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A B S T R A C T   

Background: Deficits in safety signal learning are well-established in fear-related disorders (e.g., PTSD, phobias). 
The current study used a fear conditioning paradigm to test associations among eye blink startle and event- 
related brain potential (ERP) latency measures of safety signal learning, as well as the role of cardiac vagal 
control (a measure of top-down inhibition necessary for safety learning). 
Methods: Participants were 49 trauma-exposed women ages 17 to 28 years. Eyeblink startle response and ERP 
amplitudes/latencies were derived for conditioned stimuli associated (CS+) and not associated (CS-) with an 
aversive unconditioned stimulus. ERPs included the P100 and late positive potential (LPP), which index early 
visual processing and sustained emotional encoding, respectively. Cardiac vagal control was assessed with 
resting heart rate variability (HRV). 
Results: P100 and LPP latencies for the CS- (safety signal stimulus) were significantly negatively associated with 
startle to the CS-, but not the CS + . LPP CS- latencies were significantly negatively associated with PTSD 
Intrusion scores, and this relationship was moderated by vagal control, such that the effect was only present 
among those with low HRV. 
Conclusions: ERP-based markers of safety signal learning were associated with startle response to the CS- (but not 
CS+) and PTSD symptoms, indicating that these markers may have relevance for fear-related disorders. Cardiac 
vagal control indexed by HRV is a moderating factor in these associations and may be relevant to safety signal 
learning.   

1. Introduction 

One of the most enduring characteristics of fear-related disorders is a 
decreased ability to inhibit fear in safe situations. Sometimes referred to 
as safety signal learning, this process involves top-down inhibition of 
sympathetic arousal when confronted with non-threatening stimuli. 
Among individuals exposed to trauma, an example of safety signal 
learning is the inhibition of fear when confronted with an individual 
who looks familiar to a prior assailant (i.e., there may be some initial 
arousal but this quickly subsides when the individual realizes they are 
not in danger). In contrast, an individual with posttraumatic stress dis
order (PTSD) may not be able to inhibit their fear response and may 

experience prolonged arousal and fear despite the lack of threat. Simi
larly, individuals with panic disorder experience deficits in their ability 
to inhibit fear of non-dangerous physical sensations and interoceptive 
cues (e.g., increased heartbeat during exercise) and those with phobic 
disorders experience deficits in fear inhibition for a range of non- 
dangerous objects or situations (e.g., heights, insects, blood). Research 
in these populations has demonstrated that poor safety signal learning is 
a specific phenotype of fear-related disorders that differentiates them 
from healthy populations (e.g., [1,2–4]). 

Safety signal learning can be modeled with fear conditioning para
digms, such that one conditioned stimulus (CS; e.g., colored shape) is 
paired with an aversive unconditioned stimulus (US; e.g., shock, air 
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blast) while another CS is never paired. In this paradigm, the paired 
stimulus is referred to as the CS + and represents threat, while the un
paired stimulus is the CS- and represents the absence of threat (i.e., 
safety). Startle response to the CS + and CS- may be indexed by elec
tromyography of the eye blink or by skin conductance level. Among 
individuals with posttraumatic stress disorder (PTSD) and panic disor
der, startle responses to the CS- are elevated compared to controls, 
suggesting that these individuals exhibit deficits in safety signal learning 
[2,3,5]. Whereas the startle response is one of the primary assessment 
methods in fear conditioning paradigms, neurophysiological indices of 
fear and safety learning may also be used, with the advantage of 
providing a means to probe underlying brain mechanisms with time 
resolution that is in the milliseconds range. 

Prior electrophysiology research in fear conditioning has focused on 
event-related potentials (ERPs) such as the P100, the P300, and the late 
positive potential (LPP). The P100 ERP has been implicated in early 
visual processing and its amplitudes tend to be higher for fearful stimuli 
(e.g., threatening faces) compared to neutral or positive stimuli [6,48], 
suggesting that increased visual system activity is associated with 
increased salience of visual cues. The P300 and LPP are later ERP 
components reflecting more sustained emotional encoding of stimuli 
and generally appear greater for emotionally salient information across 
a variety of samples [7–11,42]. They are also heightened in response to 
aversive, unpleasant, and threatening stimuli compared to neutral and 
safe stimuli among healthy samples [12–15] and those with PTSD [16]. 
Our group recently investigated the LPP with trauma-exposed un
dergraduates using a fear conditioning paradigm and found that LPP 
amplitudes were significantly greater in response to a CS + compared to 
a CS- [17]. 

Fewer studies have tested ERP latencies in fear-based disorders and 
findings have been mixed. Given that ERP latencies are extremely sen
sitive indicators of reaction time to emotional stimuli (in the millisecond 
range), they are important complementary indicators to ERP ampli
tudes. Specifically, latencies provide data regarding the speed of infor
mation processing, while amplitudes provide data regarding the 
emotional salience of the data processed. Individuals with PTSD 
demonstrate deficits in cognitive domains such as information process
ing (particularly related to safety; see [18] for a review); it is therefore 
important to better characterize this aspect of safety signal learning in 
trauma-exposed populations. Among individuals with panic disorder, 
P100 and P300 latencies appear to be shorter compared to controls 
across several stimulus types [19–21]. In PTSD, one study found that 
individuals with PTSD exhibited longer P300 latencies for happy faces 
compared to trauma-exposed controls [22], and another found that 
combat Veterans with PTSD exhibited longer P300 latencies for target 
images (animals) compared to healthy controls [23]. This may suggest 
that PTSD is associated with slower emotional processing of 
non-threatening stimuli; however, no prior study has tested ERP la
tencies for safety signals in the context of fear or aversive conditioning, 
which has relevance for fear-based disorders such as PTSD. Specifically, 
safety signal learning is one of the primary components in 
cognitive-behavioral treatments for PTSD, such as exposure therapy. 
ERP latencies for safety signals may therefore serve as indicators of 
which individuals will respond better to such treatments (e.g., those who 
respond to safety more rapidly) or as indicators of treatment response 
overall. 

A natural extension from neurophysiological indices of inhibition or 
safety signal learning is cardiac vagal control because it indexes the 
influence of the vagus nerve (the 10th cranial nerve) on the heart’s 
sinoatrial node. Thus, measures of vagal control, such as heart rate 
variability (HRV), represent top-down inhibition of sympathetic arousal 
controlled by the parasympathetic nervous system. HRV refers to the 
variability in timing between heart beats and greater variability is often 
associated with emotion regulation and general psychological health 
[24]. Among individuals with fear- and anxiety-based disorders, HRV 
tends to be lower at baseline [25–29] and in response to challenge 

[30–33], reflecting poor inhibition. Few studies have examined HRV 
simultaneously with startle during fear conditioning, but generally HRV 
appears to confer lower startle responses among healthy and under
graduate samples [34,54], as well as individuals with panic disorder 
[35]. One study specifically tested fear inhibition using startle and found 
that individuals with higher HRV exhibited better fear inhibition 
compared to those with lower HRV [36]. To our knowledge, no prior 
studies have tested HRV-related differences in neurophysiological 
indices of fear inhibition/safety signal learning. Given that HRV is a 
measure of cortical regulation of peripheral physiology and that in
dividuals with PTSD exhibit deficits across these domains, it is critical to 
study the influence of HRV on neurophysiological indices. Further, the 
aforementioned studies suggest that HRV may influence startle re
sponses to conditioning and thus should be considered when using these 
paradigms. As mentioned above, ERP latencies to safety signals could be 
useful indicators of treatment response; the influence of HRV on such 
measures is therefore important to capture as it may moderate ERP 
responses. 

The current study used eyeblink startle and ERPs to probe safety 
signal learning and the role of HRV in a trauma-exposed sample. Since 
our prior work focused on P100 and LPP amplitudes and given the 
limited studies testing latency effects, the current study evaluated P100 
and LPP latencies among the same sample [17]. Given that longer ERP 
latencies for neutral stimuli have been observed in PTSD samples, we 
hypothesized that 1) longer P100 and LPP latencies for a safety signal 
(CS-) would be significantly associated with increased eye blink startle 
response to the CS-; 2) longer P100 and LPP latencies for a CS- would be 
significantly associated with increased PTSD symptoms; and 3) HRV 
would moderate these associations, such that individuals with lower 
HRV (a risk factor for psychopathology) would demonstrate stronger 
associations between P100/LPP latencies and a) startle to the CS-, as 
well as b) PTSD symptoms. 

2. Methods 

2.1. Participants and Procedure 

The sample included 49 trauma-exposed undergraduate females who 
were recruited from a Midwestern university (Mage = 20.21, SD = 2.71). 
In terms of race, 57.1% identified as White (n = 28), 26.5% identified as 
Black or African American (n = 13), 8.2% identified as Asian (n = 4), and 
4.1% identified as Other (n = 2); two participants chose not to respond. 
Most participants identified as non-Latino/Hispanic (89.8%). 

Potential participants were invited via email to participate as part of 
their psychology courses; interested students were then contacted and 
scheduled. Following informed consent procedures, participants 
completed self-report measures and then underwent a fear conditioning 
paradigm with concurrent electroencephalogram (EEG) recording. 
Participants received course credit for their participation, and proced
ures were approved by the university’s Institutional Review Board. 

2.2. Measures 

2.2.1. Traumatic Life Events Questionnaire 
The Traumatic Life Events Questionnaire (TLEQ; [47]) is a brief 

measure of trauma exposure. Respondents indicate the frequency of 
experiencing 22 potentially traumatic events (e.g., physical abuse, sex
ual assault, natural disaster). 

2.2.2. PTSD Checklist – 5 
The PTSD Checklist – 5 (PCL-5; [55]) is a 20-item self-report measure 

of PTSD symptoms that corresponds to the four DSM-5 symptom clus
ters. These clusters include: Intrusions (Criterion B; 5 items), Avoidance 
(Criterion C; 2 items), Negative Alterations in Cognition and Mood 
(Criterion D; 7 items), and Alterations in Arousal and Reactivity (Cri
terion E; 6 items). Items are rated on a 5-point Likert-type scale from 
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0 (not at all) to 4 (extremely), with higher scores indicating worse PTSD 
symptoms. Cronbach’s alphas in the current sample were .81 (Intru
sion), .86 (Avoidance), .90 (Negative Alterations in Cognition and 
Mood), and .89 (Alterations in Arousal and Reactivity). 

2.3. Fear Conditioning Paradigm 

The fear conditioning paradigm used was a fear-potentiated startle 
(FPS) paradigm, which has previously been validated [2,44,50]. In the 
FPS paradigm, an aversive unconditioned stimulus (US; 140 psi airblast 
to the larynx) was repeatedly paired with a conditioned stimulus (CS+; a 
blue square presented on computer screen), while a different shape (a 
purple triangle) was never paired with the aversive stimulus (CS-). The 
paradigm included a 108-dB startle probe that elicited the eyeblink 
acoustic startle response. The startle probe was presented during CS +
and CS- trials, and on its own (noise alone [NA] trials) to assess indi
vidual baseline startle response. The startle probe was presented 6 sec
onds after initiation of the CS and was followed by the US 0.5 seconds 
later. The acquisition phase of the paradigm consisted of one habituation 
block in which no airblasts were delivered, followed by three condi
tioning blocks with four trials of each type in each block (i.e., 12 CS +
trials, 12 CS- trials, 12 NA trials). 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. EEG data were continuously 
recorded during the FPS session (see below). 

2.4. Physiological Data Acquisition and Processing 

Biopac MP150 for Windows (Biopac Systems, Inc.) was used to 
collect physiological data at a sampling rate of 1 kHz, amplified and 
digitized using the Biopac system. Eyeblink signals (electromyogram; 
EMG) were amplified by a gain of 1000. Screening of eyeblinks involved 
visually inspecting EMG data for double blinks and other artifacts. When 
necessary, segments of EMG data without an identifiable eyeblink were 
deleted. No participants had fewer than 75% usable EMG segments and 
therefore all participants were included in EMG analyses. Startle 
magnitude values were obtained for each stimulus (e.g., amplitude of 
eyeblinks in response to each CS) using MindWare software. FPS was 
calculated using a difference score ([startle magnitude in the presence of 
a CS in each conditioning block] – [startle magnitude to startle probe 
alone]); [49]. Specifically, two FPS variables were calculated: FPS to the 
CS + during late acquisition (average of blocks 2 and 3) and FPS to the 
CS- during late acquisition (average of blocks 2 and 3). 

HRV was also processed using MindWare software, which identifies 
electrocardiogram (ECG) recorded R-waves and R-R intervals (i.e., the 
time period between heart beats), and detects artefacts, which were 
manually inspected and corrected. HRV was derived by spectral analysis 
of one-minute epochs with a Hamming windowing function and log 
transformed. Settings for the high frequency band were based on stan
dard recommendations for HRV data (0.12–0.40 Hz; Task Force, 1996). 
HRV values were averaged from the habituation/baseline phase prior to 
startle probes and fear conditioning. 

2.5. EEG Data Acquisition and Processing 

EEG data were continuously recorded during the FPS session from 9 
International 10–20 system sites (F3, Fz, F4, C3, Cz, C4, P3, Pz, P4) with 
a tin-electrode cap (Electro-Cap International Inc., Eaton, OH). We 
excluded Pz from analyses due to an equipment failure at the Pz site. 
Electrode impedances were kept below 5 kΩ. Horizontal and vertical eye 
movements were recorded using electrooculogram (EOG) with elec
trodes placed at the outer canthi and lower orbital ridges. Each EEG and 
EOG channel was amplified by separate EEG100C and EOG100C mod
ules (Biopac MP100C system, Biopac Systems, Goleta, CA) with an 
analog bandpass filter from 0.1 to 35 Hz. EEG and EOG data were 

sampled at 1 kHz (1,000 samples/sec) and a 60 Hz notch filter was 
applied. EEG and EOG data were gathered using AcqKnowledge 3.8.1 for 
the Biopac MP100C system. 

EEG data were processed with BrainVision Analyzer 2.04 software 
(Brain Products, Germany) and referenced to the average reference, 
with offline filters (0.1-30 Hz) applied. Independent component analysis 
(ICA) was used to identify and remove eye movement and eyeblink ar
tifacts. The following criteria were used for the ICA: whole data, classic 
PCA sphering, infomax ICA, energy ordering, and 512 convergence 
steps. For each trial, EEG data were segmented 200 ms before and 1,200 
ms after stimulus onset. Consistent with prior research [42], a 
semi-automated procedure to reject intervals for individual channels 
used the following criteria: (a) a voltage step > 50 μV between sample 
rates, (b) a voltage difference > 300 μV within a trial, and (c) a 
maximum voltage difference of < 0.50 μV within a 100 ms interval. In 
addition to these semi-automated procedures, all trials were visually 
inspected for manual artifact identification and removal. Three partic
ipants were removed from analyses due to poor EEG data quality. P100 
and LPP latencies for the CS + and CS- were determined by selecting the 
time (ms) at which each ERP reached its peak during the given time
frame at Cz (i.e., 75-125 ms poststimulus for the P100, 600-1200 ms 
poststimulus for the LPP). 

3. Results 

Descriptive statistics and bivariate correlations among all study 
variables are summarized in Table 1. As described in our prior work 
[17], P100 and LPP latencies for the CS + and CS- did not differ 
significantly (see Fig. 1 for CS + and CS- waveforms). Contrary to our 
expectations, startle response to the CS- was significantly negatively 
associated with CS- latencies for both the P100 (r = -.417, p = .004; 
Fig. 2, top panel) and the LPP (r = -.316, p = .033; Fig. 2, bottom panel), 
suggesting that longer visual processing and emotional encoding 
conferred better safety signal learning (i.e., decreased CS- startle). 
Similarly, LPP latencies for the CS- were significantly negatively associ
ated with scores on the Intrusions (r = -.303, p = .036; Fig. 3, top panel) 
and Negative Alterations in Cognition and Mood (r = -.304, p = .036; 
Fig. 3, bottom panel) symptom clusters. Neither P100 nor LPP latencies 
for the CS + were associated with startle to the CS+/CS- or with PTSD 
symptom clusters. 

In order to test moderation by HRV, we conducted hierarchical linear 
regressions only for variables that were significantly related at the 
bivariate level. Variables used to create interaction terms were mean- 
centered and then multiplied by one another. In the first regression 
model, P100 latency to the CS- was significantly associated with CS- 
startle (β = -.43, p = .004), but baseline HRV (β = .07, p = .598) and the 
P100 latency x HRV interaction (β = -.14, p = .320) were not. In the 
second model, LPP latency to the CS- was significantly associated with 
CS- startle (β = -.33, p = .031), but baseline HRV (β = .10, p = .517) and 
the LPP latency x HRV interaction (β = -.08, p = .588) were not. For 
PTSD symptoms, Negative Alterations in Cognition and Mood were not 
significantly predicted by LPP latency (β = -.26, p = .074), HRV (β = .09, 
p = .552), or their interaction (β = .24, p = .104). Symptoms on the 
Intrusions cluster were significantly associated with LPP latency to the 
CS- (β = -.29, p = .041) and the LPP latency x HRV interaction (β = .29, p 
= .043; Table 2). To clarify the interaction effect, simple slopes analyses 
were conducted at high and low HRV levels (calculated by subtracting 
and adding one standard deviation, respectively). At the level of low 
HRV, LPP latency to the CS- was significantly associated with Intrusions 
(β = -.47, p = .011), but this association was not found at the level of 
high HRV (Fig. 4 and Table 2), suggesting that safety signal processing 
was associated with PTSD severity only among those with poor cardiac 
vagal control. 
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4. Discussion 

The current study probed peripheral and neurophysiological indices 
of safety signal learning, as well as the putative moderating role of HRV 
on associations between these indices and PTSD symptoms. Whereas 
none of the CS + analyses were significant, CS- analyses indicated that 
startle and ERP responses to the safety signal were associated with one 
another. Further, ERP responses to the safety signal were related to 
PTSD Intrusion symptoms, particularly among those with low HRV. Our 
findings suggest that ERP-based indices of safety signal learning may be 
useful markers of fear-based pathology and that HRV may represent a 
risk factor for poor safety signal learning. 

While a number of studies have demonstrated that individuals with 
fear-based pathology exhibit exaggerated startle responses to danger 
signals (i.e., CS+; [5,30,1,52], a more specific phenotype is exaggerated 
startle to safety signals. When examining differences between healthy 
controls and those with fear-based disorders, prior research has indi
cated that heightened startle responses to the safety signal drive these 
findings, rather than exaggerated startle to the danger signal alone 
[1–4]. Our findings generally support this literature given that we only 
observed significant findings for the CS- and not the CS+, and they 
suggest that responses to safety signals may be more specific indicators 
of fear-related pathology. Our unexpected findings regarding longer ERP 
latencies for the safety signal being related to decreased startle suggest 
that longer latency of visual processing and emotional encoding for the 
CS- may confer better safety signal learning (i.e., fear inhibition). The 
most likely explanation for this finding is that our sample, while 
trauma-exposed, was not a clinical sample and reported low levels of 
PTSD symptoms. Thus, it may be more appropriate to consider our 
sample as a trauma-exposed control sample, which would explain the 
opposite effect of what has been observed in PTSD samples using other 

paradigms. It is also possible that in a non-clinical, relatively resilient 
sample, delayed ‘top-down’ regulation supporting safety signal learning 
appears as longer latencies for this visual-emotional signal processing. 
While this was the first study of ERP latencies for safety signals in a fear 
conditioning paradigm, our findings may suggest that neutral or safe 
stimuli elicit opposing effects in trauma-exposed individuals with versus 
without significant PTSD symptoms. Alternatively, increased ERP la
tencies could reflect greater evaluation of the safety signal prior to 
determining its significance, rather than delayed processing, which may 
be more likely in this non-clinical sample. Given that few studies that 

Table 1 
Descriptive and bivariate correlations among study variables.   

1 2 3 4 5 6 7 8 9 10 

1. PCL-5 Intrusions –          
2. PCL-5 Avoidance .746** –         
3. PCL-5 Negative Alterations in Cognition and Mood .648** .594** –        
4. PCL-5 Alterations in Arousal and Reactivity .594** .468** .846** –       
5. P100 latency for CS+ -.233 -.232 -.191 -.145 –      
6. P100 latency for CS- .008 -.029 -.062 -.001 .395* –     
7. LPP latency for CS+ -.108 .090 -.117 -.068 .029 .258 –    
8. LPP latency for CS- -.303* -.250 -.304* -.144 .290 .343* .289* –   
9. Startle for CS+ -.128 -.190 -.184 -.062 .137 -.201 -.233 .119 –  
10. Startle for CS- .136 .138 .094 .069 -.077 -.417** -.211 -.316* .158 – 
Mean 4.49 2.80 6.24 4.49 88.29 86.19 803.50 840.19 30.05 − 4.03 
SD 3.96 2.51 7.27 5.67 15.95 15.77 182.12 188.70 33.08 85.23 
Minimum 0.00 0.00 0.00 0.00 75.00 75.00 600.00 600.00 1.04 − 564.04 
Maximum 12.00 8.00 27.00 19.00 124.00 124.00 1197.00 1189.00 178.93 43.70 

Note. *p < .05; **p < .01; PCL-5 = PTSD Checklist for DSM-5; CS = conditioned stimulus; LPP = late positive potential. 

Fig. 1. LPP waveform for the CS + and CS. 
Note. CS = conditioned stimulus; previously published in [17]. 

Fig. 2. Correlations between FPS and ERP Latencies for the CS. 
Note. r = -.417, p = .004; FPS = fear-potentiated startle; CS = conditioned 
stimulus. 
Note. r = -.316, p = .033; LPP = late positive potential; FPS = fear-potentiated 
startle; CS = conditioned stimulus. 
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have specifically targeted ERP latencies as indicators of safety signal 
learning and the lack of other studies that specifically used fear condi
tioning, these results will need further replication and comparison to a 
clinical PTSD sample. 

Another novel finding was that longer ERP latencies for the CS- were 
associated with significantly lower PTSD Intrusion symptoms. This is 
consistent with prior research demonstrating that, of all PTSD symptom 
clusters, the Intrusion cluster was most strongly associated with poor 

safety signal learning among those with PTSD [30]. The Intrusion cluster 
(previously called “Re-experiencing”) is arguably the cluster most spe
cific to PTSD because each symptom is directly tied to altered fear cir
cuitry and poor fear inhibition (e.g., flashbacks, heightened emotional 
responding in safe situations). The unexpected direction of this finding 
may be understood by considering our sample as trauma-exposed con
trols and not a PTSD sample (discussed above). Nonetheless, our finding 
suggests that safety signal ERP latencies could be useful indicators of 
post-trauma sequalae warranting further investigation. Specifically, 
future research is needed to test the predictive validity of safety signal 
ERP latencies in assessing risk for PTSD development, as well as their 
utility as objective markers of treatment response. 

Our finding regarding HRV suggests that ERP latencies may be 
particularly useful markers of safety signal learning and Intrusions 
among individuals with poor cardiac vagal control. It also provides 
further support for prior research indicating that decreased para
sympathetic control indexed via HRV may be a more salient indicator for 
PTSD than sympathetic arousal indicated by heart rate (HR) alone. For 
example, Hopper and colleagues (2006) found that HR was only 
elevated among individuals with PTSD who had low HRV, but not those 
with high HRV. Thus, while exaggerated sympathetic arousal has been 
demonstrated in fear-based disorders (e.g., [43,45,46]), impaired 
parasympathetic control may be an indicator of safety signal learning (i. 
e., top-down inhibition) that is more specific to these populations. 
Further, HRV is considered a marker of emotion regulation more 
generally [37,38], and those with fear-based disorders such as panic and 
PTSD exhibit deficits in various forms of emotion regulation [39,40]. 
Given that the LPP has also been implicated in emotion regulation [41], 
studies that examine both peripheral (i.e., HRV) and neurophysiological 
(i.e., LPP) indices of emotion regulation are warranted to better un
derstand safety signal learning deficits in PTSD. 

In terms of study limitations, it is important to note that our sample 
included trauma-exposed undergraduates. Although all participants 
endorsed Criterion A traumatic events, their PTSD symptoms were not as 
severe as those of a clinical or treatment-seeking population, and their 
age range is lower than that of the general population. Further, only 
females were included in this study and therefore our findings may not 
generalize to male populations. We also did not assess menstrual cycle 
phase, time of day, or food intake, all of which may influence ERP re
sponses [51,53,56]. Accordingly, future research is needed across sexes 
and accounting for variables that may affect ERPs, particularly among 
more severe clinical populations. 

Despite these limitations. findings from the current study indicate 
that eye blink startle responses and ERP latencies to a safety signal are 
significantly associated with one another, and that safety signal ERP 
responses may be related to PTSD symptoms. We also demonstrated that 
the association between PTSD Intrusion symptoms and the LPP safety 
signal latency was driven by those with low but not high HRV. Collec
tively, these findings suggest that ERP-based indices of safety learning 
may have relevance for fear-related disorders and that cardiac vagal 
control is an important moderating factor. 
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conditioned 
Stimulus; PCL-5 = PTSD Checklist for DSM-5. 
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challenges in differential classical conditioning research: Benefits of a hybrid 
design for simultaneous electrodermal and electroencephalographic recording, 
Front. Hum. Neurosci. 9 (2015) 336, https://doi.org/10.3389/fnhum.2015.00336. 

[14] P.S. Wong, H. Shevrin, W.J. Williams, Conscious and nonconscious processes: an 
ERP index of an anticipatory response in a conditioning paradigm using visually 
masked stimuli, Psychophysiology 31 (1) (1994) 87–101, https://doi.org/ 
10.1111/j.1469-8986.1994.tb01028.x. 

[15] P.S. Wong, E. Bernat, M. Snodgrass, H. Shevrin, Event-related brain correlates of 
associative learning without awareness, Int. J. Psychophysiol. 53 (3) (2004) 
217–231, https://doi.org/10.1016/j.ijpsycho.2004.04.003. 

[16] I. Lobo, I.A. David, I. Figueira, R.R. Campagnoli, E. Volchan, M.G. Pereira, L. de 
Oliveira, Brain reactivity to unpleasant stimuli is associated with severity of 
posttraumatic stress symptoms, Biol. Psychol. 103 (2014) 233–241, https://doi. 
org/10.1016/j.biopsycho.2014.09.002. 

[17] A.V. Seligowski, E. Bondy, P. Singleton, H.K. Orcutt, K.J. Ressler, R.P. Auerbach, 
Testing neurophysiological markers related to fear-potentiated startle, Psychiatry 
Res. 267 (2018) 195–200, https://doi.org/10.1016/j.psychres.2018.06.023. 

[18] J.J. Vasterling, K.A.A. Hall, Neurocognitive and information processing biases in 
posttraumatic stress disorder, Curr. Psychiatry Rep. 20 (11) (2018) 99. 

[19] T. Hanatani, N. Sumi, S. Taguchi, O. Fujimoto, H. Nan-No, M. Takeda, Event- 
related potentials in panic disorder and generalized anxiety disorder, Psychiatry 
Clin. Neurosci. 59 (1) (2005) 83–88, https://doi.org/10.1111/j.1440- 
1819.2005.01336.x. 

[20] S.J. Thomas, C.J. Gonsalvez, S.J. Johnstone, Neural time course of threat-related 
attentional bias and interference in panic and obsessive-compulsive disorders, Biol. 
Psychol. 94 (1) (2013) 116–129, https://doi.org/10.1016/j. 
biopsycho.2013.05.012. 

[21] V. Wise, A.C. McFarlane, C.R. Clark, M. Battersby, Event-related potential and 
autonomic signs of maladaptive information processing during an auditory oddball 
task in panic disorder, Int. J. Psychophysiol. 74 (1) (2009) 34–44, https://doi.org/ 
10.1016/j.ijpsycho.2009.07.001. 

[22] A. Ehlers, T. Michael, Y.P. Chen, E. Payne, S. Shan, Enhanced perceptual priming 
for neutral stimuli in a traumatic context: A pathway to intrusive memories? 
Memory 14 (3) (2006) 316–328, https://doi.org/10.1080/09658210500305876. 

[23] J. Attias, A. Bleich, F. Vladimir, Y. Zinger, Event-related potentials in post- 
traumatic stress disorder of combat origin, Biol. Psychiatry. 40 (1996) 373–381, 
https://doi.org/10.1016/0006-3223(95)00419-X. 

[24] J.F. Thayer, A.L. Hansen, E. Saus-Rose, B.H. Johnsen, Heart rate variability, 
prefrontal neural function, and cognitive performance: the neurovisceral 
integration perspective on self-regulation, adaptation, and health, Ann. Behav. 
Med. 37 (2) (2009) 141–153, https://doi.org/10.1007/s12160-009-9101-z. 

[25] H.A. Chang, C.C. Chang, N.S. Tzeng, T.B. Kuo, R.B. Lu, S.Y. Huang, Decreased 
cardiac vagal control in drug-naïve patients with posttraumatic stress disorder, 
Psychiatry Investign. 10 (2) (2013) 121–130, https://doi.org/10.4306/ 
pi.2013.10.2.121. 

[26] H. Cohen, M. Kotler, M.A. Matar, Z. Kaplan, H. Miodownik, Y. Cassuto, Power 
spectral analysis of heart rate variability in posttraumatic stress disorder patients, 
Biol. Psychiatry. 41 (5) (1997) 627–629, https://doi.org/10.1016/S0006-3223(96) 
00525-2. 

[27] M. Hauschildt, M.J. Peters, S. Moritz, L. Jelinek, Heart rate variability in response 
to affective scenes in posttraumatic stress disorder, Biol. Psychol. 88 (2-3) (2011) 
215–222, https://doi.org/10.1016/j.biopsycho.2011.08.004. 

Fig. 4. PCL-5 Intrusions and LPP Latency Moderated by HRV. 
Note. Residuals plotted; low HRV β = -.47, p = .011; PCL-5 = PTSD Checklist for DSM-5; HRV = heart rate variability; LPP = late positive potential; CS = condi
tioned stimulus. 

A.V. Seligowski et al.                                                                                                                                                                                                                           

https://doi.org/10.1016/j.psyneuen.2009.11.009
https://doi.org/10.1016/j.neuropharm.2011.02.023
https://doi.org/10.1016/j.neuropharm.2011.02.023
https://doi.org/10.1016/j.brat.2008.10.017
https://doi.org/10.1016/j.jpsychires.2013.09.008
https://doi.org/10.1016/j.jpsychires.2013.09.008
https://doi.org/10.1037/0021-843X.108.1.134
https://doi.org/10.1037/0021-843X.108.1.134
https://doi.org/10.1016/s0028-3932(02)00148-3
https://doi.org/10.1111/psyp.12686
https://doi.org/10.1111/psyp.12977
https://doi.org/10.1111/psyp.12977
https://doi.org/10.1016/s0301-0511(99)00044-7
https://doi.org/10.1016/s0301-0511(99)00044-7
https://doi.org/10.1007/s10802-015-0029-4
https://doi.org/10.1007/s10802-015-0029-4
https://doi.org/10.1017/S0048577200001530
https://doi.org/10.1017/S0048577200001530
https://doi.org/10.1111/psyp.12498
https://doi.org/10.3389/fnhum.2015.00336
https://doi.org/10.1111/j.1469-8986.1994.tb01028.x
https://doi.org/10.1111/j.1469-8986.1994.tb01028.x
https://doi.org/10.1016/j.ijpsycho.2004.04.003
https://doi.org/10.1016/j.biopsycho.2014.09.002
https://doi.org/10.1016/j.biopsycho.2014.09.002
https://doi.org/10.1016/j.psychres.2018.06.023
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0090
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0090
https://doi.org/10.1111/j.1440-1819.2005.01336.x
https://doi.org/10.1111/j.1440-1819.2005.01336.x
https://doi.org/10.1016/j.biopsycho.2013.05.012
https://doi.org/10.1016/j.biopsycho.2013.05.012
https://doi.org/10.1016/j.ijpsycho.2009.07.001
https://doi.org/10.1016/j.ijpsycho.2009.07.001
https://doi.org/10.1080/09658210500305876
https://doi.org/10.1016/0006-3223(95)00419-X
https://doi.org/10.1007/s12160-009-9101-z
https://doi.org/10.4306/pi.2013.10.2.121
https://doi.org/10.4306/pi.2013.10.2.121
https://doi.org/10.1016/S0006-3223(96)00525-2
https://doi.org/10.1016/S0006-3223(96)00525-2
https://doi.org/10.1016/j.biopsycho.2011.08.004


Behavioural Brain Research 396 (2021) 112914

7

[28] A. Minassian, M.A. Geyer, D.G. Baker, C.M. Nievergelt, D.T. O’Connor, V. 
B. Risbrough, Marine Resiliency Study Team, Heart rate variability characteristics 
in a large group of active-duty marines and relationship to posttraumatic stress, 
Psychosomatic Med. 76 (4) (2014) 292–301, https://doi.org/10.1097/ 
PSY.0000000000000056. 

[29] A. Minassian, A.X. Maihofer, D.G. Baker, C.M. Nievergelt, M.A. Geyer, V. 
B. Risbrough, Marine Resiliency Study Team, Association of predeployment heart 
rate variability with risk of postdeployment posttraumatic stress disorder in active- 
duty Marines, JAMA Psychiatry 72 (10) (2015) 979–986, https://doi.org/10.1001/ 
jamapsychiatry.2015.0922. 

[30] T. Jovanovic, S.D. Norrholm, J.E. Fennell, M. Keyes, A.M. Fiallos, K.M. Myers, 
M. Davis, E.J. Duncan, Posttraumatic stress disorder may be associated with 
impaired fear inhibition: relation to symptom severity, Psychiatry Res. 167 (1-2) 
(2009) 151–160, https://doi.org/10.1016/j.psychres.2007.12.014. 

[31] T.A. Keary, J.W. Hughes, P.A. Palmieri, Women with posttraumatic stress disorder 
have larger decreases in heart rate variability during stress tasks, Int. J. 
Psychophysiol. 73 (3) (2009) 257–264, https://doi.org/10.1016/j. 
ijpsycho.2009.04.003. 

[32] J.E. Park, J.Y. Lee, S.H. Kang, J.H. Choi, T.Y. Kim, H.S. So, I.Y. Yoon, Heart rate 
variability of chronic posttraumatic stress disorder in the Korean veterans, 
Psychiatry Res. 255 (2017) 72–77, https://doi.org/10.1016/j. 
psychres.2017.05.011. 

[33] T. Sahar, A.Y. Shalev, S.W. Porges, Vagal modulation of responses to mental 
challenge in posttraumatic stress disorder, Biol. Psychiatry. 49 (7) (2001) 637–643, 
https://doi.org/10.1016/s0006-3223(00)01045-3. 

[34] S.M. Gorka, B.D. Nelson, C. Sarapas, M. Campbell, G.F. Lewis, J.R. Bishop, S. 
W. Porges, S.A. Shankman, Relation between respiratory sinus arrythymia and 
startle response during predictable and unpredictable threat, J. Psychophysiol. 27 
(2) (2013) 95–104, https://doi.org/10.1027/0269-8803/a000091. 

[35] C.A. Melzig, A.I. Weike, A.O. Hamm, J.F. Thayer, Individual differences in fear- 
potentiated startle as a function of resting heart rate variability: implications for 
panic disorder, Int. J. Psychophysiol. 71 (2) (2009) 109–117, https://doi.org/ 
10.1016/j.ijpsycho.2008.07.013. 

[36] M. Pappens, M. Schroijen, S. Sütterlin, E. Smets, O. Van den Bergh, J.F. Thayer, 
I. Van Diest, Resting heart rate variability predicts safety learning and fear 
extinction in an interoceptive fear conditioning paradigm, PLoS One 9 (9) (2014) 
e105054, https://doi.org/10.1371/journal.pone.0105054. 

[37] T. Beauchaine, Vagal tone, development, and Gray’s motivational theory: Toward 
an integrated model of autonomic nervous system functioning in psychopathology, 
Dev. Psychopathol. 13 (2) (2001) 183–214. 

[38] J.F. Thayer, R.D. Lane, A model of neurovisceral integration in emotion regulation 
and dysregulation, J. Affect. Disord. 61 (3) (2000) 201–216. 

[39] A. Aldao, S. Nolen-Hoeksema, S. Schweizer, Emotion-regulation strategies across 
psychopathology: A meta-analytic review, Clin. Psychol. Rev. 30 (2) (2010) 
217–237. 

[40] A.V. Seligowski, D.J. Lee, J.R. Bardeen, H.K. Orcutt, Emotion regulation and 
posttraumatic stress symptoms: A meta-analysis, Cogn. Behav. Ther. 44 (2) (2015) 
87–102. 

[41] G. Hajcak, A. MacNamara, D.M. Olvet, Event-related potentials, emotion, and 
emotion regulation: an integrative review, Dev. Neuropsychol. 35 (2) (2010) 
129–155. 

[42] R.P. Auerbach, C.H. Stanton, G.H. Proudfit, D.A. Pizzagalli, Self-referential 
processing in depressed adolescents: A high-density event-related potential study, 
J. Abnorm. Psychol. 124 (2015) 233–245. 

[43] M.E. Bouton, S. Mineka, D.H. Barlow, A modern learning theory perspective on the 
etiology of panic disorder, Psychol. Rev. 108 (1) (2001) 4. 

[44] E.M. Glover, J.E. Phifer, D.F. Crain, S.D. Norrholm, M. Davis, B. Bradley, 
T. Jovanovic, Tools for translational neuroscience: PTSD is associated with 
heightened fear responses using acoustic startle but not skin conductance 
measures, Depress. Anxiety. 28 (2011) 1058–1066. 

[45] C. Grillon, Startle reactivity and anxiety disorders: Aversive conditioning, context, 
and neurobiology, Biol. Psychiatry. 52 (2002) 958–975. 

[46] T. Jovanovic, S.A. Rauch, A.O. Rothbaum, B.O. Rothbaum, Using experimental 
methodologies to assess posttraumatic stress, Curr. Opin. Psychol. 14 (2017) 
23–28. 

[47] E.S. Kubany, M.B. Leisen, A.S. Kaplan, S.B. Watson, S.N. Haynes, J.A. Owens, 
K. Burns, Development and preliminary validation of a brief broad-spectrum 
measure of trauma exposure: The Traumatic Life Events Questionnaire, Psychol. 
Assess. 12 (2000) 210–224. 

[48] H.M. Muench, S. Westermann, D.A. Pizzagalli, S.G. Hofmann, E.M. Mueller, Self- 
relevant threat contexts enhance early processing of fear-conditioned faces, Biol. 
Psychol. 121 (2016) 194–202. 

[49] S.D. Norrholm, T. Jovanovic, I.W. Olin, L.A. Sands, I. Karapanou, B. Bradley, K. 
J. Ressler, Fear extinction in traumatized civilians with posttraumatic stress 
disorder: relation to symptom severity, Biol. Psychiatry. 69 (2011) 556–563. 

[50] S.D. Norrholm, T. Jovanovic, B. Vervliet, K.M. Myers, M. Davis, B.O. Rothbaum, E. 
J. Duncan, Conditioned fear extinction and reinstatement in a human fear- 
potentiated startle paradigm, Learn. Mem. 13 (2006) 681–685. 

[51] M.A. O’Reilly, C.J. Cunningham, B.A. Lawlor, C.D. Walsh, M.J. Rowan, The effect 
of the menstrual cycle on electrophysiological and behavioral measures of memory 
and mood, Psychophysiology 41 (2004) 592–603. 

[52] S.P. Orr, L.J. Metzger, N.B. Lasko, M.L. Macklin, T. Peri, R.K. Pitman, De novo 
conditioning in trauma-exposed individuals with and without posttraumatic stress 
disorder, J. Abnorm. Psychol. 109 (2) (2000) 290. 

[53] J. Polich, A. Kok, Cognitive and biological determinants of P300: An integrative 
review, Biol. Psychol. 41 (1995) 103–146. 

[54] E. Ruiz-Padial, J.J. Sollers, J. Vila, J.F. Thayer, The rhythm of the heart in the blink 
of an eye: Emotion-modulated startle magnitude covaries with heart rate 
variability, Psychophysiology 40 (2003) 306–313. 

[55] F.W. Weathers, B.T. Litz, T.M. Keane, P. Palmieri, B. Marx, P.P. Schnurr, PCL -5. 
National Center for PTSD, 2013. 

[56] W. Zhang, R. Zhou, Q. Wang, Y. Zhao, Y. Liu, Progesterone mediates the late 
positive potentials evoked by affective pictures in high neuroticism females, 
Psychoneuroendocrinology 59 (2015) 49–58. 

A.V. Seligowski et al.                                                                                                                                                                                                                           

https://doi.org/10.1097/PSY.0000000000000056
https://doi.org/10.1097/PSY.0000000000000056
https://doi.org/10.1001/jamapsychiatry.2015.0922
https://doi.org/10.1001/jamapsychiatry.2015.0922
https://doi.org/10.1016/j.psychres.2007.12.014
https://doi.org/10.1016/j.ijpsycho.2009.04.003
https://doi.org/10.1016/j.ijpsycho.2009.04.003
https://doi.org/10.1016/j.psychres.2017.05.011
https://doi.org/10.1016/j.psychres.2017.05.011
https://doi.org/10.1016/s0006-3223(00)01045-3
https://doi.org/10.1027/0269-8803/a000091
https://doi.org/10.1016/j.ijpsycho.2008.07.013
https://doi.org/10.1016/j.ijpsycho.2008.07.013
https://doi.org/10.1371/journal.pone.0105054
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0185
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0185
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0185
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0190
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0190
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0195
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0195
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0195
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0200
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0200
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0200
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0205
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0205
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0205
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0210
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0210
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0210
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0215
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0215
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0220
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0220
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0220
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0220
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0225
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0225
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0230
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0230
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0230
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0235
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0235
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0235
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0235
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0240
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0240
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0240
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0245
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0245
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0245
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0250
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0250
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0250
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0255
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0255
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0255
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0260
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0260
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0260
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0265
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0265
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0270
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0270
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0270
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0275
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0275
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0280
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0280
http://refhub.elsevier.com/S0166-4328(20)30613-6/sbref0280

	Neurophysiological responses to safety signals and the role of cardiac vagal control
	1 Introduction
	2 Methods
	2.1 Participants and Procedure
	2.2 Measures
	2.2.1 Traumatic Life Events Questionnaire
	2.2.2 PTSD Checklist – 5

	2.3 Fear Conditioning Paradigm
	2.4 Physiological Data Acquisition and Processing
	2.5 EEG Data Acquisition and Processing

	3 Results
	4 Discussion
	Author Statement
	Disclosures
	Acknowledgments
	References


