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Summary

Slow breathing training reduces resting blood pressure, probably
by modifying central autonomic control, but evidence for this is
lacking. The pressor response to static handgrip exercise is
a measure of autonomic control and the aim of this study was to
determine whether slow breathing training modulates the pressor
responses to exercise of untrained muscles. Twenty hypertensive
patients trained for 8 weeks, 10 with unloaded slow breathing
(Unloaded) and 10 breathing against an inspiratory load of 20 cm
H,O (Loaded). Ten subjects were untrained controls. Subjects
performed a 2 min handgrip pressor test (30 % MVC) pre- and
post-training, and blood pressure and heart rate (HR) were
measured before the contraction, at the end and following 2 min
recovery. Resting systolic (sBP) and HR were reduced as a result
of training, as reported previously. After training there was both
a smaller pressor response to hand grip exercise and a more
rapid recovery of sBP and HR compared to pre-training. There
were no changes in the Controls and no differences between the
Unloaded and Loaded groups. Combining the two training
groups, the sBP response to handgrip exercise after training was
reduced by 10 mm Hg (95 % CI: -7, —13) and HR by 5 bpm
(95 % CI: —4, —6), all p<0.05. These results are consistent with
slow breathing training modifying central mechanisms regulating

cardiovascular function.
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Introduction

With a prevalence rising to over 60 % in older age
groups, hypertension is recognised as a major health
problem throughout the world leading to a range of life
threatening cardiovascular diseases. While there is a range
of pharmaceutical treatments available there is also a need
for non-pharmaceutical interventions, partly because they
are more affordable in the developing world, but also
because they offer the prospect of addressing the
underlying problem rather than just the symptoms.

Whole body exercise training has an important
role to play in the management of hypertension (Halbert
1997, Whelton et al 2002) but while the
mechanism underlying the improvement are not fully

et al

understood there are reasons to think that it involves
changes in central autonomic control of blood pressure
rather than, or in addition to, any peripheral
modifications. For instance, training two legs reduces
resting blood pressure (Devereux et al. 2010) and might
be analogues to whole body exercise, but the same
benefit can be achieved by training only one leg (Ray
1999) or even a relatively small muscle mass such as with
hand grip exercise (Ray and Carrasco 2000, Taylor et al.
2003), the latter differing qualitatively and quantitatively
from whole body aerobic exercise.

Interestingly, reductions in resting blood
pressure comparable with those obtained by whole body

exercise are also seen with the practice of yoga and
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meditation (Patel and North 1975, Spicuzza et al. 2000)
and a common feature of these techniques is slow and
regular breathing (Bernardi et al. 2001b, Cysarz and
Biissing 2005). Furthermore, a number of randomized
controlled studies have shown slow breathing to be
effective in reducing blood pressure (Jones et al. 2010,
Schein et al. 2009, 2001, Sharma et al. 2011).

Slow breathing does not place any serious
energetic demands to the inspiratory muscles, at least in
the absence of an inspiratory load, and is unlikely,
therefore, to result in any peripheral adaptations that may
occur with aerobic training. An alternative mechanism is
that slow breathing training modifies some aspect of the
central control of blood pressure. Lehrer et al. (2006,
2003) have shown that heart rate variability (HRV)
feedback, which is essentially slow breathing training,
increased baroreflex gain.

In addition to increased resting blood pressure,
hypertensive subjects have an enhanced blood pressure
response to static exercise (Delaney et al. 2010, Sausen et
al. 2009). Aerobic training reduces the rise in blood
pressure in response to muscle contraction (O’Sullivan
and Bell 2001) which may be partly due to metabolic
adaptations in the trained muscle (Fisher and White 2004)
but it is also possible that there is a down regulation of
metaboreflex sensitivity either at the peripheral receptors
or of the central autonomic response to afferent
stimulation.

It is not known whether slow breathing training
which reduces resting blood pressure also reduces the
pressor response to muscle contraction, but if it does this
would be strong evidence of a central adaptation since
slow breathing is most unlikely to cause any adaptations
in an untrained peripheral muscle. The primary objective
of the present study was, therefore, to examine this point.
It was hypothesized that slow breathing training would
not only improve resting blood pressure in patients with
essential hypertension but would also reduce the blood
pressure responses to contraction of a muscle that had not
been trained. Although slow breathing entails minimal
energy expenditure it is possible that signals modifying
autonomic function might arise from working muscles in
which case adding an inspiratory load might increase the
beneficial effects of slow breathing training.

Methods

Subject characteristics
Subjects were recruited from patients attending
the hypertension clinic of Srinagarind Hospital into the

study that was approved by the Ethical Committee of
Khon Kaen University. The patients all received full
information about the nature of the study before
providing written consent. Inclusion criteria were:
essential  hypertension, stage I-Il, based on
recommendations of JNC-VII (Chobanian et al. 2003),
aged 35-65 years and of an independent lifestyle.
Exclusion criteria were: blood pressure greater 180/110
mm Hg or secondary hypertension, respiratory disease,
diabetes mellitus, heart, renal or cerebrovascular disease,
dyslipidemia or pregnancy within the last 6 months. The
subjects’ blood pressures were well controlled with
enalapril, atenolol or hydrochlorothiazide which they had
been receiving for approximately five years and their
treatment was continued unchanged for the duration of
the study (10 weeks). Following an initial assessment the
subjects were randomly assigned to Control and two
training groups, Load and No Load. Thirty subjects
completed the study; see the previous report (Jones et al.
2010) for further details of the training protocols. The
patients’  age, characteristics,

physical history of

hypertension, medication and initial resting blood

pressure and heart rate are summarized in Table 1.

Laboratory-based measurements

Subjects reported to the laboratory between
9-10 am and rested in a comfortable chair for 15 min
before any measurements were made.

Heart rate and heart rate variability

ECG was recorded with a three lead BIOPAC
MP100 system and resting heart rate calculated from the
R-R interval. Heart rate was then recorded over a 5 min
period with the subjects resting and breathing at 10-
12 breaths per minute and subsequently analysed off line
for heart rate variability (HRV) in the frequency domain.
Total spectral power (ms®) and the power in the low
frequency (0.04-0.15 Hz) and high frequency (0.15-
0.4 Hz) regions are reported together with the low to high
frequency ratio (LF/HF).

Isometric handgrip challenge

The challenge consisted of a sustained isometric
handgrip contraction on the dominant side with the
forearm supported and elbow flexed at 90 degrees. After
determining the maximal voluntary contraction (MVC) as
the best of three contractions, each separated by two
minutes, the subject rested for approximately 30 min
before being given a target of 30 % MVC to maintain for
two minutes with visual feedback. Subjects were
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instructed to breathe normally during the exercise and not
to hold their breath. Blood pressure and heart rate were
measured on the non-dominant side before the start of the
handgrip contraction, in the last 30 s of the two minute

Table 1. Patient characteristics at the start of the study.

handgrip exercise and again after two minutes of
recovery. Blood pressure was measured with an
automatic digital bedside monitor (Nikon Kohden-life

scope®).

Control No load training Loaded training

Mean + SD Mean = SD Mean = SD
Age (vears) 504+5.4 534+43 514+53
Weight (kg) 63.2+6.5 68.2+11.7 759+ 11.0
Height (cm) 156.1+£5.2 157.8+9.7 162.8£5.1
BMI (kg.m™>) 272421 273+4.7 29.0 + 4.6
Duration (years) 5.6+£25 5.8+£34 57+£23
Treatment (years) 47+£1.6 51+£28 49+ 1.7
SBP (mm Hg) 131.0+09.1 1359+ 12.6 137.0£12.7
DBP (mm Hg) 77.7+6.5 79.9+5.5 81.2+8.8
PP (mm Hg) 533+94 56.0+13.7 58.5+14.2
MAP (mm Hg) 95.3+6.0 98.6+5.5 100.7+£7.9
HR (bpm) 75.2+9.6 73.2+7.3 76.0+4.2

Data for the three patient groups, Control, those undertaking No load training and Loaded training. BMI, body mass index; Duration is
the length of time since first diagnosis of hypertension; Treatment is the time since the start of pharmacological treatment; SBP, systolic
blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; MAP mean arterial blood pressure; HR, resting heart rate

Slow breathing training protocol

Subjects inspired deeply using a device that
humidified the inspired air. Subjects in the Load group
had an inspiratory load of 20 cm H,O while the sham, or
No Load group had no additional load (see Jones et al.
2010, for details). Subjects were trained to adopt
a breathing pattern with a duty cycle (inspiratory time:
total respiratory time) of 0.4 with a total respiratory time
of 10s. The paced breathing was practiced using
a metronome in the laboratory until it could be performed
reliably without the metronome. Subjects rested for 5 s
after every 6 deep breaths. The training program was
performed at home for 30 min, twice a day, and every day
for 8 weeks. Control subjects were asked to continue their
normal patterns of daily living.

Data analysis and statistics

Changes in blood pressure and heart rate from
pre- to post- training for the three groups, Control, No
load and Load, were examined with a 3-way repeated
measures ANOVA with as within factors, time (3 levels;
baseline, isometric and recovery) and training (pre vs.
post), and between factor, type of training (control,
unloaded and loaded). HRV data were examined with

a2-way repeated measures ANOVA with as within
factors training (pre vs. post), and between factor type of
training (control, unloaded and loaded). Where there was
evidence of an interaction (p<0.05) post hoc paired and
independent Bonferroni-corrected Student’s t tests were
used to identify the significant changes as a result of
training within and between groups.

Results

The consequences of slow breathing training for
resting blood pressure have been reported previously
(Jones et al. 2010) and we present here the heart rate and
pressor responses to handgrip exercise, before and after
training in Figures 1-3. The previous report was of
changes in resting blood pressure measured at home and
in the laboratory, in both cases early in the morning. The
pressor responses were measured later in the day at the
laboratory and the resting blood pressures reported here
are the values obtained just before the handgrip exercise.
Thus, the resting values reported here are similar, but not
identical, to the data in our previous report.

Resting systolic blood pressure and heart rates
before and after training are shown in Figures 1-3 (left



676 Jonesetal.

Vol. 64

panel, “Rest”). There were significant group interactions
for changes in systolic pressure and heart rate with post
hoc analysis revealing significant reductions for the two
training groups although there were no differences
between No load and Loaded. With diastolic pressure the
two training groups showed reductions that were greater
than seen with the Control group, but there were no
interactions.

significant group Combining the two

training groups, the decrease in resting mean arterial
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pressure was 10 mm Hg (95 % CI: =7, —13). There was
a tendency for patients with higher initial resting systolic
pressure to show greater decreases with training but this
did not achieve statistical significance (p=0.14).

Pressor response to isometric handgrip

The effects of the slow breathing training were
to reduce the rise in blood pressure and heart rate during
the handgrip exercise and to hasten recovery.
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Fig. 1. Slow breathing training and systolic blood pressure (sBP). On the left are values for sBP before (open symbols) and after (filled
symbols) eight weeks of slow breathing training. Values are mean and standard errors for resting pressure (Rest), after 2 min handgrip
contraction (Contract) and after a further 2 min recovery (Recovery). There were three groups, Control, who did no training, No load,
who undertook slow breathing but with no load, and Loaded who trained with an inspiratory load. * indicates significant differences
between pre- and post-training resting pressures. On the right are the mean changes, with 95 % CI, of sBP from the resting baseline
values at the end of the hand grip exercise (End Ex) and subsequent recovery (Recovery) before (open columns) and after (filled
columns) training. * indicates significant differences between pre- and post-training; see text for p values.
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Systolic blood pressure

Systolic blood pressures for the three groups of
subjects, before, at the end of the 2 min handgrip test and
following 2 min recovery are shown in Figure 1 (left
panel) with the changes from the resting value in the right
panel of Figure 1. For the changes from rest at the end of
2 min handgrip there were significant group interactions
(p=0.017) and post hoc tests revealed differences between
pre- and post-training measurements for the No load
(p=0.002) and the Loaded groups (p<0.001) while there
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were no significant changes in the Control group, nor any
differences between the two training groups. Systolic
blood pressure fell in the 2 min recovery phase. There
were group interactions (p<0.001) and post hoc tests
revealed significant differences between pre- and post-
training measurements for the No Load (p<0.001) and the
Loaded group (p<0.001) while there were no significant
changes in the Control group, nor any differences
between the two training groups.
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Fig. 2. Slow breathing training and diastolic blood pressure (dBP). On the left are values for dBP before (open symbols) and after
(filled symbols) eight weeks of slow breathing training. Values are mean and standard errors for resting pressure (Rest), after 2 min
handgrip contraction (Contract) and after a further 2 min recovery (Recovery). There were three groups, Control, who did no training,
No load, who undertook slow breathing but with no load, and Loaded who trained with an inspiratory load. On the right are the mean
changes, with 95 % CI, of dBP from the resting baseline values during the hand grip test (Contract) and subsequent recovery

(Recovery) before (open columns) and after (filled columns) training.
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Diastolic blood pressure

The diastolic blood pressures before, at the end
of the 2 min handgrip test and following 2 min recovery
are shown in Figure 2 (left panel) with the changes from
resting values in the right panel. There were no
significant group interactions either for diastolic pressure
responses at end of exercise (p=0.371) or recovery
(p=0.431) although the data shown in Figure 2 suggest
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a trend towards a smaller diastolic pressor response after
training.

The changes in mean arterial pressure at the end
of 2 min handgrip exercise for the combined training
groups was 15 mm Hg before, and 9 mm Hg after eight
weeks of training. For the Control group over the same
period the comparable values were 12 mm Hg and
13 mm Hg.
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Fig. 3. Slow breathing training and heart rate (HR). On the left are values for HR before (open symbols) and after (filled symbols)
eight weeks of slow breathing training. Values are for mean resting rates and standard errors (Rest), after 2 min handgrip contraction
(Contract) and after a further 2 min recovery (Recovery). There were three groups, Control, who did no training, No load, who
undertook slow breathing but with no load, and Loaded who trained with an inspiratory load. * indicates significant differences between
pre- and post-training resting pressures. On the right are the mean changes, with 95 % CI, of HR from the resting baseline values
during the hand grip test (Contract) and subsequent recovery (Recovery) before (open columns) and after (filled columns) training.
* indicates significant differences between pre- and post-training; see text for p values.
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Table 2. Heart rate variability pre- and post-training.

Total Power (ms®) LF (ms?) HF (ms?) LF/HF
Pre Post Pre Post Pre Post Pre Post
Control Mean 506 515 237 285 112 96 2.11 3.01
+SD +108 +70 +46 +40 +17 +20 +0.31 +0.31
p ns <0.001 <0.001 <0.001
No Load Mean 609 654 198 161 245 281 0.81 0.57
+SD + 80 +78 +39 + 35 +43 + 34 +0.08 +0.09
p ns <0.001 <0.001 <0.001
Load Mean 688 731 318 271 194 223 1.64 1.21
+SD +103 +93 +55 + 58 +30 +37 +0.15 +0.15
P ns <0.001 <0.001 <0.001

Total spectral power and the power in the low frequency (LF) and high frequency (HF) regions of the spectrum, together with the ratio
of power in these two regions (LF/HF). Data are given as mean £ SD. There were no significant differences in total power but the
changes in distribution of power within the spectra were all significant p<0.001.

Heart rate

Values for heart rate before, at the end of the
2 min handgrip test and following 2 min recovery are
shown in Figure 3 (left panel) with the changes from
resting in the right panel. For the changes from rest after
2 min handgrip exercise there were significant group
interactions (p=0.006) and post hoc tests revealed
significant differences between values before and after
training for the No Load (p<0.001) and the Loaded group
(p<0.001) while there were no significant changes in the
Control group, nor any differences between the two
training groups.

Heart rate variability

Breathing frequency was not specifically
regulated but was observed to be between 10-12 breaths
per minute during the five minute rest period when heart
rate data were collected. There were no group interactions
with respect to total spectral power (p=0.78) but there
were highly significant interactions for both high and low
frequency power as well as the LF/HF ratio (p<0.001 in
each case). HRV data are shown in Table 2 and after
eight weeks there was a significant shift in the
distribution of spectral power from the low to high
frequency region in the two training groups (p<0.001 for
LF, HF and LF/HF in both Sham and Load). Somewhat
surprisingly there was an opposite effect in the control
group with a significant decrease in HF and increase in
the low frequency component and LF/HF ratio (p<0.001
in each case) over the eight week period.

Discussion

The aim of the present study was to determine
whether slow breathing training results in a modification
of central neural pathways controlling blood pressure and
the fact that slow breathing training reduced the pressor
response to handgrip exercise clearly points to a central
mechanism playing a major part. Adding an inspiratory
load to the breathing training had no significant effect on
either the reduction in resting blood pressure, or on the
pressor response to hand grip, indicating that the slow
breathing alone, rather than the contractile activity of the
respiratory muscles, was key to the adaptations reported
here.

The beneficial effects of breathing training for
resting systolic blood pressure we report are very similar
to previous reports where breathing has been regulated in
various ways (Elliot et al. 2004, Schein et al. 2009,
Viskoper et al. 2003). The values are also very similar to
those we reported previously for the same subjects (Jones
et al. 2010), except that the measurements for the present
data were taken slightly later in the day. Probably for this
reason the changes in diastolic pressure (Table 2) were
just not significant, whereas there were significant
changes in the early morning values reported previously
(Jones et al. 2010). Although there was a trend for
slightly larger changes in resting systolic pressure in the
Loaded training group, there was no statistical difference
between the No Load and Load groups. Both forms of
breathing training reduced the pressor response to
handgrip exercise despite the fact that the forearm
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muscles involved had not been trained.

The pre-training pressor response to forearm
in MAP
somewhat smaller than ~25 mm Hg reported by Delaney
et al. (2010), but this may have been because the latter
subjects had higher resting blood pressures since they had

contractions (change ~15 mmHg) was

been off medication for two days prior to the experiment.
The decrease in MAP pressor response with training was
similar to the difference between pressor responses of
normotensive and hypertensive subjects in the study of
Delaney et al. (2010).

Blood pressure measurements are notoriously
affected by a variety of emotional cues such as fear and
anxiety as well as with the Valsalva maneuver sometimes
used when trying to sustain a long muscle contraction. It
is possible, therefore that the trained subjects may have
been more relaxed or that there were subtle differences in
breathholding during the second handgrip exercise.
However, it is unlikely that this would account for the
differences between the Control and Trained groups since
both had the same experience of the hand grip test and
none were observed breathholding during the test.
Moreover, differences between the trained and control
subjects were seen during the recovery phase of the
handgrip exercise when they were resting and there was
no reason why they should be breathing abnormally.

The pressor response to muscle contraction has
anumber of components, some being due to metabolic
and mechanical reflexes arising in the working muscles,
others being feed-forward from central command (Fisher
and White 2004). The heart rate response to contraction is
thought to be largely a consequence of central command
since HR returns to baseline at the end of contraction
even during post-exercise circulatory occlusion (PECO)
and HR responses are also less pronounced if the muscle
is activated by electrical stimulation rather than by
voluntary effort (Fisher and White 1999). Systolic and
diastolic blood pressures, on the other hand, remain
elevated during PECO, indicating that the increased
pressure during that phase is a consequence of metabolite
accumulation in the muscle. There may also be a central
component to the blood pressure rise since the PECO
pressures are usually about half the level measured during
contraction, but this could also reflect the afferent input
from mechano-receptors active during the contraction but
absent during PECO (Carrington et al. 2003).

The present results cannot differentiate between
changes in central command or the central modification
of metabo- or mechano-receptors as a result of breathing

training; for this it would have been useful to have
a period of PECO. What is clear, however, is that no
matter whether the breathing training affected one, or all
of the
modification occurred at some central site rather than in

three, stimuli for pressor responses, the
the peripheral muscle.

The increased power in the high frequency
HRV with

a modification of central of cardiovascular

region of the spectrum is consistent
control
function. The respiratory component of the spectrum
evident in the HF region increases with decreasing
breathing rate (down to 9 breaths per minute) and it is
possible that the trained subjects altered their breathing
pattern. However, Lehrer et al. (2006) found no change in
breathing patterns after a period of biofeedback training
which was similar in many ways to the slow breathing
training used here.

It is not immediately clear how slow breathing
training can effect a change in the central mechanisms
regulating the pressor response but there have been
reports that one of the acute effects of slow breathing is to
increase the sensitivity of the baroreflex in patients with
heart failure (Bernardi et al. 2001a) and hypertension
(Joseph et al. 2005). Lehrer et al. (2006, 2003) also
showed that HRV biofeedback, which is essentially slow
breathing, not only increased baroreflex sensitivity during
the slow breathing but also had more lasting effects as
aresult of 10 weeks of training. It is possible, therefore,
that an increased sensitivity of the baroreflex as a result
of training may more effectively buffer the increases in
blood pressure in response to handgrip exercise. Slow
breathing is associated with major changes in HRV and
blood pressure variability (Lehrer et al. 2006, 2003) and
these authors suggest that the large fluctuations may
“exercise the baroreflex” which could lead to longer
lasting modifications of function. It should be noted,
however, that increased baroreflex sensitivity does not
necessarily explain the reduction in resting blood pressure
as a result of breathing training since this requires
a change in the set point.

It has been observed that hypertensive subjects
tend to have a low end-tidal PCO, which may be
a consequence of an increased sensitivity to CO, (Joseph
et al. 2005). It is possible that slow breathing might shift
the balance of bicarbonate buffering in the blood by
increasing end tidal-PCO, with possible acute and long
term effects. In future work it would be useful to
determine how breathing rate, end tidal PCO, and blood
bicarbonate are affected by slow breathing training.
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Meditation, which generally involves slow breathing, is
known to reduce levels of stress hormones (Brand et al.
2012, Fan et al. 2014) and it is possible that a change in
circulating cortisol levels might affect central autonomic
pathways, although it would be difficult to distinguish
cause and effect.

In summary, we have shown for the first time
that slow breathing training which reduces resting blood
pressure also reduces the pressor response to handgrip
exercise. The implication of these finding is that
breathing training modifies central cardiovascular control
which attenuates the pressor response to contraction of
muscles throughout the body.

The fact that improvements in blood pressure
control were seen with hypertensive patients who were
considered to be well controlled with a variety of drugs

necessarily “cure” the problem and that slow breathing
training, meditation or some form of exercise, is an
important adjunct to even the best pharmacological
treatments.
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