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Abstract

Exaggerated anxious responding to unpredictable threat (U-threat) is a core feature of panic 

disorder (PD). However, it is unknown whether this abnormality is specific to the diagnosis of PD 

or would manifest along a continuum of panic symptomatology (PS). Additionally, little is known 

about the neural processes underlying this abnormality among those high in PS. Finally, no studies 

have tested whether startle potentiation and limbic neural reactivity – commonly used indices of 

U-threat responsivity – are associated and therefore reflect common abnormalities. These 

questions were investigated in 42 adults with a range of PS. U-threat responding was measured 

twice during threat-of-shock – once with startle and once with functional magnetic resonance 

imaging (fMRI). As hypothesized, PS positively predicted startle potentiation and dACC reactivity 

to U-threat. Startle potentiation and dACC activation to U-threat were positively associated. These 

results suggest a biobehavioral profile of aberrant responding to U-threat associated with PS.
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Panic disorder (PD) is characterized by periods of acute fear (i.e., panic attacks) and 

prolonged anxiety and worry between panic attacks (American Psychiatric Association 

[APA], 2013). Several theoretical models of PD suggest that exaggerated anticipatory 

anxiety regarding the temporal uncertainty of the next panic attack increases the likelihood 
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of additional attacks, resulting in a positive feedback loop that precipitates disorder onset 

(Başoğlu et al., 1994; Bouton, Mineka, & Barlow, 2001). Indeed, among individuals who 

have experienced a panic attack, greater self-reported intolerance of uncertainty (IU) is 

positively associated with severity of PD symptoms (Carleton, Fetzner, Hackl, & McEvoy,, 

2013; Dugas, Buhr & Ladouceur, 2004). As such, exaggerated anticipatory anxiety in 

response to unpredictable aversive events is considered a core dysfunction of PD (Carleton 

et al., 2012; Gorka, Nelson, Phan, & Shankman, 2014).

Consistent with this, several studies have demonstrated that relative to healthy controls, 

individuals with PD display greater startle potentiation to unpredictable, but not predictable, 

threat (Grillon et al., 2008; Shankman et al., 2013). Heightened startle potentiation to 

unpredictable threat (U-threat) has also been shown to be mediated by individual differences 

in IU (Nelson, Hajcak, & Shankman, 2015) and within adults, predict family history of PD 

independent of ones’ own anxiety psychopathology (Nelson et al., 2013). Moreover, 

benzodiazepines, an efficacious treatment for PD, have been shown to selectively reduce 

startle potentiation to U-threat (Grillon et al., 2006). Therefore, laboratory studies have 

corroborated the central role of exaggerated anticipatory anxiety in PD and indicate that 

heightened startle potentiation to U-threat may be a behavioral marker of this dysfunction.

In addition to behavioral responses such as startle, examining neural reactivity to U-threat 

among individuals with PD and panic symptoms (PS) may be useful as it can provide 

insights into the mechanisms underlying this affective deficit. The broader affective 

neuroscience literature suggests that across species, a frontolimbic circuit is engaged during 

the processing of unpredictable aversive events and this circuit may contribute to 

exaggerated anxious responding to U-threat in PD. This frontolimbic circuit, referred to as 

the anticipatory anxiety network (AAN), consists of affect-generating limbic regions, such 

as the amygdala, anterior insula (aINS), and bed nucleus of the stria terminalis, which have 

bidirectional connections with affect-modulating prefrontal regions, such as the prefrontal 

cortex (PFC), orbitofrontal cortex, and anterior cingulate cortex (ACC; Aupperle, Melrose, 

Stein, & Paulus, 2012; Grupe & Nitschke, 2013; Shankman et al., 2014; Walker & Davis, 

1997). Of these regions, the aINS and ACC appear to be especially relevant to anxious 

responding during the anticipation of U-threat. The aINS is involved interoceptive awareness 

and the generation of anticipatory emotional responses to future events (Binks, Evans, Reed, 

Moosavi, & Banzett, 2014; Craig, 2009; Wilson & Gilbert, 2003; Shankman et al., 2014). 

Akin to the aINS, the ACC has also been implicated in interoceptive awareness, as well as 

the modulation of autonomic arousal and responding (Binks et al. 2014; Etkin, Egner & 

Kalisch, 2011; Holtz, Pané-Farré, Wendt, Lotze, & Hamm 2012; Milad et al., 2007; Wager 

et al., 2009).

Notably, hyperactivity of the aINS during the anticipation of U-threat has been observed in 

both social anxiety disorder (SAD) and generalized anxiety disorder (GAD) (Klumpp, 

Angstadt & Phan, 2012; Simmons et al., 2011) – two disorders that, like PD, are 

characterized by heightened IU (Boelen & Reijntjes, 2009; Dugas, Buhr & Ladoucer, 2004). 

In addition, self-reported individual differences in IU have been shown to be positively 

associated with aINS activation during the processing of ambiguous stimuli (Simmons, 

Matthews, Paulus, Stein, 2008) and the anticipation of U-threat (Shankman et al., 2014). 
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Similarly, heightened activity in the ACC has been observed during the anticipation of 

phobic images among individuals with specific phobia (Straube, Mentzel & Miltner, 2007), 

and correlates with subjective ratings during the anticipation of threat (Straube, Schmidt, 

Weiss, Mentzel, & Miltner, 2009). There is also a well-established association between 

anxiety and heightened error-related negativity (ERN), an event-related component that is 

thought to be generated by the ACC and reflect individual differences in defensive reactivity 

to errors/threats (e.g., Hajcak & Foti, 2008; Olvet & Hajcak, 2008; Weinberg, Olvet & 

Hajcak, 2010; Xiao et al., 2011).

Taken together, prior studies indicate that there is a positive association between activation 

of the aINS and ACC (two key nodes of the AAN) during the processing of threatening 

stimuli. Thus, there are reasons to predict that individuals with PD would exhibit 

exaggerated reactivity to U-threat and AAN dysfunction, particularly hyperactivity of the 

aINS and ACC. Despite the evidence in support of this hypothesis, only one prior study to 

our knowledge has investigated the neural correlates of reactivity to U-threat within 

individuals with PD (Gorka et al., 2014). This study limited the analyses to the insula and all 

PD participants had a current, comorbid diagnosis of major depressive disorder (MDD) but 

found that as expected, PD-MDD individuals displayed greater bilateral aINS activation 

during the anticipation of unpredictable aversive images relative to MDD-only and healthy 

controls.

Given the unique design of Gorka et al. (2014), and the broader paucity of research on this 

topic, several key questions remain. First, no study to date has examined whether the 

association between PD and reactivity to U-threat is specific to the categorical diagnosis of 

PD as defined by the Diagnostic and Statistical Manual of Mental Disorders (5th ed; DSM; 

APA, 2013), or extends to the broader continuum of panic symptoms (PS). This is an 

important distinction given that PD even at subthreshold levels is associated with substantial 

economic cost and impairment (Batelaan et al., 2007), and using only individuals who are 

full syndromal for PD ignores this important subgroup and the broader PS spectrum 

(Shankman & Gorka, 2015). Second, no study has directly examined the association 

between PS and nodes of the AAN network other than the insula despite accumulating 

evidence linking this circuit to anticipatory anxiety (Grupe & Nitschke, 2013). As is noted 

above, other regions besides the insula may be relevant to threat processing in PD and PS; 

particularly the ACC as prior studies have found hyperactivity of the ACC among 

individuals with PD during the anticipation of interoceptive threat (e.g., heart palpitations) 

(Boshuisen, Ter Horst, Paans, Reinders, & den Boer, 2002; Holtz et al., 2012). Third, and 

most importantly, despite the fact that several studies have shown that PD is associated with 

behavioral reactivity (i.e., startle potentiation) to U-threat, it is unknown whether this 

behavioral response is related to functioning of the AAN network as would be expected. In 

other words, it is often assumed that startle potentiation and AAN activity during U-threat 

are related; however, this has yet to be directly tested.

Research addressing these questions is critically needed in order to clarify the role of U-

threat responding in panic pathophysiology and elucidate potential mechanisms and targets 

for PD and PS prevention and intervention. This question is also important for NIMH’s 

Research Domain Criteria (RDoC) initiative, which argues for the importance of examining 
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constructs such as reactivity to U-Threat, with multiple converging units of analysis (Patrick 

et al., 2013) Importantly, these questions are relevant not just for PD, but for the other 

anxiety disorders that are characterized by high IU, such as GAD and SAD (Boelen & 

Reijntjes, 2009; Dugas, Buhr & Ladoucer, 2004).

The present study therefore has several aims. We examined the association between PS and 

startle potentiation during the anticipation of U-threat within a well-validated threat of shock 

paradigm, the No-Predictable-Unpredictable (NPU) – threat task (Schmitz & Grillon, 2012) 

to assess whether prior findings generalize beyond the categorical PD diagnosis to the PS 

dimension across individuals with internalizing psychopathologies (e.g., depression, anxiety 

disorders). We also tested whether PS relates to AAN reactivity during an analogous NPU 

task performed during functional magnetic resonance imaging (fMRI). Lastly, we evaluated 

whether startle potentiation, and thus behavioral responding to U-threat, is associated with 

AAN reactivity to U-threat to clarify the extent to which these two separate measures 

capture a shared dysfunction. As noted above, PS will be defined dimensionally rather than 

categorically, as this will allow us to include the full panic spectrum. We will also control for 

broad negative affectively in our analyses to ensure that the results are specific to panic and 

are not better accounted for by a more general propensity to experience negative emotion. 

We hypothesized that PS will be associated with greater startle potentiation to U-threat, and 

that PS will be associated with greater neural reactivity of the AAN reactor nodes 

(particularly the aINS and ACC) during U-threat. Lastly, we hypothesize that these two 

separate indicators of U-threat dysfunction will be significantly associated with one another.

Methods

Participants

Participants were recruited from the community as a part of a larger investigation on 

affective and physiological abnormalities across internalizing psychopathology. A variety of 

advertisements were used to recruit different treatment-seeking 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 overall 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 (as assessed via trained clinicians) 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). Participants were required to be between the ages of 18 and 65 years. 

Exclusion criteria included an inability to provide consent and read and write in English, a 

major active medical or neurological problem that could impact psychophysiological and 

brain function, lifetime history of mania or psychosis, any contraindication to receiving 

SSRIs, being already engaged in any form of psychiatric treatment, history of traumatic 

brain injury, left-handedness, and being pregnant.

The study took place at the University of Illinois-Chicago and was approved by the 

university Institutional Review Board. All participants provided written informed consent 

after review of the protocol. Participants completed a set of laboratory tasks and battery of 
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questionnaires, which were administered in a counterbalance order to eliminate potential 

order effects. Participants received cash as payment for participation.

A total of 51 individuals met inclusionary criteria; however, 9 were excluded due to missing/

poor quality raw startle data (n = 6), poor quality fMRI data (i.e., excessive motion and/or 

artifact; n = 2), or missing self-report data (n= 1). The final sample included 42 individuals, 

62% of whom were Caucasian, 12% were African-American, 21% were Asian, 2% were 

American Indian, and 2% reported ‘Other.’ Of these individuals, 14% were Hispanic and 

74% were female. The mean age of the sample was 25.26 (SD = 7.60). Of these 42 

individuals, 15 were enrolled in the larger investigation as healthy controls and 27 as patients 

to-be-treated with SSRI or CBT treatment. Notably, all data used in the current study was 

assessed prior to treatment (i.e., baseline assessment) and none of the participants were 

taking psychoactive medications at the time of study entry. Patients endorsed moderate to 

high levels of overall depressive (M = 19.26, SD = 8.31) and anxiety (M = 12.78, SD = 4.39) 

symptoms, as indexed by the HAM-D (Miller, Bishop, Norman, & Maddever, 1985) and 

HAM-A scales (Shear et al., 2001), respectively. Of the 27 patients included in the current 

sample, 37% had a lifetime diagnosis of PD. During clinical interview, all participants 

reported there total number of panic attacks within the past 30-days and the within the 

current sample, the mean number of panic attacks was 1.2±4.0.

Procedure

Data from the present study was collected across multiple study visits. First, participants 

attended a baseline-screening visit in which semi-structured diagnostic interviews were 

conducted by trained clinicians, and a battery of questionnaires was administered. 

Participants then completed the NPU-threat startle task (Schmitz & Grillon, 2012). During 

their third study visit, participants completed the fMRI scan and the analogous NPU-threat 

task.

Prior to completing all laboratory procedures (startle and fMRI), individuals were assessed 

for acute alcohol intoxication via a breathalyzer and tested negative. Additionally, prior to 

each of these tasks a shock work-up procedure was completed in which participants received 

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 (Rollman and Harris, 1987) and to be consistent with prior 

studies (e.g., Grillon et al., 2006; Shankman et al., 2013). The maximum shock level a 

participant could achieve was 5 mA. For the startle task, shock electrodes were placed on the 

wrist of the participants’ left hand. In order to minimize movement and potential scan 

artifact, for the fMRI task, shock electrodes were placed on participants’ left foot.

Measures

Measures of PS—Panic symptoms were assessed using two separate measures, the 

Inventory for Depression and Anxiety symptoms-II (IDAS-II; Watson et al., 2012) and the 

Panic Disorder Severity Scale (PDSS; Shear et al., 1997). The IDAS-II is 99-item self-report 

measure of symptoms of anxiety and depression during the previous two weeks. Participants 

are asked to respond to each item using a 5-point Likert Scale ranging from 1 (not at all) to 5 
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(extremely). The IDAS-II yields 10 factor analytically derived symptom scales, including a 

PS dimension (the panic subscale) and a dysphoria subscale. There are also two broader 

scales, general depression and dysphoria, which overlap with some of the above symptom 

scales. The dysphoria subscale, in particular, captures broad negative affectively and was 

therefore included as a covariate in the present study (see more on this in the data analysis 

plan below). Prior research has demonstrated that the IDAS-II has excellent psychometric 

properties including internal consistency, test–retest reliability, and convergent and 

discriminant validity (Watson et al., 2012). In the present study, the panic (M = 11.90, SD = 

5.50) and dysphoria (M = 23.95, SD = 10.46) subscales of the IDAS demonstrated strong 

internal consistency (α = .89 and .94, respectively).

The PDSS is a seven-item clinician-administered interview that is designed to assess the 

severity of PS. PDSS items were derived from the DSM-IV (Shear et al., 1997), and so the 

PDSS was used in the present study in order to obtain an additional index of panic 

symptomology that is more based in the diagnostic criteria for PD than the factor 

analytically derived IDAS-II. The PDSS items specifically evaluate: (1) frequency of panic 

attacks; (2) distress during panic attacks; (3) anticipatory anxiety (worry about future panic 

attacks); (4) agoraphobic fear and avoidance; (5) interoceptive fear and avoidance (i.e., 

apprehension and avoidance of bodily sensations); (6) impairment of or interference in work 

functioning; and (7) impairment of or interference in social functioning. Based on the 

patient’s response to each question, the clinician rates the response on a scale of zero (none) 

to four (extreme). Like the IDAS-II, the PDSS has been demonstrated to possess excellent 

psychometric properties (Keough et al., 2012; Shear et al., 1997), and had strong internal 

consistency in the present study (α = .92; M = 4.93, SD = 5.81).

Startle Task and Data Collection—Participants completed a modified version of the 

original NPU-threat task that was developed by Grillon and colleagues (Schmitz, & Grillon, 

2012), and used repeatedly in our laboratory (e.g., Gorka, Lieberman, Phan, & Shankman,., 

2016). This version of the task includes three within-subject conditions – no shock (N), 

predictable shock (P), and unpredictable shock (U). Text at the bottom of the computer 

monitor informs participants of the current threat condition by displaying: “no shock” (N), 

“shock at 1” (P), or “shock at anytime” (U). Each condition lasted 145-s, during which a 4-s 

visual countdown (CD) was presented six times. The interstimulus intervals (ISIs; i.e., time 

between CDs) ranged from 15 to 21-s (M = 18.0-s) during which only the text describing the 

condition was on the screen. During the N condition, no shocks were delivered. During the P 

condition, participants received a shock every time the CD reached 1. During the U 

condition, shocks were administered at any time (i.e., during the CD or ISI). Startle probes 

were presented both during the CD (1–2-s following CD onset) and ISI (4–13-s following 

ISI onset). The time interval between a shock (and a startle probe) and the following startle 

probe was always greater than 10-s to ensure that the subsequent startle response was not 

significantly affected by an immediately preceding stimulus. Each condition was presented 

two times in a randomized order (counterbalanced across participants). All participants 

received 24 total electric shocks (12 in P and 12 in U) and 60 total startle probes (20 in N, 20 

in P, and 20 in U).
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In order to facilitate accurate comparison across studies, it is important to highlight that the 

current version of the NPU-threat task differs from the original (described in Schmitz, & 

Grillon, 2012) in several ways. Most notably, the original NPU includes an N (control) 

condition between every threat condition, whereas the current version includes an equal 

number of threat (P and U) and no-threat (N) conditions (e.g., P N U N P U). In addition, the 

cues between the two tasks differ such that the original uses geometric shapes whereas the 

current version uses a 4-s countdown (CD). Lastly, in the current version, every CD ends 

with a shock in the predictable condition, making the threat fully predictable. This was not 

the case in the original version of the task, as every geometric cue in the predictable 

condition did not result in a shock/threat. Despite these differences, both tasks have been 

shown to successfully elicit individual differences in reactivity to threat in prior studies (see 

Grillon et al., 2008; Grillon et al., 2009, and also Gorka et al., 2016; Shankman et al., 2013).

EMG startle data was acquired using BioSemi Active Two system (BioSemi, Amsterdam, 

The Netherlands), and stimuli were administered using Presentation (Albany, CA). Acoustic 

startle probes were 40-ms duration, 103-dB bursts of white noise with near-instantaneous 

rise time presented binaurally through headphones. Electric shocks lasted 400-ms. Startle 

responses were recorded from two 4-mm Ag/AgCl electrodes placed over the orbicularis 

oculi muscle below the left eye. The ground electrode was located at the frontal pole (FPZ) 

of an electroencephalography (EEG) cap that participants were wearing as part of the larger 

studies. One startle electrode was placed 1-cm below the pupil and the other was placed 1-

cm lateral of that electrode. Data were collected using a bandpass filter of DC-500-Hz at a 

sampling rate of 2000-Hz.

fMRI Task and Data Collection—The threat task used in the scanner was designed to be 

analogous to the modified version of the NPU startle task described above. Specifically, this 

task consists of three within-subjects conditions – safe, predictable, and unpredictable. 

Rather than text at the bottom of the screen indicating the condition, three discrete images of 

different rooms were used to signal each condition (counterbalanced across participants). 

Within each room image, there was a lamp corresponding to the NPU countdown that 

‘turned on’ indicating the potential for shock. In the N condition, participants never received 

a shock. In the P condition, participants were only shocked when the lamp was turned on. In 

the U condition, participants could be shocked at any time. Each condition lasted 6-s, during 

which the lamp was turned on once, for a duration of 2-s. The task consisted of 90 trials, 

with 30 trials in each condition. Light onset occurred at either 0-s (for 1/3rd of trials), 2-s 

(for 1/3rd of trials), or 4-sec (for 1/3rd of trials) across all conditions. A fixation cross was 

presented in between trials to represent a ‘jittered’ event-related design to maximize 

efficiency to approximate the time course of fMRI signal and ranged from 1 to 8-s (M = 4.3-

s).

Functional MRI was performed on a 3.0 Tesla GE MR 750 scanner (General Electric 

Healthcare; Waukesha, WI) using an 8-channel phased-array radio frequency head coil. A 

standard T2-sensitive gradient-echo echoplanar imaging (EPI) sequence was used (2s TR; 

22.2ms TE; 90° flip; 64×64 matrix; 22cm FOV; 44 axial slices; 3.44 × 3.44 × 3.0 mm 

voxels; 336 volumes).
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Processing of EMG Startle and fMRI Data—Blinks were processed and scored 

according to published guidelines (Blumenthal et al., 2005). Data processing included 

applying a 28 Hz high-pass filter, rectifying, and then smoothing using a 40 Hz low-pass 

filter. Peak amplitude of the blink reflex was defined within 20–150-ms following the startle 

probe onset relative to baseline (i.e., average baseline EMG level for the 50-ms preceding 

the startle probe onset). Each peak was identified by software but examined by hand to 

ensure acceptability. Blinks were scored as non-responses if EMG activity during the 20–

150-ms post-stimulus time frame did not produce a blink peak that is visually differentiated 

from baseline activity. Blinks were scored as missing if the baseline period was 

contaminated with noise, movement artifact, or if a spontaneous or voluntary blink began 

before minimal onset latency and thus interfered with the startle probe-elicited blink 

response. Blink magnitude values (i.e., condition averages include values of 0 for non-

responses) were used in all analyses.

All fMRI data met criteria for high quality and scan stability with minimum motion 

correction (i.e., < 2mm displacement in any direction). Statistical Parametric Mapping 

software (SPM8, Wellcome Department of Imaging Neuro-Science, London, UK) was used 

to perform conventional preprocessing steps. In brief, images were spatially realigned to 

correct for head motion, warped to standardized Montreal Neurological Institute (MNI) 

space using the participants’ mean functional image, resampled to 2 mm3 voxels, and 

smoothed with an 8 mm3 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 128-s high-pass filter. Condition 

effects (U, P and N) were separately estimated at each voxel for each subject. U- and P-

threat trials in which participants received an electric shock were excluded from the first-

level models to minimize the influence of motion and artifact. Notably, an equivalent 

random number of N trials were also excluded to ensure that data across the threat and no-

threat trials was balanced. Movement parameters obtained during realignment were included 

in the model 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 subject.

Data Analysis Plan—As a manipulation check, for our startle task, we first conducted a 3 

(Condition: N, P, U) × 2 (Cue: CD, ISI) repeated measures ANOVA to confirm that the 

behavioral task elicited startle to P- and U-threat as designed. Next, to examine whether our 

fMRI task elicited activity within nodes of the AAN, we conducted second-level one-sample 

t-tests for U-threat > no-threat and P-threat > no-threat. Within these models, we specifically 

assessed for activity within the key regions of the AAN including the bilateral insula, 

amygdala, and dorsal ACC (dACC) by applying an anatomically-derived partial brain mask 

of these anatomical regions to the data. We considered activations that survived small-

volume, family-wise error (FWE) correction at p < 0.05, with a cluster size greater than 10 

contiguous voxels (volume >80mm3), as significant.

After exploring the main effects of the startle and fMRI tasks, we next created startle 

potentiation scores for P- and U-threat, consistent with our prior studies (e.g., Gorka et al., 

2016; Shankman et al., 2013). Specifically, for P-threat, we subtracted startle magnitude 

Lieberman et al. Page 8

Clin Psychol Sci. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



during NCD from PCD, and for U-threat, we subtracted average startle magnitude during 

NCD and NISI from average startle magnitude during UCD and UISI because both phases of 

the U conditions (and N conditions) had the same meaning during the task. The U-threat 

(and P-threat) startle potentiation scores were used as dependent variables in subsequent 

analyses. Of note, prior to creating the potentiation scores, we confirmed that panic 

symptoms were not significantly associated with startle magnitude during either no-threat 

condition (i.e., NCD and NISI; all ps > .21) as anticipated.

To test our primary hypotheses, we then assessed whether panic symptoms were associated 

with behavioral reactivity to U-threat in the present sample, as this relation has previously 

been reported by others (e.g., Shankman et al., 2013). To do so, we conducted a hierarchical 

linear regression analysis in which panic symptoms were specified as the independent 

variable and startle potentiation to U-threat as the dependent variable. Age and biological 

sex were entered as covariates in Step 1. To ensure that the effects were specific to panic 

symptoms, and were not better accounted for by broad negative emotionality, we also 

entered IDAS dysphoria scores as a covariate in Step 1. Panic symptoms were entered in 

Step 2. To probe the validity of the startle finding we notably included both IDAS panic and 

PDSS scores as separate predictors.

Next, we examined the association between panic symptoms and neural activation during U-

threat by entering individual U-threat > no-threat contrast maps into a second-level one-

sample t-test with panic symptoms included as a regressor. Analogous to the startle analyses, 

we included age, biological sex, and IDAS dysphoria as covariates, and examined both 

IDAS panic and PDSS scores. Given that this aim was relatively exploratory, we set the 

significance threshold at p <0.05 FWE-corrected for multiple comparisons across the entire 
brain, with a cluster size greater than 10 contiguous voxels. For visualization purposes and 

to clarify direction of effects, we extracted BOLD signal responses (arbitrary units) from 

10mm (radius) spheres surrounding significant peak activations.

Lastly, in order to test whether there was indeed a link between the behavioral and neural 

data, we tested whether extracted BOLD signal values from peak effects identified as 

significant in the analyses above were associated with startle potentiation to U-threat using 

an additional hierarchical linear regression analysis. Age, gender and IDAS dysphoria scores 

were included as covariates in Step 1. Extracted BOLD values were entered in Step 2 and 

startle potentiation to U-threat was specified as the dependent variable.

Results

Manipulation Checks

Analysis of startle during the NPU-threat task indicated main effects for Condition, F(2, 40) 

= 9.04, p < .05, and Cue, F(1, 41) = 41.41, p < .05, that were qualified by a Condition × Cue 

interaction, F(2, 40) = 6.03, p < .05. The Condition × Cue interaction was followed-up by 

conducting separate repeated measures ANOVAs for each level of Cue (i.e., CD and ISI). 

During the ISI, startle magnitude differed among the conditions such that startle was 

significantly greater during UISI relative to PISI, F(1, 40) = 9.46, p < .05, and NISI, F(1, 40) = 

14.62, p < .05. However, as expected, startle during PISI did not significantly differ from 

Lieberman et al. Page 9

Clin Psychol Sci. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



startle during NISI, F(1, 40) = 3.44, ns. (NISI = PISI < UISI) Startle magnitude during the CD 

also differed among the conditions, due to greater startle during PCD, F(1, 40) = 16.71, p < .

05, and UCD, F(1, 40) = 9.06, p < .05, relative to the NCD. Startle magnitude did not differ 

between PCD and UCD, F(1, 40) = .25, ns (NCD < PCD = UCD). This pattern of results 

indicates that startle was greater during threat relative to no-threat, as designed.

Examination of the fMRI task conditions indicated that across all participants, U-threat 

significantly activated the right insula (MNI peak [50, 12, −4], Z=3.66, k=4440mm3, p<.

05corrected) and right amygdala (MNI peak [32, −4, −12], Z=2.89, k=544mm3, p<.

05corrected). Activation of the dACC was considered a trend (MNI peak [6, 8, 44], Z=2.05, 

k=9416mm3, p = 0.09corrected) and close inspection of this effect revealed significant 

variability of dACC activation across participants. For P-threat, results indicated significant 

activation of the right insula (MNI peak [48, 12, −2], Z=3.21, k=14160mm3, p<.05corrected) 

and a trend for the left amygdala (MNI peak [−38, −2, −22], Z=2.11, k=2544mm3, p = .

06corrected). There were no other significant effects within the specified mask.

Symptom Associations with Behavioral Reactivity

Results from the hierarchical linear regression analyses are presented in Table 2. IDAS panic 

scores positively predicted startle potentiation during U-threat. To examine the specificity of 

the U-threat – panic symptoms association, we also ran parallel regression analyses 

examining the association between P-threat and panic symptoms. Results indicated no 

significant association between startle potentiation to P-threat and IDAS panic scores, β = .

15, t(38) = .76, ns.

To further evaluate the validity of the association between startle potentiation to U-threat and 

panic symptoms, a separate model was run to test the association between startle 

potentiation to U-threat and a DSM based index of panic symptoms, the PDSS. Consistent 

with the above, PDSS scores positively predicted startle potentiation to U-threat (see Table 

2), but not P-threat, β = .29, t(38) = 1.39, ns.

Symptom Associations with Neural Reactivity

As for the association with neural reactivity, whole-brain analyses indicated that greater 

IDAS panic scores were associated with greater dACC activation during U-threat (MNI peak 

[2, 16, 42], Z=4.80, k=252mm3, p<0.05corrected; see Figure 1). IDAS panic scores were not 

associated with any other node of the AAN. For completeness, all whole-brain results are 

presented in Table 1. Notably, consistent with the IDAS panic scores, PDSS scores were 

significantly correlated with dACC activation (r=0.42, p<0.05).

Parallel to above we tested the specificity of the current finding by regressing IDAS panic 

scores onto the fMRI contrast P-threat > no-threat. Whole brain analyses indicated no 

significant findings at p<0.05 FEW-corrected. Even when the threshold was lowered to 

p<0.001, uncorrected, the above finding was not observed.
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Association between Behavioral Reactivity and Neural Reactivity

In order to examine whether dACC activity during U-threat was associated with behavioral 

reactivity to U-threat, we regressed the extracted dACC BOLD values onto startle 

potentiation to U-threat. Results are presented in Table 2 and Figure 2. As expected, greater 

dACC activity to U-threat was significantly associated with greater startle potentiation to U-

threat.

Discussion

Converging lines of evidence indicate that exaggerated anticipatory anxiety in response to 

U-threat is a core dysfunction in PD. However, several critical gaps within this existing 

literature remain. First, it is presently unclear whether reactivity to U-threat is associated 

with a continuum of PS, cutting across PD and other internalizing psychopathologies 

(depression and anxiety disorders). Second, although there has been a broader literature 

focused on the neural correlates of threat reactivity, few studies have investigated the neural 

processes associated with heightened reactivity to U-threat within individuals with panic 

symptoms. Lastly, parallel literatures have utilized behavioral measures (e.g., startle 

eyeblink potentiation) and neural measures (e.g., fMRI) of reactivity to U-threat and have 

often assumed that these indices converge and capture the same affective dysfunction across 

individuals; however, no study to date has directly tested this key assumption. The aim of the 

current study was to therefore address each of these three questions in a sample of adult 

volunteers with a range of internalizing psychopathology and PS. Results indicated that as 

hypothesized, greater PS were associated with greater startle potentiation to U-threat. In 

addition, greater PS were associated with greater dACC activation during U-threat. These 

findings were specific to U-threat, relative to P-threat. Finally, greater dACC activation 

during U-threat was significantly associated with greater startle potentiation to U-threat.

The current results indicate that across two separate dimensional measures of PS, greater 

panic symptomology was associated with greater startle potentiation to U-threat, which 

notably expands upon the extant literature on threat sensitivity in PD. Specifically, although 

several studies have reported that individuals with a diagnosis of PD exhibit heightened 

startle potentiation to U-threat, relative to healthy controls (Grillon et al., 2008, Shankman et 

al., 2013), our findings imply that the relation between panic symptomology and sensitivity 

to U-threat extends beyond the DSM-defined diagnosis of PD to the broader dimension of 

PS across individuals with PD and other anxiety and/or depression disorders. This 

distinction is important in the context of the National Institute of Mental Health’s Research 

Domain Criteria Initiative (RDoC; Insel et al., 2010), which aims to identify transdiagnostic 

affective abnormalities that may contribute to symptoms of psychological conditions rather 

than specific categorical diagnoses. Additionally, the association with PS and startle 

potentiation to U-threat suggests that heightened anxious responding to U-threat may be 

relevant to full- and sub-syndromal for PD, and may therefore be a treatment target for the 

full spectrum of panic severity.

In addition to behavioral responding, the current results suggest that PS are also associated 

with neural response to U-threat – particularly, increased reactivity of the dACC. The dACC 

is a region within the broader frontolimbic network, or AAN, that is engaged by U-threat 

Lieberman et al. Page 11

Clin Psychol Sci. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Aupperle et al., 2012; Grupe & Nitschke, 2013; Shankman et al., 2014; Walker & Davis, 

1997), and has been implicated in the self-awareness of physiological sensations (Critchley, 

Weins, Rotshtein, Öhman, & Dolan, 2004). Specifically, dACC activity has been observed 

during the self-monitoring of heartbeats, and individuals high in anxiety sensitivity have 

been found to exhibit hyperactivity of the dACC during the anticipation of hyperventilation 

(Holtz et al., 2012). Relatedly, enhanced dACC activity has been observed during 

experimentally induced worrying (Paulesu et al., 2010), and has therefore been posited to be 

involved in the cognitive appraisal of unpredictable aversive events, such as panic attacks 

(Kalisch & Gerlicher, 2014). Taken together, hyperactivity of the dACC during U-threat may 

enhance interoceptive awareness and cognitive appraisal of U-threat, leading to exaggerated 

anxious responding and overall panic symptomology (Binks et al., 2014; Holtz et al., 2012; 

Kalisch & Gerlicher, 2014; McNally, 2002).

It is also possible that greater dACC activity reflects increased physiological responding 

during U-threat. Interestingly, previous studies have shown that dACC activity is associated 

with increased skin conductance responding to conditioned threat cues (Milad et al., 2007) 

and greater heart rate during the threat of social evaluation (Wager et al., 2009). Along these 

lines, hyperactivity of the dACC during U-threat may contribute to the pathogenesis of PD 

by generating exaggerated autonomic arousal in anticipation of unpredictable panic attacks, 

which is known to ultimately increase the likelihood of future panic attacks and precipitate 

disorder onset (Başoğlu et al., 1994; Bouton, Mineka, & Barlow, 2001).

It is important to highlight that the association between PS and dACC activation during U-

threat is consistent with our hypotheses and the existing threat and anxiety literatures. In 

addition to the ACC, however, we also hypothesized that symptoms would be associated 

with aINS activation during U-threat as the aINS is considered another key node involved in 

interoceptive awareness and generating emotional responses for future-oriented aversive 

events (Binks et al., 2014; Craig, 2009, 2011). We did not find evidence to support this 

specific hypothesis, though the dACC and aINS are highly interconnected, share several 

processes, and work together as a part of a larger affective salience network (Grupe & 

Nitschke, 2013), which may suggest an indirect association between PS and aINS 

functioning. Alternatively, the specificity of this association to the dACC, and not the aINS, 

may suggest that the relation between PS and dACC reactivity to U-threat is driven by 

processes that are unique to the dACC, relative to the aINS which may uniformly engage U-

threat but not be sensitive to individual differences in panic severity. Also as noted above, 

the dACC has been particularly implicated in the generation of physiological responding to 

U-threat (Milad et al., 2007; Wager at al., 2009), suggesting that the association between PD 

and dACC reactivity to U-threat may be due to the dACC’s unique role in generating and 

representing individual differences in physiological hyperarousal. However, this is highly 

speculative and so future studies should explore this hypothesis further.

Adding to the importance of the role of the dACC, an especially noteworthy finding of the 

present study is the positive association between dACC reactivity to U-threat and behavioral 

reactivity to U-threat. Across disciplines, it is often assumed that behavioral, 

psychophysiological and neural indices of affective responding are related and thus capture 

shared processes and mechanisms; however, this assumption is rarely empirically tested. In 
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other words, to date, it had been unclear whether individuals that display heightened startle 

potentiation to U-threat also exhibit heightened AAN network reactivity to U-threat as 

would be expected. The current results help to bridge these two literatures and suggest that 

within the same subjects, PS are associated with both greater startle potentiation and dACC 

reactivity to U-threat and importantly, these two separate indices converge and are positively 

associated with one another. This suggests that heightened startle potentiation and 

hyperactivity of the dACC to U-threat may constitute a profile (or dimension) of aberrant 

affective responses within panic pathophysiology that could one day be used as multi-unit, 

multi-layered targets for prevention and/or intervention techniques, consistent with the goal 

of NIMH’s RDoC Initiative (Insel et al., 2010).

Although the current study had numerous strengths including the use of multiple measures 

of reactivity to U-threat and PS, and inclusion of a clinically-representative treatment-

seeking sample, there are several limitations worth noting. First, the sample size was modest 

for an examination of individual differences in panic symptomatology. Future studies 

utilizing larger clinical samples are therefore necessary in order to better define a panic 

biobehavioral dimension. Second, startle potentiation and neural reactivity to U-threat were 

not assessed simultaneously and although the measures were correlated, studies are still 

needed to determine whether they converge when measured in response to the same exact 

stimuli. Relatedly, the startle and fMRI tasks were designed to be similar though there were 

minor differences in stimuli and timing, which may have impacted the current results. 

Therefore, additional studies should continue to probe the neural and behavioral processes 

that mediate reactivity to U-threat within individuals with PD and PS, and potentially other 

fear-based anxiety disorders, to continue to elucidate and define a behavioral-brain 

phenotype for fear and anxiety psychopathology.
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Fig. 1. 
A) Association between IDAS-II panic scores and dACC activation during U-threat relative 

to No-threat across participants with and without current psychopathology. B) Association 

between IDAS-II panic scores and dACC activation during U-threat relative to No-threat 

among participants with current psychopathology. C) dACC activation during U-threat 

relative to No-threat.
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Fig. 2. 
A) Association between startle potentiation to U-threat and dACC activation during U-threat 

relative to No-threat across participants with and without current psychopathology. B) 

Association between startle potentiation to U-threat and dACC activation during U-threat 

relative to No-threat among participants with current psychopathology.
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Table 2

Results from Linear Regression Analyses assessing the impact of panic symptoms and brain activation on 

startle potentiation to unpredictable threat

B t-score R (ΔR2)

Impact of Panic Symptoms on Startle Potentiation

Step 1 .28 (.08)

 Age −.23 −1.48

 Gender .01 .05

 IDAS Dysph .14 .90

Step 2 .51 (.19*)

 IDAS PD *.51 3.05

Step 2 .48 (.11*)

 PDSS .44* 2.28

Impact of Brain Activation on Startle Potentiation

Step 2 .48* (.16)

 dACC .42* 2.75

Note. IDAS PD = Inventory for Depression and Anxiety Symptoms-II, Panic Disorder Subscale; PDSS = Panic Disorder Severity Scale.

*
p < .05.
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