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Abstract

Converging lines of evidence suggest that heightened responding to unpredictable threat may be an
important neurobiological marker of internalizing psychopathology (IP). Prior data also indicate
that aversive responding to uncertainty may be mediated by hyperactivation of several brain
regions within the frontolimbic circuit, namely the anterior insula (aINS) and the dorsal anterior
cingulate cortex (dACC). To date, however, the majority of this research has been focused on
individual diagnoses and it is unclear whether abnormal neural reactivity to unpredictable threat is
observed within heterogeneous, transdiagnostic IP patient populations, as theory would suggest.
The aim of the current study was to therefore examine the neural correlates of temporally
unpredictable (U) and predictable (P) threat in a sample of healthy controls (n=24) and patients
with a broad range of IP diagnoses (n=51). We also examined whether symptom severity measures
of fear and distress/misery dimensions correlated with neural reactivity to U- and P-threat. All
participants completed a modified version of a well-validated threat-of-shock task during
functional magnetic resonance imaging (fMRI). Across all participants, U-and P-threat elicited
heightened activation in the aINS and brainstem, while P-threat alone also activated the dACC.
Relative to healthy controls, patients displayed greater activation in the right aINS during U-threat,
and greater right brainstem activation during P-threat. In addition, we found that brainstem activity
during U-threat correlated with fear, but not distress/misery, psychopathology. Taken together,
these preliminary results suggest that exaggerated aINS reactivity during U-threat and brainstem
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reactivity during P-threat may have the potential to become important transdiagnostic biomarkers
of IP; however, future research efforts are needed to corroborate and expand the present findings.
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1. INTRODUCTION

A wealth of evidence attests to the considerable comorbidity and phenotypic overlap across
internalizing psychopathologies (IPs), most notably mood and anxiety disorders (for a
review, please see [1]). This overlap has proven a major challenge to the study of underlying
disease mechanisms and development of targeted treatments [2]. The field has therefore
begun to move away from discrete diagnoses towards a transdiagnostic conceptualization
and treatment of mood and anxiety disorders (for a review, please see [3]). Consistent with
this mission, the National Institute of Mental Health (NIMH) put forth the Research Domain
Criteria (RDoC) initiative [4,5] with the goal of developing a new psychiatric nosology
based on empirically-validated neurobiological constructs that cut across multiple IPs.

Two core neurobiological constructs within the RDoC framework are psychophysiological
response to predictable (P-) and unpredictable (U-) threat. U-threat is temporally uncertain
and of varying intensity, frequency and/or duration. It involves situations where there is a
potential for harm, but no immediate threat is present, therefore eliciting a state of
generalized apprehension and sustained hypervigilance, also referred to as sustained anxiety
[6,7]. P-threat, in contrast, describes situations in which threat of harm is imminent and
immediately present, which elicits a phasic “fight or flight’ response [6,8]. These aversive
states are pharmacologically distinct [9,10], and are mediated by overlapping, but separable,
neural circuits [11-13]. Recent theories suggest that response to U-threat, in particular, is at
the core of IP [14].

One way response to U-threat and P-threat has been frequently assessed is using the No-
Predictable-Unpredictable (NPU) paradigm [15], in which temporal predictability of threat
(e.g. mild electric shock, negative emotional images, air puff) is manipulated and startle eye-
blink potentiation is recorded as an index of aversive responding. Using the NPU task,
separate studies have shown that, relative to healthy controls, patients with panic disorder
(PD; [16,17]) and post-traumatic stress disorder (PTSD; [18]) displayed increased startle
responding to U-threat but not P-threat. Meanwhile, individuals with major depressive
disorder (MDD; [17]) and generalized anxiety disorder (GAD; [18]) showed comparable
startle to healthy controls during both forms of threat. A recent study by our lab directly
compared response to threat during the NPU task across different IPs and found that
individuals with PD, PTSD, and specific phobia (SP) all displayed greater startle reactivity
to U-threat, but not P-threat, compared with individuals with MDD, GAD, and healthy
controls (who did not differ from each other; [19]). Taken together, these findings suggest
that heightened reactivity to U-threat may be a putative transdiagnostic psychophysiological
indicator of ‘fear-based’ IPs (e.g. PD, social anxiety disorder [SAD], SP, PTSD), but not
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‘distress/misery’ IPs (e.g. MDD, dysthymia, GAD) [20]. Distress/misery IPs reflect
pervasive subjective distress, while fear IPs involve intense circumscribed fear of specific
stimuli or situations. Several large-factor analytic familial and twin studies have shown that
the two dimensions are phenotypically and genotypically distinct [21-24]. In recent years,
numerous studies have recognized the above distinction and have started to identify the
behavioral and neural correlates of the two dimensions [17,25-27].

In order to elucidate the neurobiology underlying reactivity to U- and P-threat, studies have
begun to employ variants of the NPU task during functional magnetic resonance imaging
(fMRI). To date, studies have identified a specific frontolimbic circuit that becomes engaged
during the negative processing of threatening stimuli [14,28]. This circuit is comprised of
affect-generating limbic regions, such as the amygdala, anterior insula (aINS), and bed
nucleus of stria terminalis (BNST) [8,29,30], which project to subcortical structures like the
brainstem, but also have bidirectional connections with affect-modulating prefrontal regions,
such as the dorsolateral, ventrolateral and ventromedial prefrontal cortices, orbitofrontal
cortex (OFC), and dorsal anterior cingulate cortex (dACC; [31,32]). Of these regions, aINS
and dACC appear to be especially relevant to anxious responding during the anticipation of
U-threat. Both regions are involved in interoceptive awareness and the generation of
anticipatory emotional responses to future events [33-35]. Hyperactivity of the aINS and
dACC during the anticipation of unpredictable aversiveness has been associated with PD
[29,36], SP [37], and PTSD [38], but not GAD or MDD [39]. Of note, these studies included
presentation of temporally unpredictable aversive emational images. To our knowledge, no
study has extended this line of work to an NPU threat-of-shock paradigm to assess the
neural activity elicited by a physical threat. This gap in the literature is noteworthy given that
shock has been shown to be a more robust elicitor of defensive reactivity than aversive
images [40]. Furthermore, past neuroimaging studies have focused on discrete individual
diagnoses and to date, no study has explored the neural correlates of P- and U-threat in a
heterogeneous, representative IP patient sample. Finally, no study has moved beyond
diagnostic categories and explored how IP symptom dimensions of fear and distress relate to
neural activity during U- and P-threat. Given that prior startle studies suggest exaggerated
reactivity to U-threat characterizes fear-based psychopathology specifically (e.g., [41]), it is
important to assess how individual differences in fear symptom severity map onto neural
patterns of activation to better understand the pathophysiology of fear-based IPs.

Therefore, the present study had three main research objectives. First, we examined the
neural correlates of U- and P-threat across all participants using an fMRI variant of the NPU
threat-of-shock paradigm. Next, we assessed group differences in neural activity during U-
and P-threat between clinically representative adult patients and healthy controls. We
hypothesized that relative to healthy controls, patients would display greater neural
activation within the aINS and dACC during U-threat, but not P-threat. Lastly, in order to
more precisely identify the clinical profile associated with the pattern of neural activity
during U- and P-threat, we explored the correlations between the neural activity and
transdiagnostic symptom dimensions relevant to fear and distress disorders. Research
addressing these aims is critically needed to clarify the role of U-threat in psychopathology
and elucidate the potential basic, transdiagnostic mechanisms and targets for prevention and
treatment of multiple IPs.
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2. METHODS

2.1. Participants

Participants were recruited from the community as a part of a larger investigation on
predictors of IP treatment outcomes. A variety of advertisements were used to recruit
different populations (e.g., depression and/or anxiety disorder patients, healthy controls) in
an effort to obtain a sample with a broad range of symptom severity and functioning. In line
with the aims of the larger study, participants were included if they either (1) had anxiety or
depressive symptoms severe enough to warrant treatment and consented to treatment with
pharmacotherapy (selective serotonin reuptake inhibitors/SSRIs) or cognitive behavioral
therapy (CBT) (i.e., patients), or (2) had no lifetime history of psychopathology (i.e., healthy
controls). Diagnoses were assessed using the Structured Clinical Interview for Diagnostic
and Statistical Manual of Mental Disorders (DSM-5; [42]), and the primary diagnosis
warranting treatment was assigned to participants by a group of three clinicians/study staff.
Participants were required to be between the ages of 18 and 65 years. Exclusionary criteria
for the overall study included any ongoing psychiatric treatment, a major active medical or
neurological illness, lifetime history of manic/psychotic symptoms or suicidal ideation,
contraindications to SSRI treatment, traumatic brain injury, alcohol and substance
dependence (current or in the past six months), contraindications for fMRI, positive urine
drug screen or breathalyzer test, and pregnancy. For the purposes of the current study, only
data collected at baseline (i.e., prior to treatment randomization) was examined. A total of 98
individuals met inclusionary criteria; however, 23 were excluded due to poor quality fMRI
data (i.e. excessive motion and/or artifact). The final sample included 24 healthy controls
and 51 patients. Of note, no differences were found between included and excluded subjects
on age (A1,96) =.309, p=.579), sex (y? = .017, df =1, p=.898) and IDAS-II panic
subscale scores (A1,95) = .034, p=.855). The groups did differ on IDAS-II depression
subscale scores (A1,96) = 4.343, p=.040) such that excluded participants endorsed higher
levels of depressive symptoms (M= 56.70, SD = 16.92) compared with included
participants (M= 47.64, SD = 18.60). All study procedures were approved by University of
Illinois at Chicago Institutional Review Board. At the end of each study session participants
received cash as compensation for their time.

2.2. Self-report measures

Symptoms of anxiety and depression within the past two weeks were assessed using the
well-validated Inventory of Depression and Anxiety Symptoms (IDAS-11) [43] — a 99-item
self-report measure. Participants responded to each item using a 5-point Likert-type scale
ranging from 1 (not at all) to 5 (extremely). The IDAS-II yields 17 empirically derived and
symptom-specific scales (Suicidality, Lassitude, Insomnia, Appetite Loss, Appetite Gain, IlI-
Temper, Being, Panic, Social Anxiety, Traumatic Intrusions, Traumatic Avoidance, Mania,
Euphoria, Claustrophaobia, Checking, Ordering and Cleaning) and two, higher-order scales
(General Depression and Dysphoria). Given our interest in the potential distinction of fear
versus distress/misery disorders, we chose to focus on two, specific IDAS-I1 scales — Panic
and General Depression. Large-scale factor-analytic studies show that panic is the
‘quintessential’ fear disorder as it loads most highly onto the broader fear dimension [44].
The same is true for depression in relation to distress. Thus, panic and depression serve as
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useful representations of fear and distress, respectively. Research has shown excellent
convergent and discriminant validity of IDAS-II scales relative to other self-report measures
of depression and anxiety [45]. In the present study we employed the following two scales:
General Depression and Panic. Both scales demonstrated strong internal consistency within
our study sample (General Depression: a = .91; Panic: a. = .86).

2.3. Study Procedure and fMRI Threat Task

After providing written informed consent, participants completed a set of screening
assessments including a comprehensive medical history, a dimensional variant of the
structured clinical interview for DSM-5, a battery of self-report questionnaires and a set of
neurocognitive tasks. Approximately one-week after the screen, participants underwent an
fMRI scan, during which they completed a modified version of the NPU threat task
(described below). In preparation for this task, each participant had two shock electrodes
placed on their left foot. Participants then completed a shock work-up procedure by which
they were administered increasing levels of shock intensity until they reached a level that
they described as “highly annoying but not painful”. Ideographic shock levels were used to
ensure equality in perceived shock aversiveness [46].

The threat task used in the scanner is a modified version of the NPU startle task [15] and is
described in detail elsewhere [36]. Briefly, the task consists of three within-subject
conditions — predictable (P), unpredictable (U) and no-shock (N) (see Figure 1). Discrete
images of different rooms were used to signal each condition (i.e., N, P, U; counterbalanced
across participants). Each room included a lamp that served as a cue and turned on once for
2s during each trial. During P trials, participants were shocked only when the light was on
and thus the timing of the threat was fully predictable. During U trials, participants were
shocked at any time and the timing of the threat was therefore unpredictable. During N
trials, participants never received a shock. Light onset occurred either at Os (for one third of
trials), 2s (for one third of trials) or 4s (for one third of trials) across all conditions. Prior
research has shown that administering shocks during every trial (100% reinforcement) can
lead to faster rates of habituation. Therefore, having fewer shocks and a reinforcement rate
around 60% is ideal. With that in mind, we designed our task such that during the P
condition, individuals were consistently shocked during the cue only for 60% of the trials,
resulting in 18 shocks during P. Our U condition was matched with P on total number of
shocks and therefore also included 18 shocks. Each participant was therefore administered a
total of 36 electric shocks (18 during P- and 18 during U-condition). This design is notably
consistent with the startle version of the NPU task designed by Grillon and colleagues [47].
The task consisted of 90 trials, with 30 trials in each condition. Each trial was 6s long and
was followed by a fixation cross presented with varying duration, ranging from one to 8s (M
=4.3s).

2.4. Acquisition and Analysis of Neuroimaging Data

Participants were scanned at the UIC Center for Magnetic Resonance Research using a 3.0
Tesla GE scanner with an 8-channel phased-array radio frequency head coil. Functional
images were acquired using gradient-echo echo-planar imaging (EPI; 2s TR, 25ms TE, 82°
flip, 64 x 64 matrix, 200mm FOV, 3mm slice thickness, 0mm gap, with 44 axial slices).
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Imaging data were inspected for high quality and scan stability; any individual with >3mm
displacement in any direction was excluded from the analysis. fMRI data processing was
carried out using Statistical Parametric Mapping software (SPM8, Wellcome Department of
Imaging Neuro-Science, London, UK). Images were spatially realigned to correct for head
motion, slice-time corrected (44 slices, TR = 2, TA = 2, slice order: ascending interleaved,
reference slice 21), warped to standardized Montreal Neurological Institute (MNI) space
using the participants’ mean functional image, resampled to 2mm3 voxels, and smoothed
with an 8mms3 kernel to minimize noise and residual differences in gyral anatomy. The
general linear model was applied to the time series, convolved with the canonical
hemodynamic response function and with a 128s high-pass filter. Condition effects (N, P,
and U) were separately estimated at each voxel for each subject. Each trial was a total of 6s
long and the shock occurred between 1.7 and 5.6s. For the trials that included a shock, only
the data points prior to the shock were included in the first-level model (1.7-5.6s of data).
For the trials that did not include a shock, the entire trial was modeled. Given that this results
in more N trial data than U or P trial data, an equivalent random number of N trials were
also excluded to ensure that data across the threat and no-threat trials was balanced. Total
seconds modeled per each condition (N, P, and U) were approximately 137 seconds.
Individual movement parameters obtained during realignment were included in the first-
level models as regressors-of-no-interest to account for motion-related effects on BOLD.
Individual contrast maps for U threat > No threat (and P threat > No threat) were created for
each person.

These contrast maps were then entered into second-level, one-sample t-tests in SPM, in
order to examine main task effects. To confirm that the task successfully activated regions
implicated in threat responding, we examined task activation across all subjects. We
considered activations that survived family-wise error (FWE) whole-brain correction at p<.
05, with a cluster size greater than 20 contiguous voxels (volume > 160mm3), as significant.
We then also extracted BOLD parameter estimates (i.e. p weights [arbitrary units]) from
5mm (radius) spheres surrounding significant peak activations across both models in order
to perform region-of-interest (ROI) analyses (detailed below).

2.5. Data Analysis Plan

Participants’ demographic and clinical variables were compared at baseline across the two
groups using one-way ANOVA or Pearson Chi-Square tests as appropriate. To test our
primary hypothesis, we first conducted an independent sample t-test to examine main task
effects during U threat > No threat and P threat > No threat. Next, we assessed the group
differences between healthy controls and patients using extracted BOLD parameter
estimates from peak activations during either contrast as independent variables. Lastly, to
test the link between symptom severity measures and neural activity, we carried out bivariate
Pearson correlations between extracted BOLD parameter estimates from peak activations
within frontolimbic regions (only) and IDAS-I1I scales (General Depression and Panic) in
patients. All tests were two-tailed and were deemed statistically significant at a < .05. All

Ipatients and healthy controls did not differ in head motion during fMRI (translation: = 1.41, df = 32.89, p=.168, rotation: #= .55,
df = 69.59, p=.585).
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statistical analyses were performed using SPSS software (Version 24.0, SPSS, Inc.) and
results were graphed using GraphPad Prism (\Version 7.0, GraphPad Software, La Jolla, CA,
United States).

3. RESULTS

3.1. Baseline demographics and clinical characteristics

Please see Table 1 for participants’ descriptives. The groups were comparable in age, sex
and ethnicity; however, the patient group was comprised of more “White” individuals than
the healthy control group (/1/2 =5.74, df =1, p=.017). The groups also differed on IDAS-II
depression and panic scores, as expected (H1,73) = 202.73, p< .001, and A1,73) = 35.52, p
<.001, respectively).

3.2. Neuroimaging results

3.2.1. Main Effects of the fMRI Threat Task, Whole-Brain Corrected—Detailed
neural activation elicited by U- and P-threat is presented in Figure 2 and Table 2. U-threat
significantly activated the right brainstem, anterior insula and supramarginal gyrus (p <.
05corrected) across all participants. For P-threat, whole-brain results indicated significant
activation in bilateral anterior insula and thalamus, right postcentral and supramarginal
gyrus, right dACC and brainstem (p < .05corrected). No other significant whole-brain task
effects were found.2

3.2.2. Group Differences in Neural Activity—Direct between group comparison of
healthy controls and patients revealed no differences at the whole-brain level. Between
groups analyses using BOLD parameter estimates extracted from peak activations in either
contrast revealed that, relative to healthy controls, patients exhibited significantly greater
activation in the right aINS during U-threat > No-threat (= -2.07, df = 51.24, p=.043,;
Figure 3A) and the right brainstem during P-threat > No-threat (¢=-2.01, df = 63.24, p=.
049; Figure 3B). No other differences were observed between patients and healthy controls.
The group comparisons do not survive a Bonferroni correction (p > 0.005).

3.3.  Symptom Severity Correlations with Neural Activity

In addition to between group analyses, we examined the correlations between symptom
severity measures and BOLD parameter estimates extracted from peak activations within
frontolimbic regions during both U- and P-threat. As illustrated in Figure 4, greater panic
symptoms were associated with greater right brainstem activation during U-threat (= 0.29,
p= 0.0389)3. The correlation does not survive a Bonferroni correction (o > 0.005). No other
significant associations were found between panic or depressive symptoms and neural
activity during either contrast (Supplementary Figure 1). We formally compared the
correlations between panic (or depressive) symptoms and the right brainstem activation
during U-threat and found that they were not significantly different (Fisher’s z=.884, p=.
377).

2Direct comparison of U- and P-threat revealed no differences at the whole-brain level.
The correlation remains significant after controlling for head motion (r=0.27, p=0.021).
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4. DISCUSSION

Heightened reactivity to U-threat has emerged as a potential transdiagnostic neurobiological
marker of IP as evidenced by increased startle responding [48,49]. Studies have also used
fMRI to identify the neural correlates of heightened responding to U-threat across IP.
However, these studies included presentation of temporally unpredictable negative emotional
images, as opposed to physical threat. Furthermore, the majority of this research has been
focused on individual diagnoses and no study to date has extended this line of research in a
transdiagnostic IP sample using dimensional symptom assessments. Therefore, the present
study examined the neural correlates of reactivity to U-threat in a heterogeneous,
transdiagnostic IP sample using an fMRI variant of the well-validated NPU threat-of-shock
paradigm.

Results of the present study showed that the pattern of neural activation on a whole-brain
level during U-threat and P-threat across all participants was similar, with both types of
threat eliciting activation in the right brainstem, anterior insula and supramarginal gyrus,
while P-threat also elicited neural activation in bilateral thalamus, right postcentral gyrus,
and right dACC. Specifically, within the frontolimbic circuit, both U- and P-threat elicited
activation in the aINS and brainstem, while P-threat alone also activated dACC. Although
we did not have hemisphere-specific hypotheses, it is notable that much of the brain
activation we observed is right lateralized. A review of the literature suggests that left and
right hemispheres of the brain may have differential roles in approach/avoidance behaviors.
Specifically, prior work purports that positive affect may be differentially lateralized to the
left hemisphere, while negative affect may be differentially lateralized to the right
hemisphere [50,51]. The relative nature of specialization in approach versus avoidance
motivation of the two hemispheres (also known as the “valence hypothesis™) may be
particularly evidenced by abnormal right aINS activation, which has often been reported in
the literature during the processing of temporally unpredictable negative emotional stimuli
[29,38,52,53]. Together these studies propose aINS as a neural correlate of altered threat
processing shared across multiple IPs.

With regard to group differences, we found significantly greater activation in the right aINS
during U-threat in patients relative to controls. Consistent with this finding, previous fMRI
studies have found greater aINS activation in individuals with PD [29], PTSD [38] or SP
[37], relative to healthy controls. At the functional connectivity level, prior studies have also
shown that in individuals with PTSD there is increased connectivity between aINS and other
regions within insula-based networks (such as the salience network) both at rest and during
threat [54]. Individuals who report higher levels of intolerance of uncertainty have also
demonstrated exaggerated alNS reactivity to U-threat [52]. The current preliminary results
show for the first time that exaggerated aINS reactivity to U-threat has the potential to
become an important transdiagnostic biomarker that may relate to multiple forms of IP,
suggesting they have a shared vulnerability. The aINS is known to play an important role in
interoceptive awareness during uncertainty by encoding internal and external state signals in
order to predict future subjective feelings about possible threat outcomes (i.e. to help answer
the question “how will it feel?”) [33,55,56]. In the anticipation of an aversive stimulus, aINS
engages adaptive preparatory cognitive and behavioral resources that help an individual
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avoid, minimize, and cope with possible negative consequences. Dysfunction of aINS may
lead to negatively biased perception of U-threat [57], regardless of its true potential to confer
harm. The worry and avoidance behaviors that are hallmarks of anxiety disorders may
therefore be a result of this overestimation mediated by aINS hyperactivity. Given its well-
established role in the development and maintenance of anxiety disorders, aINS may
constitute an important treatment target, particularly for anxiety disorders characterized by
heightened reactivity to U-threat (e.g. panic disorder [41]).

Results of the present study also showed that patients exhibited greater brainstem activation
during P-threat compared with healthy controls. This finding is noteworthy for two reasons.
First, only a few psychophysiological startle studies have reported differences in P-threat
responding across IPs [17,58] and thus, it has been proposed that response to P-threat does
not characterize individuals with IP. Second, the role of the brainstem in psychopathology
has been relatively understudied in comparison to aINS and other frontolimbic regions,
which garnered more interest due to their involvement in higher order functions such as
thinking, decision-making or emotional processing [59]. Nevertheless, the brainstem and
midbrain structures, namely the pons and periaqueductal gray (PAG), play an important role
in rapid modulation of respiration, heart rate and blood pressure [60] during defensive
responding to threats [14,61,62]. Furthermore, prior studies have shown that electrical
stimulation of PAG in humans can result in elevated fear and anxiety levels [63,64],
particularly among PD [65] as well as PTSD patients after being exposed to a trauma
reminder [66]. Akin to hyperactive aINS during U-threat, exaggerated brainstem reactivity
to P-threat may therefore be an important transdiagnostic biomarker of IP. Our current
observations during U- and P-threat, though preliminary, concur to an extent with prior
research, which seems to suggest that anticipation of U-threat implicates higher cortical
systems; however, once the threat is imminent (i.e. predictable), there is a shift in neural
activity to more phylogenetically primitive brain structures, such as the PAG [62]. Though
further research is needed to corroborate this hypothesis, diffusion tensor imaging (DTI) and
tracing studies suggest that forebrain-to-midbrain switch is anatomically plausible [67-69].

Although we did not see group-level differences in brainstem activation between patients
and controls during U-threat, we did find that right brainstem activity during U-threat
correlated with symptom severity measure of fear (e.g. panic), but not distress disorders (e.g.
depression). This finding is consistent with previous studies, which have shown that, across
species, stimulation of dorsal and ventrolateral PAG can induce panic-like behavior [70-72].
In light of these findings, a recent comprehensive review of the available neuroimaging
studies assessing the involvement of brainstem in PD reported that the “fear network™ model
of PD, which currently implicates limbic system primarily, should be revised to include
other brain areas such as the brainstem and the insula [73]. Broader literature also suggests
that heightened threat sensitivity, particularly under uncertain conditions, may be more
relevant to the clinical picture of fear-based disorders relative to distress disorders [17,74—
76]. In fact, prior work has shown that, relative to non-anxious group, individuals with panic
and other anxiety disorders were more likely to appraise naturally occurring life-events as
overly negative or threatening in the six month period preceding the onset of disorder [77].
In line with previous evidence, the results of the present study tentatively suggest that
elevated threat sensitivity during U-threat may reflect a dispositional vulnerability of PD and
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fear-based IPs relative to MDD and other distress disorders. Therefore, therapeutic
interventions that include strategies to help correct faulty threat appraisals in patients with
fear disorders may be more effective at improving treatment outcomes [78]. However,
further research is needed to corroborate the present findings and examine their potential to
reflect a transdiagnostic IP treatment targets.

Our results so far have been consistent with prior findings and theoretical models of
psychopathology; however, a few hypotheses were unsupported. First, we hypothesized that
dACC, another key node implicated in interoceptive awareness, would be hyperactivated
during the processing of U-threat since dACC and alNS are highly interconnected and are a
part of a larger affective salience network [14]. We also hypothesized that panic symptoms
would be associated with both dACC and alNS activity during U-threat. There are several
possible explanations for the unsupported hypotheses including a small sample size and a
highly comorbid patient sample (see limitation section below). Another possible explanation
for the observed inconsistencies is that some abnormalities may manifest at the level of
interaction between different brain regions rather than their activation in isolation [79].
Although we found no evidence to support this specific hypothesis, future studies should
continue to investigate fMRI connectivity measures and the potential correlation between the
dACC and aINS functioning and panic symptoms.

The current study had several strengths including the use of an fMRI variant of the NPU
threat-of-shock paradigm and inclusion of multiple diagnostic groups. However, the present
findings should be interpreted in light of several limitations. First, the sample size was
relatively small, particularly for the group cells, which likely reduced our power to detect
additional group differences, including detecting the group differences at the whole-brain
level. Given the small sample size the findings do not withstand correction for multiple
comparisons (e.g. Bonferroni correction) and thus, are preliminary and require replication.
Second, the cue (light-on image) is likely more threatening during P-threat condition than
the light-off images. However, the task design did not allow us to model the cue separately
in a first level model for P-threat given that its timing is short (2s) and no fixation cross
followed the cue to allow for the BOLD signal to decrease. Third, the high levels of
comorbidity in our study sample, particularly between the distress and fear disorders, can be
seen as both a potential strength and limitation. Although it enhances the external validity of
the present findings, the potential impact of co-occurring psychopathology on the pattern of
results is unclear. Additional studies are needed to replicate and extend the current findings.
Lastly, given the highly comorbid nature of the sample, we did not have the power to test
differences in the association between brainstem activity during U-threat and IDAS-11 panic
across discrete IP diagnoses. This was never the aim of the present study, but it may be
useful if future studies examined the association between neural activity during U- and P-
threat and symptom severity measures both dimensionally and categorically.

In conclusion, the present study marks the first investigation of the neural correlates of

predictable and unpredictable threat in a heterogeneous, transdiagnostic IP sample using an
fMRI variant of the well-validated NPU threat-of-shock paradigm. We found that across all
participants, U- and P-threat elicited heightened activation in the aINS and brainstem, while
P-threat alone also activated the dACC. Follow up analyses revealed that patients displayed
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greater activation in the right aINS during U-threat, and greater right brainstem activation
during P-threat, compared with healthy controls. In addition, brainstem activity during U-
threat correlated with fear, but not distress/misery, psychopathology. Taken together, these
preliminary results suggest that exaggerated alNS reactivity during U-threat and brainstem
reactivity during P-threat have the potential to become important transdiagnostic biomarkers
of IP. In addition, heightened brainstem reactivity to U-threat may track fear-based anxiety
symptoms, though more research is needed to further examine its potential to reflect a
transdiagnostic IP treatment target. Finally, future studies should continue to probe the
neural and behavioral processes that mediate reactivity to P- and U-threats in highly
comorbid samples and examine whether those processes are shared across IPs.
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Highlights

Examined neural response to predictable (P) and unpredictable (U) threat
using fMRI

Those with internalizing disorders had heightened insula activation to U-
threat

Patients also had heightened brainstem activation to P-threat

Brainstem activation during U-threat correlated with fear-based anxiety
symptoms

Exaggerated limbic reactivity to threat may characterize internalizing
disorders
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Figure 1.
INustration of the threat task administered during scan. (a) Discrete images of different

rooms, counterbalanced across participants, used to signal three within-subject conditions —
predictable, unpredictable and safe. (b) An example of each condition, including cues (light
on) and shocks, followed by a fixation cross.
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A. P-Threat > No-Threat

z=8

4.7 6.7

B. U-Threat > No-Threat

Figure 2.

Whole-brain voxel-wise statistical t maps overlaid on a canonical brain, displaying
significant activations at p<0.05, family-wise error corrected (FWE), with a cluster size of
20 or more contiguous voxels, during (a) predictable threat > no threat and (b) unpredictable
threat > no threat, across all participants. Color bars represent statistical t-scores.
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Figure 3.
Bar graphs show mean extracted parameter estimate p weights in arbitrary units (+SEM)

within each group from 5 mm spherical region of interest surrounding peak, during (a)
unpredictable threat > no threat and (b) predictable threat > no threat. *p < 0.05. aINS =
anterior insula.
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Figure 4.
Scatter plot depicting the significant correlation between IDAS-1I panic scores and extracted

BOLD parameter estimate for right brainstem during unpredictable threat relative to no
threat across participants with current psychopathology.
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Controls (n=24)

Patients (n=51)

Statistic

Demographics

Age (years) 27.0 (12.3) 25.4 (7.8) A1,73) = 478, p= 492

Sex (% female) 54.2% 72.5% x?=248,df=1, p=.115

Ethnicity (% Hispanic) 16.7% 19.6% x?=.093, df =1,p=.760

Race
White 29.2% 58.8% )(2 =5.74,df =1, p=.017
Black 25.0% 9.8% x?=3.01,df=1, p=.083
Asian 37.5% 21.6% )(2 =2.12,df =1, p=.146
American Indian or Alaskan Native ~ 4.2% 0.0% p=.320 (Fisher’s exact)
Other or Unknown 4.2% 9.8% p=.657 (Fisher’s exact)

Clinical variables

IDAS-11 General Depression 245 (2.8) 58.5 (11.5) A1,73) =202.73, p< .001

IDAS-I1 Panic 8.0 (0.2) 145 (5.3) A1,73) = 35,52, p<.001

Current major depressive disorder - 39.2% -

Current generalized anxiety disorder - 29.4% -

Current social anxiety disorder - 39.2% -

Current panic disorder - 19.6% -

Current post-traumatic stress disorder - 9.8% -

Lifetime major depressive disorder - 21.6% -

Lifetime social anxiety disorder - 3.9% -

Lifetime panic disorder - 7.8% -

Lifetime post-traumatic stress disorder - 17.6% -

Note. All values are means, standard deviations, unless otherwise noted. IDAS-1I = Inventory for Depression and Anxiety Symptoms-II.
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Table 2.

Main Effects of the Threat Task, Whole-Brain Corrected

MNI coordinates

Region X y z Cluster (voxels)  Volume (mm3)  Z score
U threat > Fix
R brainstem (midbrain) 6 -18 -18 490 3920 7.71
L hippocampus -22 -26 -8 159 1272 7.11
R anterior insula 38 22 -2 1200 9600 6.66
R middle frontal gyrus 48 44 -4 436 3488 6.25
L anterior insula -34 20 4 206 1648 5.64
R supramarginal gyrus 58 -40 32 81 648 4.94
P threat > Fix
R anterior insula 36 24 0 1147 9176 6.52
L frontal middle gyrus -46 44 20 437 3496 6.13
L anterior insula -34 20 4 464 3712 6.11
R frontal middle gyrus 44 46 -18 379 3032 5.57
R precentral 50 8 48 89 712 5.02
R brainstem 10 -16 -16 100 800 4.87
R thalamus 12 -10 2 100 800 4.87
R supramarginal gyrus 58 -40 26 55 440 4.64
No threat > Fix
L frontal middle gyrus -38 56 12 654 5,232 5.55
R frontal middle gyrus 54 44 0 158 1,264 5.14
U threat > No threat
R brainstem (midbrain) 6 -16 -20 149 1,192 5.60
R anterior insula 40 18 -4 623 4,984 5.32
R supramarginal gyrus 58 -28 22 258 2,064 5.06
P threat > No threat
L anterior insula -32 18 4 425 3,400 5.94
R anterior insula 36 22 2 851 6,808 5.87
R postcentral gyrus 18 -40 74 204 1,632 5.51
R thalamus 10 -12 4 158 1.264 5.09
R supramarginal gyrus 58 -22 20 207 1,656 5.05
R brainstem (midbrain) 8 -18 -18 33 264 4.96
R medial frontal gyrus/dorsal anterior cingulate cortex 4 18 44 159 1,272 4.93
L thalamus -8 -10 6 24 192 4.72
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Note. Reporting of all significant peak voxels at p< .05, family-wise error corrected (FWE), with a cluster size of >20 contiguous voxels. R =
Right; L = Left; MNI = Montreal Neurologic Institute.
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