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Abstract

This paper reviews the published work of me along with my students and close colleagues on the topic of heart rate vari-
ability biofeedback (HRVB). It includes early research by Vaschillo documenting resonance characteristics of the baroreflex
system that causes large oscillations in heart rate when breathing at resonance frequency, research on heart rate variability as
a marker of parasympathetic stress response in asthma, and HRVB as a treatment for asthma and depression. Many questions
about HRVB remain unresolved, and important questions for future research are listed.

Introduction

My first involvement in heart rate variability research came
from my research on the psychophysiology of asthma, where
I was interested in studying the phenomenon of stress-
induced asthma (Isenberg et al., 1992). Since the autonomic
nervous system interacts with asthma primarily through the
effects of parasympathetic activity (Scott & Fryer, 2012),
which, via the vagus nerve, acts to constrict the airways,
I became interested in a noninvasive measure of parasym-
pathetic function. I soon discovered the work of Stephen
Porges (2011) on respiratory sinus arrhythmia (RSA), the
pattern of HRV associated with breathing, whereby heart
rate rises during inhalation and falls during exhalation, due
to increased vagus nerve activity during exhalation. I con-
tacted him, and began a collaboration that took us through
a number of investigations. After learning about heart rate
variability biofeedback (HRVB) in a visit to St. Petersburg,
Russia, in 1992, I began a long collaboration with a scientist
I met there, Evgeny Vaschillo, who eventually moved to the
United States. He had done studies showing the mechanisms
behind which HRVB produced high-amplitude oscillations
in HRV (Vaschillo et al., 2002), and, working together at
Rutgers University, we did a number of studies expand-
ing upon his work. He became my mentor in this field,
and should be credited as the one who made this method
credible to the international biofeedback community. Soon
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afterward, at a meeting of the Association for, Applied Psy-
chophysiology & Biofeedback, I attended a lecture on the
topic of HRVB by Richard Gevirtz, who had independently
developed an interest in the topic and, along with his many
students, had begun research on the topic. Richard is the
consummate teacher, whose acumen, energy, and engaging
manner brought bright doctoral students to his laboratory,
and gave them access to various clinical populations where
they began collecting a substantial body of clinical data.
With our complementary abilities and interests, he and I
decided to combine forces in teaching and writing summary
papers on HRVB (Gevirtz et al., 2016; Lehrer & Gevirtz,
2014, 2016, 2018), in a collaboration that has persisted to
the current day, one of the most enjoyable and productive
relationships in my professional career. Another collabora-
tion that shaped my work was with Dwain Eckberg, who
had done seminal work on the human baroreflex (Eckberg &
Sleight, 1992), and introduced me to the work of Tom Kuu-
sela, who had developed a program, WinCPRS (Absolute
Aliens, Turku, Finland) that allowed us to assess the barore-
flex easily through cross spectral analysis (Airaksinen et al.,
1997) without the need for special maneuvers that would
interfere with ordinary rest or HRVB procedures and that
allowed us to measure phase relationships. It also allowed us
to calculate transfer functions and phase relationships among
respiration, beat-to-beat blood pressure and heart rate.
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Review of Research and Findings

HRYV biofeedback and asthma. According to previous
research, about 40% of asthma patients had experience
asthma attacks resulting from a period of stress (Isenberg
et al., 1992). This initially had surprised me, because
stress was usually associated with sympathetic arousal,
which should improve asthma, since sympathetic stimula-
tion dilates the airways (Garcia-Araujo et al., 2015). How-
ever, parasympathetic stress reactions are known (Eccles
et al., 2015) and stress is known to increase inflammation
(Rosenkranz et al., 2016), a causative factor in asthma.
Gellhorn had shown that sympathetic arousal potentiates
parasympathetic reactivity (Gellhorn and Loofbourrow,
1963), and, although sympathetic arousal usually exerts a
blocking effect on parasympathetic activity, severe stress
can trigger parasympathetic breakthroughs, so that both
sympathetic and parasympathetic symptoms can occur,
such as sexual arousal or hunger during severe stress. Also
it was known that people with blood phobias tend to faint
when exposed to blood (Sledge, 1978), a parasympathet-
ically-mediated vasovagal reaction. Could it be possible
that some asthma patients show a parasympathetic stress
reaction? Passive coping with stress seems to be associ-
ated with parasympathetic arousal (Lehrer et al., 1996) as
does, in asthma a repressive coping style (Feldman et al.,
2002). Perhaps parasympathetic arousal is a component of
a stress-related ‘play dead’ response to stress, and that this
characterizes stress-related asthma exacerbations. We have
not found evidence, however, for whether asthma patients
with stress-related asthma symptoms have a greater ten-
dency toward a passive coping style: a topic worthy of
systematic study.

To measure parasympathetic function we measured
RSA. In our first study we found that, in active coping
tasks such as mental arithmetic and reaction time, respira-
tory resistance and RSA both decreased in asthma patients
(Lehrer et al., 1996). These effects were absent during
exposure to passive stressors such as watching an accident
film, which participants rated as equally stressful. We also
found a significant relationship between RSA amplitude
and airway reactivity to methacholine (a parasympathetic
stimulant used to test for presence and severity of asthma).
Palmar skin conductance also was higher among patients
with greater airway reactivity to methacholine, suggesting
a greater sensitivity in the cholinergic system. (Although
skin conductance is sympathetically mediated, the neu-
rotransmitter is acetylcholine, as in the parasympathetic
system.)

Additionally, results of a relaxation study for treat-
ing asthma yielded unexpected RSA findings (Lehrer,
Generelli, et al., 1997). Although the effects of practicing
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relaxation appeared to produce small improvements in
spirometry over the course of several months of practice,
the short-term effects appeared to be countertherapeutic:
decreases in spirometric measures of pulmonary function,
correlated with increases in RSA. We interpreted this as an
example of parasympathetic rebound induced by a sudden
decrease in sympathetic arousal. The longer-term benefi-
cial effects were attributed to decreased autonomic reactiv-
ity due to decreased levels of stress.

Another study assessing RSA was our first paced breath-
ing study (Lehrer, Generelli, et al., 1997; Lehrer, Hochron,
et al., 1997), where healthy people were asked to breathe
through a resistive load at a pace of 0.125 Hz, a rate we
now know to be considerably higher than the resonance fre-
quency at which people breathe during HRVB (Sargunaraj
et al., 1996). Nevertheless, RSA increased during paced
breathing, perhaps reflecting what we now know to be the
effect of breathing close to resonance frequency (even if not
exactly at it [Vaschillo et al., 2002]), although it was lower
during resistive breathing than while breathing without
resistance, probably caused by suppression of vagal activity
by the effort of breathing through a resistor. Interestingly,
however, although RSA greatly increased, mean heart rate
did not change. We interpreted the results as consistent with
Porges’ theory of a polyvagal system, which postulates that
oscillatory activity in heart rate is controlled by different
processes than those controlling tonic parasympathetic activ-
ity, with the former representing control processes while the
latter reflect vegetative arousal levels.

In still another study we tested Kotses’ theory that spe-
cifically relaxation of the facial muscles, by frontalis EMG
biofeedback, would help asthma by decreasing vagus nerve
activity through a vagal trigeminal reflex arc. Contrary to
Kotses et al.’s theory, we found no relationship between
changes in frontal EMG and changes in RSA, and, in this
study, no effect of increasing frontalis muscle tension on
changes in respiratory resistance (Lehrer, Hochron, et al.,
1997). We also did two drug studies on healthy people
showing that two parasympathetic blocking agents, atro-
pine and ipratropium bromide, dramatically decreased RSA
(Lehrer et al., 1994a, 1994b). Findings on the latter drug
were particularly striking. Ipratropium bromde is often used
as a second-line bronchodilator drug for asthma and other
respiratory diseases, and it had been thought not to have
systemic effects. Our results showed that it did. We also
found a relationship between vagal activation and impaired
stress-related respiratory function in asthma (Feldman
et al., 2002) as revealed by the psychological characteristic
of defensiveness, or “repressive coping style”, as measured
by the Crowne-Marlowe Social Desirability Scale (Crowne
& Marlowe, 1960). Among defensive asthma patients, as
opposed to nondefensive asthma patients, in response to
stressful laboratory tasks, we found a higher amplitude of
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RSA and a decrease in a spirometry measure (the amount of
air exhaled in the first second of a forced expiratory maneu-
ver from maximum vital capacity, or FEV ), suggesting a
worsening of airway function, while nondefensive partici-
pants showed an increase. This result is consistent with other
studies showing greater psychophysiological reactivity to
stress among people who are defensive, but with a differ-
ent direction of autonomic effects. Usually defensive people
show greater sympathetic and diminished parasympathetic
arousal in response to stress. In our study, nondefensive
people showed this trend, including an improvement in pul-
monary function, while defensive people showed the oppo-
site. These results are consistent with the possibility that
asthma patients who show greater asthma vulnerability to
stress show stress-related parasympathetic arousal, mediat-
ing worsening of asthma.

In a later study, we found that HRV was a robust measure
of workload among airline pilots exposed to various difficult
tasks in a flight simulator (Lehrer et al., 2010b).

In a 1992 visit to St. Petersburg, Russia, during the period
closely following the demise of communism, I had the occa-
sion to visit a private institute, the Biosvyaz corporation, that
was using biofeedback to teach people to increase their RSA.
I have described this adventure in a memoir published in
Biofeedback (Lehrer, 2013). To my great surprise, however,
their target population was children with asthma. Contrary to
my expectations that this should increase asthma symptoms
in their patients, they claimed that all of them were getting
better. To prove their point, they shared pre-post treatment
pulmonary function data from 20 successive patients show-
ing significant improvement in spirometry. Wanting greater
exposure in the West, they invited me to collaborate with
them in publishing these data (Lehrer et al., 2000). At the
same time I was carrying out a small pilot study of EMG
biofeedback-assisted relaxation effects on asthma, and I
decided to include a condition in which patients were given
heart rate variability biofeedback. With only six participants
in each group, we found a significant interaction, showing
decreases in respiratory resistance, as measured by forced
oscillation pneumography, only among people receiving
HRVB. But how could this be? The results obviously did not
result from increased parasympathetic activity. Other options
included effects of deep breathing, which may stretch the
airways. Deep breathing is known to temporarily decrease
airway reactivity in methacholine challenge test (Jackson
et al., 2004). Another possibility was a decrease in airway
inflammation, thought to be a fundamental mechanism for
asthma (National Asthma Education & Prevention Program,
2007), and increased vagus nerve activity, the mechanism
for biofeedback-induced increases in RSA. Increased vagus
nerve activity known to decrease inflammation (Pavlov &
Tracey, 2012).

We later had the opportunity to do two larger studies of
HRYV biofeedback to treat asthma. In the first, among people
with varying levels of asthma severity (from mild to severe)
we found that, compared with no treatment and a placebo
condition involving false EEG biofeedback and listening
to relaxing music, HRV biofeedback improved pulmonary
function as measured by forced oscillation pneumography
and decreased asthma symptoms while allowing decreases
in consumption of asthma medications (Lehrer et al., 2004).
We additionally found that the method completely elimi-
nated asthma exacerbations during the three-month period
of the study, and, on average, improved clinical level of
asthma severity as measured by an index of pulmonary
function, symptoms, and medication consumption. However
the mechanism for these effects remained elusive. Asthma
improvement did not correlate with changes in HRV or
baroreflex activity. Also, despite lower levels of HRV during
biofeedback and smaller increases over time, older partici-
pants showed the same or greater levels of asthma improve-
ment (Lehrer et al., 2006).

In a later study (Lehrer et al., 2018) we asked the ques-
tion of whether HRV biofeedback can substitute for asthma
controller medication. In this case, we compared HRV bio-
feedback with real EEG biofeedback to increase frontal-to-
occipital EEG alpha rhythms and paced breathing at relaxed
baseline rate, usually approximately 15 breaths/min, among
steroid naive asthma patients with mild or moderate asthma.
We found that the comparison condition did as well as HRV
biofeedback in improving most indices of asthma: symp-
toms, pulmonary function, airway reactivity to methacho-
line, and albuterol use. Participants in both groups improved
significantly, suggesting that HRV biofeedback did not have
a specific effect, although the general procedure of paced
breathing and relaxation may have been salutary ingredients.
Of course, regression to the mean may also have occurred,
so these results of the study are ambiguous. However, we
found a decrease in airway inflammation, as measured by
exhaled nitric oxide, only in the HRVB group, suggesting
a specific biofeedback effect on this underlying condition.

The dynamics of heart rate variability biofeedback.
Understanding the mechanism for biofeedback effects
required another trip to St. Petersberg, where I first met
Evgeny Vaschillo, a physiologist and engineer who had
done his doctoral research on the mechanisms by which
heart rate variability biofeedback worked. In a small group
of Soviet cosmonauts, he had found important frequency-
related phase relationships between heart rate and beat-to-
beat blood pressure. He had asked people to try to replicate
a computer-generated sine wave oscillation signal with their
heart rate, not telling them that the heart rate signal was in
fact heart rate, nor telling them how to achieve this effect.
In order to exactly replicate the stimulus signal, a peak-to-
trough oscillation in heart rate of 60 beats/min was required
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for each oscillation. He found that the high-amplitude heart
rate oscillations could only be replicated at one frequency
for each person, and that this frequency varied between 4.5
and 6.5 cycles/min. Further, he found important frequency-
dependent phase relationships among the stimulus signal,
breathing, heart rate, and blood pressure. At the frequency
of maximum heart rate oscillation amplitude, the follow-
ing phases were observed: respiration was in phase with
both the stimulus signal and heart rate (0° phase relation-
ship) while heart rate and blood pressure oscillated with the
opposite phase relationship (180 ). Thus when the stimulus
prompted people to increase their heart rate they inhaled,
and to decrease it they exhaled, with increases in heart rate
and decreases in blood pressure exactly coinciding with
inhalation and the opposite heart rate and blood pressure
responses occurring with exhalation, a relationship found
at no other frequency. Also, at exactly this frequency blood
pressure oscillations were at their minimum amplitude. Only
one possibility could explain these relationships: that breath-
ing at that particular frequency produced maximal stimu-
lation of the baroreflex. The baroreflex is a control reflex,
such that increases in blood pressure produce decreases in
heart rate. This, with a slight delay, produces a mechanical
decrease in blood pressure (less blood flowing through the
same size tube), with opposite heart rate effects occurring
during decreases in blood pressure. However, the ampli-
tude of the heart rate oscillation was greater than the sum
of spontaneously-occurring rthythms produced by breathing
(RSA) and the baroreflex. This could only be a characteristic
of resonance. Indeed, the baroreflex system appeared to have
the formal requirements for resonance effects: a feedback
system with a constant delay (caused the time needed for
blood pressure to change in response to heart rate changes)
(Grodins, 1963). As Vaschillo and I discussed this work and
its implications for the biofeedback discipline, we decided
write a paper describing it in for publication in Applied Psy-
chophysiology & Biofeedback. We had difficulty publishing
it in several journals because reviewers could not believe
that heart rate swings of close to 60 beats/min could reliably
be produced in normal people, and even the biofeedback
journal initially as reluctant to publish it because reviewers
thought that the material was too abstruse; but it eventually it
was published in this journal (Vaschillo et al., 2002), and has
been widely cited since then. In this study Vaschillo had not
prompted participants to modify HRV by changing respira-
tion rates, although most presumably did. In a later paper,
we reported that respiration and HRV were in phase with
each other only at each participant’s resonance frequency
(Vaschillo et al., 2004).

In the meantime we had been doing a study of paced
breathing effects on heart rate variability, with breathing
paced at various rates from 3 per min to 14, We found the
highest amplitude of RSA at four and six breaths/min, with a
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decrease at three per min (Song & Lehrer, 2003). This find-
ing replicated Vaschillo et al.’s finding of resonance in the
neighborhood of six per min, and also replicated a finding
from Vaschillo et al. (2002) that induced HRV amplitudes
were at a minimum in the range of two to three cycles/min
because of negative resonance at that frequency. Here heart
rate and blood pressure were oscillating in phase with each
other. In this relationship, as people tried to increase their
heart rate by breathing, the baroreflex would act to decrease
it. However resonance appeared to occur in the vascular
system at that slow frequency, as maximal blood pressure
swings occurred in this frequency range, but because HRV
baroreflex gain was minimized, blood pressure swings were
maximized.

In one of our later studies, at Rutgers University, we found
that each person’s frequency of resonance was related to
height and to gender, with slower frequencies for taller peo-
ple and men than for shorter people and women (Vaschillo
et al., 2006)—a relationship probably caused by blood vol-
ume. There was no relationship between asthma condition
and resonance frequency, and none between age or weight
and resonance frequency, the latter probably because adipose
tissue contains little blood flow. We further found that reso-
nance frequency appeared unchangeable, even after several
months of biofeedback practice, where large increases were
found in baroreflex gain and heart rate variability. We found
that the average resonance frequency was 5.5 cycle times/
min.

In a recent analysis of some data from our laboratory we
revisited phase relationships between breathing and heart
rate variability while breathing at resonance frequency
(Lehrer, Kaur, et al., 2020). In my own advancing age, [
had found that the phase between heart rate and respira-
tion was no longer zero degrees, but that breathing tended
to trail heart rate changes by almost 90 degrees, such that,
to achieve maximum HRV amplitude, inhalation started
toward the middle of each heart rate swing. In our data on
27 individuals, we found that the phase was related to age.
Among young people, as studied by Vaschillo et al. (2002)
the phase was indeed 0 degrees, but among older folks the
phase approached 90 degrees. However, the resonance
effects were the same. Respiration provided the rhythmic
perturbation of heart rate that stimulated the baroreflex sys-
tem at its resonance frequency, causing the same very large
swings in heart rate variability found among younger people,
However, just as heart rate variability in general is smaller
among older people than younger, so is the increase at reso-
nance frequency. The system does not appear as capable of
generating the large HRV swings as we age, although clini-
cal effects, at least for asthma, may be just as great.

In other studies, we examined the effect of HRV biofeed-
back on baroreflex gain in larger samples. Among healthy
people (Lehrer et al., 2003) we found large immediate
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biofeedback effects on increasing baroreflex gain, i.e., the
number of beats per minute changes in heart rate for each
millimeter Hg change in blood pressure. Also, after three
months of daily practice, we found an increase in resting
biofeedback gain, when not practicing the technique. We
concluded that the large immediate increases in baroreflex
stimulation during biofeedback practice provided exercise to
the baroreflexes, thus increasing efficiency of the reflex with
time and practice. Nevertheless we found that HRV and
baroreflex increases were significantly smaller among older
people (over age 40) than younger (Vaschillo et al., 2006),
just as resting HRV is known to have smaller amplitude in
older people.

Biofeedback may not be the only method by which reso-
nance frequency breathing might be taught. Others have
found greatly increased HRV with a sinusoidal pattern
after training in Yoga (Sharpe et al., 2021), and we have
observed it among Zen monks (Lehrer et al., 1999) doing
tanden breathing, where respiration rate approximated six
breaths/min. Apparently meditative breathing according to
these Eastern disciplines sensitizes people to the subtle sen-
sations associated with resonance frequency effects on the
baroreflex system. Also, breathing may not be the only way
that resonance characteristics of the baroreflex system can be
stimulated. In a reanalysis of data in a study by France et al.
(2006) on rhythmical muscle tension, we found a resonance
effect on HRV with rhythmical muscle tension at a rate of
six per min (Lehrer et al., 2009). Vaschillo et al. (2011) rep-
licated this work using muscle tension at various rates, and
using rhythmical presentation of emotion-inducing pictures
(Vaschillo et al., 2008). This is consistent with the conclu-
sion that resonance effects of breathing six times/min is in
fact a result of resonance characteristics of the baroreflex
system, and not a peculiar characteristic of respiration.

In a theoretical paper, we examined HRV and HRV bio-
feedback in light of systems theory. Greater amplitude and
greater complexity of HRV both are related to health. Thus
the heart rate oscillations at various rates could be consid-
ered as control mechanisms, with amplitude related to the
strength of various negative feedback loops in a complex
control system, with complexity related to the multiplicity
of such control loops (Lehrer& Eddie, 2013).

Inflammation. Despite the interesting effects of bio-
feedback on airway inflammation in asthma, the effects
on inflammation remain uncertain, although the effects of
inflammation on general resilience appear to be ameliorated
by HRVB. In a series of studies we examined the effect on
HRYV of injecting an inflammatory cytokine, lipopolysac-
charide, on heart rate variability, as well as other symptoms
of inflammation among healthy young volunteers (Alvarez
et al., 2007; Jan et al., 2009; Watson et al., 2008). The vol-
unteers developed symptoms of illness during an 8-hour
period, including fever, headache, photophobia, nausea, and

vomiting. All frequencies of HRV were depressed, includ-
ing those associated with sympathetic as well as parasym-
pathetic activity, reflecting a decrease in general allostatic
capacity. Low dose steroids were effective in reducing levels
of endogenous inflammatory cytokines, but did not reverse
the HRV effects (Alverez et al., 2007). In one study in this
series, however, we trained participants in HRV biofeed-
back and had them practice the technique for 10 min out of
every hour (Lehrer et al., 2010a). Although no effects on
endogenous inflammatory cytokines were noted, all indices
of HRV increased, almost to normal levels, suggesting an
improvement in general biological resilience. Implications
for infectious disease and post-surgical recovery were dis-
cussed, as these are conditions under which inflammatory
activity can be life threatening, and improved resilience may
prove beneficial. However, lack of effects on inflammatory
cytokines suggests that increased vagus nerve activity was
not sufficient to decrease inflammation. Perhaps the effects
on airway inflammation in our asthma study reported above
(Lehrer et al., 2018) were specific to the inflammatory
cytokine affecting the lung, IL4, which was not measured
in the current study, or that the effects of injecting lipopoly-
saccharide overwhelmed any possible biofeedback effects.
Our findings are consistent with the work of others. A recent
study by Hasty et al. (2020) found that decreases in HRV
reliably predicted increases in C-reactive proteins during the
disease process of COVID-19. Nolan et al. (2012) found a
decrease in C-reactive proteins among hypertensive patients
given HRVB.

Other clinical effects. We have found consistent effects of
HRVB in treating depression. We found this incidentally in
an uncontrolled study of HRVB to treat fibromyalgia (Has-
sett et al., 2007) and in in a targeted uncontrolled study of
HRVB to treat major depressive disorder (Karavidas et al.,
2007). Depression was also decreased, along with somatic
symptoms, in patients with somatization disorder given a
combination of HRVB and training with both progressive
muscle relaxation and autogenic training (Katsamanis et al.,
2011). In a study of HRVB given as an add-on to a remotely-
administered program of cognitive behavior therapy, Econo-
mides et al. (2020) found greater decreases in depression
than among a reference population without the add-on.
This relationship has been replicated multiple times in con-
trolled studies conducted elsewhere (Lehrer, Vaschillo, et al.,
2020). We recently have been involved in an fMRI study of
HRVB which seems to explain the specific effect on depres-
sion (Nashiro et al., 2021). In this study regular practice of
HRVB over two months increased resting-state connectiv-
ity between a part of the brain stem involved in generation
of emotion (amygdala) and a part of the cortex involved in
modulation of emotion (prefrontal cortex cortex), with large
oscillatory activity occurring throughout the brain during
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training. These results were substantially replicated in a
study by Schumann et al., 2021.

We have also observed that HRVB has positive effects on
a wide array of other conditions. A study by Sakakibara et al.
(2013) found an increase in HRV during sleep when HRVB
was practice before sleep, and a study by Eddie et al. (2014)
found that a course of HRVB produced a greater reduction in
substance craving among patients in an inpatient setting than
treatment as usual. Feldman et al. (2016) found a reduction
in both asthma and panic symptoms among patients with
comorbid asthma and panic disorder, but found a similar
decrease among patients given instruction in relaxed (but not
slow) paced breathing and listening to relaxing music, but
they found no relationship between improvement in symp-
toms and changes in either HRV or end tidal carbon dioxide
(Nelson et al., 2020). Kim et al. (2019) did find a correlation
between improvement in emotional control and increases in
HRYV resulting from HRVB training among patients with
acquired brain injury. Van der Zwan et al. (2019) found
an increase in feelings of well-being among women given
HRVB compared with a waiting list control, and a decrease
in anxiety symptoms among preghant women reporting
high levels of stress. In a meta-analysis of controlled studies
evaluating respiratory retraining as a treatment for anxiety
disorders, Leyro et al. (2021) found larger decreases in anxi-
ety among studies employing biofeedback, mostly HRVB,
as part of training than among people given other types of
respiratory retraining. In a conservative meta-analysis of
clinical HRVB effects, examining all measures taken in
all studies of HRVB for all conditions, Lehrer, Kaur, et al.
(2020) found a moderate effect size across problems and
measures, with large effect sizes for improvements in artis-
tic/athletic performance, depression, anger, anxiety, systolic
blood pressure, respiratory disorders, and gastrointestinal
disorders, with moderate effect sizes for pain, executive/cog-
nitive function, and substance craving, and only small effect
sizes for PTSD symptoms, fatigue, diastolic blood pressure,
quality of life, sleep, diastolic blood pressure, and, surpris-
ingly, daily stress.

Impact on the Field of HRVB Research

Our protocol of HRVB is often used as a standard for HRVB
research. We have demonstrated the mechanisms by which
HRVB produces high-amplitudes of HRV and stimulates
homeostatic processes (Lehrer et al., 2013). We have done
the preliminary studies demonstrating clinical as well as
physiological effects of HRVB, and this has interested
researchers from many fields. A search of heart rate vari-
ability biofeedback in Psycinfo now yields 183 papers.
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Recommendations for Future Development
of Our Work

We have just scratched the surface of what needs to be
known about both the physiological and clinical effects of
HRVB. Below are some unanswered research questions that
immediately flow from our work.

Mechanisms and Physiological Effects of HRVB

1. We do not know the reason why the phase relationship
between heart rate oscillations and respiration is close
to zero degrees among younger but not in older peo-
ple when people breathe at resonance frequency of the
baroreflex system. Answering this question may yield
important information about the condition of the neu-
rocardiac or cardiovascular system as it changes during
the aging process.

2. Our early paper on resonance (Vaschillo et al., 2002)
suggests that the vascular tone loop of the baroreflex
system may have resonance properties in the very low
frequency range (close to 0.02 Hz). Vaschillo and his
colleagues have done additional research validating this
finding (Vaschillo & Vaschillo, 2020; Vaschillo et al.,
2015). What, then, would be the results of doing bio-
feedback to target these resonance properties? Although
it might be done by HRVB in this range, it might be
more interesting to determine resonance characteristics
and biofeedback effects of direct biofeedback for vascu-
lar tone. This might, for example, be done noninvasively
by giving biofeedback for pulse transit time, which is
considered to be a reasonable proxy measure of vascular
tone. Because vascular problems are directly implicated
in hypertension, answering this question could have
important clinical implications.

3. Other rhythms occur in other physiological systems,
e.g. a three per min rhythm in the electrogastrogram
(Stern et al., 1987). Might a resonance process occur
at this frequency? What is the neurophysiological basis
for the rhythm? What methods have the greatest power
to stimulate such resonance effects. Breathing? Muscle
tension? Walker et al. (1978) found that aspects of the
electrogastrogram signal can be controlled voluntarily
by biofeedback.

4. What is the relationship between particular brain blood
flow changes and various emotional, mental, and neuro-
muscular effects of HRVB?

Clinical Effects of HRVB

1. For all applications of HRVB, what are the mecha-
nisms of action. Although some of our studies do find
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changes in HRV amplitudes after a course of success-
ful HRVB for a clinical condition, others find symp-
tom changes without changes in resting HRYV, although
large effects universally occur during HRV practice
sessions. There are sufficient studies using placebo-like
controls to indicate that the clinical effects are not due
merely to suggestion or a form of Hawthorne effect.
For asthma, replication is needed to determine whether
clinical effects are due to changes in inflammation. We
did not find such a relationship in one study (Lehrer
et al., 2018), but this study was done on relatively
healthy people where the range for possible clinical
improvement was small and the measure of inflam-
mation insensitive. Studies of more severe asthma are
warranted with more sensitive measures of airway
inflammation, perhaps interleukin levels.

Studies of several conditions using a paced breathing
control at a frequency higher than resonance frequency
still seems to produce clinically significant effects. Is
there something about paced breathing at a naturally
relaxed rate that produces important psychophysiologi-
cal effects, and what might the mechanisms be? There
is some evidence that breathing slightly away from
exact resonance frequency has a slightly smaller clini-
cal effect on blood pressure control (Lin et al., 2012)
and anxiety (Steffen et al., 2017). This requires more
investigation.

Is it possible that longer-standing clinical effects are
due to the cumulative immediate effects of HRVB
rather than to effects of HRVB on baseline psycho-
physiological processes? Is it possible, for exam-
ple, that frequent experiences of improving mood or
ending panic attacks by doing resonance frequency
breathing may have more enduring cognitive and psy-
chophysiological effects, either from greater sense of
self-efficacy in controlling symptoms or from changes
in sensitivity in the brain and body to stimuli that
produce these symptoms? For asthma, what are the
effects of resonance frequency breathing during an
asthma exacerbation? Are these responsible for our
findings (Lehrer et al., 2004) of not a single asthma
exacerbation requiring an increase in asthma medica-
tions among patients given HRVB? Indeed, what are
the elements in HRVB that help asthma? One possibil-
ity, as discussed above, is a decrease in airway inflam-
mation. Another possibility, however, may simply be
effects of deep breathing, which may stretch smooth
muscles in the airways. It is known that a single deep
breath after a dose of methacholine can decrease bron-
choconstriction caused by methacholine and improve
performance on a methacholine challenge test (Jackson
et al., 2004). Other deep breathing methods, from yoga
to playing the didgeridoo also seem to help asthma

(Eley, 2013). Is it possible that breathing slowly but not
at resonance frequency would have exactly the same
effect as HRVB? This may be the case even for paced
breathing at a faster relaxed respiration rate (Feldman
et al., 2016; Lehrer et al., 2018).

Our meta-analysis (Lehrer, Kaur, et al., 2020) found
smaller HRVB effects for fatigue and PTSD than for
anxiety and depression. Is it possible that some dis-
sociative symptoms in PTSD and in fatigue may be
expressed in vagal hyperreactivity, and that stimula-
tion of RSA by HRVB may have combined effects of
increasing symptoms while the general decrease in
autonomic lability decreases them? We did not see evi-
dence for detrimental effects of HRVB on these con-
ditions, but the clinical effects, across studies, tended
to be small, possibly due to these mixed effects. Is it
possible, then, that stimulation of regulatory processes
by methods other than breathing may have stronger
effects, e.g., by rhythmical muscle tension? Ditto
et al. (2003) presented evidence that this method may
be particularly useful for people suffering from epi-
sodes of vasovagal reactions during blood donation.
Here, rhythmical muscular stimulation at resonance
frequency may stimulate a sympathetic branch of
the baroreflex system, and improve sympathetically-
mediated regulatory processes. This effect may even
be stronger if stimulation is at the resonance frequency
of the vascular baroreflex system, which is under sym-
pathetic control (Young et al., 2016), while the stimu-
lation of the heart rate component of the baroreflex
by paced breathing is primarily vagally mediated (del
Paso et al., 2013).

How much daily practice of HRVB is needed for last-
ing clinical and psychophysiological effects? We have
prescribed two 20-min practice sessions daily, but few
people actually do practice this amount. How much
practice is actually needed to strengthen the baroreflex
and produce meaningful clinical effects?

Might resonance frequency breathing be clinically
helpful for people suffering from acute inflammatory
reactions, such as those produced by COVID-19 or
post-surgically?

For acute severe respiratory conditions, might effects
on quality of life and oxygenation be better if res-
piration were in phase with HRV, such that inhala-
tion always occurs during increases in HR in RSA
(Hayano et al., 1996)? This normally does not occur
in older people breathing as resonance frequency. A
zero-degree phase relationship might be expected to
maximize gas exchange efficiency. On the other hand,
if this frequency is not close to resonance frequency,
presumably the effects would be smaller on baroreflex
training and possible emotional projections in the brain
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9. In general, more replication is needed for application
to all clinical conditions. There are very few studies
for any specific condition, and these are often from the
same laboratory. Not having financial resources neces-
sary for Phase III clinical trials, evidence for biofeed-
back effects must be obtained from looking at multiple
small studies, perhaps using meta-analytic methods.
Replication by different investigators is essential for
confidence in results.

10. Is stimulation at resonance frequency of the baroreflex
system necessarily the best frequency for all condi-
tions? For example, it is known that a healthy electro-
gastrogram rhythm is at the rate of approximately three
times a min (Stern et al., 1987). For gastrointestinal
disorders, might it be more beneficial to stimulate the
system at this rate rather than at the baroreflex rate
closer to six times a min, and might this prove to be a
resonance frequency for gastric activity? Might a reso-
nance process occur at three per min in gastrointestinal
measures?
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