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Abstract
Context—Amygdala and ventrolateral prefrontal cortex (vlPFC) dysfunction manifests in
adolescents with anxiety disorders when they view negatively valenced stimuli in threatening
contexts. Such fear-circuitry dysfunction may also manifest when anticipated social evaluation leads
socially anxious adolescents to misperceive peers as threatening.

Objective—To determine whether photographs of negatively evaluated smiling peers viewed
during anticipated social evaluation engage the amygdala and vlPFC differentially in adolescents
with and without social anxiety.

Design—Case-control study.

Setting—Government clinical research institute.

Participants—Fourteen adolescents with anxiety disorders associated with marked concerns of
social evaluation and 14 adolescents without a psychiatric diagnosis matched on sex, age, intelligence
quotient, and socioeconomic status.

Main Outcome Measures—Blood oxygenation level–dependent signal measured with event-
related functional magnetic resonance imaging. Before and during neuroimaging scans, participants
anticipating social evaluation completed peer- and self-appraisals. Event-related analyses were
tailored to participants’ ratings of specific peers.

Results—Participants classified 40 pictures of same-age peers as ones with whom they did or did
not want to engage in a social interaction. Anxious adolescents showed greater amygdala activation
than healthy adolescents when anticipating evaluation from peers previously rated as undesired for
an interaction. Psychophysiological interaction connectivity analyses also revealed a significant
positive association between amygdala and vlPFC activation in anxious vs healthy adolescents in
response to these stimuli.
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Conclusions—Anticipating social evaluation from negatively perceived peers modulates
amygdala and vlPFC engagement differentially in anxious and healthy adolescents. Amygdala and
vlPFC dysfunction manifests in adolescent anxiety disorders in specific contexts of anticipated peer
evaluation.

Dramatic changes in the social context of behavior during adolescence are associated with
increased incidence of social anxiety.1–4 Information-processing biases about social
experiences may contribute to this increase in anxiety. For example, psychological theories
posit that social anxiety is associated with excessive fears of judgment and biased appraisals
of others as overly critical.5,6 These theories suggest that anticipation of peer evaluation leads
anxious adolescents to misperceive peers as overly threatening and uninterested in social
interactions with them. Functional neuroimaging provides an opportunity to ground these
psychological theories in knowledge of neural function.7

Research in animals and adult humans implicates a circuit connecting the amygdala and ventral
prefrontal cortex (vPFC) in social-threat processing.7,8 Animal studies have shown that this
fear circuitry is shaped by developmental experiences that may chronically affect social-threat
perception.8 For example, studies of nonhuman primates show that the developmental timing
of amygdala damage profoundly influences social-threat perception.9,10 These findings raise
key questions about the relations between the human amygdala and vPFC function during
adolescence when many social-cognitive processes are forming. Activation of this circuit
during interactions with peers may occur in adolescent anxiety disorders. Understanding these
processes in adolescence is important because this period is associated with an increased focus
on peer relationships and increased onset of anxiety disorders, which heightens risk for adult
anxiety disorders.2 While few neuroimaging studies pursue this line of research, preliminary
work implicates amygdala-vPFC circuitry not only in social anxiety, but also in adolescent
anxiety, more broadly.11–14

Heightened amygdala activation in anxiety disorders is thought to generate fear responses to
innocuous stimuli misperceived as threatening.15 Indeed, amygdala hyperactivation
consistently differentiates adults with and without anxiety about social situations.16–22

However, a unique association between amygdala function and social-threat perception may
arise in adolescence. Specifically, amygdala hyperactivation in adult anxiety typically occurs
when attention focuses on nonthreatening rather than threatening aspects of negatively
valenced social stimuli.20,23 This presumably reflects a lower threshold for threat detection in
adult anxiety. In adolescent anxiety, however, amygdala dysfunction manifests specifically
when attention focuses on the threatening aspects of social cues.11 This may relate to broader
dysfunction in a circuit encompassing vPFC and the amygdala.11,24,25 Focusing attention
specifically on the fear of being negatively evaluated may lead some adolescents to misperceive
peers as overly critical and to anticipate pejorative peer evaluation.6 Accordingly, extreme
concern about social evaluation is expected in the anxious adolescent who confronts peers
within a reciprocally evaluative context. Prior imaging work suggests that these anxiety-related
concerns relate to amygdala-vPFC function.11

Three issues shaped our current focus on the fear response to social threats in adolescent
anxiety. First, although amygdala hyperactivation has been found in response to mild emotional
provocations,11,12 studies have yet to assess fear of social evaluation in a salient context for
adolescents. This may be a particularly sensitive developmental period for social cognition
because the transition into the peer world at large is accompanied by frequent social evaluation.
Thus, we developed an ecologically valid paradigm that uses anticipation of peer evaluation
with in a simulated internet chatroom to induce feelings of social threat highly relevant to an
adolescent’s daily life and to assess the amygdala response. Second, in light of prior work that
shows powerful contextual effects on adolescent amygdala and vPFC responsivity,11,14,26 we
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probed amygdala function using prototypically nonthreatening social cues—smiling faces of
novel peers27,28—within the potentially threatening context of peer evaluation. Finally, recent
work suggests that between-group differences in functional connectivity with ventrolateral
expanses of pre-frontal cortex (vlPFC) parallel differences in amygdala response.11,14,29

However, because only 2 studies using mild threats examined this issue in adolescents,11,14

extension to ecologically valid situations was needed. Therefore, we considered the degree to
which amygdala-vlPFC connectivity relates to between-group differences within a real-world
social context.

The present study tested 2 hypotheses. First, based on past work in anxious adolescents11,12,
14 relative to healthy adolescents, participants with anxiety disorders would exhibit amygdala
hyperactivation when anticipating judgment from peers in a context of potential negative
evaluation. To elicit anticipation of social evaluation, participants were asked to rate their desire
to interact with a series of peers. They were then asked 2 weeks later to rate how they thought
these same peers would evaluate them for an interaction. We chose the cognitive task of
considering how others judge one’s self to assess self-esteem, a psychological construct related
to anxiety.30 Second, as in prior studies of healthy adults and anxious adolescents,11,14,31 we
hypothesized that both amygdala hyperactivation and amygdala-vlPFC connectivity would
emerge in this context of social concern. We hypothesized that these activations would interact
with participants’ own evaluations of peers. We contrasted 2 instances of anxious adolescents’
expectations concerning unfamiliar peers: (1) when peers were rated as undesirable and (2)
when they were rated as desirable for anticipated interaction. As part of the paradigm,
participants were led to believe that their peer ratings would be revealed to the peers. Hence,
appraising how peers deemed undesirable would evaluate them was expected to elicit amygdala
hyperactivation and positive amygdala-vlPFC connectivity in the anxious vs nonanxious
adolescent. This was expected to reflect neural processes associated with fears of social
retaliation when anticipating evaluation from a peer previously rated as undesirable. In
addition, because prior data suggest that anxious adolescents exhibit greater amygdala
activation11,12,14 and a biased expectation of being negatively evaluated,6,32 both anxiety
severity and task ratings related to self-esteem were expected to vary with engagement of
amygdala-vlPFC circuitry.15,29

METHODS
PARTICIPANTS

Fourteen adolescents with a current DSM-IV anxiety diagnosis who were not taking medication
and 14 healthy adolescents participated. Analyses by t test and χ2 test confirmed that groups
did not differ in age, sex, intelligence quotient, or socioeconomic status (Table 1).

Diagnoses were determined using the Kiddie Schedule for Affective Disorders–Present and
Lifetime version (K-SADS-PL).33 All patients were recruited when they sought treatment of
anxiety about social situations and thus had current, impairing, clinically significant anxiety
(Table 1). Patients not diagnosed with current social phobia (SP) (n=6) demonstrated clinically
significant fear of social interactions or performance situations on the Pediatric Anxiety Rating
Scale34 and/or K-SADS-PL. This selection approach follows Rapee and Heimberg’s model6
that posits that social evaluation concerns exist along a continuum, with SP at the extreme,
immediately proximal to other anxiety disorders with high social concerns. We included both
patient groups, as Rapee and Heimberg argue that similar cognitive biases manifest in both
groups, though to varying degrees. Other inclusion and exclusion criteria were identical to
those used in prior studies.11,14 Participants and their parents completed the Screen for Child
Anxiety Related Emotional Disorders (SCARED).35 Parent/adolescent SCARED scores were
averaged to index anxiety severity.
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STUDY PROCEDURES
Study procedures were approved by the National Institute of Mental Health institutional review
board. All participants provided written assent; parents or legal guardians provided written
informed consent. Participants were informed that they would receive misinformation during
testing; all participants were debriefed. No adverse reactions occurred.

We developed an ecologically valid neuroimaging paradigm, the chat room, to simulate
adolescent social interactions in 2 phases. In phase 1 participants were led to believe we were
implementing a nationwide investigation of internet-based communication. They were told
that after a functional magnetic resonance imaging (fMRI) scan, they would chat online with
another teenager. Participants then viewed 40 photographs of peers (20 boys) allegedly
participating in the study and rated on a 100-point scale their interest in chatting with each peer
(Figure 1A). These ratings were used to sort events during scanning based on participants’
desire to chat with each peer. Participants were also photographed, told that the peers they had
rated would similarly evaluate their pictures and view the ratings they had received, and would
later chat with a mutually high-interest peer. As part of our hypothesis, knowing that the peers
would learn of the participants’ ratings was thought to elicit concern about being evaluated in
return. This deceptive approach was intended to increase task sensitivity for engaging
symptom-relevant cognitions.

In phase 2 approximately 2 weeks later, participants underwent an fMRI scan while reviewing
the photographs they had rated previously and were asked to indicate how interested they
thought each depicted peer would be in chatting with them (Figure 1B). This cognitive task
involves appraisal of expected peer evaluation designed to engage concerns about social
evaluation and adolescents’ views of themselves (ie, self-esteem). This appraisal rating was
expected to differ in anxious and healthy adolescents, following Rapee and Heimberg’s model.
6 Our hypothesis focused on neural activation during appraisal events of anticipated social
evaluation by peers sorted by peer-desirability groupings. After the scan, participants answered
questions to evaluate their belief in the task and were then debriefed. Only data from
successfully deceived participants (80%) were included.

The chat room task used a rapid event-related design presented in one 7-minute run. Each event
was 7.6 to 9.6 seconds, consisting of stimulus face and question presentation (3–5 seconds),
which was then superimposed with a rating response screen (4.6 seconds). These 2 subevents
were pooled and modeled as a single event. Because the same rating was always performed on
every picture, the subject likely begins assessing the picture before actually rating it; thus, from
a psychological perspective, they are not distinguishable events. Task stimuli were 40 digital
head shots of actors aged 11 to 17 years of varied ethnicities36 posing happy expressions under
the direction of an acting coach. Fixation crosses were displayed (4 seconds) randomly
throughout the task to serve as a baseline. The interstimulus interval was 1 second.

fMRI DATA ACQUISITION AND PREPROCESSING
Scanning occurred in a Signa 3T magnet (General Electric, Waukesha, Wisconsin). Stimuli
were viewed with a head coil–mounted mirror. Participants rated stimuli using a handheld 2-
button response box (Research Services Branch, National Institute of Mental Health, Bethesda,
Maryland).

For functional image acquisition, each brain volume contained 29 contiguous 3.3-mm axial
slices acquired parallel to the anterior commissure–posterior commissure line using a single
shot gradient echo with T2* weighting (time to repetition, 2300 milliseconds; echo time, 23
milliseconds; voxel dimensions, 3.3×3.75×3.75 mm; 64×64 matrix; field of view, 24 cm). A
high-resolution anatomical image was acquired using a T1-weighted standardized
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magnetization-prepared spoiled gradient recalled echo sequence (124 1-mm axial slices; time
to repetition, 8100 milliseconds; echo time, 32 milliseconds; flip angle, 15°; number of
excitations, 1; 256×256 matrix; band-width, 31.2 kHz; field of view, 24 cm).

DATA ANALYSIS
Behavioral rating data collected before and during the scan were analyzed using SPSS 14.0
(SPSS Inc, Chicago, Illinois). Functional MRI data were analyzed using Analysis of Functional
and Neural Images (AFNI) software version 2.56b (National Institute of Health, Bethesda,
Maryland).37 Standard preprocessing of echoplanar imaging data included slice-time
correction, motion correction, reslicing to a 1-mm isotropic voxel, spatial smoothing (6-mm
full-width half-maximum Gaussian kernel), removal of large signal deviations of 2.5 SD or
greater from the mean using an AFNI despiking algorithm applied on a vox-elwise basis, a
bandpass-filtering algorithm to smooth cyclical fluctuations (>.011 Hz or <.15 Hz), and
normalization of blood oxygen level–dependent signal intensity to percentage of signal change
using each subject’s voxelwise time series mean as a baseline. Motion correction parameters
were included as nuisance covariates along with a covariate for mean intensity and linear drift.
In addition, subjects who moved more than2.5 mm were excluded.

AMYGDALA ACTIVATION
The statistical model was a γ-variate basis function convolved with the hemodynamic response
function from AFNI. The basis function was set to the onset of each event type. Event types
consisted of 2 expected–peer-appraisal events: appraising evaluation from peers the participant
had rated as being either (1) low or (2) high in desirability, determined using a median split of
each participant’s prescan peer ratings. A general linear model was then used to determine the
β value and t statistic for each event type at each voxel. Contrasts of whole-brain blood oxygen
level-dependent activation were created per subject per event type, followed by a second group-
level random-effects analysis of individual contrast values.

Based on past data11,14 and our a priori hypothesis, group-level analyses focused on the left
and right amygdala regions of interest (ROI), defined using Talairach anatomical boundaries.
38 Mean contrast values were generated for all amygdala voxels and analyzed with t tests. We
tested between-group differences in the low- vs high-desirability contrast during expected–
peer-appraisal ratings. Statistical significance was based on both height intensity and spatial
extent in ROIs, using AFNI AlphaSim to correct for multiple comparisons within the ROIs
based on 1000 Monte Carlo simulations for the ROIs. With this algorithm, significant voxels
had to exceed a P value of less than .005 whole-brain uncorrected with a 92-voxel cluster size
(92 μL), corresponding to an ROI-corrected P value of less than .05.

To separate the contrast and correlate imaging with non-imaging data, secondary analyses were
conducted by converting each participant’s data to the percentage of signal change using their
voxelwise time series mean as a baseline. The AFNI 3dmaskave program was used to compute
and extract per participants’ average activation of all voxels within a functionally defined ROI
mask of the low- vs high-desirability contrast.39 Threshold parameters for the mask were based
on results from the primary ROI analyses, using t=2.78, P<.005, and cluster size=92 μL. Mean
activation values within each ROI cluster were extracted to separate the results using SPSS.
Two repeated-measures analysis of variance models included group (patient, control) as a
between-subjects factor and peer desirability (low, high) as a within-subjects factor; average
left and right amygdala activation during appraisal of expected peer evaluation were the
dependent variables. The group×peer desirability interaction on the amygdala response was of
primary interest. Secondary regression analyses in AFNI also evaluated the influence of
between-group task performance differences on between-group amygdala activation
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differences. Finally, analyses examined correlations between amygdala activation, self-esteem
ratings, and anxiety severity.

FUNCTIONAL CONNECTIVITY
We conducted a psychophysiological interaction analysis to examine connectivity between the
amygdala and vlPFC during the low- vs high-desirability contrast. Established procedures were
adapted for use with AFNI.14,40,41 Blood oxygen level-dependent signal was deconvolved
using an assumed form of the hemodynamic response function before creating the interaction
term.41 Each participant’s echoplanar imaging time series was converted to Talairach space.
The first eigenvariate time series was extracted from each of 2 seed voxels from the peak t
value for the left and right amygdala where between-group differences emerged on the low-
vs high-desirability contrast. To examine activation specifically related to the events of interest,
we entered the low and high peer-desirability events as covariates. The correlation coefficient
of the interaction term between the amygdala seed and the low-vs-high contrast was converted
using z score transformation to reduce skew and normalize sampling distribution. The t tests
compared groups on coactivation between each amygdala seed and other brain regions. Results
of this analysis showed event-related changes in the interaction of the right amygdala seed and
left vlPFC (Brodmann area 47). A spatial clustering procedure determined statistical
significance with a P value of less than .005 height threshold and spatial extent correction
(n=216 voxels) based on 1000 Monte Carlo simulations using the entire echoplanar imaging
map, corresponding to a whole-brain corrected P value of less than .01. Secondary analyses
separated initial findings. Coactivation correlation values were extracted from the vlPFC region
that survived statistically and graphed for presentation purposes. We also examined the
correlation of amygdala-vlPFC connectivity with self-esteem ratings and anxiety severity.

RESULTS
BEHAVIORAL RESPONSES

Patients and controls reported similar levels of interest in peers (ie, peer desirability) based on
prescan ratings, but data collected during scanning revealed the hypothesized between-group
differences (Table 1). Relative to controls, patients expected peers to rate them as less desirable,
reflecting expected between-group differences in self-esteem. There was also a positive
significant correlation between peer desirability ratings and self-esteem ratings (ie, expected
peer evaluation) (Table 2).

As expected, both groups reported higher interest in chatting with same-sex than opposite-sex
peers (peer desirability×peer sex interaction, F1,26=51.47, P <.001). A repeated-measure
analysis of variance yielded no between-group differences in the proportion of same vs
opposite-sex peers nominated to low- vs high-desirability conditions.

AMYGDALA ACTIVATION
Our a priori hypothesis that the low– vs high–peer-desirability contrast would elicit more
amygdala activation in patients vs controls was confirmed by significant group×peer
desirability interactions. Patients showed significantly greater bilateral amygdala activation
while appraising potential peer evaluation; this effect occurred specifically while viewing
undesirable peers. After correcting for multiple comparisons in the ROIs, the maximum
intensity value in the left amygdala was t26=3.62 (x=−23, y=3, z=−20) and for the right
amygdala was t26=3.53 (x =27, y =−3, z =−21). Figure 2A presents the topography of the
maximum intensity t value in the right amygdala.

The group×peer desirability interactions were separated through post hoc analyses of the
extracted percentage of signal change for each event relative to a null-event baseline. Repeated-
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measures analyses of variance revealed group×peer desirability interactions (left amygdala
F1,26=13.26, P =.001; right amygdala F1,26=12.91, P=.001) consistent with AFNI analyses
(Figure 2B). Amygdala activation was greatest among patients specifically when appraising
predicted evaluation from undesirable vs desirable peers (P<.001). By contrast, controls
showed no amygdala engagement. A significant positive correlation also emerged between
anxiety severity ratings and right amygdala activation in the whole sample (Table 2).

We examined differences between participants with SP (n=8), other anxiety disorders plus
elevated social concerns on the Pediatric Anxiety Rating Scale (n=6), and controls (n=14). As
expected, a significant between-group difference was found in left (F2,25=7.16; P =.003) and
right (F2,25=5.93; P =.008) amygdala activation while appraising evaluation from low- vs high-
desirability peers. Patients with both SP and other anxiety disorders had significantly greater
amygdala activation than controls, but did not differ from each other. Patients with SP had the
highest mean (SD) percentage of change in amygdala activation (left amygdala, 0.88[.91]; right
amygdala, 0.76[.94]) followed by patients with other anxiety disorders (left amygdala, 0.58 [.
54]; right amygdala, 0.68[.83]) and controls (left amygdala, −0.21[.59]; right amygdala, −0.15
[.35]).

The AFNI 3dRegAna program was used to conduct a regression analysis of the effects of group-
and peer-desirability level on amygdala activation with self-esteem ratings (ie, expected peer
evaluation) included as a covariate. These analyses showed that the group differences in
bilateral amygdala activation remained significant even after the differences in self-esteem
ratings were factored out (left amygdala t26=3.72, P <.005; right amygdala t26=2.53, P <.01).

We entered the study with specific a priori hypotheses concerning greater amygdala activation
in patients than in healthy adolescents. Nevertheless, we considered other areas where patients
might exhibit greater activation based on peer desirability using the Monte Carlo–based ROI-
corrected threshold (Table 3). At this threshold, greater activation in patients vs controls also
emerged within the cerebellum. Greater activation in controls vs patients emerged in the left
anterior cingulate and the left middle frontal gyrus, encompassing Brodmann area 46.

FUNCTIONAL CONNECTIVITY
Table 4 summarizes all group differences that surpassed the whole brain–corrected statistical
threshold for connectivity with the left and right amygdala. Between-group comparisons
showed that, relative to controls, patients demonstrated a positive correlation between the right
amygdala seed and left vlPFC-encompassing Brodmann area 47 (Figure 3A) while appraising
low- vs high-desirability peers. This difference was driven by positive connectivity emerging
only in patients during appraisal of low-desirability peers (Figure 3B). Anxiety severity and
self-esteem ratings correlated significantly with amygdala-vlPFC coactivation such that lower
self-esteem (Table 2) and higher anxiety severity (Table 2; Figure 3C) were related to positive
connectivity.

COMMENT
This is the first study to map neural processing engaged during real-world social interactions
in either anxious or healthy adolescents. Two main fMRI findings emerged. First, anxious
adolescents showed greater amygdala activation than did healthy adolescents when viewing
photographs of peers rated as less desirable relative to those deemed more desirable for an
anticipated social interaction. Second, these differences were paralleled by differing patterns
of coactivation in the amygdala-vlPFC circuitry. These findings emerged against a backdrop
of behavioral findings. Compared with healthy adolescents, anxious adolescents perceived
unfamiliar peers as less likely to want to chat with them, consistent with studies demonstrating
that anxious youth view themselves as socially unaccepted.30 Thus, the current task replicates
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and adds to previous work demonstrating a cognitive bias about social evaluation in adolescent
anxiety by linking this observation to measures of neural system function. Indeed, social stimuli
typically considered non-threatening (ie, smiling peers) elicited robust amygdala responses
only in patients, especially when viewing peers whom they had rated negatively.

Because participants were told that peers would learn of their ratings, having rated certain peers
as undesirable was expected to generate particularly heightened levels of concern about
evaluation in the anxious participant. However, the amygdala response to the low-desirability
peers may reflect other processes as well, eg, avoidance of specific individuals or concern about
the possibility of chatting with peers that the participant did not like. Further work is needed
to extend the current findings to delineate the precise feature of low-desirability peers that
elicits a heightened amygdala response in socially anxious adolescents. However, we
documented a strong relationship between participants’ initial ratings of each peer’s desirability
and later ratings of expected peer evaluation; this provides some evidence that participants’
initial impressions relate to a lasting aspect of the social-evaluative processes that can be
engaged 2 weeks later. Regardless of the precise psychological context that most robustly elicits
between-group differences in the adolescent amygdala response, the present findings add to
prior work in both adolescents and adults. Specifically, the current and prior findings suggest
that psychological interpretations initiate or maintain social information processing biases
associated with neural function in anxiety disorders.11,20,22

The present study underscores the powerful role of interactions between attention and stimulus
properties in shaping the amygdala response, adding to previous work. Specifically, adult social
phobia also involves a pronounced amygdala response to socially threatening faces, but this
heightened response occurs when attention is constrained to a nonemotional context.20,23 As
in the current work, our previous research in at-risk or anxious adolescents also shows that
focusing attention on disorder-relevant cognitions elicits amygdala hyperactivation.11,26

Moreover, the current study adds to these findings by showing that appraisal variations
influence amygdala response even for social stimuli that prototypically appear nonthreatening.
This finding again illustrates the powerful effect of viewing context as mediated by changes
in attention. The lack of amygdala engagement during appraisal of peer evaluation in controls
suggests that adolescents without social anxiety do not demonstrate the same cognitive biases
and associated neural responses that reflect fear of social evaluation.

Amygdala-response differences were paralleled by differential amygdala-vlPFC coactivation,
circuitry previously implicated in attention modulation42 and behavioral flexibility.43 These
results complement prior findings in adolescents.11,13,14 As in other research,29 our measures
of anxiety severity and task performance both correlated with amygdala-vlPFC connectivity.
This centrally implicates perturbed amygdala-vlPFC engagement in core cognitive features of
adolescent social anxiety. However, beyond our work on vlPFC engagement in adolescent
anxiety, considerable research in adult humans and animal models also implicates ventral-
medial PFC (vmPFC) in amygdala regulation, particularly in extinction-related processes.44–
46 Accordingly, one might also expect between-group differences in vmPFC-amygdala
connectivity in the current study. As noted, our prior work more consistently implicates the
vlPFC than the vmPFC in adolescent anxiety. Nevertheless, because neither our prior nor our
present work specifically targets extinction and related emotion-regulatory processes most
consistently shown to engage vmPFC,11,13,14 the current and prior data do not firmly address
questions on the role of vmPFC engagement in adolescent anxiety.

The current and prior findings in adolescent anxiety disorders suggest that distinct amygdala-
vlPFC perturbations manifest in distinct psychological contexts. The vlPFC and amygdala are
strongly interconnected anatomically,47 and the 2 regions can reliably be engaged by the same
class of stimuli.11,25,31 However, available data also show that the vlPFC and amygdala
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perform different functions. For example, while the amygdala is more closely associated with
controlling attention to orchestrate stimulus-reinforcement learning, vlPFC is more closely
associated with stimulus-response learning, as manifest on response-reversal and flexibility
tasks.43 In the context of the present task, these data suggest that vlPFC activity might reflect
positive vlPFC-amygdala coupling arising from the amygdala, which signals the need to avoid
an interaction and adjust behavior accordingly. In other work on attention orienting, briefly
presented threats served as implicit distracters from task-related goals. In this context, negative
amygdala-vlPFC connectivity occurs in healthy adolescents but not in adolescents with
generalized anxiety disorder.14 This may reflect the specific effect on orienting behavior and
vlPFC response that emerges when threat cues draw attention away from a competing attention-
orienting task; in this instance, engagement of the vlPFC in healthy subjects in tandem with
associated negative vlPFC-amygdala coupling might facilitate competent task performance by
maintaining representations of task-related goals despite the presence of salient emotional
distractors. Regardless, evidence of stronger positive amygdala-vlPFC connectivity or stronger
vlPFC engagement in patients than controls emerges across many neuroimaging studies.11,
13,22,48,49 This is consistent with data implicating amygdala-vlPFC circuitry in decision
making and behavioral response where salient emotional cues appear.24

The present study has several limitations. First, the sample size is relatively small. Because
results derived from small samples are associated more commonly with type II rather than type
I error, the potential for masking true effects increases; however, observation of expected
significant findings reduces this possibility. Nonetheless, given limitations in statistical power
associated with small samples, greater caution is needed when interpreting negative rather than
positive findings. Second, roughly half of the patients did not meet criteria for SP, though all
reported significant concerns about social interactions. Limiting probands to those with SP
could provide a more homogenous sample, reduce variance, and increase statistical power;
again, this limitation is also likely to contribute more to type II than type I errors, further
suggesting the need to emphasize positive more than negative findings. However, the sample
selection approach did not hinder our ability to detect hypothesized group differences and a
secondary analysis suggested that amygdala dysfunction might indeed occur in both SP and
other adolescent anxiety disorders involving heightened social concerns. Observation of
correlations among anxiety symptom ratings, task performance, and neural engagement also
support this possibility. Nevertheless, an important future step will be to conduct a larger, more
definitive study of participants with varying levels of social anxiety across the full range of the
social anxiety continuum. This would provide vital data on key questions arising from this
initial study concerning the degree to which perturbed amygdala and associated amygdala-
vlPFC circuitry function in adolescent social anxiety is best viewed as a categorical or
continuous construct. Third, the social evaluation task has some limitations. Task sensitivity
to group differences may have been reduced because our key event incorporated 2
subcomponents rather than examining each component separately and additional “jitter” time
was not interspersed between subcomponents. This limitation may have been offset by the
advantages gained in task feasibility and psychological fidelity that was maintained,
particularly given confirmation of expected findings. Nonetheless, future studies should
attempt to separate neural response to picture presentation and to rating.

Despite these limitations, the present study has several strengths. First, the task paradigm is
unique in that it engaged psychological processes central to clinical adolescent anxiety
concerning social events. Moreover, our past work used photographs of adults to elicit
amygdala hyperactivation to negative-valence faces,11,13,14,26 whereas the present study used
positive-valence adolescent faces. Second, the present findings support theoretical models.
Anxious adolescents demonstrated neural abnormalities when assessing how peers whom they
rated negatively would evaluate them in return. This effect occurred despite the positive
accepting cues depicted in the peers. Third, functional connectivity patterns support prior
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studies on circuitry encompassing the vPFC and the amygdala. Future studies may examine
connectivity to add further insight on cognitive modulation of emotion and its role in cognitive-
behavioral treatments. These results also inform a more precise model of the brain’s response
to complex social interactions, increasing precision in attempts to understand
neurophysiological and cognitive mechanisms that underlie adolescent social anxiety.
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Figure 1.
The chat room paradigm consisted of 2 visits to the laboratory. A, Approximately 2 weeks
before the scan, participants rated how interested they were in chatting online with peers based
on photographs. A median split divided the ratings into low and high peer-desirability groups.
Participants were told that the same peers would learn how they had been rated and rate the
participants’ photographs in a similar fashion. B, During the second visit participants were
scanned while reviewing previously judged photographs and rated how interested they thought
each peer would be in chatting online with them.
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Figure 2.
A, A significant group difference in right amygdala activity is illustrated on high-resolution
images from a representative subject. Bilateral amygdala activation was greater in patients vs
controls when appraising expected peer evaluation by low- vs high-desirability peers (P<.005).
After correcting for multiple comparisons in the amygdala regions (P<.05), the maximum
intensity value for the cluster encompassing the left amygdala was t=3.62 (x=−23, y=3, z=−20)
and for the right amygdala was t=3.53 (x=27, y=−3, z=−21). B, Group × peer desirability
interaction effects on the event-elicited percentage of signal change in the left (F1,26=13.26;
P =.001) and right amygdala (F1,26=12.91; P =.001). Data were collected at functional
magnetic resonance imaging scan during appraisal of expected peer evaluation, converted to
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percentage of signal change using voxelwise time series mean as a baseline, and averaged
within each functionally defined amygdala region of interest.
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Figure 3.
Significant group differences in functional connectivity between the right amygdala and left
ventrolateral prefrontal cortex (vlPFC) during task performance. Correlation data were
averaged within each region that survived a spatial clustering procedure using a corrected P
value of less than .05 and extracted to illustrate coactivation patterns within each group. A,
Cross-hairs centered on activation indicating significant group difference in coactivation
between the right amygdala seed (x=27, y=−3, z=−21) and left vlPFC (x=−32, y=44, z=−5)
(t26=3.79; P <.01; activation survives P<.001). B, Extracted correlation data indicated that
patients had significantly greater positive connectivity than controls between activation in the
amygdala and vlPFC, specifically during the low peer-desirability events. C, Association
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between amygdala-vlPFC connectivity and total Screen for Child Anxiety Related Emotional
Disorders (SCARED) score; Spearman r=0.60, P=.001, n=27 (patient Spearman r=0.62, P=.
03, n=13; control Spearman r=0.17, P=.57, n=14).
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Table 1
Demographic and Clinical Characteristics of Sample and Task Ratings by Group

Characteristics

Mean (SD) (n=14)

t26 Statistic P ValuePatients Controls

Age, y 12.30 (2.76) 12.58 (2.54) 0.27 .79

IQ 113.36 (14.69) 117.86 (8.06) 1.01 .32

Female sex, No. (%) 10 (71.4) 10 (71.4) χ2=0.0 1.00

Parent education levela 6.27 (0.90) 6.00 (1.00) t22=−0.70 .49

Current DSM-IV diagnosis, No. (%)b

 GAD 9 (64.3) NA

 SP 8 (57.1) NA

 SAD 4 (28.6) NA

Pediatric anxiety rating scale scorec 15.21 (2.69) NA

Interest in peersd 37.57 (19.73) 40.29 (14.97) 0.41 .68

Expected peer evaluationd 42.14 (12.25) 53.55 (15.30) 2.17 .04

 Low-desirability peers 36.06 (17.42) 43.79 (21.57) 1.04 .31

 High-desirability peers 48.43 (14.27) 63.44 (15.04) 2.71 .01

Abbreviations: GAD, generalized anxiety disorder; NA, not applicable; SAD, separation anxiety disorder; SP, social phobia.

a
Level ranges from 1 (<7 years of education) to 7 (graduate or professional degree).

b
One patient with SP had comorbid attention-deficit hyperactivity disorder. Five patients with GAD, SP, and/or SAD had comorbid specific phobia.

c
Items range from 0 (none) to 5 (extreme) anxiety symptoms; total score range is 0 to 25.

d
Scale ranges from 0 (not interested) to 100 (very interested) for participants’ interest in chatting with peers and participants’ expectation of peers’ interest

in them.
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