
Age Differences in the Neural Correlates of Anxiety
Disorders: An fMRI Study of Response to Learned Threat
Andrea L. Gold, Ph.D., Rany Abend, Ph.D., Jennifer C. Britton, Ph.D., Brigid Behrens, B.S., Madeline Farber, M.S.,
Emily Ronkin, M.A., Gang Chen, Ph.D., Ellen Leibenluft, M.D., Daniel S. Pine, M.D.

Objective: Although both pediatric and adult patients with
anxiety disorders exhibit similar neural responding to threats,
age-related differences have been found in some functional
MRI (fMRI) studies. To reconcile disparate findings, the au-
thors compared brain function in youths and adults with and
without anxiety disorders while rating fear and memory of
ambiguous threats.

Methods: Two hundred medication-free individuals ages
8–50 were assessed, including 93 participants with an anxi-
ety disorder. Participants underwent discriminative threat
conditioning and extinction in the clinic. Approximately
3 weeks later, they completed an fMRI paradigm involving
extinction recall, in which they rated their levels of fear
evoked by, and their explicit memory for, morph stimuli
with varying degrees of similarity to the extinguished threat
cues.

Results: Age moderated two sets of anxiety disorder find-
ings. First, as age increased, healthy subjects compared with

participants with anxiety disorders exhibited greater amygdala-
ventromedial prefrontal cortex (vmPFC) connectivity when
processing threat-related cues. Second, age moderated di-
agnostic differences in activation in ways that varied with
attention andbrain regions.When rating fear, activation in the
vmPFC differed between the anxiety and healthy groups at
relatively older ages. In contrast,when ratingmemory for task
stimuli, activation in the inferior temporal cortex differed
between the anxiety and healthy groups at relatively younger
ages.

Conclusions: In contrast to previous studies that demon-
strated age-related similarities in the biological correlates of
anxiety disorders, this study identified age differences. These
findings may reflect this study’s focus on relatively late-
maturing psychological processes, particularly the appraisal
and explicit memory of ambiguous threat, and inform neu-
rodevelopmental perspectives on anxiety.
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Pediatric anxiety disorders predict risk for adult anxiety
disorders, which may reflect persistent brain dysfunction (1,
2). However, most pediatric anxiety disorders remit by
adulthood, and some anxiety disorders only begin after
childhood (3). Hence, functional MRI (fMRI) studies that
examine late-maturing capacities should reveal age differ-
ences. Indeed, preliminary data have shown such disconti-
nuities in paradigms where healthy volunteers and patients
with anxiety disorders rate fear evoked by, and explicit
memory for, extinguished threat cues (4, 5). In this study, we
more clearly explicate such discontinuities. We examined
age-related differences in brain function in individuals with
and without anxiety disorders as they rated their fear of and
memory for ambiguous, extinguished threat cues.

Threat conditioning provides a useful context for this re-
search (6). Threat conditioning occurs when neutral stimuli

are paired with aversive unconditioned stimuli, leading the
neutral stimulus to acquire the capacity to evoke defensive
behavior (7, 8). Developmentally and across species, threat
conditioning research shows preadolescent maturation of
some amygdala-related functions, including aspects of learn-
ing and attention (9–12). In youths with anxiety, previous
studies have suggested that perturbation in such circuitry
begins early in life and endures (1, 2). In contrast, consistent
with the late maturation of the prefrontal cortex (PFC),
research has revealed differences between pediatric and
adult anxiety disorders for PFC-supported functions, such
as the sustained maintenance of extinction (4, 5, 10–13). In
addition, late-maturing circuits support functions unique to
primates, such as the efficient categorization of extinguished
threats and other ambiguous cues (14–16). Thus, distinct
amygdala-PFC circuitry dysfunctions may manifest in
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pediatric and adult anxiety disorders during categorization
processes, such as subjective appraisal or declarative memory,
triggered by ambiguous threat cues. To evaluate this possibility,
fMRI paradigms can parametrically model ambiguity, using
stimuli thatblendfeaturesofextinguishedthreatandsafetycues
(4, 17). Such paradigms are well suited (18) for mapping age
differences in the neural correlates of anxiety disorders.

To examine age-related variation in the neural correlates of
anxietydisorders,weadaptedawell-validatedparadigm(4,5, 11,
16, 18). In this paradigm, participants rate their fear of and
memory for ambiguous stimuli resembling extinguished threat
and safety cues, thereby categorizing ambiguous cues. We
adapted theparadigmto includemorestimulusreplicates and to
allowratings on continuous scales.These adaptations enhanced
statisticalpowerwhenevaluatinggroupdifferences in stimulus-
specific andattention-specific responding, expected tomanifest
as high-order interactions with task features (16, 19). Relatively
large samples are needed to provide appropriate statistical
power for testing such multilevel interactions across age and
patientgroups.Weexamined200medication-freevolunteersand
treated age as a continuous variable to maximize statistical
power, while applying relatively conservative statistical
thresholds to limit type I errors.

Based on previous research, we hypothesized that fMRI
response profiles wouldmanifest differently in pediatric and
adult anxiety disorders in late-maturing, recently evolved
circuitry, encompassing the heteromodal association cortex
(16). We expected greater engagement of this circuitry in
healthy, older individuals comparedwith similarlyagedpatients
with anxiety disorders, thereby extending findings from pre-
vious studies on adult anxiety. We further hypothesized that
functional connectivity between the amygdala and ventrome-
dial prefrontal cortex (vmPFC) would differ between healthy
adults and adults with anxiety, also extending findings from
previous investigations (5, 20, 21). Finally, limited previous data
have generated less precise hypotheses for children than for
adults, although the available data reveal different patterns in
pediatric than adult anxiety (4, 5). Thus, given sparse and in-
consistent findings, support appears strongest for an overall
expectation of differing patterns in pediatric and adult anxiety
disorders, both for heteromodal association cortex activation
and amygdala-vmPFC functional connectivity, with unclear
expectations regarding diagnostic differences in youths.

METHODS

Participants
Participants ages 8–50 attended a psychophysiology visit and an
fMRI visit. A total of 327 participants (healthy group, N=172;
anxiety group, N=155) started the first visit; of these, 40 were
excluded because they discontinued before (healthy group, N=1;
anxiety group, N=6) or after (healthy group, N=7; anxiety group,
N=16) the initial unconditioned stimulus presentation or because
oftechnicalproblems(healthygroup,N=6; anxietygroup,N=4).

After the first visit, 249 participants (76.15%) returned for
an fMRI visit (healthy group, N=136; anxiety group, N=113).

Data from49participantswereexcludedbecauseof technical
problems (healthy group, N=9; anxiety group, N=3), MRI
discontinuation (healthy group, N=1; anxiety group, N=2),
excessivemotion(healthygroup,N=2;anxietygroup,N=4),poor
performance (nonresponse on.25%of trials per condition:
healthy group, N=12; anxiety group, N=9), or excessive delay
between visits (healthy group,N=5; anxiety group,N=2). This
yielded a total of 200 participants (healthy group, N=107;
anxiety group, N=93) who completed the analyses.

Diagnosis was determined using semistructured inter-
views for youths (,18 years old) and adults ($18 years old).
Participants with anxiety (N=93) met DSM-5 criteria for a
current primary diagnosis of generalized anxiety disorder,
social anxiety disorder, or separation anxiety disorder (and/or
panic disorder among adults). All participants weremedication
free, andhealthyvolunteerswere freeof anycurrentpsychiatric
disorders. For further details, see the online supplement.

Demographic and clinical characteristics of the study
participants are presented in Table 1. For hypothesis testing,
age was treated as a continuous measure in statistical anal-
yses. However, when significant associations with age were
observed in the analyses, we used a post hoc comparison
median split (median age, 17.29 years) to illustrate age moder-
ationofpatient-comparisondifferences.For simplicity, the term
“adult” indicates participants who were older than the median
age, and the term “youths” indicates participants who were
younger than the median age. It is noteworthy that overall, as-
sociations with an anxiety diagnosis were not significant for age
(t=21.41,df=198,p=0.16)orsex(x2=2.19,df=1,p=0.14),althoughin
analyses restricted to adults, anxiety was more common in fe-
males (x2=10.83, df=1, p,0.001).The interactionofdiagnosis and
age was unrelated to IQ or days between study visits (all p
values .0.2). Thirty-three participants asked whether they
would receive the unconditioned stimulus before the extinction
phase (N=3), at the extinction recall phaseduring fMRI scanning
(N=26),orduringbothphases (N=4)andwere instructedthat the
unconditionedstimuluswouldnotoccur.Moreparticipantswith
anxiety disorders (N=23) inquired about unconditioned stimulus
occurrence compared with healthy subjects (N=10) (x2=8.55,
df=1, p=0.003). Post hoc analyses repeated the whole-brain
analyses controlling for both instructed extinction recall and
sex. Written informed consent was obtained from adult par-
ticipants andfromtheparentsofyouths, andassentwasobtained
fromyouths.All studyprocedureswereapprovedbytheNational
Institute of Mental Health Institutional Review Board.

Procedures
Visit 1: psychophysiology. Participants completed the “scream-
ing lady” paradigm (Figure 1A), which has been described
elsewhere (4, 11). Self-report and psychophysiological data
were recorded during discriminative conditioning to threat and
safety conditioned stimuli (CS+ and CS2, respectively), fol-
lowed by extinction.

Visit 2: fMRI.Approximately 3weeks after visit 1, participants
returned for the extinction recall task adapted from previous
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work (4). Participants made threat-safety discriminations
under two attention conditions: threat appraisal and explicit
memory. Specifically, participants rated their current levels of
fear evoked by, and memory for, facial morph stimuli falling
along a continuum with varying degrees of similarity to the
extinguished threat (CS+) and safety (CS2) cues (Figure 1B).

Data Analysis
Data were analyzed using Analysis of Functional Neuro-
Images (AFNI [22]) (for further details, see the online
supplement).

Individual level.UsingtheAFNI
3dDeconvolve, three general
linear models were generated
toestimateblood-oxygenation-
level-dependent (BOLD)signal
change with amplitude modu-
lationbasedonreactiontime,as
well as task-related functional
connectivity of the amygdala
using generalized psychophys-
iological interaction (gPPI)
methods (23).Thefirstgeneral
linear model employed the
AFNI amplitude modulation
option (AM2) to generate two
typesofregressors: task-related
activation at themean reaction
timeandreactiontime-modulated
BOLDresponse.The latter type
providedadirectmeasureofthe
proportionality of BOLD acti-
vationtochangesinthereaction
time amplitude factor. Given
their complexity, the results
from the reaction time-
modulated regressor analy-
ses are presented in the
online supplement. The
other type of general linear
models applied gPPI meth-
ods to identify brain regions
that differed in their func-
tional connectivity with the
amygdala as a function of
task conditions, with sepa-
rate models considering left
and right amygdala seeds.
This resulted in a total of
three general linear models
generated at the individual
level.

Group level. Coefficients
fromthe following regressors
of interest at the individual

level were included in four group-level analysis models: re-
action time-modulated task activation (see the online sup-
plement), task activation at average reaction time, gPPI for
the left amygdala, and gPPI for the right amygdala. Whole-
brain voxel-wise tests were used for all fMRI analyses, and
age was modeled as a continuous variable to maximize sta-
tistical power. Analyses used linear mixed-effects modeling
with 3dLME (24), including age (continuous) and anxiety
diagnosis (dichotomous) as between-subject variables, with
between-visit interval in days (continuous) as a nuisance
variable. Attention condition (dichotomous: threat appraisal

TABLE 1. Demographic and clinical characteristics of participants in a study of the neural correlates
of anxiety disordersa

Anxiety Disorder Group (N=93) Healthy Group (N=107)

Characteristic Youths (N=53) Adults (N=40) Youths (N=47) Adults (N=60)

Mean SD Mean SD Mean SD Mean SD

Age (years)b 12.75 2.73 28.46 8.81 13.21 2.49 27.83 6.92
Measurec

IQ (WASI)d 114.98 13.38 113.98 14.33 111.11 11.63 115.69 13.27
SCARED (parent) 32.94 12.95 — — 4.33 4.36 — —
SCARED (child) 33.28 12.81 — — 9.62 7.73 — —
PARS baselinee 16.82 2.89 — — — — — —
PARS postassessmente 11.54 4.04 — — — — — —

Days between visits 18.91 8.01 18.65 6.73 21.23 6.51 21.22 7.57

N % N % N % N %

Female 29 54.72 31 77.50 29 61.70 29 48.33
Instructed statusf

Extinction 3 5.66 0 0 0 0 0 0
Extinction recall 15 28.30 5 12.50 3 6.38 3 5.00
Both visits 2 3.77 2 5.00 0 0 0 0

Diagnosis
Generalized anxiety

disorder
41 77.36 31 77.50 0 0 0 0

Social anxiety disorder 33 62.26 26 65.00 0 0 0 0
Separation anxiety disorder 19 35.85 1 2.50 0 0 0 0
Panic disorder 1 1.89 3 7.50 0 0 0 0
Specific phobia 25 47.17 1 2.50 0 0 0 0
Major depressive disorder 0 0 1 2.50 0 0 0 0
Attention deficit

hyperactivity disorder
2 3.77 0 0 0 0 0 0

Oppositional defiant
disorder

2 3.77 0 0 0 0 0 0

Tics or Tourette’s syndrome 0 0 0 0 0 0 0 0
Selective mutism 1 1.89 0 0 0 0 0 0
Elimination disorder 1 1.89 0 0 0 0 0 0

a PARS5Pediatric Anxiety Rating Scale; SCARED5Screen forChild Anxiety RelatedEmotionalDisorders;WASI5Wechsler
Abbreviated Scale of Intelligence.

b Age was modeled as a continuous variable in all analyses. For the purposes of presentation of this table and post hoc
analyses unpacking higher-order interactions, agewas recoded on the basis of a median split (median age=17.29 years
old). The age ranges were 8.17–17.10 years for youths with anxiety, 8.17–17.25 years for healthy youths, 17.33–50.25
years for adults with anxiety, and 17.32–46.10 years for healthy adults.

c For IQ (WASI), data were unavailable for one healthy adult; for SCARED (parent), data were unavailable for one healthy
youth; for PARS baseline, data were unavailable for eight youths with anxiety; and for PARS postassessment, data were
unavailable for 12 youths with anxiety.

d IQ was ascertained using the vocabulary and matrix reasoning subscales of the WASI.
e For details regarding treatment measures, see the online supplement.
f Instructed status refers to participants who asked whether they would receive the unconditioned stimulus before the
extinction phase or the extinction recall phase. The number of instructed cases was significantly greater among youths
with anxiety compared with healthy youths and the two adult groups, as well as between the healthy youths and the
healthy adults. Given this, post hoc analyses from significant functional MRI findings controlled for this variable.
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or explicit memory) and the linear and quadratic trends of
threat resemblance across morphed images were within-
subject variables. Linear and quadratic trends were based
on the morphed level for each image with weights generated
from orthogonal polynomials.

Correction for multiple comparisons. Statistical maps encom-
passed gray matter voxels for which data were available
for.90%ofparticipants tosetwholebrain-corrected thresholds.
The initial voxel-wise thresholdwas set at apvalue,0.001 (two-
sided). The AFNI 3dClustSim tool was used for correction for
multiple comparisons. The spatial autocorrelation function
parametersof the residual timeseries fromthe individual-level
models were estimated and averaged across participants
(0.548465, 3.91625, 11.2995) using AFNI 3dFWHMx with the
acf flag, in accordance with recommendations by Cox et al.
(25). To account for 28 experiment-wise interactions across
four linear mixed-effectsmodels, the corrected threshold was
determined using two-sided thresholding for whole brain F
testswithfirst-nearest neighbor clustering (NN=1), with alpha
set to ,0.05/28=0.0018. This yielded a cluster threshold of
57 voxels (890.625 mm3), based on Monte Carlo cluster-size
simulations.All testswere two-sided, andalphawas set at0.05.

We focused on findings for diagnosis in omnibus in-
teraction tests, because they most precisely reflect the study
design and corresponding hypotheses among age, diagnosis,
and task factors. Thus, the AFNI 3dClustSim alphawas set at
0.0018, reflecting the significance level of 0.05, Bonferroni-
corrected for 28 F tests. This thresholdwas based on the four
above-describedmodels for two four-way and five three-way

interactions (i.e., 43[2+5]=28), thereby evaluating hypothe-
ses for diagnosis. Results from two-way interactions with
diagnosis are reported but not interpreted because of the
study’s focus on high-order interactions. To visualize in-
teractions, coefficient values averaged fromeachclusterwere
extracted and compared across groups using post hoc anal-
yses. As noted above, age was modeled as a continuous re-
gressor in all analyses. Nevertheless, data are plotted on the
basis of a median split (median age, 17.29 years) to illustrate
patterns influencing significant interactions. As noted earlier,
participants older than themedian agewere considered to be
adults, and those younger than the median age were con-
sidered to be youths.

RESULTS

Psychophysiology Visit
Briefly, across participants, skin conductance response data
revealed successful conditioning and extinction. Moreover,
stimuli evoked greater fear and skin conductance response in
participants with anxiety compared with healthy subjects
(see Table S1 in the online supplement). Therewere no other
anxiety-related differences.

fMRI Visit
Taskperformance.For reaction time,morphed stimuli evoked
distinct quadratic trends in each attention condition (see
Figure S2 in the online supplement). Thus, appraisal and
memory engageddistinct psychological processes.Moreover,
for rating data, age differentially moderated anxiety-related

FIGURE 1. Task paradigm of threat conditioning, extinction, and extinction recall among youths and adults with anxiety disorders and
healthy subjectsa

a In visit 1 (panel A), participants first underwent threat conditioning, during which one female face (conditioned stimulus [CS+]) was paired with a fearful
face coterminating with a loud scream (unconditioned stimulus); the other female face (CS–) was never paired with the unconditioned stimulus. Next,
during extinction, the two faces were repeatedly presented without the unconditioned stimulus. In visit 2 (panel B), participants completed extinction
recall, duringwhichmorphed imagescontinuously varying insimilarity fromtheCS2 toCS+(bottom)werepresented.Foreach image,participants rated
(top) their current levels of fear (threat appraisal) or whether the CS screamed in the past (explicit memory).
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differences based on the attention condition (see Figure S3 in
theonline supplement). Fordetails onbehavioraldata, see the
online supplement.

Task-related activation.A four-way interaction occurred only
in the amplitude-modulation analyses, which is presented in
the online supplement. The main task-based analyses at the
average reaction time revealed no four-way interactions.
However, there were three three-way anxiety-by-age-by-
attention clusters: one vmPFC cluster (Talairach coordi-
nates x, y, z:29, 49,21; 667 voxels; peak: F=47.63, df=1, 4180,
p,0.001 [Figure 2]) and two inferior temporal gyrus clusters
(x, y, z: 51, 259, 211; 263 voxels; peak: F=42.05, df=1, 4180,
p,0.001; and x, y, z: 31, 254, 219; 65 voxels; peak: F=28.20,
df=1, 4180, p,0.001 [Figure 3]). In the vmPFC, agemoderated
anxiety group differences during appraisal tasks but not

memory tasks. During threat appraisal tasks, activation in the
vmPFC differed between healthy adults and adults with
anxiety (t=3.17, df=98, p=0.002; Cohen’s d=0.65) but not
among youths (t=20.71, df=98, p=0.48; Cohen’s d=0.14
[Figure 2B]). A double dissociation occurred in the larger in-
ferior temporal gyrus cluster (263 voxels), where attention
moderated interactions of diagnosis and age. Adults with anx-
iety, compared with healthy adults, showed greater activation
during appraisal tasks (t=2.46, df=98, p=0.016; Cohen’s d=0.49)
but notmemory tasks (t=1.16, df=98, p=0.25; Cohen’s d=0.23). In
youths, however, participants with anxiety compared with
healthy subjects showed greater activation during memory
tasks (t=3.13, df=98, p=0.002; Cohen’s d=0.64) but not appraisal
tasks (t=0.66, df=98, p=0.51; Cohen’s d=0.13). (Full task-related
activation results are presented in Table S2 in the online
supplement.)

FIGURE 2. Task-related activation in the ventromedial prefrontal cortex among youths and adults with anxiety disorders and healthy
subjectsa
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aWhole-brain analyses of task-related activation revealed a significant interaction of anxiety diagnosis, age, and attention condition in the ventromedial
prefrontal cortex (vmPFC) (panel A). Imagesare shown inneurological convention (i.e., left is left) and thresholdedat F.10.76, df=1, 4180, p,0.001, cluster
size.57 voxels (890.625mm3). To decompose the complex interaction effects, mean extracted values (panel B) for this cluster are plotted separately by
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graph, the y-axis shows extracted vmPFC percent signal change averaged across participants in each group. Error bars indicate standard deviation.

*p,0.05.
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The diagnosis-by-attention interaction revealed addi-
tional findings that are presented in Table S2 in the online
supplement. Overall, a consistent pattern emerged in the
vmPFC, angular gyrus, cerebellum, and anterior temporal
cortex. Attention state moderated anxiety-related differ-
ences, such that significant group differences emerged for
threat appraisal (all p values ,0.03) but not memory (all
p values .0.15).

gPPI. Whole brain-corrected left amygdala seed analyses
revealed one anxiety-by-age-by-linear slope interaction
across morphed stimuli in the vmPFC (x, y, z: 9, 59, 1;
58 voxels; peak: F=17.22, df=1, 4180, p,0.001 [Figure 4]). A

median split for age was used in post hoc analyses. More
positive linear gPPI slope coefficients manifested in healthy
adults compared with adults with anxiety (t=4.61, df=98,
p=0.00001; Cohen’s d=0.93). Opposite patterns occurred in
youths (t=–2.15, df=98, p=0.034; Cohen’s d=0.44). No right
amygdala clusters emerged.

These findings remained statistically significant when
controlling for sex and instructed extinction recall.

DISCUSSION

Twoofour study results could influenceneurodevelopmental
theory.First, comparedwithadultswithanxiety,healthyadults

FIGURE3. Task-relatedactivation in theright inferior temporalgyrusamongyouthsandadultswithanxietydisordersandhealthysubjectsa

aWhole-brain analyses of task-related activation revealed a significant interaction of anxiety diagnosis, age, and attention condition in two clusters in the
right inferior temporal gyrus (ITG) (panel A). Images are shown in neurological convention (i.e., left is left) and thresholded at F.10.76, df=1, 4180,
p,0.001, cluster size.57 voxels (890.625mm3). To decompose the complex interaction effects, mean extracted values (panel B) from the larger ITG
cluster (263 voxels) are plotted separately by attention condition (threat appraisal, explicit memory) and group, based on anxiety diagnosis (healthy,
anxiety) and age (median split: adults, youths). In the graph, the y-axis shows extracted ITG percent signal change averaged across participants in each
group. Error bars indicate standard deviation.

*p,0.05.
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exhibited more positive amygdala-vmPFC connectivity as
stimuli increasingly resembled safety cues, and the opposite
patternwas observed inhealthy youths comparedwith youths
with anxiety. Second, age moderated anxiety-related differ-
ences in activation in ways that varied across attention con-
ditions and brain regions. These implications extend beyond
neurodevelopmental theory to highlight methodological
complexities in fMRI research as well.

Considerable previous research employed face viewing
tasks to examine amygdala and PFC functioning in typical
development. In these studies, as rigor increased, notable
age differences failed to replicate, including for PFC and
valence-specific activation (26, 27). However, findings for
amygdala-PFC functional connectivity occurred with some
consistency (5, 21), possibly because of stronger reliability
data for amygdala-PFC connectivity than valence-specific
activation (28, 29). Among healthy volunteers in the pre-
sent study, adults but not youths exhibited increasingly
positive amygdala-PFC coupling as levels of safety information
increased in ambiguous face cues.

These data extend find-
ings from previous research
on amygdala-PFC develop-
ment. Previous human studies
demonstrated age differences
in amygdala-PFC connectivity
during face emotion viewing,
whereas previous rodent
studies linked age differences
in amygdala-PFC function to
age differences in threat
learning (12, 13). In the pre-
sent study, we used condi-
tioning and extinction with
face cues depicting neutral
expressions, which revealed
age differences in amygdala-
PFC connectivity during ex-
tinction recall. This connects
previous face emotion imag-
ing research in humans with
threat-learning research in
rodents, all revealing age
differences in amygdala-PFC
functioning.

Functional connectivity
results also extend findings
from previous research on
anxiety disorders, particularly
in adults. In this age group, we
foundloweramygdala-vmPFC
connectivity in participants
with anxiety compared with
healthy subjects, particularly
to face cues containing high
degrees of safety-related in-

formation. These findings were consistent with theory sug-
gesting that anxiety disorders involve deficient safety cue
signaling (20, 30). Such theory implied that failure to appro-
priately maintain safety cue representations in experimental
settings also manifested in the everyday lives of individuals
with anxiety, where they experience fear when failing to
recognize safety information.Notably, such theoryhighlighted
experimental data for adults. In the present study, compared
with adults, data for youths demonstrated opposite trends,
with greater amygdala-vmPFC connectivity in participants
with anxiety compared with healthy subjects.

In disorder subgroups, such as pediatric and adult anxiety
disorders, such opposite-appearing trends are termed
crossover interactions. Compared with a crossover pattern,
interactions more frequently involve disorder-related dif-
ferences inonlyoneof twosubgroups.Relative toourfindings
on connectivity in youths with anxiety, our data for adults
with anxiety more closely replicate findings from previous
research. Thus, these new connectivity findings for youths
should be viewed with caution and require replication, given

FIGURE4. Left amygdala connectivitywith the ventromedial prefrontal cortex (vmPFC) amongyouths
and adults with anxiety disorders and healthy subjectsa
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*p,0.05.
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our observation of crossover patterns. Recent neurobiolog-
ical studies have, however, demonstrated crossover inter-
actions in pediatric anxiety with increasing frequency (31,
32), including longitudinal studies showing age-related
crossover interaction in neural correlates in pediatric anxi-
ety (32, 33). Finally, it is notable that connectivity profiles in
this study differed among younger and older patients and
healthy participants. Thus, replication is needed in
medication-free youths and adults both with and without
acute anxiety.

Althoughwe found age tomoderate both connectivity and
activation, the patterns differed. Whereas connectivity
findings related to cue features, activation findings related to
viewing contexts. Moreover, unlike connectivity findings
manifesting as a crossover interaction, interactions for ac-
tivation resembledmore typicalfindings in previous research
(i.e., associations in only one age-delimited subgroup).

Differences in vmPFCactivationmanifested in adultswith
anxiety but not youths with anxiety. These findings resemble
patterns in previous studies of emotional disorders, in which
groupdifferences involvedmPFCdeactivation (20, 34, 35). In
such studies, less deactivation or greater activation in healthy
adult volunteers compared with adult patients may reflect
default-mode dysfunction, which can generate apparent task
deactivation throughgroupdifferences inbaselineconditions
(36, 37).

In our study, group differences in inferior temporal ac-
tivation manifested with different patterns in youths with
anxiety compared with adults with anxiety, as a function of
task instructions. These differences occurred in the context
of cue-related activation in all participants, replicating
studiesof temporal responses to faces.Patterns amongyouths
resembled patterns found in another study, which showed
group differences during memory tasks (19), and which ex-
tended ample work on developmental differences in face
representation within the inferior temporal cortex (26,
27, 38).

Given the novelty of these developmental findings, rep-
lication is needed before their significance can be de-
termined. However, these results do provide clues regard
ing processes underlying anxiety disorder development.
For example, the observed mechanisms mediating age dif-
ferences in brain activation could arise from earlier matu-
ration in circuitry supporting children’s capacity to
remember events rather than to appraise their emotional
impact. Emerging but immature memory circuit function
may create vulnerabilities reflected in our results, including
more prominent findings in youths than adults on the threat
memory task. Earlier maturation may arise for memory
rather than appraisal as a result of greater objectivity in the
process of memory encoding. In contrast to subjective fear
judgments, the verifiable nature of events encoded in me-
mory may create opportunities for social scaffolding. In this
scenario, children’s and adolescents’ discussions of their
memory for threatening events with other people witnessing
the events could sculpt their threat-relatedmemory circuitry.

Such mechanistic neurodevelopmental hypotheses may
guide clinical research on anxiety disorders.

For activation, the main analysis compared groups at
average reaction time in order to generate reaction time-
adjusted findings. To a degree, this accounts for influences of
reaction time on activation. Notably, these analyses revealed
no four-way interactions, possibly reflecting reduced sta-
tistical power in tests of higher-order interactions. Alterna-
tively, previous research suggested that cross-group
heterogeneity in brain physiology coupling can obscure
findings in higher-order interactions (16, 19). To address this
problem and thereby enhance sensitivity to higher-order
interactions, one study on adolescent social reticence used
subject-specific regressors for skin conductance responses
collected during extinction recall (19). Another study on
typical adolescent development used ratings during threat
conditioning (16). Although we did not measure skin con-
ductance response in our study, analyses presented in the
online supplement applied the approach from these previous
studies using subject-specific and event-specific reaction
time regressors. Future work might measure both reaction
time and skin conductance responses while examining
higher-order interactions and relations among activation,
skin conductance response, and reaction time.

Beyond extending previous fMRI data, our findings
carry more general implications. Comparing brain function
in youths and adults broadly informs developmental per-
spectives. Other research on anxiety disorders has shown
developmental continuities (39–42), often for processes that
basic research localizes toearly-maturingcircuitswith strong
cross-species conservation. In contrast, our results suggest
that age-related discontinuities exist in the neural correlates
of anxiety disorders. Age moderated anxiety-related differ-
ences on tasks that engage late-maturing capacities, sup-
ported by areas of the heteromodal association cortex unique
to primates. Thus, longitudinal work may consider whether
developmental changes in the neural architecture of these
capacities accounts for age-related discontinuities in anxiety
disorders.

Our findings also broadly extend perspectives relating
normative and pathological development. Structural imaging
has shown maturation throughout adolescence in the het-
eromodal association cortex (43, 44). Moreover, children’s
capacity to appraise their internal state and performmemory
tasks matures on similar time scales, consistent with changes
inbrain regionsengagedby tasksengaging thesecapacities (4,
5, 45, 46).Our studyextends this research inhealthyyouths to
youths with anxiety in our observation of age differences in
late-maturing cortex on tasks that engage late-maturing
psychological capacities.

Longitudinal research could evaluate the clinical signifi-
cance of our findings by connecting neural and clinical data.
Such researchmayfind that youthswith anxietywhodevelop
relatively strong appraisal or memory capacities overcome
aspects of their anxiety disorder. Conversely, such research
may find that healthy youths who do not develop these
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capacities have a high risk for adult anxiety. If such longi-
tudinal findings do emerge, prospective studiesmight use the
associated insights to locate biomarkers that identify youths
with anxiety at risk for persistent emotional problems or
healthy youths at risk for new ones.

Beyondsuchclinicalextensions,otherstudiescouldexamine
pathophysiology. Longitudinal genetic research has shown
anxiety to involve complexdevelopmental processes (47). Some
processes are age invariant, while others are age specific. In
tandem with previous imaging research, our data suggest that
neural correlates may reflect similarly complex multicompo-
nent processes. Thus, as in genetic studies, prospective imaging
studies might seek to differentiate age-invariant from age-
specific correlates in pediatric and adult anxiety disorders.

Strengths of this study include a relatively large sample
and observation of clinically relevant findings. However,
these findings should be considered in the context of four
limitations. First, cross-sectional data only provide initial
insights on development, as findings may guide longitudinal
research. Second, while patients were medication-free and
had acute anxiety, there were group differences (i.e., the
gender ratio in adults). Only pediatric patients were required
to enter a treatment study, andmore youths than adults asked
whether they would be exposed to the unconditioned
stimulus during imaging. Results remained unchanged after
statistically accounting for these factors. Third, evoked levels
of fear generallyweremild,withmean levels in the lower half
of a 0–6 rating scale. Future research might use more
evocative stimuli. Lastly, although this study was large in the
context of clinical imaging, the sample sizemay still be small,
because we examined complex questions with correspond-
ingly complex methods. Statistical thresholds were more
conservative than those in other studies, but few effect sizes
were large, some interactions reflected unexpected patterns,
and larger samples would support more powerful tests and
more conservative thresholds. In addition, simpler designs
would generate more powerful tests but also could lack
sensitivity to multiplex clinical features, such as complex
relations among task conditions, diagnosis, and age. Repli-
cation is important, given the complexity of interactions.
Beyond addressing limitations with cross-sectional data,
such replications might examine very large samples to ap-
propriately power conservative statistical tests of complex
interactions, with expectations of moderate effect sizes.

In conclusion, discontinuities exist between pediatric and
adult anxiety disorders. Our findings suggest that differences in
brain function manifest on measures of amygdala-vmPFC
functional connectivity and task-related activation in the heter-
omodal association cortex. Suchdifferences occurwhen viewing
ambiguous, extinguished threat cues and engaging late-maturing
psychological capacities. These results could shape refinements
in developmental perspectives on anxiety disorders.
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