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Behavioral inhibition (Bl) isarisk facor for anxiety disorders. Whilethe
two constructs bear behavioral similarities, previous work has not
extended theseparallelsto theneural level. Thisstudy examined amygdala
reactivity during a task previously used with clinically anxious
adolescents. Adolescents were seleded for enduring patterns of Bl or
non-inhibition (BN). We examined amygdala regponse to evocative
enotion facesin Bl (NV=10, mean 12.8 yeas) and BN (N=17, mean 12.5
years) adolescents while systematically manipulating attention. Analyses
focused on amygdala regponse during subjective ratings of internal fear
(congtrained attention) and passive viewing (unconstrained attention)
during the presentation of emotion faces (Happy, Angry, Fearful, and
Neutral). Bl adolescerts, relativeto BN adolescents, showed exaggerated
amygdalaresponseduring subj ectivefear ratingsand deadivation during
passiveviewing, acrossall emotion faces In addition, theBI group showed
an abnormally high amygdala response to a task condition marked by
novelty and uncetainty (i.e, rating fear state to a Happy face).
Peturbations in amygdala function are evident in adolescents temper-
amentally at risk for anxiety. Attention statealters theunderlying pattern
of neural processing, potertially mediating the observed behavioral
patterns across development. Bl adolexents also show a heightened
sengitivity to novety and uncertainty, which has been linked to anxiety.
Thes patterns of reactivity may help sustain early temperamental biases
over timeand contributeto the observedrelation between Bl and anxiety.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

Behaviora inhibition is an early-appearing temperament
markedby a tendencyto withdraw or show reticencein the face
of novel social situations (Kagan et al., 1988. Behaviorally
inhibited children are hypervigilant during situationsof uncer-
tainty or novelty andareoftenlabeledas GhyOby both adultsand
theirpeergCoplanetal., 1994;Fox etal., 1995. In characterizing
the construct,Kagan and colleagues(Garcia Coll et al., 1984,
Kagan et al., 1984 drew extensivelyon work describingthe
structureand function of the fear circuit (Amaral, 1986; Davis
etal., 1997). The constellatiorof behaviorscomprisingbehavioral
inhibition was hypothesizedo reflectincreasedeactivity of the
amygdala.

Researcthasproceededor the lasttwo decadedasedon this
model using behavioral(e.g., motoric reactivity in infancy) and
psychophysiologicale.g., autonomicreactivity) markerstheore-
tically linked to amygdalarfunctioning (Fox et al., 2005; PZrez-
Edgarand Fox, 2005. The first direct observation®f amygdala
activity in vivo associatedvith behavioralinhibition emegedin
the last few years(Schwartzet al., 2003. Schwartzet al. (2003)
demonstratedthat young adults characterizedas behaviorally
inhibited in the secondyear of life exhibited amygdalahyper-
reactivity to novel faces with neutral expressionsrelative to
familiar faces with the same neutral expression.The authors
arguedthat the heightenedamygdalaactivity displayedby these
adults identified as behaviorally inhibited in childhood was a
result of their heightenedresponseto novelty Thesedatawere
the first to reportdirectlinks betweenearly behavioralinhibition
and amygdalaactivity, laying the foundation for the current
study
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Interestin behavioralinhibition has grown with the publica-
tion of reportslinking early inhibition to anxiety later in life
(Goldsmithand Lemery 2000; Kagan,2001; Kaganet al., 2001;
PZrez-Edgarnd Fox, 2009. For example,children of parents
with panic disorderhave higher levels of behavioralinhibition
(Rosenbaumet al., 1988, while children high in behavioral
inhibition are more likely to show anxious symptomatology
(Hirshfeld et al., 1992. Behavioralinhibition and anxiety are
both markedby withdrawal and avoidantbehavior(Pine, 1999.
Behavioralinhibition and anxiety also sharecore psychophysio-
logical markers,including right frontal EEG asymmetry (Fox
et al., 2001, enhancedstressresponsein the L-HPA axis
(Schmidtet al., 1997, perturbationsn heartrate and vagaltone
(Marshall and Stevenson-Hinde 1998, and enhancedstartle
responsgSchmidtand Fox, 1999. Of note, no imaging studies
to date have examinedbehaviorallyinhibited individuals using
tasks previously used to differentiateclinically anxious indivi-
dualsfrom the generalpopulation,or vice versa.As such,we do
not know if the paallels between arxiety and behavioral
inhibition extendto the neurallevel.

McClure et al. (2007) recently demonstratedhlterationsin
amygdalafunction in adolescentswith anxiety disorders. As
predicted, anxious adolescents showed enhanced amygdala
reactivityto faceswith fearfulexpressionduringaface-processing
taskin the fMRI environmentThis excessiveamygdalaresponse
was modulatedby attention:the responsevas evidentonly when
attentionwas directedtowardsinternalfeelingsof fearand could
not be detectedin other attention conditions. Of note, when
participantsvereaskedo simply passivelyiew fearfulfaces(i.e.,
attention is unconstrained)the anxious adolescentsexhibited
significant amygdaladeactivation.Furthermore anxious adoles-
centsshoweda distinct amygdalaresponseselectivelyto fearful
faces(with a similar trendfor angryfaces)that did not extendto
neutralor happyfaces.

The presentwork soughtto extendthe Schwartzet al. (2003)
and McClure et al. (2007) findings by examining behaviorally
inhibited adolescentSresponsedo evocative stimuli using the
identical paradigm employed by McClure et al. (2007) The
cohortof behaviorallyinhibited adolescentstudiedherehadbeen
identified in infancy and were characterizedwith regard to
behavioralinhibition throughoutpreschooland childhood (Fox
etal., 1995,2001). This providedthe opportunityto identify and
examinea group of children exhibiting an enduring pattern of
high levels of behavioralinhibition. This group was contrasted
with a sampleof non-inhibited children from the samecohort
who did not display stable inhibition acrossdevelopmentbut
rathertypical variationsin their patternof social behavior

The current study examinedthe hypothesisthat adolescents
characterizedwith behavioralinhibition would display similar
neural responses to fear faces as adolescents with anxiety
disorders.Based on McClure et al. (2007) we predicted (1)
heightend amygdala activaton in responseto fearful facial
expressionswhen attentionis focusedon self-assessmeiwf fear
state,in inhibited comparedo non-inhibitedadolescentsand (2)
amygdaladeactivationin responseo fearful facial expressiongn
passiveviewing in inhibited adolescent®nly. In addition, based
on the work of Kaganet al. (Kagan,1997; Kaganand Snidman,
2004 and Schwartzet al. (2003) we predict that the inhibited
adolescents will show heightened amygdala activity when
presentedvith novelty or discrepancy(e.g.,rating fear stateto a
Happy stimulus).

Methods
Participants

Subjectclassification

Forty-four adolescentparticipatedin the currentstudy The
adolescentsreredrawnfrom a longitudinalstudy of temperament
and affect regulation(Fox et al., 1995, 2007). This longitudinal
cohortincluded 153 children who were selectedin infancy and
evaluatedat ages3 months,14 months,24 months 4 years,and7
years.At eachvisit, measure®f temperamentaind psychophy-
siologicalreactivitywerecollectedin thelaboratory(Calkinsetal.,
1996; Fox et al., 2001; Hendersoret al., 2004).

Standardizedaboratorymeasureof Bl were collectedwhen
subjectswere 14 and 24 months(Kaganet al., 1989; Fox et al.,
2001), and4 and 7 yearsof age(Rubin, 1989; Fox et al., 2001).
Thesescoresverestandardizedndthenmeanedo createasingle,
stable measureof Bl over time. Higher scoresreflected higher
levels of Bl. The adolescents in the current study were
representativef theinitial cohortwith respecto the rangeof Bl
scoregmeanBl scores0.05participants/s.0.07cohort,t=—0.13,
p=0.90).UsingK-meansclusteranalysigCairnsetal., 1999, two
groups were identified (Table 1). The first group (N=17) was
higheron behavioralinhibition assesseih toddlerhoodandsocial
reticenceassessedn early childhood than the second group
(N=27). Group 1 was labeled@ehaviorally Inhibited)(BI) and
group2 was labeled@ehaviorallyNon-inhibited®(BN).

Of the 44 adolescentselectedor the neuroimagingstudy five
declinedparticipationand four met exclusionarycriteria. Exclu-
sionary criteria included metal in body (2 subjects), current
psychoactivesubstanceuse (1 subject), and acute/unstabilized
psycopahoogy (1 subpct) Suljects with DSM-IV Axis 1
diagnoses were not excluded since increased clinical risk
(particularlyfor anxiety)is an emerginghallmarkof stable,high
Bl. Non-Bl linked disorderghatmayinterferewith the completion
of the task (e.g., severepervasivedevelopmentatlisorder PDD)
were exclusionary. For two adolescents, technicd problens
prohibited data acquisition.Finally, six did not provide useable
fMRI data due to either excessive movement or technical
difficulties at testing. Adolescentsvho did and did not complete
the scanwere comparablein age, t(42)=0.99, p=0.33, gender
12=0.86, p=0.35, and cluster assignment,! >=0.83, p=0.36,
althoughthe adolescentsvho were scannechad higherlQ scores
(112 vs. 118),t(41)=-2.2Q p=0.03.

For the remaining27 adolescentslO werein Clusterl, the Bl
group (age:M=12.6 years,SD=1.59;1Q: M=119.1, SD=11.34;

Table 1
Demographic and temperament measures (means and SD) for the inhibited
and non-inhibited adolescents

All subjects  Inhibited Non-inhibited
Age 12.63 (1.71)  12.80 (1.69)  12.53 (1.77)
Gender 10/17 2/8 8/9
1Q 117.7 (8.78)  119.1 (10.61)  116.9 (7.89)
Inhibition at 14 months ! 1.25(2.29) ! 0.04 (1.58)* ! 1.98 (2.39)*
Inhibition at 24 months ! 1.54 (4.60) 2.84 (3.49)** | 3.46 (3.65)**
Reticence at 4 years 0.19 (0.20) 0.36 (0.26)**  0.10 (0.05)**
Reticence at 7 years 0.10 (0.07) 0.13 (0.07) 0.08 (0.06)

Gender=male/female.
*p<0.05; **p<0.01.
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gender2 male,8 female)and17 werein Cluster2, the BN group
(age:M=12.6years,SD=1.75;1Q: M=116.9,SD=7.89; gender:
8 male,9 female).The two temperamengroupsdid not differ in
age, t(25)=0.08, p=0.94, 1Q, t(23)=0.56, p=0.58, or gender
12=3.00,p=0.08.

Adolescentsvere screenedor psychiatricdisordersusing the
Schedulefor Affective Disordersand Schizophrenidor School
Aged ChildrerN Presentand Lifetime Version (Kaufmanet al.,
1997, performedby an experiencedclinician who exhibited
satisfactoryreliability on the exam with kappa >0.75 for all
diagnosesTwo BI (20%) and three BN (18%) adolescentsnet
criteriafor anAxis | diagnosisBIl adolescentaerediagnoseavith
attention deficit hyperactivity disorder (ADHD)-inattentive type
and generalizedanxiety disorder (GAD; subject1) and major
depressivedisorder (MDD; subject 2). BN adolescentswere
diagnosedwith oppositional defiant disorder (ODD), conduct
disorder and specificphobia(subjectl), ADHD (subject2), and
Tourettdd syndrome(subject3). Participantscurrently on psy-
choactivesubstancesvere excluded.To examinethe impact of
psychiatricdiagnosison the results,analysesvereconductedvith
and without diagnosedadolescentsNo differencesemergedand
thus analysescomprisingthe whole sampleare presentechere.
Although not statistically significant, sex distribution differed
betweergroups.To ensurehatsexdid not affecttheresultsjt was
usedasa between-subjecfactorin initial analysesSincesexhad
no significanteffectson the variablesof interest(ps>0.31),it was
removedfrom the analyses.

The study was approvedby the institutionalreview boardsat
the NationalInstitute of Mental Healthin BethesdaMD, andthe
Universityof Marylandin CollegePark,MD. All subjectsandtheir
parentsprovidedwritten informedassent/consertibd participatein
the study

Faceprocessingask

Stimuli

Participantvieweda seriesof 32 adultfaces(8 happy 8 angry
8 fearful, and 8 neutral) during the task. These32 actorswere
randomlydrawnfrom a largerpool of 56 actorsfor eachsubject.
Similarly, the selectionof facial expressiongor eachactorvaried
across participantsso that different actors displayed different
emotionsto different participants.Gray-scaleface stimuli were

derivedfrom Ekmanand Friesen(1976) Gur (www.uphs.upenn.

edu/bbl/pubs/downloads/nptasks.shtrahd Tottenhamand Nel-
son(www.machbrain.org/fags/idex.hti All picturescontrolledfor
headsizein frameandluminosityandwereidenticalto thoseused
in previousresearchi{Monk et al., 2003; Pineet al., 2005; Rich et
al., 2006; Roberson-Nat al., 2006; McClure et al., 2007).

Procedues

Eachof the 32 faceswas presentedour times as part of one
160-trialrunusingAvotecSilentVision GlassegStuart,FL). Trials
were divided into four 40-trial epochs(32 faces plus 8 trials
presenting only a fixation point). Each epoch was further
subdividedinto 4 ten-trialblocks. During eachblock, 8 of the 32
facesand 2 fixation trials were presentedn randomorder Faces
were presentedwith the constraintthat two pictures of each
emotiontypeappearedh eachblock andno participantviewedany
actorposingmorethanone expression.

Participantawere askedto completeone of four tasksduring
facepresentation(l) Participantsatedthelevel of threateachface

presentedon a 5-point scale: (How hostile is this face® (2)
Participantgatedinternalfearlevelsfor eachface presentesn a
5-point scale:(How afraid areyou of this face® (3) Participants
ratedthe width of the noseon a five-pointscale:How wide is the
nose® (4) Participantspassively viewed the presentedfaces.
Thesefour tasksarereferredto asthe Chostile) Gafraid) hos&)
and Qpassiv@attentionconditions Ratingswere recordedusinga
five-key buttonbox developedby MRI Devices(WaukeshaWl).
The reactiontime (RT) for eachrating wasalsonoted.

At the end of the 160-trial run, eachpresentedace had been
ratedon all threequestionsandpassivelywiewed.Block andepoch
were rancmly presened aaoss paticiparts. For eeah trial,
instructionswere presentedor 3000 ms and eachfaceor fixation
pointwasdisplayedor 4000ms. Participantsatedeachfacewhile
it appeaed on the screen The interdimulus interval varied
betweer750and1250ms.Priorto scanningparticipantsehearsed
the task using a practiceset of faceswith neutral expressions.
Therewasno overlapbetweenpracticeand experimentafaces.

MRI data acquisition

Whole-brain blood oxygen level dependent (BOLD) fMRI daa
wereagjuired on a General Electric (Wawkesha, Wisconsin) Signa3T
scanner. Following sayittal localization and manud shimming,
fundiona T2*-weighted imageswere aaqjuired using an echo-planar
single-shot gradient echo pulse sequerce with a matrix size of
64! 64 mm, repditiontime(TR) of 2000ms echotime(TE) of 40ms,
field of view (FOV) of 240 mm, ard voxels of 2.0! 2.0! 2.0 mm
Imageswere aqyuiredin 23 contiguous 5-mm axal dlices per brain
volume positioned paralld to the anterior commissure and posterior
commissue (AC-PC) line. All functiond data were gathered in a
single 14-min run for each sibject. After echo-planarimagng (EPI)
aquisition, a high-resolution T1-weighted anatomica image was
aquiredto aid with spatial normdization. A standardized magnetiza-
tion-prepared gradient echo sequence (180 1-mm sagittal slices,
FOV =256, number of excitations (NEX)=1, TR=11.4 ms,
TE=4.4 ms matrix=256! 256, time to inverson (TI)=300 ms,
bandwidth=130 Hz/pixel, 33 kHz/256 pixels) was used.

MRI processing

ReconstructedMRI imageswere examinedfor eachsubject
for excessivemotion using MedX software (Medical Numerics,
Sterling, Virginia). Subjectswho moved more than 1.5 mm in
any plane (N=3) were discarded All subsequenanalyseswere
conductedwith SPM software (SPM99b, Wellcome Department
of ImagingNeuroscienceJniversity Collegeof London,London,
United Kingdom) and Matlab 5.3 (Mathworks, Natick, Massa-
chusettsyoutines.Functionaldatawere correctedor slicetiming,
motion corrected,coregisteredo the anatomicaldata, spatially
normalized to a Montrea Neurologic Institute (MNI) T1-
weighted templateimage supplied with SPM99, and smoothed
with an isotropic 8-mm full width at half maximum (FWHM)
Gaussiarkernel. After preprocessingMRI imageswerevisually
inspectedto evaluatethe quality of the normalizationprocedure.

We estimated event-related response amplitudes at the
individual subjectlevel for every eventtype (i.e., face emotion)
in eachattentionsetusingthe GeneralLinear Model (GLM). We
generated contrast images for each subject using par-wise
comparisonsof event-relatedesponsesacrossevent types. We
then divided each contrastimage by the subject-specificvoxel
time series means, yielding the percentfMRI signal change
(Zarahnet al., 1997).
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Data analyses

Behavioraldata

BehavioraimeasuregratingsandRTs) wereusedto confirmthe
participantsO attention to the task and examine any group
differencesin perceptualresponsedo the stimuli. Due to an
equipmentmalfunction,the behavioralatingand RT datafor one
participantwere not recordedduring fMRI acquisition.As such,
the behavioraddataanalysesnvolved 9 Bl adolescentand17 BN
adolescents.

Ratigs and RTs were examired with repeted measuves
analysesof variance (ANOVA) using Emotion (fearful, angry
happy neutral)and Attention (hostile,afraid, nose)as the within-
subjectsfactor and Temperament{BI vs. BN) as the between-
subgcts factor To minimize the risk of Type 1 errors the
GreenhoudgGeissel(GBEG) procedurevasappliedto the repeated
measuresANOVA when appropriate(Geisserand Greenhouse,
1958. The degreef freedompresentedn the text are not GBEG
correctedHowever epsilon(g) wasindicatedwhenlessthan1.0.

fMRI data

For all group-level analyses,a random effects model was
employed to permit population-levk inferences(Holmes and
Friston, 1998). Because the amygdala has been spedfically
implicated in temperamentateactivity (Kagan, 2001; Schwartz
et al., 2003, and is a prime candidatefor conferringrisk for
anxiety disorderswe restrictedanalysego this structureusing a
regionof interest(ROI) strategy The boundarieof the amygdala
were defined using standardanatomicalcriteria (Szeszkoet al.,
1999 on a single MNI templateand appliedto all normalized
brainsatthegrouplevel. We useda smallvolumecorrection(SVC)
Gaussianrandomfield threshold(" =.05) and a thresholdof p
correcte& 0.05 for significant findings (Friston et al., 1996;
Worsleyet al., 1996; Hariri et al., 2002).

The initial analysisusedthe contrastbetweensubjectivefear-
ratingsof fearful facesand passiveviewing of fearful faces.This
contrastallowedus to focuson the perturbationgreviouslynoted
in anxiousadolescentandexaminethe effectsof temperamentn
the attentionalmodulationof processindgearful stimuli.

Posthocanalysesfthesanitial findingsselectedhethreemost-
activepeakcoordinatefromtherightandleftamygdaladentifiedin
thecontrasbetweerfearratingsandpassiveviewing (seeTable?2).
Activation levelsat thesecoordinatesvereusedfor all subsequent
analysedndividualpeakBOLD signalchangesitthesecoordinates
wereextractedrom theSPMdatasetfor eachEmotionby Attention

Table 2

Amygdala activation in the face-processing task for the inhibited (BI) and
non-inhibited (BN) adolescents in the contrast comparing fear ratings of
fearful faces to passive viewing of fearful faces

X y z t p
Left amygdala 18 14 114 243 0.053
128 4 112 2.38 0.057
128 4 118 2.35 0.061
Right amygdala 32 12 112 2.92 0.020
32 18 110 2.78 0.026
28 12 110 2.66 0.032

Three coordinates were identified for both the left and right amygdala and
used in the larger Emotion by Attention by Temperament ANOVA
Significance levels reflect the corrected p-values.

combinatiorvs.fixationto beincludedin analysesisingSPSS13.0.
This method follows procedures established in prior studies
(McClureetal., 2007) to generate stable distributedindicatorof
activationwithout potentially diluting the findings by averaging
acrossthe entire amygdala.The use of extracteddata for all
experimentalconditionsfor analyseson the SPSS13.(platform
providesmoreflexibility, allowing for multifactorialanalyseso be
readilyconductedThus,with this approachwe couldexaminethe
effectsof temperamengttention-stategndface-emotioracrosghe
entireexperimentasession.

An initial omnibusrepeatedneasureANOVA examinedmain
and interactioneffects of four within-subjectsfactors (Attention,
Emotion, Laterality and Peak)and one between-subjectfactor
(Temperament).ateralityandPeakshowedno significantmainor
interactioneffects(ps>0.23). Therefore the resultsare presented
for the threeeway ANOVA using Attention, Emotion, and
Temperamenias factors. The GBG correction was again used
when appropriate.Post hoc analyseswere performedto better
understandhe natureof significantfindings.

Finally, all analysesverealsorun including sexand diagnosis
asbetween-subjecfactors.No effectsof sexor diagnosiemerged
in theseanalysesAs aresult,thefindingsarereportedor themain
analyseswithout sexor diagnosis.

Results
Behavioraldata

The omnibus ANOVA examining the effects of Emotion,
Attention,andTemperamendn the5-pointsubjectiveratingscores
revealed no significant interactions involving Temperament,
Fs<2.12,ps>0.13 (Fig. 1). This includesthe omnibusthree-way
interaction between Emotion, Attention, and TemperamentF
(6,144F1.32,p=0.27,#=0.60,f=0.26.

However therewere significantmain effectsfor Emotionand
Attention, Fs>22.89, ps<0.001, indicating that ratings differed
significantlyasa functionof the depictedemotiong(fearful,angry
happy neutral)andthe topic beingrated(subjectivefear, stimulus
hostility, nosewidth). Thesemain effects were subsumedby a
significant Emotion by Attention interaction, F(6,144)=40.45,
p<0.001,#=0.60,f=1.30. As expectedfear andhostility ratings
werehighestfor the Fearfuland Angry faces.

A parallelanalysidor reactiontime foundno significanteffects
involving Temperamentfs<0.90, ps>0.48. The ANOVA again
found significant main effects for Emotion and Attention,
Fs>18.45, ps<0.001, which were subsumediy an Emotion by
Attentioninteraction F(6,144)=10.34,p<0.001,#=0.73,f=0.66.

Theseresultssuggesthatsubjectproperlyengagedn thetask,
asanticipatedwith no evidenceof behavioralgroupdifferencesn
taskperformanceThus,any differencesn brainactivationcannot
be attributedto differencesn behavioralperformance.

PeakBOLD signal changeanalyses

As noted above, the initial contrastfocused on amygdala
activationduring the fear rating (directedattention)conditionvs.
the passiveviewing (non-directedattention) condition for the
fearful faces. Consistentwith our hypothesis,Bl adolescents
showed greder amygdla activaion to the directed attention
conditionthanthe non-directedattentionconditionrelativeto BN
adolescentéFig. 2).
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Fig. 1. Mean (a) rating scores and (b) reaction times in the face processing
task: Fear ratings ((How Afraid are youQ), Hostility ratings ((How Hostile is
the faceQ, and ratings of the Nose-width ((How Wide is the NoseQ on a scale
of 1 to 5.

Subsequentanalysesusing SPSS 13.0 were basedon the
individualamygdalgpeakactivationsextractedrom the SPM data
setand originatingfrom the MNI coordinatesf peakactivations
localizedon the initial contrast.

Similarly to the behavioralanalysis,a full factorial ANOVA
was first conductedto examineall possible main effects and
interactions. The Attention by Temperament interaction was
significant,F(3,75)=2.98,p=0.04,#=0.90,f=0.35 (Fig. 3).

This interactionreflectedgreateramygdalaactivationin the Bl
group, as contrastedvith the BN group, during the internalfear

—4— Bl —=— BN
1.00 1

0.50 4

0.00 T T -+ |

-0.50 ~

Percent BOLD Signal Change

'

e

[=}

o
L

Afraid Hostile Nose Width  Passive Viewing

Attention Task

Fig. 3. Between-group comparisons of event-elicited BOLD signal change
for the amygdala during the four Attention conditions (How Afraid are you,
How Hostile is the face, How Wide is the Nose, Passive Viewing).
Behaviorally inhibited adolescents demonstrated deviations in amygdala
activation relative to their non-inhibited peers for the fear rating and passive
viewing conditions. [Analyses used the set of coordinates noted in Table 2.
Results were collapsed across the Peak and Laterality within-subjects factors
due to non-significance.]

rating, relative to other attentionstates,with particularly robust
amygdaladeactivatiorin the Bl groupduring passiveviewing. No
groupdifferencesverefoundin the two otherattentionconditions
(hostility rating or nosewidth ratings).

In contrastto previousfindingsin anxietydisordergMcClure
etal., 2007), Emotiondid not modulatethesefindings (i.e., there
were no significent interactions involving Tenperment and
Emotion),andresponsesverenot specificto the negative-valence
faces.

Although Emotion was not found to modulatethe effects of
Temperamentwe conductedexploratory analysesof amygdala
reponses to ead fadal emoton due to our strong a priori
hypothesesregarding the emotion specificity of the amygdala
responséFox etal., 2005;McClureetal., 2007). Moreover these
analyseslsoprovidedinsightson potentialdifferencesn activation
patterns among clinically arxious and behaviorally inhibited
adolescents. As expected, Bl adolescents showed significant
amygdaladeactivationrelativeto BN adolescentsyvhenpassively
viewing fearfulfacest(25)=-2.69,p=0.01,d=1.06 (Fig. 4).

Fig. 2. Statistical maps of voxel-wise between-group comparisons of amygdala activation during the fear rating condition relative to the passive viewing
condition during the presentation of (a) fearful and (b) happy faces. Bl adolescents compared to BN adolescents exhibited greater bilateral amygdala activation to
both fearful and happy faces. [Coordinates for fearful faces: 32 I 2 1 12; happy faces: ! 28 1 4 I 12].
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Fig. 4. Between group comparisons of amygdala activation for the (a) fear
rating and (b) passive viewing conditions. These demonstrate a pattern of
hyperactivation when rating internal fear states and deactivation when
attention is left unconstrained for BI adolescents. [Analyses used the set of
coordinates noted in Table 2. Results were collapsed across the Peak and
Laterality within-subjects factors due to non-significance.]

The only other significant finding was that Bl adolescents
showed particularly high levels of amygdalaactivation to the
happyfaceswhenaskedto reporttheir subjectivefear, t(25)=2.61,
p=0.02,d=1.04(Fig. 4). Potentialexplanationgor thisfinding are
discussedelow

Diagnosticstatus

Analyses were conducted with the full sampé and then
repeatedafter excludingadolescentsvith any DSM-IV diagnosis.
We found no changesin the results.In particular the central
Temperamenby Attention interactionremainedsignificantwhen
observing only healthy adolescents, F(3,60)=3.74, p=0.02,
#=0.88,A=0.43.

Discussion

The current study is amongthe first to investigatethe role
temperamenhayplayin affectiveprocessin@ndits modulatiorby
attentionat the neurallevel. Perturbationsn affect and attention
havebeenspecificallyimplicatedin theearlyemergencef anxiety
disordergRauchetal.,2003, andanexaminatiorof theseactorsin
a populationat risk for anxietymay helpfurtherour understanding
of the underlying etiology of this family of disorders.The data
generatedy the currentstudy suggestedwo mechanismsinder-
lying amygdala reactivity in behaviora inhibition: a unique
attentionalmodulationassociatedvith fear-relategorocessingand
adistinctresponséo noveltyor uncertaintyWewill firstdiscusghe
attention-relategrocessesvidentin the findingsandthenturn to
therole of uncertaintyin the observecamygdalaesponse.

Respons¢o attentionstate

As expected from previous work with clinically anxous
adolescents (McClure et al., 2007), behaviorally inhibited
adolescentstelative to non-inhibitedadolescentsshowedexag-
geratedamygdalaactivity when askedto rate a subjectivefear
state. However, counter to our hypothesis, this exaggerated
responsen the behaviorallyinhibited group was seenacrossall
tested emotions. Anxious adolescentsjn contrast, showed an
enhance@mygdalaesponseelectivelyto fearfulandangryfaces,
asopposedo neutralandhappyfaces(McClureetal., 2007). Our
secondhypothesiof amygdaladeactivatiorin responséo fearful
facesin passiveviewing wasalsoconfirmed,but, aswith the first
hypothesisjt wasnot specificto this one emotioncondition.

Similar to data for adolescentanxiety disorders,the data
reportedhere suggestthat behaviorallyinhibited adolescentsre
sensitiveto the attentionalconstraintsof a task. Although we
initially assumedhatthis abnormalresponseavould be specificto
self-assessmermtf a fear state(Fox et al., 2009, this selectivity
remainsto be demonstratefbr self-assessmenf otheremotional
stateg(e.g.,happystate).

The amygdalahyper-respasivity observedwhen attentionis
drawnto afearstateis consistentith the proposabf acentralrole
for thefearcircuitin behaviorainhibition (Kaganetal., 1984;Fox
et al., 2005. Given that adolescentsvere grouped basedon
behaviorsobservedyears earlier the findings also supportthe
proposed contribution of the fear circuit to the long-term
maintenanceof the behavioraland affective patternstypical of
behavioralinhibition (Fox et al., 2005; PZrez-Edgaand Fox,
2005.

Theuniquefinding in this study relativeto prior studiesbothin
anxious and healthy adolescentslies in the generalizedhyper-
responsivity of the amygdala,imperviousto stimulus valence.
Longitudinal studiesof behavioralinhibition are critical to test
whetherthis generalizedresponsebecomesselectiveto fearful
stimuli whenan anxietydisorderemeges. This switch could help
delineatethe neuralmechanismshat differentiatemarkersof risk
from those of overt disorders.Alternatively the expressionof
anxiety disordersin adolescentpreviouslyidentified as behavio-
rally inhibited may be distinct from anxietythatemergeghrough
otherroutes.

Our secondattention-relatedinding, amygdaladeactivation
during passiveviewing, was also relatively insensitiveto facial
expressionagainin contrasto the fearselectivityseenin anxious
children(McClure et al., 2007). Amygdaladeactivationhasbeen
reported previously in both adults (Davis and Whalen, 2001;
Britton et al., 2005; Phanet al., 200§ and children (Thomas
et a., 2001) during the presentation of evocative stimuli.
Amygdaladeactivationmay indicatea covertand rapid decrease
in neuronalactivity (Petrovicet al., 1999, 2004; Shmuelet al.,
2009, which could help to prevent evocative stimuli from
interfering with functioning. Inhibited adolescents may be
particularly efficient at diverting processingesourcesaway from
evocative stimuli when not explicitly askedto attendto these
stimuli (e.g., passiveviewing). This may be in line with recent
work suggestinglittle to no amygdalarresponse,or even a
reduction in amygdalaresponse,when attention is explicitly
diverted from evocative stimuli (Pessoaet al., 2002, 2005.
Whether this avoidant responseis automaticand a biological
componentof inhibited temperamenbr a learnedand adaptive
mechanismwill needto be further examined.
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Respons¢o uncertaintyand ambiguity

As hypothesizedbehaviorally inhibited adolescentshowed
abnormally high levels of amygdala reactivity during an
ambiguouscondition (i.e., rating subjectivefear to a happyface).
Kagan (Kaganet al., 1984; Kagan, 1997; Kagan and Snidman,
2004 has proposedthat a sensitivity to novelty uncertainty or
ambiguity is a centra component of behaviora inhibition
temperamentprofile. This sensitivity may underlie the unique

patternof reactivity seenin behaviorallyinhibited adolescents.

Since happy facesare by definition chosenas non-threatening
stimuli, theinstructionto rateone3 fear statemay producea novel
cognitive statemarkedby uncertaintyor ambiguity

The amygdalahasbeenshownto respondnot only to negative
stimuli, but alsoto arousingstimuli, whosesalienceis linked to
conflicting,novelor rewardingfeaturegBaxteretal., 2000;Baxter
and Murray, 2009. This is in line with the contention that
amygdalareactivity to fearful facesis linked to the ambiguousor
uncertaininformation provided by the stimulus (Whalen, 1999.
The inability to tolerate uncertainty has been implicated as a
neurocognitivecorrelateof anxiety(Dugaset al., 2004 andrecent
work suggestsa developmentallink to the emegence of the
disorder(Krain et al., 2006. Behavioralinhibition hasalsobeen
linked to a distinct patternof responseo novelty or uncertainty

Adolescentdn the currentstudy were selectedn infancy for
varying patternsof reactivity to novel auditory andvisual stimuli
(Fox et a., 2001). The present finding suggests that this
characteristipresentn infancy may be enduringand manifestin
the form of heightenecamygdalaresponsivityto unusualevents.

Theuniqueneuralsensitivityof behaviorallyinhibited children
to conflicting situationsis alsosupportedby an earlierreportin an
independent sample of 7- to 12-year-olds from the same
longitudinal cohortusedhere (Bar-Haim et al., 2003. Bar-Haim
and colleaguegound unique patternsof early neurophysiological
responseso auditory discrepanciegmismatchnegativity MMN)
in the form of reduced MMN amplitudesand longer MMN
latenciesn thesociallywithdrawnchildrencomparedo theirmore
sociable peers. Similarly, Woodward (2002) found that young
childrenwith higherlevelsof negativereactivityin infancy (much
like the behaviorallyinhibited adolescentsn the current study)
demonstratedarger ERP responsesin the Nc componentto
oddball and invalid novel stimuli in a visual paradigm.Nc
responsesre thoughtto reflect the processof novelty detection
(Reynoldsand Richards,2005. In line with Kagan, Woodward
suggestedthat highly reactive children have a lower cortical
threshold for detecting and respondingto novelty leading to
increasedERP amplitudeso unfamiliarevents.

Also consistentvith distinctbrain sensitivityto noveltyin this
population,the fMRI study by Schwartzet al. (2003) reported
greatelamygdalaactivationto novel,butemotionallyneutral faces
in young adults charaderized by high levels of behavioral
inhibition in their secondyear of life comparedto non-inhibited
young adults.

Future directions

A numberof suggestion$or futurework arosefrom this study
First, a largersamplesizewould be helpful to allow for fine-grain
analysisof potentialmoderatingfactors.For example five of the
adolescent$2 Bl, 3 BN; all unmedicatedt time of testing)were
diagnosedwith DSM-IV disorders. The heterogeneityof the

diagnoss, along with the relatvely small n, preclude any
additionalexaminatiorof thelink betweertemperamengffective
processing,and psychopathologyHowever findings were un-
changed when the adblesents with clinicd diagroses were
removedfrom the analysis,suggestinghat the findings were not
driven by the presencef psychopathology

Secondadditionalttentiorandcontextuatonditionseedo be
includedto fully testtherole of attentionin behavioralinhibition:
Self-assessmenf anaffectivestatedifferentfrom fear(e.g.,calm,
happy angry)would help usto clarify how task parametersiffect
amygdalaactivity. Indeed, recentwork in shy college students
(Hardinetal., 200§ andbehaviorallyinhibitedadolescentéGuyer
etal.,2006), suggestthatinhibitionis alsomarkedy perturbations
in the processingof positively valencedstimuli. Theseprevious
findingsoccurredn thecontextof reward-relategaradigmswhere
enhancedehavioralresponse¢Hardin et al., 200§ and exagger-
ated striatal activation (Guyer et al., 2006 to rewardingstimuli
occurredduringmonetaryrewardanticipationin anincentivedelay
task. These studiesreflect enhancedresponsivityto rewarding
stimuli in shynesr behaviorainhibition.

Third, a direct comparisorand manipulationof fear stateand
ambiguity would allow us to assessthe relative strengthand
interaction betweenthe proposedmechanisms Systematicob-
servationsvould alsoallow usto documenthelink betweerthese
mechanismsand developmentalutcomeslinked to behavioral
inhibition.

Fourth, the direct comparison of behaviorally inhibited
adolescentsvith anxious adolescentss critical to validate the
interpretatiorof our findings. Evenmoreinformative,would beto
study inhibited children before and after the onsetof an anxiety
disorderin longitudinalstudies.

Conclusion

Takentogether the presenffindings revealeda distinct pattern
of amygdalaresponsesn behaviorallyinhibited adolescentso
evocative stimuli as a function of attention state and task
uncertainty This patternbearscommonanddistinctcharacteristics
comparedo findingsin anxiouspatients.

First, attentionmanipulationgroducebroadshiftsin reactivity
that do not appearto be influencedby the nature of stimulus
emotion. This is in contrastto the specificity to fear evidentin
anxious adolescentgMcClure et al., 2007). Second,behavioral
inhibition may be markedby a particularly acute sensitivity to
uncertaintyor novelty Intoleranceo uncertaintyis alsoevidentin
anxious adolescentgKrain et al., 2006§. As such, profiles of
amygdalaactivationmay serveto distinguishtemperamentallat
risk children from psychiatricallyaffected peers,impacting both
our current conceptualization of temperament itself and its
relevanceo the study andtreatmenbf early anxiety The current
dataindicatethatdistinct patternsof limbic responseo evocative
facesmay not be limited to individuals with an acutemood or
anxiety disorder and may instead characterizean underlying
vulnerabilityto anxiety
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