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Abstract

Background: Trauma and symptoms of posttraumatic stress disorder (PTSD) have repeatedly
been linked to impaired cardiovascular functioning. Poor fear extinction is a well-established
biomarker of PTSD that may provide insight into mechanisms underlying cardiovascular risk. The
current study probed the cardiovascular response to extinction in a sample of trauma-exposed
individuals.

Methods: Participants were 51 trauma-exposed women who underwent a fear conditioning
paradigm. Heart rate (HR) during extinction was examined in response to a conditioned stimulus
that was previously paired with an aversive unconditioned stimulus (CS+) and one that was never
paired (CS-). Heart rate variability (HRV) was calculated at baseline and during the extinction
session.

Results: Consistent with fear bradycardia, initial HR deceleration (.5-2s) after CS+ onset
occurred during early extinction and appeared to extinguish over time. Higher baseline HRV was
significantly associated with greater fear bradycardia during early extinction.
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Conclusions: This is the first study to demonstrate a pattern of fear bradycardia in early
extinction, which was associated with higher HRV levels and decreased over the course of the
extinction phase. These results suggest that increased fear bradycardia may be indicative of greater
vagal control (i.e., HRV), both of which are psychophysiological biomarkers that may influence
cardiovascular and autonomic disease risk in trauma-exposed individuals.
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Introduction

Trauma exposure is extremely common among the general population, with lifetime
prevalence rates of 89% in the United States (Kilpatrick et al., 2013) and 70% globally
(Kessler et al., 2017). A subset of trauma-exposed individuals will subsequently develop
symptoms of posttraumatic stress disorder (PTSD), such as re-experiencing of the event,
avoidance of trauma-related reminders, emotional numbing, and hyperarousal (Kessler et al.,
1995; Kilpatrick et al., 2013). PTSD has long been understood as a failure to inhibit fear in
safe situations due to alterations in fear learning and extinction (e.g., Bremner et al., 2005;
Grillon & Morgan, 1999; Jovanovic et al., 2012; Milad et al., 2009; for reviews, see Foa et
al., 1989; Jovanovic and Ressler, 2010). This is characterized by exaggerated fear and
sympathetic arousal to generalized reminders (e.g., increased heart rate and blood pressure,
hyperventilation) in the absence of danger, and chronic hypervigilance. Chronic sympathetic
arousal can strain the hypothalamic-pituitary-adrenal axis and thus alter neuroendocrine
homeostasis. Over time, this enhanced sympathetic arousal and maladaptive autonomic
regulation contribute to greater risk for cardiovascular disease in individuals exposed to
trauma (Edmondson et al., 2013; Edmondson and von Kénel, 2017; Myers, 2017).

A key mechanism underlying the risk of cardiovascular disease (CVD) following trauma is
chronically elevated heart rate (HR) related to sympathetic arousal (Brudey et al., 2015). For
example, studies have consistently reported elevated HR in response to threatening stimuli
among individuals with PTSD compared to controls (Ehlers et al., 2010; Keane et al., 1998;
Orr et al., 1993). Contemporaneous investigations focused on identifying differences in
resting, rather than stimulus-evoked, cardiovascular activity (e.g., Jovanovic et al., 2009). A
meta-analysis of 34 studies examining basal cardiovascular activity in PTSD found basal HR
to be significantly higher in individuals with PTSD, compared with both traumatized and
non-traumatized controls (Buckley and Kaloupek, 2001).

In addition to elevated HR resulting from sympathetic hyperarousal, PTSD is associated
with decreased parasympathetic nervous system (PNS) activity. High frequency heart rate
variability (HRV) is a commonly used measure of PNS activity that is thought to represent
the influence of the vagus nerve on the heart’s sinoatrial node and is associated with emotion
regulation and psychological health (Thayer et al., 2009). Among individuals with PTSD,
HRV findings consistently point to significantly lower HRV both at baseline (Chang et al.,
2013; Cohen et al., 1997; Hauschildt et al., 2011; Minassian et al., 2014, 2015) and in
response to challenge (Jovanovic et al., 2009; Keary et al., 2009; Park et al., 2017; Sahar et
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al., 2001) compared to controls. Hopper and colleagues (2006) found that the only
individuals in a PTSD population to exhibit elevated basal HR were those who also had
relatively lower HRV, suggesting that despite marked sympathetic arousal, individuals with
sufficiently high HRV (i.e. cardiac vagal control) may not present with elevated basal HR.
These results support an earlier finding that low baseline HRV, as well as decreased HRV in
response to challenge, is significantly correlated with sustained arousal (i.e. elevated HR) in
individuals with PTSD (Sack et al., 2004). Understanding this regulatory effect is critical to
identifying the autonomic nervous system (ANS) profile of trauma-exposed individuals at
highest risk for developing CVD.

Another aspect of PNS activity relevant to trauma is fear bradycardia. Fear bradycardia is a
decrease in HR that typically occurs within 0-2 seconds of stimulus onset and is followed by
increased HR (Castegnetti et al., 2016; Sege et al., 2017). This response is controlled by the
PNS, which influences HR very quickly due to the action of acetylcholine on the heart’s
sinoatrial node, leading to rapid initial bradycardia (Berntson et al., 1997; Pumprla et al.,
2002). Studies with healthy subjects have demonstrated that fear bradycardia can be
conditioned in response to threatening stimuli (Castegnetti et al., 2016) and animal studies
have shown that it can be extinguished (Burhans et al., 2010). Further, we recently found
that fear extinction in rodents was associated with a reduction of conditioned bradycardia
(Swiercz, Seligowski, Park, & Marvar). It is well-established that individuals with PTSD
have deficits in fear extinction (Milad et al., 2008; Norrholm et al., 2011) as well as ANS
function (e.g., Buckley and Kaloupek, 2001; Ehlers et al., 2010). However, to our
knowledge, no prior studies have examined fear bradycardia (an important physiological and
adaptive response to fear) within the context of extinction in trauma-exposed individuals.
Better characterization of HR responses to extinction is necessary to elucidate mechanisms
and identify individuals at risk for developing CVD, and it may inform ways to measure the
cardiovascular response to psychotherapies that use the principles of extinction (i.e.,
exposure therapy).

In the current study we used fear conditioning to examine the cardiovascular response to
extinction in trauma-exposed women with varying levels of PTSD symptoms (i.e., PTSD
was examined as a dimensional construct rather than a dichotomous one, consistent with the
research domain criteria; RDoC). We hypothesized that 1) HR in response to a previously
fear conditioned stimulus (CS+) would initially decrease during early extinction, consistent
with fear bradycardia, and this would decrease over the course of extinction (demonstrating
extinction of the HR response); and 2) informed by the findings of Hopper et al. (2006), we
hypothesized that there would be an interaction between HRV and HR response to the CS+,
such that individuals with higher resting HRV would demonstrate greater fear bradycardia
(i.e., stronger parasympathetic control) during early extinction compared to those with lower
resting HRV.

The sample consisted of 51 trauma-exposed women who were recruited from a general
medical hospital in Atlanta, GA as part of the Grady Trauma Project (see Gillespie et al.,
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20009 for a full study description). The average age of participants was 38.82 years (SD =
11.91). Nearly all participants identified their race as African American or Black (94.1%; n
= 48); two participants identified as Asian or Pacific Islander (3.9%) and one participant
identified their race as “other” (2.0%). All participants completed informed consent
procedures and were administered self-report questionnaires prior to completing the fear
conditioning paradigm. Study procedures were approved by the Emory University
Institutional Review Board.

Modified PTSD Symptom Scale—(PSS; Falsetti et al., 1993). The modified PTSD
Symptom Scale (PSS) is a 17-item self-report measure of DSM-IV PTSD symptoms
experienced over the past two weeks. The PSS has demonstrated satisfactory internal
consistency, high test-retest reliability, and good concurrent validity (Foa et al., 1993).

Fear Conditioning and Extinction Paradigm

The FPS paradigm was based on classical conditioning principles, whereby an aversive
unconditioned stimulus, US (140psi airblast to the larynx) was repeatedly paired with a
shape conditioned stimulus (CS+, e.g., a blue square), while a different shape, (e.g., a purple
triangle), was never paired with the aversive stimulus (CS—; see Figure 1 for diagram of
experiment). An auditory startle probe (a 40-ms 106 dB white noise burst) was presented 6
seconds after onset of the CS+/-, and in the case of the CS+, was followed by the US 0.5
seconds later. Following a habituation block where no airblasts were delivered, the
acquisition phase of the paradigm consisted of three conditioning blocks with four trials of
each type (CS+, CS—, and noise alone, NA) in each block. The extinction phase occurred 10
min after acquisition and consisted of four blocks with four trials of each type, and the
airblast was no longer paired with the CS+. The inter-trial interval was between 9 and 22
seconds.

Physiological Data Acquisition and Processing

Biopac MP150 for Windows (Biopac Systems, Inc.) was used to collect electrocardiogram
(ECG) data at a sampling rate of 1 kHz, amplified and digitized using the Biopac system.
HR and HRV were processed using MindWare software (MindWare Technologies, Inc),
which identifies ECG R-waves and R-R intervals (i.e., the time period between heart beats),
and detects artifacts, which were manually inspected and corrected. HRV was derived by
spectral analysis of one-minute epochs with a Hamming windowing function and log
transformed. Given that our primary interest was in parasympathetic contributions to HR, we
chose to examine high frequency HRV because it best represents parasympathetic nervous
system activity (Malliani et al., 1991, but also see Berntson et al., 1997). Settings for the
high frequency band were based on standard recommendations for HRV data (0.12-0.40 Hz;
Task Force, 1996), and transformed by natural log.

Data Analysis

Average HR in beats per minute (BPM) was calculated during habituation and during the
last segment of acquisition to assess overall cardiovascular response to fear conditioning.
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Seven participants had unusable acquisition HR/HRV data due to motion artifact, bringing
the acquisition sample size to 44. All 51 participants had usable HR/HRV data from
extinction. During extinction, change in HR to the presentation of each CS was calculated

in .5s interval bins starting from the onset of the CS (0.5s, 1.0s, 1.5s, 2.0s, 2.5s, 3.0s, 3.5s,
4.0s, 4.5s, 5.0s). HR during the 1-second period prior to CS+/CS- onset was used to
calculate baseline HR and was subtracted from each HR interval post-CS+/CS—- onset. While
the CS+/CS- were presented for 6 seconds, only the first 5 seconds were used in order to
minimize any potential effects of the sound probe, which was presented at 6 seconds.
Consistent with prior research by Castegnetti et al. (2016), fear bradycardia was defined as
HR during the .5 to 2s following stimulus onset (subtracting out the 1-second baseline
period prior to stimulus onset). Thus, a fear bradycardia variable was created from the
average of HR change .5 to 2s after CS+ and CS- onset. HRV values were derived during
the habituation phase (one minute, prior to presentation of shapes, which was used as a
resting baseline measurement), the last minute of acquisition, as well as during each block of
extinction (each block contained five minutes that were averaged together). A median split
was used to create higher and lower HRV groups based on average high-frequency HRV
during habituation.

In order to statistically test for the curvilinear changes in HR across the 10 intervals of the
CS+ and CS- for early and late extinction, we employed a polynomial contrast for the
within-subject variable of time. Specifically, an omnibus 3-way repeated measures analyses
of variance (ANOVA) was first used to test differences in HR response to the CS+ and CS-
for early (block 1) and late (block 4) extinction, where the factors were CS type (CS+/CS-)
by block (early/late) by time (0.5s, 1.0s, 1.5s, 2.0s, 2.5s, 3.0s, 3.5s, 4.0s, 4.5s, 5.0s). Follow
up analyses were then conducted for each CS separately to assess extinction to each
stimulus. For HRV analyses, we employed a 2-way (HRV group by time) ANOVA for early
extinction and used a polynomial contrast to test the curvilinear changes in the HR time
bins.

PTSD symptoms indicated by the PSS ranged from 20.00 to 50.00, M= 35.00, SD=7.41.
PSS total and subscale scores were not significantly related to any of the HR or HRV
variables during acquisition or extinction (see Table 1 for descriptives and correlations).
During the habituation period prior to US delivery, average HR was 77.58 BPM (SD = 9.15)
and average HRV was 5.37 (SD = 1.52) among the total sample. Resting HR and HRV
during the habituation phase were related to each other in the expected direction, such that
higher HR was associated with lower HRV, r=-.48, p=.001. Resting HRV was
significantly associated with greater fear bradycardia, r= -.36, p = .02, suggesting that
stronger vagal control was related to a larger bradycardia response. Resting HR was not
significantly associated with fear bradycardia.

HR increased during fear acquisition such that HR during the final block of acquisition was
significantly greater than HR during habituation, A1,43) = 8.81, p=.005. An omnibus 3-
way repeated measures analyses of variance (ANOVA) was first used to test differences in
HR response to the CS+ and CS- for early (block 1) and late (block 4) extinction, where the
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factors were CS type (CS+/CS-) by block (early/late) by time (0.5s, 1.0s, 1.5s, 2.0s, 2.5s,
3.0s, 3.5s, 4.0s, 4.5s, 5.0s). There were significant main effects of extinction block, A1,48)
=13.69, p=.001, and significant cubic contrast for time, A1,48) = 17.16, p<.0001. In
addition, the CS type by block interaction was significant, A1,48) = 8.56, p=.005,
suggesting that there were differences in the HR time course by CS type and extinction
block. We then conducted a 2-way (block by time) ANOVA separately for each CS. For the
CS+, there were significant main effects of block, A1,50) = 18.32, p< .0001, and time,
H1,50) = 26.74, p< .0001 (cubic), as well as a significant interaction of block by time,
H1,50) = 25.22, p< .001. As depicted in Figure 2a, the cubic effect of time is consistent
with fear bradycardia to the CS+ in early but not late extinction, suggesting that it
diminished over the course of extinction. For the CS-, the effect of block was not
significant, A1,48) = 1.24, p= .27, suggesting that there was no effect of extinction for the
CS-. In addition, the cubic contrast term was not significant, A1,48) = 3.06, p= .09,
indicating that the CS- did not induce bradycardia (Figure 2b).

To examine differences in individuals with higher and lower HRV, we derived two groups
based on the median split of resting HRV. Average HRV was 6.63 (SD = .89) among the
higher HRV group and 4.11 (SD = .76) among the lower HRV group. Average HR was
higher in the lower HRV group (M= 80.58, SD = 9.63) compared to the higher HRV group
(M=7457, SD=1.73), A1,43) =5.21, p=.03. The higher and lower HRV groups did not
differ in terms of age, race, education, PSS total, or subscale scores (all p’s> .10 for
ANOVA and chi-square tests). To test our hypothesis regarding the effect of HRV status on
bradycardia-related HR changes during the presentation of the CS+ during early extinction,
we analyzed a 2-way (HRV group by time) ANOVA, where time reflected binned HR
change during the presentation of the CS+. To test for bradycardia, we examined the cubic
contrast across the HR time bins. There was a significant main effect for a cubic trend of
time, A1,42) = 19.95, p<.00001, and an HRV group by time interaction, A/1,42) =7.23, p
=.01. Follow-up tests within each HRV group testing HR change over time resulted in a
highly significant cubic term in the higher HRV group, A1,21) = 18.01, p<.00001, but not
in the the lower HRV group, A1,21) = 2.73, p=.11. As depicted in Figure 3, individuals in
the higher HRV group demonstrated a larger HR decrease to the CS+ during the fear
bradycardia period followed by a greater HR increase in the post-bradycardia period,
consistent with a cubic curve exhibited in bradycardia. The pronounced dip in HR at the
onset of the CS+ suggests that the fear bradycardia effect was stronger among those with
higher HRV.

Discussion

This is the first study, to our knowledge, to examine the HR response during fear extinction
among trauma-exposed individuals. As hypothesized, we observed an initial rapid HR
deceleration to the CS+ (fear bradycardia), typically associated with the fear response, that
decreased over the course of extinction and was associated with higher resting HRV. This is
consistent with prior fear research with HR (e.g., Lang et al., 2011; Panitz et al., 2015; Sege
et al., 2017) and contributes to the understanding of cardiac responses to fear in trauma,
which may accelerate cardiovascular disease risk. Overall, these results suggest that fear
bradycardia was associated with better cardiac vagal control in a trauma-exposed sample.
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As expected, we found evidence for a conditioned fear bradycardia response to the CS+
during early extinction, which diminished over time. Prior research has demonstrated that
HR may initially slow and then increase in response to neutral stimuli as well, which appears
to be associated with attentional orienting to novelty (Bradley, 2009; Bradley & Lang, 2007;
Urry, 2010). This would suggest that regardless of fear, the CS+ presented without the US in
extinction may elicit cardiac deceleration due to novelty alone (i.e., the unpaired CS+ is
novel in comparison to the CS+ paired with the US). However, given that the HR response to
the CS+ appeared stronger than that of the CS- in the current study, it is not likely that our
findings were due to attentional orienting alone.

At the bivariate level, higher resting HRV was associated with increased fear bradycardia,
which was expected given that both of these indicators are controlled by the PNS. This may
suggest that cardiac vagal control is an indicator of cardiac extinction performance (indexed
via fear bradycardia) and could help to explain prior findings of elevated CVD risk in PTSD
patients (Edmonson et al., 2013; Edmonson and von Kénel, 2017). Specifically, low HRV
may be a mechanism through which elevated HR confers greater CVD risk, and higher HRV
may represent a protective factor. Consistent with the research of Hopper and colleagues
(2006), individuals in our study with lower HRV demonstrated significantly higher HR than
those with higher HRV. This may suggest that elevated HR is only be a risk for PTSD in the
presence of low HRV and that cardiac vagal control is a more salient indicator of disease
severity than HR alone. However, given that HR and HRV were not related to PTSD
symptoms in the current study, additional research is needed to fully replicate the Hopper et
al. (2006) findings. Our analyses also suggest that the pattern of fear bradycardia to the CS+
in early extinction may be driven by those with higher HRV, such that those in the higher
HRV group demonstrated the expected pattern of bradycardia while those in the lower HRV
group did not. Thus, individuals with better resting cardiac vagal control may demonstrate
more adaptive fear responding through greater PNS activation.

Based on these findings, we suggest that the current study may have clinical implications. In
particular, our finding regarding HRV and fear bradycardia suggests that individuals may
respond differently to extinction-based psychotherapy depending on the strength of their
cardiac vagal control, and that fear bradycardia may be a relevant biomarker in predicting
how individuals will respond to these treatments. Future research testing treatment outcomes
based on resting HRV could inform whether certain individuals benefit more or less than
others from extinction-based approaches. If so, it will be important to determine whether
these approaches could be modified for those with low HRV or if alternative approaches
should be considered. One possibility is to provide interventions that are known to increase
HRV, such as mindfulness meditation (Ditto et al., 2006; Krygier et al., 2013), in preparation
for starting exposure. This could allow individuals with low resting HRV to gain more from
the exposure portion of treatment.

In terms of study limitations, a lack of information about pre-trauma cardiovascular function
and CVD incidence prevents causal inference. For example, it is possible that individuals
with poor cardiovascular function (e.g., high resting HR) are more likely to develop PTSD
(Morris et al., 2016; see Pole et al., 2009 for alternate findings). Future replication with
prospective studies and specific measures of CVD would help to elucidate causality between

J Psychiatr Res. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Seligowski et al.

Page 8

cardiovascular function and trauma-related sequalae. Second, the current study was limited
in its reliance on a one-minute epoch for resting HRV. As discussed by Baeg and colleagues
(2015), a short epoch may present a threat to reliability even when using the high frequency
range. A minimum of five minutes is recommended for more robust estimates of resting
HRV. Additionally, the current study included only trauma-exposed individuals, which
precludes us from comparing our findings to those of a non-trauma-exposed control group.
While it is a strength that we examined PTSD dimensionally in a trauma-exposed sample,
future studies should include comparison to a group without trauma exposure to further
evaluate the clinical significance of our findings. Finally, it is important to note that using a
median split for HRV groups does not necessarily result in groups that truly have high or low
HRV, but relies on the specific sample distribution. This procedure can result in false
negatives due to power loss and doesn’t account well for individuals who are close to the
median.

To our knowledge, this is the first study examining the cardiovascular response to fear
extinction in trauma-exposed individuals. We observed a pattern of fear bradycardia early in
extinction and demonstrated that this response decreased or was extinguished over time, and
that it appeared stronger in those with higher resting HRV. Overall, our results indicate that
fear bradycardia may be indicative of greater vagal control (i.e., HRV), which could be a
useful psychophysiological biomarker to assess change in PNS function over the course of
treatment, such as exposure therapy.
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Figure 1:

Timeline of individual trials (in seconds)

Overview of the fear-potentiated startle paradigm
Note. No stimuli present for first minute of habituation — resting baseline HRV is collected
during this time. NA = noise alone; CS = conditioned stimulus.
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Figure 2:
Extinction of the HR response.

Figure 2a: Extinction of the HR response to the CS+
Figure 2b: Extinction of the HR response to the CS-
Note. HR = heart rate; CS = conditioned stimulus.
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Figure 3:
HR response to the CS+ by HRV group in early extinction

Note. Early extinction refers to extinction Block 1; CS = conditioned stimulus; HRV = heart
rate variability.
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Table 1.

Descriptives and bivariate correlations among study variables
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1 2 3 4 5 6 7 8
1. PSS total -
2. PSS intrusions 583** -
3. PSS avoidance-numbing 8587 271 -
4. PSS hyperarousal 781 321F 460 -
5. Resting HR -.043  .050 .004 -156 -
6. Resting HRV -027 -215 -032 144 _g1** -
7. Early extinction bradycardia -.203  -.152 -.190 -.114 .268 —362% -
8. Late extinction bradycardia  -.088 -.237 -.046 019  -.155 271 _og1* -
Mean 35.00 1012 1420 10.69 77.58 5.37 -1.05 42
SD 741 2.15 4.35 3.10 9.15 1.52 2.24 2.18
Minimum 20.00 8.00 4.00 2.00 58.77 2.46 -7.72 -3.89
Maximum 50.00 15.00 21.00 1500 100.79 8.87 331 8.89
Note.
*
p<.05
**p <.01

PSS = PTSD Symptom Scale; HR = heart rate; HRV = heart rate variability.
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