC (BA 11, 12) were identified as a
priori regions of interest (ROI) based on the literature, whole-brain

random field theory (RFT) statistical corrections for multiple compari-
sons were implemented for all analyses (Worsley et al. 2004).

Results

Demographics
Basic demographic variables for both samples (CBCL and
YASR) are included in Table 1. Complete socioeconomic de-
mographics of the NIH MRI Study of Normal Brain Develop-
ment can be found in Evans and Brain Development
Cooperative Group (2006). A total of 12 different scanners
were used at the 6 sites. The distribution of subjects for each
scanner is provided in Supplementary Table 1. There was no
difference in mean CBCL A/D score across sites (1-way ANOVA
F11,521 = 1.283, P = 0.23).

For subjects below 18 years of age, there were no gender
differences in average CBCL A/D scores (males 1.50 ± 0.13;
females 1.67 ± 0.11, P = 0.29). There was a small magnitude
negative correlation between age and A/D scores (Pearson
r =−0.09, P = 0.038). For subjects over 18 years of age, females
tended to have higher YASR A/D scores (5.43 ± 0.96) relative
to males (3.48 ± 0.61), although this trend did not reach statisti-
cal significance (P = 0.10).

Child Behavior Checklist A/D
When collapsing across age, cortical thickness was not signifi-
cantly associated with A/D scores. However, the “age by A/D”

interaction was highly significant in the right vmPFC, including
the right gyrus rectus (BA 11), medial OFC (BA 11,12), and a
portion of the right SgACC (BA 25) (Fig. 1, P≤ 0.05, RFT cor-
rected). Figure 2 details the interaction from age 5–18 years.
Specifically, between 5 and 8 years of age, right vmPFC thick-
ness was negatively associated with A/D scores. The magni-
tude of this negative association began to diminish at
approximately 9 years of age, until a neutral 0 t-score was re-
vealed at ∼12 years of age. The direction of the association
then reversed to become a positive trend at age 15, and a sig-
nificant positive association at age 18.

To further illustrate this interaction, subjects were divided in
a group with lower scores (A/D 0 or 1) and another with
higher scores (A/D > 1). As shown on the scatterplot in
Figure 3, subjects with higher scores had thinner right vmPFC
(mean thickness of the significant area) at baseline, but evi-
denced thicker cortices later in teenage years due to a slower
rate of cortical thinning.

Table 1
Demographics of the Child Behavior Checklist (CBCL) and the Young Adult Self Report (YASR)
Samples

CBCL sample, n= 300 (533 scans) YASR sample, n= 41 (53 scans)

Age (years)
11.9 ± 0.14 (4.9–18.0) 19.8 ± 0.16 (18.2–22.3)

Gender
Males = 230 (43.2%) Males = 25 (47.2%)
Females = 303 (56.8%) Females = 28 (52.8%)

Preferred hand to write
R = 472 (88.6%) R = 46 (86.8%)
L = 58 (10.9%) L = 7 (13.2%)
Unknown = (0.5%) Unknown = (0.0%)

A/D scores
1.60 ± 0.09 (0–11) 4.51 ± 0.59 (0–21)

Average with standard errors of the mean, ranges are between parentheses.
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There were no “A/D by gender” or three-way “A/D by age
by gender” interactions on cortical thickness. When controlling
for handedness, results remained significant in the right gyrus

rectus and the right medial OFC, with a trend of association in
the right SgACC (see Supplementary Fig. 2). However, the
“Handedness by Age by A/D” interaction was not significant,
precluding any formal conclusion on the impact of handedness
on the aforementioned developmental pattern. Controlling for
IQ and SES had no impact on the results. To verify the speci-
ficity of our findings for CBCL A/D, other CBCL subscales were
tested. There were no associations between cortical thickness
and the Somatic Symptoms score, and previous studies on
CBCL externalizing scales in the same sample have revealed
specific cortical thickness associations in different distributions
than the A/D scale (Ducharme et al. 2011 2012).

Given the slightly different scoring between CBCL 6/18 and
CBCL 1½/5 that we have adjusted for, results were verified
after excluding subjects assessed with the CBCL 1½/5. Results
remained significant—but slightly reduced in spatial extent,
confirming the initial finding. Of note, the distribution of the
mean cortical thickness in the identified region of interest
(mean of the significant area) had a normal distribution at each
level A/D scores (confirmed by the Shapiro–Wilk test), which
confirmed the validity of using a linear regression model
despite some apparent positive skewness in the A/D scores
distribution.

Young Adult Self-Report A/D
In subjects over 18 years of age, robust associations were re-
vealed between YASR A/D scores and cortical thickness in
regions belonging to, or sharing close anatomical connections
with, the mPFC. In particular, cortical thickness in the right
vmPFC (medial OFC and portions of the gyrus rectus and
SgACC) and right precuneus/posterior cingulate (BA 23,31)
was positively associated with YASR A/D raw scores (Fig. 4,
P≤ 0.05, RFT corrected). Outside of the extended medial pre-
frontal network, a positive association between YASR A/D raw

Figure 2. Associations between CBCL Anxious/Depressed scores and cortical
thickness centered from age 5 to 18 years old. The brain is shown in the right
midsagittal view with the main association in the right ventromedial prefrontal cortex.
Figure is shown at P≤ 0.05 with a whole-brain random field theory correction. Note
that a negative trend was present at age 9, and positive trends were present from age
15 to 17. Controlled for gender, total brain volume, and scanner.

Figure 3. Scatterplot of the right ventromedial prefrontal cortex (vmPFC) mean
cortical thickness against age in years (for visualization purpose). Values on the y-axis
are the standardized residuals of the linear regression between right vmPFC and total
brain volume, gender, and scanner to account for these variables. Subjects were
divided in 2 groups based on Child Behavior Checklist Anxious/Depressed scores (A/D).
Group 1 in black is composed of children with lower scores (A/D = 0 or 1), and group
2 in gray includes subjects with higher scores (A/D > 1).

Figure 1. Brain areas where local cortical thickness is associated with the CBCL
Anxious/Depressed score by Age interaction when controlling for gender, scanner, and
total brain volume (n=533 scans). Right midsagittal view on top and ventral view at
the bottom. The peak is at MNI coordinates x=2.1, y= 35.6, z=−23.4, which is
located in the right gyrus rectus. Brain areas not shown in this figure were not
significant. Figure is shown at P≤ 0.05 with a whole-brain random field theory
correction. Blue shades correspond to areas significant at the cluster level and orange
shades to areas significant at the vertex level.
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score and cortical thickness was revealed in the right lingual
gyrus (BA 18,19). These results were independent of age (i.e.,
no interaction with age), however, the age range for subjects
with YASR data was small.

When controlling for subjects’ handedness, results remained
significant in the right vmPFC and right precuneus/posterior
cingulate region (see Supplementary Fig. 3). Further, control-
ling for handedness revealed an additional significant finding
in the ventral aspect of the right inferior frontal gyrus. When
controlling for IQ, again results remained significant in the
right vmPFC and right precuneus/posterior cingulate region,
and an additional significant finding was revealed in right fron-
topolar cortex (see Supplementary Fig. 4).

Discussion

This study revealed a strong interaction between age and CBCL
A/D scores on cortical thickness in the right vmPFC, including
the medial OFC, gyrus rectus, and SgACC. Of note, the right
vmPFC was the only cortical area in which thickness was sig-
nificantly associated with the “A/D by age” interaction. Post
hoc analyses revealed that anxious/depressed symptoms were
associated with thinner right vmPFC at younger ages (5–8
years of age) and thicker right vmPFC during adolescence
(after 15 years of age). This later positive association between
the right vmPFC cortical thickness and anxious/depressed
symptoms was replicated in healthy young adults, using a self-
report measure (as opposed to parent report). YASR A/D

scores were also significantly associated with cortical thickness
in the right precuneus/posterior cingulate region, as well as
the right lingual gyrus. The vmPFC has been repeatedly associ-
ated with negative affect, both in structural and functional
imaging studies (Mayberg et al. 1999; Drevets, Savitz et al.
2008; Hamani et al. 2011; Murray et al. 2011), but these results
are the first to show a developmental relation between vmPFC
morphology and anxious/depressed symptoms in typically de-
veloping youths. In terms of the rightward lateralization, our
results are in line with multiple other studies (Peterson et al.
2009; Schwartz et al. 2010; Kühn et al. 2011; Light et al. 2011)
however lateralization has not been a consistent finding in the
literature (Botteron et al. 2002; Boes et al. 2008).

Probing of the “A/D by age” interaction indicated that the
relation between vmPFC thickness and A/D was negative early
on in development; however, this relation reversed and
became positive later in adolescence. Our analyses suggest
that this reversal was due to a slower rate of cortical thinning
within the right vmPFC among subjects with higher CBCL A/D
scores. Several hypotheses could potentially explain this matu-
ration pattern. Cortical thickness of the vmPFC has been found
in adults to be inversely correlated with ipsilateral amygdala
activation during an emotional processing task (Foland-Ross
et al. 2010). Thus, there is some evidence that thickness in this
portion of the cerebral cortex is related to hemodynamic
activity within limbic structures. In addition, Milad et al. (2005)
have demonstrated that thickness of the right vmPFC is posi-
tively associated with fear extinction in humans. Taken to-
gether, these results suggest that thinner right vmPFC could be
associated with a decreased capacity to regulate negative affec-
tive states that are mediated, at least in part, by activity in
limbic and subcortical structures.

This would be compatible with our findings in younger chil-
dren, but would not explain the developmental shift from a
negative to a positive association around 12 years of age. A
recent fMRI study of healthy children and young adults has
provided interesting insights into the development of the
amygdala–mPFC connectivity (Gee et al. 2013). The functional
connectivity between the amygdala and the mPFC (in an area
slightly dorsal but anatomically very close to our results) was
found to be positive from 4 to 10 years of age, before shifting
to negative connectivity after age 10. This process was associ-
ated with a gradual reduction in amygdala reactivity to fearful
faces with aging. In younger subjects with positive connec-
tivity, amygdala reactivity was associated with higher mPFC
activity. Of note, some subjects maintained a positive connec-
tivity pattern after age 10, and positive connectivity was associ-
ated with higher levels of anxiety (Gee et al. 2013). Our
finding of slowed right vmPFC cortical thinning leading to a
shift from a negative to a positive association between thick-
ness and A/D could parallel the persistence of positive amyg-
dala–mPFC connectivity. One potential mechanism to explain
changes in thickness could be that higher vmPFC neuronal
activity in young children with higher levels of negative affect
leads to a relative increase in right vmPFC thickness over time.
Although definite evidence that increased neuronal activity
leads to increase cortical thickness is lacking at the present
time, several experiments have indirectly supported this possi-
bility. In healthy children, longitudinal changes in verbal and
nonverbal IQ have been shown to be positively associated
with cortical thickness in brain areas shown to be more active
during related neuropsychological tasks (Ramsden et al. 2011).

Figure 4. Brain areas where local cortical thickness is associated with YASR Anxious/
Depressed raw score when controlling for gender, scanner, and total brain volume
(n= 53 scans). Right midsagittal view on top and ventral view at the bottom. Brain
areas not shown in this figure were not significant. Figure is shown at P≤ 0.05 with a
whole-brain random field theory correction. Blue shades correspond to areas significant
at the cluster level and orange shades to areas significant at the vertex level.
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In addition, multiple studies have shown that specific athletic
and musical training (indirectly implying increased area-
specific neuronal activity) can lead to increased gray matter de-
tectable with imaging techniques, both in adults (Draganski
et al. 2004; Boyke et al. 2008; Bermudez et al. 2009; Bezzola
et al. 2011) and children (Hyde et al. 2009a, 2009b). Using a
rodent model, Lerch et al. (2011) have confirmed that training
can lead to rapid changes in morphology that are detectable
using MRI, chiefly secondary to the remodeling of neuronal
processes. A major caveat is that neuronal activity in the
vmPFC was not directly measured with our study design; and
therefore, this remains to be prospectively tested with multi-
modal imaging strategies in the future.

Of note, Schwartz et al. (2010) reported increased right
vmPFC thickness in 18-year-old subjects that had a high reac-
tive temperament during infancy, independent of subjects’
current symptoms. This finding is seemingly compatible with
the aforementioned hypothesis. However, in a small study of
healthy adults (19–47 years of age), a negative association was
found between self-reported trait anxiety and right medial
OFC thickness (Kühn et al. 2011). Taking our results and these
2 studies together (Schwartz et al. 2010; Kühn et al. 2011), this
suggests that there could be a delay in maturation of the right
vmPFC in subjects with elevated anxious/depressed problems,
leading to thicker cortex in late teenage/early adulthood, but
ultimately thinner cortex at the end of brain development.
Indeed, it has been shown that normal developmental cortical
thinning occurs up to the late 20 s/early 30s (Shaw et al. 2008).
At a functional level, this might be recapitulated by a delay in
developing a negative amygdala–mPFC connectivity (Gee et al.
2013). Such possibilities underscore the importance of taking
into account dynamic changes in the developing brain.

A few additional factors could be involved in this matura-
tional pattern. It is important to consider that changes in corti-
cal thickness in children are not solely associated with cortical
gray matter changes, but may also be related to white matter
development and myelination patterns (Paus et al. 2008; Miller
et al. 2012). The slower rate of cortical thinning among sub-
jects with higher CBCL A/D scores may therefore be under-
pinned by delayed maturation of white matter pathways
implicated in affect regulation and emotional behavior (e.g.,
the uncinate fasciculus). Thus, the relation between A/D and
right vmPFC thickness could be mediated by maturational
changes (e.g., myelination) of vmPFC projections to core
limbic structures such as the amygdala. In addition, given the
temporal overlap between the change in the direction of the
association and pubertal development, in conjunction with
changes in depression prevalence after puberty, neuroendo-
crine factors constitute another potential mechanism influen-
cing vmPFC development over time. Indeed, androgen-related
cortical maturation has also been shown to vary across the age
span in previous examinations of the same sample, and our
recent analyses suggest endocrine-related changes in structural
connectivity between the vmPFC and amygdala/hippocampus
throughout adolescence (Nguyen et al. 2013).

Our analysis of the YASR scores in subjects over 18 years of
age confirmed a positive association between A/D score and
cortical thickness in the right vmPFC. Interestingly, positive
associations between cortical thickness and A/D scores were
also found in the right precuneus/posterior cingulate region.
Although the right precuneus/posterior cingulate region was
not significant in our analysis of younger children, this

apparent inconsistency may be explained, in part, by the matu-
ration of particular brain networks during the course of
normal human development (Zielinski et al. 2010). More
specifically, the DMN, which contains significant overlap with
the medial prefrontal network, becomes significantly more in-
tegrated with increasing age during late childhood and adoles-
cence (Fair et al. 2008). This increasing functional integration
of the DMN with age involves increased functional connec-
tivity between the vmPFC and the precuneus/posterior cingu-
late in a region very similar to our findings here for adolescents
(Fair et al. 2008). Although there has been some debate regard-
ing the validity of developmental studies of the DMN (Power
et al. 2012; Van Dijk et al. 2012), it has been reported that in-
creased coordinated activation of anterior and posterior DMN
regions during adolescence is associated with increased frac-
tional anisotropy within white matter tracts (e.g., the cingulum
bundle) connecting these regions (Gordon et al. 2011). We
hypothesize that the lack of precuneus/posterior cingulate
findings in younger children may be the result of the DMN not
being fully developed.

This apparent topographical overlap with the DMN is note-
worthy. In particular, our findings in the right vmPFC and
right precuneus seem to dovetail with recent evidence of in-
creased activity and functional connectivity within the DMN
among depressive patients. Given this topographical overlap,
the prospect of anxious/depressed symptoms in healthy sub-
jects (e.g., rumination, negative self evaluations, etc.) being
mediated by heightened activity within the DMN warrants
further investigation (Raichle et al. 2001; Sheline et al. 2009;
Berman et al. 2011; Gaffrey et al. 2010).

Lastly, although speculative since this study excluded sub-
jects with clinical mood disorders, these results raise a few in-
teresting hypotheses on the link between cortical development
and MDD. Previous research has revealed that the overall rates
of clinical depression increase between the ages of 15 and 18
years, suggesting that developmental changes during this age
range directly influence disease vulnerability (Hankin et al.
1998; Paus et al. 2008). It is noteworthy that, in the present
study of healthy youths, the positive association between right
vmPFC and anxious/depressed symptoms emerged around 15
years of age. Reduced gray matter volume of the SgACC has
been found to be associated with MDD, including in patients
with depression onset prior to 18 years of age (Botteron et al.
2002; Drevets, Savitz et al. 2008; van Tol et al. 2010), while
CBCL A/D scores were associated with thicker right vmPFC
after 15 years of age in this study. Although this could appear
contradictory, the difference may stem from the fact that our
sample included only healthy subjects. Despite the tendency in
some subjects to have more mood and anxiety symptoms,
these children did not develop a clinically significant disorder.
Therefore, the relative increase in thickness for older teens and
young adults might be a form of biological compensation to
mitigate negative emotional experiences associated with an
overly active limbic system, potentially preventing the onset of
mood and anxiety disorders. In line with this hypothesis,
healthy siblings of individuals with MDD have been found to
possess thicker right mPFC and posterior cingulate cortex (Pe-
terson et al. 2009). Thus, we hypothesize that the absence of
vmPFC cortical thickness compensation might be a risk factor
for the development of MDD in adolescence and young adult-
hood, although this should be specifically tested prospectively.
Indeed, the functional topography of the vmPFC in the context
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of mood and anxiety disorders continues to be debated
(Myers-Schulz and Koenigs 2012).

There are several weaknesses to mention in the current
investigation. It is not possible to determine the exact source of
cortical thickness changes with the current state of MRI tech-
nology. Changes in size/density of neurons, interneurons/glial
cells, unmyelinated neuronal processes, and extension of
white matter fibers as they myelinate in the cortical layer are all
possibilities (Paus et al. 2008; Zatorre et al. 2012). In addition,
the restriction to structural imaging did not allow direct testing
of hypothetical links between brain activity and the identified
cortical maturation pattern. The use of a mixed-effects model
allowed the inclusion of subjects with a different number of
measurements to maximize the age range and statistical
power. Therefore, the pattern of slower thinning in the right
vmPFC was identified by modeling trajectories from different
subjects instead of comparing single subjects at different
points over time. Although studying healthy children in iso-
lation is informative in terms of association between normal
cortical development and behavior, extrapolations to the
potential physiology of clinical disorders remain speculative.
None of the subjects enrolled in the study had a CBCL A/D t-
score >70 during the 4-year follow-up; consequently, it was not
possible to directly test the impact of clinical mood disorders
on vmPFC thickness maturation. The use of 2 different scales
for subjects below and above 18 years of age did not allow us
to pool all subjects together, and could have been a confound-
ing factor. However, the fact that older adolescents tested with
the CBCL and young adults assessed with the YASR both had
positive associations between A/D scores and vmPFC thick-
ness decreases the possibility of statistical artifacts stemming
from the use of different scales. Despite these limitations, this
is the largest neuroanatomical study of subclinical anxious/
depressive symptoms in a healthy representative cohort of chil-
dren across a large age range. All subjects included in the
analysis met rigorous quality control criteria and whole-brain
multiple comparison corrections were applied for all analyses.

In conclusion, this study of healthy youths and young adults
supports the putative role of the right vmPFC in the regulation
and/or experience of anxious and depressive affects through-
out development. Importantly, the demonstration of slower
cortical thinning leading to a reversal in the polarity of cortical
thickness associations during the development of this region
demonstrates the crucial influence of age on this brain–behav-
ior relation, and provides an important developmental context
for studies of children and adolescents with mood and anxiety
disorders. In conjunction with recent data on attention pro-
blems in healthy children and in ADHD (Shaw et al. 2011;
Ducharme et al. 2012), this study highlights the importance of
considering dynamic changes associated with age in morpho-
metric studies of other behavior and pediatric psychiatric dis-
orders as well. These results lay the foundation for integrative
research looking at the impact of genetic, hormonal, cognitive,
and other factors on associations between brain maturation and
anxious/depressed symptoms. Future clinical studies could pro-
spectively follow right vmPFC cortical thickness in children and
adolescents, and analyze the impact of this measure on the de-
velopment of MDD and anxiety disorders. This could provide
important information to further specify the neurobiology of
these pathologies, and get us closer to the ultimate goal of iden-
tifying neuroimaging risk factors of MDD in children to better
target preventive and treatment interventions.
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