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ORIGINAL ARTICLE
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Abstract Anxiety is a risk factor for many adverse neu-

ropsychiatric and socioeconomic outcomes, and has been

linked to functional and structural changes in the ventro-

medial prefrontal cortex (VMPFC). However, the nature of

these differences, as well as how they develop in children

and adolescents, remains poorly understood. More effec-

tive interventions to minimize the negative consequences

of anxiety require better understanding of its neurobiology

in children. Recent research suggests that structural imag-

ing studies may benefit from clearly delineating between

cortical surface area and thickness when examining these

associations, as these distinct cortical phenotypes are

influenced by different cellular mechanisms and genetic

factors. The present study examined relationships between

cortical surface area and thickness of the VMPFC and a

self-report measure of anxiety (SCARED-R) in 287 youths

aged 7–20 years from the Pediatric Imaging, Neurocogni-

tion, and Genetics (PING) study. Age and gender interac-

tions were examined for significant associations in order to
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test for developmental differences. Cortical surface area

and thickness were also examined simultaneously to

determine whether they contribute independently to the

prediction of anxiety. Anxiety was negatively associated

with relative cortical surface area of the VMPFC as well as

with global cortical thickness, but these associations

diminished with age. The two cortical phenotypes con-

tributed additively to the prediction of anxiety. These

findings suggest that higher anxiety in children may be

characterized by both delayed expansion of the VMPFC

and an altered trajectory of global cortical thinning. Further

longitudinal studies will be needed to confirm these

findings.

Keywords Anxiety � Brain development � Cortical
surface area � Cortical thickness � Magnetic resonance

imaging � Ventromedial prefrontal cortex

Introduction

Individuals differ widely in their tendency to experience

anxiety. These individual differences can be detected from

a very early age, and they are believed to be relatively

stable over time (Kagan and Snidman 1991). Some indi-

viduals experience fear, worry, and anxiety at relatively

higher intensities, or in response to a wider range of

stimuli, than others. This anxious phenotype can be

detected on various measures of personality and trait anx-

iety in adults (Spielberger et al. 1983; Costa and McCrae

1992) as well as on measures of temperament and anxiety

in children (Spielberger 1973; Rothbart et al. 2001; Vreeke

et al. 2012), and it exhibits moderate heritability (Stein

et al. 1999). Females typically report higher levels of

anxiety than males (Armstrong and Khawaja 2002). In

children and adolescents, this phenotype has been associ-

ated with higher risk for a number of different anxiety

disorders (Biederman et al. 1993), which in turn are linked

to depression, drug use, and academic underachievement

(Woodward and Fergusson 2001). In adults, trait anxiety

has been linked to increased incidence of depression (Aben

et al. 2002), stroke (McCarron et al. 2003), and myocardial

infarction (Bonaguidi et al. 1994).

In recent years, the neural circuitry relevant to anxious

phenotypes has been the subject of active investigation.

There is now an extensive literature linking anxiety and

fear extinction to the ventromedial prefrontal cortex

(VMPFC) in both animals (Milad and Rauch 2007; Shin

and Liberzon 2010) and adult humans (Kent and Rauch

2003; Deckersbach et al. 2006; Sehlmeyer and Dannlowski

2011). A prominent model of the neural circuitry of anxiety

is that the VMPFC exerts top-down inhibitory influences

that suppress amygdala activity resulting from alarming

environmental cues (Milad and Rauch 2007). It is widely

believed that the VMPFC is hypoactive (Indovina et al.

2011) in anxious individuals. Structural studies have shown

that the retention of fear extinction is associated with

thicker VMPFC (Milad et al. 2005; Hartley et al. 2011).

However, others suggest a more complex role for the

VMPFC, pointing to evidence that it appears to be linked to

inhibition of anxiety in some circumstances and enhance-

ment in others (Myers-Schulz and Koenigs 2012). Simi-

larly, in two studies of the structural correlates of anxiety,

cortical thickness in the orbitofrontal cortex correlated

positively with anxiety in one (Blackmon et al. 2011) and

negatively in the other (Kühn et al. 2011).

Little is known about how the neural circuitry of anxiety

develops throughout childhood and adolescence. Brain

regions implicated in anxiety in children and adolescents

have generally been the same as those in adults (Strawn

et al. 2012). Failure to habituate to fear stimuli has been

associated with decreased functional connectivity between

the VMPFC and the amygdala in adolescence (Hare et al.

2008). However, as in adults, results of structural studies

have been inconsistent. For example, in one study, pread-

olescents with anxiety disorders had marginally reduced

volumes in the ventrolateral (but not ventromedial) pre-

frontal cortex (Milham et al. 2005), while in another no

prefrontal differences were found (De Bellis et al. 2002).

Both human and animal studies have shown that specific

neurobiological correlates of fear extinction may be age-

dependent, suggesting that age could be an important

moderating factor accounting for some of the inconsisten-

cies in the developmental structural imaging literature

(Guyer et al. 2008; Kim et al. 2009; Kim and Richardson

2010). To date, only one study (Ducharme et al. 2014) has

examined the relationship between anxiety and the struc-

ture of the VMPFC as a function of age. This cohort-se-

quential study examined the relationship between anxious/

depressed scores on the Child Behavior Checklist (a parent

questionnaire), and cortical thickness in the VMPFC as a

function of age in typically developing children. A nega-

tive association was observed between anxious/depressed

scores and thickness in the right VMPFC in younger
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children but a positive association was observed in ado-

lescents, with a slower rate of cortical thinning in children

with higher anxious/depressed scores. These results suggest

that age provides crucial context for understanding the

relationship between frontolimbic anatomy and the

behavioral phenomenon of anxiety, and they provide initial

evidence that individuals who experience higher levels of

anxiety may also display a different pattern of frontolimbic

development. Recent initiatives such as the Research

Domain Criteria (RDoC) Framework (Insel et al. 2010)

have highlighted the importance of this type of neurode-

velopmental work focusing on dimensional constructs in

typically developing youth for our understanding of the

neurobiological bases of psychopathology (Casey et al.

2014). However, no studies have distinguished between the

effects of cortical surface area and thickness on anxiety, or

examined both relationships as a function of age. This is

likely to be an important distinction, as the developmental

trajectories for these two cortical phenotypes exhibit

striking differences (Brown et al. 2012), and previous

research suggests little overlap between the genetic factors

that influence variability in cortical surface area and cor-

tical thickness (Panizzon et al. 2009). Therefore, a fuller

understanding of the relationship between anxiety and the

developing ventromedial prefrontal cortex requires an

examination of both forms of cortical development in the

same cohort.

A recent initiative called Pediatric Imaging, Neurocog-

nition, and Genetics (PING) created a pediatric imaging-

genomics database consisting of demographic, biographi-

cal, neuropsychological, social/emotional, neuroimaging,

and genomic information in typically developing youths

aged 3–20 at nine sites across the United States (see Brown

et al. (2012) and Akshoomoff et al. (2014) for more

detailed descriptions of PING). The PING initiative pro-

vides an excellent opportunity to advance the goals of

RDoC by examining relationships between a continuous

measure of generalized anxiety and the two forms of cor-

tical development described above in typically developing

children and adolescents. Given the relatively limited and

inconsistent structural findings outlined above, our primary

hypothesis was that high self-reported generalized anxiety

would be associated with both decreased relative surface

area and thickness of the VMPFC. We further hypothesized

that these alterations would contribute independently to

predictions of generalized anxiety. Finally, we sought to

determine the extent to which these associations were

moderated by age or gender.

Materials and methods

Participants

Participants for the current study were a subset of the larger

PING study of typically developing youth. Children, ado-

lescents, and young adults were included in PING if they

were between the ages of 3 and 20, and fluent in English.

Exclusion criteria included (a) neurological disorders;

(b) history of head trauma; (c) preterm birth (less than

36 weeks); (d) diagnosis of an autism spectrum disorder,

bipolar disorder, schizophrenia, or mental retardation;

(e) pregnancy; and (f) daily illicit drug use by the mother

for more than one trimester. More common forms of psy-

chopathology such as anxiety, depression, and attention-

deficit/hyperactivity disorder were not excluded from this

sample because the recruitment strategy was designed to be

representative of the general population. The overall PING

sample consists of 1493 participants (780 males) who were

recruited by nine sites across the United States, and

acceptable imaging data were acquired for 1239 partici-

pants (645 males). Written parental informed consent was

obtained for all PING subjects below the age of 18, and

child assent was also obtained for all children between the

ages of 7 and 17. Written informed consent was obtained

directly from all participants aged 18 years or older. The

study was approved by the IRBs at each of the participating

sites. For more information about the PING cohort, see

Brown et al. (2012) and Akshoomoff et al. (2014).

The ongoing PING study was included in the PhenX

RISING project (McCarty et al. 2014), an initiative aimed

at sharing and implementing measures from the PhenX

(consensus measures of phenotypes and exposures) Toolkit

(http://www.phenxtoolkit.org). As part of this initiative,

PING participants above the age of 8 were asked to com-

plete a set of web-based self-report measures, including the

generalized anxiety measure used in the current study,

using a secure data collection tool called Assessment

Center (http://www.assessmentcenter.net). PING partici-

pants who completed this measure and whose MRI scan

yielded acceptable imaging data were included in the

current study. For more details on the role of PING in the

PhenX RISING project, see McCarty et al. (2014).

Anxiety measure

The anxiety measure used in the current study is the

Generalized Anxiety Disorder (GAD) domain score on the
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revised version of the Screen for Child Anxiety Related

Emotional Disorders (SCARED-R; Muris et al. 1998). The

SCARED-R is a self-report rating scale containing 66

items, 9 of which load on the GAD domain scale. This

subscale was specifically chosen because, of the measures

available in the PING data set, it was the most sensitive to

the subjective experience of anxious worry that we

expected to correlate with frontolimbic structure. Examples

of items on this scale include ‘‘I am nervous’’, ‘‘I worry

about being as good as other kids’’, and ‘‘I worry about

things not working out for me’’. Participants were asked to

rate how frequently they experience each item on a 3-point

scale, using the response options, ‘‘almost never’’,

‘‘sometimes’’, and ‘‘often’’. These response options corre-

spond to value ratings of 0, 1, and 2, respectively. Domain

scores were computed by summing item response scores

within each domain. The range of possible scores on this

subscale is 0–18. One participant left one item blank from

this subscale, and this value was imputed using the mean of

all other items on the scale.

Studies using the GAD scale on the SCARED-R have

demonstrated good reliability and validity, including high

estimates of internal consistency (Cronbach’s alpha rang-

ing from 0.77 to 0.80), test–retest reliability (0.68), and

concurrent validity (0.75; Muris et al. 1999). A recent study

found that children with generalized anxiety disorder had a

mean score of 7.8 (SD = 4.5) while controls had a mean

score of 3.7 (SD = 3.2), and that a score of 8 represented

the best cut-off by which to discriminate the clinical

sample form controls (Bodden et al. 2009).

Imaging measures

Participants completed a 1-h imaging session as part of the

PING protocol that included acquisition of T1, T2, and

diffusion-weighted images. Details of the image acquisi-

tion and processing protocols are provided in Brown et al.

(2012) and on the PING portal (http://pingstudy.ucsd.edu).

Briefly, all data included in the current study underwent

detailed evaluation to assess the quality and accuracy of the

brain measures made across the ages studied here. Stan-

dardized quality control procedures were followed for both

raw data and data at various processing stages. This

included visual inspection ratings by trained imaging

technicians and automated quality control algorithms, both

testing general image characteristics as well as aspects

specific to each imaging modality, such as contrast prop-

erties, registrations, and artifacts from motion and other

sources. Morphometric analysis of structural MRI data was

performed using a specialized processing stream developed

for PING that is based upon FreeSurfer, with additional

corrections and analyses developed at UCSD Multimodal

Imaging Laboratory (see Brown et al. (2012) and http://

pingstudy.ucsd.edu for further details).

The VMPFC ROI was defined with a novel genetically

informed cortical parcellation scheme developed by Chen

et al. (2012) in a study of 406 monozygotic and dizygotic

twins. These authors applied conventional twin methodol-

ogy to compute the vertex-to-vertex genetic correlations

among measures of cortical surface expansion at 2500

vertices. This large matrix of genetic correlations was then

further analyzed using a data-driven, fuzzy clustering

method to identify 12 sets (or clusters) of vertices with

relatively higher genetic inter-correlations and relatively

lower genetic correlations with other sets (or clusters).

These clusters represent regions of the cortex where the

twin data suggest that individual differences in relative

surface area expansion are related to distinct sets of

underlying genetic factors. The method yields a novel set

of cortical parcels, one driven by analysis and simplifica-

tion of the genetic architecture. The 12-cluster solution,

chosen on the basis of silhouette coefficients, produced

parcels that are largely bilaterally symmetric, each corre-

sponding closely to meaningful structural and functional

brain regions. For the current study, partial membership-

weighted averages of voxel expansion factors were com-

puted for the cluster labeled 4 by Chen et al. (see Figure S1

in the Online Resource), a cluster that is defined here as the

VMPFC.

Genetic ancestry factors (GAFs)

A set of genetic ancestry measures was provided by the

PING genomics core based on a subset of the variants

obtained from the genotyping analyses; see Akshoomoff

et al. (2014) for a more detailed discussion of the genetic

ancestry factors. Briefly, values for each of the six GAFs

ranged from 0 to 1.0 and each estimated the degree of

genetic similarity of the participant to one of 6 reference

populations, and thus, 6 GAFs (summing to 1.0) were

computed for each participant.

Statistical analyses

The two primary hypotheses were that (1) relatively

decreased VMPFC surface area and (2) decreased VMPFC

thickness would be associated with higher self-reported

generalized anxiety. These hypotheses were tested by

estimating the effects of each of the VMPFC ROI measures

in separate models predicting the GAD scale scores and

including age, gender, the ROI measures and the interac-

tions of these variables as predictors in the models. Addi-

tional covariates of no interest were also included. Because

PING data collection took place at a number of different
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sites across the USA, scanner ID was entered as a covariate

in all models to correct for scanner effects. The set of

genetic ancestry factors (GAFs) was also included to

control for race and ethnic factors related to genetic

ancestry. The model examining effects of VMPFC surface

area also included total cortical surface area as a covariate

because the hypothesis was that relative expansion of

VMPFC (regionalization) would be related to generalized

anxiety. Because we tested two primary hypotheses, we

used a Bonferroni-corrected p value of 0.025 as the

threshold to indicate significance on these primary tests.

Preliminary analyses examined the effects of socioeco-

nomic status, as well as a quadratic term for age, on anxiety

scores. Based on these analyses, socioeconomic status was

not included as a covariate in the models because these

measures contributed nothing to predictions of anxiety, and

because due to missing data, including them would have

resulted in the loss of 25 subjects. The quadratic term for

age was also not included in the models because it con-

tributed nothing to predictions of anxiety and because age

effects on cortical thickness and on relative VMPFC sur-

face area were both linear. Additional analyses were run

with the same models used in this study examining asso-

ciations in the left and right hemispheres separately, and no

hemispheric differences in these associations were found.

Results

A total of 287 participants (151 males) completed the

SCARED-R and the neuroimaging protocol. These indi-

viduals ranged in age from 7 to 20 years (M = 13.8;

SD = 3.66) at the imaging session (see Figure S2 in the

Online Resource for a more detailed age distribution).

According to self or parent reports, the sample was 44.9 %

White, 12.9 % Asian, 7.7 % African American, 1.0 %

Native American, 0.4 % Pacific Islander, and 23.7 %

mixed race. The remaining 9.4 % of the sample did not

report race. The sample was 24.0 % Hispanic or Latino

ethnicity by self or parent report. Scores on the SCARED-

R spanned the full possible range from 0 to 18 (M = 5.65;

SD = 4.37), with 70 participants (24.4 %) scoring above 8

(the previously suggested cut-off for a GAD diagnosis

(Bodden et al. 2009)).

A simple regression model first estimated the effects of

age and gender on anxiety without including imaging

variables in the model. This base model consisted of age,

gender, their interaction term, and the set of GAFs (as

covariates of no interest). The model (F(8, 278) = 5.48,

p\ 0.0001) revealed strong age (t = 4.42, p\ 0.0001)

and gender (t = 4.03, p\ 0.0001) effects on anxiety.

Specifically, older children and females endorsed higher

levels of anxiety. The age by gender interaction did not

reach significance in this model. Subsequent analyses

examining the effects of cortical surface area and thickness

included the variables in this simple model as well as

scanner as a covariate of no interest.

Next we tested for the hypothesized association between

relative areal expansion of VMPFC and anxiety by adding

VMPFC surface area and its interactions with age and

gender to the above model (Table 1). Total surface area

was also included in this model as a covariate. As predicted

a significant main effect of VMPFC surface area was

observed (t = -3.07, p = 0.0023), with higher anxiety

associated with relatively smaller VMPFC surface area.

However, a significant interaction between VMPFC area

and age was also observed (t = 2.45, p = 0.0148). To

illustrate this interaction, we plotted the relationship

between relative VMPFC surface area and anxiety sepa-

rately for ‘‘younger’’ and ‘‘older’’ children by computing

the slope for each at the first and third quantile for age,

respectively (Fig. 1a). The plot shows that the negative

association is attributable to the relationship in younger

participants. Total surface area was positively associated

with anxiety in this model. Relative surface area of the

VMPFC accounted for 8.8 % of the variability in gener-

alized anxiety in children under the age of 14, while it only

accounted for 3.2 % of the variability in youth 14 and

older.

Because total surface area was significant in the previ-

ous model, we similarly tested the effect of this global

measure without including VMPFC surface area in the

model (Table 1). There was a modest positive association

between total surface area and anxiety (t = 2.08,

p = 0.0384). None of the interactions in this model were

significant.

In order to test the hypothesized association between

VMPFC thickness and anxiety, as well as the interactions

with age and gender, we ran another multiple regression

model predicting anxiety from the base model and

covariates above, as well as VMPFC thickness and its

interactions with age and gender (see Table S1 in the

Online Resource). As predicted, thickness in the VMPFC

was significantly negatively associated with anxiety

(t = -2.66, p = 0.0083). No VMPFC thickness by age

interaction was observed (t = 0.98, p = 0.3291). In order

to determine whether there was a disproportionate effect in

VMPFC, or conversely whether the effect of VMPFC

thickness was mediated by the global thickness effect, we

ran this model again controlling for mean thickness

(Table 2). In this model, the mean thickness effects

remained marginally significant, while the VMPFC thick-

ness effect disappeared entirely. Again, no interaction

effects were observed in this model.

Because global (mean) thickness mediated the rela-

tionship between VMPFC thickness and anxiety, we then
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tested the association between mean thickness and anxiety

without VMPFC thickness in the model (Table 2). Results

showed a significant effect of this global variable

(t = -2.88, p = 0.0043). Lower mean thickness was

associated with higher anxiety. Consistent with the base

model described above, gender was significantly associated

with anxiety in this model, with females endorsing higher

levels of anxiety. In contrast, age was not a significant

predictor of anxiety. However, the age by gender interac-

tion was significant, with females showing a sharper

increase in anxiety with age. Additionally, the mean

thickness by age interaction was significant. Figure 1b

shows this interaction by plotting the association between

mean cortical thickness and anxiety at the first and third

quantile for age as described above, and demonstrates that

the association of higher anxiety with thinner cortex was

stronger in younger participants. Mean cortical thickness

accounted for 6.0 % of the variability in generalized anx-

iety in children under the age of 14, while it only accounted

for 0.2 % of the variability in youth 14 and older.

Thus the results were that, as hypothesized, reduced

VMPFC surface area relative to total surface area was

significantly associated with higher generalized anxiety

levels, and this effect interacted with age. Furthermore,

although the hypothesized association between reduced

VMPFC thickness and higher anxiety was also observed,

this association appeared to be entirely mediated by

reduction of global cortical thickness, and this association

with global thickness also appeared to interact with age. In

order to test whether the mean cortical thickness and

VMPFC surface area effects on anxiety were additive, both

measures were entered into a simultaneous regression

model (Table 3) together with the interaction terms that

were significant in the earlier models. The main effects of

relative VMPFC surface area (t = -2.67, p = 0.0080) and

mean thickness (t = -2.18, p = 0.0303) were both sig-

nificant in this model; their interactions with age both

approached significance (ps\ 0.10). Together, these cor-

tical phenotypes accounted for 13.1 % of the variability in

generalized anxiety in children under the age of 14, while

they only accounted for 3.3 % of the variability in youth 14

and older.

To explore differences in apparent neurodevelopmental

trajectories as a function of anxiety level, we reversed the

models to predict relative VMPFC surface area and mean

thickness from the anxiety measure. These models are

presented in Table S2 of the Online Resource. To illustrate

the differences in these apparent trajectories visually, we

plotted the age effects on relative VMPFC surface area and

mean cortical thickness separately for ‘‘low’’ and ‘‘high’’

anxiety by computing the slope for each at the first and

third quantile for anxiety, respectively. Figure 2a suggests

that, while surface area in the VMPFC relative to the cortex

as a whole increases with age in both groups, high anxiety

children have relatively less cortical surface area within

VMPFC at younger ages, but they show a steeper increase

Table 1 Regression models

predicting anxiety from relative

VMPFC and total surface area

Term B SE t p

VMPFC surface area

Age 0.3507 0.0836 4.20 <0.0001

Gender 1.1489 0.2954 3.89 0.0001

Age 9 gender 0.1528 0.0752 2.03 0.0430

Total area 0.0001 3.78e-5 3.61 0.0004

VMPFC area 237.336 12.148 23.07 0.0023

VMPFC area 9 age 3.9513 1.6106 2.45 0.0148

VMPFC area 9 gender -1.2909 5.6751 -0.23 0.8202

VMPFC area 9 age 9 gender 0.9116 1.6009 0.57 0.5696

Total surface area

Age 0.3118 0.0881 3.54 0.0005

Gender 1.2923 0.3009 4.29 <0.0001

Age 9 gender 0.1497 0.0816 1.83 0.0679

Total area 3.95e-5 1.90e-5 2.08 0.0384

Total area 9 age 8.11e-6 5.53e-6 1.46 0.1442

Total area 9 gender 2.10e-5 1.82e-5 1.15 0.2504

Total area 9 age 9 gender 3.94e-6 5.63e-6 0.70 0.4846

Both models controlled for scanner and GAFs

VMPFC ventromedial prefrontal cortex

Terms in bold italics were significant at p\ 0.01 and terms in bold only were significant at p\ 0.05
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in relative VMPFC surface area over the age range. Fig-

ure 2b suggests that high anxiety children have a thinner

cortex early on, but low anxiety children have a steeper

apparent trajectory of cortical thinning over this age range,

such that there is no difference by early adulthood.

The results of our planned analyses confirmed the

association of generalized anxiety with reduced VMPFC

area and ruled out the possibility that global surface area

reduction might mediate this association. In contrast, while

the anxiety measure was also associated with reduced

VMPFC thickness, there was strong evidence that this

association was fully mediated by the measure of global

thinning. The statistical analyses performed to test these a

priori hypotheses do not allow further inferences about

anatomical specificity, although as discussed in (Jernigan

et al. 2003), surface-based analyses provide additional

information about effect size variability across the map.

Therefore, using the PING Data Exploration Portal

(Bartsch et al. 2014), a web-based tool for modeling PING

data, we generated post hoc vertex-wise maps of the

variability of the size of the generalized anxiety effect

across the surface of the cortex, both for relative surface

area and for thickness. That is, we mapped, at each vertex,

the uncorrected p associated with generalized anxiety level,

adjusting for covariates, for both relative cortical surface

area and cortical thickness. Since the significant age by

anxiety level interactions in the primary analyses suggested

that the strength of the associations diminished with age,

we computed the maps centered at ages 7, 14, and 21

(Fig. 3). This allowed us to visualize variability in the

effect of anxiety across the cortex for each phenotype

separately, while also showing how these patterns change

across the age range. The relative surface area maps sug-

gest a somewhat complex relationship between anxiety and

surface arealization. As expected from the analyses above,

high generalized anxiety is associated with relatively

smaller VMPFC bilaterally, with this effect diminishing by

age 21. A small region of unpredicted negative associations

of similar magnitude is observed around the cuneus and

precuneus. However, other regions such as the inferior

parietal, supramarginal, post-central, and superior temporal

gyri exhibit apparent positive relationships with anxiety of

a similar magnitude to the predicted negative associations.

These relationships appear to persist across the age range in

the right hemisphere, but diminish in the left hemisphere.

The thickness maps illustrate the global thickness effect

shown in the mean thickness analyses above, with high

anxiety associated with thinner cortex throughout most of

the map. They also illustrate the age interaction, showing

that this association is much reduced by age 21. Note that

the color scale was chosen to reveal both the magnitude of

the effects and to provide as much information about the

anatomical variability as possible.

Discussion

We examined the developing architecture of the cortex in a

subset of the PING cohort (Brown et al. 2012; Bartsch et al.

2014) and observed that children with higher generalized

anxiety differed from their peers on two distinct pheno-

types. The study focused on the VMPFC, specifically on a

region defined with analyses of twin data (Chen et al. 2012)

that produced genetically informed cortical parcels. How-

ever, it is useful to review the pattern of developmental

change in cortical architecture generally. Cortical matura-

tion during childhood and adolescence involves expansion

followed by contraction of cortical surface area in a pattern

that is heterochronous across different cortical regions

(Brown and Jernigan 2012). In contrast, apparent thickness

of the cortex (on MRI) declines continuously across this

age range. Early methods for mapping cortical develop-

ment measured cortical volume, which conflates these two

phenotypes, and this led to some confusion about the time

course and regional variability of cortical maturation. Here

we applied surface-based methods that clearly delineate

Fig. 1 Effects of ROI measures on anxiety as a function of age.

Anxiety scores are adjusted for scanner, GAFs, gender, and all

interactions between ROI measures, age, and gender. It is also

adjusted for total cortical area in the VMPFC surface area model.

Slopes for younger and older participants were computed at the first

and third quantile for age, respectively. VMPFC surface area units are

expressed in terms of mean partial membership-weighted voxel

expansion factors. Mean cortical thickness units are in mm. a The

relationship between VMPFC surface area and anxiety scores in

younger vs. older participants. b The relationship between mean

cortical thickness and anxiety scores in younger vs. older participants
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area and thickness to determine whether either of these

phenotypes differs in children with high generalized anxi-

ety levels, and whether interactions with age suggest dis-

tinct neurodevelopmental trajectories in these children.

We found evidence that relative surface area of the

VMPFC was reduced in children with higher generalized

anxiety, and that this association was stronger in children

and younger adolescents than in older adolescents and

young adults. It should be noted that across the late

childhood and adolescent years, some late expanding areas

of cortex are peaking and/or show little contraction, while

some earlier expanding regions are exhibiting more rapid

contraction. The net effect of these changes throughout the

cortex is that VMPFC surface area represents a gradually

increasing proportion of the cortical surface over a pro-

tracted period. These data suggest that, in children with

higher generalized anxiety, this increase in VMPFC ‘‘ter-

ritory’’ may be somewhat delayed relative to that in less

anxious children. If this interpretation is correct, attenua-

tion of the effect into adolescence and adulthood could

suggest that early structural alterations of the VMPFC give

rise to downstream effects (e.g., altered connections with

other regions) that persist and account for the maintenance

of generalized anxiety symptoms even after this region

develops a more mature surface area phenotype.

We also observed that the cortex was thinner in more

anxious children and that, again, the apparent trajectory of

cortical thinning appeared to differ as a function of gen-

eralized anxiety levels; however, this effect was more

global; there was no evidence in our study that VMPFC

thickness was disproportionately affected. These results

resembled in some ways, but also differed from, those

obtained in a similar previous study (Ducharme et al.

2014). These authors examined only thickness, and repor-

ted no main effect of anxiety levels in the full sample; but

they also observed an interaction, such that the association

of anxiety levels and thickness differed in younger and

older participants. They also reported what appeared to be

more anatomically circumscribed effects in VMPFC and

Table 2 Regression models

predicting anxiety from relative

VMPFC and mean thickness

Term B SE t p

VMPFC thickness

Age 0.0354 0.1012 0.35 0.7277

Gender 0.9448 0.3125 3.02 0.0027

Age 9 gender 0.1373 0.0867 1.58 0.1145

Mean thickness -8.2502 4.7649 -1.73 0.0845

VMPFC thickness -0.3268 4.8545 -0.07 0.9464

VMPFC thickness 9 age 0.6799 0.6387 1.06 0.2881

VMPFC thickness 9 gender 2.2896 2.5453 0.90 0.3692

VMPFC thickness 9 age 9 gender 0.1193 0.6413 0.19 0.8526

Mean thickness

Age 0.0642 0.1010 0.64 0.5256

Gender 1.1822 0.3134 3.77 0.0002

Age 9 gender 0.2035 0.0922 2.21 0.0281

Mean thickness 27.6904 2.6701 22.88 0.0043

Mean thickness 9 age 1.1093 0.5516 2.01 0.0453

Mean thickness 9 gender 4.3676 2.4540 1.78 0.0763

Mean thickness 9 age 9 gender 0.7229 0.5455 1.33 0.1863

Both models controlled for scanner and GAFs

VMPFC ventromedial prefrontal cortex

Terms in bold italics were significant at p\ 0.01 and terms in bold only were significant at p\ 0.05

Table 3 Simultaneous regression model predicting anxiety from

VMPFC surface area and thickness

Term B SE t p

Age 0.1821 0.1060 1.72 0.0868

Gender 1.1284 0.2924 3.86 0.0001

Age 9 gender 0.1363 0.0741 1.84 0.0670

Total area 0.0001 3.79e-5 3.17 0.0017

VMPFC area 232.190 12.044 22.67 0.0080

VMPFC area 9 age 3.0736 1.5951 1.93 0.0551

Mean thickness 25.8841 2.7019 22.18 0.0303

Mean thickness 9 age 0.9078 0.5422 1.67 0.0953

Model controlled for scanner and GAFs

VMPFC ventromedial prefrontal cortex

Terms in bold italics were significant at p\ 0.01 and terms in bold

only were significant at p\ 0.05
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related areas. A number of potentially significant differ-

ences in the methods and modeling applied in the two

studies could account for these differences. First, in the

previous study the effects were not estimated for a specific

VMPFC thickness measure, but were instead identified in a

vertex-wise analysis. The effect of a global thickness

measure was therefore not examined in that study, so it is

not possible to determine if the reported effects would have

remained if mean thickness had been modeled as a

covariate. It is interesting that clear evidence for effects

that peak in VMPFC were observed in our study for surface

area, and not thickness. One factor that may have con-

tributed to the discrepancies is the manner in which the

methods used in the previous study, relative to those used

in the present study, separate effects of surface area from

thickness variability during image processing. In summary,

the present results support the conclusion of Ducharme

et al. (2014) that the relationship between cortical matu-

ration and anxiety levels varies across this developmental

age range, but our results implicate cortical surface area

expansion in VMPFC and a relatively independent, and

more global, cortical thickness phenotype, both of which

relate to high generalized anxiety in youth. These distinc-

tions between effects involving thickness and surface area

are important, because both the cellular mechanisms and

the set of genetic factors linked to these two aspects of the

cortical architecture differ (Panizzon et al. 2009; Chen

et al. 2012).

As expected from previous research, female participants

of this study endorsed higher levels of generalized anxiety

than male participants, and in this sample self-reported

generalized anxiety levels increased with age. This

increase with age appeared to be more pronounced in

female than in male participants; the age by gender inter-

action was significant in some of the anatomical models of

anxiety. However, gender did not significantly moderate

the relationships between anxiety and any measure of

cortical surface area or thickness.

The hypotheses of the present study were tested with

measures of surface area and thickness in a specific cortical

region (VMPFC); however, the PING Data Exploration

Portal provides a statistical interface for visualizing the

vertex-wise variability of effects on surface area and

thickness (as well as other phenotypes estimated at each

vertex in the PING dataset). Thus, as a post hoc analysis we

mapped the associations with generalized anxiety levels

across the cortical surface for each phenotype, and dis-

played the results so that the observed moderating effects

of age were visible. These maps are entirely exploratory,

but they provide additional information about the

anatomical variability of the effects. As expected from our

ROI analyses, anxiety was linked to apparent cortical

thinning globally, and this association was attenuated by

adulthood. For surface area, associations between reduced

area and higher anxiety were, as hypothesized, largest and

most extensive in the VMPFC, and these were also clearly

moderated by age. However, there was a smaller, unpre-

dicted area with a similar level of negative association with

anxiety in the precuneus region, but only in the older

participants. Ducharme et al. (2014) also observed effects

of anxiety in this region, also only in the older participants

of their study, though the effects were on thickness. These

authors speculated that this effect might be related to

increasing interactions between VMPFC and precuneus as

the default network develops. Other research implicates the

precuneus in metacognitive processes related to contextual

memory retrieval and self-reflection (Lundstrom et al.

2005; Cavanna and Trimble 2006; Duarte et al. 2011;

McCurdy et al. 2013). One of these studies (McCurdy et al.

2013) even shows a specific anatomical coupling of the

precuneus with the anterior prefrontal cortex (aPFC) such

that individuals with larger aPFC tend to have larger pre-

cuneus. Given the protracted course of development of

these metacognitive skills (Kuhn 2000), and the relevance

of metacognition to anxious worrying (Wells 2005), it is

perhaps not surprising to see this association between

anxiety and the precuneus at a later point in development.

Finally, there was some indication for unexpected associ-

ations of higher anxiety with relative increases in surface

Fig. 2 Apparent age trajectories of cortical development by anxiety

level. ROI measures are adjusted for scanner, GAFs, gender, and all

interactions between anxiety, age and gender. VMPFC surface area is

also adjusted for total cortical area. Slopes for low and high anxiety

were computed at the first and third quantile for anxiety, respectively.

a VMPFC surface area changes with age in low vs. high anxiety

children. b Mean thickness changes with age in low vs. high anxiety

children
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area in the left inferior parietal region and the right

supramarginal and superior temporal gyri. These effects do

not appear to be strongly moderated by age. Given that

these apparent effects outside of the VMPFC were not

hypothesized a priori, they require replication in prospec-

tive studies.

The results of this study suggest that generalized anxiety

levels in childhood may be linked to varying trajectories of

Fig. 3 Anxiety scores mapped onto cortical surface expansion and

thickness. Maps show the vertex-wise variability of effects on surface

area and thickness at ages 7, 14, and 21 in order to visualize the

moderating effect of age on the relationship between these structural

phenotypes and anxiety. The models used to compute these maps

controlled for scanner, GAFs, and gender. Surface expansion maps

also controlled for total surface area. Vertex maps labeled ‘‘Age 14’’

were actually computed at the mean age for the sample (13.84) in

order to be able to visualize the main effect for anxiety with age held

constant
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cortical maturation, and implicate cortical expansion of the

VMPFC for the first time. However, the associations have

several possible interpretations. Altered trajectories of

VMPFC expansion or cortical thinning could represent

effects of genetic risk factors for anxious temperament, and

if so, they could alternatively represent mediating

endophenotypes or irrelevant phenotypic manifestations

due to pleiotropy. The associations could also reflect

effects of stress and fear on the developing neural circuitry

(Gee et al. 2013) through activity-dependent mechanisms;

and these effects could be independent of or interactive

with genetic risk. A significant limitation of the present

study is that the data are entirely cross-sectional, and thus

the results are only suggestive of developmental trends. In

addition, the current study was limited by the types of

measures available in the PING data resource and the

number of children administered each of these measures.

Having additional measures of anxiety from multiple

informants would certainly help to bolster these findings

and clarify the specific contexts in which they occur.

However, PING imaging methods were a clear strength in

this study. Previous work from this data set has already

contributed to our understanding of typical trajectories of

cortical development using measures of surface area and

thickness (Brown and Jernigan 2012). The current study

took advantage of a specific measure of anxiety available in

this data set (i.e., the Generalized Anxiety Disorder index

on the SCARED-R) that best represented the anxious

phenotype of interest to begin to address questions about

the relationship between anxiety and the developing

architecture of the cortex using these two phenotypes. It

should be noted that these results may not generalize to

other manifestations of anxiety (e.g., social phobia, panic

disorder, etc.), and these should be examined separately in

future studies. Additionally, future longitudinal studies of

even larger samples of developing children with richer

assessments of social/emotional functioning are needed so

that more complete models of the effects of genetic vari-

ants, environmental stressors, and concurrent affective

experiences can be constructed. Critically, information is

needed about the degree to which both neurodevelopmental

and behavioral trajectories can be modified with preven-

tative interventions that reduce adverse outcomes associ-

ated with high anxiety.
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