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Abstract of the Dissertation
Neural Underpinnings of Anxiety: Multi-modal Magnetic Resonance
Imaging Approach
by
Jiook Cha

Doctor of Philosophy

in
Neuroscience
Stony Brook University

2013

Anxiety disorders affect about 40 million American adults yearly. Recent
conceptualization suggests that abnormal brain connectivity of the corticolimbic
network underlies anxiety-related maladaptive behaviors. However, it is still
unclear which brain circuits mediate specific behaviors, as well as how such
brain-behavior based mechanisms contribute to the pathophysiology of anxiety. In
this dissertation, we used both neurobiology and behavior to investigate the
etiology of generalized anxiety disorder. Specifically, we hypothesized that
distinct neural mechanisms may exist in two different constructs of the negative

valence system: reactivity to imminent threat (fear) and to distal and uncertain

il



threat (anxiety). We used behavioral paradigms targeted to elicit reactivity to
either fear or anxiety, and identified brain circuitry that may underlie each state
using multi-modal MRI and statistical modeling. First, we found that the
amygdala—prefrontal connectivity explains individual differences of attentional
bias towards threat (induced using affect-valence faces), and that BDNF
Val66Met polymorphism, a genetic risk factor of anxiety, has an indirect impact
on this behavior by modulating connectivity. Second, we identified circuit-wide
neural features (grey and white matter structural and functional connectivity) that
account for maladaptive ventromedial prefrontal cortical threat reactivity in
clinical anxiety. Finally, we found novel evidence that abnormal dopaminergic
signaling, from the midbrain ventral tegmental area to the corticolimbic system,
may underlie patients’ lack of specificity (‘over-generalization’) in threat-
detection. Together, the studies presented in this dissertation provide a circuit-

based model for the neural underpinnings of clinical anxiety.
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CHAPTER1

General Introduction

I divided this chapter into four sections. The first provides an overview of
anxiety and anxiety disorder, general emotion and anxiety circuitry, and potential
factors of anxiety. The second section introduces additional emerging potential
factors that are likely to be implicated in anxiety disorder, but that have not yet
been directly addressed in humans. Then, I describe the importance of macro-
scale brain connectivity in brain (dys-)function research and a few methods that I
used in the research for this dissertation. This is followed by an introduction of an
approach for breaking down complex anxious behaviors for systematic and
quantitative research, that is, Research Domain Criteria. All of these finally
constitute a proposed brain connectivity model of the pathophysiology of anxiety,
leading to a set of testable hypotheses. Finally, I will describe the main

experimental objectives to be addressed in this dissertation.



Background

Anxiety and Anxiety Disorder

Anxiety is a future-oriented state related to preparation for potential
negative events, and characterized by marked negative affect. It is distinct from
fear, in that the latter is present-oriented alarm response to imminent danger, such
as immediate fight or flight response (Barlow, 2002). Anxiety and fear are part of
normal emotional states and responses, which allows an organism to prepare for

and rapidly adapt to ever-changing life environments.

It is considered that psychological disorders onset, when state of anxiety
and fear becomes excessive and uncontrollable, thus, pervasive and persistent.
There exist various forms of anxiety disorders, which are collectively the most
widespread psychiatric disorders experienced by Americans, with a lifetime
prevalence of 28.8% (Kessler et al., 2005). They are often debilitating, because
state of anxiety and fear requires significant amounts of psychological,
physiological, and metabolic energy, which normally should return to a basal

level quickly.

DSM-IV categorizes anxiety disorder into six: generalized anxiety

disorder, post-traumatic stress disorder, obsessive-compulsive disorder, panic



attacks, phobias and social phobia (or social anxiety disorder). Of these, anxiety
disorder is a broad category of disorders with potentially diverse etiology and
symptomatology. In this dissertation, I will focus on the most general and basic

form, that is, generalized anxiety disorder.

The lifetime prevalence of generalized anxiety disorder is estimated at 5%,
and the female to male ratio at about 2:1 (American Psychiatric Association. and
American Psychiatric Association. Task Force on DSM-IV., 2000). GAD has also
been known as "chronic anxiety neurosis" and is often described as being
characterized by chronic anxiety not attached to specific situations, or "free-
floating anxiety" In terms of clinical features, patients with GAD complain of
anxiety or bitterness, are easily startled, and may not be able to sleep well,
spending restless hours. Patients with GAD typically engage in excessive
avoidance and escapist tendencies in an effort to cope with their discomfort. At
times, there may be discernible reasons for anxiety; however, at other times, the
person’s concerns are unjustified or the anxiety symptoms are out of proportion to
the actual occasion for worry. GAD appears to be a chronic disorder, with

symptoms waxing and waning over the years or decades.

Etiological considerations for GAD suggest a genetic role, as supported by
family (Noyes et al., 1987; Newman and Bland, 2006; Coelho et al., 2007) and

twin studies (Chantarujikapong et al., 2001; Hettema et al., 2001; Mackintosh et



al., 2006; Kendler et al., 2007; Kubarych et al., 2008; Hettema et al., 2012).
However, it is not entirely clear "what" is inherited, although several findings
suggest abnormalities in GABAergic and noradrenergic activity. The GABAergic
dysfunction hypothesis, in particular, is supported by the effectiveness of
benzodiazepines in this disorder (Lapierre et al., 1983; Rickels et al., 2000; Vasile
et al., 2005). Common treatments include cognitive behavior therapy or
medications, such as, benzodiazepines, antidepressants and buspirone (American
Psychiatric Association. and American Psychiatric Association. Task Force on

DSM-1V., 2000).

Brain Circuitry of Negative Affect Processing

An understanding of the brain circuitry pathological anxiety requires a
conceptualization of the emotion processing circuit, with a particular focus on the
processing of negative affect. Here, I introduce current understanding of the brain
circuitry of negative affect processing that is closely related to onset and

maintenance of anxiety.

Gray and McNaughton conceptualized a thorough and insightful
framework for the pathophysiology of anxiety, including a theory of the septo-
hippocampal network in the negative valence system (Gray and McNaughton,

2000b). The septo-hippocampal system detects conflicts when several stimuli or



features compete for attention. As competition produces the state of anxiety, in
order to disambiguate the conflicts, the septo-hippocampus inhibits all prepotent
goals and behaviors while gathers more information to make decisions that are
more informed. This theory lends significant support to the neuropsychological

model of anxiety and anxiety disorder proposed in this dissertation (Figure 1.1A).

A neural model of emotion regulation is another important axis. In this
model, the corticolimbic system consists of ventral and dorsal functional
networks. Dysregulation between the ventral network, which involves perception
of emotional stimuli and mediation of autonomic responses and includes the
amygdala, insula, ventral anterior cingulate cortex (ACC) and ventral PFC, and
the dorsal network, which involves cognitive processes such as selective attention
or reappraisal and emotional perception and includes the hippocampus, dorsal
ACC and PFC, may explain neural underpinnings of anxiety disorder (Figure

1.1B).

Under this conceptualization, Etkin proposed a more detailed
corticolimbic model of negative emotion processing (Figure 1.1C) (Deckersbach
et al., 2006; Etkin, 2010). This model contains three major groups: the core limbic
group (e.g., the amygdala and insula) registering emotional stimuli and mediating
physiological response, the dorsal prefrontal group (e.g., the dorsal anterior

cingulate and dorsomedial prefrontal cortex) evaluating extensive affective and



contextual information and communicating with other higher order cortical
systems, and the emotion regulation group (e.g., the rostral, subgenual ACC, and

vmPFC) regulating emotion.

In short, the dynamic interplay among distributed brain systems is
essential in affect processing. This leads to the various circuitry models of anxiety
disorder that are supported in numerous human neuroimaging research (Olesen et
al., 2003; Adler et al., 2004; Cannistraro et al., 2007; Schlosser et al., 2008; Dima
et al., 2010; Schlosser, 2010). Nevertheless, it is worth noting that there is critical
a methodological limitation in the search for neural correlates of the patient—
controls dichotomy that is essentially based on subjective symptom reports; that
is, such research may not tell much about mechanisms of pathophysiology.
Therefore, it is crucial to breakdown a complex construct (or a set of symptoms)
into observable and objective dimensions. One can then apply complementary
approaches to address underlying biological, neural, psychological, or behavioral
substrates to a specific domain of anxiety or anxiety disorder; this will allow a
more complete picture of the etiology of mental illnesses. I will introduce more

about this in what follows.
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Figure 1.1. Neural or neuropsychological models of anxiety. A, Gray and
McNaughton’s neuropsychological model. Here, different forms of anxiety
disorder are linked to slightly different neural dysregulation. For example, panic
is directly controlled by the lowest level, the midbrain periaqueductal grey;
phobia by the medial hypothalamus and amygdala; and the primary cognitive
aspects of anxiety by the septo-hippocampal system. Interestingly, the generalized
anxiety disorder is viewed as a primarily cognitive dysfunction with secondary
changes in arousal or avoidance consequent on connections between the
hippocampal formation and amygdala (Adapted from Gray and McNaughton,
2000). B, emotion regulation model in anxiety disorder. This model links
abnormalities of prefrontal regulatory brain regions to dysregulation of emotion,
and onset and developement of anxiety disroder (Adapted from Phillips et al.,
2008). C, corticolimbic circuit of negative emotion processing in anxiety. The
circuit is categorized into three major groups: core limbic, evaluation, and
regulation group (Adapted from Etkin 2010).



Emerging Factors of Anxiety

Mounting evidence suggests the involvement of novel factors in clinical
anxiety and in the vulnerability to anxiety. A formal conceptualization of the
pathophysiology of anxiety thus needs to account for recently discovered factors
of anxiety. These factors have been examined in preclinical populations and
animal models, yet remain to be directly tested either in clinical populations or in
a more systematic way. In this section, I will introduce some of the factors in
question, the relationships of which to anxiety behaviors constitute the primary

motivation of this dissertation.

Human Genetic Variability and Anxiety

Several human genetic variances are implicated in the anxiety trait or
anxiety-related behaviors. One example is Brain-derived neurotrophic factor
(BDNF) Val66Met. BDNF regulates neural development, connectivity, and
plasticity (Poo, 2001; Martinowich and Lu, 2008). It is a substitution of valine
(Val) to methionine (Met) at codon 66 (Egan et al., 2003). BDNF Val66Met is
associated with poorer episodic memory, abnormal hippocampal activation, and
lower hippocampal n-acetyl aspartate (Egan et al., 2003). Furthermore, in animal
models, where this polymorphism does not naturally occur, neurons transfected

with Met-BDNF show lower depolarization-induced secretion and fail to localize



to secretory synapses (Egan et al., 2003). A more recent animal study confirmed
that Met-BDNF transfection lowers BDNF secretion and increases fear-related
behaviors such as freezing (Chen et al., 2006). In line with these rodent models,
human homozygous Met+ carriers are reported to be at increased risk for mood
disorders (Montag et al., 2010b), and both homozygous and heterozygous Met+
carriers display heightened rumination (Hilt et al., 2007; Beevers et al., 2009) and
inefficient fear conditioning (Hajcak et al., 2009). Additionally, the Met-BDNF
Val66Met has been linked to increased depression in women across ethnic
backgrounds (Verhagen et al., 2010). In human functional neuroimaging research,
Met+ carriers show a hyperactive amygdala response to emotional stimuli
(Montag et al., 2008). Morphometric research using structural MRI indicates that
Met+ carriers show smaller amygdala, hippocampus, caudate, and dorsolateral
prefrontal volumes, compared with Val+ homozygous individuals (Pezawas et al.,
2004). In terms of white matter, greater fiber integrity has been linked to the
BDNF Val66Met in a number of the major fiber tracts (Chiang et al., 2011) and in

particular the uncinate fasciculus (Tost et al., 2013).

Another example is the serotonin-transporter-linked polymorphic region
(often called "5-HTTLPR"). The short variant of this polymorphism reduces the
transcriptional efficiency of the 5-HTT gene promoter, resulting in decreased 5-

HTT expression. 5S-HTTLPR is a genetic susceptibility factor for general affective

10



disorders (Collier et al., 1996). In relation to anxiety, S-HTTLPR is linked to trait
anxiety (Lesch et al., 1996), which is also supported by more recent meta-analysis
research (Schinka et al., 2004). In neuroimaging research, the short variant has
been associated with reduced gray matter volumes in the ACC, hyperactive
amygdala to negative (i.e., fearful) emotion stimuli and attenuated negative
perigenual ACC - amygdala coupling with negative emotion processing (Pezawas

et al., 2005).

Dopamine and Anxiety

Although dopamine has long been associated with various psychiatric
disorders, such as schizophrenia, addiction, and depression, it has yet to be linked
to anxiety disorder at least in human studies. However, mounting evidence
indicates that abnormalities of the dopaminergic circuit may be related to anxiety
or chronic stress induced psychiatric conditions. In this dissertation, I therefore
hypothesize that the midbrain dopaminergic circuit plays an important role in the
threat-related adaptive behavior in close relation with the existing Gray’s septo-

hippocampal system (cf. Figure 1.1A).

Dopamine is plays a central role in negative motivation (Pezze and
Feldon, 2004; Fairhurst et al., 2007; Joshua et al., 2008; Liu et al., 2008; Fadok et

al., 2009; Matsumoto and Hikosaka, 2009; Baliki et al., 2010; Bromberg-Martin

11



et al., 2010; Zweifel et al., 2011; Cohen et al., 2012; Stamatakis and Stuber, 2012;
Brooks and Berns, 2013). Recent research involving optogenic dissection
indicates that the midbrain ventral tegmental area (VTA) receives glutamatergic
inputs from the lateral habenular and projects to the dopaminoreceptive medial
prefrontal cortex. This constitutes the dopaminergic aversion circuit that is
anatomically distinct from the mesolimbic reward circuit (Figure 1.2.) (Lammel

etal., 2012).

The midbrain VTA critically interacts with the hippocampal memory
system, and this hippocampal-VTA loop plays an essential role in controlling the
entry of information and memory (Figure 1.3.) (Lisman and Grace, 2005; Lodge
and Grace, 2006). In this model, external inputs come through the entorhinal
cortex to the dentate gyrus/CA3 areas, which provide input to CA1. CA1
functions as a comparator in relation to the VTA and passes novelty signals to the
subiculum and then to the basal forebrain and to the midbrain dopamine cells. Of
note, the VT A mesocortical projection is likely to interact with this functional

loop.

It is worth noting that the hippocampal-VTA loop is essentially embedded
on the Gray and McNaughton’s septo-hippocampal system. Nonetheless, the VTA
has yet to be conceptualized as part of the negative valence system or its

abnormalities linked to pathophysiology of anxiety (although a recent article
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Figure 1.2. Proposed motivation circuits driven by distinct inputs (i.e., LHb
and LDT) into the VTA. This dissertation will examine abnormal threat (or
aversion) processing in this the dopaminergic aversion circuit is implicated in
human clinical anxiety. Green shading represents negative and red/pink indicates
positive motivation circuit. mPFC, medial prefrontal cortex; LDT, laterodorsal
tegmentum; LHb, lateral habenula; NAc, nucleus accumbens; RMTg,
rostromedial tegmental nucleus. (Modified from Lammel et al., 2013).

reviews the involvement of mesocorticolimbic dopamine system in negative
affect (Brooks and Berns, 2013), it does not focus on a formal circuit). In this
dissertation, I therefore propose that the dopaminergic VTA is central to threat
processing and that abnormal reactivity and connectivity of this pathway is

implicated in clinical anxiety.
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Furthermore, recent studies report that an alteration in the dopaminergic
circuit is likely to underlie the pathophysiology of certain mental disorders,
particularly the ones closely related to chronic stress. Social defeat stress alters
VTA dopamine transmission (Anstrom et al., 2009) and that the long-term impact
of the social defeat stress is critically dependent on the neurotrophic factor BDNF
that is expressed in the VTA (Berton et al., 2006). Dopaminoreceptive neurons
are likely target site of disturbance under chronic stress, critically via
glucocorticoid release (Figure 1.4.) (Barik et a/, 2013) and epigenetic control
(i.e., DNA hyper-methylation of the tyrosine hydroxylase gene) (Niwa et al.,
2013). Furthermore, an increase in dopaminergic neuronal activity and
morphological alterations in the VTA appear to underlie anxiety-related behaviors
in a mouse model of bipolar disorder, which are, notably, rescued by and lithium

treatment, a common medication for mood disorder (Coque et al., 2011a).

However, to my best knowledge, no single human study has linked
abnormalities of the dopaminergic circuit to pathological anxiety. If abnormal
dopaminergic circuit is indeed implicated in human anxiety disorder or trait
anxiety, this will add significant information about basic dopaminergic function
and the consequence of its malfunction, and will motivate future research for

treatment strategies targeting the normalization of dopaminergic neuronal activity.
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Figure 1.3. Hippocampus-VTA loop: controlling the entry of information
into memory. This model describes rather complex information flow within the
hippocampus—VTA loop that is essentially embedded on the Gray and
McNaughton’s septo-hippocampal system. External inputs come through the
entorhinal cortex to the dentate gyrus/CA3 areas, which provide input to CA1.
CAL functions as a comparator in relation to the VTA and passes novelty signals
to the subiculum and then to basal forebrains and to the midbrain dopamine cells.
Of note, the VTA projection to the prefrontal cortex is likely to be related to this
functional loop. PPTg, pedunculopontine tegmentum (Adapted from Lisman and

Greace, 2005).
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Figure 1.4. Chronic stress reactivity via glucocorticoids and brain circuitry.
A, Chronic stress stimulates glucocorticoid signaling, impacts of which are
targeted on dopamine circuit, that is, mesolimbic and mesocortical pathways. B,
Genomic and non-genomic processes mediate stress-induced glucocorticoid
actions. Barik et al. and Niwa et al. recently report that this mechanism is most
likely to act on specific dopamine projections (Barik et al., 2013; Niwa et al.,
2013). I propose that brain circuitry of anxiety should consider these recent
findings. (Adapted from (McEwen, 2013).
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Neuroimaging Technology for Brain Connectivity

Macro-Scale Brain Connectivity

How neurons (or brain systems) interact with each other to produce a
behavior is central to neuroscience. In animal research, various anatomical and
functional assays exist to examine connection properties of neurons, primarily at
micro-scale. Recent developments in technologies using MRI are now enabling
the systematic and quantitative investigation on brain connectivity at the macro-
scale. For example, diffusion weighted imaging combined with computational
estimation of probable white matter tracts (i.e., tractography) can demonstrate
anatomical connections of the living brain. Although numerous technical issues
remain to be resolved, such MRI-based connectivity technology has rapidly been
becoming the primary tool of human neuroscience and connectome research
because of its relatively simple and generalizable methodology and because there

are no alternatives for studying living brains.

Such an access to the macro-scale connectivity has greatly advanced our
knowledge of brain function and structure. For example, Honey et al. used fMRI
to examine the dynamics of interregional functional connections in the absence of
external input — so called, 'resting-state connectivity'— and report significant

overlap with the structural connectivity matrix, based on previous anatomical
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tracing data (Figure 1.5.) (Honey et al., 2007). This seminal report has promoted
similar approaches in the study of human whole brain networks, which could have

been not possible without MRI (Bassett and Bullmore, 2009; Meunier et al., 2009;

Van Dijk et al., 2010).
A B
BN T {.
L
.

Figure 1.5. Macro-scale functional and structural connectivity using MRI.
(A) Structural connection matrix of macaque neocortex based on anatomical
tracing data. (B) Functional connection matrix generated from resting-state fMRI
connectivity, which shows overlap with the underlying structural network.
(Modified from Honey et al., 2007).
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Methods For Investigating Brain Connectivity

Intrinsic functional connectivity (often called fcMRI) has rapidly gained
attention as a general brain mapping tool to examine, primarily, large-scale
functional networks, because of the simplicity of this technique (e.g., short data
acquisition —several minutes, no need for an experimental design —resting state—
and generalizable and unifiable data analytic strategies). FCMRI is based on the
slow (usually < 1Hz) intrinsic fluctuations in hemodynamics measurable with
fMRI and the coupling of these ultra-slow fluctuations that are observed in many
brain systems known to have synaptic connections (Buckner et al., 2013). FcMRI
results partitally correlate with anatomical estimates of structural connectivity by
diffusion tractography (Honey et al., 2007; Damoiseaux and Greicius, 2009;
Greicius, 2009) and by tract tracing in non-human primates (Vincent et al., 2007;
Margulies et al., 2009; Mars et al., 2011). Thus, a major application of intrinsic

functional connectivity is to define coupled networks of distributed brain regions.

For all of its usefulness, it should also be noted that functional
connectivity is nevertheless an ambiguous mapping tool. Despite a general
correspondence with anatomical connectivity, there are observations of functional
correlations between brain regions that are not anatomically connected. This
could be due to indirect relationships via a third region, which the functional

connectivity technique cannot disambiguate. Furthermore, f{cMRI is known to be
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more sensitive to confounding influences from conditions such as motion and
physiological modulations than are other task-based parametric mapping
approaches. Interestingly, some known statistical methods to control these issues
are reported to cause spurious negative correlations (or anti-correlations), which
in turn has led to the development of novel algorithms (such as the component-
based noise correction method), which minimize motion confounding and do not

cause secondary artifacts (Behzadi et al., 2007).

In addition, because of its task-free nature, the interpretation of results
may sometimes be limited. For example, different subdivisions of the ACC are
known to have distinct connection properties with the amygdala depending on
contexts or tasks (Mohanty, 2007). However, a resting-state f{cMRI differentiating
the ACC shows positive correlation with the amygdala and other limbic regions
alike (Margulies et al., 2007). This shows that correlation and anti-correlation in
fcMRI may not interpreted as an excitatory or inhibitory nature of a given

connection.

Another method for investigating brain connectivity in anxiety is diffusion
tractography. Magnetic resonance diffusion tractography is a method to identify
and characterize anatomical substrates of connectivity in the living brain. In
diffusion weighted imaging, the intensity of voxels indicates the estimate of the

water diffusion rate. Using a mathematical model (e.g., a diffusion tensor model),
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one can calculate several diffusion parameters, such as anisotropy and diffusivity.
These parameters have been widely used in human neuroimaging, particularly in
the characterization of white matter microstructure in disease conditions.
Neurobiological interpretations of the parameters are heavily dependent on
correlation studies. For example, fractional anisotropy is known to positively
correlate with axonal density or diameter and degrees of fasciculation. However,
similar to the fMRI, the exact mechanism underlying the diffusion signal or

parameter in the brain is yet to be known.

Tractography is a computational estimation of a likely connection across
diffusion voxels (Figure 1.6.). Therefore, the reliability of the tractography
solutions is bound by the quality of diffusion imaging. Of note, the quality varies
across brain regions and depends on multiples factors, such as imaging sequence,
existence of crossing fibers and general confounding factors of MR (motion or
physiological modulations). Despite such limitations, diffusion tensor
tractography reliably reconstructs white matter bundles observable in post-
mortem human dissection (Stieltjes et al., 2001; Catani et al., 2002) and from ex
vivo tracer studies in non-human primates (Behrens et al., 2003). I will describe
details of diffusion tractography and algorithms in the methods section of each

relevant chapter.
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Figure 1.6. Diffusion tensor image of the corpus
callosum. Diffusion directions are shown as a long
axis. Directions are color-coded: red, left-right; green,
back-front; blue, up-down. Tractography is estimation
of a connection (Human Connectome Project website).

Novel Classification of Psychopathology: Research Domain Criteria

The National Institutes of Mental Health (NIMH) has initiated a strategic
plan for “new ways of classifying psychopathology based on dimensions of
observable behavior and neurobiological measures”
(http://www.nimh.nid.gov/research-priorities/rdoc). Implementation of this
strategy launched the Research Domain Criteria (RDoC) project (Insel and
Cuthbert, 2009; Cuthbert and Insel, 2010a; Cuthbert and Insel, 2010b; Insel et al.,
2010; Sanislow et al., 2010; Morris and Cuthbert, 2012; Cuthbert and Kozak,
2013; Morris et al., 2013). The current diagnosis of mental disorders is based on
clinical observation and phenomenological symptom reports. However, the
clinical syndromes based on subjective symptoms are not unitary disorders. It is
therefore critical to map each observable dimension of complex behaviors onto a
specific set of neurobiological substrates, such as genetic factors or brain circuits.
This will allow a more complete account of pathophysiology and the development

of more specific treatment strategies for mental disorders.
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In relation to fear and anxiety, a relevant domain construct in RDoC is
negative valence system, which has several subconstructs, including acute threat
(fear) and potential threat (anxiety). An acute threat evokes a phasic fear response,
which is an active coping mechanism characterized by fight or flight, while a
more remote or uncertain threat generates a more persistent state of anxious

apprehension and hypervigilance.

While abnormally increased sensitivity to either type of threat is closely
related to clinical anxiety, the underlying neural circuitry is thought to be
different, as I mentioned above. A critical contribution to the neuropsychiatry of
anxiety would be the identification of a specific circuit and a set of factors that
drive a distinct dimension of these negative valence systems. In this dissertation, |
will therefore map these two particular constructs onto genes, brain regions, and
circuits using complementary approaches combining cognitive paradigms and

multi-modal MRI. I will describe this in more detail in what follows.

Table 1.1. Research domain criteria matrix of negative valence systems.
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Domain Units of Analysis
Construct
Genes | Molec | Cells | Circui | Physio | Behav | Self- | Paradi
Subconstruct . Reports
ules ts logy ior P gms
Negative Valence Systems
Acute threat
(C‘fear’7)

Potential threat
(“anxiety”)

Proposal for a Connectivity Model of Anxiety

In this dissertation, I propose the existence of two brain networks, each of

which involves reactivity to distinct types of threat, that is, imminent and remote

threats. Such a distinction is critical for a systematic and integrative investigation

on brain circuitry and other factors of a specific pathophysiology of anxiety.

Amygdala—Prefrontal “Fear” Network

In response to imminent threat, the nervous system in human and animal

models alike produces a set of phasic fear responses to adapt to the environment

(Ohman et al., 2001). Central to a fear response is a rapid allocation of attentional

resources to threat, which serves to prioritize visual cortical processing within the
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retinotopic location (Carlson et al., 2011b). It has been suggested that excessive
attention bias to threat is closely related to greater vulnerability to clinical anxiety

(Fox, 2002; Mogg and Bradley, 2002).

In a recent study, the negative attention bias indexed by facilitation of
reaction time towards a threat (e.g., fearful facial expression) was found to predict
physiological reactivity (e.g., cortical release) to real-life stress more significantly
than widely used self-reported psychological questionnaires (Fox et al., 2010).
Neuroimaging studies using this behavioral paradigm reveal that the amygdala
and the rostral ACC are essential brain regions involved in negative attention bias.
The existence of multiple stimuli compete for attention, and the ACC monitors
and resolves conflicts while the amygdala detects threat and signals in a bottom-
up fashion to the prefrontal systems (Mathews and Mackintosh, 1998; Mathews
and MacLeod, 2002). Within the prefrontal system, the ACC is most densely and
reciprocally connected with the amygdala (Porrino et al., 1981; Amaral and Price,
1984). Dynamic interaction of the amygdala—ACC network is critical to emotion
related attention modulation (Mohanty, 2007). Based on this I propose that that
the connectivity between the threat detecting function of the amygdala and the
conflict monitoring function of the ACC plays a critical role in the onset and
maintenance of anxiety in relation to hypersensitivity to imminent threat or fear.

Although this proposal may not be a novel contribution of this dissertation to the
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neuroscience field, systematic approaches to explain brain (connectivity)—
behavior mechanism are sparse. Based on the aforementioned complementary
connectivity tools available, the present study aims to investigate functional and
anatomical substrates of the amygdala—ACC network that are critical in negative
attentional bias and the contribution of other factors (e.g., genetic risk factor of
anxiety, BDNF Val66Met polymorphism) to this relationship. This constitutes the

first major question of this dissertation.

Mesocorticolimbic “Anxiety” Network

The vmPFC is the key structure in the anxiety circuitry. In response to
remote and uncertain threat, the vimPFC receives inputs from various distributed
systems to mediate precise appraisal and subsequent decision making to adaptive
the volatile environments, including limbic regions and even the midbrain
neuromodulatory regions. Here I propose that the entire mesocorticolimbic circuit

with the vimPFC being central involves reactivity to distal and uncertain threat.

Numerous studies report the vmPFC’s involvement in various cognitive
and affective domains, such as autonomic control (Gianaros et al., 2004; Nagai et
al., 2004; Ohira et al., 2009; Critchley et al., 2011; Thayer et al., 2012), threat
processing (Milad et al., 2007b; Wager et al., 2009; Diekhof et al., 2011) and

valuation (McClure et al., 2004; Valentin et al., 2007; Boorman et al., 2009; Chib
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et al., 2009; Hare et al., 2009; Kumaran et al., 2009).The vmPFC integrates
information from cortical and subcortical areas to generate affective meaning and
to make a decision about a value-based choice or threat appraisal (e.g., whether a

stimulus represents a threat or safety) (Roy et al., 2012).

Of note, central to such versatile and integral roles of the vmPFC is its
extensive connectivity with the corticolimbic regions. In threat processing, it
interacts with the dorsal prefrontal attentional network (Bishop et al., 2004; Hare
et al., 2009), the hippocampus/parahippocampal gyrus (Kalisch et al., 2006; Milad
et al., 2007a; Sierra-Mercado et al., 2011) and the thalamus for fear conditioning
(Mitchell and Gaffan, 2008; Cross et al., 2012; Parnaudeau et al., 2013), and with
the amygdala for fear regulation (Phelps et al., 2004; Sierra-Mercado et al., 2011).
It is thus central to affective neuroscience to demonstrate how the vmPFC’s
integral functions are linked to its extensive connectivity. Furthermore, a
quantitative and systematic account, ideally via complementary multi-modal MRI
technology to account for structural and functional features, may provide much
needed information about the pathophysiology of anxiety disorder, frequently
characterized by the attenuation of vmPFC function (Drevets et al., 1997; Drevets

et al., 1998; Etkin and Wager, 2007; Milad et al., 2009; Greenberg et al., 2013a).

Furthermore, the midbrain dopaminergic system plays an important role in

negative affect processing. This system appears to closely interact with the
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vmPFC, particularly in adaptive learning of unexpected outcomes (Takahashi et
al., 2009). Based on the literature mentioned above, I propose to include the
dopaminergic mesocorticolimbic system into the circuitry of uncertain threat

(“anxiety”). This constitutes the second major question in this dissertation.

Questions Addressed in this Dissertation

As outlined above, the first goal of this dissertation is to investigate the
amygdala—prefrontal “fear” circuit in response to imminent threat. To that end,
the first two chapters of this dissertation will use the negative attention bias
paradigm to probe the phasic fear response in healthy individuals. As this
negative attention bias is related to the development of clinical anxiety, this
paradigm stood out as a good framework to investigate the role of the amygdala—
prefrontal circuit in this behavior. To examine connection properties, in Chapter 1
and 2, I will use non-invasive neuroimaging techniques to account for both
anatomical and functional aspects. Specifically, diffusion MR and probabilistic
tractography and voxel-wise examination will be used to measure the
microstructure of the white matter tracts connecting the amygdala and the ACC.
In addition to this, intrinsic functional connectivity will be measured in the

amygdala—ACC network using resting-state fMRI. Such complementary
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neuroimaging investigation on the role of the amygdala—ACC connectivity in
attentional orientation to fearful stimuli would provide a novel mechanistic
account on the brain-behavior relationship and a useful account on the

pathophysiology of anxiety.

In addition to this, I will investigate potential impacts of genetic variability
of a well-known risk factor of anxiety, that is, BDNF Val66Met. As mentioned
above, a number of studies document the impacts of this genetic variance in
humans on brain structure and anxious behaviors. I hypothesize that this genetic
factor, specifically, the Met allele in the BDNF Val6Met, may have effects on the
amygdala—prefrontal circuitry, which then contribute to individual differences in
negative attention bias. This would provide unprecedented information about
gene-brain connectivity-behavior relationship and novel insights on the

mechanism of this genetic risk factor of clinical anxiety.

The second goal of this dissertation is to investigate brain circuitry of
negative affect processing under uncertainty, that is, response to potential threats.
Based on a previous report from our group — attenuated vmPFC threat processing
in clinical anxiety— I first hypothesize that circuit-wide factors, including vimPFC
grey matter structure and corticolimbic connectivity, are associated with vmPFC
functioning during threat/safety assessment in ambiguity. To that end, in Chapter

4, I will first index individuals’ vmPFC functioning based on fMRI during a fear
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generalization task. Then, I will use multi-modal neuroimaging to characterize

circuit-wide neural features of the vimPFC—mediated corticolimbic circuit.

In Chapter 5, I will hypothesize that the midbrain neuromodulatory
structures are critically involved in threat generalization. More specifically,
mesocorticolimbic network that has been primarily linked to positive motivation
may play an important role in negative motivation as well. Aberrant behaviors of
this putative dopaminergic aversion circuit may be associated with clinical
anxiety. To test this, based on the same data from Chapter 4, in Chapter 5, I will
examine, first, BOLD reactivity and functional connectivity of the midbrain
structure with the corticolimbic systems and, second, group differences in them.
Altogether, the studies presented in this dissertation will provide a circuit-based
model anxiety in a different dimension of anxious behavior, hence will provide a

more complete picture.
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Abstract

Cognitive processing biases, such as increased attention to threat, are
gaining recognition as causal factors in anxiety. Yet, little is known about the
anatomical pathway by which threat biases cognition and how genetic factors
might influence the integrity of this pathway, and thus, behavior. For 40
normative adults, we reconstructed the entire amygdalo-prefrontal white matter
tract (uncinate fasciculus) using diffusion tensor weighted MRI and probabilistic
tractography to test the hypothesis that greater fiber integrity correlates with
greater nonconscious attention bias to threat as measured by a backward masked
dot-probe task. We used path analysis to investigate the relationship between
brain-derived nerve growth factor genotype, uncinate fasciculus integrity, and
attention bias behavior. Greater structural integrity of the amygdalo-prefrontal
tract correlates with facilitated attention bias to nonconscious threat. Genetic
variability associated with brain-derived nerve growth factor appears to influence
the microstructure of this pathway and, in turn, attention bias to nonconscious
threat. These results suggest that the integrity of amygdalo-prefrontal projections
underlie nonconscious attention bias to threat and mediate genetic influence on
attention bias behavior. Prefrontal cognition and attentional processing in high
bias individuals appear to be heavily influenced by nonconscious threat signals

relayed via the uncinate fasciculus.
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Introduction

Humans have evolved to rapidly respond to signals of potential threat
(Ohman et al., 2001), even when these signals are nonconsciously processed
(Beaver et al., 2005; Carlson et al., 2009a). This response includes an automatic
allocation of attentional resources to the location of potential threat, which serves
to prioritize visual cortical processing within this retinotopic location (Carlson et
al., 2011b). Although affective processing biases are an adaptive aspect of the
human fear response (Ohman et al., 2001), vulnerability to anxiety is linked to
excessive attention bias to nonconscious threat (Fox, 2002; Mogg and Bradley,
2002). Furthermore, individual differences in nonconscious attention bias to threat
prospectively predict cortisol release during laboratory-based and real-world
stress (Fox et al., 2010). Critically, attention bias to threat is not only correlated
with anxiety, but appears to play a casual role in its development (MacLeod et al.,
2002). Given that attention bias is strongly and causally associated with stress
reactivity and anxiety vulnerability, it is important to understand the anatomical
pathway by which threat biases cognition and how structural variability in this

pathway may relate to variability in attention bias behavior.

Models of cognitive processing biases claim that such biases only occur
when multiple stimulus representations compete for attention (Mathews and

Mackintosh, 1998; Mathews and MacLeod, 2002). Under this model, the ACC is

33



thought to serve as a conflict monitor and resolver, while the amygdala is thought
to nonconsciously evaluate threat and “bias” the monitoring system (i.e., ACC) in
favor of threat. Similarly, Gray and McNaughton’s (2000a) model states that fear-
related or “active avoidance” type behaviors such as increased attention to threat
are mediated by the amygdala-ACC system, while during states of uncertainty and
anxiety septo-hippocampal activity accompanies the amygdala response to threat.
Consistent with these models, accumulating evidence suggests that the amygdala
detects and evaluates nonconscious representations of visual threat (Morris et al.,
1998; Whalen et al., 1998; Liddell et al., 2005), which are likely relayed via the
pulvinar nucleus of the thalamus and the superior colliculus (Morris et al., 1999;
Morris et al., 2001; Liddell et al., 2005). Furthermore, amygdala reactivity to
nonconscious threat is elevated in a variety of negative affect-related dispositions
such as anxiety (Etkin et al., 2004), depression (Sheline et al., 2001), anger
(Carlson et al., 2010), and post-traumatic stress disorder (Rauch et al., 2000;
Armony et al., 2005). More recent research has linked the facilitation of spatial
attention by nonconscious threats to an amygdala-ACC network (Carlson et al.,
2009b), in which amygdala reactivity is positively coupled with ACC activity.
Additionally, amygdala activation during nonconscious attention bias to threat is
elevated among anxious individuals (Monk et al., 2008). Anatomically, attention
bias to threat is correlated with greater ACC gray matter volumes (Carlson et al.,

2012b). Within the prefrontal cortex, the ACC is one of the most densely and
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reciprocally connected with the amygdala (Porrino et al., 1981; Amaral and Price,
1984) and the uncinate fasciculus is the primary white matter tract connecting
these structures. Thus, the uncinate fasciculus directly connects the “threat
evaluating” amygdala to the “conflict resolving” ACC and we therefore expect
that the integrity of this tract be positively correlated with attention bias behavior.

Yet, this relationship has not been tested.

The extent to which genetic factors influence the integrity of the uncinate
fasciculus pathway, and in turn, attention bias behavior is currently unknown.
Growth factors such as brain-derived neurotrophic factor (BDNF) are critical in
regulating neural development, connectivity, and plasticity (Poo, 2001;
Martinowich and Lu, 2008) and for precisely this reason, genetic variability
affecting these growth factors may contribute to variability in white matter
integrity across individuals. Here we turn our attention to a single nucleotide
polymorphism in the BDNF gene, which results in the substitution of valine (Val)
to methionine (Met) at codon 66—the BDNF Val66Met polymorphism (Egan et
al., 2003). The frequency of the Met/Met (4.5%, 15.9%), Met/Val (27.1%,
50.3%), and Val/Val (68.4%, 33.%) genotypes has been shown to differ across
ethnic backgrounds (United States (a primarily Caucasian sample) & Japan,
respectively; Shimizu et al., 2004). The substitution of Met for Val reduces a

number of factors associated with synaptic plasticity and memory such as
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memory performance, hippocampal activity, synaptic activity, BDNF dendritic
expression, and activity dependent secretion of BDNF (Egan et al., 2003).
Additionally, Met/Met mice manifest less neuronal BDNF secretion and display
increased fear-related behaviors such as freezing (Chen et al., 2006). Similar to
the mouse model, Met/Met humans are at increased risk for mood disorders
(Montag et al., 2010b) and Met+ (i.e., Met/Met & Met/Val) adults display
heightened rumination (Hilt et al., 2007; Beevers et al., 2009) and disrupted fear
conditioning (Hajcak et al., 2009). Additionally, the Met-BDNF genetic has been
linked to increased depression in women across ethnic backgrounds (Verhagen et
al., 2010). In human functional neuroimaging research Met+ individuals show a
hyperactive amygdala response to emotional stimuli (Montag et al., 2008)—an
effect exaggerated in anxious individuals (Lau et al., 2010). Human structural
neuroimaging research indicates that Met allele carriers show smaller amygdala,
hippocampus, caudate, and dorsolateral prefrontal volumes, compared to Val/Val
individuals (Pezawas et al., 2004). However, in terms of white matter, greater
fiber integrity has been linked to the Met-BDNF genetic variant in a number of
the major fiber tracts (Chiang et al., 2011) and in particular the uncinate
fasciculus (Tost et al., 2013). Given the prevalent impacts of BDNF Val66Met on
neural structure including white matter (Chiang et al., 2011; Tost et al., 2013) and

fear-related behavior (Chen et al., 2006), we hypothesized that Met+ individuals
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would display greater uncinate fasciculus fiber integrity and increased attentional

bias to nonconscious threat.

The primary goal of this study was to test the relationship between
amygdalo-prefrontal tract integrity and attention bias behavior. Based on the
models (Mathews and Mackintosh, 1998; Gray and McNaughton, 2000b;
McNaughton and Gray, 2000; Mathews and MacLeod, 2002) and research
(Carlson et al., 2009b; Carlson et al., 2012b) outlined above, we hypothesized that
greater amygdalo-prefrontal tract integrity predicts greater levels of nonconscious
attention bias to threat. To test this hypothesis we used a recently designed global
tractography method (Yendiki et al., 2011b) to reconstruct the entire uncinate
fasciculus tract and measured nonconscious attention bias to threat with a
backward masked fearful face dot-probe task. Further, we examined the role of
the BDNF Val66Met polymorphism on this brain-behavior relationship
(Martinowich and Lu, 2008; Montag et al., 2008; Montag et al., 2010b; Tost et al.,
2013). Specifically, we used structural equation modeling to test the hypothesis
that differences in BDNF genotype would influence fiber integrity and in turn

attention bias behavior.
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Methods

Participants

Forty (16 female) consenting adults 19-25 years old participated. Our
sample contained 18 Caucasians, 3 African Americans, 15 Asians, 0 Hispanic,
and 4 individuals of other ethnicities'. Thirty-five reported being right handed.
Potential participants were screened for metal in their bodies. The Institutional
Review Board of Stony Brook University approved this study. Participants were

compensated for their time.

Dot-probe Task

The task was performed in a small testing room outside the scanner.
Stimuli were presented on a 60Hz PC monitor and stimulus presentation was
controlled by E-Prime (Psychology Software Tools, Pittsburg, PA). Facial stimuli
were from a standardized database (Gur et al., 2002). Four individual identities

(two male) of fearful and neutral grayscale faces were used for the initial (i.e.,

! Ethnicity was neither associated with attention bias to threat (F3 36 = 1.82, P =

0.16) nor uncinate fasciculus integrity, F336=1.27, P = 0.3.
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masked) faces and a different female identity with an open-mouthed happy facial
expression was used as a mask. As depicted in Figure 2.1a, trials started with a
white fixation cue (+) centered on a black background for 1000 ms. Afterwards,
two faces were then simultaneously presented to the left and right of fixation (33
ms). Each face subtended approximately 5 x 7° of visual angle. Faces were
separated by 14°. To limit the potential influence of perceptual inconsistencies,
these initial faces were instantly masked with an open mouth happy face (100 ms)
offset by 1° on the vertical axis (Carlson and Reinke, 2008). A target dot
immediately followed in either the location of the left or the right face and
remained on the screen until a response was made. Participants responded to the
location of the dot using the numeric pad on a keyboard: pressing the “1” key
with their right index finger for left-sided targets and the “2” key with their right
middle finger for right-sided targets. The fixation cue remained in the center of
the screen throughout the entirety of each trial. Participants were instructed to

always fixate on this cue.

Trials used to calculate attention bias scores contained one fearful and one
neutral face. For half of these trials, the target dot was presented in a spatially
congruent location to the fearful face, while for the other half the target dot was
spatially incongruent (i.e., appeared behind the neutral face). The facilitation of

spatial attention by backward masked fearful faces is marked by faster reaction
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times on congruent compared to incongruent trials. Thus, attention bias scores
were calculated as the mean difference between congruent and incongruent
reaction times. Values that are more negative are indicative of an attention-related
reduction of reaction time on congruent compared to incongruent trials. The task
contained 40 congruent and 40 incongruent trials equally presented in each visual

field plus 40 neutral-neutral trials.

Participants also completed a task designed to assess awareness of the
backward masked faces. Participants were instructed that each trial would contain
two sets of faces presented in rapid succession and that they should identify the
facial expressions of the first set of faces. Stimulus presentation for this task was
identical to the dot-probe task with the exception that following the masked faces
participants were prompted to use a keyboard to indicate whether they saw a
fearful face on the left, a fearful face on the right, or two neutral faces. The task

included 60 trials: 20 of each type.

Genotyping Procedure

Participants were genotyped for Val66Met BNDF polymorphism. The
genotyping procedures for BDNF have previously been described (Hajcak et al.,
2009). Briefly, we used the QuickExtract DNA Extraction Solution (Epicentre

Technologies, Madison, WI, USA) to extract DNA from buccal cells, and a high-
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resolution melt analysis for genotype analysis. Our sample contained 18 Met
carriers (Met/Met = six & Met/Val = 12) and 22 homozygous Val/Val individuals.
Using the Hardy—Weinberg equilibrium calculator (Rodriguez et al., 2009) our
BDNF genotype distribution did not deviate from the expected distribution (32 (1)

=3.27,p > 0.05).

Image Acquisition

Participants were scanned at the Stony Brook University Social,
Cognitive, and Affective Neuroscience (SCAN) center with a 3 Tesla Siemens
Trio whole body magnetic resonance image scanner. DTIs were collected using
the following parameters: TR = 5500 ms, TE = 93 ms, FOV =220 x 220 mm,
Matrix = 120 x 220 x 220, Voxel size = 1.7 x 1.7 x 3.0 mm, EPI factor = 128,
slices = 40, slice thickness = 3 mm, Bandwidth = 1396 Hz/pixel, GRAPPA
acceleration factor = 2. The series included two initial images acquired without
diffusion weighting and with diffusion weighting along 40 non-collinear
directions (b = 800 sm™). Ti-weighted images were acquired in the same session
with the following parameters: TR = 1900 ms, TE = 2.53, Flip angle = 9°, FOV =
176 x 250 x 250 mm, Matrix = 176 x 256 x 256, and Voxel size =1 x 0.98 x 0.98

mm.
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Image Processing

We corrected eddy current distortions for each subject, and registered
individual images without diffusion weighting to T1 images. We used FDT
(FMRIB software library’s Diffusion Toolbox 2.0) for DTI preprocessing. We
performed cortical parcellation and subcortical segmentation from individual’s
Ti-weighted image employing an automated cortical reconstruction and

volumetric segmentation tool, Freesurfer 5.1 (http://surfer.nmr.mgh.harvard.edu/).

Global Tractography: TRACULA

We performed a recently developed global tractography method,
TRACULA (TRActs Constrained bv UnderLying Anatomy; (Yendiki et al.,
2011Db), to reconstruct our a priori white matter tract of interest, the uncinate
fasciculus. Global tractography parameterizes a connection between two regions
at a global level, instead of tracking through a local orientation field. This global
approach has several advantages over local tractography in that it eschews local
uncertainty issues due to noise or partial volume effects, and it can increase the
sensitivity and robustness of the tractography solutions by informing tractography
process of a known connection between two regions (Jbabdi et al., 2007).
Furthermore, TRACULA minimizes bias due to the need of manual intervention,

for example to set arbitrary angle or length for tractography or to draw anatomical
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boundaries for tracts, which potentially lead to spurious results. TRACULA uses
a Bayesian framework for global tractography with anatomical priors (Yendiki et
al., 2011a) Prior information on the surrounding anatomy of the pathway are
derived from training data sets of 33 healthy adults, of which major pathways
including the uncinate fasciculus are identified by a neuroanatomist (see Yendiki
A etal., 2011 for detailed manual labeling procedures). Notably in TRACULA,
two end regions for the tractography algorithm are obtained by intersection of the
pre-labeled tract atlas and the brain areas of a test subject, parcellated and
segmented in Freesurfer. Based on this prior knowledge, posterior distributions of
tracts are estimated via a Markov Chain Monte Carlo (MCMC) algorithm (see
individual tracts in Figure 2.2). Statistics on standard diffusion measures (i.e.,
fractional anisotropy, axial diffusivity, radial diffusivity, and mean diffusivity) are

then extracted from the estimated posterior pathway distribution.

DTI Metrics and Statistical Analysis

Based on earlier work (Carlson et al., 2009b; Carlson et al., 2012b), we
tested the directional hypothesis that greater attention bias would be associated
with greater uncinate fasciculus fiber integrity. Based on the reports that the Met-
BDNF variant of Val66Met SNP is associated with greater white matter integrity

(Chiang et al., 2011) and increased fear-related behaviors (Chen et al., 2006) we
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tested the directional hypotheses that Met allele carriers would show greater fiber
integrity in the uncinate fasciculus and greater attention to threat. Our primary
measure of interest was fractional anisotropy, which is an indicator of fiber
integrity and degree of myelination (Le Bihan, 2003). Radial and axial diffusivity,
which respectively measure the degree of myelination and axonal integrity (Song
et al., 2003), were also assessed. Fractional anisotropy was positively correlated
with axial diffusivity (left: r = 0.62, P = 0.00004 right: r = 0.52, P = 0.0003), but
negatively with radial diffusivity (left: r =-0.90, P < 0.00001; right: r =-0.90, P <
0.00001). Thus, we tested an inverse relationship with radial diffusivity. Given

our directional tests, we used one-tailed p-values.

We diagnosed potential outliers for every test at a threshold of Cook’s
distance of 4/n (i.e., 0.1). When potential outliers were detected, robust linear
regression was used. Robust regression in Stata 12 used a stepwise weighting
estimation (i.e., Huber weighting and bi-weights) and a bi-weight tuning constant

of 6 was used (Goodall, 1983).

Path Analysis

We combined path analysis and a model comparison method in AMOS 18
(SPSS Inc.) to test the serial relationship of BDNF SNP, FA of the left uncinate

fasciculus, and attention bias. We chose path analysis because it can effectively
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differentiate direct and indirect effects, and with aid of structural equation model
functionality (e.g., bootstrap model comparison method), it provides a useful
approach for hypothesis testing. We first built the most intuitive model (Model 1),
which assumed serial effects of BDNF genotype onto FA and FA onto attention
bias. We then constructed five variations and compared model fit to choose the
best one. Confounding variables in the model included age, sex, and ethnicity for
the effects of BDNF on the FA in addition to awareness level and information

processing speed for attention bias.

Given our sample size of forty and the numbers of parameters included in
the model, our degrees of freedom were only eight for the intuitive model. Thus, a
goodness of model fit could be driven by only a few outliers. Our data indeed
contained one potential outlier whose attention bias index is more than 2 SD +

average (Figure 2.1c), and this outlier significantly decreased goodness of model

fit: in case of the intuitive model (Model 1), x2/df dropped from 0.914 (without

the outlier) to 0.793 (with the outlier). We thus excluded this outlier from the path
analyses. No outliers were found in FA. For model comparison, we employed a
bootstrapping method following the Linhart and Zucchini’s approach (Linhart and
Zucchini, 1986) in addition to comparison of standard goodness of fit statistics.
The bootstrapping approach involves four steps. First, we generated bootstrap

samples considering the original data as the population for sampling. Second, the
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five models were fitted to every 10,000 bootstrap samples using the maximum
likelihood function. For each iteration, the discrepancy between each bootstrap
sample and the bootstrap population was calculated. Third, the average
discrepancy across bootstrap samples for each model was calculated. Fourth, the
best model among the five was selected based on the mean discrepancy. We
additionally considered standard goodness of fit measures, such as AIC (Akaike’s
Information Criterion), the root mean square error of approximation (RMSEA)
and the comparative fit index (CFI). Cutoff criteria for RMSEA (<0.06) and CFI

(0.95) were considered (Hu and Bentler, 1999).

Results

Behavior

Reaction time data was restricted to correct responses occurring within
150-750ms (Carlson and Reinke, 2008), which resulted in 2.5% of the data being
discarded for incorrect responses and another 2% discarded for premature or
delayed responses. Thus, 95.5% of the reaction time data was used for analysis.
Overall, participants responded faster on congruent compared to incongruent trials
(mean congruent-incongruent difference = -6.20ms, s.d. =17.50, t39 = -2.24, P=

0.02) suggesting that at the group-level attention was captured by backward
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masked fearful faces?. For correlation analyses, Attention Bias scores were
calculated as the congruent-incongruent difference, where values that are more
negative indicate faster responses on congruent trials and thus, greater attentional
bias to threat. Participants’ performance on a post-task assessment of awareness

was at chance (139 =0.82, P =0.21).

Reconstructed Uncinate Fasciculus

We reconstructed the uncinate fasciculus in each subject (Supplementary
Figure 2.1). In order to quantify variability of the reconstructed tracts, we
examined voxel-wise coefficients of variance (Figure 2.2). The tracts showed
shared configuration in the inmost region (i.e., low coefficients of variance) and
highly variable configuration in the outmost region (i.e., high coefficients of

variance). Each posterior distribution of the uncinate fasciculus had on average

2 It should be noted that age (r = -.16, P = 0.34), gender (t3s = 0.07), handedness
(t3s = 0.97), and ethnicity (F336 = 1.82, P = 0.16) were not associated with

attention bias scores.
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13,715 voxels (£ 495; sem), and an average of 38.6% (£ 1.3; sem) of them were

non-overlapping with the probabilistic atlas of the uncinate fasciculus (JHU
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Figure 2.1. Negative attention bias paradigm, amygdala-prefrontal white
matter reconstruction, and attention bias-connectivity correlation. (a) An
example of a congruent trial. Attention bias is calculated as the difference
between masked fear congruent and incongruent dot-probes, where greater
attention to threat is reflected by a more negative value. (b) Posterior distribution
of the reconstructed uncinate fasciculus averaged across 40 subjects and
thresholded at 20% maximum. The uncinate fasciculus (red) connects the
amygdala (brown) to ventral prefrontal and anterior cingulate (green) cortices. (¢)
Scatter plots depicting correlations between attention bias and left uncinate
fasciculus fractional anisotropy and (d) axial diffusivity.
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White-Matter Tractography Atlas; http:/fsl.fmrib.ox.ac.uk/fsl/fslview/;
Supplementary Table). An average of 79.9% (£ 0.7; sem) of the atlas was non-
overlapped with the posterior distribution map. These results indicate a high
degree of uncinate fasciculus variability across individuals and highlight the
problem of solely using a standardized atlas for DTT analysis without

consideration of this large degree of individual variability.

Correlations with Attention Bias

As predicted, greater left uncinate fasciculus fractional anisotropy (FA:
rpartial = -0.36, P = 0.01; Figure 2.1c) and axial diffusivity (AD: rpariar = -0.35, P=
0.02; Figld) were correlated with greater attention bias to threat with a trend
observed for the right uncinate fasciculus (FA: rpartiar=-0.20, P = .11; AD: rpartial
=-0.25, P =.07). We controlled for participants’ level of awareness and speed of
information processing (Wiens, 2006; Turken et al., 2008). These effects were
robust to potential outliers (FA: t36 = -2.33, P=0.01; AD: t36 = -1.67, P =0.053,
robust linear regression; see Materials and Methods for outlier diagnosis). The
overall effect was in an uncinate-fasciculus specific manner as we did not observe
a correlation with the mean fractional anisotropy of the entire brain (» = -0.07, P =

0.32).
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Figure 2.2. Variability map of the reconstructed amygdala-prefrontal white

matter tract. The voxel-wise coefficients of variance map (shown in red-yellow)
of the reconstructed uncinate fasciculus showed shared inmost region and highly

variable outmost region. A probabilistic uncinate fasciculus atlas (shown in blue;
JHU White-Matter Tractography Atlas; http://fsl.fmrib.ox.ac.uk/fsl/fslview/) was
overlapped. The voxel-wise CV map was derived from posterior distribution map
in each subject.
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Figure 2.3. Impacts of BDNF met66val genetic variance on the amygdala-
prefrontal fiber integrity and negative attention bias. The Met+ BDNF variant
(Met/Met and Met/Val) as compared to Val/Val, resulted in greater fractional
anisotropy (a) and axial diffusivity (b) in the left uncinate fasciculus. Effects
controlled for age, sex, and ethnicity. (c) Five regression models containing
BNDF Val66Met, FA of uncinate fasciculus, and attention bias were compared.
The best model selected based on multiple model fit criteria suggests that BDNF
Val66Met influences uncinate fasciculus integrity, which in turn influences
attention bias to threat. Bold arrows denote estimated direct effects. A dotted
arrow in the best model indicates an indirect effect. BDNF = BDNF Val66Met
polymorphism; UF = fractional anisotropy of the left uncinate fasciculus. ¥
Significance of coefficients in robust linear regression. * P < 0.05,* P =0.066.
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Impacts of BDNF SNP Variant on Fiber Integrity and Attention Bias

We then explored a link between uncinate fasciculus fiber integrity and
genetic factors. As predicted, we found a significant effect of the Met allele (both
Met/Val and Met/Met) on fractional anisotropy (t3s = -2.08, P = 0.02, robust
linear regression) and axial diffusivity (t3s = -2.18, P = 0.02) in the left uncinate
fasciculus (Fig3a and b). These effects controlled for ethnicity, sex, and age. We
observed a trend-level effect of Met-BDNF variant on attention bias (P = 0.13,
robust linear regression) when controlling for awareness and speed of information
processing. Thus, the results suggest that the Met-BDNF variant is associated with
greater uncinate fasciculus integrity, which is associated with attention bias to
threat. This may suggest a serial impact of the genetic variant to white matter
structure to attention bias behavior. To test such a relationship directly, we
performed a path analysis between the BDNF SNP, fractional anisotropy of the
uncinate fasciculus and attention bias. We built a model accounting for the serial
relationship and four alternatives, and compared them. Confounding variables
were included (see Methods and Materials). As predicted, the model of the serial
influences showed the best goodness of model fit: lowest AIC (55.9) and mean
discrepancy of bootstrap samples vs. population (49.3), highest Comparative Fit
Index (0.93) and root mean square error of approximation (0.053) (Fig3c,

Tablel). In this model, the total effect of BDNF SNP on FA was f =-0.32, P =
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0.043 (Bias-corrected using Bootstrap estimation) and the total effect of FA on
attention bias was 3 = -0.37, P = 0.03. The indirect effect of the BDNF SNP on
attention bias via FA was 3 =0.12, P = 0.066). Overall, the model accounted for
35.3 % of variance in the FA and 20.6 % of Al variance (squared multiple
correlations). These results strongly support the serial relationship of gene to

white matter structure to behavior.
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Table 2.1. Comparison of path analyses of gene-brain-behavior relationship.

Discrepancy S d
of bootstrap R
Model dr - df samnles and AIC CFI RMSEA  Multiple
ples Correlations
population
UF, 0.353;
* * * * * ’ ’
Model 1 18 1.11 49.3 55.9 0.93 0.053 AL 0.206
UF, 0.353;
Model 2 18 1.32 53.0 59.8 0.79 0.092 AL 0.101
UF, 0.216;
Model 3 19 1.49 55.4 62.3 0.67 0.113 AL 0.101
UF, 0.383;
Model 4 19 1.18 50.6 56.3 0.88 0.068 AL 0.060
UF, 0.216;
Model 5 19 1.28 51.7 58.4 0.81 0.086 AL 0.198
Independent
Model 28 2.00 - 72.2 0.163

*Indicating best goodness of model fit in each criterion. Al, attention bias; UF, FA of the
uncinate fasciculus.
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Table 2.2. Overlap between posterior distribution maps and an atlas of the
left uncinate fasciculus. Only average 21% of the atlas was overlapped with the
posterior distribution maps, and 61% of the posterior distribution was overlapped
with the atlas. We normalized the posterior distribution maps to standard MNI
space in order to compare with the atlas.

PD Atlas
. overlapped | overlapped
Subject | % aflgs o P%" 21 63.8 23.6
(%) (%)
1 65.9 20.5 22 57.7 19.5
2 71.0 21.3 23 70.4 21.7
3 65.9 20.9 24 71.4 20.2
4 69.3 22.1 25 53.7 15.9
5 59.2 20.8 26 65.2 22.1
6 67.3 20.9 27 36.9 14.3
7 75.7 23.1 28 62.0 15.6
8 58.0 22.9 29 71.7 24.0
9 64.8 25.4 30 57.5 21.6
10 56.2 12.9 31 46.6 31.5
11 54.3 26.1 32 44.9 14.7
12 60.0 24.7 33 55.7 11.9
13 61.4 20.2 34 62.8 18.6
14 51.3 15.1 35 72.0 25.5
15 63.0 24.9 36 60.0 19.3
16 57.7 18.4 37 49.3 16.4
17 70.7 22.3 38 51.8 18.3
18 62.0 20.9 39 63.7 30.7
19 70.5 18.8 40 51.4 28.0
20 65.6 27.7 Average |61.0+13 |21.1+0.7
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Discussion

We provide evidence linking uncinate fasciculus microstructure to
elevated attention bias to nonconscious threat. The direction of this correlation
suggests that for hyper-threat attentive individuals, the anterior cingulate (ACC)
and amygdala together play a role in potentiating the nonconscious threat
response. Our results further suggest that the Met allele of the BDNF Val66Met
polymorphism elevates attention bias to threat through its influence on amygdalo-

prefrontal connectivity.

Amygdala — Prefrontal Integrity and Attention Bias to Threat

Similar to the amygdala (Morris et al., 1998; Whalen et al., 1998; Liddell
et al., 2005), the ACC is activated in response to nonconscious threat signals
(Liddell et al., 2005; Williams et al., 2006b). Both the amygdala and ACC are
hyperactive in response to nonconscious threats in anxiety disorders such as post-
traumatic stress disorder (Bryant et al., 2008; Kemp et al., 2009) and are
positively coupled during nonconscious threat processing (Williams et al., 2006a).
Given evidence that the amygdala receives representations of nonconscious threat
through a subcortical route (Morris et al., 1999; Morris et al., 2001; Liddell et al.,
2005), the logical flow of information processing would be that the amygdala first

detects these nonconscious fear representations and then relays this threat signal
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to the ACC via the uncinate fasciculus. The existence of such forward projections
is supported by anatomical studies in monkeys (Porrino et al., 1981; Amaral and
Price, 1984). The ACC is thought to contain cognitive (dorsal) and affective
(ventral) subdivisions (Bush et al., 2000), both of which appear to play a role in
conflict monitoring and resolution (Botvinick et al., 1999; Etkin et al., 2006). We
recently identified attention bias-related morphological variability in an ACC
region at the conjunction of the traditional cognitive and emotion subdivisions
(Carlson et al., 2012b). Greater attentional bias to threat was correlated with
greater gray matter volume. Taken together, the data support the model purported
by Mathews and Mackintosh (1998). Consistent with this model, we speculate
that nonconscious threat-related information, detected in the amygdala, is relayed
via the uncinate fasciculus to the ACC and during conditions of conflict (i.e., two
facial expressions competing for attention), this threat signal “biases” the ACC to
resolve conflict by favoring threat (at least for high bias individuals).
Furthermore, it appears that for high bias individuals, the integrity of the fibers
connecting the amygdala to the ACC are strengthened, which presumably results

in a greater amygdala-driven threat bias.

There is increasing focus on cognitive processing biases, such as increased
attention to threat, as causal factors in the development and maintenance of

anxiety disorders (MacLeod et al., 2002). As such, attention bias modification
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(ABM) was conceived as a treatment option where anxiety is alleviated through a
training regimen that reduces an individual’s attention bias to negative
information. After a decade of ABM research, it appears that this treatment option
has an efficacy comparable to selective serotonin reuptake inhibitors and
cognitive behavioral therapy (Hakamata et al., 2010). Additional research
suggests that training, on the order of hours to weeks, in both motor and cognitive
domains leads to structural changes in gray and white matter observable in MRI
(Scholz et al., 2009). Given the current results and earlier reports linking gray
matter volume to attention bias behavior (Carlson et al., 2012b), one direction for
future research would be to assess the impact of ABM treatment in reorganizing
the amygdalo-prefrontal system. We hypothesize that greater treatment efficacy
should coincide with a “reprogramming” of the underlying brain mechanisms. If
this is true, structural biomarkers such as amygdala-prefrontal integrity may
provide a definitive and stable measurement to tract the recovery of anxiety
following ABM treatment. Although our initial evidence that neuroanatomical
white matter structure correlates with attention bias to threat shows promise for
measuring the efficacy of ABM treatment, further research is needed. As we did
not screen participants for mental health status, it is particularly important that the
relationship between attentional bias and amygdala-prefrontal integrity be studied

in clinically anxious samples.
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Attentional bias to threat is an important fear-related behavior that has
been linked to increased anxiety (Fox, 2002; Mathews and MacLeod, 2002; Mogg
and Bradley, 2002). However, fear and anxiety are not synonymous. Anxiety
refers to a prolonged state of worry characterized by uncertainty in the risk
assessment of potential (future) danger, while fear refers to a brief “fight or flight”
response to a specific threat (Gray and McNaughton, 2000b; Sylvers et al., 2011).
In Gray and McNaughton’s (2000) model, anxiety arises from the activation of
the septo-hippocampal “Behavioral Inhibition System” in conjunction with the
amygdala threat response (Figure 1.3). With this distinction in mind, it is worth
noting that previous DTI studies on trait or group level anxiety have produced
mixed results in terms of the direction of the relationship (for review see Ayling et
al., 2012b). Although a recent study with a large sample found that high trait
anxious males have greater structural integrity of the left hemisphere uncinate
fasciculus (Montag et al., 2012), a majority of studies (Kim and Whalen, 2009a;
Pacheco et al., 2009b, a; Phan et al., 2009¢; Phan et al., 2009b; Mclntosh et al.,
2012; Tromp et al., 2012b) have reported lower fiber integrity (e.g., fractional
anisotropy) of the uncinate fasciculus for high anxious individuals (or those at
genetic risk for anxiety; 5-HTTLPR short allele). Given that anxiety is associated
with the apprehension or worry about a potentially threatening future event, we
would expect this response to be initiated by a top-down mechanism (i.e.,

prefrontal to amygdala). Alternatively, fear-responses such as increases in
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attention to threat are immediate bottom-up stimulus driven events (i.e., amygdala
to prefrontal). Thus, given that amygdalo-prefrontal communication is reciprocal
(Porrino et al., 1981; Amaral and Price, 1984), it is likely that fear-related
behaviors are linked to heightened “bottom-up” cognitive bias, whereas anxiety is
linked to deficits in “top-down” signals. Additionally, question-answer type
measures of anxiety, which are used in trait anxiety questionnaires and the
structured clinical interview, are more likely to tap into reflective higher-order top
down mechanisms. Regardless, it is likely that different aspects of fear and
anxiety are differentially influenced by amygdala-prefrontal communication and it
may therefore be more meaningful to relate variation in brain structure to specific
symptom-relevant behavioral measures, rather than broadly defined traits or
disorders. Thus, further DTI research on a variety of fear- and anxiety-related
behaviors is needed to understand better how fiber integrity relates to different

aspects of fear and anxiety.

Amygdala — Prefrontal Integrity and the BDNF Polymorphism

BDNEF is associated with synaptic plasticity and Met/Met individuals are
at increased risk for mood disorders (Martinowich and Lu, 2008; Montag et al.,
2010b). Here, we extend these effects to attention bias to threat via uncinate

fasciculus tract integrity. Our results complement earlier research suggesting that
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Met+ individuals have a hyperactive amygdala response to emotional stimuli
(Montag et al., 2008), especially in anxious individuals (Lau et al., 2010), and are
more likely to display anxiety- and fear-related behaviors such as rumination (Hilt
et al., 2007; Beevers et al., 2009) and the generalization of fear conditioning
(Hajcak et al., 2009). Furthermore, our results add to a growing body of research
linking variability in attentional bias to threat to an underlying genetic component
(Beevers et al., 2007; Osinsky et al., 2008; Fox et al., 2009; Elam et al., 2010;
Kwang et al., 2010; Perez-Edgar et al., 2010; Carlson et al., 2012a). Our results
are particularly informative in that they suggest that the BDNF gene first
influences the integrity of the uncinate fasciculus and this influence contributes to
variability in one’s allocation of attentional resources towards potential threats.
Specifically we found the Met allele carriers have greater levels of uncinate
fasciculus fractional anisotropy and axial diffusivity. In animal models, fractional
anisotropy is an indicator of fiber integrity and degree of myelination (Le Bihan,
2003), while axial diffusivity is thought to measure axonal integrity (Song et al.,
2003). Thus, if these models apply to the human brain, our results may suggest
that the BDNF gene influences the mechanisms regulating the degree of
myelination, axonal integrity, and general fiber integrity of the uncinate
fasciculus, which ultimately contributes to variability in nonconscious attention

bias across individuals.
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Although BDNF is known to affect synaptic plasticity, it is still unclear
how the BDNF Val66Met polymorphism influences white matter integrity in the
human brain; neuroimaging literatures in this area have produced conflicting
results. For example, in one study there was no association between the BDNF
Val66Met polymorphism and white matter integrity (Montag et al., 2010a), while
in other research the Met-BDNF genetic variant was linked to greater fiber
integrity (e.g., increase fractional anisotropy or decreased radial diffusivity) in
various major fibers, such as the cingulum bundle, inferior longitudinal
fasciculus, inferior fronto-occipital fasciculus and uncinate fasciculus (Chiang et
al., 2011; Voineskos et al., 2011; Tost et al., 2013). It should be noted that the
majority of the fiber integrity research on the BDNF Val66Met polymorphism
used voxel-wise approaches (except for Voineskos AN et al. 2011). While
statistically stringent and suitable for exploratory analyses, this method may over
look smaller, yet meaningful, effects. On the other hand, the present study focused
on the global integrity of an a priori white matter pathway and revealed a
localized effect of the BDNF Val66Met polymorphism on uncinate fasciculus
fractional anisotropy and axial diffusivity. Thus, future hypothesis-driven research
may benefit from similarly focused analyses. However, we should note that our
sample was of mixed ethnicity (see Methods and Materials for details). Although
ethnicity was not associated with attentional bias to threat or uncinate fasciculus

integrity in our sample and prior work has shown that ethnicity does not influence
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the relationship between BDNF and depression (Verhagen et al., 2010), future
research should directly assess the effects of ethnicity on uncinate fasciculus
integrity in a larger sample. Nevertheless, our results suggest that the BDNF
genotype influences uncinate fasciculus fiber integrity, which is in turn linked to

facilitated attention to nonconscious threat.

In conclusion, our results link individual differences in amygdalo-
prefrontal white matter integrity to nonconscious attention bias to threat and the
BDNF genotype. These results provide evidence for the notion that some

individuals may be “hard-wired” to focus on the negative side of life.
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Abstract

An attentional bias to threat is causally related to anxiety. Recent research
links nonconscious attentional bias to threat with variability in the integrity of the
amygdala — anterior cingulate pathway, which sheds light on the neuroanatomical
basis for a behavioral precursor to anxiety. However, the extent to which
structural variability in amygdala — anterior cingulate integrity relates to the
functional connectivity within this pathway and how such functional connectivity
may relate to attention bias behavior, remain critical missing pieces of the puzzle.
In 15 individuals we measured the structural integrity of the amygdala —
prefrontal pathway with diffusion tensor-weighted MRI, amygdala-seeded
intrinsic functional connectivity to the anterior cingulate, and attentional bias
toward backward masked fearful faces with a dot-probe task. We found that
greater biases in attention to threat predicted greater levels of uncinate fasciculus
integrity, greater positive amygdala — anterior cingulate functional connectivity,
and greater amygdala coupling with a broader social perception network including
the superior temporal sulcus, tempoparietal junction, and somatosensory cortex.
Additionally, greater levels of uncinate fasciculus integrity correlated with greater
levels of amygdala — anterior cingulate intrinsic functional connectivity. Thus,
high bias individuals displayed a heightened degree of amygdala — anterior

cingulate connectivity during basal conditions, which we believe predisposes
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these individuals to focus their attention on signals of threat within their

environment.
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Introduction

Stimuli that signal the existence of potential threat are afforded greater
attentional resources (Ohman et al., 2001). This attentional bias to threat is
exaggerated in individuals with heightened anxiety (MacLeod and Mathews,
1988), even when awareness is restricted by backward masking and threat is
preattentively processed (Fox, 2002; Mogg and Bradley, 2002). Furthermore,
individual differences in preattentive attentional bias to threat predict cortisol
reactivity to stress (Fox et al., 2010). Critically, an attentional bias to threat is not
only correlated with anxiety, but appears to play a causal role in the development
of anxious symptoms (Mathews and MacLeod, 2002). Thus, understanding the
underlying neural correlates of individual variability in attentional bias to threat

has important implications for the understanding of stress and anxiety.

Neuroimaging research has linked the facilitation of spatial attention by
backward masked threats to elevated BOLD activity in an amygdala, ACC,
posterior superior temporal sulcus (pSTS), and visual cortex network (Carlson et
al., 2009b). Within this network, the amygdala appears to automatically detect
crude preattentive representations of threat vs. non-threat information (Morris et
al., 1998; Whalen et al., 1998; Morris et al., 2001), while the ACC appears to be
involved in monitoring and resolving potential emotional conflicts (Etkin et al.,

2006). The end product is a rapid prioritization of visual cortical processing
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within the retinotopic location of potential threat (Carlson and Reinke, 2010;
Carlson et al., 2011a). Anatomically, attentional bias to preattentive threat is
predictive of greater ACC gray matter volume (Carlson et al., 2012b) and greater
fiber integrity within the uncinate fasciculus amygdala — ACC white matter
pathway(Carlson et al., 2013b). Given these anatomical associations, high bias
individuals should display a heightened degree of amygdala — ACC intrinsic
functional connectivity, which ultimately predisposes these individuals to focus
their attention on signals of environmental threat. However, the extent to which
variability in amygdala — ACC structural integrity relates to variability in the
functional integrity of this network as it relates to attentional bias to masked threat

is unclear.

Here, we measured the structural integrity of the uncinate fasciculus with
diffusion tensor-weighted MRI, amygdala-seeded intrinsic or resting-state
functional connectivity with the ACC, and measured attentional bias with a
backward masked fearful face dot-probe task. We hypothesized that greater biases
in attention to backward masked threats would predict (1) greater levels of
uncinate fasciculus fiber integrity, (2) greater positive amygdala — ACC intrinsic
functional connectivity, and (3) greater levels of uncinate fasciculus integrity
would correlate with greater levels of amygdala — ACC intrinsic functional

connectivity.
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Methods

Participants

Fifteen consenting young adults (6 male) between the ages of 19 and 23
(M =20.80, SD = 1.21) participated in this study. All individuals reported being
right handed. The Institutional Review Board of Stony Brook University

approved this study and participants were compensated for their time ($70.00).

Task

The task used here has been described in detail in earlier publications
(Carlson and Reinke, 2008; Carlson et al., 2012b; Carlson et al., 2012a).
Behavioral data were collected outside of the scanner. Briefly, trials started with a
central fixation cue (+; 1000 msec) followed by face stimuli (5 x 7° of visual
angle) simultaneously presented to the left and right of fixation (separated by
14°). Initial faces were displayed for 33 msec and then were masked (100 msec).
A target dot appeared either on the left or on the right and remained until the
participant responded. Trials used to calculate attention bias scores contained one
fearful and one neutral face. There were 40 congruent (target dot presented on the
same side as the fearful face) and 40 incongruent (target dot presented on the

same side as the neutral face) trials. Attention bias scores are calculated as
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congruent — incongruent reaction times (on correct trials with reaction times
between 150-750ms). Participants used an E-Prime response box with their right
hand to indicate the location of the dot. The task also contained 40 neutral-neutral

trials.

Participants then completed a task to assess awareness of the masked
faces. This task was identical to the dot-probe task in all aspects through the
backward masking procedure. After the masking procedure, participants were
asked to indicate with the response box whether they saw: a fearful face on the
left, a fearful face on the right, or two neutral faces. There were 60 randomly

presented trials.

Functional Magnetic Resonance Imaging

After completing the behavioral task, five minutes long “resting-state”
(eyes closed) fMRI data was collected. A 3-T Siemens Trio whole body scanner
was used to acquire 150 T2*-weighted whole-brain volumes with an EPI
sequence sensitive to BOLD signal using the following parameters: TR = 2000
msec, TE = 23 msec, Flip Angle = 83°, Matrix Dimensions = 96 x 96, FOV =224
x 224 mm, Slices = 35, Slice Thickness =4 mm, Gap = 0. Standard preprocessing
procedures were performed in SPMS, including image realignment, slice timing

correction, normalization to standard MNI space, and spatial smoothing with a
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Gaussian full-width-at-half-maximum 6 mm filter. Preprocessed images were
filtered between 0.01 Hz and 0.1 Hz in the Functional Connectivity Toolbox v13
(Whitfield-Gabrieli et al., 2011), and entered in a first-level General Linear Model
regressing out time courses from principle components associated with white
matter and cerebrospinal fluid. Based on earlier work implicating the left
amygdala in attentional bias to threat, a left amygdala seed mask for the
functional connectivity analyses was derived from the Harvard-Oxford subcortical
structural atlas (www.fimrib.ox.ac.uk/fsl/fslview/). This 1%-level analysis yielded a
left amygdala seeded intrinsic functional connectivity map for each individual.
We constructed a second-level model in SPM with attention bias scores as a
regressor of interest. For our a priori target region, we derived ACC masks for
each hemisphere. Our ROI analyses were family-wise error (FWE) small volume
corrected (SVC) for 6 mm radius-spheres at +4, 46, -4 (coordinates from which
ACC BOLD activity showed significant association with attention-related
amygdala activity in an earlier study; Carlson et al., 2009). For the completeness,

we did the same analysis on right amygdala-seeded connectivity maps.

Diffusion Tensor Imaging

Diffusion Tensor Images were collected after fMRI acquisition using the

following parameters: TR = 5500 ms, TE = 93 ms, FOV = 220 % 220 mm, Matrix
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=120 x 220 x 220, Voxel size = 1.7 x 1.7 x 3.0 mm, EPI factor = 128, slices =
40, slice thickness 3 mm, Bandwidth 1396 Hz/pixel, GRAPPA acceleration factor
= 2. The series contained two initial images without diffusion weighting and with

diffusion weighting along 40 non-collinear directions (b = 800 sm™).

We employed standard DTI preprocessing steps in FSL 4.1.9 (FMRIB
Software Library; www.tfmrib.ox.ac.uk/fsl) to correct for eddy current distortions
and head motion. We then fitted a diffusion tensor model at each voxel by
running the DTIFIT function in FSL. This yielded individual fractional anisotropy
images, which we used for voxel-wise statistical analysis using Tract-Based
Spatial Statistics (TBSS), part of FSL (Smith et al., 2006). TBSS projects all
subjects' FA data onto a mean FA tract skeleton, before applying voxel-wise
cross-subject statistics. We conducted a correlation test between FA voxels and
attention bias scores, using Randomise 2.9 in FSL, which, unlike the earlier
version, corrects for inflated significance in small samples. We focused our
analysis on the uncinate fasciculus, based on our previous work (Carlson et al.,
2013b); the mean FA skeleton within the JHU white matter pathway atlas
(http://fsl.fmrib.ox.ac.uk/fsl/fslview/) was assessed in each hemisphere separately.
Results were FWE corrected, applying TFCE (Threshold-Free Cluster
Enhancement) option in Randomise. For better visibility, significant skeletonized

FA voxels were flattened using 'tbss_fill' in FSL. We extracted mean FA values
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from the significant clusters, and correlated with significant clusters of amygdala

— ACC functional connectivity.

Results

Overall, participants displayed an attentional bias to threat (mean
difference = —10.31 msec, SD =12.99, t14 = —3.08, pone-ited= .004). However,
participants’ performance on the post-task assessment of awareness was above
chance (t14 = 2.54, pone-uited = .01). Therefore, as suggested in the literature
(Wiens, 2006), participants’ level of awareness was controlled for in subsequent
analyses. Level of awareness did not significantly correlate with task
performance (r = .30, p = .28), but the direction of this correlation would suggest
that as awareness of threat increases attentional bias to threat decreases (i.e., our
results cannot be attributed to an attentional bias to consciously detected threat).
Nevertheless, in the current study, we do not claim that backward masking
resulted in nonconscious processing per se, but rather a restricted level of
automatic preattentive processing that may be at a peri-threshold level of

conscious processing in some individuals.

We first tested whether the fiber integrity of the uncinate fasciculus was
correlated with attentional bias to masked threat. Within the uncinate fasciculus,

we found a correlated cluster within the left hemisphere tract proximal to the
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ACC (MNI -25, 25, 14; Figure 3.1) at corrected proi < 0.05 (Tract Based Spatial
Statistics; TBSS). In the right hemisphere tract this association was weaker and
not significant at a corrected level (proi > 0.16; TBSS, puncorreciea = 0.02). This
association was specific to the left uncinate fasciculus as whole brain white matter
(i.e., average FA values) did not correlate with attention bias scores (p > 0.44).
We performed a follow-up analysis using average values extracted from the
significant cluster in the left uncinate fasciculus. This revealed the effect remained
significant when controlling for age (Pfefferbaum et al., 2000) and awareness

(Wiens, 2006), I'partial = —.84,p <.001.

We then assessed the degree to which intrinsic functional coupling between the
amygdala and ACC was correlated with attentional bias to threat. As displayed in
Figure 3.1b, left amygdala — ACC intrinsic functional connectivity from resting-
state fMRI was correlated with attentional bias to masked threat, maximum voxel
(MNI 8, 46, 4,): t1a = 5.16, psve < .05,7 = —.69, pone-taitea= .002 and rpartiat = —.72;
Pone-wiled = .003 when controlling for age (Pfefferbaum et al., 2000) and awareness
(Wiens, 2006). Of note, the mean coupling coefficient of this ACC cluster was not
significantly different from zero (t = -0.54, P = 0.60; minimum, -0.44; maximum,
0.24). As presented in Table 3.1, additional whole brain targets of intrinsic left
amygdala connectivity correlating with attention bias scores included areas of the

occipital cortex, posterior insula, posterior superior temporal sulcus (pSTS),
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tempoparietal junction (TPJ), and somatosensory cortex (SS). Correlations with
attention bias on right amygdala — ACC connectivity maps were not significant at
a corrected level (Peak psve > 0.38, puncorrected = 0.01). Finally, we explored the
relationship between structural and functional measures of amygdala — ACC
connectivity. As can be seen in Figure 3.1, the mean FA values of the uncinate
fasciculus cluster was significantly correlated with the mean value of the

functional connectivity cluster, » = 0.47, pone-taitea = 0.039.
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Table 3.1. Amygdala seeded connectivity correlations with attention bias

scores
MNI Coordinates
Vo
Region Hemi | x y z xel | ¢
s
30
Ventral Anterior Cingulate R 8 46 4 * 5.16
Dorsal Anterior Cingulate L -10 |24 38 11 |5.00
R 2 28 18 11 [4.75
Posterior Insula L 48 | -14 | -4 30 [5.23
R 40 22 |0 38 |8.31
Postcentral Gyrus/Somatosensory
Cortex L -48 |-30 |58 33 |5.21
R 34 -32 |52 62 | 6.81
R 20 42 |42 22 | 6.14
R 38 -46 | 66 22 [4.98
Tempoparietal Junction L -66 | -26 10 11 |5.01
R 54 -14 |2 10 |4.59
R 66 -16 |6 15 |4.49
Posterior Superior Temporal
Sulcus R 66 40 |4 13 [4.18
Occipito-Temporal Cortex R 58 -58 | -6 18 | 4.98
Cuneus/Lingual Gyrus R 2 -66 | 20 12 |5.14

Reported activations were significant at p < 0.001 uncorrected, Cluster extent

10 voxels; *p < 0.01, result significant at psve < 0.01 (6mm sphere radius

applied)
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Figure 3.1. Functional and structural amygdala-prefrontal connectivity and
3-way relationship with negative attention bias. For visualization purposes,
activation within the ACC is displayed at p < .05. (a) Areas within ACC (yellow-
red) in which intrinsic functional connectivity with the left amygdala correlated
with attentional bias to threat. These areas bordered the clusters (dark blue) within
the uncinate fasciculus (light blue; JHU white matter atlas), whose FA values
predicted attention bias. The FA results were flattened for better visibility. Scatter
plots of correlations between attentional bias to masked threat and amygdala —
perigenual ACC (b) structural integrity and (c) intrinsic functional connectivity
(from cluster circled in yellow) in addition to the relationship between (d)
amygdala —ACC structural and functional connectivity.
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Discussion

In this study, we linked individual differences in attentional bias to threat
to intrinsic connectivity of the amygdala — ACC. High bias individuals displayed
greater intrinsic functional coupling, while low bias individuals displayed
diminished coupling. Additionally, we confirmed earlier work showing that the
structural integrity of this pathway is correlated with greater biases in attention to
nonconscious threat (Carlson et al., 2013b). Furthermore, consistent with prior
work on the relation between brain structure and function (e.g., the default mode
network; Greicius et al., 2009), we demonstrate that variability in intrinsic
functional coupling of the amygdala — ACC accounts for the structural integrity of

the uncinate fasciculus, more specifically, the prefrontal vicinity.

The current results add to a growing body of work implicating the
amygdala — ACC system in attention bias behavior (Armony and Dolan, 2002;
Carlson et al., 2009b; Carlson et al., 2012b; Carlson et al., 2013b). Cognitive
processing biases are thought to manifest when multiple stimulus representations
compete for attention (Mathews and MacLeod, 2002). Within this framework, the
ACC monitors and resolves potential conflicts (Botvinick et al., 1999; Etkin et al.,
2006), while the amygdala appraises environmental stimuli for their threat
potential (Adolphs et al., 1999) and “biases” the monitoring system to favor

stimuli with a high potential for threat. On the other hand, negative affect (e.g.,
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negative word in a Stroop task) is known to elicit an increase in the amygdala —
rACC correlation in an fMRI study (Mohanty et al., 2007). Of note, in the same
study, Mohanty et al. report functional differentiation of dorsal and rostral ACC in
cognitive and emotion processing (Mohanty et al., 2007); however, we did not
find such a differentiation in our functional coupling measures along the
dorsal/rostral ACC. It is probably because our measure is from task-free resting-
state fMRI. A robust paradigm may be thus required to show different connection
properties, that is, positive or negative correlation elicited by a given condition.
Our results therefore provide evidence that greater amygdala — ACC functional
connectivity under basal conditions correlates with attentional bias to masked

threat, which may predispose high bias individuals to focus on threat.

Beyond amygdala — ACC intrinsic coupling, we found that high bias
individuals also display heightened intrinsic functional connectivity between the
amygdala and social perception/cognition-related areas such as the TPJ, pSTS,
and SS cortex. Respectively, these regions have been shown to be involved in
processing others’ intentions/thoughts (Saxe and Kanwisher, 2003), dynamic
aspects of face perception, such as eye gaze direction and expression (Puce et al.,
1998; Haxby et al., 2000; Hoffman and Haxby, 2000), in addition to the
recognition of others’ affective states (presumabley through simulation; Adolphs

et al., 2000). Amygdala — pSTS coupling has previously been linked to
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nonconscious fearful face processing (Jiang and He, 2006) and attentional
responses to such faces (Carlson et al., 2009b). Other visual areas such as the
cuneus/lingual gyrus and occipitotemporal cortex displayed heightened intrinsic
connectivity with the amygdala in high bias individuals. Thus, the amygdala
appears to be broadly connected with visual processing cortical regions including
those associated with social perception, which may be linked to preattentive
perceptions of others’ affective states and intentions, in high bias individuals. It is
unclear if this facilitation of social perceptual regions is specific to the social
stimuli used in this task (i.e., fearful faces) or if this network is more broadly
engaged in threat- or salience-elicited attention. Further research will be needed to
address the specificity of this network and to further dissect the attentional
response to threat in order to identify the specific roles that each structure plays in
mediating this behavior. In particular, it is unclear exactly how activity in the
amygdala — ACC system translates into facilitated visual perceptual processing in
the context of attentional bias to threat. Previous research suggests that the
amygdala has direct projections back to areas of visual cortex (Adolphs, 2004).
Additional research suggests that the amygdala projects to the diffuse modulatory
centers including the acetylcholine producing cells in the nucleus basalis, which
has been implicated in animal models of emotional attention (Holland and
Gallagher, 1999) and the gray matter near this region correlates with attention

bias to threat (Carlson et al., 2012b). Prior research has shown that the attentional
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response to visual threat facilitates visual cortical activity (Pourtois et al., 2004;
Pourtois et al., 2006; Carlson and Reinke, 2010; Carlson et al., 2011a) and the
preferential processing of emotional stimuli in visual cortex has been shown to be
amygdala-dependent (Vuilleumier et al., 2004). Yet, the exact route in which the
amygdala — ACC system facilitates visual cortical processing remains unclear. Of
note, it is methodologically challenging to map a functional organization of the
paralimbic system modulating visual system; fMRI does not have a fine temporal
resolution disambiguate the mili-second scale processes and EEG/MEG may not

have an access to amygdala reactivity.

It is worth noting that the group mean value of the amygdala — ACC
functional coupling did not significantly deviate from zero. However, this may
not lead to a null effect of this coupling. Rather, given the correlation results that
this measure indeed accounts for individual variability of fiber integrity and the
negative attention behavior alike, we interpret that our subject samples may
display a significant cross-subject variance. Future research on larger samples
may disambiguate this and provide a more accurate account on the amygdala —

ACC connectivity.
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Abstract

The ventromedial prefrontal cortex (vmPFC) plays a critical role in a
number of evaluative processes, including risk assessment. Impaired
discrimination between threat and safety is considered a hallmark of clinical
anxiety. Here, we investigated the circuit-wide structural and functional
mechanisms underlying faulty vmPFC threat assessment in humans. Patients with
generalized anxiety disorder (n=32, female) and healthy individuals (n=25, age-
matched female) were tested on a task that assessed the generalization of
conditioned threat during fMRI scanning. Using structural, functional (i.e.,
resting-state) and diffusion MRI, we assayed vimPFC thickness as well as
structural and functional connectivity with corticolimbic systems. We first
demonstrate that all three factors predict individual variability of vmPFC threat
assessment. Then, using structural equation modeling, we show that vimPFC fear
generalization mediates the impact of these factors onto generalized anxiety
disorder. Together, our findings support a multivariate—and therefore “multi-

hit”—etiological model of psychopathology.
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Introduction

Anxiety disorders are the most widespread class of psychiatric disorders,
with a lifetime prevalence of 28.8% (Kessler et al., 2005)., Previous research has
linked various fear learning processes to anxiety, including fear generalization
(Kheirbek et al., 2012; Lissek, 2012) and impaired regulation of conditioned fear,
extinction learning and learning recall (for review, see (Milad and Quirk, 2012).
The ventromedial prefrontal cortex (vmPFC) is frequently implicated in impaired
fear learning in anxiety disorder (Milad and Rauch, 2007). Indeed, an
indiscriminating vimPFC response to a continuum of threat and safety signals

appears to be associated with pathological anxiety (Greenberg et al., 2013a).

A recent conceptualization emphasizes that the vmPFC integrates
cognitive and affective processes via an extensive convergence of cortical and
subcortical afferents in computing affective value and mediating adaptive
behavior (Roy et al., 2012). During threat processing, in particular, the vimPFC
interacts with the corticolimbic system to mediate a number of coordinated
responses including the prefrontal attentional network (Bishop et al., 2004; Hare et
al., 2009), the hippocampus/parahippocampal gyrus (Kalisch et al., 2006; Milad et
al., 2007a; Sierra-Mercado et al., 2011) and the thalamus for fear learning
(Mitchell and Gaffan, 2008; Cross et al., 2012; Parnaudeau et al., 2013), and the

amygdala for regulating the fear response (Phelps et al., 2004; Sierra-Mercado et al.,
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2011). VmPFC function thus appears to depend upon the dynamics of a larger

circuit.

Anatomical studies provide further support for the integrative role of the
vmPFC (Price, 2007; Lehman et al., 2011). VmPFC morphometric variability,
measured via thickness appears to contribute to vmPFC function. Previous
research reports that individuals with a thicker vimPFC show a better fear
extinction performance indexed by physiological responses (Milad et al., 2005;
Hartley et al., 2011); however, a direct link between vmPFC thickness and threat-

processing function has yet to be investigated.

Based on this literature, we hypothesize that an individual's efficiency of
vmPFC threat processing is explained by the size of the vimPFC and the vimnPFC
circuit-wide connectivity pattern between the vmPFC and the corticolimbic
system. To that end, we tested patients with Generalized Anxiety Disorder (GAD)
and healthy controls on a task that assessed fear generalization in response to
cues, which varied in perceptual similarity to an electric shock conditioned
stimulus during fMRI scanning. We investigated vinPFC thickness, structural and
functional connectivity with corticolimbic systems, using structural MRI,
diffusion weighted imaging—tractography and resting-state functional connectivity
mapping. We found, first, that individual differences of vimPFC threat assessment

that distinguishes patients with clinical anxiety and healthy controls are associated
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with the circuit-wide neural features and, second, that this effect mediates the
influence of the neural factors onto generalization anxiety disorder. Our results

may support a multivariate etiological model of psychopathology.

Methods

Participants.

Fifty-seven participants [all female, age-matched (mean = 22.3 + 4.5
years)] were recruited from Stony Brook, NY, USA. This study was approved by
the Stony Brook University IRB; all subjects provided written informed consent.
To reflect the higher prevalence of anxiety disorders in females and to minimize
sample heterogeneity, we included only females in the study. Psychiatric
diagnoses were based on DSM-1V, through both an informal clinical interview
and structured clinical interview for DSM-IV Axis I Disorders; this procedure
confirmed the diagnoses of generalized anxiety disorder (GAD) in the patient
group (n=32) and absence of Axis I diagnoses in the control group (n = 25). Of
the 32 patients, 17 had comorbid major depressive disorder (MDD). All controls
were free of any current or past psychiatric conditions. To avoid medication-
related confounds, patients were free from psychiatric medication for at least six

months before the time of the experiment. All 57 participations underwent four
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MR scans: fMRI during the fear generalization task, resting-state, diffusion, and

structural MRI.

Study Design.

The fear generalization task consisted of (i) pre-scan fear conditioning
with electric shock, followed by (ii) the fear generalization fMRI phase
(Greenberg et al., 2013b). Prior to the fear conditioning phase, we adjusted
amplitudes of the electric shock (mA) to a level that was "uncomfortable but not
painful" for each subject. We then instructed participants that only one of the
visual stimuli (i.e., a mid-sized red rectangle) would be paired with the shock at
50% chance during the generalization task. We administered the conditioning
phase when the participants were positioned in a scanner. Cues were presented for
2000ms. A mid-sized red rectangle paired with 500ms-long electric shock (CS,
conditioned stimulus; delivered 1500ms after the cue onset) was presented five
times, and six rectangles with varying widths (GS, generalization stimuli: & 20%,
+ 40%, and = 60%) were each presented, without shock, once in a pseudo-random
order (Figure 4.1A). Trials were separated by jittered fixation screens. The

generalization fMRI phase was initiated immediately following the conditioning.

The generalization task was composed of three blocks. Each block

consisted of 40 trials (5 trials x 8 conditions; 6 GS, CS paired with shock, CS
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unpaired with shock) for 120 trials. We pseudo-randomly presented seven red
rectangles with an identical height (56 pixels) and varying widths (280 pixels for
CS; + 20%, + 40%, and + 60% for GS) for 2000ms on a black background.
Stimuli were flanked with inter-stimulus intervals ranging from 4 to 10s with a
white fixation crosshair on a black background. In addition, we collected post-
task ratings of shock-likelihood for each rectangle, rated on a Likert-type scale of
one (certainly not shocked) to five (certainly shocked). The duration of the task

was 15 minutes and 12s.

Resting state fMRI was collected in a separate session. Participants were
instructed to view a white fixation crosshair centrally presented on black

background for 5 minutes.

MRI Data Acquisition.

Participants were scanned with a 3T Siemens Trio scanner at the Stony Brook
University Social, Cognitive and Affective Neuroscience center. We acquired 440
T2*-weighted echo planar images, for the fear generalization task, and 143 T2*-
weighted echo planar images for the resting-state task. These were acquired with
an oblique coronal angle and TR = 2100ms, TE = 23ms, flip angle = 83°, matrix =
96 x 96, FOV = 224 x 224mm, slices = 37, and slice thickness = 3.5mm. For

structural scans, 71-weighted images were acquired with the
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Figure 4.1. Fear generalization paradigm and threat overgeneralization of
the ventromedial prefrontal cortex in anxiety disorder. 4, Fear generalization
paradigm. Red rectangle stimuli with systematic length variation of 60, +40,
+20% from conditioned stimulus (CS) were used as generalization stimuli (GS).
B, Group differences in the vmPFC activity gradient across stimuli. Patients
showed less discriminating vimPFC activity revealed by a decrease in the slope of
the linear fit. This data has been previously reported (Greenberg et al., 2013a) and
the slope of the linear fit was used to index vmPFC functioning during the fear
generalization task in this study. Shaded areas represent a SE. GAD, Generalized
Anxiety Disorder.
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following parameters: TR = 1900 ms, TE = 2.53, flip angle = 9°, FOV =176 x
250 x 250 mm, matrix = 176 x 256 x 256, and voxel size =1 x 0.98 x 0.98 mm.
Diffusion and resting-state fMRI were collected in separate sessions. We
collected dMRI using the following parameters: TR = 5500 ms, TE =93 ms, FOV
=220 x 220 mm, matrix = 120 x 220 x 220, voxel size = 1.7 x 1.7 x 3.0 mm, EPI
factor = 128, slices = 40, slice thickness = 3 mm, bandwidth = 1396 Hz/pixel,
GRAPPA acceleration factor = 2. The series included two initial images acquired
without diffusion weighting and with diffusion weighting along 40 non-collinear
directions (b = 800 sm™). Five minutes resting-state fMRI, consisting of 143
volumes, was collected using the same scanning parameters as the fear

generalization task.

Functional MRI analyses: Generalization Task.

The fear generalization data used in this work were identical to that of our
previous report (Greenberg et al., 2013a). Specifically, we used the same measure
as Greenberg et al. to index vmPFC function - the slope of linear fit of the vmPFC
BOLD activity gradient across each stimuli (Figure 4.1B). This provides an
easily interpretable index on the generalization effect, and best predicts clinical

anxiety (Table 4.1).
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We performed standard preprocessing procedures, including motion
correction, normalization, and smoothing with a 6-mm Gaussian kernel in SPM 8
(www.fil.ion.ucl.ac.uk/spm). For the first level model, we entered five regressors,
1.e., onsets of GS +60%, GS +40%, GS +20%, CS with shocks, CS without
shocks and six motion parameters. Serial autocorrelations were modeled using an
AR (1) process, and canonical HRF was used for the basis function in model
estimation. For the fear generalization gradient in the vmPFC, we first tested if
the vimPFC showed significant activation across the stimuli, by conducting a
region of interest (ROI) analysis for effects of interest at corrected P < 0.05. We
then extracted the first eigenvariate within a 6 mm-radius sphere centered on the
local maxima (P < 0.05, FWE corrected) for each of the "CS (unpaired with
shock) - Baseline", "GS 20% - Baseline", "GS 40% - Baseline" and "GS 60% -
Baseline" contrasts across all participants. Mean values for each of the four
contrasts were plotted as a 4-point gradient. We calculated a slope of a linear fit of

these values in each participant.

Functional MRI: Resting-State Intrinsic Functional Connectivity.

We conducted resting-state functional connectivity analyses using the
Functional Connectivity Toolbox (http://www.nitrc.org/projects/conn/). This

approach utilizes a robust correction method for non-neural noise correlations to
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minimize spurious negative correlations often resulting from regressing out a
global signal (Behzadi et al., 2007). We applied standard preprocessing procedures
in SPM 8, including realignment, smoothing with a 6-mm FWHM, and
normalization. Preprocessed images were filtered between 0.01 Hz and 0.1 Hz.
After preprocessing, correlation analyses were performed between mean time-
series of the vmPFC mask and voxel-wise time-series across the whole brain, in a
subject level (i.e., st level analysis). The vmPFC mask was derived from the fear
generalization result - a 6 mm-radius sphere centered on the group maxima in
effects of interest. The vimPFC-seeded correlation maps (i.e., Fisher-transformed
Pearson's correlation coefficients) were entered into a second level random effect
model. To examine the association between functional coupling and the vmPFC
fear generalization gradient, we entered mean-centered (by each group) vimPFC
fear generalization gradients, that is, slopes of linear fit, as a covariate, and group

as a between-subject factor.

We investigated correlational effects in several ROIs. Bilateral ROI masks
were derived from the AAL atlas
(http://www .sph.sc.edu/comd/rorden/template.html). Based on the well-
established corticolimbic fear circuit, we chose the following subcortical ROIs:
the amygdala (Phelps et al., 2004; Sierra-Mercado et al., 2011),

hippocampus/parahippocampal gyrus (Kalisch et al., 2006; Milad et al., 2007a;
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Sierra-Mercado et al., 2011), thalamus (Mitchell and Gaffan, 2008; Cross et al., 2012;
Parnaudeau et al., 2013) and the following cortical ROIs: the PFC (Bishop et al.,
2004; Hare et al., 2009). For exploratory purposes, we examined the pallidal and
striatal regions, in which no significant associations were found. We divided the
PFC mask into two subregions - dorsal (middle frontal gyrus), and ventral
(inferior frontal gyrus). In each ROI, we identified significant clusters at corrected
alpha of 0.05 using AFNI's 3dClustSim
(http://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html); we
estimated ROI-specific minimum cluster sizes with a peak P threshold of 0.005,
which correspond to an alpha of at least 0.05, using Monte Carlo simulations with
10,000 iterations. As vmPFC seeded amygdala connectivity failed to reach a
significance of P < 0.05, we alternatively conducted an amygdala-seeded
connectivity analysis; given the well-established importance of the vimPFC-
amygdala connectivity in fear conditioning (Phelps et al., 2004; Price, 2007; Hartley
etal., 2011; Milad and Quirk, 2012; Roy et al., 2012; Sotres-Bayon et al., 2012), this
approach was deemed justified. We used separate masks for the left and right
amygdala, based on lateralization of amygdalar responses (Baas et al., 2004). For
this analysis, we used the SPM small-volume correction with a 6mm-radius
sphere search limit centered on the a priori coordinates of the vmPFC (MNI +4,
40, -20), which was based on group maxima for the F-contrast of effects-of-

interest during the fear generalization fMRI task. For scatter plots and post-hoc
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correlation analyses, we extracted coefficients in each ROI by applying a 6 mm-

radius sphere centered on the peak coordinates.

Structural MRI Analyses: Cortical Thickness.

We performed cortical parcellation and morphometric analyses using
Freesurfer (http://surfer.nmr.mgh.harvard.edu/). This automated analysis pipeline
includes segmentation, tessellation, and topological correction of the
reconstructed surface. After the surface reconstruction, mean vimPFC thickness
values were measured in each hemisphere according to the Desikan-Killiany
cortical atlas in Freesurfer. An atlas for the medial orbital frontal cortex was used,
which was overlapped with the a priori coordinate of vmPFC fear generalization

gradient.

For a vertex-wise analysis, the individual data were smoothed with 10 mm
full width at half-maximum kernel. We used a general linear model to examine
the relationship between the thickness and the vmPFC fear generalization
gradient, using the mean-centered (by group) vimPFC fear generalization gradients

as a covariate, and group as a between-subject factor.
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Diffusion Magnetic Resonance Imaging: Probabilistic Tractography and Tract-

Based Spatial Statistics.

We used diffusion MRI (dMRI) to evaluate the structural connectivity
between the vmPFC and the fear circuit, including the anterior thalamic radiation
(ATR), the cingulum cingulate gyrus (CCG) and the uncinate fasciculus (UF). We
first stripped the skull in the diffusion-weighted images and performed eddy-
current and head motion correction by registering them to reference volumes,
which are standard dMRI preprocessing steps as implemented in the FSL package
(www.fmrib.ox.ac.uk/fsl). Fractional anisotropy (FA) values were calculated for

each voxel by fitting a tensor model in FSL.

We employed a global tractography approach, TRACULA (Yendiki et al.,
2011a), to reconstruct the entirety of our a priori white matter tracts. This
approach has several advantages: (i) it eschews local uncertainty issues due to
noise or partial volume effects that may deviate tracts in step-by-step local
tractography, (ii) it increases sensitivity and robustness of the results by informing
the tractography algorithms of surrounding anatomy of a given tract, and (iii) it
minimizes biases caused by the need for manual intervention, as is the case for the
local tractography (i.e., drawing ROIs or setting up an arbitrary threshold for
angle or length). This approach is particularly suited to the current study in that it

provides a useful single variable (i.e., mean FA) per subject and per tract, which

96



can be used in a multiple regression model with other neural indices. The
tractography algorithms are described in detail in the original report (Yendiki et
al., 2011a). We performed this global tractography procedure for all participants,
and visually inspected the reconstructed tracts. For four participants who showed
unsuccessful tracts, we ran the procedure again with new initialization points for
the MCMC algorithm for each tract. We then extracted mean FA from the

estimated posterior distribution map of the tracts of interest.

To complement this tract-wise approach, we conducted voxel-wise
analyses on FA maps using Tract-Based Spatial Statistics (TBSS) as a part of the
FSL package. We aligned FA images into a standard MNI space using nonlinear
registration in FSL. A mean FA image was created and thinned to create an FA
skeleton representing centers of all tracts common to the group. We then
projected each aligned FA image onto this skeleton. We determined the effects of
group, the vimPFC fear generalization gradient (fear generalization gradient), and
the group x fear generalization gradient interaction on FA maps, while including
age and total white matter volume as regressors of no interest by means of
randomization method (10,000 permutations). We used a combination of
threshold-free cluster enhancement and family wise error method to correct for

multiple comparisons (corrected P < 0.05).
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Correlation and Regression.

To evaluate correlations between the fear generalization gradient and the
neural features, we conducted Pearson's partial correlation analyses, controlling
for effects of group and age. Intracranial volume was included as an additional
covariate for the vimPFC thickness analyses. We diagnosed outliers at a threshold
of Cook's distance of one. Additionally, we performed robust linear regression
analyses: models included fear generalization gradient as the dependent variable,
group and each neural feature as the independent variables; and age, intracranial
volume (in case of thickness) and whole brain FA (in case of FA) as confounding
variables. We examined the impact of clinical anxiety on FA values using a
general linear model where group was entered as factor, while age and whole
brain FA were entered as covariates. We included depressive symptom scales to
account for confounding of depression levels across the entire patient group
(Mood and Anxiety Symptom Questionnaire: general distress depression and

anhedonic depression; (Clark and Watson, 1991).

For the hierarchical regression model, we extracted the coupling estimates
from the resting-state fMRI analyses from all the voxels within a 6 mm-radius
sphere centered on group maximum in each ROI. We examined whether this
statistically non-independent approach, i.e., selecting a peak voxel in each subject

based on the all-subjects group results, causes a bias in the result (Kriegeskorte et
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al., 2009). We first re-ran group correlation analyses using a leave-one-out (LOO)
method and extracted peak voxel coordinates within the anatomical ROIs
iteratively. We then calculated Euclidian distances in each ROI between a peak
voxel of the LOO models and the all-subjects model iteratively. As a result, mean
distances for the IFG were 2.0 £ 0.37 (SE) mm; the thalamus, 2.5 £ 0.07 mm; the
PHG, 1.0 = 0.05 mm; and the amygdala, 1.7 + 0.02 mm. Thus, the differences
between independent (LOO method) and non-independent approaches were less
than one voxel apart. Given a 6 mm FWHM for spatial smoothing, we argue that

effects of such a bias in our hierarchical regression model are negligible.

We tested five models with different block entry order. First, we
rationalized that the functional coupling may be affected by the two metrics from
grey and white matter structures, i.e., the vmPFC thickness and the FA values.
Second, the FA values (of the major tracts) reflect a more global feature than the
intrinsic functional coupling measures that are based on given two local ROIs. In
fact, we observed that a model with the intrinsic coupling entered first showed
reduced AR? of subsequent blocks [IC-FA-CT model: IC AR?, 0.479 (P < 0.001);
FAAR?,0.071 (P =0.107); CTAR?, 0.064 (P = 0.014); IC-CT-FA model: CT AR?,
0.038 (P =0.074); FAAR?, 0.097 (P = 0.028); CT. cortical thickness; FA,
fractional anisotropy; IC, intrinsic functional connectivity]. A confirmatory

regression analysis without the block terms was performed. This analysis checked
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all the possible models and selected a best subset. Neither outliers (Cook's

Distances < 0.18) nor multicollinearity (tolerances > 0.70) was observed.

Structural Equation Modeling.

Using structural equation modeling, we tested if the neural correlates of
the vmPFC fear generalization have impacts on clinical anxiety. We included all
the neural correlates of the vmPFC generalization gradient. We assumed a latent
variable to estimate collective effects of FA values (of the tracts) and functional
connectivity measures (of the regions). Once an initial model was specified, we
modified the model referencing modification indices to improve model fits. This
step involved modeling correlations between variables: ATR and vimPFC-PH,
ATR and CCG, CCG and vmPFC-PH, vmPFC thickness and vimPFC-IFG,
vmPFC-TH and vimPFC-PH, and vimPFC-TH and vimPFC-AM (AM, amygdala;
ATR; anterior thalamic radiation; CCG, cingulum cingulate gyrus; IFG, inferior

frontal gyrus; PH, parahippocampal gyrus).
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Results

Characterization of the vmPFC fear generalization response.

During fear generalization, vmPFC activation showed a significant group
difference as a function of perceptual similarity of cues to the conditioned
stimulus (CS). Patients with GAD showed a less discriminating vmPFC response
during safety vs. threat, compared to healthy individuals (Ref. (Greenberg et al.,
2013a) for group difference results). We then identified the contrast for which
vmPFC BOLD estimates best predicted clinical anxiety: we conducted a logistic
binary regression analysis using group as the dependent variable, and 10
potentially meaningful contrasts among the four conditions. Indeed, we found that
the slope of linear fit on all stimuli was the best predictor [Control, -0.33 = 0.06
(SE); GAD, -0.18 = 0.06; Table 4.1]. Therefore, we used the slope of vmPFC
gradient as an index of vimPFC functioning in the following analyses to seek for

neural correlates.
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Table 4.1. Logistic regression results reveals linear fit of vimPFC activation

gradient best predicting group status.

Model Summary Variables in the Model
-2 Log 5 2 . . .
likelihood X Ay Sig. Variable B S.E. d.f Sig.
70.74 7.41 19 60%-40% 14.59  58526.455 1 1
- - 40%-20% 18.92  78035.273 1 1
g. 20%-CS% 1433 58526.455 1 1
7
60%-Fixation  -.97 1.052 1 .36
Linear Fit
48.54 195088.183 1 1
(60 ~CS)
71.48 6.68 15 60%-40% .30 S19 1 .57
-74 39 20%-CS% 28 438 1 .52
(o\]
o,
s 60%-Baseline  -.68 963 1 .48
Linear Fit
1.85 1.732 1 .29
(60 ~CS)
71.81 6.35 .09 20%-CS% 39 39 1 32
'% -33 .56 60%-Baseline  -.30 .698 1 .67
Z Linear Fit
2.23 1.634 1 .17
(60~CS)
71.99 6.16 .04 20%-CS% 47 355 1 .18
<
§ Linear Fit
e -18 .66 2.73 1.181 1 .02
(60 ~CS)
Linear Fit
'] 73.88 4.28 .03 1.87 947 1 .05
8 (60 ~CS)
)
-1.88 .17
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Thickness predicts the vmPFC fear generalization response.

We assessed whether mean thickness of the vimPFC was associated with
vmPFC reactivity during fear generalization. We found that a reduction in left
vmPFC thickness correlated with a less discriminate vimPFC response (151 = -0.46,
P =0.001, 2-tailed; partial correlation controlling for group, age and intracranial
volume) (Table 4.2; Figure 4.2). No association was observed in the right
vmPFC (P > 0.42). We confirmed this with a vertex-based, whole brain surface
approach. Peak correlation between cortical thickness and the fear generalization
gradient occurred in the left vimPFC (peak vertex: P = 0.0004; MNI -11, 39, -11;
size of cluster 45.52 mm? at uncorrected P of 0.001). Of note, the peak coordinate
is proximal (11mm apart; Euclidean distance) to the coordinate of the peak
vmPFC fear generalization gradient effect (MNI -4 , 40, -20; (Greenberg et al.,
2013a). Given this strong correlation, a reasonable trajectory would be that
patients with GAD would show vmPFC thinning. We thus tested impacts of
clinical anxiety on the vimPFC thickness using a general linear model controlling
for age, intracranial volume, and self-reported depressive symptoms. We did not
find any effects of anxiety on vmPFC thickness (P > 0.44). These results strongly
support a positive association between grey matter structural integrity and vimPFC

function in generalizing threat.
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Figure 4.2. VmPFC cortical thickness correlates with the vimPFC fear
generalization response. 4, VmPFC ROI for cortical thickness (yellow) and for
fear generalization gradient (red) are shown. B, Scatter plot of vmPFC thickness
and fear generalization, i.e., slopes of the linear fit. Participants with a greater
vmPFC thickness showed a steeper slope (thus more discriminating) of the fear
generalization gradient. See Table 2 for correlation coefficients and significances.
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White matter microstructure of prefrontal-subcortical pathway predicts the

vinPFC fear generalization response.

We then tested whether vmPFC structural connectivity with other
components of the fear circuit would affect the vmPFC fear generalization
gradient. To do this, we reconstructed three major white matter pathways
converging in the mPFC (including the ventral portion)—the anterior thalamic
radiation (ATR), the cingulum-cingulate gyrus (CCG) and the uncinate fasciculus
(UF)—using an anatomically informed probabilistic tractography approach
(Yendiki et al., 2011a) (Movie 1). We used the mean fractional anisotropy (FA)
of each tract for correlation analyses. We found that a lower FA significantly
correlated with a less discriminate vmPFC response in all the three tracts (left
ATR 151 =-0.38, P=0.006, 2-tailed, partial correlation controlling for group and
age; the left CCG, 151 =-0.37, P = 0.008; the left UF, rs1 = -0.39, P = 0.037;
Table 4.2; Figure 4.3). FA of the whole brain and posterior tracts did not
correlate with the vimPFC generalization gradient (Ps > 0.16) (cf. we observed a
correlation at a trend level in the right superior longitudinal fasciculus parietal, rs1
=-0.27, P=0.07). The correlation results were robust to outliers (Ps < 0.026;
robust regression). Furthermore, we examined the extents to which clinical
anxiety affects FA values. We performed a general linear model using group as a

regressor, as well as age, whole brain FA, and depressive symptoms as covariates.
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As aresult, clinical anxiety had a trend level impact on a decrease in FA of the
UF [Wald Chi-Square = 3.21, P =0.073, an estimated mean difference (control -

GAD) =0.26 £ 0.014], but not in the ATR or CCG (Ps > 0.2).

In order to examine the local features of the effects within the tracts-of-interest
and neighboring fear circuit components, we then used Tract-Based Spatial
Statistics (Smith et al., 2006). We confirmed the above negative correlation
between the vimPFC fear generalization gradient and widespread fiber integrity, at
whole brain corrected P < 0.05 (Figure 4.3). Significant FA foci were found
nearby the vmPFC along with the majority of the UF, ATR, and anterior portions
of CCG and bordered key fear circuit components, including the accumbens,

amygdala, hippocampus, thalamus, and dopaminergic midbrain.

Intrinsic functional connectivity of vimPFC - fear circuit predicts the vmPFC

fear generalization response.

We next examined whether the vimPFC fear generalization gradient could
be predicted by the extent to which the vmPFC was intrinsically coupled within
the fear circuit (i.e., resting-state functional connectivity). Our regions of interest
for the intrinsic coupling analyses included the thalamus, amygdala,

parahippocampal gyrus (PHG), middle and inferior frontal gyrus.
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Table 4.2. Partial correlations of neural metrics and the vimPFC generalization
gradient.

GEN vmPFC
Both Groups Controls GAD
R P T P r p
CTlh -0.46™" 5%10* -0.45" 0.04 -0.47" 0.008
CTrh -0.11 0.42 -0.15 0.49 -0.12 0.53
FA ATy, -0.38" 0.006 -0.48" 0.02 -0.31 0.10
FA ATw 0.05 0.71 -0.17 0.41 0.05 0.79
FA CGp, -0.37 0.008 -0.41%* 0.05 -0.34 0.07
FA CGn -0.34" 0.01 -0.41* 0.05 -0.30 0.11
FA UFn, -0.39° 0.04 -0.62™ 0.002 -0.05 0.78
FA UFq -0.19 0.18 -0.44 0.03 0.01 0.95
IC Am 047" 6x10* 0.54™ 0.009 0.41° 0.03
IC Th -0.50™* 2x10* -0.24 0.12 -0.60"" 2x10*
IC Ph 0.43™ 0.002 0.31 0.16 0.58" 0.002
IC MFG -0.49™* 4x104 -0.42" 0.05 -0.55™ 0.003
ICINS 0.02 0.91 -0.58™ 0.005 0.59™ 0.001
IC Am-PH 0.34" 0.02 0.43" 0.04 0.29 0.14

Control variables included group (for “Both Groups™) and age (cortical thickness and
FA). Am, amygdala; AT, anterior thalamic radiation; CG, cingulum cingulate gyrus; CT,
cortical thickness; FA, fractional anisotropy; IC, intrinsic functional coupling; INS, ins.
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We observed significant associations between the vimPFC fear generalization and
vmPFC coupling with the thalamus (z = 3.38, peak P = 3x10™, cluster size = 77
voxels; MNI -6, -14, 10), PHG (z = 3.28, peak P = 0.001,cluster size = 14 voxels;
MNI 18, -2, -26), amygdala (z = 3.30, peak P = 4x10, cluster size = 44 voxels;
an amygdala-seeded, vimPFC-targeted analysis), and inferior frontal gyrus (IFG)
(z=3.33, peak P =4 x 10, cluster size = 40 voxels; MNI -42, 22, 18) at ROI
corrected P < 0.05 (Table 4.3). The effects were robust to controlling for group
and age. The peak coordinate in the thalamus occurred within the mediodorsal
region showing 65 % structural connectivity probability with the PFC (Thalamic
Connectivity Atlas; http://www.fmrib.ox.ac.uk/cgi-bin/thalamus.pl). Post-hoc
analyses on extracted coupling estimates revealed that heightened vimPFC-
amygdala connectivity (ras= 0.47, P =6 x 10", two-sided; partial correlation) and
vmPFC-PHG coupling (rss = 0.43, P = 0.002) predicted more indiscriminate
vmPFC fear generalization gradient (Figure 4.4). On the other hand, reduced
vmPFC-thalamus (r4s = -0.50, P = 2 x 10*) and vmPFC-IFG coupling (r4s = 0.49,

P =4 x 10" predicted a more indiscriminate vmPFC fear generalization gradient.
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Impact of clinical anxiety on prefrontal and limbic connectivity.

Based on previous literature implicating impaired (dorsal) prefrontal
attention and executive system in anxiety (Bishop et al., 2004; Bishop, 2009), we
reasoned that abnormal intrinsic connectivity between the dorsal and ventral PFC
may be related to clinical anxiety as well. We thus tested impacts of pathological
anxiety on vimPFC-frontal gyrus intrinsic coupling. Patients with GAD showed
reduced vmPFC-middle frontal gyrus (MFG) functional connectivity compared
with controls (z = 4.49, peak P =3 x 105, cluster size = 482; MNI -36, 42, 26;

Figure 4.5).
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Table 4.3. VmPFC intrinsic functional connectivity with fear circuit showing
correlations with fear generalization or group differences.

cluster
correcte peak MNI (mm)

Analysis and region d p* Fort z P X y z

(voxels)

vmPFC-seeded connectivity

Correlation (with fear generalization gradient)

Thalamus <0.001 77 14.69 3.38 3x10* -6 -14 10
IFG 4

(BA45) <0.001 40 1424 3.33 4x10 -42 22 18
PHG <0.05 14 13.85 3.28 0.001 18 -2 -26

Mean difference (Control > GAD)

MFG

T -6 -
(BA46) <0.001 482 501" 449  3x10 36 42 26

Amygdala (Rh)-seeded connectivity
Correlation (with fear generalization gradient)
vmPFC 0.024% 44 14.00 3.30  4x10* 6 42 -20
Mean difference (GAD > Control)

PHG <0.01 26 3.85% 359  2x10* 24 -2 -30

*Cluster-extent correction in anatomical ROI (see Methods for details); ft-value; *FWE Small Volume
Correction (peak value-wise) from a priori coordinates due to inaccuracy of 3dClustSim on a small mask.
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Figure 4.4. VmPFC Resting-state functional connectivity to emotional
circuitry predicts the vmPFC fear generalization response. 4, Whole brain
correlation results showing vimPFC intrinsic coupling derived from resting-state
fMRI associated with fear generalization. vimPFC coupling with the dIPFC,
thalamus and parahippocampal gyrus (vmPFC seeded connectivity), and
amygdala (amygdala seeded connectivity) showed significant correlations at
corrected P < 0.05, controlling for group effects. B, Scatter plots of the intrinsic
coupling estimates (») and the vmPFC fear generalization gradient. The vimPFC
fear generalization gradient negatively correlated with vmPFC intrinsic coupling
to the dIPFC or the thalamus, and positively correlated with the coupling to the
PHG and the amygdala. FGG, fear generalization gradient.
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Together with literature reporting significant amygdala-PHG connectivity
in both emotion processing (Stein et al., 2007) and resting state (Robinson et al.,
2010), and based on our results that vmPFC-amygdala and vimPFC-PHG
couplings correlated with the fear generalization, we next reasoned that
amygdala-PHG coupling would be closely related to vmPFC threat processing or
pathophysiology of anxiety. Indeed, amygdala-PHG coupling was significantly
correlated with the vmPFC fear generalization gradient, such that a higher
coupling predicted a less discriminate vmPFC fear generalization gradient (r4s =
0.30, P <0.04, 2-tailed partial correlation controlling for group). Furthermore, a
voxel-wise analysis showed that GAD patients demonstrate significantly
increased connectivity compared with controls at a corrected P < 0.01 (Table 4.3,
Figure 4.5. Together with the MFG results, these findings suggest a strong
association between clinical anxiety and prefrontal (vmPFC-MFG) and limbic

(amygdala-PHG) connectivity.

Multiple neural measures predict the vmPFC fear generalization gradient and
generalized anxiety disorder: multiple linear regression and structural

equation modeling.

We performed multi-block linear regression analyses, taking the vmPFC gradient

as the dependent variable and its structural (grey and white matter) and functional
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factors as the independent variables, categorized into three blocks: vimPFC
thickness, fiber integrity (i.e., FA of each of the three major tracts), and functional
connectivity (i.e., vmPFC intrinsic coupling with the amygdala, thalamus, PHG,
and IFG respectively; see Materials and Methods for details regarding how
coupling estimates were derived). Group and age were initially entered into the
model. We found that all three blocks independently accounted for significant
portions of the variance in the vimPFC fear generalization gradient (Table 4.4).
Volumetrics accounted for 15.6 % of variance in the fear generalization (P <
0.003), fiber integrity 21.8 % (P < 0.002), and functional coupling 19.1 % (P <
0.001). The resultant model had an adjusted R? of 0.60 (P < 0.001). Significant
individual predictors included vmPFC cortical thickness (f =-0.28, P <0.01), FA
of anterior thalamic radiation (f =-0.41, P < 0.001), vmPFC-amygdala functional
coupling (p =0.32, P <0.01), and vmPFC-IFG functional coupling ( =-0.24, P
< 0.03), followed by a marginally significant vmPFC-thalamus coupling ( = -
0.18, P < 0.09). We investigated relative predictability among the factors by
switching block entry order. In all four alternative models, each factor
significantly predicted a distinct proportion of the variance in the fear
generalization (P’s < 0.05). Of note however, the AR? of each factor dropped

when entered last, compared to first (CT, 60.9 %; FA, 31.7 %; IC, 48.2 %).
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Figure 4.5. Altered intrinsic coupling in GAD. 4, Left; amygdala -
parahippocampal gyrus coupling was significantly different between groups. Right;
post-hoc analyses revealed that the GAD group showed greater coupling than
controls (#s0 = 3.58, P < 0.001, two-sample t-test), while both showed mean positive
values (P < 0.001). B, Left; voxel-wise analyses showed significant group difference
in vmPFC-seeded intrinsic coupling with the dIPFC at corrected P < 0.001.
Activation maps were thresholded at uncorrected P < 0.001, cluster size > 20 voxels.
Right, a bar graph from coupling estimates extracted from the peak coordinate
(within 6mm radius) revealed reduced and negative vmPFC-dIPFC coupling in GAD.
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Table 4.4. Block-wise multiple regression model with vmPFC generalization
gradient as the dependent variable and the three categories of neural metrics as the
independent variables.

) Coefficients Model Summary
Step Block Predictors
B Sig. R®  Adj.R* ARp)
0 0.113  0.075  0.113 (0.060)
(Initial, fixed terms)  Group 0.283  0.045
Age 0.176  0.207
1 ' ' 0.269 0221  0.156(0.003)
Cortical Thickness
Ccr -0.412  0.003
2 0269 0.415  0.218(0.002)
CT -0.417  0.001
FraF: tional FAur -0.310  0.020
Anisotropy
FAcc -0.111 0.376
FAur -0.234  0.045
3 0.678 0.596  0.191 (0.001)
CT -0.277  0.010
FAar -0.412  0.001
Intrinsic FAc 0.003  0.976
(Functional) FAur -0.069  0.500
Coupling [Cin 0317  0.011
ICny -0.176  0.091
1CpHG -0.074 0.520
ICirg -0.242  0.027

Italic denotes newly entered predictors. Am, amygdala; AT, anterior thalamic
radiation; CG, cingulum cingulate gyrus; CT, cortical thickness; FA, fractional
anisotropy; IC, intrinsic functional coupling; IFG, inferior frontal gyrus, PHG,
parahippocampal gyrus; Th, thalamus; UF, uncinate fasciculus.
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This indicates association between each factor and indirect effects. Such an
observation is indeed intuitive in that all factors in part represent properties of a
broad vmPFC network and predict vimPFC fear generalization gradient. A
confirmatory regression model without block terms showed similar results:
vmPFC thickness, FA of ATR, vmPFC-amygdala, and vimPFC-IFG each
significantly (Ps < 0.01) accounted for a portion of the total variance in the

vmPFC fear generalization explained (53.9 %).

We then used structural equation modeling to investigate whether each of
these correlates of vmPFC fear generalization gradient would be associated with
pathological anxiety. Two latent variables were hypothesized to estimate
collective impacts of axonal integrity and functional coupling, respectively (See
Methods for details of model specification). Effects of CCG fiber integrity and
vmPFC-PHG coupling were not significant. The model showed that the direct
effects of structural and functional neural substrates onto the latent variables, the
vmPFC fear generalization gradient, and generalized anxiety disorder were
significant. More importantly, the indirect effects of the variables onto
pathological anxiety, mediated through the vimPFC fear generalization gradient,
were significant (Figure 4.6). Together with the multiple regression model, these
results suggest that the structural and functional neural features contribute to

generalized anxiety disorder via disruption of vmPFC threat processing.
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Discussion

In the present study, we demonstrate that (i) vmPFC threat processing
correlates with variability of grey matter structure and vmPFC connectivity with
distributed systems, (ii) this relationship is independent across the neural factors,
and (i11) variability in factors may contribute to clinical anxiety by affecting
vmPFC function. Our results may therefore lend a support a multivariate model of
clinical anxiety. In this model, several individual neural “hits” provide necessary,
but insufficient, conditions for psychopathology, leading to disease development

only when they are present together.

Our results indicate that individual variability in the vimPFC fear
generalization gradient is explained by the vinPFC size, fiber integrity of the
white matter tracts converging on it, and intrinsic functional coupling of the
corticolimbic fear circuit in an independent manner. These results endorse the
notion of the vmPFC's integral role in the corticolimbic system (Roy et al., 2012)
and further suggest that impoverished vmPFC recruitment in pathological
anxiety, as previously documented by our group (Greenberg et al., 2013a) and
others (Milad and Rauch, 2007; Myers-Schulz and Koenigs, 2012), is closely
related to parallel system-wide abnormalities between cortical or subcortical

nodes in the fear circuit.
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We show that individuals with thicker vimPFC display more
discriminating vmPFC reactivity during the fear generalization task indicating a
direct structure and function relationship. This result is in line with previous
research reporting that vmPFC thickness positively correlates with fear extinction,
as indexed by skin conductance responses to CS (Milad et al., 2005). It should be
noted that, patients with GAD did not show signs of vmPFC thinning. This could
be due to relatively young patient samples (mean age of 22.3 + 4.5 years). Future
research may determine the impact of prolonged illness duration on vmPFC

thickness.

Our tractography data show that the fiber integrity of all three major
pathways that converge upon the prefrontal cortex is correlated with vimPFC fear
generalization. Not only do our Tract-Based Spatial Statistics results support this,
they also demonstrate that fibers proximal to the hippocampus, the amygdala, the
thalamus, and even the midbrain play an important role in contributing to vmPFC
function. The pervasive correlation effect throughout the corticolimbic system in
the Tract-Based Spatial Statistics analysis is striking, given a conservative whole-
brain corrected P combined with a non-parametric permutation method. Thus,
these results provide strong support for the role of the vmPFC as a hub of diverse

brain regions that collectively contribute to the vimPFC response to affective
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stimuli; this notion is also relevant to other domains of vmPFC function, such as

cognition, valuation and memory (Price, 2007; Roy et al., 2012).

Regarding the relationship between clinical anxiety and fiber integrity, we
found a trend-level effect in the UF. This is in line with previous studies showing
attenuation of UF fiber integrity in patients with GAD (Hettema et al., 2012;
Tromp et al., 2012a), generalized social anxiety disorder (Phan et al., 2009a) and
non-clinical trait-anxious individuals (Kim and Whalen, 2009b). However, it
should be noted that the directionality of the relationship between UF fiber
integrity and anxiety has produced mixed results (Ayling et al., 2012a; Montag et
al., 2012) and certain anxiety-related behaviors such as attentional bias to threat
are associated with heightened UF integrity (Carlson et al., 2013b; Carlson et al.,
2013a). Nevertheless, it should be noted that here, clinically anxious individuals
—without showing an apparent FA reduction—still showed over-generalizing
vmPFC functioning to threat vs. safety. This indicates that FA reduction in the UF
tract may not be essential for impoverished vmPFC threat processing, and that

there may exist parallel pathways for maladaptive vimPFC fear processing.

It is important to note that the directions of correlations between vmPFC
coupling and its fear generalization gradient are distinct across different regions.
Decreased vinPFC coupling with the mediodorsal thalamus and the IFG correlates

with an indiscriminating vmPFC gradient. Indeed, the mediodorsal thalamus-
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vmPFC connectivity has been implicated in associative learning in animal studies
(Mitchell and Gaffan, 2008; Cross et al., 2012; Parnaudeau et al., 2013).
Furthermore, it has been suggested that the mediodorsal thalamus plays a critical
role in the modulation of fear extinction (Lee et al., 2012). Our functional
connectivity results cannot resolve directionality; nevertheless, they provide
support for these previous findings in animals. Similarly, decreased vimPFC-IFG
coupling also correlates with indiscriminating vmPFC fear generalization.
Furthermore, clinical anxious individuals displayed decreased vimPFC-MFG
coupling. These results are well in line with previous reports where vimPFC
interaction with prefrontal systems (the MFG and the IFG) has been implicated in
emotion regulation (Delgado et al., 2008) and value-based decision making (Hare
et al., 2009; Baumgartner et al., 2011). Impoverished functioning in these regions
has also been shown to contribute to the development of anxiety (Bishop et al.,
2004; Bishop, 2009). Taken together with prior literature, our results suggest that
inefficient prefrontal-vmPFC interaction is an important contributor to
maladaptive vimPFC threat processing and consequently, in the pathophysiology

of anxiety.

In contrast, we found the opposite relationship in vmPFC—limbic system
coupling: individuals with greater intrinsic coupling displayed more

indiscriminating vmPFC fear generalization gradients. Our results further show
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that heightened coupling of the amygdala—PHG is related to clinical anxiety.
Thus, maintaining balanced connectivity of the vmPFC—limbic network appears
to be critical in precise vimPFC functioning. The idea that a greater vimPFC—
limbic coupling is related to attenuated vmPFC threat processing might be
controversial. Reduced vimPFC—amygdala intrinsic coupling measured by fMRI is
implicated in social anxiety disorder (Hahn et al., 2011), whereas we did not
observe group differences here. However, one should consider differences of
laterality in these two studies; the result in Hahn et al. is left amygdala seeded
connectivity, whereas our result is right amygdala seeded (note that we did not
observe a correlation of connectivity and the vmPFC functioning in a left
amygdala seeded analysis). Nevertheless, our results may cast a question whether
dysregulation in vmPFC—amygdala in anxiety (or in mood disorders more
generally) can be merely characterized as a decrease in functional connectivity. In
line with this, it is worth noting that an increase in vmPFC-amygdala coupling has
been linked to a genetic risk factor of mood disorder, that is, short allele of the
serotonin transporter (Heinz et al., 2005), which has been linked to greater
amygdala fear reactivity (Hariri et al., 2002) and a greater anxiety-related
behaviors (Schinka et al., 2004; Sen et al., 2004; Carlson et al., 2012a). Together,
these results provide a more detailed picture of the functional role of vmPFC—

limbic connectivity in threat processing than a mere patients—controls comparison,
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by linking connection properties to MRI-based cortical functioning that is more

objective than diagnostics primarily based on subjective symptom reports.

Our block-wise regression model indicates that vimPFC thickness, fiber
integrity, and functional connectivity independently account for variability in
vmPFC reactivity during fear generalization. This supports the hypothesis that the
altered vmPFC fear response in clinically anxious individuals is associated with
parallel neural abnormalities. Pathological anxiety is a heterogeneous construct
associated with distinct symptoms or pathologies that may or may not be present
in any given individual with anxiety. Complicating issues further, pathological
anxiety could be caused by multiple factors, such as prolonged or acute aversive
experiences, excessive worry, and/or potential genetic risk factors. Our structural
equation modeling supports the notion that clinical anxiety may have multiple
parallel pathophysiologies in distributed brain areas, which have significant
impacts on vimPFC functioning. This is in accord with recent reports that distinct
neural circuits are responsible for different aspects of anxious states in rodent
models (Jennings et al., 2013; Kim et al., 2013). Such an accumulative
contribution of multiple factors to pathophysiology is similar to that of autism
(O'Roak et al., 2011) and cardiac disorders (Spooner, 2009). In conclusion, our
findings provide functional and structural support for a multi-hit model for

clinical anxiety.
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Abstract

The ventral tegmental area (VTA) has long been associated with reward-
motivated behavior and has recently been linked to punishment-motivated
behavior. Recent work ties aberrant VT A dopamine signaling to the development
and maintenance of anxious behavior in animal models; however, these findings
in animal models have yet to be extended to anxiety in humans. Here, we
hypothesize that pathological anxiety is linked to dysfunction of the VTA
dopaminergic circuit in threat processing; specifically, excessive or uncontrolled
activity of the dopaminergic aversion circuit may be etiologically linked to errors
in distinguishing cues of threat vs. safety, also known as ‘overgeneralization of
threat’. To test this, we recruited patients with generalized anxiety disorder (N =
32) and healthy control subjects (N = 25; age-matched, all female). We measured
brain activity using functional MRI while subjects underwent a fear generalization
task that assessed fear generalization in response to a conditioned stimulus and
perceptually similar stimuli. Healthy controls showed a discriminate VTA
reactivity pattern, proportional to cue similarity towards threat; in marked
contrast, patients with generalized anxiety disorder showed significantly
heightened VTA activity to safe cues. This abnormal VTA reactivity was
associated with increased mesocortical, and decreased mesohippocampal

interactions in response to safe cues. These results provide the first evidence that
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aberrant activity in the putative dopaminergic aversion circuit is implicated in
generalized anxiety disorder. Thus, therapeutic strategies specifically targeting
this mesocorticolimbic circuit may succeed in treating the over generalization of

conditioned fear in generalized anxiety disorder.
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Introduction

The midbrain ventral tegmental area (VTA) is part of the
mesocorticolimbic system containing dopaminergic cell bodies, and has primarily
been associated with reward processing. However, recent studies highlight an
additional role of the VTA in aversion processing (Pezze and Feldon, 2004;
Fairhurst et al., 2007; Joshua et al., 2008; Liu et al., 2008; Fadok et al., 2009;
Matsumoto and Hikosaka, 2009; Baliki et al., 2010; Bromberg-Martin et al.,
2010; Zweifel et al., 2011; Cohen et al., 2012; Stamatakis and Stuber, 2012;
Brooks and Berns, 2013); this role is mediated primarily via the mesocortical
projection, which is distinct from the mesolimbic circuit for reward processing in

rodent models.

Recently abnormal dopaminergic signaling has been implicated in certain
anxiety-based conditions. For example, animal research demonstrates that social-
defeat stress can alter VT A dopamine transmission (Anstrom et al., 2009), and
that the long-term impact of social defeat is dependent on brain-derived
neurotrophic factor (BDNF) expressed in the VTA (Berton et al., 2006). More
recent research highlights dopaminoreceptive cortical neurons as the most likely
target site of disturbance under chronic stress via glucocorticoid release (Barik et
al., 2013) and epigenetic control (Niwa et al., 2013). Furthermore, the increase in

dopaminergic neuronal activity and abnormal morphological changes in the VTA
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seem to underlie anxiety-related behaviors in a mouse model of bipolar disorder;
interestingly, these behaviors are mitigated with lithium treatment, a common
medication for mood disorders (Coque et al., 2011a). Such mounting evidence
motivates us to question whether abnormal VTA signaling in negative motivation

is related to clinical anxiety in humans.

The VTA coordinates mesocorticolimbic circuit activity to encode
aversion. In rodents, the VTA receives aversion signals from the lateral habenula
and projects to the medial prefrontal cortex (Lammel et al., 2012; Stamatakis and
Stuber, 2012). It also projects to the ventral striatum and the thalamus, completing
the mesocorticolimbic dopamine circuit (Haber and Knutson, 2010). The
hippocampus regulates VTA activity, forming the VTA-hippocampal loop that is
crucial in motivational learning and memory (Lisman and Grace, 2005; Lodge
and Grace, 2006; Shohamy and Wagner, 2008). The medial and ventromedial
prefrontal cortices are also known to regulate VT A dopaminergic activity (Lodge,
2011). VTA aversion signaling is thus dependent on interconnections with the

mesocorticolimbic systems.

An important aspect of aversion processing is threat/safety discrimination,
which is essential to normative adaptive behavior. Deficits in this have been
reported to contribute to overgeneralization of threat (Kheirbek et al., 2012;

Greenberg et al., 2013b; Lissek et al., 2013b), which has been suggested as a
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pathogenic marker of anxiety disorders, including panic disorder (Lissek et al.,
2010), posttraumatic stress disorder (Jovanovic and Ressler, 2010), and
generalized anxiety disorder (Greenberg et al., 2013a; Lissek et al., 2013a). In
particular, the ventromedial prefrontal cortex (vmPFC) is attenuated during
generalization of threat in generalized anxiety disorder (Greenberg et al., 2013a),
which has been linked to underlying functional and structural abnormalities in a
broader circuit converging upon the vmPFC (Cha et al., in revision). Yet, no
studies have linked the midbrain and mesocorticolimbic circuit to fear

generalization.

Therefore, the aim of this study was to assess whether the
mesocorticolimbic circuit related to overgeneralization of threat in clinical
anxiety. We hypothesized that generalized anxiety disorder would be associated
with abnormal reactivity in the VTA dopaminergic circuit during threat
processing; specifically, excessive activity of the dopaminergic aversion circuit
may be etiologically linked to errors in distinguishing cues to threat vs. safety,
that is, ‘fear generalization’. To test this, we recruited patients with generalized
anxiety disorder (N = 32) and healthy control subjects (N = 25; age-matched, all
female). We measured brain activity using functional MRI while subjects

underwent a modified Pavlovian conditioning task that assessed fear
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generalization in response to a conditioned stimulus and perceptually similar

stimuli.

Methods

MR data from the same participants have been used in Chapter IV, which
provides detailed information regarding participants, study design, and MRI data

acquisition parameters.

Pupil size data processing

Pupil size data were processed using in-house MATLAB codes
(MathWorks, Natick, MA). First, we excluded periods of eye blinks detected by
an on-line parsing system. We used a window of 100 ms prior to onsets of eye
blinks and 300 ms following their offset in order to minimize after-blink
constriction effects. Missing values were linearly interpolated. Each trial was
baseline corrected: a baseline was calculated by averaging 500 data points (500
ms long) preceding stimulus onset. Baseline corrected values were z-scored for
cross-subject comparisons and filtered using a low-pass filter (4 Hz cutoff
frequency) to reduce measurement noise. After preprocessing, we excluded trials
with outliers, exceeding two SD from mean or no pupillary changes in response to

luminosity changes of presented stimuli. For statistical analysis, the pupillary
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response was defined as the cumulative pupil diameter change (i.e., area under
curve) within a 1000 ms window, from one second after stimulus onset. Pupil data
were averaged by stimulus type, combining +conditions to counter-balance

confounding of stimulus-specific luminosity.

MRI Data Acquisition

Participants were scanned with a 3T Siemens Trio scanner at the Stony
Brook University Social, Cognitive and Affective Neuroscience center. We
acquired 440 T2*-weighted echo planar images with an oblique coronal angle and
TR =2100ms, TE = 23ms, flip angle = 83°, matrix = 96 x 96, FOV = 224 x 224
mm, slices = 37, in-plane resolution = 2.33 % 2.33 mm and slice thickness = 3.5
mm. For structural scans, T1-weighted images were acquired with the following
parameters: TR = 1900 ms, TE = 2.53, Flip angle = 9°, FOV = 176 x 250 x 250

mm, Matrix = 176 x 256 x 256, and voxel size =1 x 0.98 x 0.98 mm.

SMRI Analysis: Preprocessing

We performed preprocessing procedures in SPM 8
(www.fil.ion.ucl.ac.uk/spm). This included slice timing correction, motion
correction, spatial normalization, and spatial smoothing. For spatial smoothing, a

4 mm of the full-width at half maximum of the Gaussian kernel was used, as this
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kernel was reported to be effective in parametric mapping of the VTA BOLD

reactivity in previous research (Ballard et al., 2011).

SMRI Analysis: General linear model

For a first-level (subject level) model, we used five regressors-of-interest,
i.e., onsets of GS £60%, GS £40%, GS £20%, CSunpaired and CSpaired, plus six
motion parameters. Serial autocorrelations were modeled using a one-lag auto-
correlation [AR(1)] and a canonical HRF was used as a basis function in model
estimation. Then, a second level (group level) random effect analysis was carried
out on individuals' contrast images for each of the four conditions (i.e., each
condition vs. rest), excluding CSpaired. The model contained three factors: subject,
group, and condition. The significance of group differences in the VTA activation
for a given contrast of conditions (e.g., all stimuli vs. rest, etc.) was corrected for
multiple comparisons using a small-volume correction method in SPM within a

4mm-radius sphere centered at a priori coordinates (MNI, 3 -17 -12) for VTA .

In order to investigate if VTA activity during fear generalization was
associated with activity in the dopaminergic aversion circuit, i.e., the mPFC and
the hippocampus, we conducted psychophysiological-interaction (PPI) analysis. A
seed region in the VTA was defined from the group difference analysis on all

stimuli vs. rest. A representative time-series (i.e., first eigenvariate) was extracted
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within a 6 mm sphere centered at individual subject peaks (P < 0.05) within the
group functional VTA mask and deconvolved. This time-series was multiplied by
a stimulus condition vs. rest and then convolved with the canonical hemodynamic
response function in SPM. This procedure generated one interaction term per
condition (i.e., GS £60%, GS +40%, GS +20% and CSunpaired), Which were entered
into a separate model. The model contained three regressors: the VTA time-series
by "stimuli vs. rest" interaction, "stimuli vs. rest", and the unmodulated VTA
time-series. The primary objective of this analysis was to investigate group
differences on mesocorticolimbic interactions modulated by GS vs. rest, on which
gave a significant increase in VT A BOLD activation in patients with GAD. For
this, we entered individual PPI beta images of the "GS vs. rest" contrast into a
random-effect second level model containing subject, group, and condition. On a
t-map of either "control - GAD" or "GAD - control,” we first applied uncorrected
P <0.005 with a cluster extent of 20 voxels. We then corrected the results using a
cluster extent method (AFNI's 3dClustSim; 10,000 Monte Carlo simulations) with
an alpha of 0.005 for each ROI. Bilateral ROI masks were derived from the AAL
atlas (http://www.cyceron.fr/web/aal _anatomical automatic labeling.html).
These include a broad prefrontal area (i.e., the medial frontal gyrus, the
ventromedial PFC and the ACC), the hippocampus, the ventral striatum, and the

thalamus.
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Results

Pupil dilation

Pupil dilation results were previously reported (Greenberg et al., 2013a).
No significant group differences in pupil dilation were observed. The pupil
dilation was calculated as a cumulative change (i.e., area under curve) for 1-s
window starting from 1000ms after a cue onset (Figure 5.1.). This measure was
baseline-corrected with an average value of 500-ms data preceding a cue onset in
each trial. Effects of condition and group were examined using a mixed linear

model.

Considering the apparent group difference in the neural responses and the
post-task shock likelihood ratings, this data might not conclude a null effect of
pathological anxiety on physiological fear responses. Previous research reports
that pupil dilation elicited by affective stimuli reaches at a maximum level at
around 2-3 s after onsets of auditory stimuli (Partala and Surakka, 2003). A
comparison study reveals the pupil dilation by emotional arousal is slower than
skin conductance and heart rate (Bradley et al., 2008). Our study design of 2-s cue
presentation thus may not be enough for us to see subtle differences of GAD vs.
controls. Furthermore, the fact that luminosity of all screens was not equal could

be another confounding.
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Figure 5.1. Averaged pupil size time course during fear generalization.
Following a stimuli onset, a sharp initial pupil constriction occurred, peaked at
around one second after the onset. Cumulative pupil size changes (i.e., area under
curve; depicted as green shaded are) were measured from 1-2 s after the onset.
Red line, GAD; black line, controls. Shaded areas denote one sem.
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Functional Magnetic Resonance Imaging

We measured the blood oxygenation level-dependent (BOLD) response to
the generalization task on the stimulus vs. rest contrast. The GAD group showed
greater VTA activation compared with healthy controls at a corrected P < 0.05
(peak z = 3.29, peak P = 0.0005; MNI, 2 -18 -14; Figure 5.2). Post-hoc analyses
on extracted BOLD estimates revealed a differential generalization gradient
across groups [group x stimuli interaction, F(2,178) = 3.31, P = 0.04, repeated-
measures ANOVA]: activation of healthy controls' VTA linearly tracked cue
similarities to CS (beta =0.57, P = 0.01, a post-hoc linear trend analysis), but not
in patients (P > 0.6), which resulted from a heightened reactivity to GS (P=
0.00005), but not CS (P > 0.479). These results suggest that pathological anxiety

is associated with elevated and indiscriminative VTA reactivity to GS.

The results of the hyper-reactive VTA in the GAD group raised the
question of whether the putative dopaminergic VTA activity would correlate with
activity of the mesocorticolimbic dopaminergic circuit (Lisman and Grace, 2005;
Lodge and Grace, 2006; Shohamy and Wagner, 2008; Lammel et al., 2012;
Stamatakis and Stuber, 2012). To this end, we measured functional connectivity
modulated by "CS-Rest" or "GS-Rest" using psychophysiological interaction
(PPI) analysis (Fairhurst et al., 2007; Matsumoto and Hikosaka, 2009). We used a

functionally defined VT A mask based on the group difference as our seed region,
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and either "CS-Rest" or "GS-Rest" as a psychological regressor. In both groups,
"CS-Rest" significantly increased VTA interactions with prefrontal areas (i.e.,
medial PFC/anterior cingulate cortex & vmPFC), the hippocampus, and the
thalamus (ROI corrected P < 0.005; Figure 5.2; Table 5.1); no group differences
were found in these regions. However, we observed a group difference in the
VTA-accumbens interaction, where GAD patients showed a significant increase
in connectivity but healthy controls did not. No significant decreases were
observed in either group. These results suggest that activation of

mesocorticolimbic dopaminergic circuit may be linked to threat encoding.

In contrast, we expected that the "GS-Rest" contrast would elicit group
differences in this circuit based on abnormally heightened VTA BOLD activation
in response to GS in GAD patients compared with healthy controls. Indeed, we
found a significant increase in VTA interaction with the anterior cingulate cortex
(rostral and subgenual), the accumbens, and the thalamus in GAD at ROI
corrected P < 0.005, but not in healthy controls. On the other hand, the "GS-Rest"
significantly increased VTA-hippocampus interaction only in healthy controls,
but not in GAD (Figure 5.2; Table 5.1). Thus, patients with GAD displayed a
unique pattern of heightened VT A-mesocorticolimbic coupling and attenuated

VTA-hippocampal coupling in GS.
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Table 5.1. VTA interactions modulated by psychological regressors.

cluster MNI
Name .
size z P X Y z
Modulator: Generalization Stimuli
Contrast: GAD > Healthy Controls
anterior cingulate cortex 61 3.77 7E-5 2 34 26
ventral striatum 36 3.46 3E-4 -8 8 -6
thalamus 84 4.48 3E-6 8 -8 18
accumbens 13 3.27 3.27 -4 0 -4
Contrast: Healthy Controls > GAD
hippocampus 34 4.78 9E-6 30 -36 -6
Modulator: Conditioned Stimulus
Contrast: GAD > Healthy Controls
accumbens 63 3.46 3E-4 -8 10 -8
Contrast: Mean positive effects
ventromedial PFC 131 4.35 6E-6 2 40 -16
medial PFC 290 4.15 1E-5 -4 56 8
anterior cingulate cortex - 4.21 5E-5 2 44 6
hippocampus 33 3.81 6E-5 22 -14  -20
thalamus 137 3.25 5E-4 4 -20 6

*alpha of multiple correction in each ROI was set to 0.005.
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Table 5.2. Demographics and clinical characteristics across patients and controls.

GAD E’atients Heal.thy Co_ntrol Significance
Variable (n=32) Subject (n=25)
Mean SD Mean SD

Age 223 5.14 21.3 4.56 P>0.5
STAI-Trait* 55.1 10.08 37.5 6.52 P <0.001
BDI* 223 12.66 4.8 3.54 P <0.001
Anxiety Sensitivity 33.6 12.77 16.7 6.09 P <0.001
Penn State Worry Questionnaire 40.0 19.93 22.5 8.61 P <0.001
Intolerance of Uncertainty Scale 50.5 11.10 31.3 6.73 P <0.001

*Data from (Greenberg et al., 2013a); TMood and Anxiety Symptom Questionnaire
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In relation to our previous reports on vmPFC dysfunction in patients with
GAD (Greenberg et al., 2013a), we examined the relationship between the fear
generalization gradient in the vimPFC and the VTA. The vimPFC fear
generalization gradient, that is, a slope of linear fit on the fear generalization
reactivity gradient (as a function of cue similarity to CS) did not show a
correlation with the VTA fear generalization gradient either in patients or in
healthy controls (Ps > 0.52; nonparametric correlation). Furthermore, we did not
find significant correlations with the vimPFC generalization and our PPI measures

(Ps > 0.25).

Discussion

In the present study, we demonstrate that in healthy controls, the
magnitude of activation in the VTA is proportional to the similarity between
potential threats and CS, and the mesocortical connectivity is significantly
increased by CS. In pathological anxiety, however, the VTA is hyper-reactive to
GS, compared with healthy controls. GS also elicit aberrant VTA connectivity
with the prefrontal cortex (increased) and the hippocampus (decreased) in
patients, compared with healthy controls. These results suggest that VTA
activation and mesocortical connectivity are critical in threat processing, and that

abnormalities of the dopaminergic system are implicated in clinical anxiety.
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Healthy controls and patients with GAD alike show BOLD activations in
the VTA towards the CS. This is in line with previous reports of dopaminergic
VTA activation during the perception or anticipation of aversive stimuli (Fairhurst
et al., 2007; Matsumoto and Hikosaka, 2009) as well as fear learning (Lammel et
al., 2012; Brooks and Berns, 2013). Our results complement and expand these
findings by demonstrating that dopaminergic VTA activation linearly tracks the
perceived threat level. Furthermore, conditioned threat elicits VTA interaction
with the prefrontal systems (e.g., the ACC, the dmPFC and the vmPFC) in both
groups. This increase in the mesocortical interaction may represent activation of
VTA dopaminergic projection to the prefrontal system during threat processing,
as analogous to the animal model of the mesocortical dopaminergic aversion
circuit: in this model, the medial VTA dopaminergic neurons that are selectively
activated by glutamatergic inputs from the lateral habenula project to
dopaminoreceptive medial prefrontal cortex and encode aversion (Lammel et al.,
2012). Although our connectivity analysis does not provide directionality, this a
priori knowledge about the functional circuit may allow us to interpret our finding

as VTA aversion signaling to the dopaminoreceptive prefrontal system.

In contrast to healthy controls, patients with GAD show greater VTA
activation to GS, but not to CS. This leads to a significant difference in the VTA

generalization gradient: that is, a slope of the reactivity gradient to stimuli is
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significantly different from zero (positive) in healthy controls, but not in patients
with GAD. This effect is well in line with the hypothesis of overgeneralization of
fear in pathological anxiety (Jovanovic and Ressler, 2010; Britton et al., 2011;
Kheirbek et al., 2012; Greenberg et al., 2013a). It should be noted that, at least in
animal models, excessive VT A dopaminergic activity is implicated in anxious
behaviors (Coque et al., 2011b). Furthermore, increased VTA dopaminergic
activity has been linked to vulnerability to social defeat in animal models
(Krishnan et al., 2007). To the best of our knowledge, our results are the first to
extend the findings of abnormal VTA signaling in animal models of anxiety to the
human brain. Future research may investigate whether this increase in VTA

BOLD reactivity is indeed correlated with dopamine activity.

We also found abnormal mesocorticolimbic interactions in GAD. Firstly,
patients with GAD showed heightened mesocorticolimbic connectivity elicited by
GS, compared with healthy controls. Considering the similar connectivity
increase elicited by CS in healthy controls and patients alike, it is possible that
this abnormally heightened connectivity indicates an excessive or uncontrolled
VTA dopaminergic projection in clinical anxiety. This lends additional support to
the abnormal dopamine aversion circuit in anxiety. It is worth noting that
abnormalities in VTA dopamine signaling and mesocortical circuit activity are

implicated in the pathophysiology of certain stress-related psychiatric diseases.
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For example, in mice models, stress response due to repeated aggression mainly
results in glucocorticoid release in dopaminoreceptive neurons promoting social
aversion, of which expression requires an increase in VT A neuronal firing (Barik
et al., 2013). Furthermore, mild isolation stress, in mice models, affects the
mesocortical projection of dopaminergic neurons, wherein epigenetic control is
elicited, that is, DNA hypermethylation of the tyrosine hydroxylase gene, a key

regulator of dopamine synthesis (Niwa et al., 2013).

Secondly, the VT A-hippocampal connectivity elicited by GS is
significantly attenuated in patients with GAD, compared with healthy controls.
The hippocampus is known to regulate VTA dopaminergic activity, forming a
VTA-hippocampal loop that is crucial in motivational learning and memory
(Lisman and Grace, 2005; Lodge and Grace, 2006; Shohamy and Wagner, 2008).
Our results may suggest that attenuation of this functional loop is associated with
impaired threat-safety discrimination in pathological anxiety. This finding is also
in line with a recent animal model implicating impaired hippocampal pattern
separation—perhaps via restrained neurogenesis under stress—in fear
generalization and pathophysiology of anxiety (Kheirbek et al., 2012). Together,
our connectivity results thus support the idea that abnormalities of the
mesocortical circuit contribute to the pathophysiology of fear overgeneralization

in generalized anxiety disorder.
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The present results advance the current understanding of the neural
underpinnings of fear generalization. Several neuroimaging studies report neural
correlates of fear generalization in humans including the cingulate cortex, insula,
striatum, and limbic structures (Dunsmoor et al., 2011; Greenberg et al., 2013b;
Lissek et al., 2013b). Studies with clinical anxiety document behavioral and/or
neural evidence of fear generalization in various forms of anxiety disorder, such
as panic disorder (Lissek et al., 2010), posttraumatic stress disorder (Jovanovic
and Ressler, 2010), and generalized anxiety disorder (Greenberg et al., 2013a;
Lissek et al., 2013a). In particular, we have previously reported the attenuated
vmPFC threat processing in GAD; that is, indiscriminating vimPFC BOLD
reactivity to the fear generalization stimuli compared with healthy controls
(Greenberg et al., 2013a). Admittedly, in the present study, we did not observe a
direct link between the vimPFC dysfunction and the abnormal VTA reactivity or
connectivity. However, given the extensive literature on the essential role of the
two interacting systems (or perhaps mediated by the dorsolateral PFC) in the
adaptive behavior (Schoenbaum et al., 2009; Takahashi et al., 2009; Ballard et al.,
2011; Takahashi et al., 2011; D'Ardenne et al., 2012), the interaction of the two
regions may be still important in fear generalization and perhaps pathophysiology
of anxiety. To address this more directly, a combination of fear generalization
task and a direct stimulation of the vmPFC while monitoring the midbrain activity

would an interesting study (Cf. (D'Ardenne et al., 2012). Altogether, our findings
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in the present study contribute to a more complete picture of the pathophysiology

of clinical anxiety.
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CHAPTER VI

Summary and Concluding Remarks

Summary of Major Findings:

In this dissertation, I investigated neural underpinnings of anxiety and
anxiety disorder using human neuroimaging. More specifically, as threat
processing involves coordination among various distributed brain systems,
circuit-wide abnormalities are likely to play a role in onset or development of
maladaptive control of threat. I have used complementary approaches such as
multi-modal Magnetic Resonance Imaging (MRI), genotyping, and statistical
modeling combined with cognitive paradigms to test this brain connectivity model
in anxiety or an anxiety-related behavior. Therefore, the ultimate goal of this
dissertation was to map a specific dimension of complex anxiety symptomatology
onto observable and objective factors including genetic factor, brain regions and
circuits. To that end, I focused on two distinct constructs within the negative
valence system that are particularly relevant to onset and development of anxiety
disorder, following Research Domain Criteria (Insel et al., 2010; Sanislow et al.,
2010); that is, reactivity to imminent threat (“fear”’) and to distal threat
(“anxiety”). First, in Chapter 2 and 3, to elicit behavioral response to imminent

threat in healthy individuals, I used a cognitive task to elicit phasic attention
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orientation towards negative affect-valence faces, called negative attention bias. |
then demonstrated that structural and functional connectivity between the
amygdala and the ACC account for individual differences in the behavioral
measurement of negative attention bias. Moreover, I found a significant impact of
a genetic variability (i.e., BDNF Val66Met polymorphism) on the amygdala-PFC
white matter tract microstructure measured by diffusion MRI, which appeared to
mediate the negative attention behavior. Second, in Chapter 4, I focused on
reactivity to distal and uncertain threat (“anxiety”) using a modified Pavlovian
conditioning to contextual threat. For this study, we recruited patients with an
anxiety spectrum disorder (i.e., generalized anxiety disorder or GAD). Using
multi-modal MRI, I demonstrated that attenuation of the vmPFC functioning in
patients with GAD, previously reported by our group (Greenberg et al., 2013a), is
closely related to multiple neural features ranging from grey matter thickness to
vmPFC connectivity with distributed brain regions. Furthermore, I found these
neural factors all together significantly account for clinical anxiety, an effect
appeared to be mediated by vimPFC fear generalization. This led to a multi-hit
model for pathophysiology of anxiety disorder. Last, in Chapter 5, I report novel
evidence that the midbrain VTA and its connectivity with the corticolimbic circuit
(i.e., the mesocorticolimbic circuit) are involved with fear generalization in
anxiety disorder. Patients with GAD showed a significant increase in BOLD

reactivity of the VTA and the mesocorticolimbic connectivity during fear
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generalization, whereas healthy controls showed a linear increase in the VTA
reactivity proportional to threat level (tracking the threat level, in other words)
and an increase in the mesocorticolimbic connectivity to CS, but not GS. These
suggest, first, the role of dopamine in threat processing in a normal state and,
second, the link between its abnormal behavior and clinical anxiety; the brain

circuitry of anxiety should thus include this crucial neuromodulatory system.

Final Model of the Amyvgdala—ACC Network in Negative Attention Bias.

A Number of studies report the perigenual anterior cingulate cortex
(pgACC) as a controller in close relation with anterior midcingulate cortex (Op
de Beeck et al., 2008; Orr and Weissman, 2009; Venkatraman et al., 2009; Etkin
et al., 2011; Grupe and Nitschke, 2011; Nee et al., 2011). According to this
model, the pgACC and aMCC, perhaps along with a functional continuation,
implements behavioral control in response to amygdalar inputs (Shackman et al.,
2011). This so-called ‘adaptive control hypothesis’ based on anatomical,
functional data and computational models dictates that the aMCC integrate

information to control negatively motivated actions.

Studies presented in Chapter II and III may partially lend a support to this
model in bottom-up attention bias to threat. The uncinate fasciculus is a

prominent anatomical route of the amygdala—ACC (as well as other prefrontal
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regions). As an amygdalar input of threat likely transmits via the UF to the ACC —
bottom-up way—, dACC or pgACC may first detect this phasic threat information
and then perhaps influence dorsally adjacent aMCC to produce a behavioral
control, that is, an attention allocation towards fearful face. Alternatively, pgACC
might directly involve attentional control without an aMCC recruitment; a
previous study reporting coactivation of the amygdala and the pgACC during the
negative attention bias supports this interpretation (Carlson et al., 2009b). A non-
explicit cognitive demand in our behavioral paradigm may primarily recruit
pgACC, which is considered as an affective region —as opposed to cognitive

aMCC- to produce rapid attention modulation at preconscious level.

It is worth noting that a positive amygdala—ACC intrinsic functional
coupling should not be interpreted as direct evidence of an excitatory
connectivity. In fact, the amygdala—ACC network is notorious for diverse
connectivity across different ACC subregions and/or in different contexts
(Shackman et al., 2011). Furthermore, representation of connectivity is also
dependent upon methodology. For example, fMRI-based connectivity is usually a
mixture of complex dynamics between excitatory and inhibitory components for a
longer period (i.e., typically a few seconds long). Given these, our results should
be interpreted as that basal connection properties of this network, regardless of

contexts, is closely associated with individual differences in microstructure of the
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anatomical substrate and negative attention bias behavior. Our results may thus
provide a useful account for future neuroimaging research in anxiety-related
behavior in that intrinsic functional connectivity mapping, a convenient and
standardizable method, provide a useful measure that correlates with structural

connectivity and behavior alike.

Altogether, studies in the Chapter II and III support the model that the
bottom-up amygdalar threat information at preconscious or nonconscious level
influences the pgACC, which then allocates the spatial attention without apparent
cognitive appraisal. A crucial link of this brain—behavior relationship to anxiety is
that Met allele in the BDNF Val66Met polymorphism is associated with a greater
fiber integrity, which then contributes to a greater negative attention bias.
Although causality of these relationships may remain to be validated, this likely
gene—brain—behavior mechanism may provide much needed framework for the

future research in pathophysiology of anxiety.
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Parietal
cortex

Figure 6.1. Brain circuitry of imminent threat: Final amygdala—_ACC
connectivity model of negative attention bias. In addition to the ACC-centric
anxiety circuitry, our results presented in the Chapter II and III suggest a crucial
role of the amygdala—dACC (or perigenual ACC in often cases) connectivity both
in structural and functional indices. Together with previous literatures, our results
suggest that a bottom-up amygdalar input to the dACC primarily, which then
elicits an attentional control to imminent threat stimuli, presumably via an
interaction with the adjacent anterior midcingulate cortex and the parietal-visual
system. Moreover, the impacts of the BDNF polymorphism onto the structural
connectivity of the uncinate fasciculus and the negative attention bias may
suggest that abnormalities of this circuitry accounts for potential pathophysiology
of anxiety. SNP, single nucleotide polymorphism; UF, uncinate fasciculus.
(Modified from Grupe and Nitschke,, 2013).

155



Integrated Brain Circuit of Fear Generalization

I propose an integrated model for pathophysiology of clinical anxiety
based on the results from the fear generalization studies in Chapter 4 and 5. The
brain circuit of fear generalization includes the vimPFC-centric corticolimbic
circuit and the putative dopaminergic aversion circuit. The two systems are
closely related to each other, as I reviewed in Discussion in Chapter 5; the vimPFC
integrates various inputs, mediates discrimination of safety vs. threat, and gates
subsequent controlling signals to autonomic nervous systems (i.e., sympathetic vs.

parasympathetic activation).

Along the acquisition of the clinical anxiety, the mesocorticolimbic
dopamine circuit may first go awry most likely through excessive and
uncontrollable threat-stress response, that is glucocorticoid signaling. As reviewed
in Chapter 1, recent animal studies highlight this; however, this has yet to be

translated in humans to my best knowledge.

The aberrant dopamine aversion circuit then may influence the vmPFC,
afferents, or efferents to the vmPFC (e.g., ACC to vmPFC). Of note, as our
connectivity results show, impacts are most probably multiple and parallel, which

perhaps partially explains complex pathophysiology of anxiety disorder. Finally,
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integrative effects of the circuit-wide features may be onto the vimPFC, resulting

the vimPFC fear generalization.

dPFC
—>»| Amygdala [€—>
T »| ACC [€
Entorhinal <> Hippocampus (€
N
AA LN >| VMPFC [«
Y’ A
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Figure 5.3. Brain circuitry of potential threat: Final connectivity model of
overgeneralization of conditioned fear. Dopaminergic circuit is in yellow.
Corticolimbic connectivity that may result vimPFC fear generalization is in red
arrows.
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Significances, Limitations, and Future Directions

Brain Connectivity Model of Imminent Threat

The studies presented in Chapter 2 and 3 demonstrate a more complete
picture of neural substrates of negative attention bias, one of the crucial factors of
anxiety vulnerability (Fox, 2002; Mathews and MacLeod, 2002; Mogg and
Bradley, 2002). First, the gene-brain-behavior relationship well supports the
previous literatures on involvement of BDNF SNP in the white matter structure
(Chiang et al., 2011; Voineskos et al., 2011; Tost et al., 2013), in affect
processing in the limbic regions (Montag et al., 2008), and in mood disorders
(Martinowich and Lu, 2008; Lau et al., 2010; Montag et al., 2010b). Moreover,
the present results further suggest a likely pathway of this genetic risk factor to
development or vulnerability to anxiety. Although a number of studies have
already examined impacts of various SNPs on brain connectivity, the present
studies illustrate that such attempts can be potentially complemented by robust
cognitive paradigms, in order to link variability in the biological factors to
psychiatric or psychological processes. Our study thus may provide a useful

methodology for future research.

These studies may also contribute to development of a novel biomarker or

a treatment strategy for clinical anxiety. For example, in case of individuals with

158



high negative attention bias, who may already manifest related symptoms,
examining their BDNF Val66Met SNP and fiber integrity of the uncinate
fasciculus may lead to a more precise and an individualized diagnosis. Moreover,
the prefrontal vicinity of the uncinate fasciculus, based on the results from
Chapter 3, can be potentially used as a target site for brain stimulation such as
transcranial magnetic stimulation to modulate neural activity that is relevant to the
non-conscious attention bias to threat [in literature, brain stimulation is often
targeted onto the major white matter tracts as in example of pain research (e.g.,
the corticospinal tract) or deep brain stimulation to treat chronic depression (e.g.,
the limbic-prefrontal tract)]. Future research may include identification of
potential target sites within the uncinate fasciculus and investigation of neural and

behavioral impacts of stimulation.

One of the limitations of these studies, as in human neuroimaging research
in general, is that we do not provide neurobiological mechanisms of changes in
white matter microstructure or diffusion parameters. Studies show that it may
depend on a scale of measurement (i.e., voxel-wise or tract-wise). If so, it is
indeed a non-trivial task to find neurobiological correlates of a diffusion
parameter averaged across an entire major white matter tract, unless one can get a
reliable neurobiological measure of an entire white matter tract, such as averaged

axonal diameters, numbers of fibers, or degrees of fasciculate. Moreover,
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differences between actual and virtual dissection (i.e., probabilistic tractography)
have yet to be fully understood. Future research should consider careful

comparison studies in non-human primates or human post-mortem brains.

Role of Dopamine in Aversion and Anxiety

The study in Chapter 5 opened the door of dopamine’s role in clinical
anxiety in humans for the first time. This fear generalization-fMRI study will
foster a variety of future research to better understand cellular and
neuromodulatory underpinnings of abnormal VTA BOLD reactivity and

connectivity in anxiety during fear generalization.

First, dopamine receptor imaging such as PET or SPECT, ideally
combined with the fear generalization paradigm and fMRI, would be beneficial.
Simultaneous PET/fMRI experiments during the fear generalization in anxious
individuals will give a direct account whether dopamine receptor availability is
correlated with putative midbrain dopaminergic BOLD (hyper-)activation in
anxiety. The generalization fMRI data in Chapter 4 and 5 shows that GAD
patients’ midbrain VTA is constantly hyper-reactive during all contextual threat
cues, which is equivalent to 75 % of entire trials (15 min long). Because of this,
PET imaging during fear generalization task may effectively detect changes in

dopaminergic receptor availability.

160



Second, a more indirect approach is computational modeling of fear
generalization. Learning algorithms, such as model-based Bayesian modeling,
have been applied in human research to model reward prediction error. As fear
generalization can be viewed as a maladaptive prediction of punishment,
Bayesian learning algorithms can be used to investigate impacts of anxiety in the
by comparing data from patients versus controls. Recently proposed Hierarchical
Gaussian Filtering (Mathys et al., 2011) would be particularly useful, in that it is
more flexible than previously used Bayesian methods, such as Hidden Markov
Model, in terms of modeling individual differences or different (hierarchical)

levels of representation of adaptive behaviors across brain regions.

Alternatively, the stimulus generalization task can be combined with a
pharmacological challenge using L-dopa in healthy individuals. Acute application
of L-dopa prior to contextual fear conditioning may induce significant changes in
threat/safety discriminability, which may be monitored by startle reflex and/or
fMRI. Interestingly, a recent study by the Kalisch group in Germany (Haaker et
al., 2013) reports an L-dopa application prior to a safety experience enhance fear
extinction. I propose that a dopamine increase with or withdrawal of negative
reinforcement (or anticipation of one) may have completely different

consequences. In both cases, dopamine may stimulate the on-going process.
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Moreover, chronic lithium treatment on mood disorder patients (e.g.,
anxiety, bipolar or mania) may be linked to normalization of abnormal VTA
dopamine firing. A recent study using mice genetic model of mania shows this
(Coque et al., 2011a). Thus, it could be possible to use the fear generalization
paradigm as a tool to show the effects of lithium on the dopaminergic circuits in

particular case of anxiety patients.

A novel direction may be combining these pharmacological challenges
with computational modeling. It would be interesting if a learning algorithm can
model effects of a dopamine-related drug on stimuli generalization, for it will give

us a hint about the underlying neural mechanism.

Third, neural substrates of positive or negative motivation have yet to be
fully understood. In humans, this circuit still largely remains unknown. There is
an absolute need for 7T fMRI research to investigate the details of this circuit. For
example, in relation to our VTA hyper-reactivity in GAD, one of the potential
source of VT A dopaminergic firing is the glutamatergic inputs from the lateral
habenula. This epithalamic structure is extremely small, so highly susceptible for
a partial volume effect in 3T EPI data. Some previous literatures link this
structure to motivation in humans based on 3T EPI; however, reliability of such
studies is questionable. 7T fMRI has much higher signal-to-noise ratio, which

allows single subject analyses. This is extremely advantageous, as no spatial
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normalization or warping EPI would be necessary; it will allow identification of
anatomical foci with much greater precision. 7T fMRI thus can significantly

enhance our understandings on this crucial circuit.

Last, more complete understanding on the link between anxiety and the
dopaminergic circuit will lead to development of a new treatment strategy. For
example, real-time fMRI with biofeedback of VTA activation level during fear
generalization task can effectively normalize VTA activation in anxious
individuals. In addition, electric stimulation using transcranial magnetic
stimulation or direct current stimulation on the prefrontal cortex that is believed to
be part of dopaminergic aversion circuit can affect VTA activation pattern during
fear generalization. These intervention studies should be based on the precise
mapping of mesocorticolimbic circuit in humans, ideally at a single subject level.
Thus, this inevitably requires the ultra-high resolution fMRI (7 Tesla) that has

several magnitude-fold better signal-to-noise ratio, compared with 3T fMRI.
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