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Chapter I

INTRODUCTION

Conceptual Framework

Social Anxiety
Social anxiety disorder is common, disabling, and develops early in life. As
the third most common psychiatric disorder, social anxiety disorder affects about
15 million Americans annually (Kessler et al., 2005), and prevalence rates are
increasing (Heimberg et al., 2000). Symptoms of social anxiety disorder include
the persistent fear of negative evaluation by others, such as being embarrassed,
humiliated, or rejected (Heimberg et al., 2014). Almost seventy percent of
patients with social anxiety disorder will develop a co-morbid psychiatric disorder
(Schneier et al., 1992)and the disorder is associated with substantial disability
(Katzelnick et al., 2001). Finally, social anxiety disorder has an early onset,
resulting in a long duration of illness; 50% of patients develop social anxiety
disorder by age 13 and 75% of patients have the disorder by age 15 (Kessler et
al., 2005).
Social anxiety disorder follows a developmental trajectory (Ollendick and
Hirshfeld-Becker, 2002). Children with social anxiety disorder avoid unfamiliar
peers and adults, and may remain on the outskirts of a group of children,
watching, rather than joining in the play. Children with social anxiety disorder
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may not be able to express their fears of social-evaluative situations, but instead
throw a tantrum or refuse to talk to unfamiliar people. These symptoms can
prevent children from learning age-appropriate social interactions, resulting in
more social anxiety and impairment, and may prevent the child from participating
in school, resulting in lower academic achievement. As children grow older, they
develop an awareness of themselves and how others perceive them. Children in
middle to late childhood begin to compare themselves to others and to think
about consequences of their actions. Increasing awareness of social situations
and social consequences may lead to anticipatory anxiety, a critical process in
the development of social anxiety symptoms (Morris et al., 2005). During
adolescence, peer relationships become increasingly important and adolescents
with social anxiety may be excluded by their peers (Blumenthal et al., 2009). The
combination of peer exclusion and increasing sensitivity to embarrassment leads
to the sharp uptick in social anxiety diagnoses during adolescence.

Inhibited Temperament
Social anxiety disorder is often preceded by inhibited temperament
(Chronis-Tuscano et al., 2009; Clauss and Blackford, 2012; Essex et al., 2010;
Schwartz et al., 1999), one of the most studied behavioral phenotypes.
Pioneering research by Jerome Kagan (Kagan and Moss, 1962) established
inhibited temperament as a fundamental behavioral response to unfamiliar
events. Inhibited temperament can be observed across cultures (Meysamie et
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al., 2014; Scarpa et al., 1995) and is evolutionarily conserved across species (for
a review, see: Gosling and John, 1999). Individuals with an inhibited
temperament are shy, quiet, cautious, and withdraw from both social and nonsocial novelty. Inhibited temperament has been consistently shown to be a
developmental risk factor for anxiety disorders (Biederman et al., 2001, 1993;
Chronis-Tuscano et al., 2009; Clauss and Blackford, 2012; Essex et al., 2010;
Hirshfeld et al., 1992; Schwartz et al., 1999).
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Psychiatric Findings
Children with an inhibited temperament are at increased risk for
developing social anxiety disorder, overanxious disorder (also known as
generalized anxiety disorder), specific phobias, and separation anxiety disorder
(Biederman et al., 2001, 1993; Clauss and Blackford, 2012; Hirshfeld-Becker,
2010; Schwartz et al., 1999). Early studies showed that parents with panic
disorder and agoraphobia were more likely to have inhibited children
(Rosenbaum et al., 1988) and that inhibited children were more likely to have
parents with a history of anxiety disorders (Rosenbaum et al., 1992, 1991). In a
recent meta-analysis, 44% of children who were identified as inhibited as children
developed social anxiety disorder by early adolescence, compared to just 13% of
control children (see Figure 1; Clauss and Blackford, 2012). Inhibited
temperament may have a specific relationship with social anxiety disorder based
on the following evidence: 1) children who are continuously inhibited are more
likely to develop social anxiety disorder (Chronis-Tuscano et al., 2009; Essex et
al., 2010); 2) adolescents and adults who report themselves to be more inhibited
as children are more likely to have social anxiety (Hayward et al., 1998; Neal et
al., 2002); and 3) patients with social anxiety disorder report higher levels of
childhood inhibited temperament than patients with other anxiety disorders
(Gladstone et al., 2005; Mick and Telch, 1998). Inhibited temperament has been
consistently associated with risk for anxiety disorders, specifically social anxiety
disorder, and children who remain inhibited over time may be at highest risk.
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Stability of Temperament
Children can become more or less inhibited over time, but children who
remain continuously inhibited become more socially fearful and shy, and develop
more internalizing problems, suggesting that stability of temperament may be
critical to the development of social anxiety disorder (Fox et al., 2001). Inhibited
temperament is moderately stable over both the short-term (3-5 weeks; GarciaColl et al., 1984) and long-term (years; Kagan and Moss, 1962; Kagan et al.,
1998). Across several studies, infants who displayed motor and vocal reactivity to
novelty and distress upon separation from their mothers (high reactivity) were
more likely to be inhibited as toddlers and children (Calkins et al., 1996; Fox et
al., 2001; Kagan et al., 1998). However, not all high-reactive children went on to
develop inhibited temperament (Fox et al., 2001), and what influences children to
become more or less inhibited over time remains unknown. The developmental
trajectories of inhibited children are likely shaped by both nature, including
underlying biological differences, and nurture, including differences in parenting,
non-paternal care settings, and school environments. Further study of the
developmental trajectories of inhibited children remains critical to determining
which children will go on to develop psychiatric disorders and how these
disorders can be prevented (Fox et al., 2013).

Measuring Temperament
Given that inhibited temperament is a strong risk factor for social anxiety
disorder, the measurement of inhibited temperament may be useful for both
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clinical settings and research studies. Inhibited temperament can be measured in
a variety of ways. Early studies defined inhibited temperament by observing
behavioral responses to novel stimuli in the laboratory, such as when a child
cried or clung to his mother when encountering an unfamiliar experimenter
(Garcia-Coll et al., 1984) or by counting the child’s spontaneous comments to a
novel experimenter to novel peers (Kagan et al., 1998). Behavioral
measurements of temperament in the laboratory are standardized across
children in the study and are not subject to reporter bias; however, they have
limited utility as a screening measure, as they are expensive, time consuming,
and may not reflect the child’s behavior in daily life. Parent-report screenings are
quick, can be completed in a variety of forms, and measure the child’s behavior
across different situations; however, these measures may be subject to reporter
bias. In one study, maternal report of temperament, but not laboratory behavioral
observations of temperament, was related to development of social anxiety
disorder (Chronis-Tuscano et al., 2009), suggesting that parent-report may be a
better predictor of psychopathology. While both behavioral observation and
parent-report have their own strengths, identifying a brief, inexpensive screening
method for inhibited temperament is critical to using inhibited temperament as a
screening method for both clinical settings and research studies.
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Biology of Inhibited Temperament

Sympathetic Nervous System
Inhibited temperament is associated with a lower threshold for activation
of the sympathetic nervous system (Morris et al., 2005). Inhibited children have a
higher and more stable (less variable) heart rate (Garcia-Coll et al., 1984; Kagan
et al., 1988, 1987; Marshall and Stevenson-Hinde, 1998), implying less
parasympathetic input, and inhibited children also have larger increase in heart
rate in response to a drop in blood pressure (Kagan et al., 1988), implying a
larger sympathetic response. Inhibited children also have increased sympathetic
activity on other measures, including larger pupillary diameter, increased
laryngeal muscle tension, and increased urinary norepinephrine concentration
(Kagan et al., 1988, 1987). Inhibited children have a larger increase in anxious
behavior and heart rate in response to giving a presentation in front of older
peers (Schmidt et al., 1999). The sympathetic nervous system can be activated
by the amygdala or other brain regions involved in response to fear or threat (see
Figure 2).

Hypothalamic-Pituitary Adrenal Axis
The cortisol response is altered in many psychiatric disorders and is also
implicated in inhibited temperament. Cortisol release coordinates the peripheral
aspects of the stress response and can activate the sympathetic nervous system
(see Figure 2; Lupien et al., 2009). Cortisol and other related hormones, such as
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corticotropin-releasing hormone (CRH), feedback onto the brain to shut down the
stress response. Most studies of the hypothalamic pituitary-adrenal (HPA) axis
response in inhibited temperament have found that inhibited temperament is
associated with higher cortisol at baseline and in response to stress. Inhibited
children had significantly higher cortisol concentrations at home and in the
laboratory (Kagan et al., 1987; Schmidt et al., 1997); however, see (Schmidt et
al., 1999). Pérez-Edgar and colleagues (2008) found that inhibited temperament
was associated with higher morning salivary cortisol and that cortisol
concentration and negative affect predicted social withdrawal behavior, a
precursor of social anxiety. Further investigation showed that cortisol
concentration at 4 years was significantly associated with withdrawal behavior in
boys with a history of high negative affect. High cortisol might sustain negative
affect and inhibited behaviors in boys with high negative affect early in life.
Children with an inhibited temperament may be more sensitive to social
stressors, resulting in increased cortisol reactivity, this increased sensitivity to
social stressors may be governed by alterations in amygdala, hippocampus, and
bed nucleus of the stria terminalis (BNST) response.
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Neuroimaging of Inhibited Temperament

Functional Magnetic Resonance Imaging
Inhibited temperament was initially described as the tendency to avoid and
be wary of novel people, places, or things. As the amygdala responds to novel,
fearful, and salient stimuli in the environment (Blackford et al., 2010; Whalen,
1998), amygdala hyperactivity was first proposed as the neurobiological basis of
inhibited temperament (Kagan and Snidman, 2004; Kagan et al., 1987). The first
neuroimaging study of inhibited temperament (Schwartz et al., 2003a) confirmed
a role for the amygdala in inhibited temperament and subsequent studies have
clarified the nature of amygdala alterations. As research on the neurobiology of
inhibited temperament has progressed, we have learned that inhibited
temperament is also associated with critical differences in prefrontal cortex (PFC)
activity and in amygdala-prefrontal neural circuits.
The majority of neuroimaging studies in inhibited temperament have used
functional magnetic resonance imaging (fMRI). Functional neuroimaging allows
us to gain insight into the human brain and to investigate how temperament may
affect the brain’s activity. FMRI also provides an opportunity to interrogate the
timing and magnitude of the brain’s response. Finally, fMRI can be used to
understand the complex connectivity of the brain and test for differences in
connectivity in inhibited temperament. FMRI has some disadvantages; it is highly
dependent on the task design and so simple changes in order or timing may alter
brain response. To date, 17 fMRI studies have been published in inhibited
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temperament and these studies have expanded our understanding of inhibited
temperament, from a trait characterized by heightened response to novelty, to a
trait characterized by a sustained response to salient stimuli and a failure of
emotion regulation to strong emotional stimuli.

Amygdala Findings
The initial characterization of inhibited temperament in children was based
on increased reactivity to novelty (Garcia-Coll et al., 1984), and Kagan and
others postulated that this increased reactivity was due to a hyperactive
amygdala (Kagan and Snidman, 2004; Kagan et al., 1987). This hypothesis is
consistent with evidence from animal and human studies showing that the
amygdala rapidly detects novel, fearful, or salient stimuli and has efferent
projections to other limbic areas, sensory regions, descending motor cortex, and
PFC to prepare a response to the stimuli (Blackford et al., 2010; Ghashghaei et
al., 2007; LeDoux et al., 1988; Whalen, 1998).
Based on the behavioral studies that established the importance of novel
stimuli for eliciting inhibited behaviors, the earliest fMRI study examined brain
responses to novel faces. In that study, Schwartz and colleagues (2003a)
examined brain function in 22 young adults who had participated in a longitudinal
study of inhibited temperament as toddlers (Garcia-Coll et al., 1984) and found
that young adults with a history of inhibited temperament had greater amygdala
activation to novel, compared to familiar faces. In contrast, the young adults with
a history of uninhibited temperament had similar responses to both face types
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(Schwartz et al., 2003a). Next, Blackford and colleagues (2009) tested for
temperament differences in the temporal dynamics, or timing, of amygdala
responses to novel and familiar faces. Compared to the uninhibited group,
inhibited young adults had a faster amygdala response to novel faces and a
longer amygdala response (duration) to both novel and familiar faces. These
results show that inhibited subjects are more reactive to novelty and that less
salient or ambiguous stimuli may engage the amygdala in inhibited subjects.
In a subsequent study, Blackford and colleagues (2011) examined the
magnitude of amygdala responses to novel and familiar faces in inhibited and
uninhibited young adults. The uninhibited temperament group had an increased
amygdala activation to novel faces, but not to familiar faces; this pattern is
consistent with findings that the human amygdala responds to novelty and then
rapidly habituates (Blackford et al., 2010; Breiter et al., 1996; Fried et al., 1997;
Schwartz et al., 2003b). In contrast, the inhibited group had increased amygdala
activation to both the novel and familiar faces, suggesting that the inhibited
temperament group continued to have an amygdala response to the familiar
faces (Blackford et al., 2011).
Amygdala activation is altered in inhibited temperament and is modulated
by attention state. Behaviorally inhibited adolescents had greater amygdala
activation while rating subjective fear to emotional faces (Pérez-Edgar et al.,
2007). This finding was consistent across all emotion types, including to happy
faces. Fear rating induces internal reflection about feelings of fear and anxiety,
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and in inhibited individuals, this internal reflection may provoke increased
amygdala activation.

Reactivity and Regulation
While the initial definition of inhibited temperament was based on
heightened reactivity to novelty, emerging evidence suggests that inhibited
temperament is also based in a failure of reactivity to highly emotional stimuli.
Mary Rothbart and others have postulated that temperament is based on
differences in both reactivity and regulation (Rothbart, 1989). While an individual
may be inhibited because he is highly reactive to novelty and other salient
stimuli, he may also be inhibited because he lacks regulation of the reactivity.
Reactivity is governed by the amygdala, and regulation is governed by the PFC,
including the anterior cingulate cortex and dorsolateral PFC (Pérez-Edgar, 2014).
The PFC has direct and indirect connections with the amygdala (Carmichael and
Price, 1995; Ghashghaei et al., 2007; Ray and Zald, 2012) and can function to
inhibit amygdala responses (Quirk et al., 2003; Rosenkranz and Grace, 2002).
To test whether inhibited temperament is also associated with decreased
regulation, it is necessary to use tasks that specifically engage the PFC, such as
preparation for an aversive event, emotion regulation, or attentional control.

Prefrontal Cortex Findings
One way to interrogate regulatory processes is through cognitive control.
Two recent studies examined the neurocircuitry of cognitive control in inhibited
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temperament. First, Jarcho and colleagues (2013a) examined conflict monitoring
and conflict adaptation. Conflict was created by presenting emotional faces
labeled with the emotion on the face (congruent) or labeled with a different
emotion (incongruent). During incongruent trials, which engage cognitive control
mechanisms, compared with congruent trials, inhibited subjects had greater
activation in the dorsomedial prefrontal cortex (dmPFC), insula, and parietal
cortex. Finally, individuals with a history of psychopathology (across both
temperament groups) had less dorsolateral prefrontal cortex (dlPFC) activation to
incongruent trials, relative to congruent trials and did not exhibit conflict
adaptation (faster response to an incongruent trial following an incongruent trial,
relative to an incongruent trial following a congruent trial). In a second study,
Jarcho and colleagues (2013b) tested for differences in attentional control,
another form of cognitive control or regulation. Subjects saw male and female
emotional faces that were labeled with the words “male” and “female”. High
attentional control was measured as activity during gender-incongruent wordpicture pairs and low attention control as measured as activity during gendercongruent word-gender pairs. During engagement of high attentional control
while viewing fear faces, inhibited subjects had greater activation of the dmPFC,
anterior cingulate cortex (ACC), dlPFC, precuneus, and basal ganglia. Using two
different tasks to measure cognitive control mechanisms, inhibited adults had
increased activity of a number of prefrontal regions, particularly the dmPFC,
ACC, and dlPFC; however, subjects with anxiety disorders had less activity of the
PFC.
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Another way to measure emotion regulation is through anticipatory or
expectancy processing. During anticipation of an aversive event, an individual
can engage in adaptive behavior, such as planning and preparation, or the
individual can engage in maladaptive behavior, such as worry and anxiety.
Anticipation can differentially affect how individuals experience a situation or a
stimulus. In the first study of anticipatory processing in inhibited temperament
(Clauss et al., 2011), we manipulated the expectation of viewing fear faces. All
participants viewed fear faces; however, half of the participants within each
temperament group were warned that the fear faces would be shown and thus
had an opportunity to prepare for viewing the faces (Expected group), the other
half were not warned (Not-Expected group). Consistent with findings in healthy
adults, the uninhibited participants in the Expected group showed stronger
activation in the PFC regulatory regions (dorsal ACC and dlPFC) and decreased
amygdala reactivity, compared to the uninhibited participants in the Not-Expected
group. In the inhibited participants, the findings were opposite: those in the
Expected group had reduced activation in prefrontal regulatory regions and
increased amygdala reactivity relative to the inhibited participants in the NotExpected condition. Thus, the inhibited group failed to effectively prepare for
viewing the fear faces, and even showed evidence for a sensitization effect,
where expectation produced an even stronger amygdala response.
The findings from the previous study suggested that individuals with an
inhibited temperament engaged in different, and possibly maladaptive,
anticipatory processes. Anticipation of upcoming aversive events is critical in
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anxiety disorders; anxious individuals may have heightened arousal and may fail
to effectively prepare for upcoming events, resulting in avoidance behavior
(Grupe and Nitschke, 2013). However, the prior study was designed to test for
differences in expectancy, and the anticipation period could not be separated
from the face viewing period. In a subsequent study, (Clauss et al., 2014a) we
examined anticipatory processing using a cued anticipation task. In the task, one
cue signaled an upcoming fear face and another cue signaled an upcoming
neutral face. Importantly, the time between the cue and face was sufficiently long
to provide a reliable measure of anticipation. Temperament differences in fear
anticipation were tested in a new sample of inhibited and uninhibited young
adults. Contrary to the prior study, the inhibited adults had increased PFC
activation during fear anticipation and no differences in amygdala activation.
However, further examination within the inhibited group revealed that greater
activation of the PFC was correlated with fewer social anxiety symptoms and
better coping skills; these findings suggest that inhibited individuals who can
effectively engage prefrontal regulation during anticipation of fear faces may be
more resilient. This study also highlighted the utility of using an anticipatory
processing paradigm to investigate temperament differences in both reactivity
and regulatory processes.
Adults with an inhibited temperament have alterations in PFC-mediated
regulation, and PFC activity may differentiate between inhibited adults who have
developed social anxiety and those who have not. Inhibited subjects with more
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PFC activation across two paradigms (anticipation and word-face conflict) had
fewer anxiety symptoms.

Functional Connectivity Findings
Neuroimaging studies of inhibited temperament have clearly demonstrated
that patterns of brain function in specific regions differ in adolescents and young
adults who currently have an inhibited temperament or have a history of inhibited
temperament. However, activity in one brain region influences activity in other
regions. In order to fully understand the neurobiology of inhibited temperament
and risk for social anxiety disorder, we must investigate neural circuits. The
strength of connections between brain regions can be assessed using functional
connectivity, a measure of the correlation or coherence of two brain regions.
Functional connectivity can be measured during a task—task-based
connectivity—or during a state of rest—resting-state or intrinsic connectivity.
To date, three studies have examined differences in functional
connectivity in inhibited temperament: two tested for differences in task-based
connectivity and one examined intrinsic connectivity. Hardee and colleagues
(2013) tested for differences in amygdala connectivity during a dot-probe task in
young adults with a history of inhibited temperament. The dot-probe task
measures attention bias to threat stimuli. The inhibited group was significantly
different from the uninhibited group in amygdala connectivity during angry trials,
relative to neutral trials. During angry face trials, inhibited subjects had negative
connectivity between the amygdala and dlPFC and between the amygdala and
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insula; during neutral trials, inhibited subjects had positive connectivity between
those regions. In comparison, the uninhibited group had similar connectivity
across both conditions. Importantly, amygdala-insula connectivity mediated the
relationship between childhood inhibition and internalizing symptoms in
adulthood in inhibited subjects.
Clauss and colleagues (2014a) tested for differences in functional
connectivity during anticipation of viewing fear faces, relative to neutral faces.
Inhibited subjects had more negative connectivity between the amygdala and
rostral ACC (rACC), between the insula and rACC and dorsal ACC (dACC), and
between the insula and dlPFC during anticipation of viewing fear faces, relative
to neutral faces. More positive connectivity between the amygdala and rACC was
correlated with fewer social anxiety symptoms. Both the insula and rACC are
connected to the amygdala and can both input and influence its output.
Increased rACC output and functional connectivity with emotional brain regions,
such as the insula and amygdala, may be protective against developing social
anxiety symptoms in inhibited adults.
Finally, Blackford and colleagues (2014) tested for differences in intrinsic,
or resting state, connectivity in inhibited young adults. The amygdala is a
heterogeneous structure and amygdala subnuclei have distinct functions. Across
all three amygdala subnuclei, a pattern emerged; inhibited individuals had
reduced amygdala connectivity with regions that regulate the amygdala, such as
the PFC, and with regions that are reciprocally connected with the amygdala,
such as the hippocampus, visual cortex, and insula. Connectivity in several
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resting state networks was also examined. Consistent with the amygdala
findings, inhibited individuals had reduced connectivity between regions of the
default mode network and dorsal attention network. In contrast, inhibited
individuals had increased connectivity between regions in the executive control
network and salience networks. Reduced amygdala connectivity may contribute
to the amygdala habituation failure observed in prior studies (Blackford et al.,
2013; Schwartz et al., 2012) and may underlie heightened avoidance behaviors.
Increased connectivity in the executive control and salience networks may reflect
heightened inhibitory control, the ability to activate or inhibit and override
emotional responses.
Inhibited temperament is associated with alterations in amygdalaprefrontal connectivity and amygdala-insula connectivity. One critical challenge in
the interpretation of connectivity studies is to understand if negative connectivity
truly represents an inhibitory functional connection or if it is instead
representative of “reduced” connectivity. Further research using animal models is
needed to answer this question. We can, however, conclude that prefrontal
modulation of amygdala activity may be critical to the development of anxiety
symptoms in inhibited individuals.
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Future Directions

Bed Nucleus of the Stria Terminalis
Emerging evidence from studies in humans and evidence from animal
models has led us to propose that the bed nucleus of the stria terminalis (BNST)
is critical to inhibited temperament. Based on work in both rodents and humans,
the BNST plays a critical role in anxiety behavior and response to potential threat
(Alvarez et al., 2011; Davis et al., 1997; Somerville et al., 2010; Walker and
Davis, 2008) as well as in substance abuse (Flavin and Winder, 2013; Silberman
and Winder, 2013; Stamatakis et al., 2014). In non-human primates, anxious
temperament, the equivalent of inhibited temperament, was associated with
activity of the BNST during a social novelty task (Fox et al., 2008) and OFC
lesions alter both anxious temperament behavior and BNST activity during a
social novelty task (Fox et al., 2010). The BNST is part of the “extended
amygdala” and has strong structural and functional connections with the central
nucleus of the amygdala (Avery et al., 2014; deCampo and Fudge, 2013; Dong
and Swanson, 2006, 2004; Dong et al., 2001; Oler et al., 2012) To date, no
human neuroimaging studies of inhibited temperament have explicitly tested for
differences in BNST activity. There are a number of methodological challenges in
examining BNST differences with fMRI. The BNST is a small structure (~1/10th
the size of the amygdala) located in the basomedial forebrain and is difficult to
delineate using conventional imaging methods. Recent advances in
neuroimaging have allowed for smaller voxel sizes and thus more accurate
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imaging of the BNST (Alvarez et al., 2011; Avery et al., 2014; Somerville et al.,
2012, 2010). Tasks that activate the BNST, such as those that evoke uncertainty
and potential threat, should be used in inhibited temperament to test for
differences in BNST activation.

Neurobiological Alterations in Inhibited Temperament across Development
Inhibited temperament was initially identified in infants and toddlers
(Garcia-Coll et al., 1984; Kagan et al., 1998), at present, all neuroimaging studies
of inhibited temperament have been conducted in adolescents and young adults
who were identified as infants (Schwartz et al., 2012, 2010) or as young children
(Bar-Haim et al., 2009; Guyer et al., 2006; Hill et al., 2010; Jarcho et al., 2013a;
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Lahat et al., 2012; Pérez-Edgar et al., 2007) and followed longitudinally until
imaging. Given that continuous inhibited temperament is associated with the
highest risk for developing social anxiety disorder (Chronis-Tuscano et al., 2009;
Essex et al., 2010), our lab has studied young adults who report being highly
inhibited as children and young adults (Blackford et al., 2013, 2011, 2009; Clauss
et al., 2014b, 2011; Edmiston and Blackford, 2013). Studying continuously
inhibited young adults allows us to identify in young adults, the neurobiological
alterations associated with inhibited temperament. Neurobiological alterations in
adults with an inhibited temperament can then be tested for in young children
with an inhibited temperament. Neuroimaging studies in inhibited temperament
have focused on young adults and adolescents, with the earliest studies
examining 13 year olds (see Figure 3). Social anxiety disorder has a median age
of onset of 13 years, with 75% of patients developing social anxiety disorder by
age 15 (Kessler et al., 2005). Additionally, inhibited temperament may contribute
to result in an earlier age of onset of the disorder (Dalrymple et al., 2006;
Rosellini et al., 2013). Future neuroimaging studies of inhibited temperament
should examine younger children, prior to the age of onset of social anxiety
disorder, to determine how temperament may affect the brain and how inhibited
temperament may lead to social anxiety disorder.
Both the amygdala and PFC have been implicated in inhibited
temperament and undergo developmental changes. The amygdala matures early
in development and while amygdala volume increases over childhood (see
Figure 4), increases in amygdala volume are due to increases in glial number,
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the number of neurons stays relatively constant (Chareyron et al., 2012). In
contrast, the PFC continues to mature throughout development, including periods
of proliferation and pruning (Casey et al., 2000; see Figure 4; Gogtay et al., 2004;
Huttenlocher, 2002).

Few studies have examined developmental differences in amygdalaprefrontal networks and no studies have examined these changes in association
with inhibited temperament. In the brain, broad connectivity changes over
23

development include strengthening of long-distance connections and weakening
of short-distance connections (Supekar et al., 2009). Children ages 7-9 have
weaker amygdala connectivity across a distributed network of both cortical and
subcortical regions, notably, less functional connectivity with regulatory regions,
including the rACC, dlPFC, and ventromedial PFC than young adults (Qin et al.,
2012). Additionally, in the same study, functional networks across two amygdala
subnuclei, the centromedial amygdala and the basolateral amygdala, were
weaker and less segregated in children, implying a mechanism for immature
emotional responses and less regulation of amygdala-based reactivity. In another
sample, amygdala-medial PFC connections were positive in young children, and
become more negative as children became adolescents, implying that as
children enter adolescence, the medial PFC may inhibit amygdala reactivity (Gee
et al., 2013b). This shift in connectivity is also accompanied by a
developmentally-appropriate decrease in separation anxiety fears, and this
connectivity shift may occur earlier in children who have experienced early
stressors (Gee et al., 2013a, 2013b). Given that inhibited temperament has its
basis in an alteration in both amygdala and PFC activity and connectivity,
exploration of how this changes across development remains critical to
understanding how inhibited temperament results in social anxiety disorder in
some, but not all children. Functional segregation of these networks and
increasing connectivity may be based on experiences and may provide an
opportunity to intervene in at-risk children.
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Summary
Inhibited temperament in adolescents and young adults is associated with
alterations in amygdala reactivity and PFC regulation, and with less amygdalaPFC connectivity. Evidence from animal studies of anxiety and animal models of
anxious temperament suggests that BNST reactivity may also be critical to the
neurobiology of inhibited temperament. Emerging evidence suggests that
increased PFC regulation may be protective or may promote resilience to social
anxiety symptoms in inhibited children; however, that has yet to be tested. We
propose that prior to the development of social anxiety disorder, inhibited children
do not engage in preparatory anticipatory processing prior to viewing social
stimuli, as measured by less PFC activation compared to uninhibited
temperament children.

Specific Aims
The proposed aims are designed to identify neural correlates of risk for
developing social anxiety disorder, including differences in brain activation during
anticipation of viewing aversive social stimuli and differences in functional
connectivity. The overall hypothesis is that children at high risk for developing
social anxiety will have increased activation in emotional reactivity regions, such
as the amygdala, insula, and BNST, and decreased activation in emotional
modulatory regions, such as the dACC, dlPFC, and dmPFC. We also expect that
children at high risk for developing social anxiety disorder will have decreased
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connectivity between the amygdala and the dACC, both during an emotional task
and during a non-emotional task.
To test these aims, we performed a cross-sectional study. We measured
inhibited temperament and psychiatric symptoms by parent-report, self-report,
and behavioral observation. We tested for differences in fMRI activation during a
social anticipatory processing task and for differences in task-based functional
connectivity and resting state connectivity. Using this design, we examine:
o differences in temperament and psychiatric symptoms in children
with an inhibited or uninhibited temperament (Chapter 2)
o differences in brain activity during anticipation of social stimuli in
children with an inhibited temperament (Chapter 3)
o alterations in amygdala-dACC connectivity in children with an
inhibited temperament (Chapter 4)
o alterations in BNST connectivity in children with an inhibited
temperament (Chapter 5)
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CHAPTER II

SELECTION AND PHENOTYPING OF INHIBITED CHILDREN

Introduction
Inhibited temperament is the tendency to withdraw from or avoid new
situations and new people; inhibited children represent the 15-20% of children
who are most extreme on this measure (Garcia-Coll et al., 1984). Inhibited
children are typically slow to warm up when they meet a new person, whether a
new adult or a new peer (Garcia-Coll et al., 1984). They are more likely to play
on the outskirts or observe a group of children, rather than join in their games
(Kagan et al., 1984). Another component of inhibited temperament is risk
aversion—inhibited children avoid taking physical risks, like jumping off from tall
objects, and are more likely to follow their parents’ rules (Kagan and Moss,
1962). Inhibited temperament consists of inhibition to both social and non-social
situations and can be measured in a variety of ways.
Traditionally, inhibited temperament was measured in the laboratory by
trained observers (for examples, see: Garcia-Coll et al., 1984; Kagan et al.,
1984). Temperament assessments were specific to cognitive, social, and sensory
abilities at each age. Experimenters presented novel social and non-social stimuli
to the child, such as a colored mobile or an unfamiliar person in the room for an
infant or a toddler, or a talking robot or cognitive testing for older children. For
children in middle childhood, the temperament assessment often included an
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interview with the child, with the interviewer asking a series of open-ended
questions. The child’s behavior was then rated by an objective rater. Duration
and latency of behaviors can be quantified, such as duration of speaking or
latency to approach an unfamiliar peer. Of all of the measures of temperament in
the laboratory, latency to speak to an unfamiliar person is the most reliable
(Kagan and Snidman, 2004). Laboratory-based measurements have many
strengths; they are objective and can be standardized across children. However,
laboratory measures also have limitations: they are expensive, time-consuming,
state-dependent, and use an artificial environment (Morris et al., 2005).
Parent-report questionnaires are another common method of measuring
temperament in children. Parent-report questionnaires ask parents to rate their
child’s frequency of inhibited behavior across several social and non-social
contexts, such as “my child is shy when first meeting new children” or “my child is
hesitant to explore new play equipment” (Bishop et al., 2003). These
questionnaires are advantageous for use as a screening method, as they can be
completed by mail or through an online form, are quick, and can be administered
to a large number of parents at once. Parent-report questionnaires have many
strengths; they report on the child’s behavior across a variety of situations and in
the child’s natural environment. They also have limitations: they are subjectively
based on the parent’s experience, the parent’s feelings about their child’s
temperament, and clinical state effects.
The Behavioral Inhibition Questionnaire (BIQ) is an excellent
questionnaire for selecting inhibited children in middle childhood. The BIQ has
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been validated in several non-clinical samples in children ages 3-15 (Bishop et
al., 2003; Broeren and Muris, 2009; Edwards et al., 2010) and has demonstrated
good reliability (12 month stability; maternal report: r = .78; paternal report: r =
.74) and validity (maternal report and observer rating during behavioral
assessment: r = .46; paternal report and behavioral assessment: r = .25; Bishop
et al., 2003). Additionally, the BIQ has a validated child self-report form, with
good parent-child agreement (r = .59; p < .001; Broeren and Muris, 2009). The
BIQ also has predictive validity—it correlates with current anxiety symptoms
(Broeren and Muris, 2009) and predict the development of anxiety symptoms 12
and 24 months later (Broeren et al., 2013; Edwards et al., 2010). Finally, BIQ
scores were specifically related to symptoms of social anxiety, (Broeren and
Muris, 2009) and initial BIQ scores differentiated between children who would
have high social anxiety symptoms from children who would have few social
anxiety symptoms over two years (Broeren et al., 2013).
We selected children based on being in the top 15% or bottom 15% of BIQ
scores, based on normative data (Bishop et al., 2003; Broeren and Muris, 2009;
van Brakel et al., 2004) who had no current or past psychopathology. To fully
characterize the phenotypes of these children, we collected a number of other
measures of temperament, as well as measures of anxiety, depression, and
autism symptoms. Because we were interested in studying children with an
inhibited temperament who had yet to develop anxiety disorders, we expected
that our children rated as inhibited by their parents on the BIQ parent version
(BIQ-P) would have higher anxiety symptoms than those rated as uninhibited, but
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the symptoms would not have reached the diagnostic threshold of symptom
reports clinical populations.

Methods

Recruitment and Screening
Children were recruited by advertisements looking for children with an
extreme temperament “shy or outgoing”, “quiet or cautious”, or looking for
children for a temperament and MRI study. Children were recruited from the
Vanderbilt community using flyers, online recruitment databases, healthy controls
from other research studies, and referrals from study participants.
Interested parents completed an online screening, which included a
validated parent-report temperament questionnaire, the BIQ-P (Bishop et al.,
2003), questions about MRI compatibility, and cognitive screening criteria. As
with our past recruitment of young adults, we defined the two extreme
temperament groups based on the top/bottom 15% of the population, as
measured by being more extreme the average + one standard deviation
(inhibited > 123; uninhibited < 59). The online screening also included questions
about inclusion/exclusion criteria (age, psychotropic medication use, psychiatric
diagnosis, MRI exclusion, needing help in school, repeated grades).
We selected children ages 8-10 years for the study for the following
reasons: 1) being able to reliably complete an fMRI scan—based on a largescale study, children between 8-10 have a 90% success rate in completing
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functional MRI scans (Byars et al., 2002); 2) age of onset of social anxiety
disorder—50% of patients have onset of their social anxiety disorder by age 13,
whereas only 25% have an onset before age 8 (Kessler et al., 2005); 3) pilot data
from our lab showing that children ages 11-12 had an increased prevalence of
anxiety disorders compared to children ages 8-10 (Clauss and Blackford,
unpublished); and 4) children 10 and under are less likely to have undergone
puberty and have yet to enter middle school, two major life changes that are also
associated with social anxiety (Blumenthal et al., 2009; Erath et al., 2007).
A variety of exclusion criteria were used in the study. To obtain a pure “atrisk” group, children were excluded from the study having any current or past
psychiatric diagnoses or receiving treatment for anxiety symptoms (see below).
To ensure that all children could complete study tasks, children were excluded
for developmental delay, repeated grades, or needing special help in school.
Finally, children were excluded for any contraindications for MRI, including metal
in the body, claustrophobia, or medical conditions which might affect blood
oxygen-level-dependent (BOLD) signal, including any current psychotropic
medication use (past six months), history of head injury, major medical illness, or
neurological illness. These exclusion criteria were initially assessed in the online
parent screening and were re-assessed at the first study visit.
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The Vanderbilt University Institutional Review Board approved the study
and informed consent was obtained from parents and informed assent was
obtained from children prior to participation.

Study Protocol
The study included three visits: 1) consent, behavioral assessment of
temperament, clinical interview, and questionnaires; 2) completion of any
remaining questionnaires, intelligence quotient (IQ) testing, and mock MRI scan;
and 3) MRI scan and image rating task (see Figure 5).
Behavioral Assessment of Temperament. Following informed assent and
consent, children were brought into a new room and were told that a “new
experimenter was going to come in soon and ask them some questions”. An
unknown female experimenter entered the room and asked the child a series of
open-ended questions about familiar topics (i.e. “I’d like to hear about your
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school, can you tell me about your school?” or “Now I’d like to hear about your
friends. Can you tell me about your friends?”). After the child finished talking, the
experimenter waited 10 seconds before asking a follow-up question. If the child
did not respond to the question, the experimenter paused for 10 seconds before
repeating the question once. The interview lasted between 10-15 minutes for
each child. Following the interview, the experimenter rated global inhibited
temperament and seven other measures (length of time to answer questions,
amount of speech, tense or uncomfortable behaviors, positive affect, negative
affect, trust, and volume and tone of voice) on a 1-5 Likert scale, based on
Ballespí et al. (2013).
Clinical Interview. All children underwent a structured diagnostic interview
with the Kiddie Schedule for Affective Disorders and Schizophrenia (KSADS). To
provide a more comprehensive assessment of anxiety, questions from the
Anxiety Disorders Interview Schedule for Children (ADISC; Silverman and Nelles,
1988) were also asked. Both the KSADS and ADISC have demonstrated
reliability and validity (Kaufman et al., 1997; Silverman and Nelles, 1988) and the
KSADS is considered the gold-standard for pediatric diagnostic psychiatric
interviews. This clinical interview protocol was developed by Dr. Danny Pine from
the National Institute of Mental Health. The interviews were conducted by J.A.C.,
who was trained by Dr. John Weir, a clinical psychologist, Dr. Margaret
Bennningfield, a child and adolescent psychiatrist, and Dr. Danny Pine, a child
and adolescent psychiatrist, to conduct pediatric clinical interviews. J.A.C.
consulted with Dr. Margaret Benningfield and Dr. Jennifer Blackford on
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questionable interviews. Parent interviews were conducted first and were always
completed on the first study visit. Child interviews were conducted second and
were usually completed on the first study visit.
Temperament and Psychiatric Symptom Questionnaires. To further
characterize the children, parents and children completed several additional
questionnaires (see Tables 1 and 2). Parents completed the Retrospective
Assessment of Behavioral Inhibition in Infants and Toddlers (RIBI; Gensthaler et
al., 2012) and the Temperament in Middle Childhood Questionnaire (TMCQ;
Simonds et al., 2007). Children completed the Behavioral Inhibition
Questionnaire – Child version (BIQ-C; Broeren and Muris, 2009) and the Child
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Self-Report of Inhibition (CSRI; adapted from Reznick et al., 1992). To provide
dimensional measures of anxiety symptoms, children completed several selfreport measures of anxiety, including the Screen for Child Anxiety-Related
Emotional Disorders (SCARED; Birmaher et al., 1997), the Social Phobia and
Anxiety Inventory for Children (SPAI-C; Beidel et al., 1995), and the
Multidimensional Anxiety Scale for Children (MASC; March et al., 1997).
Because children may have difficulty assessing the frequency and severity of
their anxiety symptoms, parents also completed the parent version of the
SCARED. Inhibited temperament is also associated with symptoms of autism
and depression (Caspi et al., 1996; Gladstone and Parker, 2006); to measure
autism symptoms, parents completed the Social Communication Questionnaire
(SCQ; Berument et al., 1999; Rutter et al., 2003) and children completed the
Children’s Depression Inventory (CDI; Smucker et al., 1986). Finally, uninhibited
temperament is associated with attention deficit hyperactivity disorder (ADHD)
symptoms and externalizing disorders (Hirshfeld-Becker et al., 2007, 2003), so
parents completed the Conners 3 Parent Rating Scale (Conners et al., 1998).
Subscale scores on the Conners were converted to t-s cores using gender and
age-specific criteria.
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Intelligence Quotient Testing. To ensure that there were no significant
differences in comprehension of the task or significant differences in reading
ability, children completed the Kaufman Brief Intelligence Test, second edition
(KBIT; Kaufman and Kaufman, 1990). The KBIT was chosen because it is brief
(15-30 minutes to administer), is designed for individuals between 4-90 years old,
and it has good external validity (Canivez, 1995), it correlates well with other
similar IQ tests, such as the KBIT Composite and Wechsler Full-Scale IQ (r =
.61-.88; Spreen and Strauss, 1998). The KBIT was administered by JAC during
the second study visit.
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Data Analysis
Internal Consistency. To confirm that measures used in the study were
internally consistent, and thus were a reliable measure of temperament or
symptoms, Cronbach’s alpha was calculated for each measure included in the
study.
Temperament Validation. To validate that the BIQ-P was selecting
children with an inhibited or uninhibited temperament, we also tested for
differences on child self-report of temperament (CSRI and BIQ-C) and two other
parent-report measures of temperament (RIBI and TMCQ). We also tested to see
if children were different in behavioral assessment of temperament by an
objective interviewer.
Psychiatric Symptom Validation. To determine if we were selecting
inhibited children at risk for anxiety disorders, but who had yet to develop anxiety
disorders, we tested for group differences in anxiety symptoms. Finally, we
tested to see if inhibited children and uninhibited children differed on symptoms
of depression, ADHD, and autism. While inhibited temperament is associated
with autism and depression and uninhibited temperament is associated with
ADHD, we did not expect to see differences on these measures. ADHD and
autism typically have their onsets early in life (ADHD: median onset 7 years;
autism: median onset 3 years; Kessler et al., 2005; Mandell et al., 2005), and we
were specifically excluding children with those disorders. Depression typically
has its onset later in life (median onset 31 years; Kessler et al., 2005) and we
would not expect inhibited children to have yet to develop depression, especially
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as it is often secondary to the development of social anxiety disorder (Beesdo et
al., 2007).
Statistical Analysis. All statistical tests were performed in SPSS (version
21.0.0.0). Correlations between parent and child-report were calculated using a
two-tailed bivariate correlation. Group differences in continuous variables were
tested using two-sample t-tests. Differences in categorical variables were
calculated using a chi-square test. All tests were considered significant at α =
.05.

Results

Recruitment
Parents of 146 children completed the online screening (see Figure 6). Of
those children, 75 children (51.3%) passed the initial screening and 71 children
failed the initial screening. Children failed for a variety of reasons, most
commonly not having an extreme temperament score (n = 54). The other children
failed for a variety of exclusion criteria, including needing special assistance in
school (n = 9), having braces (n = 4), history of head injury (n = 2), history of
neurological illness (n = 1), and other parent concerns (n = 1). Of the 75 children
who passed the initial screening, 59 (78.7%) were seen in the lab for a first study
visit. Forty children who were seen for the initial lab visit qualified for the study
and completed all three study visits. Nineteen children either did not qualify or did
not complete the study for a variety of reasons: meeting criteria for a psychiatric
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disorder (ADHD: n = 6; social anxiety disorder: n = 2; generalized anxiety
disorder: n = 1); having sought treatment for anxiety symptoms (n = 2); meeting
initial exclusion criteria (i.e. having braces, being outside of age range; n = 2);
being too scared to complete the MRI scan (n = 2); and missing more than one
study appointment (n = 3).

Demographics
Forty subjects were enrolled in the study (20 inhibited, 20 uninhibited).
Subjects were on average 9.7 years old when they were scanned (SD: 1.0 years,
see Table 3). Subjects were 90% Caucasian, 5% Asian, and 5% AfricanAmerican. Sixty percent of subjects were female and 90% were right-handed
(using the Edinburgh Handedness Inventory). Average IQ was 116.1 (SD: 10.6).
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There were no significant differences between the two temperament groups on
age, ethnicity, handedness, or IQ.

Internal Consistency
The BIQ, CSRI, RIBI, SCARED, MASC, SPAI, SCQ, and CDI all had
adequate internal consistency, ranging from .66 to .99 (see Table 4; Cortina,
1993). The TMCQ had adequate internal consistency for all subscales except for
the low-intensity pleasure and shyness subscales, which had alphas of .55 and
.50, respectively. The Conners 3 Parent Report had good consistency, except for
one scale, the defiance/aggression subscale scale, which had an alpha of .51.
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Parent-Child Correspondence
Two scales had a parent and a child version, the BIQ and the SCARED.
Parents and children were moderately correlated on BIQ score (r = .41, p = .003;
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see Table 4); these findings were confirmed using non-parametric testing
(Spearman’s rho = .44, p = .004). On the subscales of the BIQ, parents and
children correlated on subscales of behavioral inhibition to peers (r = .35, p =
.012), physical (r = .28, p = .046), separation fears (r = .31, p = .029),
performance fears (r = .41, p = .003), behavioral inhibition to adults (r = .40, p =
.004), and unfamiliar (r = .41, p = .003). On total SCARED total score, there was
only a trend in correlation between parent and child-report (r = .23, p = .12). The
two groups were correlated on SCARED subscales of separation anxiety (r = .34,
p = .02) and social anxiety (r = .47, p = .001), but not on panic disorder,
generalized anxiety disorder, or school fears (all p > .22).

Temperament Measures
Parents of inhibited children rated their children as more inhibited during
infancy and toddlerhood using the RIBI (mean + SD; IT: 38.4 + 13.2; UT: 66.5 +
5.6; p < .001; see Table 5) and as having a more fearful (IT: 2.9 + 0.7; UT: 1.8 +
0.5; p < .001) and shy temperament (IT: 3.7 + 0.7; UT: 1.6 + 0.4) than the
uninhibited children using the TMCQ. Inhibited children rated themselves as
more inhibited than the uninhibited children using the BIQ-C (IT: 122.9 + 19.2;
UT: 95.1 + 37.5; p = .005), but not using the CSRI (IT: 2.3 + 0.4; UT: 2.0 + 0.6; p
= .15). Interviewers rated the inhibited children as more inhibited than the
uninhibited children (IT: 3.4 + 1.1; UT: 2.2 + 1.2; p = .002).
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Psychiatric Symptoms
As expected, inhibited children were rated by their parents as more
anxious using the SCARED-P (mean + SD; IT: 21.8 + 8.4; UT: 4.2 + 3.5; p <
.001; see Table 6) and reported themselves to have more global anxiety, as
measured by the SCARED-C (IT: 19.5 + 11.8; UT: 11.1 + 10.8; p = .03) and to
have more social anxiety, as measured by the SPAI-C (IT: 19.7 + 11.2; UT: 12.4
+ 7.9; p = .02), but not the MASC (IT: 55.9 + 14.7; UT: 51.1 + 18.5; p = .37).
Reports of symptoms other than anxiety did not differ between the groups; for
example the two groups had a trend towards significant differences in symptoms
of inattention (IT: 47.1 + 6.1; UT: 50.4 + 5.1; p = .07) but did not significantly
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differ on parent report of other ADHD symptoms, including: hyperactivity (IT: 49.9
+ 8.8; UT: 51.7 + 10.8; p = .57); executive functioning (IT: 49.5 + 8.8; UT: 52.5 +
9.1; p = .24); defiance/aggression (IT: 46.7 + 3.8; UT: 48.0 + 8.1; p = .92). The
two groups did not differ on parent- report of symptoms of autism (IT: 4.0 + 3.7;
UT: 2.7 + 2.9; p = .17) or child self-report of symptoms of depression (IT: 5.7 +
3.2; UT: 5.4 + 7.4; p = .88).
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Discussion
The aim of this study was to successfully recruit inhibited children who
were at high risk for developing anxiety disorders and uninhibited children who
were at low risk for developing anxiety disorders using a parent questionnaire
measure, the Behavioral Inhibition Questionnaire (BIQ-P). Forty children (20
inhibited, 20 uninhibited) were enrolled in the study. The two groups of children
were significantly different on other parent-report, child self-report, and
behavioral observations of temperament. Inhibited children had higher levels of
non-clinical anxiety, but did not differ in symptoms of autism, ADHD, or
depression from their uninhibited peers. This study demonstrates that inhibited
children can be easily selected using a brief online parent-report screening
questionnaire. Validation that the BIQ-P selects at-risk children is critical for
future studies of anxiety risk.
Temperament may be best measured using multiple raters and situations
(Kraemer et al., 2003; Pérez-Edgar and Guyer, 2014). Parent report and
interviewer reports of inhibited temperament were moderately correlated;
however, child self-report did not correlate with interviewer rating (see Figure 8).
These findings suggest that both behavioral and parent observations may
measure external behaviors and may be better at measuring children in relation
to others, whereas children may lack insight into their own level of shyness. As
children enter adolescence, they become more aware of their behavior in relation
to their peers (Morris et al., 2005). Parents and children were moderately
correlated on the total BIQ score; the parent and child versions of the BIQ
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contained the same questions (modified for the appropriate reporter), and so it
would be expected that parents and children would respond similarly to the
questions.
Our interest in inhibited temperament is primarily as a risk factor for the
development of social anxiety disorder. Inhibited children selected using the BIQP had significantly higher anxiety symptoms than the uninhibited group, but
importantly, the inhibited children did not meet criteria for a psychiatric diagnosis.
In addition, the inhibited group’s mean score was lower than SCARED scores in
treatment-seeking children with anxiety disorders (parent: 36.6 + 13.4; child total
score mean: 31.6 + 13.4; Walkup et al., 2001). Similarly, the social anxiety
scores for the inhibited children were higher than the uninhibited children, but still
lower than children with diagnosed social anxiety disorder (26.1; Beidel et al.,
2001). Given that this group has not yet reached the median age of onset of
social anxiety disorder, but have increased symptoms, they are likely to be at
increased risk for developing social anxiety disorder.
Inhibited temperament is a risk factor for anxiety disorders, most notably
social anxiety disorder, but is also associated with symptoms of autism and
depression and uninhibited temperament is associated with symptoms of ADHD
(Hirshfeld-Becker et al., 2007, 2003). Parents of children in both temperament
groups reported few autism symptoms and group means were well below the
recommended screening cut-off of 15 (Chandler et al., 2007). Children in both
temperament groups also reported few depressive symptoms, and group mean
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were below the screening cut-off of 16 (Timbremont et al., 2004). Finally, parents
of both inhibited and uninhibited children reported few ADHD symptoms.
This study had several limitations. First, children were recruited for
extreme temperament, and did not include children with an average
temperament, preventing us from drawing conclusions about the utility of the
BIQ-P as a screening measure for average temperament children. However,
prior studies have found significant correlations across the entire range of
temperament between parent-report using the BIQ-P and behavioral
observations of temperament (Bishop et al., 2003). Second, inhibited children did
not differ on their self-report using the CSRI; however, there was a trend-level
difference between the two groups. The CSRI did correlate with BIQ-C scores (r
= .70; p < .001) and had a trend towards correlation with parent-report scores (r =
.28; p = .08), but did not correlate with interviewer scoring (r = -.03, p = .84). The
CSRI correlated with several subscales of the BIQ-C, including inhibition to peers
(r = .66, p < .001), physical fears (r = .49, p = .001), separation fears (r = .65, p <
.001), inhibition to adults (r = .56, p < .001), and inhibition to unfamiliar people (r
= .53, p < .001). The CSRI correlated with only one subscale of the BIQ-P,
separation fears (r = 42, p = .008). These findings suggest that the CSRI may
measure the child’s internal feelings, rather than external behaviors. Third, some
questionnaires had poor internal consistency, including several subscales of the
TMCQ and the defiance subscale of the Conners; however, it should be noted
that the size of Cronbach’s α varies with the length of the measure, with longer
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measures having higher Cronbach’s α (Cortina, 1993). All three scales that had
poor internal reliability also had few questions (5-8 questions/subscale).

Conclusions
In conclusion, we successfully used the BIQ-P to select inhibited children
who are at risk for developing anxiety disorders. Traditionally, inhibited
temperament has been measured using a behavioral measure of temperament,
and that has sometimes been combined with parent or child-report
questionnaires in older children. Behavioral measures are expensive, timeconsuming, and are not feasible for large scale screening. In contrast, using the
BIQ-P, we identified inhibited and uninhibited children who were also rated by
behavioral observers as being significantly different from each other. Parentratings using the BIQ-P and interviewer ratings were significantly correlated,
suggesting that the BIQ-P is measuring some of the same constructs as the
behavioral interview. Future studies should examine whether it is useful as a
clinical screening tool in primary care settings and for large-scale longitudinal
research studies.
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CHAPTER III

NEURAL CORRELATES OF ANTICIPATION OF SOCIAL STIMULI IN
CHILDREN AT HIGH RISK FOR SOCIAL ANXIETY DISORDER

Introduction
Inhibited temperament has been consistently associated with increased
amygdala activation and with alterations in prefrontal cortex activation (Blackford
et al., 2013, 2011; Clauss et al., 2014b, 2011; Jarcho et al., 2013a, 2013b;
Pérez-Edgar et al., 2007; Schwartz et al., 2012, 2003a).The prefrontal cortex
inhibits amygdala response (Quirk et al., 2003) and prefrontal cortex activity may
be important for the development of social anxiety disorder in inhibited
temperament, as inhibited adults with less prefrontal cortex activity have more
anxiety symptoms (Clauss et al., 2014a; Jarcho et al., 2013a). While these
differences in amygdala-prefrontal cortex neurocircuitry have been identified in
adolescents and young adults with an inhibited temperament to date, no studies
have examined temperament differences in brain activity in young children with
an inhibited temperament.
Adults with an inhibited temperament have increased prefrontal cortex
activation, including the anterior cingulate cortex (ACC), dorsolateral prefrontal
cortex (dlPFC), and dorsomedial prefrontal cortex (dmPFC) during both explicit
and implicit emotion regulation tasks (Clauss et al., 2014a; Jarcho et al., 2013a,
2013b). The prefrontal cortex, including the anterior cingulate cortex (ACC), is
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structurally connected to the amygdala (Carmichael and Price, 1995;
Ghashghaei et al., 2007) and can function to inhibit amygdala response (Quirk et
al., 2003). Greater activation of the prefrontal cortex may be an unsuccessful
attempt at compensating for increased amygdala activity and emotional reactivity
or it may be an effective method of suppressing emotional reactivity and may be
protective against anxiety symptoms. Two studies have tested for the relationship
between prefrontal cortex activity and anxiety symptoms in inhibited
temperament and found that in adults with an inhibited temperament, increased
prefrontal cortex activity (dlPFC and ACC) was associated with fewer anxiety
symptoms (Clauss et al., 2014a; Jarcho et al., 2013a). These findings suggest
that increased prefrontal cortex activity during cognitive control is an effective
mechanism of suppressing emotional reactivity and may be associated with
protection from or resilience to anxiety symptoms in inhibited individuals.
The prefrontal cortex has a number of functions, including cognitive
control and emotion regulation, and prefrontal cortex function can be interrogated
by different types of tasks. Some tasks require explicit emotion regulation, such
as training subjects to reappraise their emotional responses, or using a Stroop
task; other tasks tap implicit emotion regulation, such as having a subject
anticipate and respond to an upcoming emotional stimulus without explicit
instructions on how to regulate emotion. While explicit emotion regulation tasks
ensure that subjects are engaging in a particular cognitive process, they may be
less ecologically valid—rarely are individuals specifically instructed to engage in
emotion regulation. In contrast, implicit emotion regulation occurs on a daily
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basis, and differences in implicit emotion regulation can be easily tested in the
scanner.
Implicit emotion regulation can be measured by testing for differences in
brain activation during anticipation of emotional stimuli. Anticipatory processing
can be adaptive, including planning and preparing for an upcoming situation, or it
can be maladaptive, including anticipatory anxiety and physiological arousal,
such as sweating, shaking, and nausea (Grupe and Nitschke, 2013). Particularly
relevant for inhibited temperament, patients with social anxiety disorder often
experience anticipatory anxiety, including a sense of fear, helplessness, and
uncontrollable future threat (Barlow et al., 1996, pp. 251–328). In patients with
social anxiety disorder, anticipatory anxiety leads to excessive worry and
avoidance of otherwise safe situations. Patients with anxiety disorders commonly
experience greater anticipatory anxiety for relatively minor events (Lorberbaum et
al., 2004; Straube et al., 2007; Tillfors et al., 2002).
Given that anticipatory anxiety is a common feature of both the risk factor
(inhibited temperament) and the psychiatric disorder (social anxiety disorder), the
experimental study of neural activity during this key anticipatory period may
provide a critical connection between brain function, the psychological process of
anticipation, and the development of social anxiety in a high-risk group. We
propose that identifying temperament differences in brain activation during
anticipation will lead to an understanding of whether prefrontal cortex and
cognitive control are altered in high-risk inhibited children prior to the
development of anxiety disorders. Our working model is that high-risk children
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have dysfunction in both emotional reactivity brain regions (amygdala, BNST)
and emotional regulation brain regions (dACC, dlPFC). We hypothesize that
children with an inhibited temperament will have less activity in the prefrontal
cortex (ACC, dlPFC, and dmPFC) and greater activity in the insula, BNST, and
amygdala during anticipation of fear faces, relative to anticipation of neutral
faces.

Methods

Study Protocol
Children were recruited using flyers, online recruitment databases and
mass emails (see Chapter 2 for additional details about recruitment, screening,
and phenotyping). Parents completed an online screening and eligible children
and their parents came to the lab for three study visits. The first study visit
included a clinical interview, behavioral assessment of temperament, and
completion of child-report and parent-report questionnaires. The second study
visit included an IQ test, mock MRI scan, and completion of any questionnaires
not finished during the first study visit. The mock scan was completed to
acclimate the child to the scanner and improve data quality (de Bie et al., 2010).
Finally, the third study visit was the MRI scan. First, survey maps and a T1weighted structural scan were collected. During this time, children watched a
movie of their choice. Next, the resting state MRI scan was collected, and finally
the anticipation task scan was collected.
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Experimental Design
FMRI Task. We used a cued anticipation task similar to ones previously
used in a study of young adults with an inhibited temperament (Clauss et al.,
2014a) and a number of studies in anxiety disorders (Aupperle et al., 2012; Brühl
et al., 2013, 2011; Nitschke et al., 2009). The cued anticipation task included two
event types, cue and image, and three conditions, fear face, neutral face, and
neutral object. In an fMRI task, data are analyzed by comparing brain activation
between a condition of interest and a baseline condition; we included the neutral
object condition to be used as a baseline condition because neutral faces are not
considered to be truly neutral by socially anxious individuals (Winton et al., 1995)
and previous studies have found temperament differences in brain activation to
neutral faces (Blackford et al., 2013, 2011, 2009; Pérez-Edgar et al., 2007;
Schwartz et al., 2012).
Before the task, children completed a brief training to learn to associate a
specific cue (colored shape) with a specific type of image (fear face, neutral face,
neutral object). After the training, children were verbally tested to confirm they
had learned the associations; two children (one inhibited, one uninhibited) who
could not confirm the association between the cues and images repeated the
training. The test phase of the task consisted of four runs. During each run,
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children saw trials of a cue (1s; see Figure 7), followed by a brief anticipation
period (jittered, 3-8s), and then an image (1s). Following each trial, there was a
blank screen (jittered, 3-8s) before the next trial. The time between cue and
image was jittered to provide an additional level of uncertainty. Each run
consisted of eight trials of each condition (fear face, neutral face, neutral object)
for a total of 24 trials per run and 32 of each trial condition across the entire task.
The task was presented in Eprime (Version 2.0). We chose to use children’s
faces to increase ecological validity given that difficulties with peers (i.e. being
excluded by them, being fearful of their judgment) are critical to the development
of social anxiety disorder (Ollendick and Hirshfeld-Becker, 2002). Child emotional
faces from the NIMH Child Emotional Faces Dataset (Egger et al., 2011) were
used. Neutral objects were round, non-social objects the approximate size and
shape of faces (i.e. a patterned bowl, a clock). Neutral objects came from several
sources, including the IAPS image set (Lang et al., 1999), iStock Photo, and
publically available images. To ensure attention to the task, children were asked
to press one button whenever they saw a cue or an image.
MRI Acquisition. Data were collected using a 32-channel headcoil on a
Philips 3 Tesla scanner. T1-weighted structural data were acquired using the
following parameters: 256 mm FOV, 170 slices, 1 mm slice thickness, 0 mm gap.
2 s TR, 22 ms TE, 90° flip angle, 1.8 SENSE factor, 240 mm FOV, 3 × 3mm in
plane resolution. Functional (EPI) data were acquired using the following
parameters: 40 slices, 2.5mm slice thickness, 0.25m gap, and an axial oblique
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acquisition, tilted 15 degrees, anterior higher than posterior, relative to the
intercommisural plane.
MRI Preprocessing. Data were preprocessed using SPM8
(http://www.fil.ion.ucl.ac.uk/) implemented in Matlab 2010a (Version 7.10.0,
Mathworks, Inc., Natick, MA). Preprocessing steps included: 1) slice time
correction to the middle slice; 2) realignment of functional volumes to mean
volume; 3) coregistration of functional and structural scans; 4) normalization of
functional scans to EPI template (MNI template in SPM8); and 5) smoothing with
a 6mm FWHM kernel. For each child, functional and structural data were visually
inspected for artifacts, coverage, and signal dropout. One inhibited child was
excluded for an artifact on the functional image. To restrict analyses to children
who paid attention to the task, children were excluded for pressing the button
less than 50% of the time for any stimulus type (two children, one inhibited and
one uninhibited). Individual functional runs were excluded for: failing to press the
button to at least 50% of stimuli in the run (3.3%), artifact on visual inspection
(1.1%), or incomplete run in scanner (2.2%). This resulted in a final sample of 18
inhibited children and 19 uninhibited children with at least two usable functional
runs.
Motion. Young children have difficulty staying still in the MRI scanner and
motion may significantly affect data quality (Jezzard and Clare, 1999). There
were no differences in motion between the two groups (maximum averaged
across children + standard deviation; translation: IT: 1.34 + 1.1 mm; UT: 1.12 +
.91 mm; p = .62; rotation: IT: 0.024 + 0.018 radians; UT: 0.017 + 0.015 radians; p
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= .30). To control for potential effects of motion, we used the robustly-weighted
least squares toolbox (Diedrichsen and Shadmehr, 2005), which reduces the
contribution of volumes with significant motion to the overall model.
Image Rating. To determine if the valence of images used in the study
differed between inhibited or uninhibited children, following completion of the
MRI, children rated the valence of the cues and of a subset of images presented
in the study (10 images rated per stimulus type). Children were instructed to rate
how “happy or sad the pictures made them feel” (1 = very happy; 5 = very sad).
Image ratings were accompanied by schematics of each rating (i.e. the number
one was presented above a smiley face). The cues and images were presented
using Eprime software outside of the scanner environment. Valence rating data
were missing for one uninhibited child.

Data Analysis
Behavioral Data. Button press data and image rating data were analyzed
in SPSS (Version 21.0.0.0, IBM Corporation). Number of missed trials, reaction
times, and valence ratings were analyzed using a repeated measures ANOVA
with type (cue/image) and condition (fear face/neutral face/neutral object) as
within-subject variables and temperament group as the between-subject variable.
FMRI Data Modeling. For each child, a general linear model was created
in SPM8 with seven regressors: fear face cue, neutral face cue, neutral object
cue, fear face image, neutral face image, neutral object image, and errors. To be
consistent with other neuroimaging studies of anticipation, we modeled the cue
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and image as our events of interest. Six contrasts were created for each subject:
1) anticipation of fear faces, relative to anticipation of neutral faces; 2)
anticipation of fear faces, relative to anticipation of neutral objects; 3) anticipation
of neutral faces, relative to anticipation of neutral objects; 4) fear face viewing,
relative to neutral face viewing; 5) fear face viewing, relative to neutral object
viewing; and 6) neutral face viewing, relative to neutral object viewing.
Statistical Analysis. Group differences in anticipatory processing and
image viewing were tested using a two-sample t-test in SPM8. Activation to fear
face and neutral face cues and images was compared to activation to neutral
object cues and images.
Region of Interest Analysis. To reduce the overall number of comparisons,
analyses were restricted to six anatomically-based regions of interest (ROIs).
ROIs were based on findings in previous studies of anticipatory processing and
inhibited temperament (Aupperle et al., 2012; Brühl et al., 2013, 2011; Clauss et
al., 2014a; Jarcho et al., 2013a, 2013b; Nitschke et al., 2009). The ROIs were the
amygdala, bed nucleus of the stria terminalis (BNST), insula, dorsolateral
prefrontal cortex (dlPFC), medial prefrontal cortex (mPFC), and anterior cingulate
cortex (ACC). The BNST mask was based on a recently published mask (Avery
et al., 2014) and the insula, amygdala, and prefrontal cortex masks were based
on the Automated Anatomical Labeling (Tzourio-Mazoyer et al., 2002)
implemented in the Wake Forest Pick Atlas (Maldjian et al., 2003). Within each
region, data were tested for group voxel-wise differences. Data were clustercorrected (α < .05) using AlphaSim
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(http://afni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim.pdf) with the following
inputs: voxel-level p < .05, 3x3x3 mm voxel size, x=14.1, y=13.6, z=12.3
smoothness at FWHM, and 5,000 iterations. Temperament differences in
activation were tested separately for each mask. Cluster thresholds were:
amygdala (k = 21; 567 mL), BNST (k = 3; 81 mL), insula (k = 69; 1,863 mL),
dlPFC (k = 164; 4,428 mL), dmPFC (k = 111; 2,997 mL), and ACC (k = 79; 2,133
mL).
Whole Brain Analysis. To identify other brain regions that differed
between groups, but were not in our a priori hypothesized regions, a whole brain
analysis was also performed. Cluster-based thresholding (α < .05) in AlphaSim
was used with the following inputs: voxel-level p < .05, 3x3x3 mm voxel size,
calculated smoothness of the data at FWHM: x=14.1, y=13.6, z=12.3, and 5,000
iterations. Because the whole brain analysis was exploratory, we used a more
conservative voxel p-value (p < .005) and the cluster threshold was k = 139
(3,753 mL) for a corrected α < .05.
Post Hoc Analyses. To understand how brain activation changed over the
course anticipation and image viewing, we conducted post hoc analyses based
on significant temperament differences during anticipation. First, we created
6mm spheres around peak voxels in regions where there were significant group
differences in activation during anticipation. Next, we extracted percent BOLD
signal change from each of these spheres using EasyROI toolbox implemented
in SPM8 (http://www.sbirc.ed.ac.uk/LCL/LCL_M1.html). We extracted percent
signal change for the contrasts of fear face anticipation > neutral object
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anticipation; fear face viewing > neutral object viewing; neutral face anticipation >
neutral object anticipation; and neutral face viewing > neutral object viewing.
Finally, we tested for group differences in signal change across both anticipation
and image viewing using a two-sample t-test in SPSS.

Results

Behavioral Data
Missed Trials and Reaction Times. To see if the two groups differed on
button press behavior, we tested for significant interactions of temperament
(inhibited/uninhibited) with type (cue/image) and condition (fear face/neutral
face/neutral object) on the number of missed button presses and on the button
press reaction time. There was trend towards a main effect of type on reaction
time (p = .08, F = 3.28, df = 1), with faster reaction times for images than cue
(fear face cue: 571.5 + 86.2; neutral face cue: 568.9 + 86.2 ms; neutral object
cue: 574.1 + 85.1; fear face image: 563.9 + 100; neutral face image: 572.1 +
88.4; neutral object image: 557.6 + 89.3). There were no other significant overall
effects of type, condition, or interactions of type or condition with temperament on
the percent of button presses missed or on the button press reaction times (all p
> .12; see Table 7).
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Valence Ratings. To determine if the inhibited and uninhibited children
interpreted the images differently, following the MRI scan, children were asked to
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rate the valence of the cues and images. We tested for significant interactions
between condition, type of stimulus, and temperament on valence rating data.
There were significant interaction of type x condition x temperament (p = .05) and
type x condition (p < .001) that qualified the main effects of main effects of type,
condition, all p < .001; see Table 7). Based on these findings, we tested for an
interaction of type x temperament within each condition. Within fear face
condition, there was a main effect of type (p < .001, F = 16.6) but no interaction
of temperament x type (p = .50, F = 0.5). Within the neutral face condition, there
was a main effect of type (p = .001, F = 16.2), but no interaction of type x
temperament (p = .90, F < .1). Finally, within the neutral object condition, there
was no main effect of type, but there was a trend towards an interaction of type x
temperament (p = .08, F = 3.2).

fMRI Data
FMRI contrasts were created for both cue conditions and image viewing
conditions. First, to be consistent with a prior study of anticipation in inhibited
temperament (Clauss et al., 2014a), we compared the fear face condition to the
neutral face condition. Second, we compared both the fear face condition and the
neutral face condition to the neutral object condition. Post hoc analyses were
performed to unpack the initial findings. In post hoc analyses, we compared
activation in regions with a temperament differences across cue and image.
Cue: Fear Face > Neutral Face. During anticipation of fear faces, relative
to anticipation of neutral faces, the uninhibited children had greater activation in
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two prefrontal regions, the rostral anterior cingulate cortex (rACC) and
dorsomedial prefrontal cortex (dmPFC). Uninhibited children also had greater
activation in the right insula, and bilateral amygdala (see Table 8 and Figure 8).
There were no regions of temperament group difference on whole brain analysis.
There were no regions where the inhibited group had greater activation for this
contrast.
Cue: Fear Face > Neutral Object. During anticipation of fear faces, relative
to anticipation of neutral objects, the uninhibited children had greater activation of
a number of prefrontal cortex regions, including the rACC, right dorsolateral
prefrontal cortex (dlPFC), and dmPFC (all p < .05, corrected; see Table 8 and
Figure 10). On whole brain analysis, the uninhibited group had greater activation
in a region of the cerebellum (p < .05, corrected; see Table 8). There were no
regions where the inhibited group had greater activation for this contrast.
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Cue: Neutral Face > Neutral Object. During anticipation of neutral faces,
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relative to anticipation of neutral objects, the inhibited group had greater
activation of the bilateral insula (all p < .05, corrected; see Table 8 and Figure
10). On whole brain analysis, the inhibited group had greater activation in the
primary visual cortex and left insula (all p < .05, corrected; see Table 8 and
Figure 10). There were no regions where the uninhibited group had greater
activity.
Image: Fear Face > Neutral Face. When viewing fear faces, relative to
viewing neutral faces, the inhibited group had greater activation of the dmPFC (p
< .05 corrected; see Table 8 and Figure 10). There were no regions where the
uninhibited group had greater activation.
Image: Fear Face > Neutral Object. When viewing fear faces, relative to
viewing neutral objects, the inhibited group had greater activation of the anterior
cingulate cortex, bilateral dorsolateral prefrontal cortex, and dorsomedial
prefrontal cortex (all p < .05, corrected; see Table 8 and Figure 10). On whole
brain analysis, the inhibited group had greater activation of the visual cortex,
precuneus, and medial and right dorsolateral prefrontal cortex (all p < .05,
corrected; see Table 8 and Figure 8). There were no regions where the
uninhibited group had greater activation.
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Image: Neutral Face > Neutral Object. When viewing neutral faces,
relative to viewing neutral objects, the inhibited group had greater activation of
the right insula, bilateral dorsolateral prefrontal cortex, and dorsomedial
prefrontal cortex (all p < .05, corrected; see Table 8 and Figure 10). On whole
brain analysis, the inhibited group had greater activity of the medial prefrontal
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cortex, lateral prefrontal cortex, and right dorsolateral prefrontal cortex, visual
cortex, and cerebellum (all p < .05, corrected; see Table 8 and Figure 8). There
were no regions where the uninhibited group had greater activity.
Post Hoc Analyses. To unpack the neuroimaging findings, spheres were
created around the peak voxels of the regions of difference during anticipation:
rostral anterior cingulate cortex (center: 6, 44, 16); right dorsolateral prefrontal
cortex (center: 27, 41, 46); dorsomedial prefrontal cortex (center: 3, 71, 4); left
amygdala (center: -30, 2, -20); right amygdala (center: 27, -7, -11); left insula
(center: -30, -19, 19); and right insula (center: 33, -19, 13). We tested for group
differences in brain activity during anticipation and image viewing. In the
prefrontal cortex, inhibited children had significantly less activation during fear
face anticipation in the rACC, right dlPFC, and dmPFC, but greater activation
during image viewing (see Figure 9). There were no significant differences in
neutral face anticipation and viewing in the rACC, right dlPFC, or dmPFC. There
were no significant differences in amygdala activation during anticipation or
viewing of faces relative to objects (see Figure 10 A-D). In the left insula, the
inhibited group had significantly greater activity to neutral face anticipation, but
no significant differences to fear face anticipation or viewing or neutral face
viewing (see Figure 10 E-H). In the right insula, the inhibited group had
significantly greater insula activation during fear and neutral face anticipation and
during neutral face viewing.
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Discussion
This study provides the first evidence that inhibited children have less
prefrontal regulatory activity during anticipation of fear faces, a process that
engages intrinsic cognitive control. Children with an inhibited temperament are at
increased risk for developing social anxiety disorder, a disorder associated with
anticipatory anxiety in social situations. The inhibited children also had increased
rACC, mPFC, and dlPFC activity when viewing fear faces, suggesting that
inhibited children may have a delayed regulatory response or may fail to
effectively prepare for negative social stimuli.
During anticipation of viewing fear faces, inhibited children had a deficit in
prefrontal cortex activation, specifically within the rACC, dlPFC, and dmPFC.
These deficits likely represent a neural risk factor for social anxiety disorder—
reduced function of cognitive control regions during a task that engages implicit
emotion regulation. These findings are consistent with studies of adults with
anxiety disorders that found decreased ACC activity during tasks which require
emotion regulation (Blair et al., 2012; Britton et al., 2013; Goldin et al., 2009a,
2009b; Swartz et al., 2014), and studies that show that treatments for anxiety,
such as cognitive behavior therapy, increase activation of the prefrontal cortex,
including medial prefrontal cortex and dlPFC, during emotion regulation (Goldin
et al., 2013).
The prefrontal cortex undergoes protracted development from childhood,
through adolescence, and into young adulthood, as measured by gray matter
density, synaptogenesis, and myelination (Casey et al., 2000; Gogtay et al.,
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2004; Huttenlocher, 2002). Development of the prefrontal cortex parallels the
development of cognitive control in children (Bunge et al., 2002; Pitskel et al.,
2011). For inhibited children, developmental trajectories likely diverge as the
prefrontal cortex continues to develop. In children, cognitive control is associated
with more dmPFC activity and less amygdala activity (Pitskel et al., 2011),
additionally, increased dlPFC activity correlates with better cognitive control
(Bunge et al., 2002). Some children may develop stronger emotion regulation
skills and develop the ability to engage the prefrontal cortex during anticipation;
we predict that these children will go on to be resilient and not develop anxiety
disorders. Other children may continue to fail to engage prefrontal cortex during
anticipation of fear faces, or more importantly, during anticipation of negative
social situations; we predict that these children will be more susceptible to
anxiety disorders. To understand these questions, longitudinal studies are
needed to follow at-risk, inhibited children until they reach adolescence and
young adulthood. Longitudinal studies will tell us if prefrontal cortex activity is a
predictor of the development of anxiety disorders.
Across the paradigm, the inhibited group had a hyperactive insula
response, with increased insula response to anticipation of fear faces and neutral
faces, and increased insula response during neutral face viewing (see Figure
12E-H). The insula is implicated in interceptive processing, such as feelings of
heart racing, sweating, and nausea. Paulus and Stein (2006) proposed “an
insular view of anxiety,” the posterior insula receives information from the
periphery about visceral sensations and these sensations are integrated into in
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the anterior insula. The anterior cingulate generates predictions about upcoming
body states or outcomes of future events, particularly for aversive events, and
this information feeds back to the anterior insula. Patients with anxiety disorders
overestimate the likelihood that they will feel anxiety symptoms in the future, and
thus experience anticipatory anxiety. During anticipation of negative stimuli, the
insula is activated in healthy controls (Carlson et al., 2011; Chua et al., 1999;
Ploghaus et al., 1999; Sarinopoulos et al., 2010; Simmons et al., 2004),
individuals with high trait anxiety have more insula activation during anticipation
(Clauss et al., 2014a; Drabant et al., 2010; Simmons et al., 2011, 2008, 2006),
and finally, patients with anxiety disorders have increased insula activation during
anticipation (Aupperle et al., 2012; Simmons et al., 2013; Straube et al., 2007).
Anticipatory insula activity can be reduced with common treatments for anxiety
disorders, including selective serotonin reuptake inhibitors (Aupperle et al., 2011;
Simmons et al., 2009), suggesting that insula activity may be a target for
intervention in preventing or reducing anxiety symptoms.
We hypothesized that inhibited children would have greater amygdala
activation during anticipation of fear faces, given prior findings of increased
amygdala activation during anticipation of negative stimuli in anxiety disorders
(Brühl et al., 2011; Nitschke et al., 2009; Straube et al., 2007) and findings of
amygdala hyperactivity in inhibited temperament (Blackford et al., 2011, 2009;
Clauss et al., 2011; Pérez-Edgar et al., 2007; Schwartz et al., 2003a). We failed
to find support for this hypothesis. Instead, inhibited children had a similar
amygdala response during both anticipation of fear faces and anticipation of
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neutral faces (see Figure 10A). These findings are consistent with prior studies of
inhibited adults showing similar amygdala activation to both novel and familiar
faces (Blackford et al., 2011) and when passively viewing different types of
emotional faces (Pérez-Edgar et al., 2007). In contrast, the uninhibited group
showed the pattern commonly found in healthy controls, increased amygdala
activation during anticipation of fear faces. When amygdala activation during
anticipation of faces was compared to anticipation of neutral objects, there were
no significant differences between the groups (see Figure 12 A-D), suggesting
that the differences in amygdala activation are due to heightened amygdala
activation to neutral faces in the inhibited group. Patients with social anxiety
disorder have greater amygdala activation to neutral faces (Cooney et al., 2006),
and inhibited adults rated neutral faces as being more negative than the
uninhibited group (Clauss et al., 2014a). Individuals with high social anxiety
symptoms also consider neutral faces to be more negative (Winton et al., 1995).
Inhibited children had less differential amygdala activation to anticipation of fear
faces, relative to anticipation of neutral faces, suggesting that they engage
anticipatory amygdala reactivity to faces in general. Increased amygdala
reactivity to faces in general may be a mechanism by which inhibited
temperament confers risk for social anxiety disorder.
No significant temperament differences in bed nucleus of the stria
terminalis (BNST) activity were identified. The BNST is a small, subcortical
region which responds to sustained anxiety and uncertain threat (Alvarez et al.,
2011; Davis, 1998; Somerville et al., 2012, 2010; Walker and Davis, 2008).
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Additionally, we may not have identified differences in BNST activity because our
anticipation period was relatively short (3 - 8 seconds) and other neuroimaging
studies that identified BNST activity used longer time periods. Future studies
using sequences optimized for the activation and detection of BNST activity will
be critical to test if this is a neural substrate of inhibited temperament and
anticipatory processing.
This study had a number of limitations. First, children were selected based
on being high or low on inhibited temperament, and thus did not represent the full
range of temperament. However, previous studies have shown that the
uninhibited temperament group has similar patterns to adults with an average
temperament (Blackford et al., 2013). Second, children in this study had relatively
high IQs (mean: 116, see Chapter 2), which may make the results less
generalizable; however, high IQs are common in neuroimaging studies of
children, and so our results can be compared to other neuroimaging studies of
children (Blair et al., 2011; Guyer et al., 2012, 2006). Finally, online anxiety
ratings were not collected because cognitive tasks, such as rating anxiety levels,
have been shown to alter brain response (Pérez-Edgar et al., 2007).

Conclusions
In conclusion, inhibited children have less activity in a prefrontal network,
including the rostral anterior cingulate cortex, dorsomedial prefrontal cortex, and
dorsolateral prefrontal cortex during the anticipation of fear faces. Inhibited
children may fail to effectively prepare for social stimuli, and attempt to
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compensate for that by activating prefrontal cortex when viewing social stimuli.
Future studies should continue to study inhibited children prior to the
development of anxiety disorders and track them over time, to determine if
anticipatory prefrontal cortex activation predicts the development of social anxiety
disorder.
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CHAPTER IV

ALTERATIONS IN AMYGDALA-DORSAL ANTERIOR CINGULATE CORTEX
FUNCTIONAL CONNECTIVITY

Introduction
Patients with complex psychiatric disorders, such as social anxiety, have
underlying alterations in brain activation and brain connectivity (Brühl et al., 2013,
2011; Dodhia et al., 2014; Etkin and Wager, 2007; Freitas-Ferrari et al., 2010;
Goldin et al., 2009b; Hattingh et al., 2013; Klumpp et al., 2013a, 2013b;
Labuschagne et al., 2011; Shah et al., 2009). Specifically, anxiety disorders have
been consistently associated with less connectivity between the amygdala, a
region involved in responding to salient stimuli and generating fear responses,
and the prefrontal cortex, a region involved in regulating emotions and
suppressing amygdala activity. Functional connectivity measures the correlation
between activity in two brain regions (Friston et al., 1997), and less functional
connectivity implies that two regions are less able to communicate or functionally
influence each other. The prefrontal cortex can inhibit amygdala response (Quirk
et al., 2003). Children and adults with anxiety disorders have less structural and
functional connectivity between the amygdala and the prefrontal cortex (Baur et
al., 2013, 2011; Birn et al., 2014; Phan et al., 2009; Prater et al., 2013; Roy et al.,
2013). Reduced amygdala-prefrontal cortex connectivity is also present in nonhuman primates with an inhibited temperament (Birn et al., 2014), adults with an
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inhibited temperament (Blackford et al., 2014), and individuals at increased
genetic risk for anxiety disorders (Pezawas et al., 2005).
Examining prefrontal cortex connectivity may help to interpret conflicting
findings of increased and decreased prefrontal cortex activation in inhibited
temperament. Individuals with an inhibited temperament have less prefrontal
cortex activation when reacting to faces (Clauss et al., 2011). In contrast,
inhibited temperament is also associated with increased prefrontal cortex
activation during tasks that engage cognitive control or emotion regulation, such
as the Stroop task or a cued anticipation task (Clauss et al., 2014a; Jarcho et al.,
2013a, 2013b). These findings can be explained by several hypotheses: 1)
individuals with an inhibited temperament may have more activation of the
prefrontal cortex during cognitive control to compensate for amygdala
hyperactivity; 2) individuals with an inhibited temperament have weaker
functional connectivity between the amygdala and prefrontal cortex; or 3)
individuals with an inhibited temperament have a combination of both amygdala
hyperactivity and weaker amygdala-PFC connectivity.
To date, three studies have tested for differences in amygdala-prefrontal
connectivity in adults with an inhibited temperament. First, during an attention
bias task, adults with a history of inhibited temperament had more negative
connectivity between the amygdala and the dorsolateral prefrontal cortex (dlPFC;
Hardee et al., 2013). While the amygdala and dlPFC are not structurally
connected, the dlPFC projects to the dorsal anterior cingulate cortex (dACC;
Barbas and Pandya, 1989), which projects to both the rostral anterior cingulate
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cortex (rACC) and the amygdala (Carmichael and Price, 1995; Ghashghaei et al.,
2007). Second, at rest, adults with inhibited temperament had less positive
connectivity between the amygdala and prefrontal regions, including the dorsal
anterior cingulate cortex (dACC; Blackford et al., 2014). Third, adults with an
inhibited temperament had more negative connectivity between the amygdala
and the rACC, and more positive connectivity between the dACC and the dlPFC
during anticipation of viewing fear faces (Clauss et al., 2014a). In inhibited
temperament, connectivity in an amygdala-ACC-dlPFC circuit is altered; the
dACC may be the critical node in this circuit.
The dACC (also known as the anterior mid-cingulate cortex) has a number
of functions, including cognitive control, negative affect, and pain (Bush et al.,
2000; Shackman et al., 2011) and has reciprocal structural connections with the
basolateral and basomedial subregions of the amygdala (Ghashghaei et al.,
2007). Connectivity between the amygdala and medial prefrontal cortex,
including the dACC, is critical for emotion regulation (Etkin et al., 2011).
Increased dACC activation and decreased amygdala activation is associated with
more successful emotion regulation (Phan et al., 2005), and increased dACC
thickness is associated with more frequent use of emotion regulation strategies in
healthy adults (Giuliani et al., 2011). While a number of other brain regions, such
as the dlPFC and dorsomedial prefrontal cortex (dmPFC), are implicated in
emotion regulation, the study of differences in amygdala connectivity with the
dACC may be most useful, as many of the other regions activated during
emotion regulation lack direct structural connections with the amygdala
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(Ghashghaei et al., 2007; Morecraft and Van Hoesen, 1998; Morecraft et al.,
2007). In this study, we propose to test for temperament differences in amygdaladACC connectivity.
Differences in amygdala-dACC connectivity can be tested for using
multiple methods, including during a task or during a state of rest. Task-based
connectivity tests for differences in connectivity over the course of the task, which
can be useful in understanding how connectivity changes during different
conditions. Resting state connectivity provides a measure of intrinsic connectivity
networks. Resting state networks are a useful measure of brain connectivity
because: 1) the vast majority of the brain’s metabolic processes are active at rest
(Raichle and Mintun, 2006); 2) resting state networks are stable across subjects
and time points (Biswal et al., 2010); 3) resting state networks are present in
different states of consciousness (Hutchison et al., 2013); and 4) resting state
networks are replicable across species (Birn et al., 2014; Oler et al., 2012).
Mounting evidence shows that resting state functional MRI recruits a variety of
functional networks that can be engaged during tasks and may represent
underlying structural connectivity (Buckner et al., 2013; Shen et al., 2012).
In this study, we tested for temperament differences in amygdala-dACC
connectivity. To assess group differences in connectivity, we measured
functional connectivity during an emotional task (anticipation and viewing of fear
faces) and at rest. Additionally, we compared amygdala-dACC connectivity within
subjects between the emotional task and resting state, to determine if
connectivity during the social anticipation task is based on underlying resting
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state connectivity. Based on findings in adults with an inhibited temperament, we
hypothesized that during anticipation of fear faces and at rest, inhibited children
would have less amygdala-dACC connectivity, and that these two connectivity
measures would be correlated.

Methods

Recruitment
Study participants were 40 children (20 inhibited, 20 uninhibited) who had
participated in a study of temperament. Children were recruited for: 1) being
between the ages of 8-10 years; 2) having no contraindications for MRI; and 3)
having no history of psychiatric diagnosis or treatment (see Chapter 2 for details
on recruitment and screening). There were no differences between temperament
groups in age, gender, ethnicity, or handedness (see Table 3).

Experimental Design
Two types of functional connectivity data were collected. Task-based
functional connectivity data were collected from a social anticipation task and
preprocessed as detailed in Chapter 3. Resting state connectivity data were
collected as detailed below prior to collection of the task-based data.

Task-Based Connectivity Data
To identify temperament differences in functional connectivity between the
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amygdala and the dACC, we used psychophysiological interaction analysis (PPI;
Friston et al., 1997). For the amygdala seed region, we used an amygdala mask
from the AAL atlas of the Montreal Neurological Institute (Tzourio-Mazoyer et al.,
2002). For the dACC, we used a 6mm radius sphere around coordinates
previously associated with anticipation of fear faces in adults with an inhibited
temperament (x = -12, y = 33, z = 27; Clauss et al., 2014a). Using the
generalized psychophysiological interaction toolbox (gPPI;
http://www.brainmap.wisc.edu/PPI), average BOLD time series were extracted
from each seed region. PPI analysis uses three regressors: the physiological
regressor, the psychological regressor, and the interaction regressor. The
physiological vector was the BOLD time series, and the psychological vector was
one of the following contrasts: 1) anticipation of fear faces, relative to anticipation
of neutral faces; 2) anticipation of fear faces, relative to anticipation of neutral
objects; 3) anticipation of neutral faces, relative to anticipation of neutral objects;
4) fear face viewing, relative to neutral face viewing; 5) fear face viewing, relative
to neutral object viewing; and 6) neutral face viewing, relative to neutral object
viewing. The interaction regressor modeled the change in amygdala connectivity
between the conditions in the contrast. The regressors were used to model the
BOLD time series in individual subjects, producing an estimate of differences in
connectivity at each voxel. The resulting contrast images were used to test for
differences in connectivity.
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Resting State Functional Connectivity Data
Data Acquisition. Scans were collected using a 32-channel headcoil on a
3 Tesla Philips scanner (Philips Healthcare, Inc, Best, The Netherlands). Seven
minutes of functional MRI “resting state” data were obtained approximately 15
minutes after entering the scanner, following structural MRI data collection.
Children were instructed to “close their eyes and relax, but try not to fall asleep”.
High resolution T1-weighted structural images were collected using the following
parameters: 256 mm FOV, 170 slices, 1 mm slice thickness, 0 mm gap.
Functional images were acquired using the following parameters: 2s TR; 1.8
SENSE; 240 mm FOV; 3 x 3 mm in plane resolution using an 80 x 80 matrix
(reconstructed to 128 x 128). Each functional volume contained 28 4 mm slices
(acquisition voxels = 3 mm x 3 mm x 4 mm) and provided whole brain coverage.
Data Processing. Resting state functional data were preprocessed in
SPM8. Each participant’s T1W structural image was segmented into gray matter,
white matter, and cerebrospinal fluid using standard segmentation in SPM8.
Next, data was slice time corrected, motion corrected, coregistered to the
segmented gray matter image, and normalized using parameters from
normalization of the gray matter image. Images were resampled to 3 x 3 x 3 mm
voxels and spatially smoothed (6 mm at full width half maximum). There were no
significant differences between the two groups in motion (translation: IT: 0.82 +
0.85 mm; UT: 0.98 + 1.12 mm; p = .63; rotation: IT: 0.015 + 0.014 radians; UT:
0.017 + 0.025 radians; p = .76). Because motion can affect resting state
connectivity (Power et al., 2012), we censored any volumes with greater than
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2mm motion in any direction and any volumes with high signal intensity (Z scores
> 9) using the Artifact Repair Toolbox (Mazaika et al., 2007).
Intrinsic Connectivity. Intrinsic resting state connectivity was calculated
using the CONN toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012). The
amygdala was used as the seed region. The amygdala seed region was from the
AAL atlas of the Montreal Neurological Institute (Tzourio-Mazoyer et al., 2002).
The BOLD time series for each subject was estimated as the average time series
for all voxels in each ROI. To remove potential sources of noise, BOLD signal
was band pass filtered (.01 to .1 Hz), and white matter and CSF signals were
removed. Using the artifact detection toolbox (ART;
http://www.nitrc.org/projects/artifact_detect/), volumes with greater than 2mm of
motion or a global mean standard deviation greater than Z = 9 were removed.
Temporal correlations were estimated between the seed region ROI time course
and every other voxel in the brain, which produced a beta image for each subject
and each seed region ROI. The resulting beta images were used for all
subsequent analyses.

Data Analysis
Amygdala-dACC Connectivity. To test for differences in amygdala-dACC
connectivity during the task and at rest, beta values of connectivity were
extracted using the EasyROI tool (http://www.sbirc.ed.ac.uk/LCL/LCL_M1.html).
We tested for temperament differences in task-based and resting state
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connectivity between the two groups using a two-sample t-test in SPSS (version
21.0.0).
Comparisons between Task and Resting State Connectivity. To determine
if functional connectivity during an emotional task is related to differences in
resting state connectivity, we compared amygdala-dACC connectivity between
the anticipation of fear faces and fear face viewing to resting state using three
methods: 1) to determine if the relationship between task and resting state
connectivity differed between temperament groups, we conducted a repeated
measures analysis of variance (ANOVA) with task (emotional/rest) as the withinsubjects factor and group (inhibited/uninhibited) as the between-subjects factor
2) to determine if there was an overall relationship between task and resting state
connectivity, we tested for a correlation between emotional and non-emotional
connectivity values across all children, and 3) to determine if there was a
relationship between task and resting state connectivity within each group, we
tested for a correlation between emotional and non-emotional connectivity values
within each temperament group.

Results

Task-Based Functional Connectivity
There were no significant differences between groups in amygdala-dACC
connectivity during fear face anticipation, relative to neutral face anticipation or
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during fear face viewing, relative to neutral face viewing (all p > .13, see Figure
11 and Table 9).

Resting State Connectivity
There were no significant differences in amygdala-dACC resting state
connectivity between temperament groups (all p > .33, see Figure 12 and Table
9).

Relationship between Task-Based and Resting State Connectivity
To test for a relationship between task-based and resting state
connectivity, we used three methods. First, to test if the relationship between
task-based and resting state connectivity differed between groups, we conducted
a repeated measures ANOVA. There was no significant interaction of
connectivity type by temperament in the left (p = .78) or right amygdala (p = .69).
Second, to test for an overall relationship between task-based and functional
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connectivity, we tested for a

correlation between the two measures.

There were no significant correlations

between amygdala-dACC resting state

connectivity and connectivity during

anticipation of fear faces, relative to
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anticipation of neutral faces (left amygdala: r = .26, p = .13, Figure 13A; right
amygdala: r = .04, p = .83, Figure 13B) or during face viewing (left amygdala: r =
-.09, p = .61, Figure 13C; right amygdala: r = .12, p = .49, Figure 13D). Finally, to
determine if there was a relationship between task-based and resting state
connectivity within either group specifically, we tested for a correlation within both
the inhibited group and the uninhibited group. Within the inhibited temperament
group, there were no significant correlations between amygdala-dACC resting
state connectivity and connectivity during anticipation of fear faces, relative to
anticipation of neutral faces (left amygdala: r = .21, p = .41; right amygdala: r =
.02, p = .94) or during fear face viewing, relative to neutral face viewing (left
amygdala: r = .28, p = .26; right amygdala: r = .39, p = .10). Finally, within the
uninhibited temperament group, there were no significant correlations between
amygdala-dACC resting state connectivity and connectivity during anticipation of
fear faces, relative to anticipation of neutral faces (left amygdala: r = .30, p = .21;
right amygdala: r = .05, p = .83) or during fear face viewing, relative to neutral
face viewing (left amygdala: r = -.34, p = .16; right amygdala: r = -.17, p = .48).
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Discussion
We hypothesized that inhibited children would have less amygdala
regulation by the prefrontal cortex, as measured by less amygdala-dACC
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connectivity during the anticipation of fear faces, viewing of fear faces, and at
rest. We proposed that amygdala-dACC connectivity might differ between
temperament groups based on two findings in inhibited adults: 1) inhibited adults
had less connectivity between the amygdala and dACC at rest (Blackford et al.,
2014); 2) inhibited adults had less dACC activation when viewing expected
blocks of fear faces (Clauss et al., 2011). However, both groups had similar
patterns of amygdala-dACC connectivity. We also hypothesized that alterations
in amygdala-dACC connectivity might be based in alterations in resting state
connectivity, but there was no relationship between the resting state and taskbased connectivity.
During anticipation of fear faces and viewing of fear faces, there were no
significant differences in amygdala-dACC connectivity. There are several
possibilities for why we had a negative finding. First, we may have found
differences in connectivity using different amygdala and dACC seed regions.
Seed regions can be defined using an anatomical mask, such as a whole
amygdala mask or an amygdala subnucleus mask. The amygdala is a
heterogeneous structure composed of multiple subnuclei, each subnucleus has a
unique pattern of connectivity (Aggleton et al., 1980; deCampo and Fudge, 2013;
Price and Amaral, 1981; Roy et al., 2009). Children with anxiety symptoms and
adults with an inhibited temperament have alterations in amygdala connectivity
that differ by subnucleus (Blackford et al., 2014; Etkin et al., 2009; Qin et al.,
2014; Roy et al., 2013). Additionally, the basolateral amygdala has stronger
structural connectivity with the ACC (Ghashghaei et al., 2007; Morecraft et al.,
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2007); we may have found significant connectivity and temperament differences
if we had tested for differences in basolateral amygdala-dACC connectivity. Seed
regions can also be defined using a mask from functional differences, such as a
sphere around the peak temperament difference in activation. We may have
found differences in amygdala-dACC connectivity if we defined our mask based
on other functional criteria. Finally, our original hypothesis was based on data
from adults with an inhibited temperament.
DACC functional connectivity undergoes developmental changes, shifting
from diffuse connections, to more focal connections (Kelly et al., 2008), we may
only identify differences in amygdala-dACC connectivity in adults; however,
developmental differences in amygdala-dACC connectivity specifically have yet
to be examined. Several studies have shown developmental changes in
connectivity between the amygdala and several other PFC regions. When
viewing fear faces, connectivity between the amygdala and the rostral ACC is
positive in young children and becomes negative around age 10 (Gee et al.,
2013b). At rest, children have less connectivity between the amygdala and the
dlPFC and rACC than adults (Qin et al., 2012). Developmental changes in
connectivity are also impacted by environment; for example, children who have
lived in institutional care have negative amygdala-rACC throughout childhood
and adolescence (Gee et al., 2013a). Recent evidence also shows that mice that
react more strongly to social stressors also have alterations in amygdalainfralimbic cortex (rodent analogue of ACC) connectivity (Kumar et al., 2014).
These findings suggest that in children at risk for developing psychopathology

89

broadly, the trajectory of amygdala-prefrontal cortex development is altered. This
study only examined at-risk children at one time point; future studies are needed
to determine whether inhibited children show different developmental trajectories
of amygdala-dACC connectivity.
Several previous studies have found a relationship between task-based
and resting state connectivity; however, in this study, we found no relationship
between amygdala-dACC connectivity during task-based and resting state
connectivity. Activation during a simple motor task correlates with resting state
connectivity (Fox et al., 2007, 2006). Patients with social anxiety disorder have
less amygdala-rostral ACC connectivity during both a face processing task and at
rest, and with significant overlap between these findings (Prater et al., 2013).
These prior studies have all compared task-based and resting state connectivity
in adults, rather than children. Adults have stronger amygdala functional
connectivity and have more segregation of amygdala networks (Qin et al., 2012).
As functional networks are still developing in children, we may not find a
relationship between task-based and resting state connectivity.

Conclusions
We found no significant differences in amygdala-dACC connectivity
between groups, and no relationship between task-based and resting state
connectivity. Given that the prefrontal cortex undergoes a protracted
development over childhood and adolescence (Casey et al., 2000; Gogtay et al.,
2004) and that amygdala-prefrontal cortex connectivity also undergoes
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developmental changes (Gee et al., 2013b; Kelly et al., 2008; Qin et al., 2012),
amygdala-dACC connectivity may not yet be fully established in the 8-10 year old
children in this study. Future studies should examine the development of
amygdala-dACC connectivity to determine when functional and structural
connections are formed. Children with anxiety have alterations in amygdala
subnuclei networks (Qin et al., 2014; Roy et al., 2013); future studies in inhibited
temperament should examine differences in both amygdala subnuclei
connectivity and in connectivity with different regions of the ACC. Finally,
trajectories of prefrontal cortex development in inhibited and uninhibited children
likely differ, however, to date, no studies have examined that question. Future
studies should test for differences in prefrontal cortex development in inhibited
children to understand how social anxiety develops in inhibited children.
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CHAPTER V

ALTERATIONS IN BED NUCLEUS OF THE STRIA TERMINALIS FUNCTIONAL
CONNECTIVITY

Introduction
The bed nucleus of the stria terminalis (BNST) is a small subcortical
structure that is part of the “extended amygdala” (Olmos and Heimer, 1999). The
BNST is primarily known for its function in responding to uncertain or sustained
threat (Davis, 1998; Davis et al., 1997). Work by Davis and others (Davis, 1998;
Davis et al., 2009) has conclusively shown that the BNST mediates response to
a sustained threat, such as exposing a rodent to a bright light or putting it in a
context where it has previously received a shock; in contrast, the amygdala
mediates response to a conditioned fear stimulus, such as exposing a rodent to a
light that was previously paired with a shock. Additionally, the amygdala and
BNST respond differently to pharmacological treatments (Miles et al., 2011),
suggesting that modifying BNST response may be an additional target for
treatment of anxiety disorders. In the study of inhibited temperament and anxiety
disorders, the amygdala has been the primary region of focus, but there is
increasing evidence to suggest a role for the BNST in inhibited temperament and
anxiety. However emerging evidence from non-human primates shows that when
non-human primates are exposed to a novel social situation, more inhibited
primates have increased BNST activation (Fox et al., 2010, 2008).
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Recently, neuroimaging studies in humans and non-human primates have
confirmed decades of findings in rodents showing that the BNST is activated in
response to sustained threat or anxiety. The BNST is activated when healthy
adults view unpredictable, aversive images (i.e. sharks, dental work) or when
adults anticipate an unpredictable shock (Alvarez et al., 2011; Somerville et al.,
2012). Additionally, adults with more anxiety have increased BNST activity when
anticipating a painful shock (Somerville et al., 2010). When patients with spider
phobia anticipate seeing a spider that could appear at any time, they have
increased BNST activation (Straube et al., 2007). Given that much of the
behavior in inhibited temperament is based on a response to a novel or uncertain
stimulus, the elevated BNST activation is likely to contribute to inhibited
temperament; however, differences in BNST activation and neurocircuitry have
yet to be examined in humans with an inhibited temperament.
The BNST has connectivity with a number of brain regions implicated in
anxiety, including the amygdala (Avery et al., 2014; deCampo and Fudge, 2013;
Oler et al., 2012), and regions that mediate the peripheral effects of anxiety, such
as the hypothalamus, brainstem, and insula (Dong and Swanson, 2006, 2004;
Dong et al., 2001, 2000). Recently, our lab has developed techniques to test for
differences in BNST functional connectivity in humans (Avery et al., 2014).
Testing for differences in BNST functional connectivity—may provide new insight
into inhibited temperament and risk for social anxiety disorder.
In this study, we tested for temperament differences in BNST connectivity
across the brain using functional connectivity measures during an emotional task
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(anticipation and viewing of faces) and a non-emotional task (resting state). We
hypothesized that inhibited children would show increased BNST connectivity
across the brain.

Methods

Recruitment
Study participants were 40 children (20 inhibited, 20 uninhibited) who were
recruited for: 1) being between the ages of 8-10 years; 2) having no
contraindications for MRI; and 3) having no history of psychiatric diagnosis or
treatment (see Chapter 2 for details on recruitment and screening). There were
no differences between temperament groups in age, gender, ethnicity, or
handedness (see Table 3).

Experimental Design
Data were collected and processed as detailed in Chapter 4. Two types of
functional connectivity data were collected. Task-based functional connectivity
data were collected from a social anticipation task and processed as detailed in
Chapter 4. Resting state connectivity data were collected and preprocessed as
detailed in Chapter 4.

Task-Based Functional Connectivity Data
To identify temperament differences in BNST task-based functional
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connectivity, we used psychophysiological interaction analysis (PPI; Friston et
al., 1997). The BNST seed region was from a previously published mask (Avery
et al., 2014). Using the generalized psychophysiological toolbox (gPPI;
http://www.brainmap.wisc.edu/PPI), average BOLD time series were extracted
from the right and left BNST seed regions. PPI analysis uses three regressors:
the physiological regressor, the psychological regressor, and the interaction
regressor. The physiological regressor was the BOLD time series, and the
psychological regressor was one of the following contrasts: fear face anticipation
– neutral face anticipation, fear face anticipation – neutral object anticipation,
neutral face anticipation – neutral object anticipation, fear face viewing – neutral
face viewing, fear face viewing – neutral object viewing, or neutral face viewing –
neutral object viewing. The interaction regressor modeled the change in BNST
connectivity between the conditions in the contrast. The regressors were used to
model the BOLD time series in individual subjects, producing an estimate of
differences in connectivity at each voxel. The resulting contrast images were
used to test for differences in connectivity.

Resting State Functional Connectivity Data
Resting state functional connectivity data were acquired and processed as
detailed in Chapter 4. Intrinsic resting state connectivity was calculated using the
CONN toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012). The BNST seed
region was from a previously published mask (Avery et al., 2014).
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Data Analysis
To test for temperament differences in BNST connectivity across the
brain, independent-samples t-tests were performed in SPM8 to determine
whether connectivity differed as a function of temperament. Cluster-based
thresholding was used to adjust for multiple comparisons. Based on simulations
performed with AlphaSim
(http://afni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim.pdf), a family-wise error
rate of α < 0.05 was achieved with a voxel threshold of p < .005 and k > 90. For
post hoc analysis, beta values from regions with significant temperament
differences in connectivity were extracted using the Easy ROI tool.

Results

Task-Based Functional Connectivity
During anticipation of fear faces, relative to anticipation of neutral faces,
the inhibited children had significantly greater BNST connectivity with a region of
the parietal cortex (p < .05, corrected, see Figure 14 and Table 10). During
anticipation of fear faces, relative to anticipation of neutral objects, inhibited
children had significantly greater BNST connectivity with the visual cortex,
parietal cortex, and cerebellum (all p < .05, corrected). During anticipation of
neutral faces, relative to anticipation of neutral objects, inhibited children had
greater BNST connectivity with the dorsomedial prefrontal cortex (p < .05,
corrected). There were no significant temperament differences in BNST
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connectivity during face viewing. There were no regions that had significantly
greater BNST connectivity in the uninhibited children.
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Resting State Functional Connectivity
At rest, the inhibited children had significantly greater BNST connectivity
with the motor cortex, including the pre-central and post-central gyri (p < .05,
corrected; see Figure 16D and Table 10).
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Discussion

To date, no studies have examined BNST neurocircuitry in children or in
inhibited temperament in humans; however, non-human primates with inhibited
temperament have increased activation of the bed nucleus of the stria terminalis
(BNST) and studies in rodents have shown that the BNST is critical for
production of anxiety behavior. We tested for temperament differences in BNST
neurocircuitry across the brain during a task, the anticipation and viewing of fear
faces and neutral faces. We also tested for temperament differences in BNST
neurocircuitry at rest. We found that during anticipation of viewing fear faces,
inhibited children had increased BNST connectivity with regions involved in visual
processing—visual and parietal cortex. During anticipation of neutral faces, which
may be more salient to inhibited children, inhibited children had increased BNST
connectivity with a region implicated in emotion regulation—the dorsomedial
prefrontal cortex. At rest, inhibited children had greater BNST connectivity with
the primary motor cortex—this increased connectivity may result in increased
freezing behavior in children with an inhibited temperament (Garcia-Coll et al.,
1984). This study is the first evidence that BNST neurocircuitry is altered in
children with an inhibited temperament, who are at high risk for developing social
anxiety disorders.
During anticipation of viewing fear faces, inhibited children had stronger
BNST connectivity with both primary visual cortex and with secondary visual
processing areas, including posterior parietal cortex. We propose that this
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increased connectivity likely occurs through a BNST-amygdala-visual cortexparietal cortex neural circuit. While there are no known structural connections
between the BNST and the visual cortex, the amygdala has significant
connectivity with both the BNST (Avery et al., 2014; deCampo and Fudge, 2013;
Dong et al., 2001; Oler et al., 2012) and the visual cortex (Amaral et al., 2003).
The amygdala receives visual input through dense connections from the visual
cortex and also activates visual cortex to signal attention to salient events
(Phelps and LeDoux, 2005). The visual cortex projects to the posterior parietal
cortex for further visual processing (Baizer et al., 1991). Additionally, adults with
an inhibited temperament have increased resting state connectivity between the
central nucleus of the amygdala and a similar region of the parietal cortex to the
region we found in this study (Blackford et al., 2014), providing further evidence
for upregulation of a BNST-amygdala-visual cortex-parietal cortex circuit.
Upregulation of BNST-visual processing pathways during anticipation of
viewing faces likely represents increased visual attention and preparation for
viewing salient stimuli—fear faces—in inhibited children. In rodents and humans,
the BNST is activated during periods of sustained anxiety or uncertain threat and
rodents, the BNST is critical for the production of light-enhanced startle (Davis,
1998), reinforcing the idea that BNST-visual pathways are important in sustained
anxiety responses. This increased BNST-visual connectivity during anticipation
may cause greater visual cortex activation found in inhibited children during fear
face viewing (see Chapter 3). Inhibited adults also have increased visual cortex
activation while anticipating faces (Clauss et al., 2014a) and viewing faces
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(Blackford et al., 2011; Schwartz et al., 2003a). Previous findings of increased
visual cortex activity may be mediated by increased amygdala-visual cortex or
BNST-visual cortex connectivity; however differences in connectivity were not
tested in those paradigms.
During anticipation of viewing neutral faces, inhibited children had
increased connectivity between the BNST and dorsomedial prefrontal cortex
(dmPFC). The dmPFC has functions in emotion regulation (Diekhof et al., 2011;
Hermann et al., 2009; Kober et al., 2008; Ochsner et al., 2004). No studies in
primates or rodents have found structural connections between the BNST and
the dmPFC; however, our lab found significant functional connectivity between
the BNST and the dmPFC (Avery et al., 2014). Neutral faces are particularly
salient to inhibited temperament. We propose that increased BNST-dmPFC
connectivity in inhibited children during anticipation of neutral faces may be a
mechanism by which the BNST primes the prefrontal cortex to respond to
upcoming neutral faces stimuli in the inhibited temperament group.
At rest, inhibited children had greater connectivity between the BNST and
the primary motor cortex, which may be related to increased freezing behavior in
inhibited temperament. Children with an inhibited temperament are more likely to
freeze when they encounter novel or unfamiliar situations (Garcia-Coll et al.,
1984; Kagan and Snidman, 2004) and non-human primates and rodents with an
inhibited temperament display increased freezing duration (Jiao et al., 2011;
Kalin and Shelton, 2003; Stead et al., 2006). In non-human primates, the
duration of freezing is positively correlated with activation in a region of the
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primary motor cortex (Shackman et al., 2013) that is very similar to the region we
identified as having stronger BNST connectivity in inhibited temperament. The
BNST projects to a number of regions that control motor output, including the
nucleus accumbens and thalamic nuclei (Dong and Swanson, 2004), as well as
to the periaqueductal gray (Dong et al., 2000). While the BNST and the motor
cortex are not known to be structurally connected, the BNST projects to the
nucleus accumbens, which then projects to the globus pallidus (Nauta et al.,
1978); the globus pallidus inhibits motor cortex via the ventral thalamus (DeVito
and Anderson, 1982). Increased BNST functional connectivity with motor cortex
may be through a BNST-nucleus accumbens-globus pallidus-thalamus-motor
cortex pathway; this increased BNST connectivity with motor cortex at rest may
mediate increased freezing in inhibited children.
Little is known about the connectivity of the BNST in primates. The
majority of the work on BNST connectivity has been in rodent models and has
shown that the BNST is structurally connected with limbic regions; few studies
have shown that the BNST is connected with cortical regions, but it is known to
be connected with infralimbic cortex (ACC in humans) (Dong and Swanson,
2006, 2004; Dong et al., 2001, 2000). Recently, our lab published the first study
of BNST connectivity in healthy adults; however, no studies have tested for
differences in BNST connectivity over development or in inhibited adults.
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Conclusions
During anticipation of viewing faces, children with an inhibited
temperament had increased BNST connectivity to regions involved in the
processing of visual stimuli and cognitive control. When inhibited children viewed
faces, they had increased activation of the visual cortex and dmPFC, suggesting
that increased functional connectivity to the BNST may represent increased
signaling between the BNST and those regions. The BNST mediates sustained
anxiety and uncertain threat, thus BNST functional connectivity with these
regions may upregulate activation during the viewing of faces. Finally, inhibited
children had increased BNST connectivity with the motor cortex at rest, which
may be the mechanism by which inhibited temperament is associated with
increased freezing behavior. It remains unknown if BNST connectivity is
malleable and can be changed by experience or medication. Future studies
should examine changes in BNST connectivity over development and in patients
who have developed social anxiety disorder to understand how BNST
connectivity may contribute to the development of social anxiety disorder.

103

CHAPTER VI

SYNOPSIS AND CONCLUSIONS

Synopsis
Inhibited temperament is a biologically-based risk factor for the
development of anxiety disorders (Biederman et al., 2001, 1993, 1990; ChronisTuscano et al., 2009; Clauss and Blackford, 2012; Essex et al., 2010; Hirshfeld et
al., 1992; Rosenbaum et al., 1991; Schwartz et al., 1999). In adolescents and
young adults, inhibited temperament is associated with amygdala hyperactivity
and alterations in prefrontal cortex activation (Blackford et al., 2013, 2011, 2009;
Clauss et al., 2014a, 2014b; Pérez-Edgar et al., 2007; Schwartz et al., 2012,
2003a). Recent studies have shown that inhibited adults with more anxiety
symptoms have less prefrontal cortex activation during cognitive control
processes; decresed prefrontal cortex activation may be a neural vulnerability
factor for anxiety disorders in inhibited adults (Clauss et al., 2014a; Jarcho et al.,
2013a).
In this study, we found that inhibited children who had not yet developed
anxiety disorders had underlying neural vulnerability factors, including increased
amygdala activation and decreased prefrontal cortex activation during
anticipation of faces. In contrast to the anticipation period, during the face
viewing period, inhibited children had increased prefrontal cortex activity. These
prefrontal cortex findings suggest that inhibited children may have a delay in
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activation of emotion regulation or cognitive control, or that they fail to effectively
prepare to see social stimuli.
One part of the prefrontal cortex in particular—the dorsal anterior cingulate
cortex (dACC)—has been consistently implicated in inhibited temperament in
adults and has functions in cognitive control (Clauss et al., 2014a, 2011; Etkin
and Wager, 2007). Adults with an inhibited temperament have less functional
connectivity between the dACC and the amygdala (Blackford et al., 2014). Unlike
adults, inhibited and uninhibited children had similar patterns of connectivity
between the dorsal anterior cingulate cortex (dACC) and the amygdala. These
findings suggest that while differences in activation of cognitive control regions
are present in children with an inhibited temperament, these findings are not
related to differences in amygdala-dACC connectivity. Differences in connectivity
between the amygdala and other parts of the anterior cingulate cortex or
prefrontal cortex may be present and should be explored in future studies.
Finally, we tested for differences in connectivity with the bed nucleus of
the stria terminalis (BNST), a small subcortical region that mediates sustained
responses to threat and anxiety. BNST connectivity differences were tested
during task and at rest. Inhibited children had increased BNST connectivity with
regions involved in visual processing during anticipation of viewing fear faces,
and increased BNST connectivity with regions involved in cognitive control and
emotion regulation during anticipation of viewing neutral faces. Inhibited children
and adults have greater visual cortex activity when viewing faces (see Chapter 3;
Blackford et al., 2011; Schwartz et al., 2003a), and this increased activation may

105

be through BNST-amygdala-visual cortex pathways. At rest, the inhibited children
had increased BNST connectivity with the motor cortex, which may be the
mechanism by which inhibited temperament is associated with increased
freezing behavior.
Inhibited children show alterations in a limbic-frontal circuit, including the
amygdala, insula, rostral anterior cingulate cortex, dorsolateral prefrontal cortex,
and dorsomedial prefrontal cortex. These alterations include increased activity of
the amygdala and insula and differences in timing of prefrontal cortex activation.
This neural signature of inhibited temperament is independent of anxiety
disorders, as we found these differences in 8-10 years old children who have yet
to develop anxiety disorders.

Conclusions
We have demonstrated broad differences in amygdala-prefrontal cortex
neurocircuitry in children with an inhibited temperament. These findings are in the
context of broad changes in neurocircuitry as the brain matures. The prefrontal
cortex undergoes many changes throughout development—including
proliferation, synaptic pruning, and myelination (Gogtay et al., 2004;
Huttenlocher, 2002)—and these changes correspond to increases in cognitive
control and emotion regulation abilities (Casey et al., 2000). When young,
healthy control children view fear faces, amygdala-anterior cingulate cortex
connectivity is positive and shifts to an adult pattern of negative connectivity
around the age of 10 (Gee et al., 2013b). Concurrent with this shift in connectivity
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is a reduction in amygdala activation (Gee et al., 2013b). In inhibited children
who are vulnerable to anxiety disorders, amygdala-anterior cingulate connectivity
may not shift. In inhibited children who are resilient to anxiety disorders,
amygdala-anterior cingulate connectivity may follow the typical pattern and
become negative; however, these hypotheses have yet to be tested. Children
with an inhibited temperament had less prefrontal cortex activation during
anticipation of viewing fear faces; however adults with an inhibited temperament
had greater prefrontal cortex activation during anticipation of viewing fear faces
(Clauss et al., 2014a). For inhibited adults, increased anterior cingulate activity is
beneficial and corresponds to fewer social anxiety symptoms (Clauss et al.,
2014a). In inhibited children, failure to engage prefrontal cortex during
anticipation of negative social stimuli, such as fear faces, is an underlying
vulnerability factor and may be a neural signature of risk for social anxiety
disorder.
We hypothesize that as the prefrontal cortex continues to mature, some
inhibited children will begin to engage prefrontal anticipatory processes, and will
be resilient to developing anxiety disorders. We predict that inhibited children
who do not develop the ability to engage prefrontal cortex during anticipation will
be vulnerable to developing anxiety disorders. What might cause some inhibited
children to develop increased anticipatory prefrontal cortex activation as they
mature? Differences in prefrontal cortex maturation are likely a result of both
nature—including underlying genetic differences in prefrontal cortex
development—and nurture—including exposure to positive environments, such
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as moderate challenges or beneficial school environments, or exposure to
negative environments, including stress and trauma. Children with an inhibited
temperament have fewer anxiety symptoms if their parents are warm, but firm
(Williams et al., 2009); however, it remains unknown by what mechanism
parenting prevents the development of anxiety symptoms. In rodent models, both
enriched environments and attentive maternal care can induce neural
proliferation and synaptogenesis (Kaffman and Meaney, 2007; Nithianantharajah
and Hannan, 2006); targeted interventions that address both parenting and the
child’s environment may induce prefrontal cortex proliferation in inhibited
children. Longitudinal studies that follow inhibited children over time are critical
for dissecting the complex brain and environment factors that lead to anxiety
disorders.
Anticipatory prefrontal cortex activation may be modified by treatments
and could be a target for intervention in high-risk inhibited children. Activity of the
prefrontal cortex can be modified by psychotherapy (Klumpp et al., 2013a), and
drug treatments (Aupperle et al., 2011). Given that the prefrontal cortex
undergoes protracted development over time (Casey et al., 2000; Huttenlocher,
2002), there may be particular critical periods during which interventions are
most effective. To date, no studies have examined interventions
developmentally, but this is a critical future direction for psychiatric research. If
critical periods for prefrontal cortex development could be identified, targeted
interventions could be developed for inhibited children.
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We hypothesized that inhibited children would show heightened amygdala
activation to fear faces, consistent with previous studies of inhibited adolescents
and adults. However, in this study, inhibited children had less discrimination in
amygdala activation—inhibited children had similar patterns of amygdala
activation during anticipation of viewing both fear and neutral faces. Increased
amygdala response has been consistently identified in inhibited adolescents and
adults (Blackford et al., 2013, 2011, 2009; Clauss et al., 2014b, 2011; PérezEdgar et al., 2007; Schwartz et al., 2012, 2003a). Inhibited adults also fail to
discriminate between novel and familiar faces (Blackford et al., 2011), suggesting
that inhibited temperament may be associated with amygdala generalization to
social stimuli. Increased generalization has been proposed as an underlying
mechanism of anxiety disorders (Lissek et al., 2010) and inhibited children may
have an underlying hypersensitivity to faces, which leads to increased amygdala
activation to faces in general. In inhibited temperament, faces are likely to be
more salient or threatening, which leads to increased amygdala activation to all
faces, and may lead to the development of social anxiety disorder.
Another explanation for the lack of amygdala differences in inhibited
children is that the amygdala undergoes structural and functional changes across
development and inhibited children may have alternate developmental
trajectories. The amygdala develops early in life, during the fetal and early
postnatal period (Chareyron et al., 2012). In non-human primate models,
lesioning the amygdala during the postnatal period increases fear behavior
(Raper et al., 2013), but lesioning the amygdala during adulthood decreases fear
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behavior (Fox et al., 2012; Kalin et al., 2001; Machado et al., 2009). The
functional activation of the amygdala also changes over childhood. Amygdala
activation to faces decreases as children grow older (Gee et al., 2013b; Killgore
et al., 2001). However, amygdala activation in inhibited adults remains high
(Blackford et al., 2013, 2011, 2009; Pérez-Edgar et al., 2007; Schwartz et al.,
2003a), suggesting that at some point in development, the trajectories of
inhibited children may diverge from the typical pattern. Inhibited adults have
increased amygdala volume, which correlates with increased amygdala activity
(Clauss et al., 2014b). Evidence from rodent models points to a role for chronic
stress in increased amygdala volume (Mitra et al., 2005; Vyas et al., 2002), and
inhibited individuals may have increased amygdala volume due to chronic
anxiety and stress. Increased amygdala volume may cause increased amygdala
activation and hyperactivity. Inhibited children and adults have increased
amygdala response, which may stem from amygdala hypertrophy; this amygdala
hypertrophy is due to exposure to chronic anxiety and stress.
Within the context of developmental neurobiology, our findings fit with both
the Casey model of fear neurocircuitry development (Casey et al., 2013) and the
Ernst triadic model of motivated behavior (Ernst and Fudge, 2009; Ernst et al.,
2005). Both models suggest that a relative imbalance in the development of
prefrontal cortical and subcortical regions contributes to the behavioral changes
observed during through childhood and adolescence. In children and
adolescents, subcortical brain regions, such as the amygdala, mature earlier,
whereas the prefrontal cortex matures later. This differential maturation leads to
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a relative imbalance between the amygdala, which responds to fear stimuli, and
the prefrontal cortex, which regulates amygdala response. During adolescence,
this differential maturity between the amygdala and prefrontal cortex is
accompanied by a corresponding increase in the prevalence of anxiety disorders
(Kessler et al., 2005). In the current study, we found evidence of an amygdalaprefrontal cortex imbalance during anticipation; inhibited children had a similarly
increased amygdala response during anticipation of both face types,
accompanied by less prefrontal cortex regulation. These models predict that for
most children, prefrontal cortex development will eventually catch up with the
amygdala and restore balance between the two regions, but for some children,
the amygdala and prefrontal cortex imbalance will persist. This imbalance will
lead to the development of anxiety disorders.

111

REFERENCES

Aggleton, J.P., Burton, M.J., Passingham, R.E., 1980. Cortical and subcortical
afferents to the amygdala of the rhesus monkey (Macaca mulatta). Brain
Res. 190, 347–368.
Alvarez, R.P., Chen, G., Bodurka, J., Kaplan, R., Grillon, C., 2011. Phasic and
sustained fear in humans elicits distinct patterns of brain activity.
NeuroImage 55, 389–400.
Amaral, D.., Behniea, H., Kelly, J.., 2003. Topographic organization of projections
from the amygdala to the visual cortex in the macaque monkey.
Neuroscience 118, 1099–1120. doi:10.1016/S0306-4522(02)01001-1
Aupperle, R.L., Allard, C.B., Grimes, E.M., Simmons, A.N., Flagan, T.,
Behrooznia, M., Cissell, S.H., Twamley, E.W., Thorp, S.R., Norman, S.B.,
Paulus, M.P., Stein, M.B., 2012. Dorsolateral prefrontal cortex activation
during emotional anticipation and neuropsychological performance in
posttraumatic stress disorder. Arch. Gen. Psychiatry 69, 360–371.
Aupperle, R.L., Ravindran, L., Tankersley, D., Flagan, T., Stein, N.R., Simmons,
A.N., Stein, M.B., Paulus, M.P., 2011. Pregabalin influences insula and
amygdala activation during anticipation of emotional images.
Neuropsychopharmacology 36, 1466–1477.
Avery, S.N., Clauss, J.A., Winder, D.G., Woodward, N., Heckers, S., Blackford,
J.U., 2014. BNST neurocircuitry in humans. NeuroImage 91, 311–323.
doi:10.1016/j.neuroimage.2014.01.017

112

Baizer, J.S., Ungerleider, L.G., Desimone, R., 1991. Organization of visual inputs
to the inferior temporal and posterior parietal cortex in macaques. J.
Neurosci. 11, 168–190.
Ballespí, S., Jané, M.C., Riba, M.D., 2013. Reliability and validity of a brief
clinician-report scale for screening behavioral inhibition. J. Psychopathol.
Behav. Assess. doi:10.1007/s10862-013-9344-7
Bar-Haim, Y., Fox, N.A., Benson, B., Guyer, A.E., Williams, A., Nelson, E.E.,
Perez-Edgar, K., Pine, D.S., Ernst, M., 2009. Neural correlates of reward
processing in adolescents with a history of inhibited temperament.
Psychol. Sci. 20, 1009–1018.
Barbas, H., Pandya, D.N., 1989. Architecture and intrinsic connections of the
prefrontal cortex in the rhesus monkey. J. Comp. Neurol. 286, 353–375.
Barlow, D.H., Chorpita, B.F., Turovsky, J., 1996. Fear, panic, anxiety, and
disorders of emotion, in: Perspectives on Anxiety, Panic, and Fear,
Current Theory and Research in Motivation. University of Nebraska Press,
Lincoln, Nebraska, pp. 251–328.
Baur, V., Brühl, A.B., Herwig, U., Eberle, T., Rufer, M., Delsignore, A., Jäncke, L.,
Hänggi, J., 2013. Evidence of frontotemporal structural hypoconnectivity in
social anxiety disorder: A quantitative fiber tractography study. Hum. Brain
Mapp. 34, 437–446. doi:10.1002/hbm.21447
Baur, V., Hänggi, J., Rufer, M., Delsignore, A., Jäncke, L., Herwig, U., Beatrix
Brühl, A., 2011. White matter alterations in social anxiety disorder. J.
Psychiatr. Res.

113

Beesdo, K., Bittner, A., Pine, D.S., Stein, M.B., Hofler, M., Lieb, R., Wittchen,
H.U., 2007. Incidence of social anxiety disorder and the consistent risk for
secondary depression in the first three decades of life. Arch. Gen.
Psychiatry 64, 903–913.
Beidel, D.C., Turner, S.M., Hamlin, K., Morris, T.L., 2001. The Social Phobia and
Anxiety Inventory for Children (SPAI-C): external and discriminative
validity. Behav. Ther. 31, 75–87.
Beidel, D.C., Turner, S.M., Morris, T.L., 1995. A new inventory to assess
childhood social anxiety and phobia: the Social Phobia and Anxiety
Inventory for Children. Psychol. Assess. 7, 73–79.
Berument, S.K., Rutter, M., Lord, C., Pickles, A., Bailey, A., 1999. Autism
screening questionnaire: diagnostic validity. Br. J. Psychiatry 175, 444–
451. doi:10.1192/bjp.175.5.444
Biederman, J., Hirshfeld-Becker, D.R., Rosenbaum, J.F., Herot, C., Friedman,
D., Snidman, N., Kagan, J., Faraone, S.V., 2001. Further evidence of
association between behavioral inhibition and social anxiety in children.
Am. J. Psychiatry 158, 1673–1679.
Biederman, J., Rosenbaum, J.F., Bolduc-Murphy, E.A., Faraone, S.V., Chaloff,
J., Hirshfeld, D.R., Kagan, J., 1993. A 3-year follow-up of children with and
without behavioral inhibition. J. Am. Acad. Child Adolesc. Psychiatry 32,
814–821.
Biederman, J., Rosenbaum, J.F., Hirshfeld, D.R., Faraone, S.V., Bolduc, E.A.,
Gersten, M., Meminger, S.R., Kagan, J., Snidman, N., Reznick, J.S.,

114

1990. Psychiatric correlates of behavioral inhibition in young children of
parents with and without psychiatric disorders. Arch. Gen. Psychiatry 47,
21–26.
Birmaher, B., Khetarpal, S., Brent, D., Cully, M., Balach, L., Kaufman, J., Neer,
S.M., 1997. The screen for child anxiety related emotional disorders
(SCARED): Scale construction and psychometric characteristics. J. Am.
Acad. Child Adolesc. Psychiatry 36, 545–553.
Birn, R.M., Shackman, A.J., Oler, J.A., Williams, L.E., McFarlin, D.R., Rogers,
G.M., Shelton, S.E., Alexander, A.L., Pine, D.S., Slattery, M.J., Davidson,
R.J., Fox, A.S., Kalin, N.H., 2014. Evolutionarily-conserved prefrontalamygdalar dysfunction in early-life anxiety. Mol. Psychiatry.
Bishop, G., Spence, S.H., McDonald, C., 2003. Can parents and teachers
provide a reliable and valid report of behavioral inhibition? Child Dev. 74,
1899–1917.
Biswal, B.B., Mennes, M., Zuo, X.-N., Gohel, S., Kelly, C., Smith, S.M.,
Beckmann, C.F., Adelstein, J.S., Buckner, R.L., Colcombe, S.,
Dogonowski, A.-M., Ernst, M., Fair, D., Hampson, M., Hoptman, M.J.,
Hyde, J.S., Kiviniemi, V.J., Kotter, R., Li, S.-J., Lin, C.-P., Lowe, M.J.,
Mackay, C., Madden, D.J., Madsen, K.H., Margulies, D.S., Mayberg, H.S.,
McMahon, K., Monk, C.S., Mostofsky, S.H., Nagel, B.J., Pekar, J.J.,
Peltier, S.J., Petersen, S.E., Riedl, V., Rombouts, S.A.R.B., Rypma, B.,
Schlaggar, B.L., Schmidt, S., Seidler, R.D., Siegle, G.J., Sorg, C., Teng,
G.-J., Veijola, J., Villringer, A., Walter, M., Wang, L., Weng, X.-C.,

115

Whitfield-Gabrieli, S., Williamson, P., Windischberger, C., Zang, Y.-F.,
Zhang, H.-Y., Castellanos, F.X., Milham, M.P., 2010. Toward discovery
science of human brain function. Proc. Natl. Acad. Sci. 107, 4734–4739.
doi:10.1073/pnas.0911855107
Blackford, J.U., Allen, A.H., Cowan, R.L., Avery, S.N., 2013. Amygdala and
hippocampus fail to habituate to faces in individuals with an inhibited
temperament. Soc. Cogn. Affect. Neurosci. 8, 143–150.
doi:10.1093/scan/nsr078
Blackford, J.U., Avery, S.N., Cowan, R.L., Shelton, R.C., Zald, D.H., 2011.
Sustained amygdala response to both novel and newly familiar faces
characterizes inhibited temperament. Soc. Cogn. Affect. Neurosci. 6, 621–
9.
Blackford, J.U., Avery, S.N., Shelton, R.C., Zald, D.H., 2009. Amygdala temporal
dynamics: temperamental differences in the timing of amygdala response
to familiar and novel faces. BMC Neurosci. 10, 145.
Blackford, J.U., Buckholtz, J.W., Avery, S.N., Zald, D.H., 2010. A unique role for
the human amygdala in novelty detection. Neuroimage 50, 1188–1193.
Blackford, J.U., Clauss, J.A., Avery, S.N., Cowan, R.L., Benningfield, M.M.,
VanDerKlok, R.M., 2014. Amygdala–cingulate intrinsic connectivity is
associated with degree of social inhibition. Biol. Psychol. 99, 15–25.
doi:10.1016/j.biopsycho.2014.02.003
Blair, K.S., Geraci, M., Korelitz, K., Otero, M., Towbin, K., Ernst, M., Leibenluft,
E., Blair, R.J.R., Pine, D.S., 2011. The pathology of social phobia is

116

independent of developmental changes in face processing. Am. J.
Psychiatry 168, 1202–1209.
Blair, K.S., Geraci, M., Smith, B.W., Hollon, N., DeVido, J., Otero, M., Blair, J.R.,
Pine, D.S., 2012. Reduced dorsal anterior cingulate cortical activity during
emotional regulation and top-down attentional control in generalized social
phobia, generalized anxiety disorder, and comorbid generalized social
phobia/generalized anxiety disorder. Biol. Psychiatry.
Blumenthal, H., Leen-Feldner, E.W., Trainor, C.D., Babson, K.A., Bunaciu, L.,
2009. Interactive roles of pubertal timing and peer relations in predicting
social anxiety symptoms among youth. J. Adolesc. Health 44, 401–403.
doi:10.1016/j.jadohealth.2008.08.023
Breiter, H.C., Etcoff, N.L., Whalen, P.J., Kennedy, W.A., Rauch, S.L., Buckner,
R.L., Strauss, M.M., Hyman, S.E., Rosen, B.R., 1996. Response and
habituation of the human amygdala during visual processing of facial
expression. Neuron 17, 875–887.
Britton, J.C., Grillon, C., Lissek, S., Norcross, M.A., Szuhany, K.L., Chen, G.,
Ernst, M., Nelson, E.E., Leibenluft, E., Shechner, T., Pine, D.S., 2013.
Response to learned threat: an fMRI study in adolescent and adult
anxiety. Am. J. Psychiatry. doi:10.1176/appi.ajp.2013.12050651
Broeren, S., Muris, P., 2009. A psychometric evaluation of the Behavioral
Inhibition Questionnaire in a non-clinical sample of Dutch children and
adolescents. Child Psychiatry Hum. Dev. 41, 214–229.
doi:10.1007/s10578-009-0162-9

117

Broeren, S., Muris, P., Diamantopoulou, S., Baker, J.R., 2013. The course of
childhood anxiety symptoms: developmental trajectories and child-related
factors in normal children. J. Abnorm. Child Psychol. 41, 81–95.
doi:10.1007/s10802-012-9669-9
Brühl, A.B., Herwig, U., Delsignore, A., Jancke, L., Rufer, M., 2013. General
emotion processing in social anxiety disorder: neural issues of cognitive
control. Psychiatr. Res. Neuroimaging 212, 108–15.
Brühl, A.B., Rufer, M., Delsignore, A., Kaffenberger, T., Jäncke, L., Herwig, U.,
2011. Neural correlates of altered general emotion processing in social
anxiety disorder. Brain Res. 1378, 72–83.
doi:10.1016/j.brainres.2010.12.084
Buckner, R.L., Krienen, F.M., Yeo, B.T.T., 2013. Opportunities and limitations of
intrinsic functional connectivity MRI. Nat. Neurosci. 16, 832–837.
doi:10.1038/nn.3423
Bunge, S.A., Dudukovic, N.M., Thomason, M.E., Vaidya, C.J., Gabrieli, J.D.E.,
2002. Immature frontal lobe contributions to cognitive control in children:
evidence from fMRI. Neuron 33, 301–311.
Bush, G., Luu, P., Posner, M.I., others, 2000. Cognitive and emotional influences
in anterior cingulate cortex. Trends Cogn. Sci. 4, 215–222.
Byars, A.W., Holland, S.K., Strawsburg, R.H., Schmithorst, V.J., Dunn, R.S., Ball,
W.S., 2002. Practical aspects of conducting large-scale fMRI studies in
children. J. Child Neurol. 17, 885–890.

118

Calkins, S.D., Fox, N.A., Marshall, T.R., 1996. Behavioral and physiological
antecedents of inhibited and uninhibited behavior. Child Dev. 67, 523–
540.
Canivez, G.L., 1995. Validity of the Kaufman Brief Intelligence Test: comparisons
with the Wechsler Intelligence Scale for Children-Third Edition.
Assessment 2, 101–111.
Carlson, J.M., Greenberg, T., Rubin, D., Mujica-Parodi, L.R., 2011. Feeling
anxious: anticipatory amygdalo-insular response predicts the feeling of
anxious anticipation. Soc. Cogn. Affect. Neurosci. 6, 74–81.
Carmichael, S.T., Price, J.L., 1995. Limbic connections of the orbital and medial
prefrontal cortex in macaque monkeys. J Comp Neurol 363, 615–641.
Casey, B.J., Giedd, J.N., Thomas, K.M., 2000. Structural and functional brain
development and its relation to cognitive development. Biol. Psychol. 54,
241–257.
Casey, B.J., Pattwell, S.S., Glatt, C.E., Lee, F.S., 2013. Treating the developing
brain: implications from human imaging and mouse genetics. Annu. Rev.
Med. 64, 427–439. doi:10.1146/annurev-med-052611-130408
Caspi, A., Moffitt, T.E., Newman, D.L., Silva, P.A., 1996. Behavioral observations
at age 3 years predict adult psychiatric disorders: longitudinal evidence
from a birth cohort. Arch. Gen. Psychiatry 53, 1033.
Chandler, S., Charman, T., Baird, G., Simonoff, E., Loucas, T., Meldrum, D.,
Scott, M., Pickles, A., 2007. Validation of the Social Communication
Questionnaire in a population cohort of children with autism spectrum

119

disorders. J. Am. Acad. Child Adolesc. Psychiatry 46, 1324–1332.
doi:10.1097/chi.0b013e31812f7d8d
Chareyron, L.J., Lavenex, P.B., Amaral, D.G., Lavenex, P., 2012. Postnatal
development of the amygdala: A stereological study in macaque monkeys.
J. Comp. Neurol. 520, 1965–1984. doi:10.1002/cne.23023
Chronis-Tuscano, A., Degnan, K.A., Pine, D.S., Perez-Edgar, K., Henderson,
H.A., Diaz, Y., Raggi, V.L., Fox, N.A., 2009. Stable early maternal report
of behavioral inhibition predicts lifetime social anxiety disorder in
adolescence. J. Am. Acad. Child Adolesc. Psychiatry 48, 928–935.
doi:10.1097/CHI.0b013e3181ae09df
Chua, P., Krams, M., Toni, I., Passingham, R., Dolan, R., 1999. A functional
anatomy of anticipatory anxiety. NeuroImage 9, 563–571.
Clauss, J.A., Avery, S.N., VanDerKlok, R.M., Rogers, B.P., Cowan, R.L.,
Benningfield, M.M., Blackford, J.U., 2014a. Neurocircuitry underlying risk
and resilience to social anxiety disorder. Depress. Anxiety.
doi:10.1002/da.22265
Clauss, J.A., Blackford, J.U., 2012. Behavioral inhibition and risk for developing
social anxiety disorder: a meta-analytic study. J. Am. Acad. Child Adolesc.
Psychiatry 51, 1066–1075.
Clauss, J.A., Cowan, R.L., Blackford, J.U., 2011. Expectation and temperament
moderate amygdala and dorsal anterior cingulate cortex responses to fear
faces. Cogn. Affect. Behav. Neurosci. 11, 13–21. doi:10.3758/s13415010-0007-9

120

Clauss, J.A., Seay, A.L., VanDerKlok, R.M., Avery, S., Cao, A., Cowan, R.L.,
Benningfield, M.M., Blackford, J.U., 2014b. Structural and functional bases
of inhibited temperament. Soc. Cogn. Affect. Neurosci.
doi:10.1093/scan/nsu019
Conners, C.K., Sitarenios, G., Parker, J.D., Epstein, J.N., 1998. The revised
Conners’ Parent Rating Scale (CPRS-R): factor structure, reliability, and
criterion validity. J. Abnorm. Child Psychol. 26, 257–268.
Cooney, R.E., Atlas, L.Y., Joormann, J., Eugène, F., Gotlib, I.H., 2006. Amygdala
activation in the processing of neutral faces in social anxiety disorder: Is
neutral really neutral? Psychiatry Res. Neuroimaging 148, 55–59.
doi:10.1016/j.pscychresns.2006.05.003
Cortina, J.M., 1993. What is coefficient alpha? An examination of theory and
applications. J. Appl. Psychol. 78, 98–104.
Dalrymple, K.L., Herbert, J.D., Gaudiano, B.A., 2006. Onset of illness and
developmental factors in social anxiety disorder: preliminary findings from
a retrospective interview. J. Psychopathol. Behav. Assess. 29, 101–110.
doi:10.1007/s10862-006-9033-x
Davis, M., 1998. Are different parts of the extended amygdala involved in fear
versus anxiety? Biol. Psychiatry 44, 1239–1247.
Davis, M., Walker, D.L., Lee, Y., 1997. Amygdala and bed nucleus of the stria
terminalis: differential roles in fear and anxiety measured with the acoustic
startle reflex. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 352, 1675–1687.

121

Davis, M., Walker, D.L., Miles, L., Grillon, C., 2009. Phasic vs sustained fear in
rats and humans: role of the extended amygdala in fear vs anxiety.
Neuropsychopharmacology 35, 105–135.
De Bie, H.M.A., Boersma, M., Wattjes, M.P., Adriaanse, S., Vermeulen, R.J.,
Oostrom, K.J., Huisman, J., Veltman, D.J., Delemarre-Van de Waal, H.A.,
2010. Preparing children with a mock scanner training protocol results in
high quality structural and functional MRI scans. Eur. J. Pediatr. 169,
1079–1085. doi:10.1007/s00431-010-1181-z
deCampo, D.M., Fudge, J.L., 2013. Amygdala projections to the lateral bed
nucleus of the stria terminalis in the macaque: Comparison with ventral
striatal afferents: Amygdala-bed nucleus pathway in primates. J. Comp.
Neurol. 521, 3191–3216. doi:10.1002/cne.23340
DeVito, J.L., Anderson, M.E., 1982. An autoradiographic study of efferent
connections of the globus pallidus in Macaca mulatta. Exp. Brain Res. 46,
107–117.
Diedrichsen, J., Shadmehr, R., 2005. Detecting and adjusting for artifacts in fMRI
time series data. NeuroImage 27, 624–634.
doi:10.1016/j.neuroimage.2005.04.039
Diekhof, E.K., Geier, K., Falkai, P., Gruber, O., 2011. Fear is only as deep as the
mind allows: A coordinate-based meta-analysis of neuroimaging studies
on the regulation of negative affect. Neuroimage 58, 275–85.
doi:10.1016/j.neuroimage.2011.05.073

122

Dodhia, S., Hosanagar, A., Fitzgerald, D.A., Labuschagne, I., Wood, A.G.,
Nathan, P.J., Phan, K.L., 2014. Modulation of resting-state amygdalafrontal functional connectivity by oxytocin in generalized social anxiety
disorder. Neuropsychopharmacology. doi:10.1038/npp.2014.53
Dong, H.-W., Petrovich, G.D., Swanson, L.W., 2000. Organization of projections
from the juxtacapsular nucleus of the BST: a PHAL study in the rat. Brain
Res. 859, 1–14.
Dong, H.-W., Petrovich, G.D., Swanson, L.W., 2001. Topography of projections
from amygdala to bed nuclei of the stria terminalis. Brain Res. Rev. 38,
192–246.
Dong, H.-W., Swanson, L.W., 2004. Organization of axonal projections from the
anterolateral area of the bed nuclei of the stria terminalis. J. Comp.
Neurol. 468, 277–298. doi:10.1002/cne.10949
Dong, H.-W., Swanson, L.W., 2006. Projections from bed nuclei of the stria
terminalis, dorsomedial nucleus: implications for cerebral hemisphere
integration of neuroendocrine, autonomic, and drinking responses. J.
Comp. Neurol. 494, 75–107. doi:10.1002/cne.20790
Drabant, E.M., Kuo, J.R., Ramel, W., Blechert, J., Edge, M.D., Cooper, J.R.,
Goldin, P.R., Hariri, A.R., Gross, J.J., 2010. Experiential, autonomic, and
neural responses during threat anticipation vary as a function of threat
intensity and neuroticism. NeuroImage 55, 401–10.
Edmiston, E.K., Blackford, J.U., 2013. Childhood maltreatment and response to
novel face stimuli presented during functional magnetic resonance

123

imaging in adults. Psychiatry Res. Neuroimaging 212, 36–42.
doi:10.1016/j.pscychresns.2012.11.009
Edwards, S.L., Rapee, R.M., Kennedy, S., 2010. Prediction of anxiety symptoms
in preschool-aged children: examination of maternal and paternal
perspectives. J. Child Psychol. Psychiatry 51, 313–321.
Egger, H.L., Pine, D.S., Nelson, E., Leibenluft, E., Ernst, M., Towbin, K.E.,
Angold, A., 2011. The NIMH Child Emotional Faces Picture Set (NIMHChEFS): a new set of children’s facial emotion stimuli. Int. J. Methods
Psychiatr. Res. 20, 145–156.
Erath, S.A., Flanagan, K.S., Bierman, K.L., 2007. Social anxiety and peer
relations in early adolescence: behavioral and cognitive factors. J.
Abnorm. Child Psychol. 35, 405–416. doi:10.1007/s10802-007-9099-2
Ernst, M., Fudge, J.L., 2009. A developmental neurobiological model of
motivated behavior: anatomy, connectivity and ontogeny of the triadic
nodes. Neurosci. Biobehav. Rev. 33, 367–382.
doi:10.1016/j.neubiorev.2008.10.009
Ernst, M., Pine, D.S., Hardin, M., 2005. Triadic model of the neurobiology of
motivated behavior in adolescence. Psychol. Med. 36, 299.
doi:10.1017/S0033291705005891
Essex, M.J., Klein, M.H., Slattery, M.J., Goldsmith, H.H., Kalin, N.H., 2010. Early
risk factors and developmental pathways to chronic high inhibition and
social anxiety disorder in adolescence. Am. J. Psychiatry 167, 40–46.

124

Etkin, A., Egner, T., Kalisch, R., 2011. Emotional processing in anterior cingulate
and medial prefrontal cortex. Trends Cogn. Sci. 15, 85–93.
Etkin, A., Prater, K.E., Schatzberg, A.F., Menon, V., Greicius, M.D., 2009.
Disrupted amygdalar subregion functional connectivity and evidence of a
compensatory network in generalized anxiety disorder. Arch. Gen.
Psychiatry 66, 1361.
Etkin, A., Wager, T.D., 2007. Functional neuroimaging of anxiety: a metaanalysis of emotional processing in PTSD, social anxiety disorder, and
specific phobia. Am. J. Psychiatry 164, 1476–1488.
Flavin, S.A., Winder, D.G., 2013. Noradrenergic control of the bed nucleus of the
stria terminalis in stress and reward. Neuropharmacology 70, 324–330.
doi:10.1016/j.neuropharm.2013.02.013
Fox, A.S., Oler, J.A., Shelton, S.E., Nanda, S.A., Davidson, R.J., Roseboom,
P.H., Kalin, N.H., 2012. Central amygdala nucleus (Ce) gene expression
linked to increased trait-like Ce metabolism and anxious temperament in
young primates. Proc. Natl. Acad. Sci. 109, 18108–18113.
doi:10.1073/pnas.1206723109
Fox, A.S., Shelton, S.E., Oakes, T.R., Converse, A.K., Davidson, R.J., Kalin,
N.H., 2010. Orbitofrontal cortex lesions alter anxiety-related activity in the
primate bed nucleus of stria terminalis. J. Neurosci. 30, 7023–7027.
doi:10.1523/jneurosci.5952-09.2010

125

Fox, A.S., Shelton, S.E., Oakes, T.R., Davidson, R.J., Kalin, N.H., 2008. Trait-like
brain activity during adolescence predicts anxious temperament in
primates. PLoS ONE 3, e2570. doi:10.1371/journal.pone.0002570
Fox, M.D., Snyder, A.Z., Vincent, J.L., Raichle, M.E., 2007. Intrinsic Fluctuations
within Cortical Systems Account for Intertrial Variability in Human
Behavior. Neuron 56, 171–184. doi:10.1016/j.neuron.2007.08.023
Fox, M.D., Snyder, A.Z., Zacks, J.M., Raichle, M.E., 2006. Coherent
spontaneous activity accounts for trial-to-trial variability in human evoked
brain responses. Nat. Neurosci. 9, 23–25. doi:10.1038/nn1616
Fox, N.A., Barker, T.V., White, L.K., G. Suway, J., Pine, D.S., 2013.
Commentary: to intervene or not? Appreciating or treating individual
differences in childhood temperament - remarks on Rapee (2013). J. Child
Psychol. Psychiatry 54, 789–790. doi:10.1111/jcpp.12101
Fox, N.A., Henderson, H.A., Rubin, K.H., Calkins, S.D., Schmidt, L.A., 2001.
Continuity and discontinuity of behavioral inhibition and exuberance:
psychophysiological and behavioral influences across the first four years
of life. Child Dev. 72, 1–21.
Freitas-Ferrari, M.C., Hallak, J.E.., Trzesniak, C., Filho, A.S., Machado-deSousa, J.P., Chagas, M.H.., Nardi, A.E., Crippa, J.A.., 2010.
Neuroimaging in social anxiety disorder: a systematic review of the
literature. Prog. Neuropsychopharmacol. Biol. Psychiatry 34, 565–580.

126

Fried, I., MacDonald, K.A., Wilson, C.L., 1997. Single neuron activity in human
hippocampus and amygdala during recognition of faces and objects.
Neuron 18, 753–765.
Friston, K.J., Buechel, C., Fink, G.R., Morris, J., Rolls, E., Dolan, R.J., 1997.
Psychophysiological and modulatory interactions in neuroimaging.
Neuroimage 6, 218–229.
Garcia-Coll, C., Kagan, J., Reznick, J.S., 1984. Behavioral inhibition in young
children. Child Dev. 55, 1005–1019.
Gee, D.G., Gabard-Durnam, L.J., Flannery, J., Goff, B., Humphreys, K.L., Telzer,
E.H., Hare, T.A., Bookheimer, S.Y., Tottenham, N., 2013a. Early
developmental emergence of human amygdala-prefrontal connectivity
after maternal deprivation. Proc. Natl. Acad. Sci. 110, 15638–15643.
doi:10.1073/pnas.1307893110
Gee, D.G., Humphreys, K.L., Flannery, J., Goff, B., Telzer, E.H., Shapiro, M.,
Hare, T.A., Bookheimer, S.Y., Tottenham, N., 2013b. A developmental
shift from positive to negative connectivity in human amygdala-prefrontal
circuitry. J. Neurosci. 33, 4584–4593. doi:10.1523/JNEUROSCI.344612.2013
Gensthaler, A., Möhler, E., Resch, F., Paulus, F., Schwenck, C., Freitag, C.M.,
Goth, K., 2012. Retrospective assessment of behavioral inhibition in
infants and toddlers: development of a parent report questionnaire. Child
Psychiatry Hum. Dev. doi:10.1007/s10578-012-0316-z

127

Ghashghaei, H.T., Hilgetag, C.C., Barbas, H., 2007. Sequence of information
processing for emotions based on the anatomic dialogue between
prefrontal cortex and amygdala. NeuroImage 34, 905–923.
Giuliani, N.R., Drabant, E.M., Gross, J.J., 2011. Anterior cingulate cortex volume
and emotion regulation: is bigger better? Biol. Psychol. 86, 379–382.
Gladstone, G.L., Parker, G.B., 2006. Is behavioral inhibition a risk factor for
depression? J. Affect. Disord. 95, 85–94.
Gladstone, G.L., Parker, G.B., Mitchell, P.B., Wilhelm, K.A., Malhi, G.S., 2005.
Relationship between self-reported childhood behavioral inhibition and
lifetime anxiety disorders in a clinical sample. Depress. Anxiety 22, 103–
113.
Gogtay, N., Giedd, J.N., Lusk, L., Hayashi, K.M., Greenstein, D., Vaituzis, A.C.,
Nugent, T.F., Herman, D.H., Clasen, L.S., Toga, A.W., Rapoport, J.L.,
Thompson, P.M., 2004. Dynamic mapping of human cortical development
during childhood through early adulthood. Proc. Natl. Acad. Sci. U. S. A.
101, 8174–8179.
Goldin, P.R., Manber, T., Hakimi, S., Canli, T., Gross, J.J., 2009a. Neural bases
of social anxiety disorder: emotional reactivity and cognitive regulation
during social and physical threat. Arch. Gen. Psychiatry 66, 170–80.
Goldin, P.R., Manber-Ball, T., Werner, K., Heimberg, R., Gross, J.J., 2009b.
Neural mechanisms of cognitive reappraisal of negative self-beliefs in
social anxiety disorder. Biol. Psychiatry 66, 1091–1099.

128

Goldin, P.R., Ziv, M., Jazaieri, H., Hahn, K., Heimberg, R., Gross, J.J., 2013.
Impact of cognitive behavioral therapy for social anxiety disorder on the
neural dynamics of cognitive reappraisal of negative self-beliefs:
randomized clinical trial. JAMA Psychiatry 70, 1048.
doi:10.1001/jamapsychiatry.2013.234
Gosling, S.D., John, O.P., 1999. Personality dimensions in nonhuman animals: a
cross-species review. Curr. Dir. Psychol. Sci. 8, 69–75. doi:10.1111/14678721.00017
Grupe, D.W., Nitschke, J.B., 2013. Uncertainty and anticipation in anxiety: an
integrated neurobiological and psychological perspective. Nat. Rev.
Neurosci. 14, 488–501. doi:10.1038/nrn3524
Guyer, A.E., Choate, V.R., Detloff, A., Benson, B., Nelson, E.E., Perez-Edgar, K.,
Fox, N.A., Pine, D.S., Ernst, M., 2012. Striatal functional alteration during
incentive anticipation in pediatric anxiety disorders. Am. J. Psychiatry 169,
205–212.
Guyer, A.E., Nelson, E.E., Perez-Edgar, K., Hardin, M.G., Roberson-Nay, R.,
Monk, C.S., Bjork, J.M., Henderson, H.A., Pine, D.S., Fox, N.A., Ernst, M.,
2006. Striatal functional alteration in adolescents characterized by early
childhood behavioral inhibition. J. Neurosci. 26, 6399–6405.
doi:10.1523/JNEUROSCI.0666-06.2006
Hardee, J.E., Benson, B.E., Bar-Haim, Y., Mogg, K., Bradley, B.P., Chen, G.,
Britton, J.C., Ernst, M., Fox, N.A., Pine, D.S., Pérez-Edgar, K., 2013.
Patterns of neural connectivity during an attention bias task moderates

129

associations between early childhood temperament and internalizing
symptoms in young adulthood. Biol. Psychiatry.
doi:10.1016/j.biopsych.2013.01.036
Hattingh, C.J., Ipser, J., Tromp, S.A., Syal, S., Lochner, C., Brooks, S.J., Stein,
D.J., 2013. Functional magnetic resonance imaging during emotion
recognition in social anxiety disorder: an activation likelihood metaanalysis. Front. Hum. Neurosci. 6. doi:10.3389/fnhum.2012.00347
Hayward, C., Killen, J.D., Kraemer, H.C., Taylor, C., 1998. Linking self-reported
childhood behavioral inhibition to adolescent social phobia. J. Am. Acad.
Child Adolesc. Psychiatry 37, 1308–1316.
Heimberg, R.G., Hofmann, S.G., Liebowitz, M.R., Schneier, F.R., Smits, J.A.J.,
Stein, M.B., Hinton, D.E., Craske, M.G., 2014. Social anxiety disorder in
DSM-5. Depress. Anxiety 31, 472–479. doi:10.1002/da.22231
Heimberg, R.G., Stein, M.B., Hiripi, E., Kessler, R.C., 2000. Trends in the
prevalence of social phobia in the United States: a synthetic cohort
analysis of changes over four decades. Eur. Psychiatry 15, 29–37.
Hermann, A., Schäfer, A., Walter, B., Stark, R., Vaitl, D., Schienle, A., 2009.
Emotion regulation in spider phobia: role of the medial prefrontal cortex.
Soc. Cogn. Affect. Neurosci. 4, 257–267.
Hill, S.Y., Tessner, K., Wang, S.H., Carter, H., McDermott, M., 2010.
Temperament at 5 years of age predicts amygdala and orbitofrontal
volume in the right hemisphere in adolescence. Psychiatry Res.Neuroimaging 182, 14–21. doi:10.1016/j.pscychresns.2009.11.006

130

Hirshfeld, D.R., Rosenbaum, J.F., Biederman, J., Bolduc, E.A., Faraone, S.V.,
Snidman, N., Reznick, J.S., Kagan, J., 1992. Stable behavioral-inhibition
and its association with anxiety disorder. J. Am. Acad. Child Adolesc.
Psychiatry 31, 103–111.
Hirshfeld-Becker, D.R., 2010. Familial and temperamental risk factors for social
anxiety disorder. New Dir. Child Adolesc. Dev. 2010, 51–65.
doi:10.1002/cd.262
Hirshfeld-Becker, D.R., Biederman, J., Calltharp, S., Rosenbaum, E.D., Faraone,
S.V., Rosenbaum, J.F., 2003. Behavioral inhibition and disinhibition as
hypothesized precursors to psychopathology: implications for pediatric
bipolar disorder. Biol. Psychiatry 53, 985–999.
Hirshfeld-Becker, D.R., Biederman, J., Henin, A., Faraone, S.V., Micco, J.A., van
Grondelle, A., Henry, B., Rosenbaum, J.F., 2007. Clinical outcomes of
laboratory-observed preschool behavioral disinhibition at five-year followup. Biol. Psychiatry 62, 565–572.
Hutchison, R.M., Womelsdorf, T., Gati, J.S., Everling, S., Menon, R.S., 2013.
Resting-state networks show dynamic functional connectivity in awake
humans and anesthetized macaques: Dynamic Functional Connectivity.
Hum. Brain Mapp. 34, 2154–2177. doi:10.1002/hbm.22058
Huttenlocher, P.R., 2002. Morphometric study of human cerebral cortex
development. Brain Dev. Cogn. Read. 117–128.
Jarcho, J.M., Fox, N.A., Pine, D.S., Etkin, A., Leibenluft, E., Shechner, T., Ernst,
M., 2013a. The neural correlates of emotion-based cognitive control in

131

adults with early childhood behavioral inhibition. Biol. Psychol. 92, 306–
314. doi:10.1016/j.biopsycho.2012.09.008
Jarcho, J.M., Fox, N.A., Pine, D.S., Leibenluft, E., Shechner, T., Degnan, K.A.,
Perez-Edgar, K., Ernst, M., 2013b. Enduring influence of early
temperament on neural mechanisms mediating attention-emotion conflict
in adults. Depress. Anxiety 31, 53–62. doi:10.1002/da.22140
Jezzard, P., Clare, S., 1999. Sources of distortion in functional MRI data. Hum.
Brain Mapp. 8, 80–85.
Jiao, X., Beck, K.D., Pang, K.C.H., Servatius, R.J., 2011. Animal models of
anxiety vulnerability - the Wistar Kyoto rat, in: Selek, S. (Ed.), Different
Views on Anxiety Disorders. InTech, Rijeka.
Kaffman, A., Meaney, M.J., 2007. Neurodevelopmental sequelae of postnatal
maternal care in rodents: clinical and research implications of molecular
insights. J. Child Psychol. Psychiatry 48, 224–244. doi:10.1111/j.14697610.2007.01730.x
Kagan, J., Moss, H.A., 1962. Birth to Maturity: A study in psychological
development. Wiley, London.
Kagan, J., Reznick, J.S., Clarke, C., Snidman, N., Garcia-Coll, C., 1984.
Behavioral inhibition to the unfamiliar. Child Dev. 55, 2212.
doi:10.2307/1129793
Kagan, J., Reznick, J.S., Snidman, N., 1987. The physiology and psychology of
behavioral inhibition in children. Child Dev. 58, 1459–1473.

132

Kagan, J., Reznick, J.S., Snidman, N., 1988. Biological bases of childhood
shyness. Science 240, 167–171.
Kagan, J., Snidman, N., 2004. The Long Shadow of Temperament. Harvard
University Press, Cambridge, MA.
Kagan, J., Snidman, N., Arcus, D., 1998. Childhood derivatives of high and low
reactivity in infancy. Child Dev. 69, 1483–1493.
Kalin, N.H., Shelton, S.E., 2003. Nonhuman primate models to study anxiety,
emotion regulation, and psychopathology. Ann. N. Y. Acad. Sci. 1008,
189–200.
Kalin, N.H., Shelton, S.E., Davidson, R.J., Kelley, A.E., 2001. The primate
amygdala mediates acute fear but not the behavioral and physiological
components of anxious temperament. J. Neurosci. 21, 2067–2074.
Katzelnick, D.J., Kobak, K.A., DeLeire, T., Henk, H.J., Greist, J.H., Davidson,
J.R.T., Schneier, F.R., Stein, M.B., Helstad, C.P., 2001. Impact of
generalized social anxiety disorder in managed care. Am. J. Psychiatry
158, 1999–2007.
Kaufman, A.S., Kaufman, N.L., 1990. Kaufman Brief Intelligence Test Manual.
American Guidance Service, Circle Pines, MN.
Kaufman, J., Birmaher, B., Brent, D., Rao, U., Flynn, C., Moreci, P., Williamson,
D., Ryan, N., 1997. Schedule for affective disorders and schizophrenia for
school-age children-present and lifetime version (K-SADS-PL): initial
reliability and validity data. J. Am. Acad. Child Adolesc. Psychiatry 36,
980–988.

133

Kelly, A.M.C., Di Martino, A., Uddin, L.Q., Shehzad, Z., Gee, D.G., Reiss, P.T.,
Margulies, D.S., Castellanos, F.X., Milham, M.P., 2008. Development of
anterior cingulate functional connectivity from late childhood to early
adulthood. Cereb. Cortex 19, 640–657. doi:10.1093/cercor/bhn117
Kessler, R.C., Berglund, P., Demler, O., Jin, R., Merikangas, K.R., Walters, E.E.,
2005. Lifetime prevalence and age-of-onset distributions of DSM-IV
disorders in the National Comorbidity Survey Replication. Arch. Gen.
Psychiatry 62, 593–602.
Killgore, W.D.S., Oki, M., Yurgelun-Todd, D.A., 2001. Sex-specific developmental
changes in amygdala responses to affective faces. Neuroreport 12, 427.
Klumpp, H., Fitzgerald, D.A., Phan, K.L., 2013a. Neural predictors and
mechanisms of cognitive behavioral therapy on threat processing in social
anxiety disorder. Prog. Neuropsychopharmacol. Biol. Psychiatry.
Klumpp, H., Post, D., Angstadt, M., Fitzgerald, D.A., Phan, K.L., 2013b. Anterior
cingulate cortex and insula response during indirect and direct processing
of emotional faces in generalized social anxiety disorder. Biol. Mood
Anxiety Disord. 3, 7. doi:10.1186/2045-5380-3-7
Kober, H., Barrett, L.F., Joseph, J., Bliss-Moreau, E., Lindquist, K., Wager, T.D.,
2008. Functional grouping and cortical-subcortical interactions in emotion:
a meta-analysis of neuroimaging studies. Neuroimage 42, 998–1031.
Kraemer, H.C., Measelle, J.R., Ablow, J.C., Essex, M.J., Boyce, W.T., Kupfer,
D.J., 2003. A new approach to integrating data from multiple informants in

134

psychiatric assessment and research: Mixing and matching contexts and
perspectives. Am. J. Psychiatry 160, 1566–1577.
Kumar, S., Hultman, R., Hughes, D., Michel, N., Katz, B.M., Dzirasa, K., 2014.
Prefrontal cortex reactivity underlies trait vulnerability to chronic social
defeat stress. Nat. Commun. 5. doi:10.1038/ncomms5537
Labuschagne, I., Phan, K.L., Wood, A., Angstadt, M., Chua, P., Heinrichs, M.,
Stout, J.C., Nathan, P.J., 2011. Medial frontal hyperactivity to sad faces in
generalized social anxiety disorder and modulation by oxytocin. Int. J.
Neuropsychopharmacol. 15, 883–896. doi:10.1017/S1461145711001489
Lahat, A., Pérez-Edgar, K., Degnan, K.A., Guyer, A.E., Lejuez, C.W., Ernst, M.,
Pine, D.S., Fox, N.A., 2012. Early childhood temperament predicts
substance use in young adults. Transl. Psychiatry 2, e157.
doi:10.1038/tp.2012.87
Lang, P.J., Bradley, M.M., Cuthbert, B.N., 1999. International affective picture
system (IAPS): Technical manual and affective ratings. Gainesville, FL:
The Center for Research in Psychophysiology, University of Florida.
LeDoux, J.E., Iwata, J., Cicchetti, P., Reis, D.J., 1988. Different projections of the
central amygdaloid nucleus mediate autonomic and behavioral correlates
of conditioned fear. J. Neurosci. 8, 2517–2529.
Lissek, S., Rabin, S., Heller, R.E., Lukenbaugh, D., Geraci, M., Pine, D.S.,
Grillon, C., 2010. Overgeneralization of conditioned fear as a pathogenic
marker of panic disorder. Am. J. Psychiatry 167, 47–55.

135

Lorberbaum, J.P., Kose, S., Johnson, M.R., Arana, G.W., Sullivan, L.K., Hamner,
M.B., Ballenger, J.C., Lydiard, R.B., Brodrick, P.S., Bohning, D.E.,
George, M.S., 2004. Neural correlates of speech anticipatory anxiety in
generalized social phobia. Neuroreport 15, 2701.
Lupien, S.J., McEwen, B.S., Gunnar, M.R., Heim, C., 2009. Effects of stress
throughout the lifespan on the brain, behaviour and cognition. Nat. Rev.
Neurosci. 10, 434–445.
Machado, C.J., Kazama, A.M., Bachevalier, J., 2009. Impact of amygdala, orbital
frontal, or hippocampal lesions on threat avoidance and emotional
reactivity in nonhuman primates. Emotion 9, 147–163.
doi:10.1037/a0014539
Maldjian, J.A., Laurienti, P.J., Kraft, R.A., Burdette, J.H., 2003. An automated
method for neuroanatomic and cytoarchitectonic atlas-based interrogation
of fMRI data sets. NeuroImage 19, 1233–1239. doi:10.1016/S10538119(03)00169-1
Mandell, D.S., Novak, M.M., Zubritsky, C.D., 2005. Factors associated with age
of diagnosis among children with autism spectrum disorders. Pediatrics
116, 1480–1486. doi:10.1542/peds.2005-0185
March, J.S., Parker, J.D.., Sullivan, K., Stallings, P., Conners, C.K., 1997. The
Multidimensional Anxiety Scale for Children (MASC): factor structure,
reliability, and validity. J. Am. Acad. Child Adolesc. Psychiatry 36, 554–
565.

136

Marshall, P.J., Stevenson-Hinde, J., 1998. Behavioral inhibition, heart period,
and respiratory sinus arrhythmia in young children. Dev. Psychobiol. 33,
283–292.
Mazaika, P.K., Whitfield-Gabrieli, S., Reiss, A., Glover, G., 2007. Artifact repair of
fMRI data from high motion clinical subjects.
Meysamie, A., Ghalehtaki, R., Borjian, A., Daneshvar-fard, M., Mohammadi,
M.R., Saboohi, F., 2014. Prevalence of behavioral inhibition among
preschool aged children in Tehran, Iran. Acta Med. Iran. 52, 298–302.
Mick, M.A., Telch, M.J., 1998. Social anxiety and history of behavioral inhibition
in young adults. J. Anxiety Disord. 12, 1–20.
Miles, L., Davis, M., Walker, D., 2011. Phasic and sustained fear are
pharmacologically dissociable in rats. Neuropsychopharmacology 36,
1563–1574.
Mitra, R., Jadhav, S., McEwen, B.S., Vyas, A., Chattarji, S., 2005. Stress
duration modulates the spatiotemporal patterns of spine formation in the
basolateral amygdala. Proc. Natl. Acad. Sci. U. S. A. 102, 9371.
Morecraft, R.J., McNeal, D.W., Stilwell-Morecraft, K.S., Gedney, M., Ge, J.,
Schroeder, C.M., van Hoesen, G.W., 2007. Amygdala interconnections
with the cingulate motor cortex in the rhesus monkey. J. Comp. Neurol.
500, 134–165. doi:10.1002/cne.21165
Morecraft, R.J., Van Hoesen, G.W., 1998. Convergence of limbic input to the
cingulate motor cortex in the rhesus monkey. Brain Res. Bull. 45, 209–
232.

137

Morris, T.L., Hirshfeld-Becker, D.R., Henin, A., Storch, E.A., 2005.
Developmentally sensitive assessment of social anxiety. Cogn. Behav.
Pract. 11, 13–28.
Nauta, W.J.H., Smith, G.P., Faull, R.L.M., Domesick, V.B., 1978. Efferent
connections and nigral afferents of the nucleus accumbens septi in the rat.
Neuroscience 3, 385–401.
Neal, J.A., Edelmann, R.J., Glachan, M., 2002. Behavioural inhibition and
symptoms of anxiety and depression: Is there a specific relationship with
social phobia? Br. J. Clin. Psychol. 41, 361–374.
Nithianantharajah, J., Hannan, A.J., 2006. Enriched environments, experiencedependent plasticity and disorders of the nervous system. Nat. Rev.
Neurosci. 7, 697–709. doi:10.1038/nrn1970
Nitschke, J.B., Sarinopoulos, I., Oathes, D.J., Johnstone, T., Whalen, P.J.,
Davidson, R.J., Kalin, N.H., 2009. Anticipatory activation in the amygdala
and anterior cingulate in generalized anxiety disorder and prediction of
treatment response. Am. J. Psychiatry 166, 302–310.
Ochsner, K.N., Ray, R.D., Cooper, J.C., Robertson, E.R., Chopra, S., Gabrieli,
J.D.., Gross, J.J., 2004. For better or for worse: neural systems supporting
the cognitive down-and up-regulation of negative emotion. NeuroImage
23, 483–499.
Oler, J., Birn, R., Patriat, R., Fox, A.S., Shelton, S., Burghy, C., Stodola, D.,
Essex, M., Davidson, R., Kalin, N.H., 2012. Evidence for coordinated

138

functional activity within the extended amygdala of non-human and human
primates. NeuroImage 61, 1059–1066.
Ollendick, T.H., Hirshfeld-Becker, D.R., 2002. The developmental
psychopathology of social anxiety disorder. Biol. Psychiatry 51, 44–58.
Olmos, J.S., Heimer, L., 1999. The concepts of the ventral striatopallidal system
and extended amygdala. Ann. N. Y. Acad. Sci. 877, 1–32.
Paulus, M.P., Stein, M.B., 2006. An insular view of anxiety. Biol. Psychiatry 60,
383–387.
Pérez-Edgar, K., 2014. Effortful control in adolescence: individual differences
within a unique developmental window.
Pérez-Edgar, K., Roberson-Nay, R., Hardin, M.G., Poeth, K., Guyer, A.E.,
Nelson, E.E., McClure, E.B., Henderson, H.A., Fox, N.A., Pine, D.S.,
Ernst, M., 2007. Attention alters neural responses to evocative faces in
behaviorally inhibited adolescents. NeuroImage 35, 1538–1546.
Pérez-Edgar, K., Schmidt, L.A., Henderson, H.A., Schulkin, J., Fox, N.A., 2008.
Salivary cortisol levels and infant temperament shape developmental
trajectories in boys at risk for behavioral maladjustment.
Psychoneuroendocrinology 33, 916–925.
doi:10.1016/j.psyneuen.2008.03.018
Pérez-Edgar, K.E., Guyer, A.E., 2014. Behavioral inhibition: temperament or
prodrome? Curr. Behav. Neurosci. Rep. doi:10.1007/s40473-014-0019-9
Pezawas, L., Meyer-Lindenberg, A., Drabant, E.M., Verchinski, B.A., Munoz,
K.E., Kolachana, B.S., Egan, M.F., Mattay, V.S., Hariri, A.R., Weinberger,

139

D.R., 2005. 5-HTTLPR polymorphism impacts human cingulate-amygdala
interactions: a genetic susceptibility mechanism for depression. Nat.
Neurosci. 8, 828–834. doi:10.1038/nn1463
Phan, K.L., Fitzgerald, D.A., Nathan, P.J., Moore, G.J., Uhde, T.W., Tancer,
M.E., 2005. Neural substrates for voluntary suppression of negative affect:
a functional magnetic resonance imaging study. Biol. Psychiatry 57, 210–
219.
Phan, K.L., Orlichenko, A., Boyd, E., Angstadt, M., Coccaro, E.F., Liberzon, I.,
Arfanakis, K., 2009. Preliminary evidence of white matter abnormality in
the uncinate fasciculus in generalized social anxiety disorder. Biol.
Psychiatry 66, 691–694.
Phelps, E.A., LeDoux, J.E., 2005. Contributions of the amygdala to emotion
processing: from animal models to human behavior. Neuron 48, 175–187.
doi:10.1016/j.neuron.2005.09.025
Pitskel, N.B., Bolling, D.Z., Kaiser, M.D., Crowley, M.J., Pelphrey, K.A., 2011.
How grossed out are you? The neural bases of emotion regulation from
childhood to adolescence. Dev. Cogn. Neurosci. 1, 324–337.
doi:10.1016/j.dcn.2011.03.004
Ploghaus, A., Tracey, I., Gati, J.S., Clare, S., Menon, R.S., Matthews, P.M.,
Rawlins, J.N.P., 1999. Dissociating pain from its anticipation in the human
brain. Science 284, 1979–1981. doi:10.1126/science.284.5422.1979
Power, J.D., Barnes, K.A., Snyder, A.Z., Schlaggar, B.L., Petersen, S.E., 2012.
Spurious but systematic correlations in functional connectivity MRI

140

networks arise from subject motion. NeuroImage 59, 2142–2154.
doi:10.1016/j.neuroimage.2011.10.018
Prater, K.E., Hosanagar, A., Klumpp, H., Angstadt, M., Phan, K.L., 2013.
Abberrant amygdala-frontal cortex connectivity during perception of fearful
faces and at rest in generalized social anxiety disorder. Depress. Anxiety
30, 234–241. doi:10.1002/da.22014
Price, J.L., Amaral, D.G., 1981. An autoradiographic study of the projections of
the central nucleus of the monkey amygdala. J. Neurosci. 1, 1242–1259.
Qin, S., Young, C.B., Duan, X., Chen, T., Supekar, K., Menon, V., 2014.
Amygdala subregional structure and intrinsic functional connectivity
predicts individual differences in anxiety during early childhood. Biol.
Psychiatry 75, 892–900. doi:10.1016/j.biopsych.2013.10.006
Qin, S., Young, C.B., Supekar, K., Uddin, L.Q., Menon, V., 2012. Immature
integration and segregation of emotion-related brain circuitry in young
children. Proc. Natl. Acad. Sci. 109, 7941–7946.
Quirk, G.J., Likhtik, E., Pelletier, J.G., Paré, D., 2003. Stimulation of medial
prefrontal cortex decreases the responsiveness of central amygdala
output neurons. J. Neurosci. 23, 8800–8807.
Raichle, M.E., Mintun, M.A., 2006. Brain work and brain imaging. Annu Rev
Neurosci 29, 449–476.
Raper, J., Wilson, M., Sanchez, M., Machado, C.J., Bachevalier, J., 2013.
Pervasive alterations of emotional and neuroendocrine responses to an
acute stressor after neonatal amygdala lesions in rhesus monkeys.

141

Psychoneuroendocrinology 38, 1021–1035.
doi:10.1016/j.psyneuen.2012.10.008
Ray, R.D., Zald, D.H., 2012. Anatomical insights into the interaction of emotion
and cognition in the prefrontal cortex. Neurosci. Biobehav. Rev. 36, 479–
501. doi:10.1016/j.neubiorev.2011.08.005
Reznick, J.S., Hegeman, I.M., Kaufman, E.R., Woods, S.W., Jacobs, M., 1992.
Retrospective and concurrent self-report of behavioral-inhibition and their
relation to adult mental-health. Dev. Psychopathol. 4, 301–321.
Rosellini, A.J., Rutter, L.A., Bourgeois, M.L., Emmert-Aronson, B.O., Brown, T.A.,
2013. The relevance of age of onset to the psychopathology of social
phobia. J. Psychopathol. Behav. Assess. 35, 356–365.
doi:10.1007/s10862-013-9338-5
Rosenbaum, J.F., Biederman, J., Bolduc, E.A., Hirshfeld, D.R., Faraone, S.V.,
Kagan, J., 1992. Comorbidity of parental anxiety disorders as risk for
childhood-onset anxiety in inhibited children. Am. J. Psychiatry 149, 475–
481.
Rosenbaum, J.F., Biederman, J., Gersten, M., Hirshfeld, D.R., Meminger, S.R.,
Herman, J.B., Kagan, J., Reznick, J.S., Snidman, N., 1988. Behavioral
inhibition in children of parents with panic disorder and agoraphobia: a
controlled study. Arch. Gen. Psychiatry 45, 463–470.
Rosenbaum, J.F., Biederman, J., Hirshfeld, D.R., Bolduc, E.A., Faraone, S.V.,
Kagan, J., Snidman, N., Reznick, J.S., 1991. Further evidence of an
association between behavioral inhibition and anxiety disorders: Results

142

from a family study of children from a non-clinical sample. J. Psychiatr.
Res. 25, 49–65.
Rosenkranz, J.A., Grace, A.A., 2002. Cellular mechanisms of infralimbic and
prelimbic prefrontal cortical inhibition and dopaminergic modulation of
basolateral amygdala neurons in vivo. J. Neurosci. 22, 324.
Rothbart, M.K., 1989. Temperament in childhood: a framework, in: Kohnstamm,
G.A., Bates, J.E., Rothbart, M.K. (Eds.), Temperament in Childhood.
Wiley, Chichester, England, pp. 59–73.
Roy, A.K., Fudge, J.L., Kelly, C., Perry, J.S.A., Daniele, T., Carlisi, C., Benson,
B., Castellanos, F.X., Milham, M.P., Pine, D.S., Ernst, M., 2013. Intrinsic
functional connectivity of amygdala-based networks in adolescent
generalized anxiety disorder. J. Am. Acad. Child Adolesc. Psychiatry 52,
290–299.
Roy, A.K., Shehzad, Z., Margulies, D.S., Kelly, A.M.C., Uddin, L.Q., Gotimer, K.,
Biswal, B.B., Castellanos, F.X., Milham, M.P., 2009. Functional
connectivity of the human amygdala using resting state fMRI. Neuroimage
45, 614–626. doi:10.1016/j.neuroimage.2008.11.030
Rutter, M., Bailey, A., Lord, C., 2003. Social Communication Questionnaire.
Western Psychological Services, Los Angeles, CA.
Sarinopoulos, I., Grupe, D., Mackiewicz, K., Herrington, J., Lor, M., Steege, E.,
Nitschke, J., 2010. Uncertainty during anticipation modulates neural
responses to aversion in human insula and amygdala. Cereb. Cortex 20,
929–940.

143

Scarpa, A., Raine, A., Venables, P.H., Mednick, S.A., 1995. The stability of
inhibited/uninhibited temperament from ages 3 to 11 years in Mauritian
children. J. Abnorm. Child Psychol. 23, 607–618.
Schmidt, L.A., Fox, N.A., Rubin, K.H., Sternberg, E.M., Gold, P.W., Smith, C.C.,
Schulkin, J., 1997. Behavioral and neuroendocrine responses in shy
children. Dev Psychobiol 30, 127–140.
Schmidt, L.A., Fox, N.A., Schulkin, J., Gold, P.W., 1999. Behavioral and
psychophysiological correlates of self-presentation in temperamentally shy
children. Dev. Psychobiol. 35, 119–135.
Schneier, F.R., Johnson, J., Hornig, C.D., Liebowitz, M.R., Weissman, M.M.,
1992. Social phobia: comorbidity and morbidity in an epidemiologic
sample. Arch. Gen. Psychiatry 49, 282.
Schwartz, C.E., Kunwar, P.S., Greve, D.N., Kagan, J., Snidman, N.C., Bloch,
R.B., 2012. A phenotype of early infancy predicts reactivity of the
amygdala in male adults. Mol. Psychiatry 17, 1042–1050.
doi:10.1038/mp.2011.96
Schwartz, C.E., Kunwar, P.S., Greve, D.N., Moran, L.R., Viner, J.C., Covino,
J.M., Kagan, J., Stewart, S.E., Snidman, N.C., Vangel, M.G., Wallace,
S.R., 2010. Structural differences in adult orbital and ventromedial
prefrontal cortex are predicted by 4-month infant temperament. Arch. Gen.
Psychiatry 67, 78–84.

144

Schwartz, C.E., Snidman, N., Kagan, J., 1999. Adolescent social anxiety as an
outcome of inhibited temperament in childhood. J. Am. Acad. Child
Adolesc. Psychiatry 38, 1008–1015.
Schwartz, C.E., Wright, C.I., Shin, L., Kagan, J., Rauch, S.L., 2003a. Inhibited
and uninhibited infants “grown up”: adult amygdalar response to novelty.
Science 300, 1952–1953. doi:10.1126/science.1083703
Schwartz, C.E., Wright, C.I., Shin, L.M., Kagan, J., Whalen, P.J., McMullin, K.G.,
Rauch, S.L., 2003b. Differential amygdalar response to novel versus
newly familiar neutral faces: a functional MRI probe developed for
studying inhibited temperament. Biol. Psychiatry 53, 854–862.
Shackman, A.J., Fox, A.S., Oler, J.A., Shelton, S.E., Davidson, R.J., Kalin, N.H.,
2013. Neural mechanisms underlying heterogeneity in the presentation of
anxious temperament. Proc. Natl. Acad. Sci. 110, 6145–6150.
Shackman, A.J., Salomons, T.V., Slagter, H.A., Fox, A.S., Winter, J.J., Davidson,
R.J., 2011. The integration of negative affect, pain and cognitive control in
the cingulate cortex. Nat. Rev. Neurosci. 12, 154–167.
Shah, S.G., Klumpp, H., Angstadt, M., Nathan, P.J., Phan, K.L., 2009. Amygdala
and insula response to emotional images in patients with generalized
social anxiety disorder. J. Psychiatry Neurosci. 34, 296.
Shen, K., Bezgin, G., Hutchison, R.M., Gati, J.S., Menon, R.S., Everling, S.,
McIntosh, A.R., 2012. Information processing architecture of functionally
defined clusters in the macaque cortex. J. Neurosci. 32, 17465–17476.

145

Silberman, Y., Winder, D.G., 2013. Emerging role for corticotropin releasing
factor signaling in the bed nucleus of the stria terminalis at the intersection
of stress and reward. Front. Psychiatry 4. doi:10.3389/fpsyt.2013.00042
Silverman, W.K., Nelles, W.B., 1988. The anxiety disorders interview schedule
for children. J. Am. Acad. Child Adolesc. Psychiatry 27, 772–778.
Simmons, A.N., Arce, E., Lovero, K.L., Stein, M.B., Paulus, M.P., 2009.
Subchronic SSRI administration reduces insula response during affective
anticipation in healthy volunteers. Int. J. Neuropsychopharmacol. 12,
1009–20.
Simmons, A.N., Flagan, T.M., Wittmann, M., Strigo, I.A., Matthews, S.C.,
Donovan, H., Lohr, J.B., Paulus, M.P., 2013. The effects of temporal
unpredictability in anticipation of negative events in combat veterans with
PTSD. J. Affect. Disord. 146, 426–432. doi:10.1016/j.jad.2012.08.006
Simmons, A.N., Matthews, S.C., Paulus, M.P., Stein, M.B., 2008. Intolerance of
uncertainty correlates with insula activation during affective ambiguity.
Neurosci. Lett. 430, 92–97.
Simmons, A.N., Matthews, S.C., Stein, M.B., Paulus, M.P., 2004. Anticipation of
emotionally aversive visual stimuli activates right insula. Neuroreport 15,
2261–65.
Simmons, A.N., Stein, M.B., Strigo, I.A., Arce, E., Hitchcock, C., Paulus, M.P.,
2011. Anxiety positive subjects show altered processing in the anterior
insula during anticipation of negative stimuli. Hum. Brain Mapp. 32, 1836–
1846. doi:10.1002/hbm.21154

146

Simmons, A.N., Strigo, I., Matthews, S.C., Paulus, M.P., Stein, M.B., 2006.
Anticipation of aversive visual stimuli is associated with increased insula
activation in anxiety-prone subjects. Biol. Psychiatry 60, 402–409.
Simonds, J., Kieras, J.E., Rueda, M.R., Rothbart, M.K., 2007. Effortful control,
executive attention, and emotional regulation in 7-10-year-old children.
Cogn. Dev. 22, 474–488.
Smucker, M.R., Craighead, W.E., Craighead, L.W., Green, B.J., 1986. Normative
and reliability data for the Children’s Depression Inventory. J. Abnorm.
Child Psychol. 14, 25–39.
Somerville, L.H., Wagner, D.D., Wig, G.S., Moran, J.M., Whalen, P.J., Kelley,
W.M., 2012. Interactions between transient and sustained neural signals
support the generation and regulation of anxious emotion. Cereb. Cortex.
doi:10.1093/cercor/bhr373
Somerville, L.H., Whalen, P.J., Kelley, W.M., 2010. Human bed nucleus of the
stria terminalis indexes hypervigilant threat monitoring. Biol. Psychiatry 68,
416–424.
Spreen, O., Strauss, E., 1998. A Compendium of Neuropsychological Tests:
Administration, Norms, and Commentary, 2nd ed. Oxford University
Press, New York, NY.
Stamatakis, A.M., Sparta, D.R., Jennings, J.H., McElligott, Z.A., Decot, H.,
Stuber, G.D., 2014. Amygdala and bed nucleus of the stria terminalis
circuitry: implications for addiction-related behaviors. Neuropharmacology
76, 320–328. doi:10.1016/j.neuropharm.2013.05.046

147

Stead, J.D.H., Clinton, S., Neal, C., Schneider, J., Jama, A., Miller, S., Vazquez,
D.M., Watson, S.J., Akil, H., 2006. Selective breeding for divergence in
novelty-seeking traits: heritability and enrichment in spontaneous anxietyrelated behaviors. Behav. Genet. 36, 697–712. doi:10.1007/s10519-0069058-7
Straube, T., Mentzel, H.J., Miltner, W.H.., 2007. Waiting for spiders: brain
activation during anticipatory anxiety in spider phobics. NeuroImage 37,
1427–1436.
Supekar, K., Musen, M., Menon, V., 2009. Development of large-scale functional
brain networks in children. PLoS Biol. 7, e1000157.
Swartz, J.R., Phan, K.L., Angstadt, M., Klumpp, H., Fitzgerald, K.D., Monk, C.S.,
2014. Altered activation of the rostral anterior cingulate cortex in the
context of emotional face distractors in children and adolescents with
anxiety disorders. Depress. Anxiety n/a–n/a. doi:10.1002/da.22289
Tillfors, M., Furmark, T., Marteinsdottir, I., Fredrikson, M., 2002. Cerebral blood
flow during anticipation of public speaking in social phobia: a PET study.
Biol. Psychiatry 52, 1113–1119.
Timbremont, B., Braet, C., Dreessen, L., 2004. Assessing depression in youth:
relation between the Children’s Depression Inventory and a structured
interview. J. Clin. Child Adolesc. Psychol. 33, 149–157.
doi:10.1207/S15374424JCCP3301_14
Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O.,
Delcroix, N., Mazoyer, B., Joliot, M., 2002. Automated anatomical labeling

148

of activations in SPM using a macroscopic anatomical parcellation of the
MNI MRI single-subject brain. NeuroImage 15, 273–289. doi:DOI
10.1006/nimg.2001.0978
Van Brakel, A.M.L., Muris, P., Bogels, S.M., 2004. Relations between parentand teacher-reported behavioral inhibition and behavioral observations of
this temperamental trait. J. Clin. Child Adolesc. Psychol. 33, 579–89.
Vyas, A., Mitra, R., Shankaranarayana Rao, B.S., Chattarji, S., 2002. Chronic
stress induces contrasting patterns of dendritic remodeling in hippocampal
and amygdaloid neurons. J. Neurosci. 22, 6810.
Walker, D.L., Davis, M., 2008. Role of the extended amygdala in short-duration
versus sustained fear: a tribute to Dr. Lennart Heimer. Brain Struct. Funct.
213, 29–42. doi:10.1007/s00429-008-0183-3
Walkup, J.T., Labellarte, M.J., Riddle, M.A., Pine, D.S., Greenhill, L., Klein, R.,
Davies, M., Sweeney, M., Abikoff, H., Hack, S., others, 2001. Fluvoxamine
for the treatment of anxiety disorders in children and adolescents. N. Engl.
J. Med. 344, 1279–1285.
Whalen, P.J., 1998. Fear, vigilance, and ambiguity: initial neuroimaging studies
of the human amygdala. Curr. Dir. Psychol. Sci. 7, 177–188.
Whitfield-Gabrieli, S., Nieto-Castanon, A., 2012. Conn: a functional connectivity
toolbox for correlated and anticorrelated brain networks. Brain Connect. 2,
125–41. doi:10.1089/brain.2012.0073
Williams, L.R., Degnan, K.A., Perez-Edgar, K.E., Henderson, H.A., Rubin, K.H.,
Pine, D.S., Steinberg, L., Fox, N.A., 2009. Impact of behavioral inhibition

149

and parenting style on internalizing and externalizing problems from early
childhood through adolescence. J. Abnorm. Child Psychol. 37, 1063–
1075. doi:10.1007/s10802-009-9331-3
Winton, E.C., Clark, D.M., Edelmann, R.J., 1995. Social anxiety, fear of negative
evaluation and the detection of negative emotion in others. Behav. Res.
Ther. 33, 193–196.

150

