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Abstract

Background: Slow breathing exercises have been shown to reduce blood pressure and sympathetic tone acutely, though long-
term effects are not well documented.

Obijective: Assess changes in blood pressure and autonomic measures from before and after 12 weeks of yoga-based slow breathing.
Methods: We conducted a secondary analysis to assess changes in systolic blood pressure (SBP), diastolic blood pressure
(DBP), and autonomic tone as measured by spectral analysis of heart rate variability after |12 weeks of yoga-based slow breathing
among 99 healthy participants. Participants were randomized to 2 different slow breathing techniques, length of inhale = exhale
(I = E) vs length of inhale<exhale (E>I), to examine if breath ratio produced differential effects.

Results: The baseline average SBP and DBP was 105 £ || and 67 + 8 mmHg respectively. Among the | | participants with elevated
blood pressure, SBP/DBP was 126 + 11.0/80 £ 5 mmHg. SBP and DBP decreased significantly (—2.4 + 7.3 and —1.6 £ 5.5 mmHg,
respectively) at 12 weeks among all participants. Blood pressure among slow breathing participants with elevated baseline
SBP >120 mmHg and/or DBP >80 mmHg reduced further (—10.3 £ 7.9 and —3.8 + 5.5 mmHg, respectively). In our regression model,
baseline SBP was associated with further decreases in SBP from baseline to 12 weeks. There were no significant differences in BP
changes by breath ratio group. No significant changes were observed from baseline to 12 weeks in autonomic tone as measured with
spectral analyses. Nor were there any observed correlations between changes in blood pressure and autonomic tone.
Conclusion: | 2-weeks of slow breathing exercises were associated with clinically significant reduction of blood pressure in the
absence of statistically significant changes in autonomic tone as measured by heart rate variability. Further research is warranted
regarding the mechanisms and clinical efficacy of slow breathing on blood pressure regulation.
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Introduction

Almost half the population in the United States has hyper-
tension with only one quarter having their blood pressure
under control.! Half of hypertensive patients are either not
taking or not prescribed antihypertensive medications.” For
some patients, pharmacologic treatments are limited by side
effects, adherence, and/or efficacy. Lifestyle treatment op-
tions for hypertension such as diet and physical activity
modifications are recommended but also limited by patient
adherence.” Additional non-pharmacologic treatments for
hypertension may augment current therapeutic options and
help reduce the burden of this condition.

The cause of hypertension is multifactorial, though one
proposed driver are changes in the autonomic nervous system.”
Reduced parasympathetic and excessive sympathetic activity
contribute to impaired baroreflex, inflammation, and elevated
circulating hormones that increase blood pressure.” One
potential non-pharmacologic adjunctive treatment for hyper-
tension is slow breathing exercises.'®'" Slow breathing exer-
cises are used for health by 12% of adults in the United States'*
with the most common application being for stress reduction. In
research, slow breathing has been defined as a respiratory rate
less than 10 breaths a minute. Research suggests that slow
breathing decreases sympathetic and increases parasympathetic
tone.'*'* This may be partially mediated through alteration of
intra-thoracic pressures,'”” stimulation of arterial and car-
diopulmonary baroreceptors'®!'® and afferent pulmonary
stretch receptors'>'®!®1% or through central interactions be-
tween respiratory and cardiovascular centers in the brainstem
modulating gating of vagal activity during breathing.*® These
afferent signals from baroreceptors and stretch receptors project
to the nucleus tractus solitarius in the brainstem, which in turn
enhances vagal efferent activity. The resulting increase in vagal
tone slows heart rate and facilitates reduced sympathetic
outflow via reciprocal inhibition. Additionally, slow breathing
enhances respiratory sinus arrhythmia, a marker of vagal
modulation, thereby improving autonomic balance. Yoga, a
popular form of exercise in the United States, includes an
extensive and detailed approach for breathing techniques called
pranayama of which slow breathing is the predominant
technique. Yoga’s slow breathing techniques acutely lower
blood pressure, which may be mediated through modulation of
the autonomic nervous system. In addition to breathing slowly,
yoga and other mind-body practices posit that extending the
exhale relative to the inhale (E>I) produces increases relaxa-
tion. There is a lack of data on the long-term effects of yoga
-based slow breathing on blood pressure.”'

We have previously conducted a clinical trial among healthy
adults (n = 99) who performed slow breathing exercises for
12 weeks to examine changes in psychological and physio-
logical stress.** Participants were randomized to 2 different slow
breathing techniques, length of inhale = exhale (I = E) vs length
of inhale<exhale (E>I), to examine if inhale:exhale ratio pro-
duced differential effects on stress measures. The study did not

have a non-breathing comparison group. Participants received
individual yoga instruction for 30 to 45 min to learn slow
breathing techniques that progressively slowed over 12 weeks as
tolerated. Participants were asked to practice daily. - Participants
demonstrated high adherence to the treatments, with a mean
class attendance of 10.7 = 1.5 out of the 12 provided sessions
and an average of 4.8 £+ 1.2 home practices reported per week.
As previously reported, in week one participants on average
achieved a respiratory rate of 6 breaths a minute and by week
twelve 3 breaths a minute.®” For all study participants, we
observed significant changes in psychological stress as mea-
sured by PROMIS-Anxiety, but non-significant changes in
physiological stress measured as heart rate variability. There
were no significant differences in physiological or psychological
stress measures by inhale:exhale ratio.

The objective of the present study is to perform a secondary
analysis on changes in blood pressure and cardiovascular
autonomic tone after 12-weeks of slow breathing using data
from our prior study. We also examined if changes in blood
pressure correlate with changes in autonomic tone. In addition,
we explored if slow breathing ratios (length of inhale = exhale,
I = E, vs length of inhale<exhale, E>I) produce differential
effects on blood pressure. We hypothesized that slow breathing
for 12 weeks would be associated with significant reductions in
systolic and diastolic blood pressure.'"** Based on our prior
study, we hypothesized no significant changes in autonomic
tone or associations with autonomic changes and blood
pressure or by breathing ratio.*

Methods

This study was approved by the Vanderbilt University Institu-
tional Review Board. Written consent was obtained from each
participant, and the study was registered in ClinicalTrials.gov
prior to enrollment (NCT02870868). As shown in Figure 1, the
protocol for this trial was previously published.”” We enrolled
healthy adults aged 30 to 60 years excluding those with a di-
agnosis of hypertension or currently taking blood pressure
medications and other significant health conditions (heart dis-
ease, diabetes, renal disease, anxiety disorder, depression, other
psychiatric conditions including schizophrenia or bipolar dis-
order, attention-deficit-disorder or attention-deficit-hyperactivity
disorder, and current cancer other than non-melanoma skin
cancer, musculoskeletal condition with chronic pain, pulmonary
disease including asthma or chronic obstructive lung disease).
Excluding participants with significant medical conditions in-
cluding hypertension was to accomplish the objective of the
primary study which was to examine the effects of slow
breathing on stress measures in a generally health population.
Patients were also excluded if at baseline their systolic blood
pressure >180 mmHg and/or diastolic blood pressure (DBP) >
120 mmHg. There were 2 consents for this study. The first
consent was to participate in baseline assessment and to receive
2 weeks of slow breathing treatments. This initial 2-week period
was to ascertain behavioral compliance with breathing protocol.
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Figure |. Study Flow Diagram

During this 2-week phase, participants attended 2 private classes
with a yoga teacher to learn basic slow breathing and were asked
to practice daily. To increase the likelihood of compliance,
participants were included if after the first 2 weeks: (1) they
practiced 3 times or more a week, and (2) had a breath rate
between 3-8 breaths per minute. Participants who were com-
pliant and willing completed a second consent and then ran-
domized to I = E or E>I slow breathing practice for 10 weeks.
Participants received individual standardized slow breathing
instruction from a yoga teacher at Vanderbilt University Medical
Center, Nashville Tennessee. Participants were asked to practice
slow breathing at home regularly in addition to in-person in-
struction. Physiological assessments were performed in the
morning after overnight fasting (prior to any breathing treat-
ments) at baseline and at 12 weeks at Vanderbilt’s Autonomic
Dysfunction Center. Assessments included standard blood
pressure measurements and autonomic testing including spectral
analysis of heart rate and blood pressure variability. All vol-
unteers were studied in an outpatient setting and asked to abstain
from methylxanthine containing products for 3 days prior to
each study visit. Subjects were studied after at least 30 min of
quiet rest in the supine position, to allow for familiarization with
the study procedures and the laboratory environment. While
breathing at rest, brachial blood pressure and heart rate were
determined at intervals, using an automated cuff-oscillometric
sphygmomanometer (VitalGuard 450C, Ivy Biomedical,
Branford, CT), and continuously with the finger clamp method
(Nexfin, BMEYE, Amsterdam, the Netherlands) and ECG
(VitalGuard450 C). Autonomic function was assessed by
standardized autonomic testing as previously described.*
Cardiovascular signals were digitized using a Windaq system
(DA-220; DATAQ Instruments). Briefly, a customized analysis
program written in PV-Wave by one of the authors (A.D.) was
used to perform spectral analysis of heart rate and blood

pressure,”* according to Task Force® recommendations. Linear
trends were removed and power spectral density was estimated
with the fast fourier transform-based Welch algorithm using
segments of 256 data points with 50% overlapping and Hanning
window.?® The power in the frequency range of low frequencies
(0.04-0.15 Hz) and high frequencies (0.15-0.40 Hz) were cal-
culated. Bivariate power spectral analysis provided useful in-
formation about the temporal fluctuations between different
hemodynamic parameters, such as HR and blood pressure. We
estimated the power spectra, cross spectra, phase, coherence, and
transfer function gain of SBP and R-R interval time series using
FFT with a segment length of 256 s resampled with 4 Hz.
Survey data was collected and managed using REDCap
electronic data capture tools hosted at Vanderbilt University
Medical Center.”” REDCap (Research Electronic Data
Capture) is a secure, web-based software platform designed to
support data capture for research studies, providing (1) an
intuitive interface for validated data capture; (2) audit trails
for tracking data manipulation and export procedures; (3)
automated export procedures for seamless data downloads to
common statistical packages; and (4) procedures for data
integration and interoperability with external sources.

Statistical Methods

Descriptive statistics of participant characteristics are pre-
sented as mean + SD for continuous variables and proportions
for categorical variables. Between-group comparisons were
conducted using Wilcoxon rank sum test for continuous
variables and Pearson’s chi-squared test for categorical var-
iables. Analyses followed an intention-to-treat (ITT) frame-
work in which all randomized participants were analyzed in
the group to which they were originally assigned to the
protocol. We excluded participants with missing baseline and/
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Table |I. Baseline Participant Characteristics Including Blood Pressure and Autonomic Assessments

Characteristic All participants (N = 99) Elevated blood pressure (N = 11) Normotensive (N = 88) P-value
Age 403 + 9.8 47.1 £75 395+97 0.006
Female 79% 73% 80% 0.602
BMI 25.7 £ 49 290+ 7.0 253 £ 44 0.029
Systolic blood pressure

Sitting 109.8 + 14.0 1305 + 9.7 107.4 £ 12.4 <0.001

Standing 1117 £12.0 1254 + 9.8 1o.I £ 11.3 <0.001

Standing -sitting 2397 —43 1102 3.1 £94 0.079
Diastolic blood pressure

Sitting 738 £ 94 84.5+ 5.8 72.5 £ 89 <0.001

Standing 77.1 £ 83 864 + 94 76.0 £ 75 0.002

Standing -sitting 3.1 £ 64 1.9+52 32+ 6.6 0.454
Heart rate

Sitting 66.8 £ 9.2 674 + 87 66.7 £9.3 0.712

Standing 772 £ 10.7 792 £ 86 76.9 £ 10.9 0.372

Standing-sitting 104 + 6.5 132 £32 10.1 + 6.7 0.048

Values represent Mean * S.D.
BMI, Body mass index

or post-intervention BP measurements and performed a
complete-case analysis rather than imputing missing values.
This approach was chosen because (1) the pattern of miss-
ingness was judged to be completely random, and (2) BP was
the primary outcome variable. When missingness occurs in
the outcome variable only, complete-case approach is
equivalent to imputation for more efficient.”**° The main
outcome of the present study was the change in systolic blood
pressure after 12 weeks of slow breathing training. Based on
prior literature, the definition of a minimally clinically im-
portant difference (MCID) in systolic blood pressure and
diastolic blood pressure is 2 mmHg.*° Within-subject change
in blood pressure from baseline to 12 weeks was tested using
Wilcoxon signed-rank test. We dichotomized the participants
based on baseline blood pressure into normotensive or ele-
vated blood pressure. We defined elevated blood pressure at
baseline being a systolic blood pressure higher than 120 mm
Hg or diastolic blood pressure greater than 80 mm Hg. A
linear regression model was fitted to investigate the effect of
baseline SBP as the independent variable on SBP change at
12 weeks of intervention. Correlations between changes in
BP and 12-week autonomic measures were evaluated using
Spearman’s correlation coefficient.

Results

Our slow breathing study enrolled 99 healthy adults with
4 withdrawals from the study. There were no serious or
moderate adverse events attributed to the breathing treat-
ments. Complete data at baseline and follow-up was available
for 95 participants for blood pressure due to the four

withdrawals and 91 participants for autonomic testing due to
incomplete data at 12 weeks. Table 1 shows baseline de-
mographics of enrolled subjects. For normotensive partici-
pants, baseline seated SBP ranged from 88 to 146 mmHg and
seated DBP ranged from 43 to 91 mmHg. For elevated BP
participants, they ranged from 119 to 151 mmHg and from
76 to 95 mmHg, respectively. Overall, the mean SBP was
105 + 11 mmHg and DBP of 67 + 8§ mmHg, with 11 par-
ticipants having elevated blood pressure with a mean SBP and
DBP of 126 + 11.0 mmHg and 80 + 5 mmHg, respectively.
Table 1 displays baseline autonomic characteristics of our
study population. We found that as expected at baseline, the
elevated blood pressure group had lower high frequency
variability of heart rate, suggesting a relative impairment in
cardiac parasympathetic modulation.*'~

Changes in blood pressure are shown in Figure 2 with a
significant decrease in SBP and DBP (—2.4 + 7.3 mm Hg
and —1.6 £ 5.5 mmHg, respectively) at 12 weeks for all
participants who practiced slow breathing. Blood pressure
reduced further among slow breathing participants with ele-
vated blood pressure (—10.3 £ 7.9 mmHg and —3.8 + 5.5 mm
Hg, SBP and DBP respectively). Figure 3 displays the re-
gression model with higher SBP associated with greater re-
duction in SBP from baseline to 12 weeks (slope = —0.28). In
the regression mode for DBP, baseline DBP was not associated
with changes in DBP. There were no significant differences in
blood pressure changes by breathing technique (E>I vs E =1)
among all slow breathing participants or by sub-group analyses
(normal blood pressure or elevated blood pressure).

Table 2 displays changes in autonomic tone from before
and after 12-weeks of slow breathing. No significant
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Figure 2. Twelve Weeks of Slow Breathing Training Resulted in a Significant Decrease in Systolic (Panel A), Diastolic (Panel B) and Mean
(Panel C) Arterial Blood Pressure Among Participants With Normal and Elevated Blood Pressures. Elevated Blood Pressure is Shown in Red
and Normal Blood Pressure is Shown in Green. P-Values are Based on Wilcoxon Signed Rank Test. SBP, Systolic Blood Pressure

differences were observed in spectral analysis changes from
baseline to 12 weeks with the intervention. We found poor
correlations between changes in blood pressure (SBP, DBP,
MAP) and changes in autonomic measures.

Discussion

This study reports changes observed in blood pressure and
autonomic function after 12 weeks of regular slow

breathing practice. We defined elevated blood pressure at
baseline being a systolic blood pressure higher than
120 mm Hg or diastolic blood pressure greater than 80 mm
Hg. Participants demonstrated significant decreases in
blood pressure from baseline to 12 weeks with more
pronounced decreases among those with elevated baseline
blood pressure (SBP >120 and/or DBP >80 mmHg) ex-
ceeding the minimum clinically important difference for
blood pressure change.>* This confirmed our hypothesis,

ASBP

10

-15

I I

T

80 90 100 110 120 130

I I I

Figure 3. In the Regression Model of Delta of SBP on Baseline SBP, Groups as Well as Interaction Between Baseline SBP and Groups, We
Detected a Significant Association Between Baseline SBP and the Predicted Delta of SBP (Based on the Linear Regression Model) SBP,

Systolic Blood Pressure
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Table 2. Autonomic Assessments at Baseline, 12-Weeks, and Change After 12 weeks of Slow Breathing

All participants Normal BP Elevated BP
N =9I N = 80 N=1I P-value

BRS HF (ms/mm Hg)

Baseline 207 £ 17.9 22.1 £ 185 10.7 + 6.4 0.008

12-Week 235 %239 249 £ 249 132 = 10.1 0.025

Change 2.74 £ 22.64 2.77 £ 24.03 251 £7.08 0.638
BRS LF (ms/mm hg)

Baseline 11.7+79 122 + 82 78 £38 0.049

12-Week 12.7 + 8.1 133 +83 79 £48 0.01

Change 0.983 + 7.400 1.107 + 7.801 0.082 + 3.335 0.554
SD RR|(m52)

Baseline 55 +31 58 +£32 38+ 12 0.021

12-Week 6l + 34 63 +36 48 £ 17 0.303

Change 6.07 £24.90 5.54 £26.16 9.88 + 1245 0.39
RMSSD (ms)

Baseline 47.8 +41.1 51.0 +42.8 25.1 £ 88 0.003

12-Week 51 +£47 53 +49 3316 0.145

Change 2959 +29.218 2.334 + 30.832 7.501 £ 12.146 0.135
LF g (ms?)

Baseline 1034 + 1639 1103 + 1727 534 £ 540 0.203

12-Week 1516 + 2035 1617 + 2129 782 + 889 0.148

Change 483 + 1892 515 £ 2009 247 + 503 0.791
HF gg (msz)

Baseline 744 £ 1222 820 £ 1285 190 = 106 0.029

12-Week 896 + 1672 985 + 1763 244 + 269 0.057

Change I51.5 + 1323.4 164.9 + 1409.6 54.5 £ 2326 0.923
LF rriHF g

Baseline 2.50 £ 2.47 243 £ 249 3.00 £ 2.38 0.199

12-Week 437 £ 6.20 436 + 6.46 443 + 392 0.595

Change 1.870 + 6.559 1.931 + 6.830 1.427 + 4.287 0.664
LFsep (mmHg?)

Baseline 75£59 72+£57 9.6 £7.1 0.24

12-Week 8662 83 6.l 110+ 64 0.138

Change 1.124 + 7.150 1.092 + 7.264 1.354 + 6.575 0.99
HFspp (mmHgZ)

Baseline 1.88 +2.28 1.74 £ 222 291 £ 2.55 0.086

12-Week 1.56 + 1.50 1.46 + 1.38 229 £2.10 0.174

Change —0317 £ 2311 —0.275 + 2414 —0.623 + 1.390 0.371

represent Mean + S.D.

BRS, baroreflex slope; HF, high frequency; LF, low frequency; SD standard deviation; RMSD, square root of mean squared successive differences, RRI, R-R

interval; SBP, systolic blood pressure

but in the absence of a non-breathing comparison group, it
is unclear if changes in blood pressure were a result of
slow breathing alone. Changes in blood pressure were
independent of specific slow breathing technique (E>I vs
E = I). Changes in autonomic tone including spectral
analyses of heart rate and blood pressure variability (HF
RR and LF sys). Showed poor correlation to changes in
blood pressure.

Our study design and intervention differs from prior
studies on slow breathing and blood pressure.'®!'"* We
screened patients to determine if they would be able to adhere

and perform slow breathing. This increased the likelihood that
participants would be compliant with the behavioral treat-
ment. There is a predominance of device-guided slow
breathing studies, and our study adds to the limited data
available regarding effects of yoga-based slow breathing
(which is self-guided) on blood pressure.'® Most other studies
used a fixed slow breathing rate (commonly 6 breaths/
minute). In contrast, our slow breathing intervention ti-
trated the individual to the slowest comfortable breath over
12-weeks. This is consistent with how slow breathing is
taught in traditional yoga. On average, subjects in our study
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achieved a respiratory rate less than 3 breaths a minute.”> A
majority of slow breathing hypertension studies were of a
shorter duration ranging from 4 to 8 weeks. Also, other
studies included hypertensive subjects already on medica-
tions which may have dampened the observed response to
slow breathing. Alternatively, by excluding hypertensive
subjects, we have not observed maximal treatment effects. In
our study, among participants with elevated baseline blood
pressure in our study, the reduction in blood pressure (SBP
-10.3 £ 7.9, DBP -3.8 + 5.5 mm Hg) was greater than es-
timated total effects reported in a meta-analysis of slow
breathing and blood pressure and equivalent or greater than
conventional single antihypertensive therapy.*”> Few studies
have assessed changes in blood pressure and autonomic tone
as a result of slow breathing with contradictory results.*®-’

Our results confirm previous studies that show differences
in autonomic modulation between groups with normal blood
pressure and elevated blood pressure.’® We found that at
baseline, high blood pressure groups have lower vagal tone
(HFRRy). Prior studies that have found an acute reduction in
blood pressure with slow breathing have hypothesized that
slow breathing reduces blood pressure through decreases in
sympathetic activity and/or increases in vagal tone.*®*%° In
our results, spectral analyses did not indicate significant
changes or correlation with blood pressure reduction. One
possibility for these results is that spectral analyses do not
capture changes in autonomic tone sufficiently for the slow
breathing intervention and that more sensitive measurements
of autonomic function such as direct measurement of muscle
sympathetic nerve activity may provide additional informa-
tion. More likely, our negative results may be explained by
the small number of subjects with elevated blood pressure,
which prevented us from seeing more dramatic changes that
could occur in hypertensive subjects. Another possibility is
slow breathing reduces blood pressure by other mechanisms
such as endothelial function, oxidative stress, renal mecha-
nisms, or salt metabolism.* Further research into how slow
breathing reduces blood pressure is necessary.

Our results have several limitations, the main one being a
lack of a non-slow breathing comparison group. Addition of a
comparison group would reduce the possibility that reduction
of blood pressure was a result of regression to the mean. The
results of this study are a secondary analysis of data collected
to assess physiological and psychological stress, not blood
pressure. We excluded patients with hypertension which may
have reduced our power to see potential effects on blood
pressure. We used standardized methods to assess blood
pressure in the laboratory, but 24-hour ambulatory blood
pressure measurement would be a more rigorous method.”’
Another limitation not specific to this study but in general to
the current methods to assess autonomic tone have to be
acknowledged. Despite popularity of spectral analysis of
heart rate and blood pressure due to relative easier data ac-
quisition, valid measurements require strict adherence to
measurement guidelines. Even when performed in a

dedicated autonomic laboratory, as the lab at Vanderbilt
University Medical Center, results can be affected by artifacts
and noise. The signals need to be recorded free of stimuli that
can affect the measurements (eg, doors opening or closing,
people talking or entering the room, etc.). The recording of
the data acquired must be of adequate length and quality and
needs to be checked for artifacts. It is noteworthy that though
the variability of spectral parameters for the same individual
can be very consistent over time, interindividual variability is
very high.*** Finally, there are very few well-done large-
scale well studies and therefore we lack normative data.

The large reductions in blood pressure we observed
support the need for a larger randomized controlled efficacy
trial to further examine slow breathing interventions among
hypertensive adults. This study is of public health importance
given that small reductions in blood pressure are associated
with significant improvement in health outcomes. In phar-
macological studies, a 5 mm Hg reduction in SBP reduces risk
of major cardiovascular events by 10%.** Yet, anti-
hypertensive medications have low adherence and side ef-
fects. Whereas our results confirm a high compliance to slow
breathing intervention with no adverse effects. Lastly, the
absence of changes in autonomic tone as measured by spectral
analyses suggest that the cardiovascular mechanisms of slow
breathing have yet to be well characterized. Further research
into the mechanisms and effectiveness of slow breathing on
cardiovascular health is needed.
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