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Abstract

Generalized anxiety disorder (GAD) is a common psychiatric disorder characterized by constant
worry or anxiety over every day life activities and events. The neurobiology of the disorder is
thought to involve a wide cortical and subcortical network that includes but is not limited to the
amygdala and the bed nucleus of the stria terminalis (BNST). These two regions have been
hypothesized to play different roles in stress and anxiety; the amygdala is thought to regulate
responses to brief emotional stimuli while the BNST is thought to be involved in more chronic
regulation of sustained anxiety. In this study, we exposed medication-free GAD patients as well as
non-anxious controls to a gambling game where one of the conditions involved non-contingent
monetary loss. This condition of high uncertainty was intended to elicit a stressful response and
sustained anxiety. Functional MRI scans were collected simultaneously to investigate BOLD
activity in the amygdala and BNST during performance of this task. Compared to controls, we
found that GAD patients demonstrated decreased activity in the amygdala and increased activity
in the BNST. Skin conductance measures showed a consistent early versus late effect within block
where GAD patients demonstrated higher arousal than controls late in the task blocks. Based on
these results, we hypothesize that GAD patients disengage the amygdala and its response to acute
stress earlier than non-anxious controls making way for the BNST to maintain a more sustained
response. Future studies are needed to investigate the temporal dynamics of activation and
deactivation in these regions.

Introduction

Generalized anxiety disorder is characterized by chronic worry, possibly due to
abnormalities in regulating emotional processing (Mennin et al., 2005; McLaughlin et al.,
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2007). This regulation involves a wide network of brain regions, which encompasses the
extended amygdala (including the bed nucleus of the stria terminalis, BNST) and the
prefrontal cortex. The role of the amygdala in processing emotional stimuli is relatively well
established in animal (Davis, 2006) and human studies (Kent & Rauch, 2004; Costafreda et
al., 2008; Sergerie et al., 2008). However, its role in modulating fear and anxiety in
generalized anxiety disorder (GAD) is less well understood.

Although one might predict that GAD involves a heightened amygdala response to fearful or
anxiety-provoking stimuli (Etkin & Wager, 2007), studies in GAD patients have often
provided conflicting results. Several studies have noted greater amygdala activation to
noxious stimuli in pediatric and adolescent GAD samples (McClure et al., 2007; Monk et
al., 2008). However, studies in adults have been less consistent. Some have reported in GAD
patients a heightened amygdala response to all stimuli, including non-aversive ones,
(Hoehn-Saric et al., 2004a; Nitschke et al., 2009), while others have found no group
differences in levels of amygdala fMRI BOLD activation between GAD patients and
controls during processing of emotional stimuli (Whalen et al., 2008; Etkin et al., 2010).
One study also reported a reduced amygdala response to fearful faces in GAD patients
(Blair et al., 2008).

Davis and colleagues (Davis, 1998; Walker et al., 2003; Davis, 2006; Walker & Davis,
2008; Walker et al., 2009; Davis et al., 2010) have suggested that fear and anxiety may be
expressed through two separate but complementary systems, a rapid response system that
mediates short-term responses to threatening stimuli and includes the central nucleus of the
amygdala (phasic fear) and a second system that includes the BNST, which while sluggish
in response, continues to influence behavior long after the initiating stimulus has been
terminated (sustained fear or “anxiety”).

The BNST is a region of the extended amygdala complex that consists of a heterogeneous
group of nuclei (Walker & Davis, 2008). The pattern of connectivity in the BNST suggests
that this region acts as a relay center coordinating the activity of autonomic, neuroendocrine,
and somatic motor systems into fully organized physiological functions and behavior
(Dumont, 2009), possibly under the control of the medial prefrontal cortex (Spencer et al.,
2005). The BNST may also receive emotional and learning-associated information and
possibly plays a role in integrating these inputs with reward/motivational circuits (Jalabert et
al., 2009). The BNST is thought to maintain sustained anxiety-like responses in animals
(Walker et al., 2003), such as the gradual elevation in baseline startle seen in animals over
the course of training (Gewirtz et al., 1998). Stress-induced “hyperanxiety” in rats is
correlated with increased volumes of the BNST but not the amygdala; this appears to be
driven by dendritic remodeling in anteromedial areas, which are implicated in emotional and
neuroendocrine control of stress responses (Pego et al., 2008). Thus, the BNST appears to be
highly plastic and is in a key position to regulate stress and anxiety responses.

The role of the BNST in anxiety disorders has not been systematically examined, with two
notable exceptions. A human fMRI study of spider phobics (Straube et al., 2007), found that
the anticipation of adverse visual stimuli activated the BNST but not the amygdala. Another
study of healthy participants with varying degrees of trait anxiety (Somerville et al., 2010)
found that during observation of a fluctuating line, which provided information relevant to
subsequent risk of electric shocks, participants showed increased activity in the BNST but
not in the amygdala. This response was pronounced in more anxious individuals. Thus,
sustained anxiety led to an increased engagement of the BNST but not the amygdala.

In this study, we used a non-contingent monetary loss task which involves high uncertainty
on a trial-by-trial basis to attempt to induce a state of sustained anxiety while we explored
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the nature of BOLD fMRI responses in the amygdala and the BNST in individuals with and
without GAD. Based on previous work by Straube et al. (2007) and Somerville et al. (2010)
as well as the Davis model discussed above, we predicted that we would find a potentiated
BNST response in GAD patients compared to controls and that there would be no group
differences in amygdala activity. Consistent with our first prediction, we observed enhanced
activity in the BNST in GAD patients in the “high-uncertainty” condition. Somewhat
surprisingly, however, we found decreased amygdala activation in GAD patients in the
same condition. This suggests that these two brain regions might be operating in different
and possibly opposite ways, supporting observations from animal studies.

Materials and Methods

Participants

Fifteen right-handed medication-free patients diagnosed with GAD according to DSM-1V
criteria and no other pathology and fifteen right-handed controls underwent a psychiatric
and medical examination that included the Structured Clinical Interview for DSM-1V
(SCID-1V) and a urine toxicology screen. See Table 1 for clinical and demographic data.
Participants were recruited on the Johns Hopkins medical campus through advertisement,
screened by telephone and subsequently evaluated by a psychiatrist (R.H-S.). Signed
informed consent was obtained from all participants prior to the study. Participants received
$100 for their participation. Diagnosed patients also received a free one hour counseling
session and, when necessary, a referral for further treatment.

Neuropsychological evaluation

In addition to psychiatric evaluation and clinical diagnosis, each study participant was
administered the Hamilton Anxiety Inventory (HAM-A: Hamilton, 1959), the Hamilton
Depression Scale (HAM-D: Hamilton, 1960), the State-Trait Anxiety Scale, Trait Form
(STAI-T: Spielberger et al., 1970), and the Somatic Symptoms Scale (SSS: Hoehn-Saric et
al., 1989). Scores on these scales are summarized in Table 1 with statistical comparisons of
group means. We also collected self-ratings data from all participants after the scan to
determine if the task successfully raised anxiety levels. Self-ratings questionnaires instructed
participants to rate the following variables on a Likert scale from 1-10 with 10 being the
highest score possible: pleasant/happy, anxious/worried, irritable/angry, and sad/
disappointed. Each participant provided a rating in each of these categories for the control
task (color judgment) and another rating for the monetary task.

Behavioral and self-report statistical analysis

Behavioral data (accuracy and reaction time) were analyzed using two-way repeated
measures ANOVAs with group as a between-subject variable and condition as a within-
subject variable. Self-report data were analyzed using several two-way ANOVAs (one for
each dependent measure) with group as a between-subject variable and condition as a
within-subject factor. All statistical analyses were conducted in R v. 2.14.1 (R Foundation
for Statistical Computing, www.R-project.org).

fMRI paradigm

We used non-contingent monetary loss to increase the level of uncertainty in participants.
The task consisted of three conditions: Low-uncertainty, high-uncertainty, and control.
During the low-uncertainty condition, participants had the opportunity to quickly develop a
strategy and maintain monetary gain. During the high-uncertainty condition, probabilities of
monetary gain were altered such that participants had difficulty developing a successful
strategy and almost always lost money. In both of these conditions, two colored squares
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appeared on the screen, one on top of the other (Figure 1). Participants were instructed to
guess which of the two squares on the screen will lead to monetary gain (plus $1) and not
loss (minus $2). Participants were given immediate post-trial feedback. During the low-
uncertainty blocks, the blue square had a 100% probability of winning money, whereas the
yellow square only had a 50% probability of winning money. Thus, participants quickly
learned to select the correct square leading to consistent monetary gain. During the high-
uncertainty blocks both squares only had a 50% probability of winning money. Thus,
participants were unable to establish an effective strategy and almost always lost money.

During the control blocks, red and green-colored squares appeared on the screen.
Participants were instructed to press the button corresponding to the location of the red
square. In the control condition, there was no monetary gain or loss involved and no post-
trial feedback was given. If participants had a net positive balance at the end of the task, they
were paid that additional amount as a bonus for their performance. If they had a negative
balance, they were only paid for their participation. The task consisted of 4 blocks (12 trials
each) of each active condition and 8 control blocks (20 trials each). The task was developed
in MATLAB 7.0 (The Mathworks, Sherborn, MA) using Cogent 2000 (Functional Imaging
Laboratory, Wellcome Department of Imaging Neuroscience, University College, London,
UK).

Image acquisition

Images were acquired on a Philips 3-Tesla MRI scanner (Philips Medical Systems,
Eindhoven, The Netherlands) equipped with an 8-channel SENSitivity Encoding (SENSE)
head coil, located at the F.M. Kirby Research Center for Functional Brain Imaging at the
Kennedy Krieger Institute (Baltimore, MD). Functional T2*-weighted images were acquired
using an echoplanar single shot pulse sequence with the following parameters (matrix size =
80 x 80, TE = 30 ms, flip angle = 75°, TR = 1500 ms, resolution = 3.2 mm x 3.2 mm x 3
mm + 1 mm inter-slice gap, 30 slices parallel to AC-PC). A high-resolution (1 mm
isotropic) 3D MP-RAGE sequence was also acquired for anatomical localization (FOV =
256, matrix = 256 x 256, 150 axial slices). We used several procedures to correct for fMRI
signal distortions. First, we employed higher-order shims, which can directly compensate for
local field distortions. Second, by using SENSE parallel imaging which utilizes multiple
surface coils to undersample k-space with fewer phase encoding steps, we significantly
reduced our acquisition time. This limited distortion resulting from magnetic susceptibility.

Imaging data processing and analysis

Functional image preprocessing and analysis was performed using Analysis of Functional
Neurolmages (AFNI) software (Cox, 1996). Time periods in which a significant motion
event (more than 3 degrees of rotation or 2 mm of translation in any direction) occurred plus
and minus one TR were censored and subsequently eliminated from the analysis. A box-car
function convolved with a canonical hemodynamic response function was used to model the
data using a general linear model (GLM). A regressor was specified for each of the two
active conditions (high-uncertainty and low-uncertainty), with the control condition acting
as a baseline. Two contrasts were constructed: a comparison of high vs. low uncertainty, and
an active (high + low uncertainty) vs. control comparison.

In order to gain maximum sensitivity to subtle changes in fMRI signal in the BNST and the
amygdala, we used a regional high-dimensional cross-participant alignment approach
(described in detail in the next section). The aligned data was subsequently smoothed with a
modest 4 mm FWHM smoothing kernel to minimize global individual variability and
improve the fit of the data to statistical assumptions.
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Region-of-Interest Segmentation and Cross-Participant Alignment

Cross-participant brain alignment began with a standard whole-brain alignment. Each
participant’s functional scans underwent a 6-parameter rigid transformation (3 rotations and
3 translations in X, Y, and Z directions) followed by a 12-parameter piecewise linear
transformation to Talairach space (Talairach & Tournoux, 1988). This was then fine-tuned
using a region-of-interest alignment approach (Stark & Okado, 2003; Miller et al., 2005;
Kirwan et al., 2007; Yassa & Stark, 2009; Yassa et al., 2010b). We manually segmented the
amygdala, the hippocampus, and the caudate on every participant’s MPRAGE scan. Regions
of interest were isolated using reliable published protocols for the hippocampus and medial
temporal cortices (Insausti et al., 1998), amygdala (Honeycutt et al., 1998), and caudate
(Aylward et al., 1996).

The hippocampus was first segmented by starting in the most lateral slice where it was
visible in the sagittal plane and proceeding in the medial direction until it completely
disappeared. The superior boundary was set by the amygdala rostrally and the choroid
fissure and the lateral ventricle caudally. The white matter of the parahippocampal gyrus
served as the inferior boundary. The amygdala was then segmented on axial slices using the
uncus and temporal horn of the lateral ventricle as the posterior boundary in superior slices
and using the hippocampus itself as the posterior boundary in inferior slices. The lateral
boundary was defined by an arbitrary line drawn from the most medial white matter to the
lateral fissure excluding gray matter medial to this line. The medial boundary was set by the
hippocampal uncus in anterior slices and by white matter in the posterior slices. The inferior
boundary was set by surrounding white matter. Finally, the caudate was segmented also in
the axial view using the internal capsule as the medial boundary and the lateral ventricle as
the lateral boundary.

The goal from segmenting these structures was to surround the BNST with high accuracy
cross-participant alignment using known and easily identifiable regions, thereby
significantly improving the cross-participant alignment of the BNST itself. The cross-
participant alignment of these segmentations was done using Region of Interest Large
Deformation Diffeomorphic Metric Mapping (ROI-LDDMM: Miller et al., 2005). This
method smoothly transformed each participant’s regions of interest into the same space as a
3D template segmentation, while critically preserving regional boundaries and the integrity
of the space between these boundaries. First, we used this alignment to create a “modal
model” of the segmentations based on the entire sample. We then calculated the deformation
fields required to morph each participant’s scan into this common space. This transformation
was then applied to each participant’s fMRI statistical map, increasing the sensitivity of
group comparisons. We have demonstrated in the past that this technique yields superior
alignment and detection power on fMRI scans in the regions of interest (Miller et al., 2005;
Yassa & Stark, 2009).

Once the scans were averaged across participants, we also manually outlined the BNST and
amygdala on the average structural scan in order to restrict our ROI analyses to those
regions (the BNST is visible on this higher SNR average scan). For the amygdala we used
the same protocol previously used for individual participants (Honeycutt et al., 1998). We
drew a boundary around the BNST region according to expert anatomical knowledge
provided by the late Dr. Lennart Heimer (Heimer, L. personal communication). The BNST
was first located in the coronal view at the crossing (midline) of the anterior commissure
where it is prominently located as a triangular area between the internal capsule, the anterior
commissure and the lateral ventricle. Its rostral extension was estimated until it finally
disappeared ~3mm rostral to the crossing of the anterior commissure. The caudal extension
was estimated until the anterior commissure disappeared into the temporal lobe.
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Clustering and Statistical Analysis

Patient and control groups were compared using a two-way ANOVA to investigate any
differences in stress-related activity across groups and across conditions. Group (GAD,
control) and condition (high-uncertainty, low-uncertainty, and control) were both entered as
fixed factors, with subject treated as a random factor nested within group. A peak threshold
of P < 0.05 on the overall F statistic was combined with a spatial extent threshold of 10
voxels to identify task-related voxels and filter out task-irrelevant voxels. This approach,
rather than using a direct pair-wise contrast, reduces voxel selection biases (Baker et al.,
2007). The thresholded statistical maps were then combined with the anatomical
segmentations for the amygdala and BNST to only include voxels inside those ROIs,
creating hybrid functional/anatomical ROIls. We have used this method successfully in the
past for regional analyses of the medial temporal lobes (Yassa et al., 2010a; Yassa et al.,
2010b; Lacy et al., 2011; Yassa et al., 2011). Voxels within each hybrid anatomical/
functional ROI were then collapsed for further analysis. Mean collapsed ROI signals were
compared across groups using post hoc contrasts.

Skin Conductance Measurement

Results

Skin conductance data was collected during the fMRI scans with standard silver/silver
chloride electrodes attached to the palm of the non-dominant hand. A PsyLab SCR-SA skin
conductance module (Contact Precision Instruments) provided a constant voltage across
electrodes. The signal was sent through shielded cables to an analog/digital converter that
digitized the signal at a rate of 50 Hz. Skin conductance during the low-uncertainty, high-
uncertainty, and control conditions was calculated by taking the median value during each
block. For each condition, the median values for each participant were averaged across
blocks and runs to yield the three scores. One GAD patient was missing Run 1 data, and this
participant was excluded from the analyses. For temporal analyses of SCR data, we
normalized the raw conductance data and then used repeated measures ANOVA to compare
groups and conditions.

Behavioral results

Average accuracy and latency values are shown in Table 2. We used a repeated measures
ANOVA with group as a between-subject variable and condition as a within-subject
variable. For accuracy, we found a significant main effect of condition (Fj g = 346.7, P <.
05) but no significant effect of group (F1 2g = .05, P >.05) nor a group by condition
interaction (Fq 2g = 1.39, P > .05). For latency, we found similar results; a significant main
effect of condition (F1 g = 4.95, P < .05) but not for group (F1 g = .26, P > .05) or group by
condition interaction (F1 2 = .78, P > .05). These results suggest that performance was
lower on the high uncertainty condition compared to the low uncertainty condition, both in
terms of accuracy and reaction time. However, there were no significant differences on
either measure between groups.

Self-report measures

Average responses for the self-report measures are shown in Table 3. We used a repeated
measures ANOVA with group as a between-subject variable and condition as a within-
subject variable for each of the dependent measures. Mauchley’s Test of Sphericity was not
significant for condition, thus no correction for error nonsphericity was conducted. We
found a significant main effect of group (F 2g = 10.26, P < .05) as well as a significant main
effect of condition (F1 25 = 19.43, P <.05) in rating the task as “pleasant/happy”. The
interaction was not significant (F1 »g .083, P > .05). This suggests that “Pleasant/happy”
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ratings were higher across both groups for the control condition vs. the active condition and
were also higher in the control group vs. the GAD group across active and control
conditions. The opposite pattern was found for “anxious/worried” ratings where the ratings
were higher in the GAD group across conditions and higher in the active condition across
groups. Here, we found a significant main effect of group (F1 25 = 5.35, P < .05) as well as a
significant main effect of condition (F 2g = 21.20, P < .05). The interaction was also not
significant (Fq 2g = .32, P >.05). The same pattern was found for the “irritated/angry”
ratings. We found a significant main effect of condition (F; o5 = 41.42, P < .05) and a
marginally significant main effect of group (F1 28 = 2.60, P = .12). The interaction once
again was not significant (F1 og = .16, P > .05). Finally, “sad/disappointed” ratings showed a
slightly different picture where we found a significant main effect of condition (Fy 25 =
44.21, P < .05) but no significant main effect of group (F1 28 = .23, P >.05), nor a group x
condition interaction (F1 g = .65, P > .05). It appears that across both groups, all individuals
tended to rate the active condition as “sad/disappointing” much more than the control
condition. Overall, the self-rating data indicate that the monetary task was associated with
higher self-reported anxiety and irritability across groups, and that this effect was
exaggerated in the GAD group.

Both groups activated the amygdala and BNST bilaterally during the contrast of the active
conditions (high + low uncertainty) compared to the control condition. However, we found
no statistically significant group differences on this contrast. We observed group differences
in the contrast of high-uncertainty (50% probability condition) to the low-uncertainty (100%
probability condition). Here, we found a statistically significant group difference in the
bilateral amygdala (tyg=-2.14, P < .05; Cohen’s d = —.81) and a difference approaching
significance in the bilateral BNST (tog=1.66, P = .1). The pattern of difference in those two
regions were exactly opposite of one another. We found increased activation in the bilateral
BNST and decreased activation in the bilateral amygdala in patients compared to controls
(see Figure 2).

Skin conductance results

Elevations in anxiety and stress were computed by comparing the median values of skin
conductance during the high and low uncertainty conditions with the skin conductance
medians during the control conditions. The mean for the control condition was 3.81
microsiemens (st. error = 0.48) across all participants and 3.96 microsiemens for the active
conditions (st. error = 0.5). Using a repeated measures ANOVA, we found a significant
main effect in comparing the active conditions (high + low uncertainty) to the control
condition (F1 o7 = 22.79, P <.001). There was not a main effect of group (GAD vs. controls)
(F1,27 = 1.66, P> .05), nor interaction between condition and group (F1 27 = .95, P >.05).

We next plotted the z-transformed skin conductance responses on a second-by-second
analysis to investigate the potential role of temporal effects (Figure 4A). We split the data
into three 20-second temporal bins to compare early (1-20 seconds), middle (21-40
seconds), and late (41-60 seconds) phases of the block (Figure 4B). We conducted a
repeated measures ANOVA with group as a between subject variable and both condition
(active vs. baseline) and temporal bin (early vs. middle vs. late) as within-subject variables.
Mauchley’s Test of Sphericity was significant for both temporal bin and the interaction of
condition*temporal bin, thus reported degrees of freedom for these variables are Greenhouse
Geisser (GG) corrected for error nonsphericity. We found no significant main effect of
either condition (F1 28 = .28, P >.05) or group (F1 28 = .73, P >.05) nor an interaction
between condition and group (F1 »g = .30, P > .05). We did find a significant main effect of
temporal bin (Fy1 3 35.4(Gc) = 171.25, P <.05) as well as a significant interaction between
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group and temporal bin (F1 3 36.4GG) = 4.27, P <.05). Neither the interaction between
condition and temporal bin (Fy 2,34.2(GG) = -12, P >.05) nor the three-way interaction
between condition, group and temporal bin bin (F1 2 34 2Ge) = -35, P > .05) was significant.
The data suggests that GAD patients start the block with a lower SCR than controls, but
unlike controls, their SCR reactivity remains elevated by the end of a 60-second block. This
explains the lack of a significant main effect of group despite the significant interaction with
temporal bin.

Correlation between skin conductance and fMRI

We observed a significant correlation between the change in skin conductance response
(SCR) and the change in BOLD fMRI response in the amygdala in high vs. low uncertainty
conditions in the controls group (Pearsonr = .51, P < .05; Fig 5B), but not in the GAD
group (Pearsonr = -.09, P > .05; Fig 5A). To further determine if this difference between
group correlations is statistically reliable, we converted the correlations using a Fisher’s r-to-
z transformation. The correlation between SCR and amygdala activity in the GAD group
was z = 0.55. The correlation in the control group was z, = —.098. The difference between
the two z-scores was z = .65 (P = .26) which was not statistically significant.

Discussion

The present study compared fMRI brain activation patterns in medication-free generalized
anxiety disorder patients and healthy controls during a non-contingent monetary loss task
intended to use uncertainty to elicit sustained anxiety. Based on animal models of phasic and
sustained fear (i.e. anxiety), we predicted that the BNST would be engaged in this task.
Further, we predicted that its activity levels would be increased in patients compared to
controls. We found evidence for our prediction when comparing the high-uncertainty
condition (where participants almost always lost money by not being able to use a successful
strategy) to the low-uncertainty condition (where participants easily gained money by
always being able to use the same strategy). Previous studies showed that anticipation of a
potentially negative event, an unstructured and prolonged adverse condition, was associated
with increased activity in the BNST (Straube et al., 2007; Somerville et al., 2010). Our
findings are largely consistent with results from these studies and extend the finding of
elevated BNST responses to individuals with generalized anxiety disorder.

Interestingly, we also found that the level of amygdala activity was diminished in patients
compared to controls during the same contrast. Previous studies have not investigated
amygdala activity during prolonged stressful tasks in anxiety patients. Our findings suggest
that GAD patients may disengage or even suppress amygdala activity during prolonged
anxiety or stress. A recent report by Alvarez and colleagues (2011) found evidence for
increased BOLD activity in the BNST during situations where threat was unpredictable, but
not in situations where threat was predictable, consistent with animal models of phasic and
sustained fear (Davis et al., 2010). The authors noted that the amygdala may be activated
transiently at the beginning of a prolonged stressful episode, but eventually gives way to the
activation of the BNST complex to maintain anxiety.

Extending the argument from Alvarez and colleagues (2011), we hypothesize that in GAD
patients the amygdala might be engaged early in the course of a stressful or threatening
event, but quickly disengages to allow the BNST to maintain an a continuous anxious state
and that this process may be more exaggerated compared to non-anxious individuals. This
would explain why we observed amygdala suppression and BNST enhancement in GAD
patients in our task, although given the nature of our blocked design, these temporal
relations were difficult to assess. We conducted an exploratory analysis based on these
observations that modeled activity during task blocks with a monotonically decreasing

J Psychiatr Res. Author manuscript; available in PMC 2014 January 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yassa et al.

Page 9

function and found a trend (P < 0.1) towards higher activity in the amygdala in GAD
patients vs. controls in the high vs. low uncertainty contrast, suggesting that GAD patients
may indeed be disengaging the amygdala earlier than controls. However, due to the
exploratory nature of this analysis, the below-significant results, as well as the fact that our
design did not lend itself to addressing these temporal relationships, we will not comment
further on this finding except to say that this is an important future direction of investigation.

One additionally interesting question that we could not address in our study is whether
network interactions are different in GAD patients and controls. In order to investigate this
further, one would need to perform resting fMRI scans to examine anxiety-related
differences in functional connectivity between the amygdala and the BNST, another
important question for future studies.

The results of the current study are interpreted in terms of responses to varying levels of
uncertainty, however this is not the only possible cognitive factor involved. Other potential
differences related to top-down control mechanisms could also contribute to the results
observed. These factors include processing load, working memory capacity, increased
attention, and response conflict. It is likely, however, that these factors would induce
differences outside of the network of regions of interest in the study. The amygdala and
BNST are part of a larger cortical network and cognitive control mechanisms may play a
significant role in the interaction between the BNST and the amygdala (Hoehn-Saric et al.,
2005; McClure et al., 2007; Monk et al., 2008). For example, cognitive activity (Hariri et al.,
2003) or worry (Hoehn-Saric et al., 2005; Schienle et al., 2009) attenuates amygdala activity
while deliberately focusing on one’s anxiety enhances the response (McClure et al., 2007).
The effects of cognitive activity on BNST activity are not well studied but can provide
interesting clues as to the dynamics of this larger network.

On average, skin conductance was higher across all participants in the active conditions
compared to the baseline condition, although there was no significant difference between the
two active conditions nor an interaction with patient status. This suggests that in general, the
task was effective at raising anxiety levels, although this may have been similar across
conditions and participant groups. A more detailed analysis of temporal patterns within
blocks revealed an interesting effect of time. We noted a robust effect of temporal bin (early
vs. middle vs. late) on skin conductivity and an interaction with group such that GAD
patients started task blocks with a lower conductivity than controls, but ended the blocks
with a higher conductivity than controls. This suggests that GAD patients had a diminished
ability to reduce arousal throughout the task block, which is expected given the psychiatric
phenotype and prior literature. This response pattern, namely an initially weak but
subsequently prolonged physiological response to stimuli, which we called diminished
physiological flexibility, has been previously demonstrated in patients with GAD and with
other anxiety disorders (Hoehn-Saric et al., 2004b).

We also found a positive correlation between levels of amygdala activation and skin
conductance response in controls only and not in GAD patients. This can be partly explained
by the observation that amygdala levels of activity are suppressed in GAD patients while
skin conductance levels remain elevated in this group beyond controls. This could
presumably lead to a decoupling between cognitive and physiological variables, which may
otherwise be coupled in healthy adults. Previous research has also indicated that correlations
between physiological responses and subjective somatic perceptions were present in controls
but not in GAD patients (Hoehn-Saric et al., 2004b), consistent with the idea that there is a
decoupling of cognitive and physiological variables in GAD patients. It is important to note,
however, that a direct comparison of the correlations between the two groups was not
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statistically reliable, suggesting that this difference is marginal at best and should not be
interpreted too strongly.

A notable strength of this study was the use of a superior segmentation and cross-participant
registration technique that enabled us to conduct this regional investigation. The BNST is a
small structure that is very difficult to identify on MRI scans. Even small amounts of
registration error could result in completely missing activity changes in this region. We
maximized our sensitivity by segmenting regions around the BNST (striatum and limbic
lobe) to enhance the overlap in the BNST in our group analyses. We have shown before that
this method results in increased detection power in functional maps (Miller et al., 2005;
Kirwan et al., 2007; Yassa & Stark, 2009).

The study had several limitations that should be noted. First, the sample sizes used were
quite small (15 in each group), perhaps underpowered to detect additional group differences
that did not survive statistical threshold. Thus, replicating these results with a larger sample
will be important. Second, our blocked design did not allow us to directly assess temporal
relationships including within-block habituation in the amygdala. Future studies using mixed
block and event-related designs will be important in answering these questions. Third, the
task used was intended to be a direct manipulation of stress levels using uncertainty. It
appears that both the high and low uncertainty conditions increased physiological arousal
but not to a differential degree. Future studies using behavioral and psychophysical designs
that allow for parametric manipulations of stress and anxiety levels should be conducted.

We conclude that generalized anxiety disorder is associated with enhanced BNST responses
and diminished amygdala responses during conditions of uncertainty that elicit stress/
anxiety, potentially signaling key changes in network dynamics that should be the subject of
further examination.
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Figure 1.

(A) Task blocks and timing parameters for each run. (B) Trial sequence for stress trials
(“ready” screen, followed by “choice” screen, followed by feedback, and (C) Trial sequence
for control trials (“ready” screen, followed by “choice” screen and no feedback is given).
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Change in BOLD signal

Amyg BNST

Figure 2.

(A) Group contrast of Controls minus GAD patients shown at an uncorrected P value of .05
with a 10-voxel cluster threshold. Increases in activity in controls compared to GAD
patients are shown in red (bilateral amygdala) while decreasesare shown in blue (bilateral
BNST). These maps are not restricted to the anatomical ROls and thus some additional
activity overlapping with the hippocampus and the caudate is also shown. Only activity
inside our anatomical ROIs entered the statistical analysis. Representative coronal and axial
slices are depicted. (B) Statistical comparison of bilateral amygdala and BNST activity in
GAD patients and controls showing decreased amygdala activity and increased BNST
activity in patients.
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Figure 4.

Analysis of skin conductance within-block temporal effects. (A) a second-by-second
depiction of group x task condition conductance showing a possible group difference that
could have been obscured by the time-averaged analysis, (B) A more quantitative evaluation
of early vs. middle vs. late temporal effects and comparison across groups, demonstrating
clear evidence of decreased conductance at the beginning of the block and increased
conductance at the end of the block in GAD patients compared to controls.
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Figureb.

Correlations between z-transformed skin conductance response in the uncertainty conditions
and the z-transformed fMRI BOLD response in the amygdala. There is a significant
correlation between amygdala activation and SCR response in controls (B) but not in GAD

patients (A).
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Table 1

Participant Demographics and Neuropsychological Evaluation

GAD patients | Controls | P-value

N 15 15

Age 34.7 (9.5) 32.5(8.7) ns
Gender 12F: 3M 9F: 6M ns€
Years of education 17.1(2.1) 17.0 (2.6) ns
HAM-A @ 23.1(3.7) 16(1.8) | <001
STAITD 506(75) | 27.4(52) | <o001
sss© 18.1 (9.0) 14(12) | <o01
HAM-D ¢ 7.3(2.2) 0.8(0.39) | <.001

Data reported as mean (standard deviation)

a . .
Hamilton Anxiety Inventory

b, . . .
State-Trait Anxiety Scale, Trait form

C, .
Somatic Symptoms Scale

d . .
Hamilton Depression Scale

e N .
Tested using Fischer’s exact test (all others tests used unpaired t-test)
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Table 2

Behavioral Data

Group L ow Uncertainty High Uncertainty

Accuracy | Latency | Accuracy | Latency
GAD Patients 81(3) 660 (41) 44 (2) 713 (42)
Controls 84 (1) 645 (31) 42 (2) 768 (43)

Data reported as mean (standard error of the mean). Accuracy is reported as a percentage. Latency is in milliseconds.
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Table 3
Self-Report Ratings
GAD patients Controls

Active | Control Active | Control
Pleasant/Happy 25(0.6) | 54(0.9) | 45(0.7) | 7.8(0.6)
Worried/Anxious | 6.1(0.7) | 3.9(0.7) | 47(0.7) | 1.9(0.4)
Irritated/Angry 6.6 (0.7) | 3.1(0.8) | 5.6(0.8) | 1.6 (0.3)
Sad/Disappointed | 5.5(0.6) | 1.5(0.3) | 48(0.7) | 1.7 (0.4)

Values are reported as mean (standard error of the mean)
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