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Abstract

Stress resilience is mediated, in part, by our ability to predict and control threats within our
environment. Therefore, determining the neural mechanisms that regulate the emotional response
to predictable and controllable threat may provide important new insight into the processes that
mediate resilience to emotional dysfunction and guide the future development of interventions for
anxiety disorders. To better understand the effect of predictability and controllability on threat-
related brain activity in humans, two groups of healthy volunteers participated in a yoked
Pavlovian fear conditioning study during functional magnetic resonance imaging (fMRI). Threat
predictability was manipulated by presenting an aversive unconditioned stimulus (UCS) that was
either preceded by a conditioned stimulus (i.e., predictable) or by presenting the UCS alone (i.e.,
unpredictable). Similar to animal model research that has employed yoked fear conditioning
procedures, one group (Controllable Condition; CC), but not the other group (Uncontrollable
Condition; UC) was able to terminate the UCS. The fMRI signal response within the dorsolateral
prefrontal cortex (PFC), dorsomedial PFC, ventromedial PFC, and posterior cingulate was
diminished during predictable compared to unpredictable threat (i.e., UCS). In addition, threat-
related activity within the ventromedial PFC and bilateral hippocampus was diminished only to
threats that were both predictable and controllable. These findings provide insight into how threat
predictability and controllability affects the activity of brain regions (i.e., ventromedial PFC and
hippocampus) involved in emotion regulation, and may have important implications for better
understanding neural processes that mediate emotional resilience to stress.
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Introduction

Resilience to stress is mediated, in part, by our ability to predict and control threats in our
surroundings. For example, chronic exposure to unpredictable and uncontrollable threat is an
important trigger in the development of anxiety-related disorders (Chorpita and Barlow,
1998; Foa et al., 1992; Maier and Seligman, 1976). Therefore, determining the impact of
threat predictability and controllability on brain regions that regulate the emotional response
is necessary for a better understanding of the factors that promote resilience to emotional
dysfunction. Prior human neuroimaging work has examined threat predictability (Dunsmoor
et al., 2008; Knight et al., 2010; Wood et al., 2012; 2013) and controllability (Kerr et al.,
2012; Salomons et al., 2004; 2007; Wiech et al., 2006) independently, however, important
questions regarding how threat predictability and threat controllability interact within the
human brain remain unanswered. Thus, there is a critical gap in our understanding of the
impact that predictability and controllability have on the neural response to threat in
humans. Determining the neural response to predictable and controllable threat may provide
important new insights into processes that mediate resilience to emotional dysfunction and
guide the development of future interventions for anxiety disorders.

Although the predictability and controllability of aversive events have been previously
studied, most prior work as only focused on one of these two factors (i.e., predictability or
controllability) (Dunsmoor et al., 2008; Kerr et al., 2012; Salomons et al., 2004; 2007;
Wiech et al., 2006; Wood et al., 2012; 2013). For example, prior investigations of
controllability have generally not included unpredictable stimulus presentations that were
both controllable and uncontrollable (Kerr et al., 2012; Salomons et al., 2004; 2007; Wiech
et al., 2006). Thus, research that compares both predictability and controllability is
necessary for a complete understanding of these processes and how they interact. Further,
predictability and controllability have often been tightly linked in prior work on this topic
(Foa et al., 1992; Maier and Seligman, 1976; Mineka and Kihlstrom, 1978; Mineka and
Hendersen, 1985). For example, the termination of a controllable threat can be predicted,
whereas the termination of an uncontrollable threat cannot be predicted (Amat et al., 1998;
2008; Baratta et al., 2007; 2008; Rozeske et al., 2011). However, threat predictability can be
operationalized in terms of whether or not a warning signal precedes the threat, which would
permit a more independent assessment of controllability (i.e., controllable vs. uncontrollable
threat) and predictability (i.e., presentations of both predictable and unpredictable threat), as
well as, the interaction of these processes.

Human anxiety disorders are characterized by emotional behavior that resembles Pavlovian
conditioned fear responses (Davis et al., 2009; Grillon, 2002; Nitschke et al., 2006; 2009).
Therefore, fear conditioning has become a popular paradigm for the study of emotion
expression and regulation. The conditioned response (CR) is often the primary focus of
conditioning studies, and there are a number of interesting issues related to the impact
controllability has on the CR. However, the response to the threat itself is of utmost
biological relevance (Domjan, 2005), and recent work from our lab has demonstrated
important emotion and learning-related differences in threat-elicited brain and behavioral
responses (Dunsmoor et al., 2008; Knight et al., 2010; 2011; Wood et al., 2012; 2013;
2014). Therefore, determining the neural processes that mediate the influence predictability
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and controllability have on the threat-elicited response is vital to understanding emotional
behavior.

The prefrontal cortex (PFC), hippocampus, and amygdala are important components of the
neural circuit that mediates expression and regulation of the conditioned emotional response
(Davis, 1992; Fanselow, 1994; Hartley and Phelps, 2010). In particular, the ventromedial
PFC (vmPFC) and hippocampus support learning-related processes that appear to inhibit
conditioned and unconditioned fear expression in humans (Milad et al., 2007; 2009; Rauch
et al., 2006; Schiller et al., 2013; Wood et al., 2012). Further, animal model studies indicate
the vmPFC and hippocampus mediate stress resilience to predictable and controllable threat
(Amat et al., 1998; Baratta et al., 2007; 2008; Franklin et al., 2012; Russo et al., 2012).
Therefore, the vmPFC and hippocampus may support processes that regulate the emotional
response to predictable and controllable threat in humans.

Research using functional magnetic resonance imaging (fMRI) and psychophysiological
recording often employ within-subject designs to account for inter-subject differences and
reduce error variance. However, within-subject designs can introduce confounds (e.g., carry-
over effects) and interfere with the interpretation of the results. For example, confounds
related to habituation and/or prior associative learning prevent assessing control using a
within-subject design in separate scanning sessions, or separate blocks in the same scanning
session, because participants must have control in the first session to match for threat
duration in the second session. In contrast, a yoked Pavlovian fear conditioning paradigm,
similar to prior animal model research (Amat et al., 1998; 2008; Baratta et al., 2008; 2009;
Maier and Seligman, 1976; Maier, 1986; Maier and Watkins, 2010; Rozeske et al., 2011),
can be used to investigate the effect that threat predictability and controllability have on
human brain activity while limiting confounds related to habituation and prior conditioning.
Yoked conditioning studies typically consist of one group that has the ability to control (i.e.,
terminate) the threat and a second group that is “yoked” to the first group, and thus receives
the same stimuli, but cannot control the threat. Finally, yoked conditioning paradigms ensure
the order, onset, duration, and intensity of stimuli is consistent across groups that receive
varying degrees of predictable and controllable threat (i.e., between-subject design).

Prior human neuroimaging studies that have employed a within-subject design to investigate
controllability have typically given participants control on some trials, but not on other trials
(Kerr et al., 2012; Wiech et al., 2006). Thus, these manipulations do not simply compare
control vs. no control, but control vs. loss of control. The distinction between not having
control vs. losing control may seem subtle, but is an important issue in the learned
helplessness literature (Maier and Seligman, 1976). Other human neuroimaging studies have
primarily focused on the perception of control, instead of actual behavioral control over a
threat (Salomons et al., 2004; 2007). Each of these studies are valuable contributions to the
field, however, the current study focused on important questions specifically related to
controllable vs. uncontrollable threat.

The present study investigated the effect of predictability and controllability on the threat-
elicited neurophysiological response to better understand the underlying processes that
support emational resilience. In addition, this study includes psychophysiological, cognitive,
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and self-assessment measures to identify relationships that may influence stress resilience.
Similar to prior animal model research, this study employed a yoked Pavlovian conditioning
procedure to assess threat-elicited brain activity to predictable-controllable, predictable-
uncontrollable, unpredictable-controllable, and unpredictable-uncontrollable presentations of
threat. Given that the PFC and hippocampus support emotion regulation, we hypothesized
that predictability and controllability would modulate the amplitude of the threat-elicited
response within these brain areas. Although previous research has demonstrated greater
activity within the vmPFC and hippocampus during the anticipation of threat (Kerr et al.,
2012; Milad et al., 2007), our prior work has demonstrated anticipatory and threat-related
activity are inversely related (Wood et al., 2012). Thus, we expected diminished PFC and
hippocampal activity to predictable and controllable threats.

Materials and Methods

Experimental Design

Participants

Volunteers participated in a differential fear conditioning procedure during fMRI that
consisted of yoked pairs of subjects. To examine the effect of threat controllability, one
group received a controllable unconditioned stimulus (UCS) (Controllable Condition; CC)
and the second group received an uncontrollable UCS (Uncontrollable Condition; UC). CC
participants had the ability to terminate the UCS, whereas UC participants could not
terminate the UCS. Instead, the timing, duration, and order of stimuli presented to each CC
participant were recorded and used to determine stimulus presentation for their yoked match
in the UC group. In this way, CC participants controlled the duration of the UCS for their
matched counterpart in the UC group. Threat predictability was assessed by comparing
presentations of the unconditioned stimulus (UCS; threat) that was paired with the
conditioned stimulus (i.e., CS+UCS) to presentations of the UCS alone.

A total of fifty-four (27 CC and 27 UC) healthy right-handed volunteers participated in this
study [28 female, 26 male; age = 23.39 + 0.77 years (mean + SEM); range = 18-38 years].
Participants in the two groups were matched on gender, ethnicity, age, and level of
education (Table 1). There were no significant differences between the two groups based on
these factors. All subjects provided written informed consent as approved by the University
of Alabama at Birmingham Institutional Review Board.

State-Trait Anxiety Inventory

Participants completed the State-Trait Anxiety Inventory (STAI; Form Y) for Adults
(Spielberger, 1983) after the conditioning session. The STAI consists of a self-assessment
measure of state and trait anxiety in terms of general negative affect (Gros et al., 2007).
Scores on the state scale reflect anxiety level at the current moment, whereas trait anxiety
scores reflect a relatively long-term predisposition for anxiety (Spielberger, 1983).

Conditioned and unconditioned stimuli

Two tones (700 and 1300 Hz; 10 s duration; 20 s ITI) served as the CSs and a loud (100 dB)
white-noise served as the UCS (duration: 0.5-6.0 s in 0.5 s increments) and were presented
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through magnetic resonance (MR) compatible pneumatic headphones. UCS onset occurred
0.5 s before termination of one tone (CS+) and the second tone was presented alone (CS-)
(Figure 1). There were a total of 24 CS+, 24 CS—, and 24 UCS alone trials presented across
the two 960 s blocks of conditioning. The stimuli were counterbalanced and presented in a
pseudorandom order such that no more than two trials of the same stimulus were
consecutively presented.

UCS duration

CC participants were instructed that the UCS would last between 0.5-6.0 s, and that they
had the ability to control the duration of the UCS. They were instructed that they could
terminate the UCS by making a single button press on the joystick. CC participants were
also informed that if no button press was made the UCS would last the entire 6.0 s. In doing
so, CC participants determined the duration of the UCS for themselves as well as their
matched UC counterpart. UC participants were also informed that the UCS would last
between 0.5-6.0 s. Given that UC participants did not have the ability to control the UCS,
they were instructed to make a button press when the UCS ended, to control for motor
activity associated with the button presses made by their match in the CC group.

UCS unpleasantness

Participants rated the unpleasantness of the UCS following each conditioning scan.
Unpleasantness was rated on a 0 (not unpleasant) to 10 (unpleasant) scale. Separate ratings
were acquired for each block to assess change over time. Repeated measures ANOVA was
conducted to investigate change over time and group differences.

UCS expectancy

UCS expectancy was used as a measure of conscious expectation of the UCS. The present
analysis focused on conditioned UCR diminution. Therefore, contrasts were limited to
predictable (i.e., CS+UCS) and unpredictable (i.e., UCS alone) presentations of the UCS.
Presentation software (Neurobehavioral Systems, Inc.; Albany, CA) was used to present a
UCS expectancy rating scale on an IFIS-SA LCD (Invivo Corp.; Gainesville, FL) video
screen located above the subject’s head and viewed through a mirror attached to the RF coil.
An MR-compatible joystick (Current Designs; Philadelphia, PA) was used to monitor
subjects’ expectancy of receiving the UCS. The joystick controlled a rating bar that was
presented throughout the conditioning session on the video screen. Subjects were instructed
to rate their UCS expectancy from moment to moment using a continuous scale from 0 to
100 (0 = certain the UCS would not be presented, 50 = uncertain whether the UCS would be
presented, 100 = certain the UCS would be presented) to reflect their current UCS
expectancy. UCS expectancy was calculated as the average response (1 s sample) at UCS
onset. Additional details on this methodology have been published previously (Knight and
Wood, 2011).

Skin conductance response

An MR-compatible physiological monitoring system (Biopac Systems; Goleta, CA) was
used to collect skin conductance response (SCR) data. SCR was sampled (10 kHz) with a
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pair of disposable radio-translucent dry electrodes (EL509, Biopac Systems; Goleta, CA).
Isotonic recording electrode gel (Gel101, Biopac Systems; Goleta, CA) was applied to the
electrodes which were then affixed to the thenar and hypothenar eminences of the left palm.
SCR data were processed using Biopac AcqKnowledge 4.1 software. A 1 Hz low pass
digital filter was applied and SCR data were resampled at 250 Hz. Unconditioned SCRs
were limited to those that occurred within 10 s following the UCS presentation.
Unconditioned SCRs smaller than 0.05 puSiemens were scored as 0. Data were then square
root transformed prior to statistical analyses.

Electromyography

The MR-compatible physiological monitoring system (Biopac Systems; Goleta, CA) was
also used to collect eye-blink electromyography (EMG) data. EMG was sampled (10 kHz)
with a pair of disposable radio-translucent electrodes (1 cm diameter, Biopac Systems;
Goleta, CA) from the orbicularis oculi muscle below the left eye. The first electrode was
placed directly below the left pupil while the second was placed laterally to the first
electrode as per previous committee report guidelines (Blumenthal et al., 2005). EMG data
were processed using Biopac AcgKnowledge 4.1 software. Following guidelines for digital
filtering (Cook and Miller, 1992) and EMG denoising (Blumenthal et al., 2005) a Fast
Fourier Transform was used to assess and remove frequency domains where noise occurred
(Comb Band Stop filter at fMRI fundamental frequency ~ 17.0 Hz, 60 Hz Notch filter, 28—
400 Hz Kaiser-Bessel Band Pass filter). The EMG signal was resampled at 1000 Hz then
rectified and integrated (20 ms time constant) for scoring. Responses were scored as the
peak-valley difference with the valley (average EMG response) occurring in the first 20 ms
prior to the UCS and the peak occurring within the 21-150 ms window following the UCS
(Blumenthal et al., 2005). Negative responses were scored as a zero.

Functional MRI

Structural and functional imaging was completed on a 3 Tesla Siemens Allegra scanner.
High-resolution anatomical images (MPRAGE) were obtained in the sagittal plane using a
T1 weighted series (TR=2300 ms, TE=3.9 ms, flip angle=12°, FOV=25.6 cm, matrix=256 x
256, slice thickness=1 mm, 0.5 mm gap) to serve as an anatomical reference. Blood oxygen
level dependent fMRI of the entire brain was conducted using a gradient-echo echoplanar
pulse sequence in an oblique-axial orientation (TR=2000 ms, TE=30 ms, flip angle=70°,
FOV=24 cm, matrix=64 x 64, slice thickness=4 mm, no gap) during each block of stimulus
presentations. Functional image processing was performed with the Analysis of Functional
Neurolmages (AFNI) software package (Cox, 1996). Echo-planar time series data were
corrected for slice timing offset, motion corrected, concatenated, reregistered to the fifth
volume of the first imaging block, and spatially blurred using a 4 mm full-width-at-half-
maximum Gaussian filter.

Functional MRI data were analyzed at the individual subject level using the input from all
stimuli in a multiple linear regression using a gamma variate hemodynamic response
function. Regressors to account for brain activity not related to the UCR included reference
waveforms for the CS+ and CS-, joystick movement, button presses, and head motion
parameters. Head movement during the scanning session was assessed prior to any
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movement correction to the fMRI data. On average, less than one millimeter of movement
occurred during the scanning session (mean = SEM, 0.86 + .05). Time points where 3% or
more of the voxels across the brain were beyond the voxel-wise trend and median absolute
deviation (i.e., outliers) of the time series were censored from the individual subject level
analysis. On average, 1109 + 2.1 of the 1124 total volumes acquired were included in the
analysis. The regressors of interest used for the analyses in this study modeled the
unconditioned fMRI signal response to UCS presentations during the CS+UCS and UCS
alone. Analyses were restricted to voxels with sufficient signal quality by assigning a value
of 0 to voxels with tSNR values below 30. Percent signal change was used as an index of the
amplitude of the unconditioned fMRI signal response produced by the UCS. Functional
maps reflecting percent signal change were converted to the Talairach and Tournoux
stereotaxic coordinate system for group analyses (Talairach and Tournoux, 1988).

Given a priori hypotheses based on prior work (Dunsmoor et al., 2008; Kerr et al., 2012;
Knight et al., 2010; Salomons et al., 2004; Wiech et al., 2006; Wood et al., 2012; 2013), the
AFNI Talairach and Tournoux atlas was used to restrict group level analyses to the PFC,
cingulate cortex, inferior parietal lobule (IPL), insula, amygdala, and hippocampus to reduce
the number of voxel-wise comparisons. We conducted a repeated-measures ANOVA to test
for a main effect of predictability (CS+UCS vs. UCS alone) and controllability (CC vs. UC),
as well as a predictability x controllability interaction. Cluster threshold criteria were
determined by Monte Carlo simulations which resulted in family-wise error (FWE)
corrected significance threshold of p < 0.05 by rejecting small clusters of activation that are
more likely to be produced by chance alone (Forman et al., 1995; Saad et al., 2006). The
actual smoothness of the data was determined using AFNI’s 3dFWHMXx for each participant,
then calculating the mean FWHM value across participants. Criteria used for the AlphaSim
program included the FWHM values (X, y, and z axes), voxel dimensions (in the acquired
native space 3.75 x 3.75 x 4.00 mm3), anatomical ROl mask, and an uncorrected threshold
of p < 0.005 for the volume correction simulations. Follow-up analyses consisted of paired t-
test comparisons on the main effects revealed by the ANOVA. Fisher’s least significant
difference (LSD) t-tests were conducted to assess the interaction effects revealed by the
ANOVA. All follow-up contrasts were performed in SPSS on the mean percent signal
change activation passing the significance threshold (p < 0.05 corrected) for the ANOVA.

A total of ten multiple linear regression analyses were completed to investigate the
relationship between the unconditioned fMRI signal response from brain regions identified
by the ANOVA (i.e., functional regions of interest; ROI) and behavior (i.e., UCS
expectancy), psychophysiology, (SCR and EMG), and self-reported negative affected (i.e.,
state and trait). The regression analyses evaluated these relationships at p < 0.05 in SPSS
using the averaged (CS+UCS and UCS alone) unconditioned fMRI signal response, as well
as the difference (UCS alone — CS+UCS) in activation from the functional ROI as predictors
for each outcome measure (i.e., behavior, psychophysiology, and negative affect). The
analyses included all thirteen functional ROI (Tables 2 and 3) and were modeled separately
for each outcome measure (i.e., state anxiety, trait anxiety, UCS expectancy, SCR, and
EMG).
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UCS duration

Given that CC and UC participants were yoked, there were no differences in UCS duration
between the groups. In addition, there were no differences in UCS duration between the CS
+UCS (mean + SEM: 3.51 + 0.41; range = 0.5 - 6.0 s) and UCS alone (3.62 + 0.40; range =
0.5-6.0s;t[26] = -1.38, p = 0.18) trials.

UCS unpleasantness

Both the CC group (5.30 £ 0.39) and the UC group (5.80 £ 0.40) rated the UCS as
unpleasant. There was no change in unpleasantness across the two conditioning blocks
(F[1,52] = 1.87, p = .18). No group differences were observed (F[1,52] = 1.20, p = .28).

UCS expectancy

Repeated measures ANOVA revealed significant differences in UCS expectancy. Results
showed a main effect for predictability (F[1,52] = 32.17, p < 0.001), but no main effect for
controllability (F[1,52] = 0.03, p = 0.86) or predictability x controllability interaction
(F[1,52] = 0.43, p = 0.51). UCS expectancy was greater on CS+UCS (75.55 £ 2.93) than on
UCS alone (60.47 + 3.56) trials for the CC group (t[26] = 3.22, p = 0.003). The UC group
also showed greater UCS expectancy on CS+UCS (76.95 £ 2.95) than UCS alone (57.92 +
2.70; t[26] = 5.04, p < 0.001) trials (Figure 2a).

Skin conductance

Repeated measures ANOVA also revealed significant learning-related differences in
unconditioned SCR expression. There was a main effect for predictability (F[1,52] = 15.71,
p < 0.001), but no main effect for controllability (F[1,52] = 1.75, p=0.19) or a
predictability x controllability interaction (F[1,52] = 0.42, p = 0.52). T-test comparisons
revealed a significantly diminished unconditioned SCR for CS+UCS trials (0.55 + 0.09)
compared to UCS alone trials (0.65 + 0.12; t[26] = —2.23, p = 0.04) for CC participants. The
same pattern was observed for UC participants. Unconditioned SCRs were diminished on
CS+UCS trials (0.71 £ 0.09) compared to UCS alone trials (0.85 £ 0.09; t[26] = -3.44; p =
0.002) (Figure 2b).

Electromyography

Repeated measures ANOVA also revealed significant differences in the EMG response.
There was a main effect for predictability (F[1,52] = 12.06, p = 0.001), but no main effect
for controllability (F[1,52] = 1.53, p = 0.22) or predictability x controllability interaction
(F[1,52] = 1.50, p = 0.23). T-test comparisons revealed a significantly enhanced EMG
response on CS+UCS trials (246.70 + 35.40) compared to UCS alone trials (157.25 + 19.08;
t[26] = 2.74, p = 0.01) for CC participants. The same pattern was also observed for the UC
participants on CS+UCS trials (187.76 + 21.69) compared to UCS alone trials (144.93 =
17.27; t[26] = 2.18, p = 0.04) (Figure 2c).
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Functional MRI

Repeated measures ANOVA revealed significant differences in the amplitude of the
unconditioned fMRI signal response within several brain regions (Tables 2-3, Figures 3-4).
A main effect for predictability was observed within the dorsolateral prefrontal cortex
(PFC), dorsomedial PFC (dmPFC), vmPFC, and posterior cingulate cortex (PCC) (F[1,52] >
8.60; p < 0.05 FWE corrected). No clusters of activation were revealed for the main effect
for controllability (F[1,52] < 8.60). A predictability x controllability interaction (F[1,52] >
8.60; p < 0.05 FWE corrected) was observed within the vmPFC, insula, and hippocampus.
Specifically, the interaction effect was demonstrated within bilateral vmPFC, bilateral
insula, and left hippocampus. The right hippocampus also showed an interaction effect that
met the uncorrected significance threshold (p < 0.005) but did not meet the volume criteria
for the corrected significance threshold (Figure 4). Because it is often difficult to acquire
good EPI signal quality from ventral brain regions, we assessed tSNR values from the
functional vmPFC activation (shown in Figure 4). On average, 96.1 = 1.71% of the vmPFC
activation (shown in Figure 4) had sufficient signal quality (i.e., tSNR values > 30). Thus,
approximately 4% of the vmPFC activity contained voxels with low tSNR (< 30) and had
been assigned a value of 0 prior to group level analyses. Follow-up contrasts were conducted
in SPSS on the mean fMRI signal from each volume of activation revealed by the repeated
measures ANOVA. Paired t-test comparisons were conducted for the main effect of stimulus
type because these were within-subject contrasts. All regions showed a diminished UCR on
CS+UCS vs. UCS alone trials (Table 2). Fisher’s LSD t-tests were used to assess the
interaction effect and were completed for each volume of activation that showed a
predictability x controllability interaction. These contrasts revealed a diminished UCR on
CS+UCS vs. UCS alone trials for the CC group within the vmPFC, and hippocampus (Table
3). The fMRI signal response on CS+UCS vs. UCS alone trials for the UC group was not
significantly different within in any of the ROI. In addition, the CC group showed a
diminished UCR on CS+UCS trials compared to the UC group within the vmPFC and
hippocampus (Table 3). No group differences were observed between the CC and UC group
on UCS alone trials. No significant results were observed within the amygdala or IPL.

Multiple linear regression analyses were conducted on the averaged (CS+UCS and UCS
alone) as well as the difference (UCS alone — CS+UCS) in unconditioned fMRI signal
response. These analyses were restricted to the thirteen functional ROI identified from the
ANOVA (Tables 2 and 3). The linear regression modeled all functional ROI as predictors
for each outcome measure (i.e. state anxiety, trait anxiety, UCS expectancy, SCR, and
EMG). The relationships were modeled separately for each measure with the averaged (i.e.,
CS+UCS and UCS alone) and difference scores (i.e., UCS alone — CS+UCS) for UCS
expectancy, SCR, and EMG. Collinearity statistics indicated that multicollinearity was not
an issue for the models (tolerance > .1; variance inflation factor < 10). The multiple linear
regression analyses of the averaged responses revealed a significant negative relationship
between left hippocampal activity and trait anxiety. Dorsomedial PFC showed a negative
relationship to UCS expectancy, whereas the vmPFC showed a positive relationship to UCS
expectancy (Table 4, Figure 5). The multiple linear regression analyses using difference
scores (i.e., UCS alone — CS+UCS) revealed that differential dmPFC and vmPFC activity
were negatively related to trait anxiety. In contrast, a positive relationship was observed
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between PCC and trait anxiety. A negative relationship was observed between differential
dmPFC activity and state anxiety, whereas differential activation within the PCC was
positively related to state anxiety. In addition, there was a positive relationship between
differential PCC activity and SCR. Finally, the insula and hippocampal activity within the
right hemisphere showed a negative relationship with the EMG response, whereas the insula
and hippocampal activity within the left hemisphere showed a positive relationship to the
EMG response (Table 4, Figure 5).

Discussion

Resilience to stress is an important aspect of healthy emotional functioning, thus
determining the neural mechanisms of stress resilience may provide important insights for
improving emotional well-being. Resilience to stress is mediated, in part, by our ability to
predict and control impending threats in our environment (Chorpita and Barlow, 1998; Foa
et al., 1992; Maier and Seligman, 1976). Therefore, determining the human brain response
to threats that vary in their predictability and controllability may provide important insights
into neural processes that mediate resilience to stress. Findings from the present study
demonstrate vmPFC and hippocampal activity varies with the predictability and
controllability of threats. Given that the vmPFC and hippocampus are central components of
the neural circuit that regulates emotion (Amat et al., 1998; Baratta et al., 2007; 2008;
Hartley and Phelps, 2010; Milad et al., 2007; 2009; Rauch et al., 2006; Schiller et al., 2013),
these findings suggest the ability to predict and control threat has an important impact on
vmPFC and hippocampal function that may play a key role in emotional resilience.

Findings from the present study demonstrate diminished vmPFC and hippocampal activity
to threats that were both predictable and controllable. In contrast, greater vmPFC and
hippocampal activity was observed to threats that were not predictable or were not
controllable (i.e., unpredictable-controllable, unpredictable-uncontrollable, and predictable-
uncontrollable threats). Specifically, we observed diminished neural activity within the
vmPFC and hippocampus to controllable threats that were predictable compared to
controllable threats that were unpredictable. Further, these brain regions showed a
diminished response to predictable threats that were controllable compared to predictable
threats that were uncontrollable (Figure 4). In contrast to predictable trials, controllability
did not influence threat-elicited activity within the vmPFC or hippocampus when threats
were unpredictable. More specifically, no differences were observed in vmPFC and
hippocampal activity to unpredictable threats regardless of whether the threat could be
controlled or not. Further, the response to uncontrollable threat was similar on predictable
and unpredictable trials. Taken together, these findings indicate controllability modulates
vmPFC and hippocampal activity to predictable, but not unpredictable threat. Thus, the
impact of threat controllability on the fMRI signal response was specific to predictable
threat in the present study. Although an interaction effect was revealed within the vmPFC
and hippocampus, a similar result was not observed in our psychophysiological data. The
lack of a psychophysiological correlate to the activity observed within the vmPFC and
hippocampus complicates the interpretation of the experimental manipulation of control.
More specifically, the current results suggest controllability did not impact the peripheral
emotional response (i.e., SCR and EMG) in the same manner that controllability modulated
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vmPFC and hippocampal activity. Although, SCR and EMG did show a main effect for
threat predictability that was similar to the effects seen within other regions of the PFC
(Table 2), the fact that these psychophysiological measures did not show an interaction
effect leaves unanswered questions regarding the impact of vmPFC and hippocampal
activation on the peripheral emotional response in the present study.

The current findings indicate threat predictability and controllability interact to affect brain
activity within the vmPFC and hippocampus. These results are consistent with animal model
research that suggests behavioral control over a threat is encoded within the vmPFC (Amat
et al., 2008; Baratta et al., 2007; Maier et al., 2006). For example, prior research has
demonstrated behavioral control over threat interferes with subsequent fear conditioning,
whereas exposure to an uncontrollable threat results in an enhanced fear response (Baratta et
al., 2007; Maier et al., 2006). This prior work indicates the vmPFC (Baratta et al., 2009) and
hippocampus (Amat et al., 1998) mediate the stress-reducing effects that benefit an
organism that has control over a threat. For example, prior experience with controllable
threat alters vmPFC function and, in turn, regulates the amygdala-dependent emotional
response to future threats (Amat et al., 2008; Baratta et al., 2007; 2008; Maier et al., 2006).
Thus, the vmPFC and hippocampus appear to mediate the emotional resilience to stress
(e.g., reduced emotional response to threat) that develops when we can control an impending
threat.

Prior animal model research suggests that increased vmPFC activity is required to inhibit the
emotional response to controllable threat (Amat et al., 2005; Baratta et al., 2008). However,
we observed a lower fMRI signal response within the vmPFC on predictable-controllable
trials in the present study. Thus, the current findings may initially appear somewhat
inconsistent with prior animal model work. However, formal learning theory suggests that as
an association between the CS and UCS is learned, the UCR (i.e., the threat-elicited
response in the current study) should decrease (Rescorla and Wagner, 1972; Rescorla,
1988). More specifically, the CS acquires properties of the UCS, and as the CS-UCS
association is learned, the CR increases, while the UCR decreases (see also Domjan, 2005).
Therefore, the threat-elicited response in the present study would be expected to show an
opposite pattern to the CR elicited by the CS. This phenomenon is generally referred to as
conditioned UCR diminution, and prior work from our lab has demonstrated that as the
anticipatory CR increases within the dmPFC, the UCR (i.e., threat-elicited response) within
the vmPFC decreases (Wood et al., 2012). The present study suggests that this effect is
mediated to some degree by an individual’s ability to control the threat. Although, prior
animal model work suggests an increase in vmPFC activity inhibits the emotional response
to controllable threat, this prior work was not focused on identifying UCR specific
processes. More specifically, prior animal model research on threat controllability has either
focused on vmPFC function in anticipation of threat (Baratta et al., 2008) or was not
designed to disentangle anticipatory (i.e., the CR) from threat-specific (i.e., the UCR)
responses (Amat et al., 2005). Thus, the increased vmPFC activity in prior work may reflect
behavioral control processes elicited by a context or CS presentation (i.e., the CR), rather
than a discrete response to the threat itself (i.e., the UCR). In contrast, the present study
specifically evaluated the threat-elicited response (i.e., the UCR), and demonstrates that the
response is diminished when threats are both predictable and controllable.
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Dysfunction of vmPFC and hippocampal circuitry may mediate symptoms of disinhibition
that characterize anxiety-related disorders. Post-traumatic stress disorder (PTSD), for
example, is characterized by symptoms that include re-experiencing, hyperarousal, and
avoidance behavior triggered by a life threatening traumatic event beyond one’s control
(American Psychiatric Association, 2000). The hyperarousal often observed in PTSD
appears to be due to insufficient top-down regulatory control that results in hypersensitivity
of subcortical brain areas (e.g., the amygdala) (Briscione et al., 2014; Jovanovic and Ressler,
2010; Milad et al., 2009; Rauch et al., 2006; Robison-Andrew et al., 2014). Further, PTSD is
often associated with hypoactivation of the vmPFC and hippocampus (Bremner et al., 2004;
Haas et al., 2010; Milad et al., 2009; Rauch et al., 2006). Thus, dysfunction of top-down
regulatory processes that are supported by vmPFC and hippocampal projections to the
amygdala appear to mediate key symptoms of PTSD (Birn et al., 2014; Gilmartin et al.,
2014; Hartley and Phelps, 2010; Sripada et al., 2012). In addition, PTSD symptom severity
is greater among individuals that believe they lack control over daily life stressors (Benight
and Bandura, 2004; Bolstad and Zinbarg, 1997; Freh et al., 2013; Palyo and Beck, 2005;
Tsay et al., 2001). Given the findings from the present study, the perceived lack of control
PTSD patients experience may further disrupt vmPFC and hippocampal function, and result
in susceptibility to stress (Birn et al., 2014; Etkin and Wager, 2007; Koch et al., 2014; Maier
and Watkins, 2010). Thus, learning-related processes that normally support healthy emotion
regulation may instead disrupt regulatory functions and increase susceptibility to stress in
anxiety disorder patients.

In the current study, both negative and positive relationships were observed between the
differential EMG response and threat-elicited responses within the insula and hippocampus.
More specifically, negative relationships were observed within the right hemisphere, and
positive relationships were observed within the left hemisphere. Although, we did not expect
to observe hemispheric differences in these relationships, there is prior research that
suggests that emotion-related processes are asymmetrically represented within the human
brain. For example, emotion studies have demonstrated a relationship between right
hemisphere activity and unpleasant emotion, whereas left hemisphere activity varied with
pleasant emotion (Canli et al., 1998; Craig, 2009; Maxwell and Davidson, 2007; Rutherford
and Lindell, 2011; Wager et al., 2003). Further, hemisphere specific relationships previously
observed have been associated with SCR (Cheng et al., 2003; Critchley et al., 2000; 2005;
Dunsmoor and Labar, 2012; Knight et al., 2005; Ohira et al., 2006; Phelps et al., 2001),
startle EMG (Anders et al., 2004; Klumpers et al., 2010; Kumari et al., 2008), pain (Brooks
et al., 2002; Craig, 2002, 2003; Watson et al., 2009), and the cardiac response (Critchley et
al., 2000; Critchley, 2005). Prior electroencephalograph (EEG) research has also
demonstrated hemisphere specific relationships (Avram et al., 2010; Goodman et al., 2013;
Jackson et al., 2003; Master et al., 2009; Wiedemann et al., 1999). These converging lines of
evidence posit that the right hemisphere is associated with arousal and aversive behavior,
whereas the left hemisphere is associated with rest and appetitive behavior (Craig, 2002;
Critchley et al., 2000; 2001; Goodman et al., 2013; Jackson et al., 2003; Maxwell and
Davidson, 2007). However, these prior studies did not show differentially signed
relationships within the left compared to right hemisphere. While the current data are
generally consistent with prior work showing hemisphere specific relationships, we must
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also take into consideration that the current relationships were observed with EMG while
taking activity from other brain areas into account in the statistical model. More specifically,
the startle EMG relationships with the bilateral hippocampus and insula were the result of a
multiple linear regression that included activity from all other active brain regions (Tables 2
and 3). In contrast, prior work has primarily utilized simple correlation to assess
relationships between brain activity and the physiological response (Burghy et al., 2012;
Cheng et al., 2003; Craig, 2002, 2003; Critchley et al., 2000; Critchley, 2005; Dunsmoor and
Labar, 2012; Jackson et al., 2003; Klumpers et al., 2010; Napadow et al., 2013; Nugent et
al., 2011). However, in the present study, the observed effects do not appear with simple
correlation analyses. Instead, the relationships between startle EMG and threat-elicited brain
activity within the hippocampus and insula were only observed when included in a multiple
regression analysis, suggesting these relationships may be disguised when activation from
other brain regions is not taken into account. In summary, the present findings are generally
in line with research that suggests emotion processes are asymmetrically represented within
the human brain.

A dissociation between the SCR and EMG response was observed in the current study,
however prior work suggests that changes in these psychophysiological responses measure
distinct aspects of emotional behavior (Anders et al., 2004; Benedek and Kaernbach, 2010;
Davis et al., 1993; 2006; Grillon, 2002; Knight et al., 2010; 2011; Lang et al., 1998; Neuner
et al., 2010; Piché et al., 2010). Thus, it is not unusual to observe different patterns or even
opposite patterns between these psychophysiological measures (Piché et al., 2010; Weike et
al., 2005). For example, the enhanced EMG response observed to predictable threat in the
current study is similar to fear-potentiated startle findings (Grillon et al., 1993; 2004; 2011;
van Well et al., 2012), whereas the diminished threat-elicited SCR to predictable threat is
consistent with prior conditioned UCR diminution research (Dunsmoor et al., 2008; Knight
etal., 2010; 2011; Wood et al., 2012; 2013). Thus, the present findings are consistent with
prior conditioning research that has demonstrated different response patterns in SCR and
EMG responses (Grillon and Ameli, 2001; Weike et al., 2005).

In the present study, the comparison of both predictability and controllability is an important
strength. In addition, we have operationalized predictability in terms of whether or not a
signal preceded the threat and assessed the threat-elicited response to both controllable and
uncontrollable threat. Further, participants were exposed to controllable compared to
uncontrollable threat. For example, participants in the CC group controlled the duration of
the UCS, whereas participants in the UC group were unable to control the duration of threat.
Although the CC group was informed that they could control (i.e., terminate) the UCS with
a single button press, they were not given explicit instructions regarding if or when to
terminate the UCS. Participants that asked for further instruction about the duration of the
UCS (i.e., whether or not they should terminate the UCS; or when to terminate the UCS)
were told to decide for themselves, and were reminded the UCS would last 6 seconds if not
terminated. Participants were not instructed to terminate the UCS at a specific time given the
effect those instructions could have on the manipulation of control. As a result, UCS
duration varied across the entire possible range of 0.5 — 6.0 seconds. On average, UCS
duration was 3.59 seconds and did not differ between predictable (3.51 seconds) and
unpredictable (3.62 seconds) trials. These data suggest participants were generally motivated
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to terminate the UCS, and indicate the decision to terminate was not influenced by UCS
predictability. However, participants’ motivation to terminate the UCS certainly varied from
person-to-person. It is possible that a more aversive UCS (e.g., greater intensity or duration)
may have motivated participants’ to terminate the UCS more quickly. However,
unpleasantness ratings did not vary with UCS duration in the present study, suggesting the
decision of when to terminate was not simply based on the perceived aversiveness of the
ucCs.

In summary, the ability to predict and control threats within one’s environment is a critical
aspect of emotional resilience (Chorpita and Barlow, 1998; Foa et al., 1992; Kerr et al.,
2012; Maier and Seligman, 1976; McNally et al., 2011; Wood et al., 2012), and converging
lines of evidence suggest the vmPFC and hippocampus play a key role in the emotion
regulation process (Franklin et al., 2012; Gilmartin et al., 2014; Hartley and Phelps, 2010;
Maren, 2014; Milad et al., 2007; Russo et al., 2012). Thus, these brain regions appear to
mediate functions that are important for stress resilience. Therefore, determining how the
vmPFC and hippocampus respond to the predictability and controllability of threat provides
important insight into neural processes that mediate emotion regulation and stress resilience.
To our knowledge, this is the first neuroimaging study to investigate the impact of threat
predictability and controllability on human brain activity using methods translated from
traditional animal model behavioral neuroscience research. In this study, vmPFC and
hippocampal activity was only diminished when threats were both predictable and
controllable. In contrast, the response within these brain regions was relatively enhanced
when threats were unpredictable or uncontrollable. Given that chronic exposure to
unpredictable and uncontrollable threat is an important trigger for anxiety disorders
(Chorpita and Barlow, 1998; Foa et al., 1992; Maier and Seligman, 1976), the present
findings suggest the vmPFC and hippocampus are important components of the neural
circuitry that mediates stress resilience and healthy emotional functioning.
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CS+
UCS
CS-
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No CS

UCS

Figure 1.
Conditioning Procedure. Participants received a total of 24 presentations of each stimulus

(24 CS+, 24 CS—, and 24 UCS alone). UCS duration was determined by participants in the
CC group and varied between 0.5-6.0 s in 0.5 s increments. Timing, duration, and stimulus
order for each CC participant was recorded and used to determine the stimulus presentation
for their yoked match in the UC group.
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UCS expectancy, unconditioned SCR, and EMG response. a) Both the CC and UC groups
demonstrated learning-related differences in UCS expectancy. UCS expectancy was higher
to predictable (i.e., CS+UCS) than unpredictable (i.e., UCS alone) trials. b) Learning-related
changes in unconditioned SCR expression were also observed for both the CC and UC
groups. Unconditioned SCRs were diminished on predictable vs. unpredictable trials. )
Both groups demonstrated learning-related changes in the EMG response to the UCS. The
EMG response was enhanced on predictable trials compared to unpredictable trials. No

group differences were observed in UCS expectancy, unconditioned SCR, or EMG.
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Figure 3.

Neural response to predictable and unpredictable threat. The fMRI signal response was
diminished to predictable vs. unpredictable threat within several brain regions (see Table 2)
including prefrontal cortex (PFC) and posterior cingulate. UCR amplitude within each of
these brain areas was reduced on predictable (i.e., CS+UCS) compared to unpredictable (i.e.,
UCS alone) trials. Brain activation reflects the main effect for predictability revealed by the
repeated-measures ANOVA. Graphs reflect the mean amplitude (% signal change) of all
voxels within volumes of activation. Asterisk indicates significant difference.
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Figure 4.
Regions that showed a predictability x controllability interaction. The unconditioned fMRI

signal response within the ventromedial PFC and hippocampi were diminished on
predictable trials compared to unpredictable trials for the CC group, but not the UC group.
The unconditioned fMRI signal response was diminished on predictable trials for the CC
group compared to the UC group (see Table 3). Graphs reflect the mean amplitude (% signal
change) of all voxels within the volume of activation. TRight hippocampus met significance
threshold (p < 0.005, uncorrected), but not volume threshold (volume > 112mm3) for
multiple comparison correction.
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Figure 5.
Partial regression plots of relationships between threat-elicited brain activity,

psychophysiology, and state and trait anxiety. Multiple linear regression analyses between
the data from functional ROI and each behavioral measure were assessed using the average
(CS+UCS and UCS alone) and differential (UCS alone — CS+UCS) response (Table 4).
Graphs depict brain (x axis) and behavioral (y axis) residuals resulting from the regression
analyses. Average response: Hippocampal activity varied with trait anxiety (a), while both
dmPFC and vmPFC activity varied with UCS expectancy (b and c). Differential Response:
dmPFC, vmPFC, and PCC activity varied with trait anxiety (d — f), the dmPFC and PCC
also varied with state anxiety (g and h). PCC activity also varied with SCR (i), while
hippocampal and insula activity varied with EMG (j-m).
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Table 1
Demographics and group characteristics.
Measures Controllable Condition  Uncontrollable Condition t p
Male/Female 13/14 13/14
Age 23.37+1.10 2341111 -0.03 0.97
range 18-38 18-38
Education (years) 14.89 + 0.49 15.26 + 0.59 -0.68 0.50
range 12-22 12-21
State Anxiety 33.30 + 1.47 35.30 £ 1.49 -1.05 0.30
Trait Anxiety 36.93+1.71 38.63 +1.23 -0.81 042

There were no differences in gender, age, education, or anxiety level between the groups.
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