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Abstract

Elicitation of high-amplitude oscillations in the cardiovascular system may serve to dampen
psychophysiological reactivity to emotional and cognitive loading. Prior work has used paced
breathing to impose clinically valuable high-amplitude ~0.1Hz oscillations. In this study, we
investigated whether rhythmical sighing could likewise produce high-amplitude cardiovascular
oscillations in the very low frequency range (0.003-0.05Hz). ECG, respiration, skin conductance,
and beat-to-beat blood pressure were collected in 24 healthy participants during baseline, 0.1Hz
paced breathing, and 0.02Hz paced sighing (1 sigh every 50 seconds, with normal breathing
interspersed). Results showed that each sigh elicited a strong, well-defined reaction in the
cardiovascular system. This reaction did not habituate when participants repeatedly sighed for 8.5
minutes. The result was a high-amplitude 0.02Hz oscillation in multiple cardiovascular
parameters. Thus, paced sighing is a reliable method for imposing very low frequency oscillations
in the cardiovascular system, which has research and clinical implications that warrant further
study.

1. Introduction

The influence of respiration on the cardiovascular system is well-established. The
phenomenon of respiratory sinus arrhythmia has been extensively studied (e.g., Ritz, 2009;
Grossman & Taylor, 2007; Berntson, Cacioppo, & Quigley, 1993). The phenomenon of HR
baroreflex resonance in the cardiovascular system, which is observed as high-amplitude
low-frequency oscillations in heart rate, blood pressure, and vascular tone when breathing is
paced at a frequency of ~0.1 Hz (6 breaths per minute), further illustrates the impact of
respiration on the cardiovascular system (Vaschillo, Vaschillo, Buckman, Pandina, & Bates,
2011). Both of these respiratory phenomena are essential sources of variability in heart rate,
vascular tone, stroke volume, and blood pressure (Grossman & Taylor, 2007; Vaschillo et
al., 2011).
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Greater cardiovascular variability is associated with better physical and emotional health
(Thayer, Hansen, Saus-Rose & Johnsen, 2009). Moreover, amplifying cardiovascular
variability through therapeutic techniques such as HR variability (HRV) biofeedback, which
trains people over the course of several weeks to rhythmically breath at 0.1 Hz (6 breaths per
minute), can improve symptoms of asthma (Lehrer, Vaschillo, Vaschillo, Lu, Scardella,
Siddique, & Habib, 2004), fibromyalgia (Hassett, Radvanski, Vaschillo, Vaschillo, Sigal,
Karavidas, Buyske, & Lehrer, 2007), post traumatic stress disorder (Zucker, Samuelson,
Muench, Greenberg, & Gevirtz, 2009), major depression (Karavidas, Lehrer, Vaschillo,
Vaschillo, Marin, Buyske, Radvanski, & Hasset, 2007), neurosis (Chernigovskaia,
Vaschillo, Petrash, & Rusanovski, 1990), and hypertension (McCraty, Atkinson, &
Tomasino, 2003). Although the physiological mechanisms underlying the therapeutic effects
of HRV biofeedback continue to be explored, enhanced sensitivity of the baroreflex (i.e., the
autonomic reflex that links dynamic cardiovascular processes to each other and to neural
processing) has been implicated (Chernigovskaia, et al., 1990; Lehrer, Vaschillo, &
Vaschillo, 2000). This theory suggests that the 0.1 Hz breathing element of HRV
biofeedback “exercises” autonomic reflexes to increase cardiovascular variability and
improve baroreflex functioning, much in the same way that exercising somatic muscles
improves neuromuscular reflexes (i.e., coordination and balance). In a sample of healthy
individuals, improvements in respiration (i.e., peak flow) and baroreflex gain were noted
after several weeks of consistent HRV biofeedback training (Lehrer, Vaschillo, Vaschillo,
Lu, Eckberg, Edelberg, Shih, Lin, Kuusela, Tahvanainen, & Hammer, 2003). This long-term
improvement in baroreflex gain was not replicated (Lehrer et al., 2004) in a sample of
asthma patients who showed no cumulative improvements in baroreflex gain, although their
clinical symptoms improved and baroreflex gain was enhanced during HRV biofeedback
suggesting that 0.1 Hz paced breathing, when properly performed, has in-the-moment
effects on the baroreflex.

In this study, we sought to build on knowledge of how respiration influences cardiovascular
variability by examining whether high-amplitude cardiovascular oscillations also could be
elicited by using rhythmical sighing paced in the very low frequency (VLF) range (0.003 -
0.05 Hz). Prior studies (Vaschillo, Lehrer, Rishe, & Konstantinov, 2002; Hammer & Saul,
2005; van de Vooren, Gademan, Swenne, TenVoorde, Schalij, & Van der Wall, 2007;
Vaschillo et al., 2011) suggest that the vascular tone branch of the baroreflex is active in the
VLF range and, therefore, a vascular tone baroreflex-specific resonance frequency may be
observed in this range. Theoretically, triggering resonance in this range could be beneficial
for mental and physical health in much the same way as are HR baroreflex 0.1 Hz resonance
responses in the low frequency range. However, a major challenge to demonstrating
resonance properties in the VLF range is that while most individuals, regardless of health
status, can be trained to breathe at 0.1 Hz to trigger HR baroreflex resonance, few
individuals other than monks or yogis (Lehrer, Sasaki, & Saito, 1999) can sustain a
breathing rate in the VLF range. We present results of a study that trained young healthy
adults to rhythmically sigh at 0.02 Hz (1 sigh every 50 seconds, with normal breathing
interspersed). This frequency is the approximate mid-point of the VLF range and served as a
starting point for exploring the effects of rhythmical sighing and the identification of
resonance in this frequency range.
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A sigh is a deep breath with distinct neurobiological, physiological, and psychological
properties. The specific details of what differentiates a sigh from a deep breath or large lung
inflation remain uncertain, but it may be defined as an augmented breath that occurs during
eupneic breathing and is followed by a respiratory pause called “post-sigh apnea” (Ramirez,
2014). Others define it as a quick deep inspiration with a tidal volume at least twice as large
as the mean tidal volume, and a slower expiration (e.g., see Wilhelm, Trabert, & Roth,
2001), with little emphasis on the breath being augmented or followed by apnea.
Nonetheless, sighing is a common respiratory phenomenon that can arise spontaneously or
be actively produced (e.g., by following instructions). Although sighs are often regarded as a
symptom of abnormal or dysregulated breathing [e.g., hyperventilation syndrome (Bass &
Gardner, 1985; Berczeller, 1993; Brashear, 1983; Howell, 1990; Lum, 1981; Magarian,
Middaugh, & Linz, 1983)], they can prevent reductions in lung compliance and gas
exchange caused by breathing with a constant volume (Mcllroy, Butler, & Finley, 1962;
Ferris & Pollard, 1960; Davis & Moscato, 1994). Vlemincx et al. (2010a, 2010b, 2011b,
2012a, 2012b, 2013) further showed that both spontaneous and instructed sighs restored
structured respiratory variability when it was disturbed, such as by stress, emations, or
sustained attention. These latter authors thus defined sighing as a “resetter of the respiratory
system”.

We hypothesized that a single sigh would produce immediate, strong oscillations across the
cardiovascular system that would fade quickly over time. Further, it was predicted that
rhythmical sighing at 0.02 Hz would acutely impose high-amplitude oscillations on multiple
cardiovascular parameters in the VLF range, with a spectral peak at 0.02 Hz, that would not
be observed in a normal respiration baseline task. The influence of paced sighing on
baroreflex sensitivity was exploratory. We also compared the cardiovascular effects of
paced sighing to those of 0.1 Hz paced breathing. This paced breathing comparison was
included because it is the active element of HRV biofeedback, which has well-characterized
physiological and therapeutic effects. These comparisons were exploratory and there were
no a priori hypotheses.

2.1. Participants

Twenty four young healthy participants (12 women) (mean * standard deviation: 20.17 +
1.32 years, range 18-24) who did not drink alcohol were enrolled in the study. Participants
were recruited through university and community bulletin boards, electronic postings, and
flyers as part of a larger study that aimed at understanding how chronic alcohol use
behaviors affect the vasculature. The racial composition was: White (58.3%), Asian
(20.8%), Black or African American (12.5%), and mixed or other (8.3%); 16.7% self-
reported being Hispanic or Latino. All participants reported being in a good health without
respiratory or cardiac disease, or any history of psychiatric disorders; they were not alcohol,
nicotine, or recreational drug users. The experiment was approved by the Rutgers University
Institutional Review Board for the Protection of Human Subjects Involved in Research.
Written informed consent was obtained from all participants and they were compensated for
their time spent in the experiment.
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2.2. Physiological Assessment

A PowerLab Acquisition System (ADInstruments, Colorado Springs, CO) and Finometer
MIDI (Finapres, Amsterdam) were used to collect electrocardiogram (ECG), respiration,
beat-to-beat blood pressure, and skin conductance. The sampling rate for all data collection
was 2000 Hz. A standard lead Il was used for ECG measurement. A cuff-sensor for blood
pressure measurement was attached to the second phalange of the right middle finger. Skin
conductance metal electrodes were attached to the edges of the right palm, one below the
thumb and the other below the little finger. Respiratory signals were collected from a single
strain belt containing piezo-electric transducer that was set around the upper part of the
chest, just below the underarms. This provided a measure of thoracic breathing.

Respiration was calibrated before the start of physiological records using a standard 800 ml
bag. Clips were comfortably set on the nose to ensure that the participants breathed out of
their mouths only. They were told to wrap their lips tightly around the edges of the
calibration tube to create a closed-loop system with the lungs. They were then asked to
completely fill the calibration bag with the air from their lungs and then fully empty the bag.
This process was repeated five times. The calibration tube was held in the same position
throughout this procedure.

2.3. Procedure

Each participant completed one laboratory session that started between 10 a.m. and 2 p.m. to
minimize biological circadian variations. In preparation for the session, participants were
asked to get a good night sleep and to eat a light meal prior to, but not within 1 hour of the
session. Physiological assessment was completed in a sound-attenuated, dimly lit testing
room. Participants were seated in a comfortable chair located 1 m in frontof a LCD TV
screen, and physiological sensors and electrodes were attached. ECG, blood pressure, skin
conductance, and respiration were continuously collected while participants completed three
tasks. The sequence of tasks in the study included a baseline task, rhythmical 0.02 Hz
sighing task, and 0.1 Hz paced breathing task.

The baseline task (B1) was a 5-minute low-demand cognitive task (plain ‘Vanilla’ task;
Jennings, 1992) that provides a more standardized baseline than an uncontrolled resting
state. A rectangle presented in the center of the TV screen changed color every 10 sec for 5-
min, and participants were asked to silently count the number of rectangles that were blue in
color.

The 0.02 Hz paced sighing task (0.02Hz-PS) lasted 8.5 minutes during which participants
performed 10 sighs. Participants were instructed to breathe normally until a red screen
appeared on the TV, at which point they were asked to start a sigh. The time interval
between red screens was every 50 s; the screen remained red for 2 s. The red screen
presentation was programmed using E-Prime software (Psychology Software Tools, Inc.,
Pittsburgh, PA) with an accuracy of £1 ms. Before starting the recording task, participants
were asked to voluntarily perform a few sighs (to determine what was natural for them).
They then underwent a short training to become familiarized with the task of sighing at
paced intervals. They were informed that during the task, they should sigh naturally. It was
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emphasized that they should inhale and exhale through their mouth, and to avoid breathing
too deeply, which could result in hyperventilation (i.e., feeling dizzy or lightheaded).
Respiratory volume of the participants’ sighs was measured from a thoracic respiratory belt
and monitored to ensure it was at least twice the volume of breaths taken during the baseline
(normal respiration) task. Participants were asked to breathe normally between sighs, remain
still other than to sigh along with presentation of the red screen, and avoid speaking during
the task.

The 0.1 Hz paced breathing task (0.1Hz-PBr) lasted 5 minutes. Participants were instructed
to breathe at a rate of approximately six complete breathing cycles per minute by following
a visual pacer (Easy Air, Biofeedback Foundation of Europe, Montreal, Canada) presented
on the TV screen. The pacer was set to allow for a 5.5 sec inhalation and a 5.5 exhalation.
Participants inhaled as the visual pacer moved vertically up, and exhaled as it moved down.
There was no pause between breaths except in the case when a participant completed their
exhale prior to the pacer reaching the bottom. In this case, they were told to pause their
breathing and begin again exactly when the pacer reached its bottom. If they completed the
inhale prior to the pacer reaching its maximum, they were allowed to start exhaling early. It
was emphasized that the key respiratory element was that each inhalation should
synchronize with the bottom of the pacer. A short training and practice period was used to
show participants how to avoid hyperventilating and to reduce effortful breathing.

2.4. Analysis of Physiological Data

Physiological data were analyzed using WinCPRS software (Absolute Alien Oy, Finland).
Aurtifacts and missed or irregular beats were manually modified by interpolation prior to the
analysis. Analysis was performed separately for each task (B1, 0.02Hz-PS, and 0.1Hz-PBr).
The software was used to measure the time intervals between R-to-R waves of ECG (RRI),
beat-to-beat systolic and diastolic arterial pressure (SAP and DAP) from finger pulse waves
recorded by the Finometer, beat-to-beat pulse transit time as the time interval between the R-
wave of the ECG and the apex of the finger pulse wave to evaluate the dynamics of vascular
tone; higher pulse transit time corresponds to lower vascular tone (Naschitz, Bezobchuk,
Mussafia-Priselac, Sundick, Dreyfuss, Khorshidi, Karidis, Manor, Nagar, Peck, Peck,
Storch, Rosner, & Gaitini, 2004; Naka, Tweddel, Doshi, Goodfellow, & Henderson, 2006).
The ModelFlow methodology for cardiac output measurement (Bogert & van Lieshout,
2005) was used to assess beat-to-beat stroke volume. Cubic interpolation of the non-
equidistant waveforms of the beat-to-beat sequences was completed, and measurements
were resampled at 4 Hz. The same software was used to measure thoracic respiration tidal
volume.

Data were analyzed in two ways. First, the average physiological reactions across the 5-
minute tasks were calculated for each individual and averaged across all 24 participants.
Second, Fourier spectra for each task and each participant were calculated to allow
calculation of peak power at 0.02 Hz and 0.1 Hz. The latter analysis allowed us to assess
changes in variability caused by the 0.02Hz-PS and 0.1Hz-PBr tasks.

Activity of the HR, stroke volume, and vascular tone arcs of the baroreflex were evaluated
as HR, stroke volume, and vascular tone baroreflex gains calculated using cross-spectral
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analysis (Cooke, Hoag, Crossman, Kuusela, Tahvanainen, & Eckberg, 1999) via the transfer
functions, where SAP was the input, and HR, stroke volume, and vascular tone, respectively,
were the output. The gains were calculated as the mean values of the corresponding transfer
functions in the low frequency range (0.05 — 0.15 Hz) where coherence between the input
and output functions was > 0.5 (Vaschillo, Vaschillo, Buckman, Pandina, & Bates, 2012).

In addition, the reaction of HR and SAP to sigh volume was measured. The peaks of the first
positive phase in HR and SAP were used to estimate the cardiovascular response magnitude
and the thoracic volume of each sigh was used to estimate sigh depth. The first positive
phase peak was used but we note that cardiovascular reactions are complex and included
several distinct phases (e.g., an acute increase, an abrupt decrease, and a gradual return to
baseline).

2.5. Statistical Analysis

3. Results

First, the association of cardiovascular reactivity to sigh inhalation depth was calculated
using Pearson’s correlation coefficients. Within-person analyses correlated the thoracic
volumes of each of 10 sighs with the corresponding magnitude of HR and SAP reactions.
Across participants, the average thoracic volume was computed for each participant and
correlated with average HR and SAP reaction.

Second, linear mixed effects models (SAS Proc Mixed) with one-way repeated measures
was used to assess differences in physiological reactivity. The linear mixed effects model is
a statistical test that parallels ANOVA, but is more flexible for testing random effects. Three
tasks (B1, 0.02Hz-PS, 0.1Hz-PBr) were compared. For each task, average physiological
responses and spectral power peaks at 0.02 and 0.1 Hz were analyzed. All physiological
parameters were log transformed prior to analyses. We had a priori hypotheses regarding
the differences in cardiovascular reactivity between paced sighing and baseline (B1)
breathing, and also planned to explore differences between paced sighing and paced
breathing. Thus, planned pair-wise comparisons included (a) a comparison of the 0.1Hz
spectral power peak during baseline vs. the paced breathing task, (b) a comparison of 0.2Hz
spectral power peak during baseline vs. the paced sighing task, and (c) a comparison of
0.1Hz spectral power peak during paced breathing vs. the 0.2Hz spectral power peak during
the paced sighing task. The Tukey-Kramer adjustment was used for post-hoc pairwise
comparisons. Analyses were performed using SAS 9.3. Effect size calculations were
performed using Cohen’s dn, (for repeated measures designs) as suggested by Lakens
(2013). As a standard of reference, dyy, .20-.49 = small, d;, .50-.79 = medium, and d; = .
80 = large effect sizes (Cohen, 1988).

The mean thoracic respiratory volume across all sighs in all participants was 1590 + 1188
ml. Individual participant’s average sigh volume (estimated from the thoracic belt) varied
from 715 ml to 4823 ml, but the within-person variability in sigh volume typically remained
within 15 % of their mean. Only 3 of the 24 participants showed a significant correlation
between the volume of their 10 individual sighs and the magnitude of the corresponding HR
or SAP responses. When average sigh volumes and cardiovascular responses were then
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correlated across individuals, there were no significant correlations between an individual’s
average sigh volume and the magnitude of the HR or SAP responses (HR: r [24] = 0.06, p =
0.798; BP: r [24] =-0.11, p=0.245)).

Figure 1 shows an example of the respiratory profile of an instructed sigh as well as the HR,
SAP, and pulse transit time responses. Note that although the depth of both sighs shown in
Figure 1A was equivalent, the magnitude of the HR, SAP, and pulse transit time reactions
differed. In this example, eupneic breathing was observed immediately prior to the initiation
of a deep inspiration, which in turn was followed by a brief apneic pause. Approximately
70% of all attempted sighs met this definition of a sigh; the other 30% happened in the
absence of either normal breathing prior, broken inspiration patterns, or apnea after, but all
attempted sighs presented as large lung inflations. Figure 1B shows that the raw respiratory
signal (top panel) shortened the RR interval (middle panel) and decreased blood pressure
(bottom panel).

Average respiration and cardiovascular responses during each task were calculated to test
whether the paced sighing and breathing tasks led to overall increases in mean heart rate,
blood pressure, or other cardiovascular parameters, compared to baseline. As shown in
Table 1, 0.02Hz-PS had less effect on mean cardiovascular functioning than 0.1Hz-PBr.
Specifically, 0.1Hz-PBr significantly increased mean thoracic respiratory tidal volume (dim
= 1.8), SAP (dym = 0.8), and DAP (d,, = 0.7) over B1 averages, whereas 0.02Hz-PS
significantly increased only mean thoracic respiratory tidal volume (d,, = 1.0) and SAP
(drm = 0.4) over B1 averages. Moreover, 0.1Hz-PBr increased mean thoracic tidal volume
(drm = 1.0) and SAP (drm = 0.4) to a significantly greater degree than 0.02Hz-PS (Table 1).
The 0.1Hz-PBr task also significantly increased HR baroreflex (d,,, = 0.8), vascular tone
baroreflex (d;m = 0.7), and stroke volume (dry, = 1.2) baroreflex gains over B1 averages,
whereas 0.02Hz-PS did not.

We next sought to examine how oscillations in the cardiovascular system changed in
response to rhythmical sighing, and again compare these changes to those induced by 0.1 Hz
paced breathing. Figure 2 shows data from one participant during the paced sighing task.
The top left panel demonstrates the ability of this participant to rhythmically sigh at 0.02 Hz.
The top right panel of Figure 2 shows the respiratory volume power spectrum from this
participant, with clear harmonic features present. Time series data (left panels, Figure 2)
show that each sigh produced powerful, but temporally constrained cardiovascular responses
that gradually faded over approximately 50 s. Fourier transformed data (right panels, Figure
2) show that paced sighing at 0.02 Hz produced clear spectral peaks at 0.02 Hz. No
habituation to paced sighing was observed in any cardiovascular process for this or any
participant; in other words, each sigh generated a similar ~50s cardiovascular response that
seemed unrelated to the thoracic volume of the sigh.

Figure 3 extends these observations by showing the averaged RRI, SAP, stroke volume,
pulse transit time, and skin conductance spectra during 0.02 Hz paced sighing (left panels)
and 0.1 Hz paced breathing (right panels). As expected, a power peak at 0.1 Hz was
observed for all 24 participants in response to the paced breathing task. We also observed a
power peak at 0.02Hz for all physiological processes in response to the paced sighing task.

Biol Psychol. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vaschillo et al.

Page 8

Note that the y-axis scale of the RRI, stroke volume, and pulse transit time panels differ (i.e.,
are ~10-fold larger for the paced breathing reactions [right] compared to paced sighing
[left]). The peak spectral volumes at 0.02 and 0.1 Hz for each cardiovascular parameter are
also shown in Table 2. The amplitude of the 0.02 Hz oscillation during the 0.02Hz-PS task
was significantly higher than its amplitude during the baseline task for RRI (Cohen’s dyy, =
0.7), SAP (Cohen’s dyy = 1.2), stroke volume (Cohen’s d;, = 1.2), and pulse transit time
(Cohen’s dyy = 1.5). The amplitude of the 0.02Hz oscillation was also greater than the 0.1
Hz oscillation during the baseline task for RRI (Cohen’s d;, = 1.0), stroke volume (Cohen’s
drm = 1.1), pulse transit time (Cohen’s d,m, = 1.0). However, the amplitude of 0.02 Hz
oscillation in all physiological processes elicited by the 0.02Hz-PS task, except for SAP,
was significantly lower than the amplitude of 0.1 Hz oscillation elicited by the 0.1Hz-PBr
task. The effect sizes for these comparisons are as follows: RRI (Cohen’s dym, = 2.1), stroke
volume (Cohen’s dyy, = 1.2), pulse transit time (Cohen’s d,,, = 1.8), and skin conductance
(Cohen’s dy, = 1.0).

4. Discussion

This paper represents an initial attempt to understand how rhythmical sighing influences the
cardiovascular system. We characterized the effects of paced 0.02 Hz sighing on the
cardiovascular system, and compared paced 0.02 Hz sighing to 0.1 Hz breathing. Both
maneuvers produced high-amplitude oscillations in the cardiovascular system, with robust
spectral peaks found at the respective task frequencies (Figure 3, Table 2). Paced sighing
had less effect on average cardiovascular functioning compared to paced breathing (Table
1). We frame the results within the context of current theories on sighing, and focus on the
potential mechanistic importance and clinical implications of being able to manipulate the
cardiovascular system in the very low frequency range.

4.1. The cued sigh procedure

The present results come from an experiment in which young, healthy participants were
asked to voluntarily produce sighs when cued. Recently, Ramirez (2014) defined the sigh as
including three components: pre-sigh eupnea, a large lung inflation, and post-sigh apnea.
Analysis of the cued sighs performed by our participants revealed that approximately 70%
of cued sighs demonstrated all three of these sigh components. This provides support that
the paced sighing task did not simply produce repeated, large lung inflations; rather most
respiratory responses appeared to fit Ramirez’s (2014) operational definition of a sigh. Of
the 30% that did not meet criteria, several were preceded by irregular, rather than normal
breathing, and others showed no post-sigh apnea. This does not imply necessarily that these
responses were not true sighs, as sighing in humans is less well understood than in the
animal literature, but suggests that we cannot say definitively that they were. Although we
visually observed no consistent differences in cardiovascular responses to sighs that met
Ramirez’s criteria versus those that did not, it was not possible to explicitly test this. Future
studies that differentiate the effects of the sigh elements on physiological and psychological
reactivity are needed, as are studies specifically designed to test similarities and differences
between cued and spontaneous sighs.
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Nonetheless, the present study shows a link between respiratory manipulations in the very
low frequency range and cardiovascular reactivity. The idea that a cued, large lung inflation,
rather than fully defined sighs, was sufficient to elicit the noted cardiovascular reactions is
compelling in itself. It is also noteworthy that we saw no correlation between the depth of
these breaths and HR or BP reactivity, while during normal breathing, HR and BP are
typically dependent on respiratory depth. For simplicity, and because the majority of cued
respiratory responses to our paced sighing task did elicit fully defined sighs, we frame the
rest of this discussion around “sighing”, although we acknowledge that more research is
needed.

4.2. Rhythmical sighing and its cardiovascular effects

A major goal of our current research program is to identify new ways of stimulating the
cardiovascular system in the very low frequency range to explore the vascular tone branch
of the baroreflex and identify resonance properties that may be useful clinically. In this
study, we asked participants to produce a sigh every 50 seconds (0.02 Hz, in the very low
frequency range) and to otherwise breathe normally. We observed well-defined
cardiovascular reactions in response to each individual cued sigh that lasted about 50 s and
included multiple components such as, in the case of heart rate, a short-term large amplitude
increase that lasted ~3 seconds, an abrupt decrease with overshot baseline HR, followed by a
gradual return to baseline (and return to normal oscillations). Repeatedly sighing produced
systematic cardiovascular reactions across the 8.5-min paced sighing task, with no evident
cardiovascular habituation as sighing continued. The ability to pace a simple respiratory
maneuver and see a consistent, well-defined cardiovascular reaction has potential clinical
value, as described below. Moreover, the fact that cardiovascular reactions were observed to
individual sighs suggests that it is plausible that high amplitude cardiovascular oscillations
also could be elicited by rhythmical sighing at other frequencies and may be particularly
useful for exploring cardioregulatory mechanisms at play in the very low frequency range.
Mechanistically, it may be proposed that each sigh causes an acute decrease in vascular
tone, which leads to an acute decrease in blood pressure. This, in turn, leads to an increase in
HR, followed by a slow normalization of blood pressure and HR (e.g., see Fig. 1). Thus,
sighing may modulate afferent outflow from the baroreceptors and consequently amplify
neural inhibition.

Like paced breathing, paced sighing elicited high-amplitude oscillations in heart rate, blood
pressure, stroke volume, pulse transit time, and skin conductance in young, healthy people
(Figure 3, Table 2). These large oscillations occurred in the absence of correspondingly
large shifts in average levels of cardiovascular functions (Table 1). In other words, repeated
sighing at a given frequency successfully imposed oscillations in cardiovascular processes at
that frequency without provoking major increases in HR, stroke volume, pulse transit time,
or diastolic blood pressure; increases in systolic pressure were statistically significant but
clinically negligible.

Paced sighing did not lead to an increase in HR-, vascular tone-, or stroke volume-baroreflex
gain, whereas 0.1 Hz breathing did (Table 1). This may suggest that paced 0.1 Hz breathing
is more powerful at activating the baroreflex mechanism than paced 0.02 Hz sighing.
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Conversely, this result may be a methodological artifact from using the common method of
cross-spectrum analysis and measuring gain in the low frequency range where coherence
was > 0.5. Importantly, 0.02 Hz sighing did not change coherence in the low frequency
range whereas 0.1 Hz breathing did. It is possible that 0.02 Hz sighing would increase
baroreflex gain in the very low frequency range, but to our knowledge, this has not been
tested.

4.3. Clinical applications of rhythmical sighing through generation of cardiovascular

oscillations

The rhythmical sighing manipulation used in this study was meant to emulate the rhythmical
breathing procedures used as part of HRV biofeedback to affect the cardiovascular system
and produce measureable clinical benefits (e.g., Lehrer et al., 2003, 2004). It has been
suggested that the therapeutic effects of HRV biofeedback stem from the high-amplitude
cardiovascular oscillations that are elicited by rhythmical 0.1 Hz breathing. Two
mechanisms are known to underlie the resulting high-amplitude cardiovascular oscillations.
The first mechanism is respiratory sinus arrhythmia, or the respiratory modulation of HR
through the vagus (Porges, 2009). The second mechanism is resonance in the HR baroreflex
system (Hammer & Saul, 2005; Vaschillo et al., 2011). These high-amplitude oscillations
act by training autonomic reflexes, supporting the active state of these reflexes, and restoring
sympathetic-vagal balance (Chernigovskaia, et al., 1990; Lehrer, Vaschillo, & Vaschillo,
2000; Lehrer, Vaschillo, Vaschillo, Lu, Eckberg, Edelberg, Shih, Lin, Kuusela,
Tahvanainen, & Hammer, 2003). The same oscillations modulate the afferent firing from
baroreceptors, which elicits direct central nervous system responding through the central
autonomic network. In doing so, high-amplitude cardiovascular oscillations appear to
promote neuroinhibitory processes and restore excitation-inhibition balance in the brain
(Lacey, & Lacey, 1970; Dworkin, Elbert, Rau, Birbaumer, Pauli, Droste, & Brunia, 1994;
Elbert, Roberts, Lutzenberger, & Birbaumer, 1992; Rau, Pauli, Brody, Elbert, & Birbaumer,
199; Nyklicek, Wijnen, & Rau, 2005; Reyes del Paso, Gonzalez, & Hernandez, 2004;
Yasumasu, Reyes Del Paso, Takahara, & Nakashima, 2006; Duschek, Worsching, & Reyes
del Paso, 2013). Thus, HRV biofeedback has therapeutic value because its core component,
rhythmical 0.1 Hz breathing, modulates neurocardiac signaling, which, in turn, promotes
mental and physical health.

HRV biofeedback continues to gain popularity in the clinic and laboratory, but pacing one’s
breathing at 0.1 Hz (6 breaths per minute) presents challenges to first-time practitioners and
to individuals with health conditions that preclude their ability to properly slow their
breathing without strain. This is evident in our study where all participants were naive to the
paced breathing task and thus showed modest elevations in average systolic and diastolic
blood pressure during the task. The slow paced breathing techniques used in HRV
biofeedback are also limited in their inability to activate the cardiovascular system in the
very low frequency range (i.e., 3 or fewer breaths per minute). Thus, HRV biofeedback
breathing is less capable of “exercising” vascular dynamics compared to its effects on
cardiac dynamics.
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Very little has been done to assess the clinical utility of alternative paced respiratory
maneuvers that may allow insight into vascular dynamics and very low frequency
mechanisms. In a study of children who had undergone a major surgery and received either
pressure support ventilation alone or pressure support ventilation with rhythmical sighing
paced at one per minute (Nacoti, Spagnolli, Bonanomi, Barbanti, Cereda, & Fumagalli,
2012), paced sighing was shown to improve gas exchange and decreased respiratory drive
without major short-term complications. We know of no other studies that have assessed
rhythmical sighing in the very low frequency range. In the present study, we showed that
paced sighing (or, possibly, paced large lung inflations) produces similar types of
cardiovascular reaction (albeit sometimes smaller) to paced breathing, and that paced
sighing is simple to perform and easy to teach. Thus, sighing paced at very low frequencies
potentially may be useful as a foundation for clinical interventions aimed at improving
vascular tone regulation. More research is obviously needed to determine its clinical utility,
but the present findings provide a framework upon which new studies could be designed.

4.4. Limitations

The results of this study should be considered in light of several limitations. First, a critical
element of a sigh is its ability to generate subjective psychological relief. We did not,
however, directly assess whether the paced sighing task promoted a state of psychological
well-being. Second, we measured respiration using a single respiratory belt placed
thoracically. This was due to other elements of the experimental design that impeded the use
of a belt placed abdominally. Thus, although thoracic respiratory depth was unrelated to
cardiovascular response in this study, it is possible that abdominal respiratory depth would
have been. Moreover, it is possible that the inter-individual variability in sigh depth may
have been reduced if abdominal respiration had also been assessed. Third, we did not
measure end tidal CO, and thus cannot address whether some of the observed cardiovascular
effects were due to hypocapnia. Fourth, as discussed above, not all respiratory responses
during the paced sighing technique met the full criteria (Ramirez, 2014) for a sigh. Finally,
this study assessed rhythmical sighing paced at 0.02 Hz only.

As noted above, neither paced sighing nor paced breathing changed mean HR compared to
baseline, but both significantly increased mean systolic arterial pressure compared to
baseline. Paced breathing at 0.1 Hz also led to significant elevations in mean diastolic
pressure, and the systolic pressure elevation was significantly larger compared to that
observed during paced sighing. The respiratory muscle activation involved in pacing may
have elevated metabolic demand and thus impacted average cardiovascular functioning.
However, it is unlikely that the voluntary muscle activation in the two tasks was equal, since
paced breathing requires constant voluntary activation whereas the paced sighing task
required only intermittent activation. The lack of HR changes in response to paced breathing
parallels prior studies (e.g., Lehrer et al., 2000, 2003). The increase in systolic and diastolic
pressure in response to paced breathing was likely due to the lack of training time: often,
individuals find slow breathing effortful at first, before learning to appropriately regulate
breathing frequency without hyperventilating. HRV biofeedback includes multiple training
sessions to promote effortlessness and, over time, 0.1 breathing is subjectively experienced
by most practitioners as relaxing. The fact that paced sighing did not change HR or diastolic
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pressure and resulted in a significantly smaller increase in systolic pressure suggests that this
rhythmical respiratory manipulation may be easier and quicker to learn, be experienced as
more natural (or relaxing) to the participant, and/or acts more passively.

4.,5. Conclusions

Prior studies showed that a sigh is a respiratory maneuver associated with stressful events,
negative emotions, and unpleasant thoughts as well as cognitive loading and sustained
attention (VIemincx, Van Diest, De Peuter, Bresseleers, Bogaerts, Fannes, Li, & Van Den
Bergh, 2009; Blechert, Michael, Grossman, Lajtman, Wilhelm, 2007; Wilhelm, Trabert, &
Roth, 2001). Vlemincx et al. (2013) proposed a “sigh-resetter” model wherein a sigh was
conceptualized as a physiological and psychological phenomenon that restores respiratory
control and normalizes respiration variability, thereby mitigating stress and emotional
arousal. The model further implied that sighing is part of a homeostatic system and, as such,
serves as an acute response to stress. The present study extends this model by suggesting
that a sigh also can be used to activate the cardiovascular system.

We speculate that a sigh triggers cardiovascular oscillations that activate afferent neural
streams from the baroreceptors, which reduce cortical excitation and produce subjective
reductions in stress. Under normal circumstances, this baroreflex protective mechanism
adaptively adjusts to changes in the internal milieu and from the external environment. We
hypothesize that a sigh arises when this protective mechanism becomes compromised by
stress or strong emotions. According to this hypothesis, the sigh “jump starts” the baroreflex
protective mechanism by triggering large-scale cardiovascular changes. In doing so, the sigh
mitigates stress and emotional arousal, and this reduction in stress and emotional arousal
leads to restoration of respiratory variability.

The present study demonstrates that paced sighing is a reliable method for imposing stable
very low frequency oscillations in the cardiovascular system. This method may be a
valuable research tool for evaluating amplitude and phase interrelations between
cardiovascular parameters in the very low frequency range to investigate mechanisms that
regulate processes in this range (e.g., identifying resonance frequencies of the cardiovascular
system). Moreover, this method may have clinical implications that should be explored in
future studies.
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Figure 1. Respiratory and cardiovascular reactions to a sigh
(A) The top panel shows that the paced sighing task frequently elicited sighs with eupnea

prior to the sigh, deep inspirations, and a post-sigh apneic pause. The cardiovascular
reactions (middle and lower panels) were sizeable, but did not correlate with the depth of the
inhalation.

(B) The raw respiratory (top panel) and cardiovascular signals observed during the paced
sighing task. Note that the RR interval (middle panel) was shortened and systolic and
diastolic blood pressure (bottom panel) was decreased.
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Figure 2. Reaction of respiration and cardiovascular processes to 0.02 Hz rhythmical sighing in

one participant

Each sigh elicited large, phasic shifts in all recorded cardiovascular functions as observed in

the time series data (left panels). The corresponding frequency spectra (right panels)

revealed a dominant peak at 0.02 Hz. RRI - time intervals between R-to-R waves of the
electrocardiogram; PTT - pulse transit time as a time interval between R-wave of the ECG

and the apex of the finger pulse that reflects the vascular tone. Note that lower PTT

corresponds to higher vascular tone.
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Figure 3. Frequency spectra of cardiovascular functions averaged across 24 participants
Spectra presented as mean power + std error at each frequency. Left panels show spectra of

cardiovascular processes for the 0.02 Hz paced sighing task. Right panels show spectra of
cardiovascular processes for the 0.1 Hz paced breathing task. The blue stars denote that the
y-axis scale of the RRI, stroke volume, and pulse transit time panels differ (i.e., are ~10-fold
larger for the paced breathing [right] compared to paced sighing [left]). Peaks in the spectra
at 0.02 Hz and 0.1 Hz demonstrate the presence of prominent oscillations at these
frequencies in all cardiovascular processes measured. The 0.02 Hz oscillations elicited by
paced sighing are considerably lower than corresponding 0.1 Hz oscillations elicited by
paced breathing, except for systolic pressure and skin conductance spectra. Larger skin
conductance oscillations at 0.02 Hz comparing to 0.1 Hz oscillations show that 0.02 Hz
paced sighing more strongly activated the sympathetic system than 0.1 Hz breathing.
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Table 1

Average physiological parameters during baseline, paced breathing, and paced sighing.
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Baseline 0.1 Hz Paced Breathing  0.02 Hz Paced Sighing  Overall Model F

Thoracic Respiratory Vol [ml] 209.4 +28.6 873.3 + 181.02 380.4 + 47.5&b F(2,46)=64.49*
Heart Rate [bpm] 70.0+2.2 71.2+23 71.0+23 F(2,46)=0.55
Systolic Arterial Pressure [mmHg] 1225+28 1345 + 3.08 128.9 + 3.3ab F(2,46)=11.78"
Diastolic Arterial Pressure [mmHg] 65.0+ 1.6 717 +2.48 67.9+ 22D F(2,46)=8.31"
Stroke Volume [ml] 69.7+1.9 731+24 68.9+ 16 F(2,46)=1.74
Pulse Transit Time [ms] 291.0+4.1 287.5+3.7 290.4+4.0 F(2,46)=1.81
Heart Rate Baroreflex Gain [ms/mmHg] 127+1.2 17.8+ 152 122+1.1b F(2,46)=10.05*
Vascular Tone Baroreflex Gain [ms/mmHg] 07+0.1 09+01a 08+01b F(2,46)=7.93"
Stroke Volume Baroreflex Gain [ml/mmHg] 06+0.1 1.0+0.18 0.7+0.1b F(2,44)=7.88"

Notes. Data are presented as mean + standard error. Paced Sighing: Participants sighed at a rate of 1 sigh per 50 sec (0.02 Hz) with normal
breathing interspersed for 8.5 minutes. Paced Breathing: Participants breathed at a rate of 6 breaths per min (0.1 Hz) for 5 minutes.

*

overall model was significant at p < .05;
a .

p < .05 compared to baseline.

b . - .
p < .05 compared to paced breathing. Statistical analyses were performed on log-transformed variables.
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