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Abstract
Evidence suggests that respiratory sinus arrhythmia (RSA) may be an important indicator of
physiological flexibility. However, few studies have examined the relation between RSA and
defensive habituation, a process contingent on physiological flexibility. In three independent
samples, habituation was defined as the time course of 9 startle responses. In Sample one and two,
startle was recorded (1) while shock electrodes were attached to participants’ and (2) before a
threat-of-shock task. In Sample three, startle was recorded without these two components. In the
first two samples, startle magnitude significantly decreased over time but in Sample three, startle
only decreased at a trend level. Further, low RSA was associated with less of a reduction in startle
magnitude over time within the first two samples, but was unrelated to startle reduction in the
third. This suggests that low RSA is associated with less habituation to contextual anxiety, which
may reflect difficulties regulating anxiety.
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1. Introduction
For the past several decades, researchers have been interested in understanding the
psychophysiological mechanisms underlying habituation. Habituation is defined as the
gradual decrease in physiological responding to a stimulus over time, and is considered to be
an adaptive response style to an ongoing, non-threatening stimulus (Groves and Thompson,
1970; Herry et al., 2010; Rankin et al., 2009). Within the affective literature, there has been
a particular emphasis on understanding deficits in habituating to aversive stimuli. A slower
rate (or lack) of response reduction to a non-threatening stimulus has been considered to be
maladaptive and an index of heightened vigilance (Oken et al., 2006), difficulty in flexibly
responding to environmental challenges (Raskin, 1975; Siddle, 1991), and/or deficits in
inhibitory learning (Craske et al., 2008).
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According to Foa and Kozak (1986) classic “information model,” in response to an aversive
stimulus, neural structures that underlie fear learning are initially activated. Subsequently,
information signaling that the aversive stimulus does not pose actual danger or threat is
learned. Studies have suggested that this subsequent learning occurs through interactions
within the medial prefrontal-amygdala circuit (Myers and Davis, 2007) as well as activation
of the temporal lobe memory system and structures involved in conscious awareness
(LeDoux, 1996). Although researchers are beginning to challenge aspects of Foa and
Kozak’s theory (Craske et al., 2008), it is thought that the result of habituation processes
include diminished defensive responding, decreased scanning of the environment for
threatening cues, and lower levels of anxiety.

Some empirical evidence indicates that individuals with anxiety disorders exhibit lower rates
of habituation. For example, individuals with panic disorder have exhibited decreased
habituation of startle responses and skin conductance in response to aversive auditory tones
(Ludewig et al., 2002; Roth et al., 1990). Similarly, it has been demonstrated that individuals
with posttraumatic stress disorder (PTSD) have less skin conductance habituation to trauma
cues compared with individuals without PTSD (Rothbaum et al., 2001), and socially anxious
individuals have evidenced less skin conductance and heart rate habituation while giving
impromptu speeches compared with low-anxious controls (Eckman and Shean, 1997).
Although these studies suggest that individuals with anxiety disorders indeed display
habituation deficits, it is important to note that methodological and operational heterogeneity
within the habituation literature has lead to some mixed findings (Hoenig et al., 2005; Ross
et al., 1989).

Another physiological indictor associated with flexible responding to the environment is
respiratory sinus arrhythmia (RSA). RSA is the rhythmic fluctuation of heart rate during the
respiratory cycle and is considered a non-invasive measure of the extent to which the vagus
nerve mediates parasympathetic influences on the heart (Porges, 1995, 1997, 2007).
Importantly, RSA is often conceptualized as an individual difference factor that reflects
one’s ability to maintain homeostasis and adaptively respond to environmental demands
(Porges, 1995, 2007; Thayer and Lane, 2000). Consistent with this conceptualization, low
RSA has been shown to be associated with difficulty regulating emotional states and
attention (Berntson et al., 1998; Demaree et al., 2004; Frazier et al., 2004; Porges et al.,
1994; Weinstein and Quigley, 2006).

It is also important to note that a large body of evidence indicates that individuals with
anxiety disorders exhibit low levels of RSA (see Friedman, 2007 for a review). Numerous
studies have shown that individuals with PTSD, panic disorder, and generalized anxiety
disorder all exhibit lower RSA during resting periods as well as during symptom
provocation (e.g., trauma cues for PTSD; Blom et al., 2010; Cohen et al., 1998; Jovanovic et
al., 2009; Thayer et al., 1996; Yeragani et al., 1993).

Given that the startle eyeblink response (i.e., the rapid contraction of the orbicularis oculi
muscle below the eye) is a useful measure of aversive emotional states (Bradley et al., 1999;
Lang, 1995), several studies have begun to explore the relation between individual
differences in RSA and startle reactivity. For instance,Ruiz-Padial et al. (2003)
demonstrated that low RSA is associated with greater startle reactivity during the viewing of
affective pictures, and Melzig et al. (2009) found that low RSA was related to greater startle
reactivity during threat-of-shock. Notably, however, these studies did not examine whether
RSA was related to the pattern of startle responding over time. Instead, both of these prior
studies (and much of the affective science literature at large) collapsed across startle
responses to create an average startle reactivity measure. Therefore, it is currently unclear
whether low RSA is associated with greater average reactivity, less habituation over time, or
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both. This distinction is noteworthy given that dysfunctional reactivity and responding over
time may reflect different mechanisms.

In sum, extant research and theory would predict that low RSA would be associated with
less habituation. However, to our knowledge, no study has specifically examined this
question. The primary aim of the current study was to examine whether individual
differences in RSA were associated with habituation, defined as the decrease in startle
responding over time. To explore this question, we used data from three independent
samples, during which participants’ reflexive eyeblinks were measured in response to nine
acoustic startle probes presented over the course of 2.5 min.

There were several important differences among the samples that allowed for a thorough
analysis of the RSA-habituation association. The first two samples of participants had shock
electrodes attached to their wrists and subjects were told that right after the 2.5 min period,
they would partake in a threat-of-shock task. As these two factors likely increased the
contextual anxiety of the startle assessment (Baas et al., 2002; Grillon and Ameli, 1998) and
likely confounded data interpretation, we conducted a third experiment, with the aim of
reducing contextual anxiety and isolating the relation between RSA and habituation to
startle probes.

Additionally, although the protocols for the first two samples were almost identical, the
second employed a different decibel level of the startle probe than the first sample. As the
magnitude of startle response may vary as a function of decibel level (Blumenthal, 1988,
1996; Blumenthal et al., 2005), the second sample provided evidence as to the robustness of
the findings from Sample 1. Lastly, in Sample 1, RSA was exclusively collected during the
startle habituation task. Although one could argue that RSA may best be understood as
interactions between autonomic regulation and environmental demands (Bertsch et al., 2012;
Casadei et al., 1996), it is possible that RSA may have been confounded by the state effects
of the task. As such, within Sample 2 and Sample 3, RSA was collected during a pre-task
resting period and during the startle task. In sum, these important differences between
sample methodologies were designed to elucidate the relation between RSA and habituation,
with and without contextual anxiety.

2. Methods
2.1. Participants

Data for the first two samples came from two independent, larger studies examining factors
associated with startle potentiation to predictable and unpredictable threat-of-shock (Nelson
and Shankman, 2011; Sarapas et al., under review). Data for the third sample was collected
exclusively to elucidate findings from Samples 1 and 2. All participants were
undergraduates and data collection took place between 2007 and 2012 at a midsize urban
university. Demographic information including age, sex, and ethnicity were collected from
all participants. In Samples 2 and 3, psychiatric medication was an exclusion criterion as
prior evidence has shown that many psychotropic medications affect startle modulation to
threat (e.g., Grillon et al., 2006) and RSA (Licht et al., 2009). Medication use was not
assessed in Sample 1. Eligibility for all three samples included right handedness and no
history of head trauma. Each sample protocol was approved by the University Institutional
Review Board and informed consent was obtained prior to participation. The N’s for the
three samples were 69, 110, and 51, respectively. However, to ensure data quality, within
Sample 1 three individuals were excluded for not producing at least 5 of 9 possible startle
responses (final N = 66). Within Sample 2, two were excluded for missing resting RSA data,
three for missing RSA data during the task, three for current psychotropic medication use,
and eight for not producing at least 5 of 9 possible startle responses (final N = 94). Within
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Sample 3, two individuals were excluded due to technical equipment failure (final N = 49).
Participant characteristics for the final three samples are presented in Table 1.

2.2. Procedure
The procedures were largely the same for Sample 1 and Sample 2. First, participants
provided written informed consent and were told that they would receive electric shocks
during a computerized task later in the laboratory visit. Next, shock electrodes were placed
on the participants’ left wrist and they were seated in an electrically shielded, sound-
attenuated booth where they completed the startle task. Participants were told that during
this task, they would only hear loud tones through headphones and not receive any shocks.
They were directed to sit still and look at the computer monitor in front of them, which
displayed a fixation cross. Participants were not told when the task would end or how many
startle probes they would hear. Over the course of 2.5 min, participants were administered 9
acoustic startle probes with probe-to-probe intervals of 15–20 s (average time between
startle probes = 17.22 s [SD = 2.22]). Eyeblink reflexes in response to each startle probe
were recorded. Electrocardiogram (ECG) data was simultaneously collected throughout the
task.

Given that the designs of Sample 1 and Sample 2 likely elicited contextual anxiety, Sample
3 was designed to examine the relation between RSA and habituation in the absence of (or at
least reduced) contextual anxiety. To this end, Sample 3 did not include a shock task (and
thus, participants were not informed of an upcoming shock task) and shock electrodes were
not attached participants’ wrist during data collection. Sample 3 participants did, however,
complete the exact same startle task as the prior two samples (e.g., same probe-to-probe
intervals, etc.). The task instructions provided to participants was also the same as the prior
two samples.

In addition to the collection of ECG data during the task in all three samples, within Sample
2 ECG data was collected during a rest period prior to the startle task. This period occurred
after informed consent in which they were informed of the upcoming shock task but prior to
the attachment of the shock electrodes. Participants were instructed to relax and sit still
while viewing a fixation cross presented on the computer monitor in front of them. Heart
rate was collected during alternating 90 second, eyes open versus eyes closed recording
conditions, for a total of 6 min (counterbalanced: OCCO versus COOC). Participants were
instructed to alternate between eyes open and eyes closed conditions because resting EEG
data was being simultaneously collected as part of a larger protocol. During this time,
participants were sitting in an upright position and no instructions were provided on
respiration.

Within Sample 3, resting RSA data was also collected. Specifically, individuals completed a
90-s resting data collection period prior to the startle task. Participants were seated in an
upright position and instructed to sit still and relax.

2.3. Stimulus delivery
All stimuli were administered using PSYLAB (Contact Precision Instruments, London, UK)
and psychophysiological data were acquired using Neuroscan 4.4 (Compumedics, Charlotte,
NC). The acoustic startle probes used in Sample 1 were 40-ms duration, 95 dB bursts of
white noise with near instantaneous rise time presented binaurally through headphones. In
Sample 2 and Sample 3, startle probes were increased to 103 dB. Startle probes were
generated using a sound generator and were assessed and corrected every few months for
potential drift. Both decibel levels are considered within the recommended range for startle
research (Blumenthal et al., 2005). In all three samples, startle response was measured from
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two 4-mm Ag/AgCl electrodes placed over the orbicularis oculi muscle below the right eye
per published guidelines (Blumenthal et al., 2005). For Sample 1 and Sample 3, the ground
electrode was placed in the center of the forehead along the midline and another electrode
was placed on the back of the neck along the midline as part the 60-cycle noise cancellation
procedures employed by the Neuroscan data acquisition system. For Sample 2, the ground
electrode and noise cancellation reference were part of an EEG cap and located along the
midline of the anterior scalp and between electrodes Cz and CPz, respectively. In all three
studies, ECG was recorded from two electrodes placed on the sternum and below the left
clavicle. Both EMG and ECG data were collected using a bandpass filter of DC-200 Hz at a
sampling rate of 1000 Hz. Although the upper end of this frequency band is below the
Blumenthal et al. (2005) recommendation of 500 Hz, the missing bandwidth (200–500 Hz)
was not likely to effect the experimental manipulation or the reliability of the results (A.
Van Boxtel and T. Blumenthal, personal communications, December 14, 2009).

2.4. RSA and startle data processing
ECG 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 recording block (i.e., blocks of 2.5 min for the task data and blocks of 90
s for the resting data). Each block was input into CardioEdit (Brain-Body Center, University
of Illinois at Chicago) for further artifact correction. 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). It is important to note
that respiration was not recorded in any of the three protocols and thus, the potential impact
of respiration in the present study is unclear.

Startle blinks were scored according to guidelines provided by Blumenthal et al. (2005).
Startle data were first rectified and then smoothed using a FIR filter with a band pass of 28–
40 Hz. 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). 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. Non-responses were coded as zero-magnitude
in all three samples. 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. Missing
blinks were not included in analyses or in the calculation of average blink magnitude across
studies.

2.5. Data analysis plan
Descriptive analyses indicated that each startle blink was skewed in Sample 1 (range 1.1–
3.5), Sample 2 (range 1.8–3.0), and Sample 3 (range 1.0–2.0), so each was normalized using
a square-root transformation. Post-transformation, all blink skew values were below 1.0.
RSA did not require transformation as the skewness and kurtosis values were all below 1.0.
Chi-squared analyses and analyses of variance (ANOVA) were conducted to determine if
any of the samples differed on important demographic and study variables.

Within the literature, habituation has been defined in multiple ways (LaRowe et al., 2006;
Rothbaum et al., 2001). Most commonly, researchers have used a difference score of initial
response (or block of responses) minus last response (Ellwanger et al., 2003). Given that
these definitions do not capture the slope of responding over time, we used random
coefficients effects to model the pattern (or slope) of startle responding during the task.
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All random coefficients models were run using the PROC MIXED procedure in SAS 9.2
(SAS Institute Inc., 2008). Blink number (i.e., time) was a random effect and RSA was a
fixed effect. RSA was mean-centered in both samples and gender was included as a
covariate in all analyses given its consistent association with general affective responding in
the literature (Feingold, 1994). Separate models were run for each index of RSA, collected
within each sample. All models were also re-run with response to the first probe as an
additional covariate in order to account for potential intercept (i.e., initial startle reactivity)
effects. If an individual had a missing value for their first blink (Sample 1, N = 4; Sample 2,
N = 5; Sample 3, N = 0), the average blink 1 magnitude of the sample was used to impute
the startle response for that subject. If there was a significant time by RSA interaction,
follow-up random coefficients modeling analyses were run to examine the simple slopes of
startle responding as a function of RSA at high versus low levels of RSA (i.e., 1 SD above
and below the mean; Aiken and West, 1991).

Currently, there are no universally accepted procedures for calculating effect sizes in
random coefficient models (Scherbaum and Ferreter, 2009). However, we chose to use
standardized betas (which can be interpreted as correlation coefficients) to measure the
strength of the relationship between RSA and change in startle response over the course of
the task (see Klein et al., 2011 for a similar approach). Specifically, we regressed the
difference score of first blink minus last blink onto RSA, while controlling for gender.
Seven subjects from Sample 1, ten from Sample 2, and one from Sample 3 were missing
from these effect size calculations as they were missing either the first or last blink (but
these subjects were included in the random coefficients models).

3. Results
3.1. Sample comparisons and descriptive data

Within all three samples, there were no significant differences between those that were
included versus excluded on age, gender, ethnicity, and RSA (at rest and during the task; all
p’s > .22). However, in Sample 1 and Sample 2, those that were included exhibited a
significantly higher average startle magnitude1 than those that were excluded [Sample 1 =
F(1, 68) = 5.26, p < .05; Sample 2 = F(1, 109) = 8.63, p < .05].

There were no sample differences in ethnicity or resting RSA. However, there were more
males in Sample 2 than in Sample 1 ( χ2 = 5.48, p < .05) and Sample 3 (χ2 = 4.62, p < .05).
The mean age of Sample 1 was significantly higher than the mean age of Sample 3 [F(1,
114) = 6.32, p < .05]. Mean RSA during the startle task was significantly higher in Sample 2
than in Sample 1 [F(1, 159) = 6.10, p < .05].

Preliminary random coefficients analyses indicated that when controlling for gender, there
was a significant linear (b = −0.94, t(64) = −7.22, p < .01) and quadratic (b = 0.08, t(64) =
6.23, p < .01) effect for time in Sample 1. In Sample 2, there was also a significant linear (b
= −0.53, t(92) = −5.41, p < .01) and quadratic (b = 0.02, t(64) = 2.12, p < .05) effect for
time. Thus, in the first two samples, the magnitude of participants’ blinks significantly
decreased over time and the rate of this decrease decelerated across data points. In Sample 3,
however, there was only a trend for a linear effect for time (b = −0.25, t(47) = −1.75, p = .
09) and no significant quadratic effect (b = −0.01, t(47) = −0.57, p = .57). As can be seen in
Fig. 1, the average magnitude across all blinks was lower in Sample 1 than in Sample 2 [F(1,
159) = 9.34, p < .01] and Sample 3 [F(1, 114) = 7.61, p < .01] (Samples 2 and 3 did not

1We also examined this relationship using startle amplitude, rather than magnitude, and found similar results (see Blumenthal et al.,
2005).
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differ on average blink magnitude). The sample differences in average blink magnitude were
expected given the use of a lower dB startle probe in Sample 2 (Blumenthal et al., 2005).

Resting RSA and task RSA were not correlated with average blink magnitude (i.e., startle
reactivity) in any of the three samples (all p’s > .26). The magnitude of the first or last blink
was not correlated with any measure of RSA across all samples (all p’s > .13).

3.2. Sample 1: RSA collected during task
When RSA during the task was included in the model, there continued to be significant
linear (b = −0.96, t(63) = −7.39, p < .01) and quadratic effects (b = 0.08, t(63) = 6.20, p < .
01) for time. Notably, results indicated a significant time by RSA interaction (b = −0.05,
t(427) = −1.91, p = .05, ES = .27) signifying that participants’ blink magnitudes decreased
over time as a function of their RSA (see Table 2). In addition, this interaction remained
significant when controlling for blink 1 magnitude (b = −0.05, t(365) = −2.05, p < .05).

Follow-up analyses indicated that RSA was associated with the slope of responding among
individuals with both high and low RSA. However, those with high RSA (b = −1.03, t(63) =
−7.51, p < .01) evidenced a steeper slope than those with low RSA (b = −0.88, t(63) =
−6.65, p < .01; see Fig. 2A). Additionally, examination of the figure suggests that those with
low and high RSA had similar slopes until approximately the 3rd or 4th startle probe, at
which point the low RSA individuals began to ‘level off’ at a greater rate than those with
higher RSA.2

3.3. Sample 2: RSA collected during task
When RSA during the task was included in the Sample 2 model, there continued to be a
significant linear (b = −0.52, t(91) = −5.30, p < .01) and quadratic effect (b = 0.02, t(91) =
1.98, p < .05) for time. More importantly, there was a significant time by RSA interaction (b
= −0.06, t(635) = −2.03, p < .05, ES = .25; see Table 2). As with Sample 1, this pattern of
results remained when controlling for blink 1 magnitude (b = −0.06, t(546) = −1.89, p = .
05). Follow-up analyses in Sample 2 were also similar to that of Sample 1 as those with high
RSA (b = −0.58, t(91) = −5.63, p < .01) exhibited a steeper slope of responding than those
with low RSA (b = −0.46, t(91) = −4.50, p < .01; see Fig. 2B).

3.4. Sample 2: RSA collected during rest
First, we examined whether there were any significant differences in resting RSA during the
eyes open versus the eyes closed recording blocks in Sample 2 by conducting a repeated
measures ANOVA with the average of the two eyes open and the two eyes closed blocks
entered as a within-subjects factor. Results indicated no significant differences in RSA [F(1,

93) = 2.21, p = .14, ]. As such, the eyes open versus closed variable was not included
as a covariate in subsequent analyses.

We also examined whether there were differences in resting RSA across time using a
repeated measures ANOVA with Time (90-s blocks 1, 2, 3, and 4) entered as a within-
subject factor. Results indicated that RSA significantly decreased across each of the four

recording blocks [F(3, 297) = 16.66, p < .01, ]. This natural decrease in RSA over the
experimental session may be attributed to sustained attention or anticipation of the shock
task (Hofmann et al., 2005; Porges and Raskin, 1969). Pearson’s correlations among the 4
blocks revealed high rank-order stability of RSA (all r’s > .80, p < .01) and thus, we were

2It may appear that Fig. 2A indicates an ‘increase’ in startle during the last two blinks of the series. However, this pattern simply
reflects an artifact of graphing curvilinear effects.
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able to collapse all four blocks. RSA collected during the task and RSA collected at rest
were highly correlated (r = .75, p < .01).

When RSA at rest was included in the startle model, there continued to be a significant
linear (b = −0.51, t(91) = −5.26, p < .01) and quadratic effect (b = 0.02, t(91) = 2.02, p < .05)
for time. Further, there was a significant time by RSA interaction (b = −0.07, t(635) = −2.60,
p < .01, ES = .23; see Table 2). The interaction remained significant when controlling for
blink 1 magnitude (b = −0.08, t(546) = −2.69, p < .01). Similar to the task RSA analyses,
follow-up analyses indicated that individuals with high resting RSA (b = −0.59, t(91) =
−5.80, p < .01) evidenced a steeper slope of responding than individuals with low resting
RSA (b = −0.44, t(92) = −4.29, p < .01; see Fig. 2C).

3.5. Sample 3: RSA collected at rest and during task
Unlike the other two samples, when RSA was included in the startle model, there was no
longer a linear trend for time: RSA at rest (b = −0.15, t(44) = −0.91, p = .37); task RSA (b =
−0.14, t(44) = −0.90, p = .37). Similarly, there were no quadratic effects for time [Rest RSA:
b = −0.01, t(44) = −0.67, p = .51; Task RSA: b = −0.01, t(44) = −0.69, p = .49].
Additionally, unlike the first two samples, there was also no RSA by time interaction: rest
RSA (b = 0.03, t(322) = 0.87, p = .39), task RSA3 (b = 0.02, t(322) = 0.43, p = .67; Table 2).
In Sample 3, there was a main effect for gender on startle responding, such that females
exhibited higher average startle responding than males (b = 2.77, t(322) = 2.10, p < .05).
Rest RSA and task RSA were highly correlated (r = .88, p < .01).

3.6. Sample by time by RSA interaction
When the three samples were combined into one model, there was a significant Sample
(Sample 1 versus Sample 2 versus Sample 3 [dummy coded]) by time by task RSA
interaction (Sample 1 versus Sample 3: b = −0.10, t[1425] = −2.58, p < .05; Sample 2 versus
Sample 3: b = −0.06, t[1425] = −2.12, p < .05). Samples 1 and 2 did not differ. Therefore,
the attachment of the shock electrodes and disclosure of the upcoming shock task moderated
the relation between RSA and startle habituation.

4. Discussion
Recent advances in the understanding of the myelinated vagus suggest that RSA may be an
important indicator of physiological flexibility (Beauchaine, 2001; Porges, 2001, 2007).
However, no study to our knowledge has examined the relation between RSA and
habituation, a physiological process contingent on flexible responding. Results from Sample
1 indicated that lower RSA was associated with less of a reduction in startle responding over
time (i.e., less habituation). Importantly, this finding was replicated in a second, independent
sample (i.e., Sample 2) that included two indices of RSA, had higher average task RSA
levels, was not taking psychiatric medications, and heard louder startle probes. This
consistency across samples is notable and suggests a relation between RSA and habituation.
However, in both samples, startle was recorded while participants had shock electrodes
attached to them and were aware of an upcoming threat-of-shock task. As such, several
potentially overlapping processes may have occurred to account for the reduction in startle
responses. Specifically, it is possible that individuals with low RSA had greater difficulty
habituating to the actual acoustic startle probes and/or to the contextual anxiety elicited by

3We ran additional analyses to examine whether there was a sensitization effect, defined as an increase in startle magnitude over the
course of the first three blinks responses (Groves and Thompson, 1970). Specifically, we re-ran our primary analyses, but only
modeled the first three blinks. Results indicated that there were no positive linear or quadratic effects for time (all p’s > .25).
Additionally, there were no RSA by time interactions for the first three blinks in any of the three samples (all p’s > .29).
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the shock paradigm/shock electrodes. It is also possible that the RSA measurements were
confounded by the same state contextual anxiety and did not capture trait-like individual
differences.

We therefore collected data from a third sample in which we attempted to remove (or at
least greatly reduce) contextual anxiety from the design and isolate the relation between
RSA and habituation to the acoustic startle probes. To this end, the procedures for the third
sample simply included a resting RSA data collection period and administration of the
startle task. Interestingly, results indicated that unlike the first two samples, in Sample 3,
there was only a trend for a linear decline in startle response and no quadratic effect for
time. Also, when RSA was included in the model, the trend linear effect for time was no
longer significant. This suggests that the effect of time on startle responses was weak, as the
inclusion of a non-significant variable in the model (i.e., RSA) impacted its effect on startle.
It further suggests that when external anxiogenic factors (i.e., shock electrodes and an
impending shock task; Grillon and Ameli, 1998) are not present, habituation occurs to a
lesser extent.

One potential explanation for this discrepancy in rates of habituation is that anxiety
increases task-focused attention (Bar-Haim et al., 2007; Pacheco-Unguetti et al., 2010),
which could facilitate the process by which healthy individuals’ learn that the startle probes
are non-threatening and appropriately modify their startle responses. Importantly, within
Sample 3, our results also indicated that there was no RSA by time interaction for either
RSA collected at rest or RSA collected during the startle task. Given that the RSA values in
Sample 3 did not differ from either of the other two samples, it is unlikely that these null
findings are due to any qualitative differences in RSA among the different samples. Rather,
these findings suggest that RSA is selectively associated with habituation to contextual
anxiety.

RSA is often conceptualized as an individual difference factor reflecting one’s ability to
effectively self-regulate emotional and behavioral states and maintain homeostasis
(Beauchaine, 2001; Porges et al., 1994; Porges, 2007; Thayer and Lane, 2000). Numerous
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 generation and modulation of emotion (Porges,
1995, 2007; Thayer and Lane, 2009). Consistent with this conceptualization, low RSA has
been shown to be associated with more negative emotional arousal in response to daily
stressors (Fabes and Eisenberg, 1997), poor impulse control (Allen et al., 2000), decreased
persistence on stressful tasks (Segerstrom and Nes, 2007), increased cortisol responses to
cognitive stressors (Johnsen et al., 2002), and numerous anxiety disorders (Friedman, 2007).
Taken together, this literature would suggest that in the present study, those with low RSA
may have had greater difficulty regulating the contextual anxiety elicited by the
experimental design due to deficits in their ability to modulate inhibitory influences of the
myelinated vagus on cardiac functioning.

A similar, yet slightly alternative, hypothesis is that individuals with low RSA demonstrated
less habituation over time due to greater engagement in cognitive avoidance strategies,
rather than deficits in the modulation of vagal influences. This hypothesis draws from recent
literature suggesting that individuals with anxiety disorders often fail to habituate to feared
stimuli due to their failure to engage in inhibitory learning (Craske et al., 2008; Creamer et
al., 1992). Given that low RSA is associated with poor emotional coping skills (Weinstein
and Quigley, 2006), it is plausible that within the present study, individuals with low RSA
may have been more likely than those with high RSA to cognitively avoid negative affect by
diverting their attention away from the anxiogenic experimental stimuli/task. This proposed
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mechanism is quite speculative (particularly given the cross-sectional nature of the analyses)
so future studies are needed to directly examine mediating factors of the association between
RSA and habituation.

It is important to note that in all three samples, RSA was not related to startle reactivity,
defined as average blink magnitude across all 9 blinks. This was somewhat unexpected
given that low RSA has previously been shown to be associated with greater emotional
reactivity, including increased startle responding (Johnsen et al., 2002; Melzig et al., 2009;
Ruiz-Padial et al., 2003). Nevertheless, these findings serve to highlight the important
distinction between aversive responding over time (i.e., habituation) and mean levels of
responding (i.e., reactivity). As was previously discussed, habituation and reactivity may
reflect different mechanisms such that habituation may be the result of top-down inhibitory
influences whereas reactivity may be the result of initial stimulus processing (Gross, 1999;
Werner and Gross, 2009). The current pattern of results suggest that individual differences
in RSA may be more robustly associated with the time course of emotional responding,
relative to reactivity, at least in non-clinical samples of young adults.

Though the present study was not with a clinical sample, the current findings may have
implications for the treatment of anxiety disorders. Several studies have shown that
individuals with anxiety disorders exhibit lower rates of habituation (Ludewig et al., 2002;
Roth et al., 1990) and lower levels of RSA (Friedman, 2007). The current findings suggest
that these two clinical phenomena may be associated, either causally or due to a shared third
factor (e.g., higher order neural deficits). Given that the most highly effective treatments for
anxiety disorders involve exposing individuals to feared stimuli and observing their fear
responses naturally decrease over time (i.e., habituation; Barlow, 2002; Deacon and
Abramowitz, 2004), targeting RSA in the context of exposure-based interventions may be
beneficial. Specifically, vagal enhancement treatments (e.g., Zen meditation; Murata et al.,
2004) may have direct and/or indirect effects on the physiological substrates necessary for
habitation, which could subsequently improve the effectiveness of exposures and increase
treatment outcomes. As this is a potentially important avenue for future research, further
investigation is needed to delineate these mechanisms and examine whether improvements
in RSA are associated with better outcomes in exposure-based anxiety treatments.

Although these findings address important gaps within the literature, there are several
limitations of note. First, individuals in each sample were not randomized and it is unknown
whether unmeasured sample effects influenced the present results. Second, the impact of
respiration on the calculation of RSA is an unresolved debate within the literature (see
Denver et al., 2007; Hatfield et al., 1998; Porges, 2007; Sargunaraj et al., 1996; but also see
Grossman et al., 1990; Grossman and Kollai, 1993; Grossman and 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 and 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. Third, we did not
collect self-reported anxiety measures in the present study to assess the degree of contextual
anxiety across the three samples. However, it is likely that there was more contextual
anxiety in Samples 1 and 2 versus Sample 3 given that prior studies have demonstrated that
shock electrodes and anticipation of a shock task are potent elicitors of contextual anxiety
(Baas et al., 2002; Grillon and Ameli, 1998). Fourth, the current study was cross-sectional
and consequently, we are unable to make causal inferences as to the directionality between
low RSA and deficits in habituation. Lastly, our startle task only lasted 2.5 min and it may
be more meaningful to examine individual differences in responding over a longer period of
time.
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In sum, the results from the current study indicate that individual differences in RSA are
associated with the reduction of startle responding over time, but only in the presence of
contextual anxiety. Therefore, individuals with low levels of RSA may have greater
difficulties regulating contextual anxiety, which results in relatively maintained levels of
defensive responding over time. Given that the process of habituation is a key component of
several anxiety disorder treatments (Barlow, 2002), future research is needed to elucidate the
role of RSA in the time course of affective responding.
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Fig. 1.
Slope of habituation for each sample. Sqrt Startle Magnitude = square-root transformed
startle magnitude values.
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Fig. 2.
Slope of habituation as a function of RSA in Sample 1 (A), Sample 2 during the task (B),
and Sample 2 during rest (C). Sqrt Startle Magnitude = square-root transformed startle
magnitude values.
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Table 1

Demographics and descriptive statistics for each sample.

Sample 1
(N = 66)

Sample 2
(N = 94)

Sample 3
(N = 49)

% Female 76.9%a 59.6%b 77.6%a

Age (SD) 19.83 (2.76)a 19.39 (2.25)a,b 18.82 (1.41)b

Task RSA (SD) 6.44 (1.38)a 6.91 (1.01)b 6.74 (1.34)a,b

Rest RSA (SD) – 6.66 (1.05)a 6.93 (1.46)a

Ethnicity

 African American 12.3%a 8.5%a 12.2%a

 Caucasian 41.5%a 34.0%a 26.5%a

 Asian 23.1%a 21.3%a 22.4%a

 Hispanic/Latino 15.4%a 27.7%a 30.6%a

 Other 7.7%a 8.5%a 6.1%a

Note. Means or percentages with different subscripts across rows were significantly different in pairwise comparisons (p < .05, chi-square test for
categorical variables and Tukey’s honestly significant difference test for continuous variables). SD = standard deviation; RSA = respiratory sinus
arrhythmia; Task RSA = RSA during the startle task; Rest RSA = RSA collected at rest prior to the startle task.
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Table 2

Results from the random coefficients analyses by sample and measure of RSA.

Variable Sample 1
Task RSA

Sample 2
Task RSA

Sample 2
Rest RSA

Sample 3
Task RSA

Sample 3
Rest RSA

RSA × Time b = −0.05; t = 1.91* b = −0.06; t = −2.03* b = −0.07; t = 2.60* b = 0.02; t = 0.43 b = 0.03; t = 0.87

RSA b = 0.09; t = 0.32* b = 0.20; t = 0.53 b = 0.20; t = 0.57 b = 0.27; t = 0.65 b = 0.21; t = 0.54

Gender b = 0.97; t = 1.11 b = 0.80; t = 1.05 b = 0.85; t = 1.12 b = 2.77; t = 2.10* b = 2.29; t = 1.68

Linear b = −0.96; t = −7.39** b = −0.52; t = −5.30** b = −0.51; t = −5.26** b = −0.14; t = −0.90 b = −0.15; t = −0.91

Quadratic b = 0.08; t = 6.20** b = 0.02; t = 1.98* b = 0.02; t = 2.02* b = −0.01; t = −0.69 b = −0.01; t = −0.67

Time × Gender b = −0.11; t = −1.26 b = −0.03; t = −0.43 b = −0.04; t = −0.70 b = −0.14; t = −1.22 b = −0.13; t = −1.06

Note. RSA = respiratory sinus arrhythmia; Task RSA = RSA collected during the startle task; Rest RSA = RSA collected during the resting period.

*
p < .05.

**
p < .01.
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