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Abstract While the fear-based anxiety disorders (i.e., gener-
alized anxiety disorder, social phobia and separation anxiety
disorder) are among the most common psychiatric conditions
in children and adolescents, only recently has an integrated
understanding of the neurobiology of these disorders devel-
oped. In this regard, both structural and functional neuroim-
aging studies have demonstrated neuroanatomic and function-
al abnormalities within the amygdala and prefrontal cortex in
youth with fear-based anxiety disorders, and have also sug-
gested altered functional connectivity among components of
the anterior limbic network (ALN), as well as alterations in
neurochemistry within the anterior cingulate cortex. Addition-
ally, several prefrontal structures and regions (e.g., medial
prefrontal cortex) appear to be dysregulated in youth who
are at risk of developing anxiety disorders (e.g., youth with
inhibited temperament, behavioral inhibition, etc.). Finally,
emerging data raise the possibility that functional activity
within these amygdala-prefrontal networks may be affected

by successful psychopharmacologic and psychotherapeutic
treatment and may predict outcome.

Keywords fMRI . 1HMRS . Anxiety disorders . Separation
anxiety disorder (SAD) . Social phobia (SoP) . Generalized
anxiety disorder (GAD)

Introduction

First described in pediatric patients more than a century ago
[1], anxiety disorders are among the most prevalent disorders
in children and adolescents, with prevalence rates reaching
10 % [2•, 3–5]. Moreover, anxiety disorders—in children and
adolescents—represent chronic, relapsing conditions [2•] and
are associated with substantial morbidity, including an in-
creased risk of suicide attempts [6], secondary mood disorders
[7, 8], and co-occurring anxiety disorders [7, 8]. Yet, despite
their profound public health significance and associated mor-
bidity, only recently has the structural and functional neuro-
anatomy as well as the neurochemistry of these disorders been
systematically examined in youth.

Over the last decade, accumulating evidence suggests that
there are specific alterations within central fear networks in
anxiety disorders in youth [9–11]. This includes the anterior
limbic network (ALN), which involves connections between
the amygdala, medial prefrontal cortex (Brodmann area [BA]
10/11), rostral insula, subgenual/rostral anterior cingulate cor-
tex (ACC, BA 25, BA 24/32), (Fig. 1a), ventrolateral prefron-
tal cortex (VLPFC, BA 10/47) (Fig. 1b), and dorsolateral
prefrontal cortex. This network has been extensively studied
in children and adolescents with generalized anxiety disorder
(GAD), social phobia (SoP) and separation anxiety disorder
(SAD), and as a consequence of these studies, a nascent
understanding of (1) the neurostructural and neurofunctional
basis of pediatric anxiety disorders, as well as (2) the
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neurobiologic basis of risk for developing these disorders, has
developed. Herein, we seek to systematically review and inte-
grate neurostrucutural, neurofunctional and neurochemical de-
rangements within these systems in pediatric patients who are at
risk for developing anxiety disorders (i.e., those with tempera-
ments which predispose them to develop anxiety disorders such
as behavioral inhibition), as well as thosewho have developed a
pediatric anxiety triad disorder: GAD, SoP and/or SAD.

The Neurofunctional Basis of Generalized Anxiety
Disorder

The most notable and frequently implicated structure in pedi-
atric anxiety disorders, including GAD, is the amygdala.
Residing deep within the limbic system, this subcortical struc-
ture is critical to the generation of the central the fear response.
Moreover, the amygdala is comprised of multiple nuclei that
are reciprocally connected to the hypothalamus, hippocam-
pus, and neocortex—structures which, as discussed below,
have been implicated in the pathophysiology of anxiety dis-
orders. To date, nearly all (n=9) studies of pediatric patients
with GAD have demonstrated increased activation of the
amygdala (for review see [12]), although it is important to
note that these have primarily involved the presentation of
fearful faces in the context of facial affect probes. Specifically,
McClure and colleagues [13] observed increased right amyg-
dala activation in adolescents with GADwhen viewing fearful
faces, while bilateral activation was observed in the context of
a probe detection tasks involving paired emotional faces [13].
However, when tasks involve attentional processing of non-
emotional stimuli, differences in amygdala activation are not
observed in adolescents with GAD [10]. Finally, it is notewor-
thy that in a sample of anxious youth, most of whom met
Diagnostic and Statistical Manual of Mental Disorders, Fourth

Edition (DSM-IV) criteria for GAD, baseline levels of amygdala
activation was negatively associated with symptomatic improve-
ment following treatment with either the selective serotonin
reuptake inhibitor fluoxetine or cognitive behavioral therapy [14].

In addition to increased amygdala activation, adolescents
with GAD exhibit dysfunction within amygdala-based intrin-
sic functional connectivity networks, which includes connec-
tivity between the amygdala and regions in medial prefrontal
cortex, insula, and cerebellum. In this regard, amygdala-insula
connectivity and amygdala-superior temporal gyrus connec-
tivity increases with increased anxiety burden in adolescents
with GAD [15•]. Additionally, in adolescents with GAD the
activation of amygdala, ventral prefrontal cortex, and ACC are
highly correlated during the viewing fearful faces as compared
to healthy subjects [14]. Seed-based connectivity analyses
suggest increased connectivity between the amygdala and
insula as well as the amygdala and posterior cingulate cortex
in patients with GAD compared to healthy subjects, whereas
there is greater negative connectivity between the amygdala
and precuneus in patients compared to healthy subjects [14].
Finally, steady state connectivity analyses of adolescents with
GAD are consistent with the findings above with regard to
increased connectivity between the amygdala and the posteri-
or cingulate cortex and altered amygdala-precuneus connectivity
in adolescents with GAD during continuous processing tasks
[10]—an interesting finding, given that the posterior cingulate
and precuneus/cuneus are intimately involved in mentalization
and theory ofmind processes as well as self-referential cognition;
functions that are presumably disrupted in youth with GAD.

Beyond the amygdala, the VLPFC is frequently implicated
in fMRI studies of youth with GAD. Of note, the VLPFC
modulates amygdala activity and plays a pivotal role in ex-
tinction in the context of fear conditioning and responds in
tandem with the amygdala to emotional probes. Thus, given
the role of the VLPFC in modulating amygdala activity and

Fig 1 Structures and regions implicated in pediatric patients with anxiety
disorders and those who are high risk of developing anxiety disorders. The
cuneus (yellow), precuneus (light green), dorsal anterior cingulate (red), pre/

subgenual anterior cingulate (purple) and ventromedial prefrontal cortex
(light blue) are showmedially in a, while the ventrolateral prefrontal cortex
(VLPFC, lime green) is shown in the left lateral view in b
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fear learning—a process which is fundamentally impaired in
youth with GAD [16]—it is not surprising that dysfunctional
activity within the VLPFC and dysfunctional connectivity to
this region is frequently observed in pediatric patients with
GAD. In fact, to date, at least three fMRI studies that focused
specifically on patients with GAD have demonstrated abnor-
mal activation within this structure [17, 18, 10]. However, it is
likely that the role of the VLPFC in pediatric GAD is com-
plex, in that—while this region is hyperactivated in youth with
GAD—activation is inversely related to the severity of anxiety
symptoms [10]. This complex relationship between activation
and anxiety within this structure suggests that the VLPFCmay
play a compensatory role in youth with GAD. As such, one
small treatment study involving administration of the SSRI
fluoxetine or cognitive-behavioral therapy (CBT) demonstrat-
ed treatment-associated increases in activity within this region
in adolescents with GAD [19].

Finally, regarding connectivity of the VLPFC in adoles-
cents with GAD, McClure and colleagues [14] found that
VLPFC activity correlatedwith amygdala and ACC activation
in youth with GAD. Additionally, in this study, increased
negative connectivity was observed between the right VLPFC
and amygdala in youth with GAD (compared to healthy
subjects) [18]. Finally, we recently observed increased con-
nectivity between the VLPFC and the medial prefrontal cortex
in adolescents with GAD—a structure that subserves both
self-referential processing and interoception [10].

In addition to the amygdala and VLPFC, the cingulate
cortex (Fig. 1a)—which forms the superior boundary of the
limbic system—is intimately involved in affect and motiva-
tion, as well as pain processing and cognitive control (for
review see [20•, 21]. The cingulate, in particular the anterior
cingulate, cortex has regularly been implicated in several of
the fear-based anxiety disorders in youth, in particular, GAD.
In this regard, McClure and colleagues [14] demonstrated that
youth with GAD who were attending to their own subjective
fear during the performance of a facial affect task have in-
creased activation of the anterior cingulate cortex. Addition-
ally, a recent proton (1H) spectroscopy study of adolescents
with GAD demonstrated that the severity of anxiety symp-
toms correlated with increased glutamatergic tone in the
pregenual anterior cingulate [22].

The Neurostructural Basis of Generalized Anxiety
Disorder

In addition to accumulating data regarding functional activity
and functional connectivity of GAD in adolescents, several
studies have examined the neurostructural basis of this disor-
der. Overall, the literature suggests that abnormalities in neural
structures that subserve threat appraisal, modulation of fear
responses, attachment, and mentalization are present early in

the course of the disorder. Amygdala volumes are increased in
adolescents with GAD when examined with manual tracing
methods [23], although voxel-based morphometry-based
studies have observed decreased left amygdala volumes in
adolescents with mixed anxiety disorders, of whom nearly
80 % met criteria for GAD [24, 23]. Additionally, in this
voxel-based morphometry study, gray matter volumes were
increased in the superior temporal gyrus, a structure which
shares numerous connections with the amygdala [24]. More-
over, we have demonstrated decreased gray matter volumes in
in the right precuneus and right precentral gyrus as well as
decreased gray matter volumes in the left orbital gyrus and
posterior cingulate in un-medicated adolescents with GAD,
[25].

Finally, diffusor tensor imaging and voxel-wise Tract-
Based Spatial Statistics (TBSS) analysis of white matter ar-
chitecture in adolescents with GAD reveals decreased frac-
tional anisotropy (FA), a measure of white matter integrity, in
the bilateral uncinate fasciculus, inferior fronto-occipital fas-
ciculus, as well as the inferior longitudinal fasciculus, and
corona radiata [26].

The Neurofunctional Basis of Social Phobia

Many functional imaging studies in pediatric patients with
social phobia have—necessarily—involved tasks with social
judgments in an effort to probe the aspects of social phobia
which may be neurophysiologically distinct from the struc-
tures which are putatively involved in the other fear-based
anxiety disorders. Studies have demonstrated abnormalities in
those structures implicated in other fear-based disorders,
namely the amygdala and its cortical connections, as well as
altered striatal activity in youth with SoP. In one such study
involving adolescents with SoP who are anticipating social
feedback, caudate and putamen activation is increased com-
pared to adolescents who are healthy and those who have
generalized anxiety disorder [27]. Additionally, as adolescents
with social phobia await feedback from individuals with
whom they might prefer not to interact (vs. those with whom
they would interact), activation in the amygdala is increased and
is associated with increased amygdala-VLPFC connectivity in
anxious vs. healthy adolescents in response to these stimuli,
suggesting that “anticipating social evaluation from negatively
perceived peers modulates amygdala and VLPFC engagement
differentially in anxious and healthy adolescents” [28].

The Neurofunctional Basis of Separation Anxiety
Disorder

To date, no studies have specifically examined youth with a
primary diagnosis of separation anxiety disorder. However, in
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a study of youth with social anxiety which utilized a facial
affect probe, bilateral amygdala activity correlated with the
degree of separation anxiety [29], suggesting that the amyg-
dala may be implicated in the pathophysiology of separation
anxiety disorder as well.

The Neurofunctional Basis of Mixed Anxiety Disorders

Studies of “mixed anxiety disorders” have frequently included
patients with the triad of GAD, SoP and separation anxiety
disorder, given the high syndromic overlap of these conditions
and frequent comorbidity. In general, these studies have fo-
cused on anterior limbic circuitry described previously in
patients with GAD and social phobia. Price and colleagues
[30] noted that,while both youth with anxiety disorders and
healthy comparison subjects demonstrated “a neural pattern
consistent with successful disengagement of threat reactivity
in the [rostral-dorsal] ACC”, youth with anxiety did not dis-
engage with regard to bilateral parahippocampal/hippocampal
regions when avoiding threat, suggesting poorer integration of
cortical and limbic components of threat appraisal. Addition-
ally, this poorer integration of cortical and lower-limbic struc-
tures may be mediated by decreased functional connectivity
be tween the dorsa l an te r io r c ingula te and le f t
parahippocampus/hippocampus, in which decreased connec-
tivity was correlated with increased anxiety [30]. Fitzgerald
and colleagues [31] have demonstrated that, during error
detection, the dorsolateral prefrontal cortex is hypoactive
(compared to healthy subjects) in youth with non-obsessive-
compulsive disorder (OCD) anxiety. Moreover, it is of interest
that patients with mixed anxiety disorders and co-occurring
major depressive disorder (MDD) exhibit similar increases in
bilateral amygdala activation in response to fearful face pro-
cessing compared to healthy comparison subjects; however,
adolescents with mixed anxiety disorders compared to with
MDD (without co-occurring anxiety disorders) exhibit differ-
ential amygdalar responses during passive viewing of fearful
faces [32]. Finally, a recent pilot study of youth with mixed
anxiety disorders (N=10)—who were at genetic risk of devel-
oping bipolar disorder—demonstrated that mindfulness-based
cognitive therapy was associated with increased activation of
the bilateral insula, lentiform nucleus, thalamus and the left
anterior cingulate during the viewing emotional stimuli [33].

The Neurostructural Basis of Mixed Anxiety Disorders

Regarding neurostructural studies of adolescents with mixed
anxiety disorders,Mueller and colleagues [34], using a region-
of-interest (ROI) approach (ROIs: amygdala, hippocampus,
insula and ACC), noted decreased gray matter volumes in
adolescents with anxiety in the amygdala and right anterior

hippocampus, and noted increased gray matter volume in the
right insula. In this study, a group-by-genotype effect for a
Val66Met polymorphism in the brain-derived neurotrophic
factor gene was observed in the insula and ACC [34]. Addi-
tionally, in a sample of 38 youth with mixed anxiety disorders
and 27 healthy comparison subjects, we observed greater gray
matter volumes in the left cingulate gyrus compared to healthy
subjects’ decreased gray matter volume in the left inferior
frontal gyrus (VLPFC), as well as the left postcentral gyrus
and left precuneus [25]. Moreover, in this study, to elucidate
any contribution of SoP symptoms to neuroanatomic differ-
ences in regions where gray matter volume differences were
detected between anxious and healthy youth, we noted no
relationship between social phobia symptoms and gray matter
volumes [35]. Additionally, we have observed decreased gray
matter volumes in the dorsolateral prefrontal cortex in youth
with co-occurring anxiety disorders and major depressive
disorder compared to adolescents with major depressive dis-
order and no co-occurring anxiety disorders [36]. Taken in
consideration with the neurofunctional data [32], this would
suggest both shared and distinct neurofunctional abnormali-
ties along the depression-anxiety diathesis.

The Neurofunctional Basis of Risk in Patients Who Are
Predisposed to Developing Anxiety Disorders

Recently, several studies have examined the neurophysiology
of children who are at risk for developing anxiety disorders,
yet do not have anxiety disorders per se. In general, these
studies have focused on younger children with anxious tem-
perament and behavioral inhibition, both known to increase
the likelihood of developing an anxiety disorder later in life
[37]. These studies have shown abnormalities in the same
regions seen in studies of youth with the triad of anxiety
disorder discussed above. Overall, there is increased activa-
tion of the amygdala, abnormalities in cortical regions of the
ALN, and as with SoP, some indication of striatal
involvement.

Blackford and colleagues [38•] have suggested that dynam-
ic responses to emotional stimuli may differ in studies of
youth with inhibited temperament, a finding which has impli-
cations for fear learning (and extinction). Specifically, in
individuals with inhibited temperament (e.g., those who are
shy, inhibited and slow-to-warm-up), habituation of the amyg-
dala and hippocampus to neutral faces varied as a function of
the degree of inhibited temperament, wherein those individ-
uals with inhibited temperament failed to exhibit habituation
across serially presented faces [38•]. Additionally, in this
sample of individuals with inhibited temperament, amygdala
responses remain elevated when viewing both novel and
“recently familiarized faces,” whereas individuals without
inhibited temperament only exhibit increased amygdala
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activity in response to novel faces [39]. Inhibited adolescents
(compared to non-inhibited adolescents) also exhibit in-
creased amygdala activation to fearful faces [40]. Moreover,
in healthy youth who have high levels of trait anxiety, amyg-
dala activity during the viewing of fearful faces correlates with
“social dimensions of anxiety, including peer rejection, humil-
iation, performing in public, and being separated from loved
ones,” but does not correlate with nonsocial dimensions of
anxiety [29]. Not only is the amygdala itself implicated in
behavioral inhibition (BI), but the fronto-amygdala network as
well. A recent study using an attention-bias task with angry and
neutral faces found that youth with BI have altered connectivity
between the amygdala and the dorsolateral prefrontal cortex or
anterior insula [41], specifically a greater negative connectivity
was seen between these regions in BI. In addition, they found
that the amygdala-insula connectivity was related to young
adult internalizing symptoms. Recently, a study of youth with
high levels of trait anxiety, which utilized a paradigm to assess
attention to threat, found that trait anxiety correlated with
attention bias towards angry faces. In addition, trait anxiety
positively predicted increased activation of the dorsolateral
prefrontal cortex (PFC) during attention bias towards angry
faces and—consistent with studies in youth with GAD—trait
anxiety was associated with increased activation in the VLPFC
[42]. In another recent study of young adults who exhibited
behavioral inhibition as children (and who have dysregulated
attention and affective processing), striatal activation as well as
dorsolateral prefrontal cortex and anterior cingulate activation
were observed relative to youth who were not characterized
as behaviorally inhibited, despite the fact that both groups
exhibited similar behavioral responses to a high attention to
threatening faces task [43].

Conclusion

The extant literature concerning functional neuroimaging
studies described herein suggests that pediatric patients with
anxiety have dysfunction within a myriad of amygdala-based
networks throughout the prefrontal cortex, and these studies
have also increasingly implicated posterior regions, including
the precuneus and cuneus. Moreover, functional abnormalities
in these regions and in connectivity among these regions are
present in youth and young adults who are at risk for devel-
oping anxiety disorders, suggesting that functional deficits
may precede the disorders themselves. Additionally, accumu-
lating data suggest that successful psychopharmacologic and
psychotherapeutic interventions impact activity within these
amygdala-based networks, and in some cases, activity within
components of these fear-based networks may predict treat-
ment response, although the treatment-related changes in
functional activity within these circuits and the durability of
these changes with regard to underlying functional or

structural abnormalities observed in youth with anxiety disor-
ders remains unknown. Moreover, neuroimaging data related
to developmental trajectories of the anxiety disorders are
brutally lacking, and there are limited data linking neuroim-
aging findings with symptom severity and functional out-
comes (e.g., school performance, relational capacity with
peers, etc.). Similarly, with increased interest in research do-
main criteria (RDoC), it is important to note that there are
limited data related to neurofunctional and neurostructural
commonalities among fear-based disorders in youth. Impor-
tantly, such studies in the pediatric population may yield 'brain
targets' for early intervention and prevention of subsequent
comorbidities (e.g., depression, other anxiety disorders, etc.).
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