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Abstract

Functional neuroimaging implicates hyperactivity of amygdala-orbitofrontal circuitry as a
common neurobiological mechanism underlying the development of anxiety. Less is known
about anxiety-related structural differences in this network. In this study, a sample of healthy
adults with no history of anxiety disorders completed a 3T MRI scan and self-report mood
inventories. Post-processing quantitative MRI1 image analysis included segmentation and volume
estimation of subcortical structures, which were regressed on anxiety inventory scores, with
depression scores used to establish discrimant validity. We then used a quantitative vertex-based
post-processing method to correlate (1) anxiety scores and (2) left amygdala volumes with
cortical thickness across the whole cortical mantle. Left amygdala volumes predicted anxiety,
with decreased amygdala volume associated with higher anxiety on both state and trait anxiety
measures. A negative correlation between left amygdala volume and cortical thickness
overlapped with a positive correlation between anxiety and cortical thickness in left lateral
orbitofrontal cortex. These results suggest a structural anxiety network that corresponds with a
large body of evidence from functional neuroimaging. Such findings raise the possibility that
structural abnormalities may result in a greater vulnerability to anxiety or conversely that

elevated anxiety symptoms may result in focal structural changes.

Keywords: Subcortical Volumes, Cortical Thickness, Fear, Morphometry, Magnetic Resonance
Imaging

1. Introduction

Anxiety is characterized by a state of apprehensive expectation, fear, hyperarousal, vigilance to

threat cues, avoidance behaviors, and negatively valenced cognitions (American Psychiatric
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Association [DSM-1V-TR], 2000). Anxiety may be transient, triggered by situational stressors,
and attenuated by self-regulatory strategies; however, it becomes more invasive to daily
functioning when fear persists without identifiable triggers or when regulation strategies fail,
resulting in a more chronic anxious state. Functional neuroimaging studies identify disruption of
amygdala-prefrontal circuitry as a common neurobiological mechanism underlying anxiety-

related behaviors and cognitive biases (Bishop, 2007).

Converging evidence from animals and humans implicates the amygdala as the most critical
structure involved in fear and anxiety (LeDoux et al., 1988; Davis, 1992; LaBar et al., 1995;
LaBar and LeDoux, 1996; Phelps and LeDoux, 2005). Anxiety is the most common mental
phenomenon evoked by direct electrical stimulation of the human amygdala (Halgren et al.,
1978) and the amygdala is found to be hyperresponsive to anxiety-provoking stimuli (Davidson
et al., 1999). Exaggerated amygdala activation is demonstrated in trait anxiety (Stein et al.,
2007), post-traumatic stress disorder (PTSD) (Shin et al., 2001; Shin et al., 2004), social anxiety
(Klumpp et al., 2010; Schmidt et al., 2010), and generalized anxiety disorder (GAD) (Nitschke et

al., 2009), implicating this structure in subclinical anxiety and anxiety disorders.

Neurocognitive models of fear regulation propose top-down modulation of amygdala activity by
prefrontal regions (Phelps and LeDoux, 2005). Activity in the ventromedial prefrontal
cortex/subgenual anterior cingulate (vmPFC) is associated with retention of extinction learning
(Phelps et al., 2004), as well as the ability to use cognitive emotion regulation strategies (e.g.
imagining a soothing scene) to attenuate an aversive response (Delgado et al., 2008). Impaired
down-regulation of anxiety is associated with the diminished integrity of amygdala-prefrontal

tracts (Banks et al., 2007; Kim and Whalen, 2009; Phan et al., 2009). Likewise, the orbitofrontal
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cortex (OFC) is strongly implicated in anxiety expression (Milad and Rauch, 2007), most likely
due to its role in both the acquisition and reversal of positive and negative stimulus-response
contingencies (Schoenbaum, Chiba, and Gallagher, 2000). Damage to the orbitofrontal cortex in
humans, for example, can impair the learning and reversal of stimulus-reinforcement
associations, and thus the correction of behavioral responses when reinforcement contingencies
change (Rolls, 2000). A dissociation within OFC is apparent with heightened medial and lateral
OFC activation apparent during the processing of positive and negative reinforcement

contingencies, respectively (Kringelbach and Rolls, 2004; Milad and Rauch, 2007).

Neuroanatomical models of anxiety are largely derived from functional neuroimaging studies,
such as functional magnetic resonance imaging (fMRI) and positron emission tomography (PET)
(Bishop, 2007; Sehlmeyer et al., 2009; Mechias, Etkin, and Kalisch, 2010). Supportive evidence
has been obtained through magnetic resonance spectroscopy (*H-MRS) studies, which have
identified anxiety-related variations in regional brain chemistry, particularly in the orbitofrontal
cortex (Grachev and Apkarian, 2000a, 2000b) in healthy volunteers. Converging evidence from
functional, biochemical, and structural studies provides improved ability to identify structural
biomarkers in individuals at risk for anxiety disorders and to predict responsiveness to
psychopharmocological intervention. However, the number of studies investigating the structural
correlates of anxiety remains sparse, particularly in subclinical populations. Thickness of the
vmPFC is associated with a lower skin conductance response to a conditioned stimulus during
extinction retention in healthy volunteers (Milad et al., 2005; Hartley, Fischl, and Phelps, 2011).
Additionally, grey matter density was found to be inversely correlated with state and trait anxiety
in regions of the left amygdala, rostral anterior cingulate, posterior cingulate, and bilateral

middle frontal gyrus and positively correlated with regions of the ventrolateral PFC bilaterally in
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healthy adults (Spampinato et al., 2009); however, these findings are limited by the use of the
State-Trait Anxiety Inventory (STAI) (Spielberger et al., 1983) alone, which has been
demonstrated to be more strongly correlated with depression than with anxiety (Bados, Gémez-

Benito, and Balaguer, 2010).

The current study investigates the relationship between self-reported anxiety symptoms and the
structural anatomy of several subcortical and cortical regions in a group of healthy volunteers.
We hypothesized that anxiety symptoms, as assessed by self-report on the Beck Anxiety
Inventory (BAI), would be associated with decreased left amygdala volume, given prior findings
of left amygdala gray matter reduction associated with anxiety (Spampinato et al., 2009). We
chose to use the BAI as a primary measure of anxiety as it was developed to discriminate
between anxiety and depression (Beck et al., 1988) and has been demonstrated to perform
superiorly to the STAI in this regard (Creamer, Foran, and Bell, 1995; Bados et al., 2010). The
Beck Depression Inventory-11 (BDI-11) was used to test the discriminant validity of the
relationship between anxiety and amygdala volumes. We also administered the trait scale of the
STAI to a subset of our sample in order to compare our findings with a previous report that used
a different structural measure (Spampinato et al., 2009). In order to investigate cortical correlates
of anxiety symptoms, we used whole brain surface-based analyses, modeling the relationship
between cortical thickness and BAI and STAI scores across the entire cortical mantle. To further
explore structural network characteristics, we used left amygdala volumes as a correlate in a
whole brain cortical thickness analysis, a method that has previously been used to test a
“statistically inferred” hippocampal-cortical network (Bernhardt et al., 2008). We hypothesized
that there would be a regional convergence of structural correlates between the results from this

analysis and the results from analyses of whole brain cortical thickness correlations with BAI
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and STAI scores, particularly in ventromedial prefrontal and orbitofrontal regions.

2. Methods

2.1. Participants

A sample of 34 individuals were recruited by advertisement from the community and gave
consent to participate in a full neuropsychological battery and MRI scan, with no specific
mention of anxiety in the advertisement. Although a formal structured clinical interview was not
administered, specific questions were asked to screen for prior history of schizophrenia, mood
disorders, substance abuse/dependence, and neurological disorders in an initial interview. Health
behaviors such as daily tobacco use, caffeine intake, alcohol intake, and exercise level were
assessed. Participants were excluded from analyses if they reported any prior history of
depression, anxiety, psychosis, substance abuse, psychotropic medication use, or neurological
disorders (e.g. epilepsy, stroke, cardiovascular disease, movement disorders, brain injury, brain
infection, brain tumor, dementia, or prolonged loss of oxygen). Participants were also excluded if
their BAI score was greater than 26 or their BDI-I1 score was greater than 29; which are
established cut-off scores for severe anxiety and depression (Beck and Steer, 1990; Beck, Steer,
and Brown, 1996). Four participants were excluded due to report of prior mood symptoms
significant enough to seek treatment. One participant was excluded from analysis due to elevated
BDI and BDI-II scores. Right-handedness was determined by positive scores on the Edinburgh
Handedness Inventory (Oldfield, 1971). Three individuals were excluded due to negative
handedness scores indicating left-handedness. This resulted in 25 (13 males/12 females) right-
handed participants, all of whom denied any history of neurological disorders. A subset of this

sample (N=18; 10 males/8 females) also completed the trait subscale of the STAI. All
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participants were above a borderline level of 1Q functioning as established through
administration of Wechsler Adult Intelligence Scale — 3rd Edition (WAIS-I11), a standardized
measure of intellectual functioning. See Table 1 for additional sample demographics. This study

was approved by the Institutional Review Board of New York University.

INSERT TABLE 1 HERE

2.2. Mood assessment

All subjects completed the Beck Anxiety Inventory (BAI) and the Beck Depression Inventory-11
(BDI-II). The Beck Anxiety Inventory is a 21—-item self-report inventory used to assess the
intensity of somatic (hands trembling, face flushed, heart pounding) and cognitive (feeling
terrified, fearing the worst, fear of losing control, fear of dying) anxiety symptoms, with each
item having a scale value of 0-3. Due to its one-week time frame, the BAI is best considered a
measure of state rather than trait anxiety (Creamer et al., 1995). A score of 0—7 is considered
minimal; 8-15 indicates mild anxiety; 16-25 reflects moderate anxiety; and 2663 is considered
severe (Beck and Steer, 1990). The BAI scale has high internal consistency (a =.92) and item-
total correlations ranging from .30 to .71 (median = .60) (Beck et al., 1988). The BDI-Il is a 21-
item self-report inventory used to assess affective, somatic, and cognitive symptoms of
depression, with each item having a scale value of 0 to 3. A score of 0-13 is considered minimal;
14-19 is considered mild depression; 20-28 indicates moderate depression symptoms; and 29—
63 is associated with severe depression (Beck et al., 1996). The BDI-II has high internal
consistency with a mean coefficient alpha of 0.81 across 15 nonpsychiatric samples, ranging
from 0.73 to 0.92 (Beck, Steer, and Carbin, 1988). The STAI trait scale consists of 20 statements

describing how people generally feel (e.g. confident, pleasant, blue, worried, tense) rated on a 4-
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point intensity scale (Spielberger et al., 1983). The STAI trait scale was found to have high
internal consistency (a > .9) and test-retest reliability coefficients ranging from 0.73 to 0.86

across multiple samples (Spielberger et al., 1983).

2.3. MRI scanning and image processing

Imaging was performed at the NYU Center for Brain Imaging on a 3T Siemens Allegra head-
only MR scanner. Image acquisitions included a conventional 3-plane localizer and two T1-
weighted volumes (TE = 3.25 ms, TR = 2530 ms, T1 = 1.100 ms, flip angle = 7 deg, field of view
(FOV) = 256 mm, voxel size = 1x1x1.33 mm). Acquisition parameters were optimized for
increased gray/white matter image contrast. The imaging protocol was identical for all subjects
studied. The image files in DICOM format were transferred to a Linux workstation for
morphometric analysis. The two T1-weighted images were rigid body registered to each other
and reoriented into a common space, roughly similar to alignment based on the AC-PC line.
Images were automatically corrected for spatial distortion due to gradient nonlinearity (Jovicich
et al., 2006) and B1 field inhomogeneity (Sled, Zijdenbos, and Evans, 1998), registered, and
averaged to improve signal-to-noise ratio. Images were further processed with the FreeSurfer

(5.0.0) software package (http://surfer.nmr.mgh.harvard.edu).

2.4. Subcortical volume estimation

Semi-automated subcortical segmentation was performed by automated segmentation based on
image intensity and by assigning a neuroanatomical label to each voxel based on a manually
labeled training set and Bayesian prior information (Fischl et al., 2002). Labeling is performed

by rigid-body alignment of the subject’s brain to the probabilistic atlas, followed by non-linear
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morphing to the atlas. Labels are generated based on the prior probability of a given tissue class
occurring at a specific atlas location, the likelihood of the image intensity given that tissue class,
and the probability of the local spatial configuration of labels given the tissue class. The
technique has previously been shown to be comparable in accuracy to manual labeling (Fischl et
al., 2002). In addition, labels were manually inspected and, in rare cases, corrected if necessary.
The amygdala was chosen as a region of interest for the present analysis. Five additional
structures were selected to establish discriminant validity: hippocampus, amygdala, thalamus,
caudate, putamen, pallidum, and accumbens. Volumes were calculated separately for each
hemisphere. Each hemisphere-specific subcortical volume was then corrected for total

intracranial volume for use in all further correlational analyses.

2.5. Surface reconstruction and thickness measurements

The averaged volumetric MRI scan was used to construct models of each subject’s cortical
surface using an automated procedure that involves (1) segmentation of the white matter, (2)
tessellation of the gray/white matter boundary, (3) inflation of the folded surface tessellation, and
(4) automatic correction of topological defects. These steps are described in detail elsewhere
(Dale, Fischl, and Sereno, 1999; Fischl, Sereno, and Dale, 1999; Fischl, Liu, and Dale, 2001).
From this reconstructed surface, measures of cortical thickness were obtained by constructing an
estimate of the gray/white matter boundary by classifying all white matter voxels in the MRI
volume (Fischl and Dale, 2000). The white matter surface was refined in order to obtain
submillimeter accuracy in delineating the gray/white matter junction. The surface was then
deformed outward to locate the pial surface. Estimates of cortical thickness were made by

measuring (1) the shortest distance from each point on the white matter surface to the pial

Blackmonetal. 9



RUNNING HEAD: Structural evidence for a left amygdala-orbitofrontal anxiety network

surface, and (2) the shortest distance from each point on the pial surface to the white matter
surface. Cortical thickness at each vertex was computed as the average of the two values. Maps
were smoothed with a Gaussian kernel (10mm FWHM) across the surface and averaged across
participants using a spherical averaging technique (Fischl et al., 1999), which accurately matches
anatomically homologous regions across participants while minimizing metric distortions. For
each hemisphere, a general linear model was used in two separate analyses: (1) to estimate the
effects left amygdala volumes and (2) BAI and STAI scores on cortical thickness at each vertex
along the cortical surface. Significance maps were corrected for multiple comparisons with
cluster-based Monte-Carlo simulations with 10,000 permutations (Hayasaka and Nichols, 2003).
Corrected significance values of thickness correlations with BAI scores and left amygdala
volumes were mapped onto the inflated surface of the average brain reconstruction for visual

display.

3. Results

3.1. Age, gender, BAI, BDI-II, and STAI scores

BAI scores in our sample ranged from 0 to 25 (mean = 5.04, SD =6.11) and BDI-II scores ranged
from 0 to 27 (mean = 5.92, SD = 6.11). Pearson correlations revealed no association between age
and BAI (r =-0.03, P =0.9) or BDI-II (r =0.14, P = 0.51) scores. There was no association
between coffee intake (cups per day: r =.18, P = 0.43), alcohol intake (drinks per week: r = -
0.16, P = 0.49), exercise level (none, mild, moderate, vigorous: rho =-0.07, P = 0.75), or
tobacco use (yes or no: t(21) = 0.31, P =.75) and BAI scores. BAI and BDI-II scores were
highly correlated with each other (r = 0.67, P < 0.001). One-way ANOVAs revealed that there

were no differences between genders on BAI scores (F(23) = 0.56, P = 0.46 [females: mean = 6,
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SD = 7.36; males: mean = 4.15, SD = 4.81]) or on BDI-II scores: (F(23) =0.24, P = 0.63

[females: mean =5.17, SD = 7.64; males: mean =6.62, SD = 7.09]).

STAI scores in our sub-sample ranged from 32 to 54 (mean = 42.17, SD = 6.3). There was no
association between STAI scores and coffee intake (r =.-0.09, P = 0.75), alcohol intake (r = 0.17,
P = 0.53), exercise level (rho =-0.27, P =0.29), or age (r = 0.07, P = 0.78), or tobacco use (yes
or no: t(16) =-0.13, P = .90). STAI scores were highly correlated with BAI scores (r = 0.647, P
=0.004) and BDI-11 scores (r = 0.606, P = 0.008). One-way ANOVAs revealed that there were
no differences between genders on STAI scores (F(16) = 1.24, P = 0.28 [females: mean = 44, SD

= 6.41; males: mean = 40.7, SD = 6.413]).

Although there were no correlations between age and mood symptoms in our sample, prior
research demonstrating robust inverse correlations between age and subcortical volumes
(Walhovd et al., 2011), as well as age and cortical thickness (Salat et al., 2004), indicate the need
to control for age effects in symptom-structure analyses. Therefore, age was used as a covariate

in all structural analyses.

3.2. Subcortical Volumes

Left and right amygdala volumes were corrected by dividing by total intracranial volume
(volume of the cranial cavity, including CSF) (Buckner et al., 2004; Sanfilipo et al., 2004) and
the results were regressed on BDI-11, BAI, and STAI scores, controlling for age. Left amygdala
volumes significantly contributed to the variance in BAI scores (b =-0.66, t(22) =-3.8, P =
0.001) and STAI scores (b =-0.66, t(17) =-2.87, P = 0.01) but not BDI-II scores (b =-0.34, t(22)

=-1.57, P =0.129). The discriminant validity of the relationship between BAI and left amygdala
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scores was further tested by regressing all ICV corrected left and right subcortical volumes on
BAI, BDI-II, and STAI scores, correcting for age. None of the other subcortical volumes
contributed to the variance on any of the mood measures, indicating a selective relationship
between the left amygdala and anxiety scores. Results from all regression analyses are presented

in Table 2.

INSERT TABLE 2 HERE

3.3. Cortical thickness analyses

3.3.1. BAl and STAI Scores

Two brain regions showed distinct structural differences associated with BAI scores (see Figure
1a). Higher anxiety symptoms were associated with thicker cortex, independent of age effects, in
left hemisphere lateral orbitofrontal cortex, as well as a large temporo-parietal cluster spanning
the posterior portion of the superior temporal sulcus and the inferior parietal region. A largely
corresponding left hemisphere temporo-parietal region was positively associated with STAI
scores (see Figure 2). There were no significant regions in the right hemisphere associated with
BAI or STAI scores nor were there areas of decreased cortical thickness associated with either

measure.

INSERT FIGURES 1 AND 2 HERE

3.3.2. Left amygdala volumes
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Increased left amygdala volume was associated with thicker cortex in left lateral orbitofrontal
cortex, after correcting for age effects (see Figure 1b). There were no significant clusters in the
right hemisphere nor where there areas where decreased amygdala volume was associated with a

decrease in cortical thickness.

3.3.3. Conjunction Analysis

A negative correlation between left amygdala volume and cortical thickness overlapped with a
positive correlation between BAI scores and cortical thickness in the left lateral orbitofrontal

cortex (see Figure 3).

INSERT FIGURE 3 HERE

4. Discussion

Our results demonstrate that higher self-reported state and trait anxiety symptoms are associated
with decreased left amygdala volume. This relationship was specific to anxiety symptoms, even
though there was a strong correlation between self-reported anxiety and depression symptoms.
This relationship was also specific to the left amygdala; it was not present with the right
amygdala or any other subcortical structures. Demonstration of an inverse relationship between
anxiety and left amygdala volume is consistent with a prior VBM study that found a similar
inverse relationship between self-reported state and trait anxiety symptoms and left, but not right
amygdala density (Spampinato et al., 2009). Together, these findings strengthen the proposal that

greater subjective experience of anxiety is associated with smaller volume of the left amygdala.
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Results from the vertex-based cortical thickness analyses of BAI and STAI scores suggest that an
increase in thickness in distinct cortical regions also contributes to individual differences in
anxiety symptoms. We found a relationship between higher BAI scores and increased cortical
thickness in left lateral orbitofrontal (IOFC) and temporoparietal regions, as well as an increase
in left temporoparietal cortex thickness associated with higher STAI trait subscale scores. To test
whether corresponding regions structurally covary with the size of the amygdala, we used
amygdala volumes as a covariate in a cortical thickness analysis and found that thicker cortex in
IOFC was associated with decreased amygdala volume, implying a degree of functional
connectivity between the left amydala and this region. Conjunction analysis revealed that a large
portion of this region overlapped with a region that was found to be positively correlated with
BAI scores. In other words, a decrease in amygala volume was associated with an increase in
cortical thickness in IOFC, the same region that was correlated with an increase in anxiety
scores. Such results in the present sample provide strong morphometric evidence of an

amygdala-orbitofrontal network involved in subclinical anxiety.

Our finding of a relationship between anxiety and reduced amygdala volume, although
consistent with prior literature, is interesting considering evidence of exaggerated amygdala
activity associated with trait anxiety in healthy controls (Barrett and Armony, 2009). The
relationship between exaggerated amygdala activity and reduced morphology is also observed in
mood disorders (see Ferrari et al., 2008 for a review of structural abnormalities in anxiety
disorders). For example, in panic disorder, amygdala hyperactivation (van den Heuvel et al.,
2005; Pillay et al., 2007) and greater resting glucose metabolism (Sakai et al., 2005) are observed
along with reduced amygdala density (Massana et al., 2003). Excessive activity in the amygdala

is also associated with reduced volume in depressed individuals (Siegle et al., 2003). Despite
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robust demonstration of amygdala hyperresponsivity in social anxiety and obsessive-compulsive
disorder (OCD) (Shin and Liberzon, 2009), reduced amygdala and hippocampal volumes are
found in adults with generalized social phobia (Irle et al., 2010) and reduced amygdala volume is
associated with OCD symptom severity (Pujol et al., 2004). Reduced left amygdala volumes are
also observed in children with anxiety disorders (Milham et al., 2005). These findings suggest
that hyperresponsivity of the amygdala, regardless of whether anxiety level reaches a clinical

threshold, is associated with reduced, rather than increased volume.

An opposite pattern emerges in neocortical regions associated with anxiety symptoms. Our
finding of increased cortical thickness in OFC corresponds with healthy volunteer functional
activation studies that show increased responsivity in OFC during fear conditioning (Morris and
Dolan, 2004; Mechias et al., 2010) and during anxiety symptom provocation (Benkelfat et al.,
1995; Servan-Schreiber et al., 1998; Javanmard et al., 1999; Eser et al., 2009). Our lack of
findings in the vmPFC might be explained by our choice of measures, which capture the
subjective experience of anxiety rather than the active modulation of it. A functional distinction
is made between vmPFC, which often extends into medial orbitofrontal (mOFC) cortex, and
more lateral regions of orbitofrontal cortex (IOFC). Activation of the former is observed in the
extinction of conditioned fear responses (Milad, Vidal-Gonzalez, and Quirk, 2004; Milad et al.,
2006; Quirk, Garcia, and Gonzalez-Lima, 2006) and an increase in vmPFC thickness is
associated with extinction learning (Milad et al., 2005). Anxious individuals require increased
recruitment of mOFC to decrease negative emotions (Campbell-Sills et al., 2010), suggesting a
role for mOFC in the attenuation of anxious responding (Rauch, Shin, and Phelps, 2006).
Conversely, hyperactivation of IOFC is observed during the anticipation of aversive stimuli

(Nitschke et al., 2009), the retrieval of unhappy memories (Markowitsch et al., 2003), and cues
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signaling the absence of reward (Ursu and Carter, 2005), suggesting a role for increased IOFC
activity in the anticipation of negative outcomes (Milad and Rauch, 2007). Interestingly,
evidence for brain chemical alterations associated with anxiety was localized to the left OFC
region in a magnetic resonance spectroscopy (*H-MRS) study (Grachev and Apkarian, 2000b).
Specifically, higher levels of N-Acetyl aspartate (NAA), gamma-Aminobutyric acid (GABA),
glutamine (GlIn), glucose (Glc), and myo-inositol (Ins) were observed in high self-reported
anxiety relative to low anxiety healthy volunteers. The authors interpreted this chemical increase
to anxiety-related neuronal reorganization in OFC, a suggestion that is supported by our findings

of anxiety-related cortical thickening in the same region.

Exaggerated OFC activity is robustly demonstrated in clinical anxiety populations. Neutral state
studies demonstrate increased OFC activity at rest in panic disorder, with attenuation following
successful imipramine treatment (Nordahl et al., 1990). Exaggerated OFC activity occurs in
individuals with OCD, with the level of OFC hyperactivity correlated directly with the severity
of anxiety symptoms (Ursu and Carter, 2009). Increased glucose metabolism is observed in OFC
in individuals with OCD (Rauch et al., 2001) and abnormal glucose metabolism is related to
treatment response, with decreased blood flow to OFC following antidepressant treatment
(paroxetine) (Saxena et al., 1999). The magnitude of OFC activity predicts subsequent response
to pharmacological and behavioral treatment in OCD, with lower right OFC metabolism
associated with better response to clomipramine (Brody et al., 1998) and higher left OFC
metabolism associated with better response to behavioral therapy (Swedo et al., 1989). Finally,
improvement in OCD symptoms due to pharmacological or behavioral therapy results in reduced

symptom-—provocation increases in OFC activation (Nakao et al., 2005).
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Although less robust, there is also evidence to support the supposition that anxiety-related OFC
hyperactivity is associated with structural alterations in clinical populations. OFC volumes are
positively related to ruminative worry in individuals with Generalized Anxiety Disorder
(Mohlman et al., 2009). In a pediatric psychotropic drug-naive OCD sample, greater OFC
volume was associated with OCD symptom severity (Szeszko et al., 2008). However, decreased
volume (Kang et al., 2004) and cortical thinning (Shin et al., 2007) of the left OFC is observed in
non-drug-naive adult OCD samples compared to healthy controls. This discrepancy suggests that
psychotropic medication or prolonged disease duration may result in OFC gray matter reduction,
factors that must be taken into account when interpreting findings from adult psychiatric

populations.

Our demonstration of increased cortical thickness in the left temporo-parietal region associated
with both BAI and STAI scores indicates that this region may play an auxiliary role in anxiety.
This finding is supported by a particularly interesting observation that was made in the case of an
individual with a left posterior temporal-parietal junction (TPJ) hematoma who exhibited
decreased anxiety symptoms at 8-month follow-up testing (Grachev et al., 2002). Investigation
of brain chemical changes with *H-MRS revealed decreased concentrations of NAA and Ins in
the left orbitofrontal region of this individual, which was interpreted by the authors as a distant
lesion effect given evidence of dense connectivity between TPJ and OFC (Pandya and Yeterian,
1998; Rolls, 2000). Although the temporo-parietal region receives minimal attention in anxiety
studies, it is implicated in the subjective experience of somatic and visceral pain (Strigo et al.,
2003; Dunckley et al., 2005) and contextual fear conditioning in humans activates an extensive
cortico-hippocampal-amygdala network that includes inferior parietal regions (Alvarez et al.,

2008).
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Overall, there is robust evidence to suggest that hyperactivation of an amygdala-orbitofrontal
network is related to increased anxiety symptoms and that damage to structures in this network
or other key regions such as the temporo-parietal junction can result in reduced anxiety
symptoms. In fact, one of the main surgical treatments for depression and OCD, the subcaudate
tractotomy (Bridges et al., 1994; Jenike, 1998), involves disruption of amydalofugal fibers to
OFC, subgenual ACC, and thalamus. Post-operative follow-up of eight patients who recovered
from depression following subcaudate tractotomy revealed an insensitivity to negative feedback
on the lowa Gambling Task (Dalgleish et al., 2004), a finding consistent with the putative role of

the amydala-OFC network in negative reinforcement learning (Ursu and Carter, 2005).

Correspondence between our structural results and prior findings from functional imaging and
'H-MRS studies strengthen the proposal that function may alter structure macroscopically, with
the potential for hypertrophy or hypotrophy with input, practice, or exposure. Our findings raise
the possibility that increased anxiety-related activation of corticoid structures like the amygdala
may result in diminished gray matter volume while increased activation of mesocortex and
isocortex may result in increased gray matter. This relationship may be more complex in
individuals with anxiety disorders, as prolonged disease duration and psychotropic medication

use may be interacting factors.

Although increased activation of fear expression networks could result in subtle structural and
chemical changes, which might increase the propensity to experience anxiety in the absence of
identifiable triggers, it is also possible that developmental structural variations predispose
individuals to experience exaggerated fear. In recombinant inbred strains of rats, strains with

relatively small basolateral amygdala (BL) volumes exhibited stronger conditioned fear
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responses to both auditory tone and contextual stimuli, as compared to groups with larger BL
(Yang et al., 2008), suggesting the possibility of a genetic contribution to the relationship
between smaller amygdala volumes and increased fear proclivity. In other words, it remains
unclear whether structural variations in the amygdala and orbitofrontal cortex are the result of
experience dependent neuronal reorganization or whether genetically driven variations may
predispose an individual to a heightened anxiety response. Future investigations should include a

longitudinal component to directly address this issue.

A limitation of the current study is the lack of functional data that directly corresponds with our
structural results. Future work should demonstrate areas of overlap between structural correlates
and functional activation correlates in the same group of participants. An additional limitation is
that we did not specifically ask participants about phobias or lifetime occurrence of panic
attacks. Although all participants denied any current or past psychiatric symptoms for which they
sought treatment, there is the possibility that they may have under-reported symptoms in the
absence of specific prompting. Further limitations include our reliance on self-report measures as
an index of anxiety with no objective measure of anxiety expression. This suggests that findings
may be limited to the subjective experience of anxiety rather than its overt expression. However,
our results correspond with prior report of increased left amygdala activity associated with
instructed rather than experiential fear conditioning in the normal population, which involves a
cognitive representation of fear (Phelps et al., 2001). This suggests that self-report measures may
capture a unique aspect of anxiety, (i.e. cognitive representation of fear), that has previously been
linked to the left amygdala. Symptom under-reporting or over-reporting are concerns when self-
report measures are utilized; however, the absence of correlations between amygdala volumes

and BDI-I1 scores suggest that symptom reporting biases alone cannot explain our findings.
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In conclusion, the current study demonstrates a relationship between increased self-reported
anxiety symptoms and decreased left amygdala volumes, as well as increased cortical thickness
in the left lateral orbitofrontal and temporoparietal regions. Structural covariance between the
left amygdala and orbitofrontal region suggest a left amygdala-orbitofrontal network associated
with self-reported anxiety. Such results highlight regions which may be a focus of future
longitudinal investigations of structural plasticity in response to life stress, anxiety disorder

onset, and behavioral or psychopharmocological treatment response.
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Table(s)

Tables:

Table 1

Participant demographics

BAI (N=25; 13 males)

ST Al (N=18; 10 males)

Range Mean + S.D. Range Mean + S.D.
Age 21-62 years  40+12 21-54 years 30+11
Education 8-20 years 15+3 8-20 years 15+3
WAISIIIQ  84-143 110 £18 84-143 112.8 +18
Table 2

BDI, BAI, and ST Al Scores Regressed on Subcortical Volumes

BDI Scores (N=25)

BAI Scores (N=25)

ST Al Scores (N=18)

Structure Beta t(22) p-value Beta t(22) p-value Beta t(15) p-value
Left Amygdala -0.34 -1.57 0.13 -0.42 -2.14 0.04 -0.66 -2.87 0.01
Right Amygdala -0.36  -1.67 0.11 -0.34  -155 0.14 -044  -1.49 0.16
Left Thalamus -0.24 -1.10 0.29 0.06 0.27 0.79 -0.05 -0.18 0.86
Right Thalamus -0.18 -0.78 0.44 0.05 0.20 0.84 -0.03 -0.12 0.91
Left Caudate -0.04 -0.16 0.87 0.10 0.40 0.70 -0.46 1.95 0.07
Right Caudate -0.09 -0.39 0.70 0.04 0.19 0.85 0.40 1.64 0.12
Left Putamen 0.12 0.50 0.62 0.13 0.55 0.59 0.26 -0.22 0.83
Right Putamen 0.12 0.53 0.60 0.16 0.70 0.49 -0.13 -0.46 0.65
Left Pallidum -0.23 -1.13 0.27 -0.06 0.28 0.78 0.16 0.63 0.54
Right Pallidum -0.28 -1.29 0.21 0.00 0.01 0.99 0.07 0.28 0.78
Left Hippocampus -0.08 0.40 0.70 0.03 0.13 0.90 0.22 0.88 0.39
Right Hippocampus -0.17 -0.82 0.42 -0.11 -0.50 0.62 0.00 -0.01 1.00
Left Accumbens -0.18 -0.74 0.47 -0.20 -0.84 0.41 -0.03 -0.09 0.93
Right Accumbens -0.02 -0.10 0.93 0.02 0.09 0.93 0.29 0.92 0.37



Figure(s)
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Figure 1: All results are statistical P maps thresholded at P < 0.05, cluster-corrected, and displayed on the
group-averaged left hemisphere inflated surface. Scatterplot y-axis depicts mean cortical thickness of
significant clusters. OFC=orbitofrontal cortex; TPJ=temporo-parietal junction a. Areas with significant
BAI and cortical thickness correlations. There were no significant right hemisphere regions and no regions
that showed a negative correlation. b. Areas with significant left amygdala volume and cortical thickness
correlation. There were no significant right hemisphere regions or regions that showed a positive
correlation.
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Figure 2: Results are statistical P maps thresholded at P < 0.05, cluster-corrected, and displayed on the
group-averaged left hemisphere inflated surface. Scatterplot y-axis depicts mean cortical thickness of
significant cluster in the temporal parietal region and x-axis depicts STAI scores. There were no significant
right hemisphere regions and no regions that showed a negative correlation with STAI scores.
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Figure 3: Areas of overlap between (1) BAI scores correlated with cortical thickness, and (2) left
amygdala volumes correlated with cortical thickness, displayed on the group-averaged inflated
surface. Scatterplots depict the direction of correlation.





