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Abstract
Research suggests that lower respiratory sinus arrhythmia (RSA) is associated with greater
aversive responding. One physiological indicator of aversive responding is startle potentiation.
While a few studies have demonstrated an inverse association between RSA and startle
potentiation, no study to date has distinguished whether this relation is similar for predictable
versus unpredictable aversive stimuli. This is an important distinction, given that degree of
predictability has been shown to be an important determinant of aversive responding. The present
study examined whether resting RSA was associated with startle eye blink responding during
predictable and unpredictable threat of electric shock. Resting RSA was collected during a 6-
minute seated baseline phase at the beginning of the experimental session. Participants then
completed a computerized startle task in which predictable and unpredictable shocks were
administered. Results indicated that lower resting RSA was associated with greater startle
potentiation during unpredictable threat, but not during predictable threat. These findings are
consistent with a growing body of literature suggesting that individual differences in RSA are
associated with aversive responding, and extend previous work by suggesting that RSA may be
more robustly associated with a heightened sensitivity to unpredictable threat. This pattern of
results may have implications for the understanding of pathological anxiety given that individuals
with anxiety disorders typically exhibit low RSA and heightened responding during unpredictable
threat.
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Researchers have long been interested in examining individual differences in affective
responding. In particular, there has been considerable emphasis on correlates of aversive
emotional responding, including cognitive, behavioral and physiological reactions to
threating stimuli (Grillon et al., 2008; Nelson & Shankman, 2011). Importantly, empirical
evidence has indicated that specific patterns of aversive responding and enhanced processing
of threating information may be underlying mechanisms of dysfunction in those who are
vulnerable to anxiety disorders (Davis & Whalen, 2001).

One important physiological factor that may contribute to emotional responding is
respiratory sinus arrhythmia (RSA). RSA is the rhythmic fluctuation of heart rate during the
respiratory cycle and is considered to be a measure of autonomic vagal control on the heart’s
pacemaker (Berntson et al., 1997; Porges, 1995, 2007; Thayer & Lane, 2000). The vagus
nerve (i.e., the 10th cranial nerve) regulates the heart through a sophisticated negative
feedback loop between afferent and efferent vagal fibers that originate in the brainstem and
terminate at the sinoatrial (SA) node of the heart. When there are deficits within this
feedback loop, individuals exhibit low RSA or low inhibitory influences on the heart
(Porges, 1995, 2003, 2007).

A large body of empirical evidence indicates that low vagal tone is associated with deficits
in the regulation of emotional states and increased aversive responding (see Beauchaine,
2001 for a review; Porges, 1995, 2007). For example, lower resting vagal tone has been
found in a wide range of psychopathologies, all characterized by affect regulation
difficulties, including anxiety disorders, depression, and substance use disorders (Carney et
al., 2000; Friedman, 2007; Ingjaldsson, Laberg, & Thayer, 2003). Further, low RSA is
associated with an attentional bias toward threat-related stimuli among those with
pathological anxiety (Johnsen et al., 2003) and with increased anxiety to phobic stimuli
among phobic flyers (Bornas et al., 2005). Moreover, those with lower resting heart rate
variability (HRV; an analogous indicator of vagal tone) evidence longer cardiac recovery
from an acute psychological stressor relative to those with higher resting HRV (Souza et al.,
2007), and have an increased cortisol response to cognitive stressors (Johnsen, Hansen,
Sollers, Murison, & Thayer, 2002). Taken together, accumulating evidence suggests that
individual differences in resting RSA may index aversive and anxious responding.

Recently, research has begun to explore the relation between resting vagal tone and the
human startle response (an index of defensive responding; Bradley, Cuthbert, & Lang, 1999;
Lang, 1995). Ruiz-Padial, Sollers, Vila, and Thayer (2003) examined the association
between resting vagal tone and startle responses while viewing neutral, pleasant, and
unpleasant pictures. Results indicated that low vagal tone was associated with heightened
startle potentiation during all three affective foregrounds and during task intertrial intervals
(i.e., when no pictures were present). A more recent report by Melzig, Weike, Hamm, and
Thayer (2009) expanded on these findings by examining the relation between resting HRV
and startle reactivity during threat-of-shock. The authors found that lower baseline HRV was
associated with greater startle responding during threat-of-shock, but there were no
differences between individuals with high and low HRV during the safe periods. Therefore,
in contrast to the results of Ruiz-Padial et al., the results of Melzig et al. suggested that low
vagal tone was associated with threat-potentiated startle, rather than with startle responding
more broadly.

Although Melzig et al. (2009) demonstrated an important relationship between vagal tone
and threat-potentiated startle, their threat-of-shock manipulation may not have been able to
address the distinction between responses to predictable versus unpredictable threat. There is
a growing literature suggesting that predictable and unpredictable threat can elicit
qualitatively distinct aversive states. Specifically, predictable aversive stimuli have been
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shown to elicit a phasic response to an identifiable stimulus (often labeled fear), while
unpredictable aversive stimuli elicit a generalized feeling of apprehension not associated
with a clearly identifiable stimulus (often labeled anxiety; Davis, 1998; Barlow, 2000).
These responses have been shown to be pharmacologically distinct (Grillon et al., 2006;
Grillon et al., 2011) and mediated by overlapping, but separable, neural circuits (Alvarez et
al., 2011; Davis, 2006). Additionally, several studies have shown that compared to healthy
controls, those with panic disorder (Grillon et al., 2008) and posttraumatic stress disorder
(PTSD; Grillon et al., 2009) evidence heightened potentiated startle in response to
unpredictable, but not predictable, threat. These clinical studies suggest that a heightened
sensitivity to unpredictable threat (rather than threat in general) characterizes those with
pathological anxiety.

In Melzig et al.’s (2009) task, participants were told that different colored slides represented
safe periods where no shocks would be delivered (i.e., blue slides) or threat-of-shock periods
in which 1-3 shocks would be delivered (i.e., yellow slides). Therefore, the threat-of-shock
slides contained both predictable features (i.e., participants knew they would receive at least
1 shock), but also unpredictable features (i.e., participants did not know how many shocks or
at which time point the shocks would be delivered). As such, this design confounds
predictable and unpredictable features of aversive stimuli, and leaves the relation between
resting vagal tone and startle to predictable versus unpredictable aversive stimuli
unexplored.

The current study examined whether resting RSA was associated with startle responding
during the anticipation of temporally predictable and unpredictable aversive stimuli. In
addition, the current study aimed to expand prior investigations by utilizing a significantly
larger sample size (N = 126), and exploring the specificity of any associations by examining
the relation between heart period (HP; a measure of cardiac functioning that is regulated by
both the mylinated and unmylinated vagus) and startle potentiation. Given that previous
research has demonstrated that individuals with pathological anxiety evidence low RSA
(Blom, Olsson, Serlachius, Ericson, & Ingvar, 2010; Jovanovic, Norrholm, Sakoman,
Esterajher, & Kozarić-Kovačić, 2009) and heightened potentiation to unpredictable threat
(Grillon et al., 2009; Grillon et al., 2008), we hypothesized that low RSA would be
associated with greater startle potentiation during unpredictable threat. Due to the limited
empirical findings regarding the relation between RSA and predictable aversive events, we
did not have any specific hypotheses concerning predictable threat and considered this to be
an exploratory aim.

Methods
Participants

One hundred and twenty-six introductory to psychology students from a large university
participated for course credit. Participants were 61.6% female with an average age of 19.1
years (SD = 1.5). The sample was ethnically diverse with 36.6% Caucasian, 27.7% Latino,
20.5% Asian, 8.0% African-American, and 7.1% “Other.” Participants were excluded from
the study if they were unable to read or write English, had a history of head trauma, were
left-handed (confirmed by the Edinburgh Handedness Inventory, range of laterality quotient:
+20 to +100; Oldfield, 1971), or were currently taking benzodiazepines, which have been
shown to dampen startle to unpredictable threat (Grillon et al., 2006). Informed consent was
obtained prior to participation and the protocol was approved by the local Institutional
Review Board.
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Stimuli and Physiological Recordings
All stimuli were administered using PSYLAB (Contact Precision Instruments, London, UK)
and electrocardiogram (ECG) and electromyography (EMG) measures were acquired using
Neuroscan 4.4 (Compumedics, Charlotte, NC). The acoustic startle probe was a 40-ms
duration, 103-dB burst of white noise with near instantaneous rise time presented binaurally
through Kensington Hi-Fi headphones (model K33137). Two 4-mm Ag/AgCl electrodes
were placed over the orbicularis oculi muscle below the right eye for startle blink
measurement. As per published guidelines (Blumenthal et al., 2005), one electrode was
placed 1-cm below the pupil and the other electrode was placed 1-cm lateral. ECG
electrodes were placed on the participant’s sternum and below the left clavicle to record
heart rate. EMG and ECG data were collected using a bandpass filter of DC-200-Hz at a
sampling rate of 1000-Hz. The ground electrodes were placed along the midline of the
anterior scalp and a noise cancellation reference was located on the scalp between electrodes
CZ and CPZ electrodes of an electroencephalography (EEG) cap that participants were
wearing as part of the protocol for the larger study (EEG data not presented).

The electric shocks lasted 400-ms and were administered to the wrist of the participants’
(non-dominant) left hand. The maximum shock level a participant could achieve was 5 mA,
and within our sample the mean shock level was 2.30 mA (SD = 1.2).

Procedure
After electrode placement, participants were seated in an electrically-shielded, sound-
attenuated booth approximately 3.5-ft from a 19-in computer monitor where visual stimuli
were presented. Next, baseline ECG data was collected during alternating 90-second, eyes
open (O) and eyes closed (C) recording conditions for a total of 6 minutes (counterbalanced:
OCCO vs. COOC). Participants were instructed to alternate between eyes open and eyes
closed conditions because resting EEG data was being simultaneously collected as part of
the larger protocol. Afterwards, two electrodes were placed on the participants’ wrist of their
left hand for administration of the electrical shocks. In order to prevent early exaggerated
startle responses, participants completed a 2.5-minute baseline habituation task in which 9
acoustic startle stimuli were presented. Next, a shock work-up procedure, consistent with
prior studies (e.g., Grillon et al., 2004), was completed in which participants received
increasing levels of shock intensity until they reached a level that they described as feeling
“highly annoying but not painful.” Shock level was determined ideographically to be
consistent with prior studies (e.g., Grillon et al., 2004), and given the large individuals
differences in perceived aversiveness to shocks (Rollman & Harris, 1987), to ensure that
subjects experienced the shocks as equally aversive. Following the shock work up, the shock
task (described below) was administered for a total of 10 minutes.

The threat-of-shock task was modeled after that used by Grillon and colleagues (i.e., NPU-
threat task; see Schmitz & Grillon, 2012) and included three within-subjects conditions: no
shock (N), predictable shock (P), and unpredictable shock (U). Text at the bottom of the
computer monitor informed participants of the current threat condition by displaying the
following information: “no shock” (N), “shock at 1” (P), or “shock at anytime” (U). Each
condition lasted 90-s, during which a 6-s visual countdown (CD) was presented five times.
The interstimulus intervals (ISIs; i.e., time between CDs) ranged from 7 to 17-s (M = 12.4-s)
during which only the text describing the condition was on the screen. During the N
condition, no shocks were delivered. During the P condition, participants received a shock
every time the CD reached 1. During the U condition, shocks were administered at any time
(i.e., during the CD or ISI). Startle probes were presented both during the CD (1-5-s
following CD onset) and ISI (5-14-s following ISI onset). The time interval between a shock
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and the following startle probe was always greater than 10-s, which ensured that the
subsequent startle response was never affected by an immediately preceding shock.

The task consisted of two presentations of each 90-s condition (N, P, U) during which the
CD appeared five times. Conditions were presented in one of two following orders
(counterbalanced): PNUPNU or UNPUNP. All participants received 16 electric shocks (8
during P and 8 during U), and 36 startle probes (12 during N, 12 during P, and 12 during U)
during the countdown and ISI (with an equal number of startle probes occurring during the
CDs and ISIs).

Before and after the task, participants completed the Positive Affect and Negative Affect
Scale (PANAS; Watson, Clark, & Tellegen, 1988), to assess positive and negative affect pre
and post NPU-threat task. In addition, participants rated their level of anxiousness during the
countdown and ISI for each condition on a scale ranging from 1 (Not at all) to 7
(Extremely). Participants also rated how intense, annoying, and anxiety provoking they
found the shocks to be, on a scale ranging from 1 (Not at all) to 7 (Extremely), and the
degree to which they would avoid the shocks, on a scale ranging from 1 (Would definitely
not avoid) to 7 (Would definitely avoid).

RSA Data Processing—Data were initially processed using QRSTool (Allen et al., 2007)
and all artifacts were identified and corrected by hand. After initial correction, inter-beat-
interval (IBI) series were extracted for each 90-s recording block. Each block was then
visually inspected using CardioEdit (Brain-Body Center, University of Illinois at Chicago)
and any additional artifacts were corrected by hand. After data were processed, average RSA
was calculated based on methods developed by Porges and Bohrer (1990), using
CardioBatch (Brain-Body Center, University of Illinois at Chicago). Specifically, IBIs were
resampled into 500 ms intervals to produce time-based data and a 21-point moving
polynomial cubic filter was stepped through the time-based data to produce a smoothed
template series. The template was subtracted from the original time series and a digital
bandpass filter was applied to this detrended time series to extract variance in the frequency
band associated with spontaneous breathing in adults. The amplitude of RSA was then
calculated using the natural logarithm (ln) of the bandpassed time series. Recent evidence
has demonstrated that short segments of IBI data (i.e., 90-s blocks) are suitable for the
calculation of RSA (Lewis, Furman, McCool, & Porges, 2011). Of note, respiration was not
controlled or measured in the present study. Neither HP nor RSA were skewed or kurtotic,
and thus did not require transformation.

Startle Data Processing—Blinks were scored according to guidelines provided by
Blumenthal et al. (2005). Offline, a 28-Hz high-pass filter was applied to the startle data,
followed by rectification and smoothing of the signal using a 40-Hz FIR low-pass filter.
Peak amplitude of the blink reflex was defined within the 20-150-ms time frame following
the startle probe onset relative to baseline (average baseline EMG level for the 50-ms
preceding the startle probe onset). Each peak was first identified by software but then hand
scored by an experimenter blind to condition and cue to ensure acceptability (e.g., correct
peak marked). All experimenters were trained to criterion by the PI of the study (S.A.S.) and
reliability checks were done on approximately 20% of all data (corrections were rare).
Blinks were scored as non-responses if EMG activity during the 20-150-ms post-stimulus
time frame did not produce a blink peak that was visually differentiated from baseline
activity. Blinks were scored as missing if the baseline period was contaminated with noise,
movement artifact, or if a spontaneous or voluntary blink began before minimal onset
latency and thus interfered with the startle probe-elicited blink response. Blink amplitude1

(i.e., average of acceptable blinks only) was used in all analyses. Blinks were standardized
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within-subjects using a T-score transformation, which reduces the influence of outlier blink
responses.

To ensure data quality, individuals were excluded from analyses if they were missing startle
data (N = 3), produced less than 50% usable blinks in two or more conditions (N = 4), had
T-scored startle amplitude values greater than two standard deviations above the mean in
any condition (N = 5), or produced unusable or contaminated RSA data (N = 4). The final
sample size was 110 participants.

Data Analysis Plan
First, we examined whether there were any differences in resting RSA during the eyes open
versus the eyes closed recording blocks using a repeated measures analysis of variance
(ANOVA) with the average of the two eyes open blocks and the two eyes closed blocks
entered as within-subjects factors. Next, we examined whether there were any differences in
RSA across time by conducting a repeated measures ANOVA with Time (90-s blocks 1, 2,
3, and 4) entered as a within-subjects factor. Pearson’s correlations were also used to test the
rank-order stability of participants’ RSA across each of the 4 recording blocks. Finally, we
examined whether the NPU-threat task had the intended effect on startle amplitude using a
Condition (N, P, U) × Cue (ISI vs. CD) general linear model. We expected to find that
startle amplitude would be higher during threat-of-shock (i.e., PCD, UISI, UCD) compared
with no threat-of-shock (i.e., NCD, NISI, PISI). To determine whether RSA was associated
with startle responses during the NPU-threat task, we conducted a Condition (N, P, U) ×
Cue (ISI vs. CD) × RSA general linear model with Condition and Cue entered as within-
subjects factors and RSA entered as a (mean-centered) between subjects variable. We also
included pre-task negative affect as a covariate to control for baseline differences in mood.
We predicted that those with low RSA would have greater startle responses during the U
condition relative to the P condition, and greater startle responses during the P condition
relative to the N condition. This would result in a linear effect across the N, P, and U
conditions. We also expected this effect to vary as a function of Cue as previous studies
using the NPU-threat task have demonstrated that the Cue (i.e., the CD) often becomes
paired with the phasic fear response elicited during the P condition (Grillon et al., 2008;
Grillon et al., 2004). Thus, because the task is within-subjects, once individuals are exposed
to the CD during the first block of the P condition, there would likely be some carry-over
effects from the CD phase of the P condition to the CD phase of the other conditions. In
contrast, the ISI never reliably signals information during the task and does not become
paired with an affective response. Responding during the ISI is therefore more dependent on
the condition (N, P, or U) and is less contaminated by the design of the task. Given that we
hypothesized that low RSA would be associated with anxious responding, we specifically
expected to find this association during the UISI since it is the least confounded elicitor of
contextual anxiety. As such, we expected a significant linear Condition × Cue × RSA
interaction.

To follow-up a Condition × Cue × RSA interaction, we first determined whether RSA was
correlated with responses during the N condition (i.e., whether there were baseline
differences in startle between those with high versus low RSA). Results indicated that RSA
was not significantly correlated with startle during the NISI (r = .07, ns) or NCD (r = −.03,
ns). Therefore, we created ‘potentiation’ scores (see Moberg & Curtin, 2009) in which
responses during the NISI were subtracted from the PISI and UISI (i.e., PISI - NISI and UISI -
NISI) and responses during the NCD were subtracted from the PCD and UCD (i.e., PCD - NCD

1A similar pattern of results were found when using raw amplitude and magnitude T-scores (i.e., when non-responses of 0 amplitude
were included in condition averages).
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and UCD - NCD). Potentiation scores are useful for controlling for baseline differences in
startle responding during the task. Finally, we conducted partial Pearson’s correlations
between RSA and P and U potentiation, while controlling for pre-task negative affect.

Two additional analyses were conducted to also examine 1) whether RSA was associated
with self-reported anxiety and 2) whether HP (i.e., average R-R interval in ms) was
associated with startle responding. These secondary analyses were similar to those outlined
above except that self-reported anxiety was used as the dependent variable in the first model,
and HP (and not RSA) was included as the between subjects variable in the second model.
Pre-task negative affect was included as a covariate in both analyses. This allowed us to
examine the specificity of our findings to startle responding and/or RSA (i.e., vagal
influences on heart rate).

Results
Baseline RSA

There were no significant differences in RSA when eyes were open compared to when eyes
were closed, F(1, 109) = 0.07, ns. Therefore, RSA scores were collapsed across eyes open
and closed phases. Results indicated that RSA significantly decreased across the four
recording periods, F(3, 327) = 16.79, p < .001, ηp

2 = .13. This natural decrease in RSA over
the experimental session may be attributed to sustained attention or anticipation of the NPU-
threat task (Hofmann et al., 2005; Suess, Porges, & Plude, 1994). Notably, Pearson’s
correlations among the 4 blocks revealed high rank-order stability of participants’ RSA (all
r’s between .77 and .91, all p’s < .001). As such, all four blocks were averaged to create a
single composite RSA variable for subsequent analyses.

Shock Aversiveness and Affect Ratings
Participants rated the shocks as moderate to extremely intense (range = 2-7, M = 4.57, SD =
1.1), annoying (range = 2-7, M = 5.88, SD = 1.2), and anxiety provoking (range = 3-7, M =
4.95, SD = 1.4). Most participants also indicated that they would avoid receiving the shocks
again to a moderate degree (range = 1-7, M = 5.25, SD = 1.6). These results indicate that the
shocks were generally perceived as aversive. Paired sample t-tests indicated that negative
affect significantly increased from pre-task (range = 10-30, M = 14.33, SD = 4.5) to post-
task (range = 10-40, M = 16.44, SD = 5.9), t(111) = -3.94, p < .001. However, there was no
change in positive affect pre-task (range = 10-44, M = 25.51, SD = 7.8) to post task (range =
11-46, M = 25.00, SD = 8.4), t(111) = 0.80, ns. RSA was not associated with any of the self-
report shock ratings or affect ratings (all p’s > .24).

NPU-Threat Task Manipulation Check
Figure 1 displays means (and standard errors) for startle amplitude across conditions and
cues. Results indicated main effects for Condition, F(1, 109) = 102.19, p < .001, ηp

2 = .48,
and Cue, F(1, 109) = 46.71, p < .001, ηp

2 = .30, that were qualified by a Condition × Cue
linear interaction, F(1, 109) = 11.48, p < .01, ηp

2 = .10. The Condition × Cue interaction was
followed-up by conducting separate repeated measures ANOVAs for each level of Cue (i.e.,
CD and ISI; see Table 1). During the ISI, startle amplitude differed among the conditions
such that startle was significantly greater during UISI relative to PISI and NISI. However,
startle during PISI did not significantly differ from startle during NISI. Startle amplitude
during the CD also differed among the conditions, due to greater startle during PCD and UCD
relative to the NCD, and greater startle during UCD relative to PCD. Taken together, this
pattern of results suggests that startle was greater during threat-of-shock and that the task
had the intended effect on startle amplitude.
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Resting RSA and Startle during NPU-Threat Task
Results indicated no main effect of RSA, F(1, 107) = 0.01, ns. The main effect of pre-task
negative affect was a trend, such that individuals with greater negative affect exhibited a
trend for greater overall startle responding during the task, F(1, 107) = 3.53, p = .06, ηp

2 = .
04. There were no significant Condition × RSA, F(1, 107) = 2.17, ns, or Cue × RSA
interactions, F(1, 107) = 0.91, ns. Consistent with the aforementioned analyses, there was a
significant Condition × Cue interaction, F(1, 107) = 9.13, p < .01, ηp

2 = .08. Importantly,
there was also a Condition × Cue × RSA linear interaction2-4, F(1, 107) = 4.12, p = .04, ηp

2

= .04. Follow-up partial correlation analyses, controlling for pre-task negative affect, with
startle potentiation scores (i.e., PCD - NCD, UCD - NCD, PISI - NISI, and UISI - NISI) indicated
that resting RSA was negatively associated with startle potentiation during the UISI (r = −.
27, p = .01; see Figure 2). In contrast, RSA was not associated with startle potentiation
during the UCD (r = −.01, p = .93), PCD (r = .14, p = .16), or PISI (r = .08, p = .44).

Resting RSA and Self-Reported Anxiety during NPU-Threat Task
There was no main effect of RSA, Condition × RSA, Cue × RSA, or Condition × Cue ×
RSA interaction for self-reported anxiety responses (all p’s > .43).

Resting HP and Startle during NPU-Threat Task
There was no main effect of HP, Condition × HP, Cue × HP, or Condition × Cue × HP
interaction (all p’s > .18).

Discussion
Prior investigations have demonstrated that individual differences in RSA are associated
with aversive responding (Bornas et al., 2005; Johnsen et al., 2001; Souza et al., 2007).
However, to date research has not attempted to distinguish between responses to predictable
versus unpredictable threat-a noteworthy omission given that separable aversive states are
elicited by each type of threat (Davis, 1998, 2006). The aim of the current study was
therefore to examine the relation between resting RSA and startle responses to predictable
and unpredictable threat-of-shock.

Although it has been suggested that lower resting RSA may be associated with overall
heightened threat sensitivity (Melzig et al., 2009), our findings suggest that resting RSA
may differentially relate to predictable and unpredictable threat. More specifically, our
results indicated that lower resting RSA was significantly associated with greater startle
potentiation during unpredictable threat, but was not associated with startle potentiation
during predictable threat. Our results also suggest that the current findings are specific to the
mylineated vagal influences on the heart’s pacemaker given that there was no relation
between HP and startle responding. This pattern of results suggests that low RSA may be
associated with greater sensitivity to unpredictable threat.

In one of the few other studies that have examined the relation between startle and RSA,
Melzig et al. (2009) found that lower resting RSA was associated with potentiated startle
during a threat-of-shock task which contained predictable and unpredictable features.
Specifically, the threat-of-shock condition within that study was designed such that
participants knew they would receive at least 1 shock during a conditioned stimulus (CS),

2In the present study, we tested for linear effects. However, the overall repeated measures ANOVA indicated a weak trend for a
Condition × Cue × RSA interaction, F(2, 216) = 1.88, p = .16, ηp2 = .02.
4There was no effect of gender in the present analyses. When gender was included as a covariate, the Condition × Cue × RSA
interaction remained significant, F(1, 107) = 4.28, p = .04, ηp2 = .04, as did the correlation between RSA and startle amplitude during
UISI (r = −.27, p = .006).
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but did not know how many shocks or at which time point the shocks would be delivered
during the CS. Markedly, their threat condition was similar to the current study’s
unpredictable condition given that, across both studies, participants were told they could
receive shocks, but the timing of the shocks were unknown. Thus, our finding that low RSA
was associated with heightened startle potentiation during the unpredictable condition is
consistent with their results. The Melzig et al. (2009) study, however, did not have a
completely predictable condition and within the extant literature, it was unclear whether
RSA would be associated with startle responding to predictable aversive stimuli. Our results
are the first to address this question and suggest that RSA is more robustly associated with
sensitivity to unpredictable threat and not predictable threat.

There are several potential mechanisms through which low RSA may influence aversive
responding to unpredictable threat. RSA is often considered an index of self-regulation, with
lower levels of vagal tone indicating more difficulties regulating stress, emotional states, and
attention (Friedman, 2007; Friedman & Thayer, 1998; Porges et al., 1996; Porges et al.,
1994), and a vulnerability to sustained and prolonged dysregulation (Berntson, Sarter, &
Cacioppo, 1998). Importantly, several theoretical models (e.g., polyvagal theory,
neurovisceral integration model) suggest that the vagus, in coordination with neural circuits
including the prefrontal cortex and anterior cingulate cortex, plays a key role in the
modulation of emotion (Porges, 2007; Thayer & Lane, 2009). Given that unpredictable
threat elicits heightened contextual anxiety (i.e., sustained apprehension in response to the
experimental context; Grillon et al., 2004), it is possible that individuals with low RSA have
difficulty regulating their anxiety, and thus evidence heightened aversive responding.

Given the specificity of the current findings, it is important to consider the role of
unpredictability and RSA in human anxiety disorders. Although anxiety disorders are
heterogeneous, unpredictability is considered an important component of the development
and maintenance of several disorders (Craske, Glover, & DeCola, 1995; Foa, Zinbarg, &
Rothbaum, 1992). For example, a hallmark feature of panic disorder is the experience of
recurrent, unpredictable panic attacks and persistent apprehension of future attacks
(American Psychiatric Association [APA], 1994). Similarly, PTSD is thought to be the
result of unpredictable traumatic events and is associated with sustained heightened arousal
(APA, 1994; Foa et al., 1992; Mineka & Zinbarg, 2006). Several studies have also shown
that panic disorder and PTSD are associated with heightened startle potentiation during
unpredictable, but not predictable, threat (Grillon et al., 2009; Grillon et al., 2008). As such,
some have suggested that contextual anxiety, not explicit fear, is what differentiates
clinically anxious from non-anxious individuals (Grillon et al., 2008; Pole, Neylan, Best,
Orr, & Marmar, 2003). Given that the current study demonstrated an association between
low RSA and heightened startle during the unpredictable condition, our findings suggest that
deficits in vagal functioning may relate to anxious responding and could potentially
contribute to the onset or maintenance of anxiety. However, future research is needed to
replicate the present findings and explore the directionality between low RSA and anxious
states.

In the present study, although both the CD and ISI during the unpredictable condition had
the same meaning (i.e., participants could be shocked at any time), our results indicated that
RSA was associated with startle during the UISI but not the UCD. There are several reasons
for this finding. First, as was previously discussed, it is possible that the CD became at least
partially paired with the phasic fear response elicited during the predictable condition which
resulted in carry-over effects into the other conditions (Macfie, Bratchell, Greenhoff, &
Vallis, 1989). Indeed, the results yielded a significant main effect of Cue, F (1, 109) = 46.71,
p < .001. Notably, other studies utilizing a similar design have also reported carry-over
effects during the startle task (Grillon et al., 2008; Grillon et al., 2004). Because the ISI
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never reliably signaled information during the task, responding during the ISI was more
dependent on the condition (N, P, or U), and the UISI was likely a more potent elicitor of
contextual anxiety than the UCD. This pattern of results further suggests that RSA may be
more robustly associated with response to contextual anxiety.

A second (and related) reason for the different results for CD and ISI may relate to the
difference in ‘situational strength’ between the CD and ISI. Situational strength has long
been identified as an important factor that moderates the relationship between individual
differences and behavior (Caspi & Moffitt, 1993; Cooper & Withey, 2009; Mischel, 1977).
Strong situations provide unambiguous stimuli that generally yield uniform reactions across
individuals. Weak situations are more ambiguous events that attenuate the influence of the
situation and increase the contribution of individual differences (such as RSA) on
subsequent responses. Within the present study, the CD is considered a strong situation since
an unambiguous cue (i.e., when the CD reaches “1”) was reliably associated with receiving a
shock in the predictable condition (Cooper & Withey, 2009; Lissek Pine, & Grillon, 2006;
Mischel, 1977). However, the ISI did not signal reliable information and was relatively
ambiguous in all three conditions, resulting in a weaker situation. Given this distinction,
RSA may have played more of a role in responding during the ISI (a weak situation),
relative to the CD (a strong situation).

Even though the task was effective in inducing changes in self-reported anxiety, our results
indicated that there was no significant relation between RSA and self-reported anxiety. This
was somewhat unexpected given that previous studies have reported an association between
RSA and self-reported emotional states during laboratory tasks (Butler, Wihelm, & Gross,
2006; Bornas et al., 2005; Kettunen, Ravaja, Näätänen, & Keltikangas-Järvinen, 2000). One
possible explanation for this discrepancy is that the wording of the self-report measure of
‘anxiety/nervousness’ may have assessed participants’ level of arousal and not valence. This
distinction is important given that startle responding has been shown to be sensitive to
valence and not arousal (Lang, Greenwald, Bradley, & Hamm, 1993). Startle and self-report
may have therefore indicated slightly different constructs. Another possibility is that RSA
and startle responding are drawn from the same response system (i.e., physiology), while
RSA and self-reported anxiety are drawn from different response systems (i.e., self-report
vs. physiology). Several studies have demonstrated that the convergence between self-report
and physiological measures of emotion are often weak (see Mauss & Robinson, 2009), and
this may have limited our ability to detect a significant association between RSA and self-
report. A third possibility is that the high ratings of self-reported anxiety elicited by NPU-
threat paradigm induced somewhat of a ceiling effect. When participants were asked to
report how anxiety provoking they found the shocks on a scale of 1 (Not at all) to 7
(Extremely), 64.5% indicated scores greater than or equal to 5 during the threat-of-shock
conditions. Therefore, within the current study, there was a tendency for the majority of
individuals to report high levels of anxiety during the predictable and unpredictable threat
conditions.

Although these findings address important gaps within the literature, the present study had
several limitations. First, the correlation between RSA and the UISI condition was not
robust, and would not withstand correction for multiple comparisons. The present findings
should therefore be interpreted with caution. It is possible that our use of a non-clinical
sample may have restricted the variance of psychophysiological responding and thus,
prevented the detection of large effects. Nonetheless, the current findings are informative
and provide important information to aid in the future examination of these processes.
Second, we did not assess lifetime psychopathology and the potential impact of psychiatric
symptoms is unknown. Third, our sample consisted of undergraduate college students and
findings may not be generalizable across all populations. However, because RSA has been
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shown to decrease with age (Yeragani et al., 1994), it was important to examine the effects
of RSA in a more homogenous sample. Fourth, although RSA has demonstrated moderate to
high test-retest reliability (.59-.92) ranging from 3 days to 3 years (Boomswa, van Baal, &
Orlebeke, 1990; Goedhart, Van Der Sluis, Houtveen, Wilemsen, & Geus, 2007), it has been
shown to be influenced by several state factors (Casadei, Moon, Johnston, Caiazza, &
Sleight, 1996; Porges, 2001, 2007). Therefore, RSA is not necessarily a trait-like factor,
which may have contributed to our inability to detect large effects. Lastly, within the extant
literature, there is considerable debate about the influence of respiration on the
quantification of RSA (see Denver, Reed, & Porges, 2007; Porges, 2007; but also see
Grossman, Karemaker, & Wieling, 1990; Grossman & Taylor, 2007; Houtveen et al., 2002).
Several studies have demonstrated that ignoring indices of respiration leads to biased or
inaccurate measures of cardiac vagal tone (e.g., Grossman & Taylor, 2007), while others
studies have presented data refuting these conclusions (e.g., Denver et al., 2007). Within the
present study, we did not collect respiration data and thus, we are unable to assess the
potential impact of respiration on the present indices of RSA.

There are several important implications of these findings. First, our results add to a growing
body of literature noting that individual differences in resting RSA are associated with
aversive responding (Bornas et al., 2005; Melzig et al., 2009; Souza et al., 2007). Further,
these findings extend prior research by suggesting that low RSA may be more robustly
associated with heightened responding during contextual anxiety/unpredictable threat. This
effect is noteworthy given that it has been suggested that those with anxiety disorders have a
heightened response to unpredictability and low vagal tone is thought to characterize those
with anxiety disorders (Cohen et al., 2000; Friedman, 2007). Future research is needed to
explore the potential role of RSA in the relation between anxiety disorders and sensitivity to
unpredictable threat.
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Figure 1.
Mean startle amplitude (top) and subjective anxiety (bottom) at different levels of condition
and cue; Error bars represent standard error; N = Neutral, P = Predictable, U =
Unpredictable; ISI = Interstimulus Interval; CD = Countdown.
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Figure 2.
Partial regression plot displaying the correlation between resting RSA and startle
potentiation during UISI, while controlling for pre-task negative affect; UISI potentiation
scores were created by subtracting startle amplitude T-scores during NISI from UISI; RSA =
Respiratory sinus arrythymia; N = Neutral condition; U = Unpredictable condition; ISI =
Interstimulus Interval.
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Table 1

Results from analyses examining differences in startle amplitude T-scores during each level of Condition by
Cue

Comparison F df P η p 2

NISI vs. PISI 0.08 1, 109 .78 < .01

NISI vs. UISI
* 267.91 1, 109 < .001 .71

PISI vs. UISI
* 191.34 1, 109 < .001 .64

NCD vs. PCD
* 32.90 1, 109 < .001 .32

NCD vs. UCD
* 231.92 1, 109 < .001 .68

PCD vs. UCD
* 79.39 1, 109 < .001 .42

Note.

N = Neutral condition, P = Predictable condition, U = Unpredictable condition; ISI= Interstimulus Interval; CD = Countdown.

*
p < .001;
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