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Abstract
In Pavlovian fear conditioning, contingency awareness provides an indicator of explicit fear learning. A less studied aspect of
fear-based psychopathologies and their treatment, awareness of learned fear is a common cause of distress in persons with such
conditions and is a focus of their treatment. The present work is a substudy of a broader fear-conditioning fMRI study. Following
fear conditioning, we identified a subset of individuals who did not exhibit explicit awareness of the CS-US contingency. This
prompted an exploratory analysis of differences in “aware” versus “unaware” individuals after fear conditioning. Self-reported
expectancies of the CS-US contingency obtained immediately following fear conditioning were used to differentiate the two
groups. Results corrected for multiple comparisons indicated significantly greater BOLD signal in the bilateral dlPFC, right
vmPFC, bilateral vlPFC, left insula, left hippocampus, and bilateral amygdala for the CS+>CS− contrast in the aware group
compared with the unaware group (all p values ≤ 0.004). PPI analysis with a left hippocampal seed indicated stronger coupling
with the dlPFC and vmPFC in the aware group compared with the unaware group (all p values ≤ 0.002). Our findings add to our
current knowledge of the networks involved in explicit learning and awareness of conditioned fear, with important clinical
implications.

Keywords Pavlovian fear conditioning . Neuroimaging . Contingency awareness . Explicit learning

Introduction

Associative fear learning involves the formation of memories
necessary for adaptive survival and confers the ability to pre-
dict and respond to danger through cognitive, autonomic, and
psychomotor responses (Liberzon & Ressler, 2012). This re-
sults in timely assessment and execution of precautionary be-
haviors necessary to avoid an impeding threat (Critchley et al.,
2002; Goodman, Harnett, & Knight, 2018a; Pellman & Kim,
2015). Although fear learning is traditionally thought of as an
automatic process, conscious awareness of learned fear plays
an important role in cognitive and behavioral responses to
threat, as well as in the psychopathology of fear-based disor-
ders (Goodman, Harnett, Wheelock, et al., 2018b; Liberzon &
Abelson, 2016). As such, studying the underlying

neurobiological processes involved in awareness of learned
fear is important to understand the psychopathology of fear-
based disorders.

Pavlovian fear conditioning models fear-based psychopa-
thology in the laboratory setting (Briscione et al., 2014). In the
Pavlovian fear conditioning paradigm, a neutral stimulus
(conditioned stimulus; CS) is repeatedly paired with an aver-
sive stimulus (unconditioned stimulus; US), until the presen-
tation of the CS alone elicits the conditioned response (CR),
which may be defined as an increased skin conductance re-
sponse (SCR), increased startle response, and/or verbal report
of increased fear, anxiety, or expectancy), even in the absence
of the US (Carter et al., 2003; Cushman & Fanselow, 2010;
Mechias et al., 2010;Weike et al., 2007 ).While physiological
CRs, such as SCR and startle, are traditionally thought of as
reflecting implicit fear conditioning, verbal report of increased
fear, anxiety, or expectancy are traditionally thought of as
reflecting explicit fear conditioning and require higher order
cognitive processes (Lovibond, 2019); all characterize re-
sponses that can reflect learning and may have some overlap
(Lovibond, 2019). The ability to communicate this learned
relationship between the CS and US is defined as contingency
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awareness and serves as an indicator of higher-order cognitive
processes in fear learning (Labrenz et al., 2015). Implicit
Pavlovian conditioning may occur in the absence of contin-
gency awareness (Balderston & Helmstetter, 2010)—that is
the explicit perception that the CS will elicit the US—and
explicit Pavlovian conditioning also may occur, representing
two potential learning mechanisms (Balderston &
Helmstetter, 2010; Carter et al., 2006; Cheng et al., 2003;
Knight et al., 2003; Schultz et al., 2013), although this dual-
process model is controversial (Lovibond & Shanks, 2002).
The extent to which conscious awareness of the CS-US con-
tingency is needed to elicit the associated conditioned re-
sponse has been a subject of ongoing debate (Labrenz et al.,
2015).

Evidence supporting the dual-process model comes from
lesion and neuroimaging studies. The amygdala is a predom-
inant structure implicated in fear conditioning and CRs
(Kropotov, 2009). Single-patient lesion studies have shown
that when the bilateral amygdala are damaged, cognitive
awareness of CS-US contingencies is retained; however,
CRs are not preserved (Bechara et al., 1995; LaBar et al.,
1995). Conversely, patients with bilateral hippocampal dam-
age retain conditioned fear responses but not cognitive aware-
ness of CS-US contingencies (Bechara et al., 1995).
Neuroimaging studies echo such findings: two studies have
shown greater differential responses in the amygdala and
orbito-frontal cortex (OFC) to CS+>CS- in healthy individ-
uals who were deemed aware of the contingencies compared
with those who were deemed unaware (Bechara et al., 1995;
LaBar et al., 1995). Knight et al. (2009) reported hippocampal
and parahippocampal activity in conjunction with contingen-
cy awareness; amygdala activity was present regardless of
whether contingency awareness was expressed (Knight
et al., 2009). The insula, prefrontal cortex (PFC), and dorsal
anterior region of the cingulate cortex (dACC) are additional
regions widely involved in fear conditioning (Adolphs, 2013;
Greco & Liberzon, 2016; Yin et al., 2018). A number of stud-
ies attribute the main effect of awareness of CS-US contingen-
cies to multiple regions of interest: the hippocampus, insula,
orbitofrontal cortex (OFC), ACC, ventral striatum,
parahippocampus, medial frontal gyrus (MFG), and medial
PFC (mPFC) (Adolphs, 2013; Baeuchl et al., 2019; Carter
et al., 2006; Greco & Liberzon, 2016; Hofmann, 2008;
Klucken, Kagerer, et al., 2009a; Klucken, Tabbert, et al.,
2009b; Knight et al., 2009; Tabbert et al., 2011; Tabbert
et al., 2006; Yin et al., 2018). The functional networks in-
volved in awareness of learned fear are unexplored and
knowledge thereof is critical to clinical populations. Fear-
based psychopathology comprises both automatic (implicit)
and cognitive (explicit) components, yet the majority of re-
search has focused on automatic aspects. More importantly,
what brings a patient to the clinic is the subjective awareness
of the distress and anxiety linked with the feared cues in

conditions, such as specific phobias, social phobia, and post-
traumatic stress disorder (PTSD). This is specifically true in
the field of psychiatry where most of the clinical information
is gathered through patients’ subjective report of distress. For
instance, among the important clinical symptoms of patients
with PTSD is their subjective distress experienced when fac-
ing trauma-related cues. Furthermore, the focus of treatment,
and the indicator of improvement, is changes in such subjec-
tive reports of distress with encounter with the feared situa-
tions and objects of phobias and PTSD.

The present work leverages data from the conditioning
phase of an overarching neuroimaging study of fear condition-
ing and extinction learning. In this study, we used self-
reported contingency awareness data to confirm fear learning
before continuing to the next phase (extinction learning) of the
task. Almost half of our participants (14/31) did not report
awareness of the CS-US contingency, prompting us to con-
duct an exploratory analysis to look at potential differences in
brain activity during the conditioning phase in these two
groups. The present study investigated the underlying neuro-
biology that may be associated with differences in cognitively
“aware” and “unaware” individuals during fear conditioning
(Javanbakht et al., 2017; Javanbakht et al., 2021) via a region
of interest (ROI) analytic approach of functional MRI (fMRI)
data. We selected an ROI-based approach given established
knowledge of areas involved in fear conditioning, as well as
our small sample size, to reduce multiple comparisons and
chance of Type I error. We hypothesized that the group clas-
sified as “aware” of the CS-US contingency would have great-
er activation in prefrontal regions: dlPFC (Baeuchl et al.,
2019), dmPFC (Baeuchl et al., 2019), vlPFC (Kattoor et al.,
2013; Lindquist et al., 2012), vmPFC (Phelps, 2004), OFC
(Knight & Wood, 2011; Tabbert et al., 2006), and the hippo-
campus (Baeuchl et al., 2019; Greco & Liberzon, 2016;
Klucken, Kagerer, et al., 2009a) compared with the group
classified as “unaware” for the CS+ versus the CS−, based
on the literature regarding Pavlovian fear conditioning and
the explicit learning aspect of fear conditioning.
Additionally, given evidence for important role of hippocam-
pus in awareness of learned fear, we hypothesized increased
coupling between prefrontal regions, the hippocampus, and
the regions associated with threat detection (amygdala, insula,
and dACC) in the aware group compared with the unaware
group for the CS+ versus the CS− during conditioning (Phelps
et al., 2004; Sridharan et al., 2008; Thomson & Jaque, 2017;
Uddin, 2016).

Materials and Methods

The present study encompasses an exploratory analysis of fear
conditioning data from an fMRI fear conditioning study,
prompted by findings of a subgroup of participants who did
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not report awareness of the CS-US contingency. Data from the
extinction and extinction recall phases will not be presented in
this publication; however, the paradigm and results from those
phases are described in Javanbakht et al. (2021).

Participants

Thirty-seven (37) healthy male and female (nfemale = 20) par-
ticipants aged 18 to 45 (x̄age = 26.18, SDage = 4.61) were
recruited for an fMRI study of fear conditioning and extinc-
tion learning using approved flyers and university forum
posts. All study procedures described herein were approved
by the Institutional Review Board at Wayne State University
(IRB#012316B3F). Oral consent and initial eligibility screen-
ing were completed via phone interview. Exclusion criteria
included: current psychiatric illness (except for specific pho-
bias and history of substance related disorders more than 1
year prior), neurological impairment that may affect normal
brain function, pregnancy, metal in body, history of signifi-
cant closed head injury, or claustrophobia. Those who met
initial criteria then came to the lab to provide written informed
consent and complete an in-person interview. Participants also
were presented with the 95dB white noise burst (the US)
through a pair of noise-cancelling headphones to ensure that
they were able to hear and tolerate the sound. Brain scanning
was completed on a subsequent day. Six participants were
excluded due to excess motion (>3 mm) during MR imaging,
according to standard guidelines consistently applied in our
lab and others (Evans et al., 2016; Javanbakht et al., 2021;
Javanbakht et al., 2016; Javanbakht et al., 2015). This left a
total of n = 31 (nmale = 16, nfemale = 15, x̄age = 26.18, SDage =
4.78) participants with usable data for analyses (Table 1).

Summary statistics of the distributions shown in the graph.
Racial/ethnic data were not collected. No participants indicat-
ed presence of a specific phobia or history of substance use
disorder greater than 1 year prior.

Assessments

During the in-person interview, the Mini International
Neuropsychiatric Interview (MINI) was used to screen

participants for possible psychiatric disorders and confirm
self-reported information provided during the phone interview
(Sheehan et al., 1998). Based on the MINI, included partici-
pants did not report any clinically significant anxiety symp-
toms, nor any other clinically significant psychiatric symp-
toms. None of the participants screened positive for specific
phobias or history of substance related disorders.

Image Acquisition and Paradigm

Structural and functional MRI data were collected for this
study on a 3T Siemens Verio system with a 32-channel vol-
ume head coil. BOLD signal was obtained during the fear
conditioning phase of the paradigm (as well as the fear extinc-
tion phase which is not reported on in this manuscript). A
high-resolution (1 mm3) structural T1-weighted anatomical
image was first collected (3D Magnetization Prepared Rapid
Gradient Echo (MPRAGE) sequence, TR = 2,150 ms, TE =
3.53 ms, TI = 1,100 ms, flip-angle = 8°, FOV = 256 x 256 x
160 mm3, 160 axial slices of thickness = 1 mm, pixel resolu-
tion = 1 x 1 x 1 mm3, and TA = 4:59 minutes). Functional
BOLD signal acquisition followed (multiband gradient Echo
EPI fMRI, 310 vol, TR = 2 s, TE = 29 ms, multiband factor =
3, FOV = 256 x 256 x 144 mm3, acquisition matrix = 128 x
128, 72 axial slices, pixel resolution = 2 x 2 x 2 mm3, and TA
= 10:48). MRI technicians continuously tracked signal acqui-
sition for quality control in real time, and no issues of poor
signal were noted. Continuous monitoring of participant be-
havior did not indicate any participants sleeping. After verbal
inquiry, no participants responded that they fell asleep during
scanning.

A Dell fMRI control and integration system ran the para-
digm using E-Prime 2.0. A 3T MRI compatible projector
displayed the paradigm on the projector screen and a hi-
fidelity audio system played any sound that may have been
presented as part of the task through MR compatible head-
phones worn by participants. The Pavlovian fear conditioning
paradigm used in this study has been extensively used to study
fear learning (Marin et al., 2017; Milad et al., 2008; Milad
et al., 2005; Milad et al., 2009; Rabinak et al., 2017; Raij
et al., 2018). Images of three different colored lamps were
used as conditioned stimuli (CS1, CS2, and CS3) (Fig. 1).

Before conditioning, participants were exposed to all three
images that would be shown in latter phases. During this ha-
bituation phase, participants were first presented with four
trials of each CS and told they would not hear any noises.
Fear conditioning immediately followed, at which time par-
ticipants were told that they would see the previous images
and informed that some of those images may be paired with a
loud noise. The US (the loud noise) was presented 3.5 seconds
following onset of the CS+s (either CS1 or CS2; the third CS,
CS3, was never paired with the US, rendering it the CS−). The
USwas a 95 dB x 500mswhite noise burst played through the

Table 1 Distribution of age for participants included in this study
separated by group and gender

Gender Group Age

n x sd Min Max

Male Aware 10 27.46 6.64 21.29 45.43

Unaware 6 26.82 5.03 22.49 35.37

Female Aware 7 24.83 1.26 22.96 26.55

Unaware 8 25.25 4.05 21.46 31.80
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MR-compatible noise cancelling headphones (Sperl et al.,
2016) which co-terminated with the CS+s. The conditioning
phase contained 15 trials, during which each of the three lamp
colors would be cycled through in random order without re-
placement (45 images shown in total, shown for 4 seconds
each with jittered inter-trial intervals between 6 and 12 sec-
onds). The US was paired with the CS+s at a 66% reinforce-
ment rate. Lamp colors assigned to CS1, CS2, and CS3 were
randomized and counterbalanced across participants
(Javanbakht et al., 2017; Javanbakht et al., 2021). No partic-
ipants were given additional nor differential information re-
garding the CS-US contingencies before or during the condi-
tion phase.

Contingency Awareness

Immediately upon completion of conditioning, participants
were presented with an image of each CS and concurrently
asked to verbally rate how much they expected to hear the
loud noise when presented with each CS as shown in Fig. 2.

Ratings were made on a 5-point Likert scale: 1 = “Not at
All” and 5 = “Very Much So” (Javanbakht et al., 2017;
Javanbakht et al., 2021; Tabbert et al., 2006). This verbally
reported expectancy data was acquired for both CS+s (CS1
and CS2), as well as the CS− (CS3). The expectancy ratings
for the CS+s were averaged, and if the average expectancy
rating for the CS+s was greater than that of the expectancy
rating for the CS-, then participants were classified as “aware”
(Javanbakht et al., 2017; Javanbakht et al., 2021; Tabbert
et al., 2006). If the average expectancy rating for the CS+s
was equal to or less than that of the expectancy rating for the
CS−, then participants were classified as “unaware”
(Javanbakht et al., 2017; Javanbakht et al., 2021; Tabbert
et al., 2006). See Eq. 1 for a representation of the calculation.
A repeated measures ANOVA was conducted to compare

mean expectancy responses (the dependent variable) by CS
(CS+ vs. CS−; within-subjects effect) and group (aware vs.
unaware; between-subjects effect). Type III sum of squares
was applied to account for the unbalanced group sizes.
Tukey’s HSD post-hoc was then used to determine significant
interaction effects of CS by group on expectancies.

Group Expectancies
Awareness ¼ CSþ > CS−−−−

Uawareness ¼ CSþ≤CS−−−− ð1Þ

Equation used to determine if participants were aware or
unaware of the CS-US contingency. If the average of the two
ratings for CS+1 and CS+2 was greater than that of the rating
for the CS−, then the individual was classified as “aware” of
the CS-US contingency. If the average of the two ratings for
CS+1 and CS+2 was less than or equal to that of the rating for
the CS−, then the individual was classified as “unaware” of
the CS-US contingency. So, a person who was categorized as
aware would be one who accurately predicts the loud noise
more with the CS+1 and CS+2 than the CS−. Those whose
difference on contingency was equal to 0 were categorized as
unaware.

Image Processing

fMRI data were pre-processed and analyzed using MATLAB
R2019a (MathWorks, 2013; 2019) with the Statistical
Parametric Mapping toolbox (SPM12) (Wellcome Centre for
Human Neuroimaging, 2020). Imaging data from all 15 trials
were included for each CS.

Pre-processing For each participant, manual AC-PC align-
ment was performed on the T1 structural scan, and the corre-
sponding reorientation matrix was then applied to the 310 EPI

CS1 CS2 CS3

*Colors assigned to each conditioned stimulus (CS) is randomized between participants.

Paired with loud noise (US).

Not paired with loud noise (US).

Fig. 1 Paradigm shown to participants during conditioning. Two of the
three lamp colors were pairedwith the loud noise (US), represented by the
“Volume on” symbol, to form the CS+. The remaining lamp color was
unpaired, the CS− (CS3), denoted by the “Volume off” symbol. Lamp
colors were randomized to CS+1, CS+2, and CS− across participants, but
remain constant within each subject throughout the experiment. Each
image is shown for 4 seconds per trial with a total of 15 trials; all 15

trials were including for imaging analyses. Noise onsets for the 10 trials of
CS+1 / CS+2 that are reinforced occur 3.5 seconds after image onset with
a duration of 0.5 seconds, such that stimuli co-terminate. The time be-
tween image offsets and the next image onset (inter-trial interval; ITI) is
temporally separated by a fixation cross. ITI durations are randomly se-
lected, without replacement, from options of 6, 8, 10, or 12 seconds.
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images. Functional images were then corrected to the actual
differences in acquisition time between slices, realigned to the
first image, and co-registered to the subject’s T1 structural
scan. The T1 image was segmented and bias correction for
scanner noise was performed as a standard component of
our processing pipeline (Javanbakht et al., 2021). The T1 im-
age was then spatially normalized to MNI template with the
resultant deformations applied to the realigned and co-
registered images. Then, the EPI images were spatially
smoothed using a Gaussian filter (8 mm, full width half
maximum).

First Level Onset times, durations, and event names were
logged at the time of acquisition and extracted from E-Prime
outputted log files. This information was used to construct a
general linear model (GLM) for blood oxygen level depen-
dency (BOLD) that is predictive of the image being shown at
each time point. To account for serial correlation, an
autoregressive model was used; a canonical hemodynamic
reference waveform was used to convolve box car modelled
regressor vectors corresponding to each event type. Included
in the effect of no interest were the six motion parameters
(translational = [xx, yy, zz], rotational = [roll, pitch, yaw]).
T-weighted contrasts for CS+ BOLD signal intensities greater
than CS− BOLD signals intensities (CS+>CS−) were created
for each participant. This represented the overall fluctuations
in BOLD signal intensities attributed to CS+minus the overall
fluctuations in BOLD signal intensities attributed to CS−. This
model was later used for second-level group analysis.

Second Level ROI-based analysis informed by the literature
regarding Pavlovian fear conditioning, and more specifically
the explicit learning aspect of fear conditioning, was per-
formed (Adolphs, 2013; Baeuchl et al., 2019; Bechara et al.,
1995; Carter et al., 2006; Greco & Liberzon, 2016; Klucken,
Kagerer, et al., 2009; Klucken, Tabbert, et al., 2009; Tabbert
et al., 2011; Tabbert et al., 2006). Bilateral masks for each a

priori defined region of interest (ROI) were created separately
using WFU_PickAtlas (Maldjian et al., 2003). ROIs were
masked separately due to the disproportionality in sizes be-
tween each region. Combining ROIs into one mask would
result in cluster size thresholds that are physiologically impos-
sible for smaller regions to meet after correcting for multiple
comparisons (i.e., minimum cluster thresholds larger than en-
tire regions such as the amygdala and hippocampus). The
Automated Anatomical Labelling (AAL) software package
and digital atlas of the human brain was used to define masks
for the amygdala, insula, dACC, and hippocampus (Tzourio-
Mazoyer et al., 2002). Brodmann Areas (BA) were used to
define masks for prefrontal areas (see Supplementary
Figure 1). BA 8, 9, and 46 are associated with the dlPFC
(Mylius et al., 2013); voxels within these areas, excluding
any voxels within x = 0 ± 25 mm, were masked to isolate
lateral parcellations from overlaps with the dmPFC. BA 8, 9,
and 32 are associated with the dmPFC (Kober et al., 2008;
Watanabe, 2017); voxels that did not intersect with a 30-mm
radius centered at [0, 44, 26] were excluded in this mask to
distinguish medial parcellations from overlaps with the
dlPFC. BA 12, 44, 45, and 47 are associated with the vlPFC
(Lévesque et al., 2003; R. C. O’Reilly, 2010); all voxels with-
in these areas were include in the mask. BA 10, 14, 25, and 32
are associated with the vmPFC and OFC (McNamara et al.,
2008; Qiu et al., 2014; Saez et al., 2018); voxels that did not
intersect with a 45-mm radius centered at [0, 56, −28] were
excluded in this mask to distinguish medial parcellations from
overlaps with the lateral parcellations (LaBar et al., 1995).

A two-sample t-test was implemented to compare differ-
ences in BOLD signal intensities between the aware and un-
aware participants, for the CS+>CS− contrast created at first
level. BOLD signal intensities were also explored for each
group separately and analyzed using the same procedures.
Each ROI’s intensity map was then Markov chain Monte
Carlo (MCMC) simulated using the 3dClustSim function of
AFNI’s AlphaSim software. 3dClustSim calculates the

How much do you expect to hear the loud noise with this picture?
1 2 3 4 5

Definitely NO ------ Unsure ----- Definitely YES
How much do you expect to hear the loud noise with this picture?

1 2 3 4 5
Definitely NO ------ Unsure ----- Definitely YES

How much do you expect to hear the loud noise with this picture?
1 2 3 4 5

Definitely NO ------ Unsure ----- Definitely YES

CS1 CS2 CS3

*Colors assigned to each conditioned stimulus (CS) is randomized between participants.

Paired with loud noise (US) during image acquisition of conditioning phase.

Not paired with loud noise (US) during image acquisition of conditioning phase.

Fig. 2 How contingency responses were collected. Prompts that
participants saw when asked for expectancy ratings of each CS. Ratings
were on a scale from one through five; one indicated the loud noise was
not expected at all, and five indicated the noise was heavily anticipated for

the image. This served as an indicator of cognitive awareness of CS-US
contingencies; those who are aware of the CS would show high expec-
tancy for the images that have been paired with the loud noise during the
conditioning phase.
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minimum cluster size needed to signify true detection of acti-
vation as opposed to noise at p < 0.01 (Friedman et al., 2017;
Ward, 2000). Thresholds are computationally calculated prob-
abilities of random field noise; true activation clusters are
denoted by contiguous voxel intensities that exceed these
thresholds. Clusters that did not meet these thresholds were
excluded as noise. Calculated thresholds are provided in
Supplementary Table 1.

Psychophysiological Interactions Psychophysiological inter-
action (PPI) analysis is a method of analysis that gives insight
into how a single voxel and its surrounding voxels, located at a
specified ROI, fluctuate, regressed to the main effect of a task
(in our case CS+>CS−) (Casey et al., 1995; Friston et al.,
1997; Ladouceur et al., 2011). This allows for observations
of how one regionmay be intrinsically connected with another
when confronted with the same task.We chose to use standard
PPI to understand differential network functionality during a
condition—here, contingency awareness (Friedman et al.,
2017; Friston et al., 1997; O’Reilly et al., 2012; Silverstein
et al., 2016). Because of the consistent findings from previous
studies and ours about the role of hippocampus in awareness
of learned fear (Bechara et al., 1995; Phelps, 2004; Sanders
et al., 2003; Squire, 1992), we used a seed voxel from the left
hippocampus to examine its connectivity with other areas in-
volved in learning and awareness of conditioned fear.
Timeseries values were extracted and averaged across all
voxels within a 4-mm sphere centering at the voxel located
on the left hippocampus [−24 –33 –3]. This coordinate was
selected as the peak activation region from the ROI-based
analyses (Supplementary Figure 3). A whole brain PPI anal-
ysis was conducted and resulting activation maps were
masked using the same masks mentioned in our original anal-
ysis. Each ROI was MCMC simulated and analyzed using the
exact same methods as the aforementioned regional activation
analysis. The βs were calculated for each voxel and corrected
for the main effect of CS+>CS− BOLD signal intensities.
Significant clusters are those that were selected using the pre-
viously defined masks (amygdala, insula, dACC, hippocam-
pus, dmPFC, dlPFC, vlPFC, vmPFC, and OFC) and show
some level of covariance in intensities during task. The differ-
ences in the covariance between the left hippocampus and all
other masked regions is then compared for the aware group,
unaware group and aware versus group.

For both regional activation and PPI analyses, we used a
Bonferroni correction for 8 ROIs with an original alpha level
of 0.01. This yielded a corrected alpha level of 0.00125.

Results

A total of 37 participants completed the fear conditioning task,
and 6 were excluded due to excessive motion (>3 mm),

leaving a total of 31 participants with usable data. Based on
Eq. 1, the aware group consisted of 17 participants (nfemale = 7,
x̄age = 26.38, SDage = 5.21); the unaware group consisted of 14
participants (nfemale = 8, x̄age = 25.93, SDage = 4.38).

Expectancy Rating Differences

A repeated measures ANOVA was used to compare expec-
tancy ratings by group and CS. This showed a large significant
main effect of CS (F(1,29) = 117, p < 0.001, ηp

2 = 0.801), a
small significant main effect of group (F(1,29) = 6.11, p =
0.020, ηp

2 = 0.174), and a significant large interaction effect
of CS and group (F(1,29) = 198, p < 0.001, ηp

2 = 0.872;
Table 2). Post-hoc tests revealed mean expectancy ratings to
be significantly different for four distinct comparisons (Fig.
3). CS+ ratings were significantly greater than CS− ratings in
the aware group at p < 0.001. Significantly greater expectancy
rating were observed for CS+ in the aware group compared
with CS+ in the unaware group at p = 0.005. Significantly
greater mean expectancy rating were observed for CS+ in
the unaware group compared with CS− in the aware group
at p < 0.001. Lower mean expectancy ratings were observed
for CS− in the aware group compared to CS− in the unaware
group at p < 0.001, suggesting potential lack of discrimination
in the unaware group.

Regional Differences in BOLD Signal Intensities

Region of interest (ROI) based results that are summarized in
Fig. 4 were derived using a two-sample t-test of BOLD signal
intensity differences between the aware group and unaware
group for BOLD signal intensities greater in the CS+ condi-
tion than the CS− condition. Among the a priori specified
ROIs, BOLD signal intensity was significantly greater in the
bilateral dlPFC, right vmPFC, bilateral vlPFC, left insula, left
hippocampus, and bilateral amygdala for the aware group
compared with the unaware group when confronted with the
same task (CS+>CS−), Markov chain Monte Carlo (MCMC)
minimum cluster threshold corrected p < 0.01. Response pa-
rameters are plotted by group in Supplementary Figure 2 and
indicate responses to be generally higher for the aware group
compared with the unaware group. In the aware group alone,
BOLD signal intensity was significant in the bilateral dlPFC,
bilateral dmPFC, bilateral vmPFC, bilateral vlPFC, bilateral
insula, and right amygdala, MCMC minimum cluster thresh-
old corrected at p < 0.01 (Fig. 5). No significant differences
were found in the reverse comparison (unaware > aware) or
for the unaware group alone.

Psychophysiological Interactions

A seed that encompassed all voxels within a 4mm radius cen-
tered at [−24, −33, −3]—left hippocampus—was convolved
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to iden t i fy spon taneous f luc tua t ions over t ime
(Supplementary Figure 3).

A subsequently generated time series was used to con-
struct a GLM, with βs corrected for the main effect of task
(areas of intensity during CS+ trials greater than CS− trials).
BOLD signal intensities in a priori specified ROIs (the same
as those defined for the original analysis above) coupled with
left hippocampus were then compared. A two-sample t-test

showed the left hippocampus more strongly coupled with the
right dlPFC and right vmPFC during CS+>CS− in aware
versus unaware participants (Fig. 6; note that the vmPFC
did not survive Bonferroni correction for multiple ROIs).
Re spon s e pa r ame t e r s a r e p l o t t e d by g roup i n
Supplementary Figure 2. Figs. 7 and 8 indicate left hippo-
campal coupling in each group (aware and unaware)
separately.

Table 2 Repeated measures ANOVA results comparing expectancy ratings by CS and group

Within-subjects effects

Sum of squares df Mean square F p η2p
CS 21.71 1 21.710 117 <.001 0.801

CS * Group 36.71 1 36.710 198 <0.001 0.872

Residual 5.39 29 0.186

Between-subjects effects

Sum of squares df Mean square F p η2p
Group 5.54 1 5.543 6.11 0.020 0.174

Residual 26.33 29 0.908

Post-hoc comparisons - Condition ✻ Group

Comparison Mean difference SE df t ptukey
CS Group CS Group

CS+ Aware - CS+ Unaware 0.945 0.267 40.4 3.54 0.005

- CS− Aware 2.735 0.148 29.0 18.50 <0.001

- CS− Unaware 0.588 0.267 40.4 2.20 0.139

Unaware - CS− Aware 1.790 0.267 40.4 6.71 <.001

- CS− Unaware -0.357 0.163 29.0 -2.19 0.149

CS- Aware - CS− Unaware -2.147 0.267 40.4 -8.05 <.001

Note. Type 3 Sums of Squares

Tukey’s HSD post-hoc test shows where significant differences exist. This analysis revealed a significant main effect of group and CS, as well as a
significant interaction effect of group*CS.

Fig. 3 Expectancy differences by condition and between groups. Mean
expectancy ratings for CS+US and CS− by group. *Significant
differences identified using a RMANOVA with Tukey HSD post-hoc.
Significant differences are shown between groups for CS ratings as well

as within condition by group. CS+ ratings did not significantly differ from
the CS− rating for the unaware group, t(29) = −2.19, p = 0.149, but did
significantly differ for the aware group, t(29) = 18.50, p < 0.001.
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Fig. 4 Two-sample t-test of intensity differences comparing aware vs.
unaware for CS+>CS−. BOLD signal intensities significantly greater in
the aware group compared with the unaware group for masked regions,
using a two-sample t-test, are shown in the table above. Each region
displayed survived the Monte-Carlo simulated cluster threshold needed
to signify nonrandom activation at p threshold <0.01. Areas that showed

greater intensities for the aware group were the (A) bilateral dlPFC, (B)
bilateral vlPFC, (C) right vmPFC, (D) bilateral amygdala, (E) left Insula,
and (F) left hippocampus. All regions displayed survived a Bonferonni
correction for multiple ROIs (t ≥ 3.2272, p ≤ 0.00125) except for the left
vlPFC

Fig. 5 Random effects analysis of BOLD signal intensities in aware
group for CS+>CS−. BOLD signal intensities significantly greater in
the aware group alone for CS+>CS− are shown in the table above.
Each region displayed survived theMonte-Carlo simulated cluster thresh-
old needed to signify non-random activation at p threshold <0.01. Areas

that showed significant intensities for the aware group were the (A) bilat-
eral dlPFC, (B) bilateral dmPFC (left not shown), (C) bilateral vmPFC,
(D) bilateral vlPFC, (E) bilateral Insula, and (F) right amygdala. All
regions displayed survived a Bonferonni correction for multiple ROIs (t
≥ 3.2272, p ≤ 0.00125)
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Discussion

In this study, we investigated the neurocircuitry of contingen-
cy awareness in Pavlovian fear conditioning. Behavioral and
electrophysiological studies have shown evidence for success-
ful fear conditioning with and without cognitive awareness of
CS-US contingencies (Tabbert et al., 2011; Weike et al.,
2007). Given that almost half of participants in a fear condi-
tioning and extinction learning study did not present with
cognitive awareness of the CS-US contingency (Javanbakht
et al., 2021), we leveraged these data to build on the growing
literature regarding explicit learning in Pavlovian fear condi-
tioning. We hypothesized that those who developed aware-
ness of the CS-US contingency would show greater
responsivity in the prefrontal region (including the dlPFC,
dmPFC, vlPFC, and vmPFC/OFC) due to its indications for
higher order cognitive processing, including attention, work-
ing memory, task execution, and emotion regulation. We also
hypothesized greater hippocampal activity in the aware group
due to the hippocampus’s involvement in emotional memory
formation and contextual emotion regulation (Dere et al.,
2010).

Significantly greater BOLD signal intensity was observed
in the amygdala and insula during fear conditioning for CS+
>CS− in the aware group compared to the unaware group.We
did not expect to see any significant differences in the amyg-
dala based on previous work on awareness wherein this

structure is predominantly implicated in implicit (autonomic/
unconscious) learning (Carter et al., 2006). Yet, we masked
for this region due to its omnipresence in fear conditioning,
anxiety, and attention (Davis, 1997). Nevertheless, amygdala
intensities were observed along with the insula, both of which
are components of the salience network (SN): a network that
generates autonomic responses to threat-related cues in the
environment (Selemon et al., 2019). The anterior insula is
implicated in emotional awareness—integrating motivational
information and sensory information to generate outcomes
(Gu et al., 2013; Picard, 2013). The SN has widespread con-
nections throughout the brain, including executive networks,
which may influence behavioral responses to salient cues.
Increased salience detection and formation of conditioned fear
memories, which is attributed to the amygdala, may facilitate
cognitive awareness of the CS-US contingencies.

Consistent with our initial hypothesis, the aware group
showed greater signal intensity in the dlPFC, vmPFC, and
vlPFC compared with the unaware group, which provides
support towards the role of the central executive network
(CEN) in cognitive awareness of learned fear (Adamson
et al., 1999; Cocchi et al., 2012). The CEN is a large-scale
intrinsic brain network that supports higher-order cognitive
processes, including attention, working memory, and task ex-
ecution. The dorsolateral prefrontal cortex (dlPFC) is associ-
ated with working memory and selective attention (Curtis &
D'Esposito, 2003). In tandem with the ventrolateral prefrontal

Fig. 6 Psychophysiological interactions between left hippocampus and
regions of interest’s intensity in aware versus unaware for CS+>CS−.
Psychophysiological interactions indicated that BOLD signal in the
dlPFC (A) and vmPFC (B) was functionally coupled with the left

hippocampus (seed region) for the aware group compared to the
unaware group, CS+>CS−. The dlPFC survived a Bonferonni
correction for multiple ROIs (t ≥ 3.2272, p ≤ 0.00125); however, the
vmPFC did not
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cortex (vlPFC), the dlPFC is involved in emotion regulation
and has an additional role in threat appraisal (Rilling &
Sanfey, 2009; Silvers et al., 2015; Staudinger et al., 2011;
Sturm et al., 2016). Such increased activation in executive
regions observed in the aware group may have multiple im-
plications for awareness, including conscious decision

making, reasoning, working memory, inhibition, outcome
prediction, and selective attention. Consistent with previous
studies, no significant activation was found for the reverse
comparison (unaware > aware) during the task (CS+>CS−)
(Klucken, Kagerer, et al., 2009; Klucken, Tabbert, et al.,
2009; Tabbert et al., 2011).

Fig. 7 Psychophysiological interactions between left hippocampus and
regions of interest’s intensity in aware group for CS+>CS−.
Psychophysiological interactions between the left hippocampus and

ROIs, showed significant co-activation for the aware group in the (A)
dlPFC and (B) dmPFC. The dlPFC survived a Bonferonni correction
for multiple ROIs t ≥ 3.2272, (p ≤ 0.00125); however, the dmPFC did not

Fig. 8 Psychophysiological interactions between left hippocampus and
regions of interest’s intensity in unaware group for CS+>CS−.
Psychophysiological interactions between the left hippocampus and
ROIs showed significant co-activation for the unaware group in the (A)

left dlPFC, (B) left dmPFC, and (C) left OFC. The dlPFC and OFC
survived a Bonferonni correction for multiple ROIs (t ≥ 3.2272, p ≤
0.00125); however, the dmPFC did not
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Additionally, we observed greater hippocampal signal
intensity in the aware group compared with the unaware
group. We have previously suggested that contingency
awareness can function as a component of context, leading
to activation of the hippocampus (Javanbakht et al., 2017).
Indeed, lesions of the hippocampus are associated with a
loss of cognitive awareness of learned fear, whereas con-
ditioned fear responses are preserved, indicating that the
hippocampus may be necessary for cognitive awareness
(Bechara et al., 1995). Due to the significant role the hip-
pocampus plays in this task and because of our ROI-based
findings, the hippocampus was set as a seed for an explor-
atory PPI analysis. To our knowledge, is the first study to
examine the functional connectivity using PPI associated
with contingency awareness in Pavlovian fear condition-
ing. Involved in higher-order cognition and facilitation of
context-dependent fear and safety learning, the hippocam-
pus plays a role in episodic, emotional, and spatial memory
formation–conducive to the ability to verbally express
learned awareness of the CS-US contingency (Hamm &
Weike, 2005; Leuchs et al., 2019; Sevenster et al., 2014).
We showed that the left hippocampus was more strongly
coupled with the right dlPFC and right vmPFC for the
aware group versus the unaware group (although the
vmPFC cluster did not survive Bonferroni correction for
multiple ROIs). Traditionally, the hippocampus is charac-
terized as a component of the default mode network
(DMN) and may provide a link between the CEN and the
SN to integrate salient cues, cognitive modulation of cues,
and result in memory formation required for learned
awareness.

These findings have important clinical implications.
Especially in the field of psychiatry, what brings a patient to
the clinic is the subjective experience of distress—namely,
awareness of fear when exposed to feared objects and situa-
tions for persons with specific phobias; awareness of fear
when exposed to reminders of a traumatic event for persons
with PTSD. Laboratory models of phobia and PTSD are based
in fear conditioning, and their focus has mostly been on the
automatic/implicit aspects of fear learning and responses.
Studies, such as the present work, can contribute to expanding
use of these models to provide insight into the higher-level
cognitive aspects of fear and its learning, which often is what
distresses the patient. Also, in clinical work, improvement by
treatment often is assessed by changes in such subjective
levels of distress reported by patients and is the target of such
treatment. Expanding the study of awareness of fear learning
and its neurobiology can provide pivotal insight into the psy-
chopathology of fear-based disorders.

A limitation of this study is that we only had explicit
fear learning as measured by verbal self-report contingency
awareness data. Because this was an exploratory analysis
arising from an unexpected finding from an overarching

study, we did not specifically model explicit and implicit
learning as a variable of interest within the original study
design. Skin conductance response could have been used
as an indicator of implicit learning, and SCR is a common
method for measuring conditioned fear responses. We did
collect SCR data; however, our SCR data were not viable
for analysis due to technological errors with sampling,
which are not uncommon when collecting SCR data in
the scanner environment (Bjorkstrand, 1990; Indovina
et al., 2011; Pohlack, Nees, Liebscher, et al., 2012;
Pohlack, Nees, Ruttorf, et al., 2012). Therefore, we did
not model for and cannot draw conclusion about implicit
learning in the present study, nor contrast between regions
and networks, which may be involved in implicit versus
explicit learning. Usable simultaneously collected SCR da-
ta also would have provided some evidence as to whether
participants were engaged in the task. With this lack of
behavioural data and having only collected expectancy da-
ta after conditioning as a single measure instead of
throughout the task, there is potential for the results pre-
sented herein to reflect a general lack of engagement in the
task (i.e., no learning) as opposed to a lack of explicit
learning. However, in the unaware group, expectancies of
the US were on the average or higher end of the scale for
both CSs, rather than being low—it appears that the differ-
ence is a lack of differentiation between the CS+ and the
CS− in the unaware group compared with the aware group.
There was a larger response to the CS− in the unaware
group compared with the aware group. In other words,
such lack of difference could be a result of lack of discrim-
ination, i.e., overgeneralization of learned fear. The small
sample assessed in this study is another limitation, and as
such we were underpowered to conduct any sex-specific
analyses even though there are known sex-related differ-
ences in fear learning. Assessing a potential moderating
role of sex on contingency awareness in fear learning could
be a new route of exploration. This small sample also
limits the generalizability of our findings—particularly be-
cause our sample was a young, college-educated cohort.
Finally, we did not explore differences in contingency
awareness in any clinical population.

To our knowledge, this is one of few functional neuroim-
aging studies that extensively looked at the neurocircuitry of
contingency awareness in Pavlovian fear conditioning and the
first to examine network connectivity. We found involvement
of regions composing the salience network involved in threat
detection and fear leaning and the CEN involved in working
memory, attention, and task completion. Our findings confirm
prior work indicating the hippocampus may have a pivotal
role in the underlying neurocircuitry of contingency aware-
ness of Pavlovian fear conditioning. Future studies in patient
populations will be significant in understanding explicit fear
learning in fear-based psychopathologies.
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