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Abstract

We review likely neurobiological substrates of cognitions related to fear and anxiety. Cognitive
processes are linked to abnormal early activity reflecting hypervigilance in subcortical networks
involving the amygdala, hippocampus, and insular cortex, and later recruitment of cortical
regulatory resources, including activation of the anterior cingulate cortex and prefrontal cortex to
implement avoidant response strategies. Based on this evidence, we present a cognitive-
neurobiological information processing model of fear and anxiety, linking distinct brain structures
to specific stages of information processing of perceived threat.

With the emergence of neuroscience and brain imaging techniques, researchers have begun
to reexamine the nature of anxious cognitions and their relationships to emotions such as
anxiety and fear from a new perspective. As we will describe in the coming sections,
applying neuroscience methodologies to cognitive models of fear and anxiety has provided
important new insights into the biological underpinnings of psychological treatments and is
already suggesting new treatment approaches and treatment targets.

For the purposes of this review we define cognitionas it is conceptualized in cognitive
behavioral therapy (CBT), including both explicit thought processes and less effortful
processes involved in perceiving, recognizing, conceiving, and judging the relevance and
salience of stimuli along with processes associated with executive control and problem
solving such as constructing plans of action. Complex processes such as appraisal involving
the recognition of features and their relation to episodic memories and action plans are
considered integrations of the basic substrates of cognition.

We follow Ekman’s (1992) definition of fearas a basic emotion associated with reaction to
threat useful for mobilizing quick and adaptive reactions in response to threatening
situations. Accordingly, fear is assumed to have properties common to all basic emotions
including (1) quick onset; (2) brief duration; (3) involuntary onset; (4) yielding almost
instant recognition of the fearful stimulus as a function of autonomic arousal; (5) universal
antecedent events (i.e., not specific to one particular culture); (6) accompanying
physiological symptoms; and (7) distinctive associated facial expressions and behaviors
(Ekman, 1992).

In contrast to fear, anxiety is conceptualized as a future-focused cognitive association that
connects basic emotions (such as fear) to events, meanings and responses (lzard, 1992).
These cognitive associations are less ‘hardwired’ than basic emotions and, therefore, vary
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widely depending on the individual and the situation. Although fear and anxiety are
different, both are adaptive emotional responses to threat. If these emotions become
maladaptive (e.g. excessive in intensity, frequency or duration), they may develop into
emotional disorders, or anxiety disorders (Barlow, 2002).

This conceptualization is consistent with research suggesting that fear and anxiety are
related, but different phenomena that can be distinguished on the neurophysiological level
(e.g. Davis, 1998; Grillon et al., 2006). At the same time, there is evidence to suggest that
both fear and anxiety are related to all anxiety disorders to varying degrees (Barlow, 2002;
Etkin & Wager, 2007).

The objective of the present review is to provide bridges from recent discoveries in
neuroscience to information processing models of fear and anxiety. Thus, the specific goal
of this review is to integrate the emerging literature on neurobiological correlates of
cognitive processes related to fear and anxiety. Our review builds on recent work
recognizing the enormous potential of integrating neuroscience in understanding the
psychology of clinical disorders, particularly as they apply to understanding response to
psychological treatments (Beck, 2008; Clark & Beck, 2010; DeRubeis, Siegle, & Hollon,
2008). These reviews consider possible neurobiological mechanisms underlying the
development and maintenance of negative cognitive biases and dysfunctional beliefs with
the general suggestion that individuals vulnerable to, or who currently suffer from
depression and anxiety show increased reactivity to negative, stress-related, or threat-related
information, manifested neurally as a hyper-reactivity in brain regions associated with
emotion recognition and generation of emotional reactions such as the amygdala and hypo-
reactivity in regulatory circuits including the prefrontal cortex. These biological correlates of
depression and anxiety are assumed to be associated with maladaptive cognitive appraisals
and information processing biases, which in turn may lead to the occurrence and
maintenance of disorder. This model is consistent with the notion that biological and
cognitive processes are ‘different sides of the same coin’ (Beck, 2008). Here we augment
this model to account for a broader network of brain regions involved in a wide spectrum of
anxiety-related phenomena and to formally relate this work to emerging trends in treatment
refinement by appealing to likely neural substrates of a Aypervigilance-avoidance model
common in understanding anxiety from a cognitive perspective.

Hypervigilance, Avoidance, and the Need for Attending to Time in
Understanding Anxious Cognitions

To understand brain mechanisms of anxiety, it is essential to account for differential neural-
system recruitment across the time course of information processing, from preparation and
early reactivity to fear stimuli through later-developing processes such as worry.
Recognition of apparent stages of threat processing stems from a now-well-developed
cognitive literature. Early theorists hypothesized that anxious individuals are generally
hypersensitive towards threatening information, which facilitates the processing of danger
(Beck et al., 1985). Therefore, it was assumed that anxious individuals would show a bias
towards threatening information. This idea has become known as the hypervigilance
hypothesis. In contrast, other authors proposed an avoidance hypothesis, which states that
anxious individuals tend to inhibit or even completely avoid deep processing of threatening
information leading to cognitive avoidance of threatening stimuli (Foa & Kozak, 1986;
Mogg, Matthews, & Weinman, 1987; Mansell, Clark, Ehlers, & Chen, 1999; Mogg,
Philippot, & Bradley, 2004; Sposari & Rapee, 2007). Indeed, avoidance behavior is a
diagnostic criterion for multiple anxiety spectrum disorders such as specific phobias, social
anxiety disorder, generalized anxiety disorder, and post-traumatic stress disorder. Key
symptoms of anxiety, such as worry, are hypothesized to represent avoidance processes
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(Borkovec, Alcaine, & Behar, 2004). For example, although individuals with generalized
anxiety disorder may initially experience increased emotional reactions immediately after
threat (McLaughlin, Mennin, & Farach, 2006; Mennin, Heimberg, Turk, & Fresco, 2005),
worry shifts attention away from emotional experiences to internal processes that control
emotion. Similarly, individuals with social anxiety appear to display pronounced behavioral
biases towards interoceptive cues compared to external cues (Pineles & Mineka, 2005).
These vigilance and avoidance perspectives have been integrated into a two-stage model of
information processing, which has become known as the Aypervigilance-avoidance
hypothesis (Amir, Foa & Coles, 1998; Mogg, Bradley, Bono, & Painter, 1997; Williams,
Watts, MacLeod, & Matthews, 1988). This model suggests that anxious individuals, who are
hypervigilant to threatening information in the initial stage of its processing, avoid this
information in a later stage. Behavioral experimental support for this hypothesis comes from
studies using eye-tracking (e.g., Garner, Mogg, & Bradley, 2006), homographs (e.g., Amir
et al. 1998), the dot-probe paradigm with varying stimulus-onset asynchronies (e.g.,
Vassilopoulos, 2005), and paradigms allowing volitional avoidance (Heuer, Rinck, &
Becker, 2007). Event-related potential data also suggest that, despite increased early sensory
engagement or attention to threat-stimuli (described in detail in the next section), indices of
later elaborative processing are decreased in anxiety (Holmes, Nielsen, & Green, 2008;
Weinberg & Hajcak, in press) and via peripheral psychophysiology, in individuals with
chronic worry (Oathes, Siegle, & Ray, 2011).

A recent review of the experimental psychology literature on anxiety disorders suggest that
facilitated attention, difficulty in disengagement, and attentional avoidance comprise the
three components of attentional biases underlying observed hypervigilance/avoidance
phenomena (Cisler & Koster, 2010). The authors propose a threat detection mechanism that
underlies facilitated attention and further suggest that attentional control ability underlies
difficulty in disengagement, whereas emotion regulation goals underlie attentional
avoidance. This model is consistent with the experimental psychopathology literature
pointing to three components of attention bias, namely hypervigilance, difficulty in
disengagement, and attentional avoidance, aside from memory biases (e.g., Fox, Russo, &
Dutton, 2002; Koster, Crombez, Verschuere, & DeHouwer, 2004; Mathews, & McLeod,
2005).

The remainder of our review will separately consider brain processes primarily associated
with preparatory and early information processing potentially subserving vigilance, and
later-developing processes, such as worry, more associated with regulatory control of
vigilant responses such as disengagement and, failing that, avoidance.

Neurobiological Correlates of Anxious Cognitions

Early Reactivity to Emotional Stimuli Subserving Vigilance

In order to prepare an appropriate behavioral response to a stimulus, the organism must be
able to extract critical information in the environment in order to discriminate threatening
from non-threatening stimuli. This discrimination must occur within milliseconds of
stimulus presentation in order for the individual to begin to formulate an adaptive behavioral
response (Ohman, Flykt, & Lundqvist, 2000). This process requires attention, which may be
defined as the mental ability to select behaviorally relevant stimuli, responses, memories, or
thoughts, among many other non-relevant stimuli (Corbetta, 1998).Vigilance can thus be
considered a process of increased preparatory priming or hyper-attention to threat stimuli.

Attentional processes subserving such hypervigilant reactions are thought to begin within a
few milliseconds of the onset of a stimulus. For example, event-related-brain potential
(ERP) studies reveal signatures of reactivity to visual stimuli within 50 milliseconds with
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modulation by attention (e.g., attending to the location of a visual stimulus), and within 100
milliseconds (the ‘P1’ component) in visual processing regions such as occipital sites
(Mangun & Hillyard, 1991), both in conditions of overt (conscious processing, e.g., with a
saccade) and covert (preconscious, without a saccade) attention (Hillyard, Luck, & Mangun,
1994). These earliest signals of visual processing, which occur even in the absence of
conscious processing, differentiate emotional from neutral stimuli (Schupp, Junghdfer,
Weike, & Hamm, 2003), are particularly large for negative and threatening facial
expressions (Klucharev & Sams, 2004; Pourtois et al., 2005; Streit et al. 2003), and occur
faster in the context of threatening information (Laretzaki, Plainis, Argyropoulos, Pallikaris,
& Bitsios, 2010) consistent with interplay of emotion and early visual detection
mechanisms. Similarly, increased levels of anxiety (Kolassa & Miltner, 2006) and threat
sensitivity (Dennis & Chen, 2007) as well as anxiety diagnoses (Holmes, et al., 2008) are
associated with potentiation of these early responses to threat stimuli. Thus, aspects of
anxiety associated with attention begin extremely quickly following emotional stimuli,
consistent with rapid spatial orienting to threat. These responses appear to originate from
generators associated with visual information processing (e.g., fusiform gyrus; Pourtois et al.
2005) and have, therefore, been assumed to indicate increased visual attention to threat
(Vuilleumier & Pourtois, 2007). It has further been proposed that a set of neural signals in
the parietal and frontal cortices (the frontoparietal network) mediates covert visual orienting
response processes (Corbetta, 1998).

More formally, a network of subcortical brain structures subserving both sensory processing
and affective reactivity are likely involved in early processing associated with
hypervigilance, including the amygdala, the basal forebrain, and the pulvinar (Hars, Maho,
Edeline, & Hennevin, 1993; LeDoux, Sakaguchi, & Reis, 1984; Morris, Friston, & Dolan,
1997; Morris, Ohman, & Dolan, 1998; Robinson & Peterson, 1992; Taylor, Liberzon, &
Koeppe, 2000). Activation of these structures can facilitate selective processing in the visual
cortex via direct projections (Emery & Amaral, 2000) or ascending neuromodulatory
systems (Briand, Gritton, Howe, Young, & Sarter, 2007; Derryberry & Tucker, 1991).
Moreover, several subcortical structures (especially the amygdala) also project to the
anterior cingulate cortex, which is part of the anterior attentional system organizing explicit
selective attention (Posner & Petersen, 1990). Amygdala activity in anxious individuals is
hypothesized to translate into increased dorsal-cingulate-mediated monitoring of
emotionally relevant behavioral responses, such as errors, which may be perceived as
threatening in anxious individuals (Holroyd & Coles, 2002; Ladouceur, Dahl, Birmaher,
Axelson, & Ryan, 2006). Feedback between the rostral division of the cingulated, which is
associated with emotion regulation and more dorsal subdivisions associated with conflict
detection and selective attention, has been associated with integrating top-down and bottom-
up aspects of reactivity (Bush, Luu, & Posner, 2000).

A review of the literature (Barrett & Wager, 2006; Phan, Wager, Taylor, & Liberzon, 2002;
Wager, Phan, Liberzon, & Taylor, 2003) suggests that the right and left amygdalae were
preferentially activated with fear and anxiety as compared to other emotional states. Directly
supporting the role of the amygdala in a hypervigilance/avoidance framework using forward
models of fMRI data, we have shown that in response to spider stimuli, individuals with
spider phobia appear to recruit amygdala activity immediately following stimulus
presentation more strongly than controls consistent with hypervigilance, but within 500ms
appear to display decreased amygdala reactivity compared to controls, consistent with later
initiation of an avoidance response (Larson et al., 2006).

Another brain region that has been discussed in the context of internally-focused processing
of emotional responses is the insular cortex (Critchley, Wiens, Rotshtein, Ohman, & Dolan,
2004; Damasio, 1999; Paulus & Stein, 2006). The insula receives input from receptors in the
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skin and internal organs and is apparently involved in the perception of the physiological
state of the entire body and the subjective feelings that can bring about actions. Information
from the insula is relayed to other brain structures that appear to be involved in decision-
making, especially the anterior cingulate and prefrontal cortices. Damasio (1999) and others
(Critchley et al., 2004; Paulus & Stein, 2006) have proposed that this region plays a crucial
role in mapping visceral states that are associated with emotional experiences, giving rise to
conscious feelings.

In a recent meta-analysis, individuals suffering from post-traumatic stress disorder, social
anxiety disorder and specific phobia evidenced greater activity than controls in the amygdala
and insula in response to negative emotional stimuli, similar to patterns found in healthy
subjects during fear conditioning (Etkin & Wager, 2007). Hyperactivation in the amygdala
and insula were more common in social anxiety disorder and specific phobia than in post-
traumatic stress disorder, whereas only patients with post-traumatic stress disorder showed
hypoactivation in the dorsal and rostral anterior cingulate cortices and the ventromedial
prefrontal cortex. These data are consistent with other literature (Bishop, 2007; Monk, 2008;
Shin & Liberzon, 2010; van den Heuvel et al., 2005) and point to differences between
anxiety disorders in the processing of fear-relevant material, which is an important area for
future research.

Together, these data suggest that early reactivity to emotional stimuli happens before
conscious awareness and is associated with activity in brain regions associated with sensory
perception (e.g., visual cortex), emotional labeling (e.g., amygdala), and interoception
(insula). Thus, to the extent that hypervigilance reflects increased early reactivity in these
structures, it could be considered a phenomenon of increased recognition of environmental,
internal, and introceptive cues.

Later Regulatory Processing Subserving Avoidance

Preliminary evidence suggests that changes in cognitions and conscious self-regulation of
emotions are associated with other changes in brain dynamics likely to occur 500ms to
seconds or minutes following the onset of emotional stimuli (e.g., Beauregard, Levesque,
Bourgouin, 2001; Blair et al., 2007; Bunge, Ochsner, Desmond, Glover, & Gabrieli, 2001;
LeDoux, 1996; Leutgeb, Schafer & Schienle, 2009; Ochsner, Bunge, Gross, & Gabrieli,
2002; Ochsner et al., 2004). A review of studies employing explicit emotion regulation
instructions (Ochsner & Gross, 2008) implicates a wide network of cortical regions in
dowregulating early reactivity to emotional stimuli, as could occur in avoidance.

The prefrontal cortex (PFC), including all of the ventrolateral, ventromedial, dorsolateral,
and dorsomedial regions appear to represent key brain regions involved in the cognitive
regulation of emotions (e.g., Urry et al., 2006). The lateral PFC (LPFC) regions appear to be
associated with conscious emotion regulation and executive processes (Smith & Jonides,
1999), likely more associated with voluntary regulatory strategies, such as conscious
avoidance (Phillips, Ladouceur, & Drevets, 2008). But inhibitory pathways from LPFC
regions to subcortical structures associated with vigilance are weak — rather, LPFC regions
appear to project to ventromedial prefrontal mid-line structures including orbitofrontal
regions (OFC), which proximally inhibit the amygdala. The VMPFC/OFC have bi-
directional connections to the amygdala and have been implicated in regulation and
adaptation of social behaviors (e.g., Damasio, 1995; Dolan, 1999; Grafman and Litvan,
1999; Kringlebach, 2005). For example, we have shown that functional inhibition of the
amygdala by the dorsolateral prefrontal cortex (DLPFC) is mediated by ventromedial
regions (Siegle, Thompson, Carter, Steinhauer, & Thase, 2007). Similarly, supporting the
functional inhibitory role of these structures, clinical neuropsychological studies have shown
that damage to the OFC leads to pseudopsychopathic syndrome that is characterized by
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impulsivity, emotional outbursts, aggressiveness, shallowness, argumentativeness,
hypersexuality, risky decision-making, and failure to observe social and moral rules
(Damasio, Tranel, & Damasio, 1990). Thus, the data suggest fundamental ongoing dynamic
interactions between brain mechanisms associated with early reactivity such as vigilance and
later regulatory control processes as might be involved in avoidance. These later regulatory
control processes include the conscious reappraisal of negative emotional stimuli that has
been shown to be associated with increased activity in the dorsal and ventral regions of the
left LPFC and the dorsal medial PFC (DMPFC) and decreased activity in the amygdala and
OFC. These patterns of activation are in turn associated with decreased subjective
endorsement of negative affect (Ochsner et al., 2002; 2004). In contrast, attending to
negative stimuli in the absence of conscious reappraisal is associated with greater activation
of medial orbitofrontal cortex (MOFC) and increased subjective endorsement of negative
affect. These findings suggest that lateral and dorsal medial PFC prefrontal regions engaged
through reappraisal techniques may modulate the emotional processes implemented in the
amygdala and MOFC and involved in the evaluation of the emotional significance and
contextual relevance of the stimulus. The data further suggest that subcortical and
ventromedial prefrontal structures are associated with negative affect in response to certain
stimuli, whereas dorsal prefrontal regions may be engaged during conscious reappraisal to
dampen this outflow from more ventral structures.

Further studies of late regulatory processes suggest unique recruitment of PFC regions may
be dependent upon regulatory goals. Down-regulation of emotion through cognitive
reappraisal has been found to uniquely recruit regions of right lateral and orbital PFC
implicated in behavioral inhibition, whereas up-regulation uniquely recruited regions of left
rostromedial PFC, which is implicated in the retrieval of emotion knowledge (Ochsner et al.,
2004). Further, self-focused regulation has been found to recruit medial prefrontal regions
implicated in internally focused processing, whereas situation-focused regulation recruited
lateral prefrontal regions implicated in externally focused processing (Ochsner et al., 2004).
Thus, it appears that there are both common and distinct neural systems that support various
forms of reappraisal. It further appears that the specific prefrontal systems that modulate the
amygdala are contingent on the regulatory goal and on the strategy that is used.

Recent evidence suggests that differential recruitment of the DLPFC in service of down-
regulating emotional responses may distinguish individuals with anxiety disorders and
healthy controls, particularly in response to disorder-relevant threat stimuli. In a study
examining individuals diagnosed with social anxiety disorder and healthy controls, showed
comparable recruitment of DMPFC during conscious reappraisal of both physical and social
threat in both groups (Goldin, Manber, Hakimi, Canli, & Gross, 2009). However, when
reappraising socially threatening stimuli, healthy controls demonstrated greater neural
responses in the DLPFC, pointing to an enhanced coordination of cognitive control circuitry
not shown in social anxiety disorder. By contrast, individuals with social anxiety disorder
evidenced greater right mid-DLPFC activation relative to healthy controls in response to
physical threat. In fact, the differences in recruitment of DLPFC structures occurred only in
response to social threat but not physical threat. This may suggest that there are strategic
differences in how or when these structures are recruited. Alternatively, it is possible that
individuals with SAD show hyperreactivity in subcortical structures, including the
amygdala, in response to social threat, which functionally inhibits the recruitment of
prefrontal regulatory control.

Whereas increased DLPFC activation is associated with the down regulation of emotional
responses (Ochsner et al., 2002; 2004), evidence suggests that the ventrolateral PFC
(VLPFC) may be implicated in both emotion generation and regulation. Greater activation in
the VLPFC has been found to correlate with decreased activation in the amygdala and
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reduced negative emotional experience during cognitive reappraisal, suggesting that the
VLPFC may be associated with conscious and voluntary regulation of emotional processes
(Ochsner et al., 2002, 2004; Wager, Davidson, Hughes, Lindquist, & Ochnser, 2008.)
However, VLPFC activation has been found to be associated with both decreases and
increases in negative emotion through different subcortical pathways. Using a pathway-
mapping analysis, Wager and colleagues (2008) identified one pathway from the VLPFC
involving the nucleus accumbens predicted greater reductions in negative emotion during
reappraisal, while another pathway, linked with the amygdala, predicted reduced reappraisal
success and, therefore, an increase in negative emotion. These two separable pathways
together explained approximately 50% of the variance in self-reported emotion. These
findings suggest that the prefrontal cortex is involved in both creating and mitigating
negative emotion, depending on the content of the thoughts.

To relate these data to anxiety, increased VLPFC function may be associated with increased
use of regulatory strategies, such as avoidance in response to anxious hyper-reactivity. For
example, in adult anxiety disorders, increased amygdala activation to threat-related stimuli is
accompanied by altered VLPFC responses (Rauch, Savage, Alpert, Fischman, & Jenike,
1997; Shin et al., 2005; Stein, Goldin, Sareen, Zorrilla, & Brown, 2002). Adolescents with
generalized anxiety disorder also display both increased VLPFC activity, which has been
implicated in cognitive aspects of emotional information processing, and attentional biases
away from angry faces (Monk et al., 2006). Similarly, increased VLPFC activity occurs
when generalized anxiety disorder adolescents direct attention towards threat (McClure et
al., 2007). Together, these data suggest that the VLPFC plays a regulatory role proportional
to hyperreactivity in anxious individuals.

In sum, an integrative review of the neuroscience and information processing literature is
consistent with a cognitive-neurobiological information processing model, which will be
presented below. This model relates cognitive processing in anxiety to early vigilance
processes and later avoidance processes.

An Integrative Model of How Neural Mechanisms of Fear Cognitions
Subserve Vigilance/avoidance

Multiple reviews in the past decade describe the mutually inhibitory relationships among
subcortical regions involved in emotional reactivity, including the amygdala, and cortical
regions involved in emotion regulation (e.g., Davidson, Jackson, & Kalin, 2000; LeDoux,
2000). These relationships can be disrupted by, for example, increased activity in the
amygdala and abnormalities in prefrontal control, as supported by a wealth of neuroscience
literature (e.g., Beck, 2008; Liberzon & Sripada, 2008; Phillips, et al., 2008) as well as their
resolution in CBT (e.g., Clark & Beck, 2010; de Carvalho et al., 2010; DeRubeis, et al.,
2008).

To this literature we add the theoretical framework that anxious cognitions subserving
avoidance are specifically a product of neural mechanisms of hyperreactivity. Activation of
regulatory control regions is increased simply because inputs to these areas are increased by
hyper-reactivity. Pathologies, such as depression, have been characterized as resulting from
decreased prefrontal function yielding decreased regulatory control (e.g., Rogers et al.,
2004). In contrast, we suggest that fear and anxiety involves preserved regulatory control
system function in the presence of learned beliefs regarding the appropriateness and utility
of avoidant coping strategies

Our model relates cognitive processing in anxiety to early vigilance processes and later
avoidance processes. As we have discussed, immediately following a stimulus, the anxious
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individual perceives the stimulus as potentially threatening due to hyperreactivity of the
amygdala. Other cortical centers are proximally recruited, in particular the hippocampus,
which makes episodic memory associations with other threat information potentially
contributing to further anxiety, and the insular cortex, which provides interoceptive context
and in this case is potentially perceived as physiological symptomatology. If the dorsal
anterior cingulate cortex is also recruited, the individual may perceive conflict contributing
to further anxiety. These areas form a network as the amygdala has extensive connections to
other brain areas also associated with emotional and cognitive functions, including the
sensory cortices, and the hippocampal complex (Young, Scannell, Burns, & Blakemore,
1994).

The PFC may be involved with the later emotion processing stages associated with
regulatory function, which, in the case of anxiety, often includes avoidance. There is
evidence to suggest that the LPFC is involved in the selection of the appropriate cognitive
operations that are associated with a down-regulation of the emotional response by sending
commands to ventromedial regions. If avoidance is a learned regulatory strategy it is likely
to recruit the DLPFC, which would begin this regulatory cascade. The VMPFC/OFC, in
turn, inhibit the amygdala. These signals can modulate the activity in brain structures
involved in autonomic, visceral, and endocrine functioning, such as the hypothalamus and
the insular cortex (Beauregard, 2007).

It is notable, however, that decreases in DLPFC activation have been found to correspond
with positive treatment outcomes following CBT for specific phobias, and that increased
DLPFC activation pre-treatment is associated with increased avoidance and anxious
responding (Paquette et al., 2003; Straube et al., 2006). This suggests the DLPFC is
implicated in both down-regulating emotional responses and facilitating cognitive
avoidance, potentially at the expense of other more adaptive regulatory processes such as
extinction learning (e.g. Phelps et al., 2004; Shienle et al., 2007). This would further suggest
that teaching adaptive regulation skills through CBT does not necessarily mean bringing the
DLPFC ‘online’ as much as increasing the flexible recruitment of the DLPFC in service of
more efficient and adaptive regulation (e.g. Johanson et al., 2006).

Thus, the prefrontal cortices, including the ventrolateral, dorsolateral, dorsomedial, and
orbitofrontal areas of the prefrontal cortex, are key brain regions involved in the selection
and execution of emotion regulation strategies. The lateral PFC regions have been associated
with conscious emotion regulation, executive processes, and working memory. The
bidirectional relationship between the sub-cortical and cortical brain structures that are
involved in the neurocircuitry of emotion processing implies that later stages can influence
earlier stages. This inter-relationship explains the hypervigilance-avoidance phenomenon
during the processing of certain fearful stimuli.

A simplified schematic of the interplay between these key brain structures and their
relationships to relevant aspects of cognitive processing and psychophysiological outputs is
displayed in Figure 1. As depicted in this model, some of the output variables also serve as
input variables, depending on the aspect of cognitive processing. For example, it is assumed
that the physiological arousal associated with emotional responding results in activation of
the insula, which is strongly connected to the amygdala, in turn, modulating hippocampal
processing, finally resulting in enhanced consolidation or storage for events that elicit an
arousal response in the hippocampus.

We believe this illustrative figure not only summarizes many of the findings reported in the
literature, but it also provides a heuristically useful model of the interplay and relationship
between different brain structures and information processing stages on the psychological,
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biological, and psychophysiological levels. Based on our review, anxious cognitions may be
understood, in part, as decision points during the processing of threat information. After a
potential threat is perceived and detected, subsequent decision points involve selecting
adequate coping strategies and then to applying coping strategies with the goal of regulating
a fear response. These decision points are associated with the activation of brain structures
such as the amygdala at the very early stage, followed by the hippocampus and the insular
cortex, and later the anterior cingulate and prefrontal cortices.

Model Implications: Basic and Clinical

Based on these model assumptions, we will outline some research perspectives that give rise
to some high-risk hypotheses related to treatment.

Defining Cognitions Based on Timing of the Emotional Process

The implication of our model for neuroscience is that the temporal dynamics of brain
activation must be considered, especially when examining the biological correlates of
cognitive processes. Such temporal analyses are increasingly conducted in affective
neuroimaging studies. For example, Goldin, McRae, Ramel, and Gross (2008) examined 17
women who viewed a series of films while undergoing fMRI scanning after receiving
instructions to reappraise or suppress their emotional response. Compared to suppression,
reappraisal resulted in early (0-4.5 sec) PFC activation, decreased amygdala response,
decreased insular response, and also a less negative emotion response, whereas suppression
produced late (10.5-15 sec) PFC responses, and a less negative emotional experience, but
increased amygdala and insular activation.

Consistent with these findings, our model suggests that cognitions are associated with
different neurobiological correlates, depending on the processing stage and the timing of the
information processing. At an early, subconscious, fast-acting, and automatic stage,
cognitions are expressed in the form of attention biases that are primarily associated with
activation of the amygdala. The thalamo-amygdala projections contribute to the processing
of the affective significance of sensory cues, whereas the cortico-amygdala projections are
involved with the processing of complex stimuli. The later, slower-acting and deliberate
cognitive processes occur when the threat is detected. In this stage of cognitive processing,
the organism chooses coping strategies, and then finally applies emotion regulation
strategies to cope with the fearful situation. The hippocampus, insular cortex, anterior
cingulate, and prefrontal cortices play a crucial role in these later cognitive processes.

Improving Symptoms by Changing Anxious Cognitions during CBT

CBT is an effective psychotherapy for a variety of psychological conditions including
anxiety disorders (Butler, Chapman, Forman, & Beck, 2006; Hofmann & Smits, 2008).
Framing how symptoms of anxiety may change in this intervention within the proposed
model can help to generalize the model’s ultimate utility. CBT teaches anxious individuals
to replace automatic responses to emotional stimuli with more controlled responses such as
reducing behavioral avoidance and altering their automatic thoughts, biases, cognitive
distortions, and physiological responses (Kendall, 1993). Thus, CBT may facilitate use of
adaptive emotion regulation strategies, helping to regulate automatic limbic reactivity in
place of maladaptive coping mechanisms, such as avoidance. An in-depth review if this
literature on neurobiological changes associated with treatment is outside the scope of this
article (for a review, see Frewen Dozois, & Lanius, 2008; Linden 2006; Porto et al., 2009;
Roffman, Marci, Glick, Dougherty, & Rauch, 2005). In summary, studies collectively
support the notion that response to CBT for anxiety disorders is associated with changes in
recruitment of brain regions that subserve affective and self-regulation including the
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prefrontal cortices (in particular, DLPFC and medial and lateral OFC), the anterior
cingulate, and the insular cortices (Davidson, 2000; Ochsner & Gross, 2008). For example,
following CBT, individuals with spider phobia display decreased DLPFC (Paquette et al,
2003; Straube et al, 2006) and ventromedial (Schienle et al, 2007) activity consistent with
either less need for regulation or more efficient recruitment of these regulatory regions.
Thus, CBT appears to be associated with less consuming affective reactivity and more
effective use of neural mechanisms of problem-solving, affect regulation, and self-
referential and relational processing. Anxious individuals with the highest pre-treatment
anterior cingulate reactivity to emotional stimuli respond best to this treatment (Nitschke et
al., 2009), suggesting that they most need what it has to offer. In this way, CBT may
improve coping by increasing regulation of negative affect. Decreased DLPFC activation
seen at post-CBT may also reflect changes in avoidant processing as a result of changes in
threat contingencies. Successful reappraisal during treatment (as evidenced by initial
increases in DLPFC) may facilitate an increase in approach behavior and extinction
learning, thereby reducing the need for effortful regulation post-treatment (as evidenced by
decreased DLPFC activation). Moreover, CBT may enhance executive functioning and
deployment of working memory in problem-solving during difficult emotional and stressful
situations, as suggested by the changes in activation in the DLPFC. Future studies
examining changes in DLPFC across the course of CBT treatment would clarify the role of
DLPFC activation in symptom improvement.

Improving Symptoms by Correcting Early Cognitive Biases

Symptom improvement has been linked to changes in attentional biases (Mogg & Bradley,
1998). Supporting evidence comes from studies reporting a reduction in attention biases
during the course of treatment in both uncontrolled (Mattia, Heimberg & Hope, 1993) and
waitlist-controlled studies (Mathews, Mogg, Kentish, & Eysenck, 1995). More importantly,
this model further makes the high-risk prediction that changes in cognitive biases at an early
information processing stage can lead to later improvements in psychopathology.

Consistent with this prediction is a prospective study by MaclLeod and Hagan (1992) that
showed that attention bias correlated with affective responses to stressful real-life events.
However, the only way to definitively answer the question of causality is with experimental
designs in which attention is manipulated (MacLeod, Rutherford, Campbell, Ebsworthy, &
Holker, 2002). This issue was examined by two experimental studies manipulating
attentional allocation directly through a process of attention modification (MacLeod et al.,
2002). Using a dot-probe discrimination task, two words (one threat and one neutral word)
were presented on a computer monitor. The words appeared for a brief interval (20 or 480
ms) followed by a visual probe. Participants were instructed to indicate the location of the
probe. Conditions were designed to create a strong contingency between neutral or threat
words and probe location (i.e., the probe replaced the threat word in the attend negative
condition). The results showed that attention shifted in the 480 ms condition, such that
participants in the attend negative condition exhibited a tendency to orient toward the threat
words, whereas participants in the attend neutral condition tended to orient toward neutral
words. In addition, participants in the attend negative condition reported significantly more
negative mood in response to a stressful task than participants in the attend neutral
condition, and also experienced higher levels of stress during an impossible anagram
stressor.

Building on these studies, investigators recently modified the dot probe paradigm such that
participants were asked to detect a probe by identifying letters replacing one member of a
pair of words. One of the words was threatening, the other word nonthreatening.
Participants’ attention was trained by including a contingency between the location of the
probe and the non-threat word. For the control group, the probe was equally likely to appear
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after the threat word and the non-threat word. Participants in the training group showed a
change in attention bias and a decrease in distress as indicated by self-report and interviewer
measures. This paradigm was successfully applied for treating generalized anxiety disorder
(Amir, Beard, Burns, & Bomyea, 2009) and public speaking anxiety (Amir, Weber, Beard,
Bomyea, & Taylor, 2008).

As noted earlier, it is possible that attention retraining acts on the sensory gating mechanism
of the ventral pathway that serves a modulatory function via afferent connections to the
amygdala (e.g., Bishop, 2007; Davis & Whalen, 2001). More specifically, it is possible that
attention retraining changes the sensory input that reaches the amygdala via projections from
the anterior thalamus, which could produce motor and autonomic activity via projections to
motor areas, brain stem nuclei, and other brain areas (Amunts et al., 2005; Rauch, Shin &
Wright, 2003).

Improving Symptoms by Specifically Targeting Neurobiological Structures

The model predicts that changes in activation of specific brain structures are associated with
subjective experience of anxiety and behaviors (and vice versa). Real-time functional brain
imaging provides the possibility of directly increasing or decreasing activation of specific
brain areas using neurofeedback techniques (e.g., deCharms, 2008). This new technology
has been successfully applied to change activation in the somatosensory cortex (e.g., Posse
et al., 2001), the amygdala (Posse et al., 2003), the insular cortex (Caria et al., 2007), and the
anterior cingulate cortex (e.g., Yoo et al., 2004). For example, the study by Posse et al.
(2003) trained subjects to self-regulate their amygdala activation through a strategy of self-
induced sadness. The results showed that participants’ emotion ratings correlated with the
activity in the amygdala. Despite these promising early results, the correlational nature of
these studies should cause them to be interpreted with caution. Our model predicts that
neurofeedback training may also be beneficial for regulating the fear response when
targeting the insular cortex, the anterior cingulate cortex, and the prefrontal cortex.

Enhancing Treatment Efficacy by Targeting Multiple Levels of Processing

An important assumption of the model is the bi-directionality between cognitive processes,
brain activation, behaviors, and emotions. This implies that targeting multiple levels in
treatment will result in enhanced efficacy. One possible strategy to potentiate the efficacy of
CBT is the enhancement of extinction learning at the subcortical level in the context of
CBT. Animal research has shown that intra-amygdala infusions of an NMDA receptor
antagonist shortly before extinction training dose-dependently block extinction (Falls,
Miserendino, & Davis, 1992). Moreover, d-cycloserine (DCS), a partial NMDA agonist,
dose-dependently enhances extinction in rats (Walker, Ressler, Lu, & Davis, 2002;
Ledgerwood, Richardson, & Cranney, 2003, 2004). Similarly, DCS has been shown to
enhance exposure therapy of height phobia (Ressler et al., 2004), social anxiety disorder
(Hofmann et al., 2006; Guastella et al., 2008), and obsessive-compulsive disorder (Kushner
et al., 2007; Wilhelm et al., 2008). In other words, it is apparently possible to facilitate the
efficacy of CBT with a cognitive enhancer. However, the precise action is not entirely
understood. Animal research suggests that DCS specifically acts upon NMDA receptor in
the amygdala (Walker et al., 2002). An fMRI study with spider-phobic people suggests that
DCS may enhance PFC, ACC, and the insular cortices when participants were asked to view
pictures of spiders (Aupperle et al., 2009). Future research on this exciting area might
answer important questions about the biological correlates of fear and anxiety processing
and may further lead to new treatment strategies.
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Concluding Comments

Our review has suggested that anxious and fearful cognitions may be defined as temporally
specific features of information processing of emotional material that are associated with
activation in specific brain networks. These processes include both structures associated
with early hyperreactivity and later recruitment of prefrontal resources associated with
avoidant coping. The same neurocircuitry is also hypothesized to underlie anxious behaviors
and associated psychophysiological arousal. Our model predicts that anxious cognitive
processes and relevant aspects of brain activation are closely and bi-directionally connected.
Therefore, terms such as cognitionand cognitive process are inherently intertwined with
brain processes subserving the temporal processing of threat information.

Recognizing the importance of biological substrates of cognitions in emotional processing
offers new possibilities for intervention research. As suggested by our review, neuroscience
is likely to specifically clarify and enrich CBT for anxiety disorders. Moreover,
understanding cognitive and emotional processes on the biological level opens up new
windows of opportunity for intervention research.
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Figure 1.

A Cognitive-Neurobiological Information Processing Model of Fear and Anxiety.

Note: The Figure depicts cognitive processing of threat on the psychological, biological, and
psychophysiological level from earlier to later processing stages. Note: PFC: prefrontal
cortex. ACC: anterior cingulate cortex. Depending on the threat assessment, the errors can
depict excitatory or inhibitory influences.
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