Received: 4 July 2025

Accepted: 25 March 2026

'.) Check for updates

DOI: 10.1113/EP093086

RESEARCH ARTICLE

Experimental

Physiology

WILEY

Acute cardiovascular responses to slow and deep breathing in
normotensive men and women

Malika Felton? | Vikram Mohan!

1School of Allied Health and Exercise Science,
Bournemouth University, Bournemouth, UK

2School of Health and Care, Bournemouth
University, Bournemouth, UK

Correspondence

Malika Felton, School of Allied Health and
Exercise Science, Bournemouth University,
Bournemouth, UK, BH8 8GP.

Email: mfelton@bournemouth.ac.uk

Funding information
This work received internal funding from
Bournemouth University.

Handling Editor: Andrew Sheel

1 | INTRODUCTION

| Vanora A. Hundley?

Abstract

Slow and deep breathing is recommended as an effective treatment for hyper-
tension using the RESPeRATE device. However, the acute cardiovascular responses
to slow and deep breathing, including the potential mechanisms underlying its
antihypertensive effect, are not fully understood. This study characterised the
acute cardiovascular responses to three differing, 10-min bouts of slow and deep
breathing. Twelve participants completed four conditions in a randomised order: (1)
RESPeRATE, (2) dynamic slow and deep breathing frequency, (3) fixed breathing
frequency of 6 breaths min~!, and (4) spontaneous breathing. Comparing mean
values for all variables obscured the cardiovascular perturbations created by slow
and deep breathing. However, intra- and inter-breath differences (minimum vs.
maximum) in arterial blood pressure were significantly larger during slow and deep
breathing compared with spontaneous breathing. The amplitude of systolic blood
pressure oscillations increased by up to 10.2% (11.4 mmHg) during inspiration and
8.4% (10.0 mmHg) during expiration (spontaneous breathing; 2.9% (3.4 mmHg)
and 3.4% (4.2 mmHg), respectively). Cardiovascular responses were maximised at
~6 breaths min~2, but further research is needed to identify the optimal breathing

frequency to induce maximal cardiovascular perturbations.
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daily for 4-8 weeks (Landman et al., 2013; Viskoper et al., 2003). A
recent meta-analysis (Chaddha et al., 2019) found SDB interventions,

Daily practice of slow and deep breathing (SDB; <10 breaths min~1)
has been recommended by the American Heart Association (AHA)
as an effective treatment for hypertension (Brook et al., 2013).
Specifically, the AHA recommends the RESPeRATE device, which
reduces breathing frequency progressively using auditory tones. The
RESPeRATE device has been researched extensively and shown to

reduce blood pressure (BP) in hypertensive individuals, when practised

including RESPeRATE, induced a significant reduction in systolic BP
(SBP) and diastolic BP (DBP) of —5.62 mmHg and —2.97 mmHg,
respectively.

Despite the apparent health benefits associated with SDB, there is
a lack of conclusive information relating to the mechanism(s) under-
lying its apparent antihypertensive effect (Gerritsen & Band, 2018).

Accordingly, these mechanisms are not fully understood and there is
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a limited understanding of the acute cardiovascular responses to SDB
that might underpin its anti-hypertensive effect.

Recent debate about the appropriate analysis of cardiovascular
variability suggests that multi-parametric approaches to analysing
multiple variables are needed to provide a more complete picture
of the dynamics of cardiovascular variability (Castiglioni & Parati,
2011). Previous research has taken a singular approach to exploring
the cardiovascular responses during SDB. For example, Calcaterra
and colleagues investigated the acute effects of SDB upon baroreflex
sensitivity and arterial function (pulse wave velocity and augmentation
index), but did so in separate studies (Calcaterraet al., 2013, 2014). Itis
reasonable to assume that breathing-related fluctuations in variables
such as stroke volume and BP are related to any mechanisms that
underpin anti-hypertensive effects of SDB, and therefore studies
should measure instantaneous, multi-parameter haemodynamic
responses to SDB to investigate all variables simultaneously.

There is also a discussion about the optimal breathing frequency for
SDB delivery, with RESPeRATE using a dynamic breathing frequency
that adapts throughout use (aiming to produce a breathing frequency
of <10 breaths min~1). However, many researchers regard the optimal
SDB frequency to be ~6 breaths min~! (Cullins et al., 2013; Russo
et al., 2017). Additionally, as respiratory sinus arrhythmia (RSA) is
widely accepted to increase during SDB (Joseph et al., 2005), and
as RSA has been suggested to be the main driver of blood pressure
variability (Elstad et al., 2001), then there is an argument that using a
SDB frequency that maximises RSA could produce maximal changes in
other cardiovascular variables in response to the SDB.

The aim of the present study was therefore to characterise the acute
cardiovascular responses to SDB using a number of cardiovascular
variables and a multi-parametric approach. Additionally, the physio-
logical responses were compared across different SDB conditions
including the AHA recommended device RESPeRATE, a fixed breathing
frequency of 6 breaths min~1, and a dynamic algorithm that aimed to
maximise RSA.

2 | METHODS
2.1 | Ethical approval

The experimental protocol was approved by Bournemouth University’s
Research Ethics Committee (ID 20679) and all experiments conformed
to the Declaration of Helsinki, except for registration in a database.
Written informed consent was obtained from all participants prior to

participating in the study.

2.2 | Participants

Twelve participants took part in the study (6 males and 6 females). Al
participants were non-smokers with no current diagnosis of cardio-
vascular or respiratory disease. No participants were pregnant at the

time of taking part. Participants refrained from eating for 2 h and

Highlights

* What is the central question of this study?
Are there differences in cardiovascular responses
to different methods of slow and deep breathing
(SDB) delivery, and does utilising a multi-parametric
approach to measuring cardiovascular variables
reveal new/different responses?

* What is the main finding and its importance?
The main finding is that all SDB conditions elicited
similar cardiovascular responses to each other
when compared with spontaneous breathing.
However, lower breathing frequencies elicit
greater blood pressure oscillations, and higher
breathing frequencies (~8 breaths min~') may not
fully optimise cardiovascular responses. This has
implications on the practice of SDB for management
of hypertension.

from caffeine, strenuous exercise and alcohol for 12 h prior to data

collection.

2.3 | Slow and deep breathing protocol

Participants completed three controlled breathing conditions and
one spontaneous breathing condition in a randomised order.
Randomisation was conducted using a random number generator
(www.randomizer.org). All breathing conditions were 10 min in
duration with a 10-min period of normal non-paced breathing prior to
each measurement. A 10-min intervention has been used in previous
studies of daily SDB practice using RESPeRATE and was found to be
effective at reducing BP (Chaddha et al., 2019). Participants rested
at baseline for 5 min prior to starting the protocol, in addition to the
10 min of normal non-paced breathing prior to the first breathing
condition to ensure cardiovascular variables were in a stable, resting
state. During the spontaneous breathing condition (Sf), participants
were instructed to breathe normally and no visual feedback was
provided to control breathing. The three SDB conditions were (1)
RESPeRATE (Rf,), (2) a dynamic algorithm driven by RSA (Df,), and (3)
afixed breathing frequency of é breaths min=1 (6Ff;).

The RESPeRATE device (Intercure Ltd., Lod, Israel) gradually lowers
breathing frequency as users breathe in time with a fluctuating musical
tone. Breathing frequency is reduced to <10 breaths min~! and is
measured using a belt worn around either the chest or the upper
abdomen. A full description of RESPeRATE can be found in Gavish
(2010) and Cernes & Zimlichman (2017). Participants completed
the dynamic breathing frequency condition (Df,) using a novel,

bespoke biofeedback algorithm that guided breathing dynamically to
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Breathe in

“

Breathe out

FIGURE 1 Screenshots of the app graphic. N.B. arrows do not appear on the app but are shown here to display the direction of graphic

movement.

a personalised frequency. The algorithm created a dynamically driven
target breathing frequency, which strived to maximise cardiovascular
perturbation, using the amplitude of RSA as the controlled variable.
The algorithm used data measured from a finger sensor (photo-
plethysmography), which tracked the user’s instantaneous physio-
logical responses to their breathing. The finger sensor was connected
via the headphone socket of an iPad, which ran the software algorithm
and provided visual biofeedback to guide breathing frequency.

The optimal SDB frequency is widely regarded in the extant
literature to be ~6 breaths min~! (Cullins et al., 2013; Russo et al.,
2017); accordingly, the third SDB condition was a fixed frequency
of 6 breaths min~1 (6Ff,). Both the dynamic algorithm and the fixed
6 breaths min~! conditions were delivered by an app that provided
visual feedback, via an iPad screen, which guided the user’s breathing
frequency. The user was instructed to inhale when the dome graphic

rose and to exhale when the dome fell (Figure 1).

2.4 | Data measurement and acquisition

Participants were seated in an upright position, at an approximate
angle of 60° for the duration of the data collection. Respiratory airflow
was monitored continuously throughout each breathing condition.
Participants wore an oronasal mask that covered both mouth and nose
(Oro Nasal 7450 V2 Mask, Hans Rudolph Inc., Shawnee, KS, USA)
and respired flow rate was measured continuously using a heated
pneumotachograph (Model 3700, Hans Rudolph) connected to a flow
measurement system (RSS 100-HR, Hans Rudolph).

Heart rate (f.) was monitored continuously using a three-lead
ECG and non-invasive beat-to-beat arterial BP was estimated using
a Finometer (Finapres NOVA, Finapres Medical Systems, Enschede,
The Netherlands). The finger cuff-derived BP was calibrated using
an arm cuff prior to and halfway through data collection. Stroke
volume (SV) was calculated by the Finometer using the Modelflow

method (Wesseling et al., 1993). Total peripheral resistance (TPR) was

calculated as mean arterial pressure divided by cardiac output (Q).
Peripheral pulse transit time (PTT) was calculated from the time delay
between the peak of the R-wave of the ECG and the peak of the
pressure pulse recorded at the finger. End-tidal CO, was recorded at
the end of each minute using an iWorx CO,/O, Gas Analyser (GA-200,
iWorx Systems Inc., Dover, NH, USA).

Analog outputs from the Finapres NOVA (reconstructed brachial
pressure waveform, ECG waveform, SV, SBP, DBP) and the respiratory
flow meter were sampled continuously at 250 Hz via an analog
to digital converter (NI USB-6218 BNC, National Instruments Inc.,
Austin, TX, USA) and captured using acquisition and analysis software
(LabView 2015, National Instruments, Inc.). The LabView software
corrected for the 4 s delay between the Finapres NOVA output and
the respiratory output. Data were recorded during the baseline period
(5 min), and during each breathing condition (10 min; Sf,, Rf,, 6Ff,, Df,).

Stretch stature was measured using a stadiometer (SECA 213, Seca,
Hamburg, Germany) and body mass was recorded in minimal clothing

using calibrated electronic scales (SECA 804, Germany).

2.5 | Data analysis

Within the LabView software, cardiovascular and respiratory
parameters were derived breath-by-breath, and minimum, maximum
and mean values were calculated for every inspiration and expiration.
Data were averaged in segments of 1 min, as well as mean values
for the first 5 min, final 5 min, and the full 10 min for each condition.
Data were compared for the three SDB conditions (Rf,, 6Ff,, Df,) and
spontaneous breathing (Sf;.).

Respiratory sinus arrhythmia (RSA) was calculated using two
methods across each breath phase: (1) the difference between the
average heart rate (fc) during inspiration (f.;) and expiration (f ) for
every breath (f. »); (2) the difference in maximum and minimum beat-
to-beat intervals (RR) during inspiration and expiration, respectively,
for every breath (RSA).
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FIGURE 2 Calculations for example cardiovascular variable plot. E = Expiration breath phase; | = Inspiration breath phase. (1) Ave =average of
whole breath; (2) i = average inspiration; (3) e =average expiration; (4) A =i minus e (average inspiration minus average expiration); (5) Ae = Max E
minus Min E; (6) Ai = Max | minus Min [; (7) APV = max | minus min E (note APV calculation varies and can be Min | minus Max E depending on

which calculation provides largest difference).

Because the kinetics of the haemodynamic perturbations created by
breathing may lag the breathing phase in which they were generated,
the ‘peak-valley’ method was used to analyse all cardiovascular
variables; in other words, the difference between successive peaks
(highest value) and valleys (lowest value) was calculated, independent
of the breathing phase in which they occurred.

Calculated parameters and their derivations are displayed
schematically using a sinewave in Figure 2 (with corresponding
calculation numbers). Inter-breath phase indices (A) were quantified
as the difference between mean inspiration (i) and mean expiration
(e) values for all variables (calculation 4). Peak-valley (PV) indices
were calculated as maximum minus minimum values during inspiration
(Ai: calculation 6) and during expiration (Ae: calculation 5). To
represent the largest change in variables within breath phase, inter-
breath phase PV indices (APV) were calculated using maximum
inspiration minus minimum expiration, or minimum inspiration minus
maximum expiration, dependent on which calculation gave the largest
difference. Calculation 7 shows an example using the calculation
maximum inspiration (peak) minus minimum expiration (valley). The
PV indices were also calculated irrespective of the breath phase
in which they occurred, and are referred to herein as peak-valley
breath phase-independent calculations (APV_Ind; not shown in
Figure 2).

Each condition was 10 min in duration, but the final 5 min segment
of each SDB condition (Rf,, 6Ff., Df.) were used for analysis to

ensure relatively steady state values were analysed. For spontaneous

TABLE 1 Participant characteristics.

Value
Characteristic (n=11)
Age (years) 41.3+124
Stature (m) 1.7+0.1
Mass (kg) 73.3+9.9
BMI (kg/m?) 254+42
Baseline SBP (mmHg) 118.2+9.7
Baseline DBP (mmHg) 711+9.3
Baseline f, (breaths min=1) 122+2.7
Baseline tidal volume (L) 0.6+0.1

Data represent means + SD (n = 11). Abbreviations: BMI, body mass index;
DBP, diastolic blood pressure; f,, breathing frequency; SBP, systolic blood
pressure.

breathing (Sf,), the first 5 min segment was used, as participants were
already in a steady state having rested prior to the condition for a
minimum of 10 min while breathing normally/spontaneously. Dynamic
breathing frequencies were also compared across the full 10 min
condition and between the first and final 5 min.

Values are expressed as means + SD unless stated otherwise.
Statistical analysis was undertaken using SPSS Statistics 24 (IBM
Corp., Armonk, NY, USA). After normality was confirmed for cardio-
vascular variables, repeated measures ANOVA with planned post
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TABLE 2 Respiratory parameters.

Sf, Rf,
f. (breaths min~1) 12.2 4+ 3.75d 64+19
V(L) 0.6+ 0.2b¢d 1.1+04°
T/ Tror 04+0.0 0.5+0.1
End-tidal CO, (%) 50+0.6 48107

Effect of condition

6Ff, Df, P-value
6.0+0.0° 55+1.3° <0.001
0.9+0.3? 1.1+042 <0.001
0.6+03 05+00 0.129
50+0.6 50+07 0.535

Datarepresent means + SD (n = 11). Significantly different from 2Sf.. b Rf..6f,. d Df,.P < 0.05. Abbreviations: 6Ff,, 6 breaths min~ L Df,, optimisation algorithm
dynamic breathing frequency; f,, breathing frequency; Rf,, RESPeRATE; Sf,, spontaneous breathing; T,/ Ttor, duty cycle; Vi, tidal volume.

hoc pairwise comparisons using Bonferroni corrections were used to
compare between the different breathing frequencies. Reported P-
values are those following adjustment for repeated comparisons. For
all analyses, P was set at 0.05. Correlation coefficients were calculated

using Pearson’s product moment.

3 | RESULTS

Data were collected from 12 participants, but 1 participant was
excluded due to failure to adhere to the prescribed breathing
conditions (Table 1). Due to missing data from the Sf. condition for
2 participants, data from baseline spontaneous measurements were
used in place of Sf, data for these 2 participants. Before doing so,
data integrity checks were performed to ensure the substitution did
not affect the study results. For all other participants (n = 9), it was
confirmed that breathing frequency was not significantly different
between baseline and the first 5 min Sf, condition. Additionally, there
were no significant differences across variables between the base-
line data and the first 5 min Sf, condition. There were no significant
differences between males and females across all variables, so for
clarity and to maintain a larger sample size, grouped data is presented.
Sex disaggregated data can be found in Appendix A.

3.1 | Respiratory variables

Table 2 provides an overview of the respiratory parameters for
each condition. Breathing frequency during Sf, was significantly
higher compared with all SDB conditions (Rf, P = 0.008; 6Ff,
P = 0.003; Df, P = 0.001), but was not significantly different
between SDB conditions. The dynamic algorithm (Df,) computed
the optimal breathing frequency (producing maximal RSA) to be
5.5 + 1.3 breaths min~! and the algorithm maintained a steady
breathing frequency throughout the 10 min, with no difference in
average breathing frequency between the first 5 min and final 5 min.
The RESPeRATE (Rf,) breathing frequency was 6.4 + 1.9 breaths min—1
during the final 5 min, but produced a significantly higher breathing
frequency during the first 5 min (Figure 3; 8.1 breaths min~1; P=0.02).
There was no significant difference in end-tidal CO, between any
conditions (Table 2).

3.2 | Peak-valley (APV) and peak-valley breath
phase-independent (APV_Ind)

Comparison of peak-valley values (APV; highest difference between
min/max inspiration and expiration; Calculation 7, Figure 2) and peak-
valley breath phase-independent values (APV_Ind; highest difference
across breath, irrespective of breath phase) reveals a clear difference
in magnitude for some variables, such as SBP. As an example, Figure 4
shows the final minute of the 6Ff, condition for one participant;
there was synchronisation between respiratory flow and heart rate in
terms of both the variable and time/phase (Figure 4a), but asynchrony
between respiratory flow and BP (Figure 4b) in terms of a constant
time/phase lag for BP following behind respiratory flow. As such, when
peak-valley calculations are analysed, larger amplitude differences
are revealed when breath phase is disregarded. These are referred to
henceforth as breath phase-independent variables: APV_Ind.

3.3 | Arterial blood pressures

There were no significant differences for average SBP or DBP between
breathing conditions (see Appendix B, Table B1), but the peak-valley
amplitudes were significantly lower for Sf., compared with all SDB
conditions (Table 3). All SDB conditions were significantly higher
compared with Sf, for SBP,; (Rf, P = 0.003; 6Ff, P = 0.004; Df,
P = 0.001), and SBP,. (Rf, P = 0.031; 6Ff, P < 0.001; Df, P = 0.007),
and between Sf, and Df, (P =0.02) and 6Ff, (P =0.011) for SBPpy |ng-
These differences were replicated in the analogous DBP values. Peak-
valley breath phase-independent values (APV_Ind) revealed larger
SDB-induced perturbations in SBP and DBP than peak-valley values
(APV).

There were high correlations (>0.8) between SBP,; and SBP and
between SBP,. and SBP and the DBP equivalents across all breathing
conditions (see Appendix B, Table B2). Therefore, a percentage change
in BP oscillations was calculated during inspiration and expiration,
producing relative intra-breath phase peak-valley differences (%Ai
and %Ae; Table 3). The percentage BP oscillations were significantly
larger for all SDB variables, compared with Sf, (Figure 5a, b), but
produced no differences between SDB conditions. There were also
significant differences for SBP %Ai (P = 0.026), SBP %Ae (P = 0.039)
and DBP %Ai (P = 0.03) between the first 5 min and final 5 min
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TABLE 3 Peak-valley differences for blood pressure variables (mmHg).

Sf. Rf,

64+19
SBP,; (mmHg) 3.4 +2.1bcd 10.9 +4.42
SBP %Ai 2.9%bed 9.5%?
SBP,. (mmHg) 4.2 4 2.4bcd 8.6 +4.52
SBP %Ae 3.49bcd 7.2%°
SBP,py (mMmHg) -8.1+39 -102+13.1
SBPapy nd (MmHg) 12.9 + 3.3« 160+ 4.9
DBP,; (mmHg) 1.5 +0.9°d 6.1+2.9?
DBP %Ai 2.1%b< 9.0%?
DBP,. (mmHg) 24+1.1¢ 51+27
DBP %Ae 3.3%bcd 7.2%°
DBP,py (mmHg) -29+23 -3.7+84
DBPpy jng (MmHg) 7.0+ 1.3« 9.0+27

Effect of condition

6Ff, Df, P-value
10.0+3.7° 11.4 +3.9° <0.001
8.8%° 10.2%? <0.001
8.8+ 3.32 10.0 + 4.8° <0.001
7.3%° 8.4%° <0.001
-10.3+ 132 -144 + 104 0.267
17.3+4.32 17.4 + 6.52 0.001
5.8 +2.52 6.6 +2.5° <0.001
8.2%° 9.6%* <0.001
55+29° 54+23° 0.001
7.7% 7.6%° 0.002
—-24+85 -62+64 0.292
9.3+23° 9.3+1.9? 0.007

Data represent means + SD (n= 11).Significantly different from 2Sf,. °Rf,. “éf,.Df,. P < 0.05. Abbreviations: 6Ff,, 6 breaths min—*; Df,, optimisation algorithm
dynamic breathing frequency; DBP, diastolic blood pressure; Rf,, RESPeRATE; SBP, systolic blood pressure; Sf,, spontaneous breathing; Ae, within expiration
difference; Ai, within inspiration difference; APV, inter-breath phase peak-valley difference; APV_Ind, breath phase-independent peak-valley difference;
%Ae, percentage relative intra-breath phase peak-valley differences during expiration; %Ai, percentage relative intra-breath phase peak-valley differences

during inspiration.

for Rf,, but only for SBP %Ai during the Df, condition (P = 0.034),
with a larger amplitude of fluctuations in the final 5 min for all

variables.

3.4 | Heart rate and respiratory sinus arrhythmia

Average heart rate was significantly higher during éFf, (P =0.003) and
Df, (P = 0.045), compared with Sf,, but not during Rf, (P = 0.131; Sf,
58.6 + 8.5; Rf, 60.6 + 8.5; 6Ff, 62.4 + 9.0; Df, 62.3 + 9.4 beats min~1;
see Appendix B, Table B3 for full data set), whereas Rf. (P = 0.016)
and 6Ff, (0 = 0.023) were significantly higher compared with Sf, for
fc ai (Table 4). Additionally, the amplitude of RSA was significantly lower
during Sf, than during Rf, (P = 0.05) and Df, (P = 0.018), but not for
6Ff, (P = 0.130; Figure 6); there were no differences between SDB

conditions.

3.5 | Stroke volume and cardiac output

There was a significant effect of condition upon SV,; and SV,e,
but paired comparisons revealed no significant differences between
breathing conditions (Table 5). Intra-breath phase cardiac output
(Q) increased during SDB significantly and was significantly higher
compared with Sf, for 6Ff, for Ai (P=0.023) and Ae (P=0.021), and for
Df, for Ai (P=0.038). Mean and breath phase mean data can be viewed
in Appendix B, Table B4.

3.6 | Total peripheral resistance and pulse transit
time

In keeping with the pattern of haemodynamic responses, intra-breath
phase total peripheral resistance (TPR) and peripheral transit time
(PTT) increased during both phases of respiration (Table 6). Mean and

breath phase mean data can be viewed in Appendix B, Table B5.

4 | DISCUSSION

The main aim of the study was to characterise the multi-parametric
response to SDB using the AHA-recommended RESPeRATE device and
two other approaches to implementing SDB, including a comparison
of responses between breathing conditions. This is the first study to
provide a comprehensive characterisation of the acute cardiovascular
responses to SDB, specifically analysing both inter- and intra-breath
perturbations created by breathing.

4.1 | Effect of inter- and intra-breath analysis

Our novel analysis highlights the importance of measuring and
comparing more than simple average values, since only average heart
rate showed a significant difference between spontaneous breathing
and any methods of SDB (see Appendix B). Previous research has been

limited and potentially misleading by its reliance upon average values,
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FIGURE 5 Blood pressure oscillations: %Al and %AE for systolic blood pressure (a) and diastolic blood pressure (b). Data represent means
+ SD (n = 11). Variable calculated as SBP,; as a percentage of average SBP during inspiration, or equivalent during expiration and for DBP. DBP,
diastolic blood pressure; SBP, systolic blood pressure; %Ai, within inspiration difference; %Ae, within expiration difference; Sf,, spontaneous
breathing; Rf,, RESPeRATE, 6Ff,, 6 breaths min—1; Df,, optimisation algorithm dynamic breathing frequency.

TABLE 4 Mean peak-valley differences for heart rate (f.) and respiratory sinus arrhythmia (RSA).

Sf,
feai (beats min=1) 3.6+2.8b¢
fese (beats min=1) 5.0+ 3.5¢
feapy (beats min~?) -1.6+7.1
RSA (s) 0.11 +0.10%

Rf,
6.4+19
9.2+5.1°
7.1+37¢
10.4 +8.9
0.18 £0.10°

6Ff,

11.5+6.8°
11.0 + 5.6
9.3+14.1
0.20+£0.14

Data represent means + SD (n = 11). Significantly different from 2Sf,. ber. C6f,. der. P <0.05.
Abbreviations: 6Ff., 6 breaths min—!; Df,, optimisation algorithm dynamic breathing frequency; f., heart rate; Rf,, RESPeRATE; RSA, respiratory sinus
arrhythmia; Sf,, spontaneous breathing; Ae, within expiration difference; Ai, within inspiration difference; APV, inter-breath phase peak-valley difference.

Df,

11.7+8.3
10.0+4.9
13.7+£10.7

0.21+0.13°

Effect of condition
P-value

0.004
<0.001
0.021
0.001
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FIGURE 6 Respiratory sinus arrhythmia (RSA) response to slow and deep breathing. Data represent means + SD (n = 11). Sf,, spontaneous
breathing; Rf,, RESPeRATE, 6Ff,, 6 breaths min—1; Df,, optimisation algorithm dynamic breathing frequency; RSA, respiratory sinus arrhythmia (s).

TABLE 5 Mean peak-valley differences for stroke volume (SV) and cardiac output (Q).

Effect of condition

Sf, Rf, 6Ff, Df, P-value
SVyi (mL) 53+18 9.1+6.1 10.3+55 10.2+5.6 0.006
SV e (ML) 62+24 8.9+4.0 87+28 9.8+52 0.025
SV 4py (ML) -105+34 -142+7.1 -12.8 +11.9 -153+6.9 0.384
SVapy 1ng (ML) 12.8+34 126458 144471 13.6+5.6 0.440
Q'ai (ML min~1) 340.6 +234.2<4 904.9 + 583.0 1054.0 + 602.1° 1077.4 + 677.32 <0.001
Q'ze (ML Min~1) 473.6 + 333.8¢ 760.0 +391.2 933.1+391.22 854.9+476.6 <0.001
Q'apy (ML mMin—1) -628.0+571.1 363.8+1147.4 105.7 + 1392.5 277.8 +1299.4 0.083
Q'spv 1ng (ML min~1) 918.1+285.9 1070.2 + 514.5 1267.7 +593.2 1135.7 + 665.9 0.037

Datarepresent means + SD (n= 11). Significantly different from 2Sf,.. be,. C6f,. der. P <0.05. Abbreviations: 6Ff,, 6 breaths min~1; Df,, optimisation algorithm
dynamic breathing frequency; Q’, cardiac output; Rf,, RESPeRATE; Sf,, spontaneous breathing; SV, stroke volume; Ae, within expiration difference; Ai, within
inspiration difference; APV, inter-breath phase peak-valley difference; APV_Ind, breath phase-independent peak-valley difference.

TABLE 6 Mean peak-valley differences for total peripheral resistance (TPR) and pulse transit time (PTT).

Effect of condition

Sf, Rf, 6Ff, Df, P-value
TPR,; (mmHg min L=1) 1.5+ 1.0° 27+14 32+1.9° 32+18 0.001
TPRAe (MmHg minL~1) 20+13 30+16 35+19 34+24 0.004
TPRxpy (mmHg min L~1) 1.0+3.3 -1.8+39 -14+47 -3.6+3.72 0.037
TPRapy 1ng (MMHg min L1 3.9+16 3.9+15 44+2.1 42+23 0.190
PTT,; (ms) 10 + 6° 16 +7 19+ 92 21+13 <0.001
PTT e (Ms) 12 4+ 65 19 +107 23 +12° 23+17 0.001
PTT zpy (ms) 16+ 8 16 +17 21+23 16 +29 0.750
PTTpy ing (M) 20+9 19+8 26+11 24+14 0.076

Datarepresent means + SD (n= 11). Significantly different from 25f,. b Rf,.6f,. d Df..P<0.05. Abbreviations: 6Ff,, 6 breaths min~ L Df,, optimization algorithm
dynamic breathing frequency; PTT, pulse transit time; Rf., RESPeRATE; Sf,, spontaneous breathing; TPR, total peripheral resistance; Ae, within expiration
difference; Ai, within inspiration difference; APV, inter-breath phase peak-valley difference; APV,,q4, breath phase-independent peak-valley difference.
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which as our data indicate, obscure the more complex cardiovascular
oscillations created by SDB. However, more recent research supports
this method, finding no differences in average heart rate values, and
suggesting that RSA is the best method to measure parasympathetic
changes caused by SDB (Ali et al., 2023). Our novel analysis provides
evidence that differences between SDB and spontaneous breathing
are only revealed by the peak-valley (Ai, Ae, APV) and peak-valley
breath phase-independent (APV_Ind) analyses. Therefore, analysis of
inter- and intra-breath oscillations is essential to reveal the full range
of cardiovascular perturbations induced by SDB.

These perturbations are most prominently observed within the BP
oscillations created by SDB, with all SDB conditions showing significant
differences from spontaneous breathing in both inspiration and
expiration and for SBP and DBP (Figure 5). The SBP oscillations within
breath phases increased during SDB by up to 10.2% (11.4 mmHg)
during inspiration (SBP,;) and up to 8.4% (10 mmHg) during expiration
(SBP4e). In comparison, during spontaneous breathing (Sf,) oscillations
were less than half those induced by SDB, at just 2.9% (3.4 mmHg)
and 3.4% (4.2 mmHg), respectively. For DBP, oscillations increased
during SDB by up to 9.6% (6.6 mmHg) during inspiration and 7.7%
(5.5 mmHg) during expiration, compared with fluctuations during Sf,
of 2.1% (1.5 mmHg) and 3.3% (2.4 mmHg), respectively. Thus, SDB
generates a profound and significant increase in the amplitude of BP
oscillations, to which the baroreflex system will be subjected. Inter-
estingly, the largest oscillations were found in the SDB condition with
the lowest average breathing frequency (Df,). The amplitude of BP
oscillations increased as breathing frequency was reduced and could
perhaps be amplified further at breathing frequencies lower than those
assessed in the present study. Extending breath phase duration allows
more time for BP to fluctuate within-breath, and provides a possible
explanation for the largest fluctuations occurring during the slowest
breathing frequency. Fluctuations in BP have been found previously
and are potentially linked to cardiorespiratory coupling of respiration,
BP and heart rate (Chang et al., 2013; Nuckowska et al., 2019; Russo
et al., 2017). This is supported by the RSA data in the present study,
which also increased as breathing frequency decreased, reaching a
peak during Df,, the lowest breathing frequency. It may also be possible
to further increase RSA, using frequencies lower than those used in
the present study. However, since the dynamic algorithm was driven to
maximise RSA, this seems less likely than for BP oscillations.

Additionally, during the SDB conditions the largest percentage
within-breath BP changes were observed during inspiration, but during
spontaneous breathing the largest percentage change was during
expiration. This reflects the known respiratory interactions where BP
increases during inspiration when undertaking SDB, but decreases
during inspiration during spontaneous breathing, so-called pulsus
paradoxus (Parati et al., 2008). The largest perturbations therefore
occur in the breath phase in which BP is rising. During inspiration,
negative intrathoracic pressure enhances venous return, which may
be amplified by SDB due to larger amplitude changes of intra-thoracic
pressure (Russo et al., 2017), resulting from an increase in tidal volume
when breathing frequency is lowered. The increased BP oscillations

during inspiration may therefore be a reflection of the cardiovascular

responses to the change in intra-thoracic pressure and subsequent
increased venous return during SDB.

42 | Effect of response kinetics

A key finding from this study is the higher amplitude of ‘breath
phase-independent’ cardiovascular oscillations, as well as those of
the peak-valley intra-breath phase fluctuations. Figure 4 shows the
differing synchronisation between respiratory flow and heart rate,
compared with respiratory flow and SBP as an example using an
individual participant. For heart rate across all participants, the peak-
valley value (RSA) matches closely the peak-valley breath phase-
independent values. This occurs because of the faster kinetics of the
heart rate response, leading to synchronisation of heart rate and
breathing phase. In contrast, the oscillations of other variables, such
as SBP, are misrepresented by inter-breath phase peak-valley values;
in Figure 4b the minimum and maximum SBP values occur during the
same breath phase, which reflects the influence of differing kinetics
of the effect of breathing upon heart rate and haemodynamics. If
one only considers the instantaneous haemodynamic responses during
a given breath phase, then the true amplitude of the perturbations
created by SDB is obscured. This is reflected in our statistical analyses,
as only APV_Ind values, and not APV, were significantly different
between conditions for Q, SBP and DBP. Therefore, to reveal the true
cardiovascular perturbations, it is important to evaluate breath phase-
independent values of cardiovascular oscillations. Coherence analysis
could further the understanding of this phenomenon, but was beyond
the scope of this study. For a full review of coherence and slow and deep
breathing see Sevoz-Couche & Laborde (2022).

4.3 | Comparison of SDB conditions

There were no significant differences between the responses induced
by the three SDB conditions during the final 5 min. This suggests
that the 6Ff, and Df, conditions induced similar amplitudes of cardio-
vascular perturbation as the AHA-recommended RESPeRATE, a device
already shown to reduce BP when practised daily (Chaddha et al.,
2019). From the perspective of the haemodynamic perturbations
induced, it seems that the most important feature of SDB is that

1 rather than how this

breathing frequency is ~6 breaths min~
frequency is achieved. The physiological response to SDB seems
not to be influenced by delivery method, including whether SDB is
delivered with or without biofeedback (Laborde, Allen, Borges, Iskra
et al, 2022). However, when considering the APV_Ind values, only
6Ff, and Df, were significantly different from Sf, for SBPpy jng and
DBP4py ind, suggesting they may generate slightly superior cardio-
vascular perturbations to RESPeRATE.

Since 6Ff, and Df, produce the same cardiovascular response
as RESPeRATE, it is reasonable to suggest they may produce the
same anti-hypertensive effect. Our data indicate that, at the very

least, 6Ff, and Df, provide alternative methods to implement SDB

85UB017 SUOWILLOD 3A1T81D) 3|qeot|dde auy Aq peussnob afe Sajole YO ‘85N JO SaINI 10§ A%eiqi8UIIUQ /8|1 UO (SUONIPUCD-PUR-SULLIBY WO A8 | 1M A1 1pUI|UO//:STIY) SUORIPUOD pue SWe 1 8y} 89S *[920z/70/ET] Uo ARiqiTauliuo ABim * AISBAILN Linowswnog - uoled eIk Aq 980£60d3/ETTT 0T/I0p/W00 A8 | Ake.d i jpul|uo-dosAud)/sdny wioiy pepeojumod ‘0 ‘XGyv69rT



FELTONET AL.

WILEY -2

as an intervention to reduce BP. Indeed, 6Ff, and Df, may prove
superior to RESPeRATE, since the reduced breathing frequency
(~6 breaths min~1) is experienced for a longer duration (Figure 3),
as the conditions either reduce breathing frequency faster (dynamic
algorithm) or maintain the same reduced frequency throughout
(6 breaths min~1); RESPeRATE produced an average frequency
of 8.1 breaths min~! during the first 5 min compared with
6.4 breaths min~! in the last 5 min, whilst the dynamic algorithm
produced a frequency of 5.8 breaths min~! (first 5 min) and
5.5 breaths min~! (last 5 min), respectively. Additionally, there
were significantly higher BP oscillations during the final 5 min of
RESPeRATE than the first 5 min, showing the potential for different
acute cardiovascular responses at higher SDB frequencies. Further
research is required to determine whether the haemodynamic
responses at ~8 breaths min—! and ~6 breaths min—! differ, and
whether any acute differences reflect superiority/inferiority in the
anti-hypertensive effect of SDB.

A final practical consideration is whether the increased ‘exposure
time’ to the SDB frequencies delivered by the 6Ff, and Df, conditions
could shorten the length of the daily SDB intervention, compared with
the recommended duration of RESPeRATE use. It is reasonable to
suggest that if the stimulus (SDB at ~6 breaths min~1) is attained more
quickly than is the case when using the RESPeRATE device, then the
overall duration of the SDB session could be reduced (e.g. reducing or
10 min to 5 min). Further research examining the long-term benefits to
BP of these alternative approaches to delivering SDB is needed to test

this theory.

4.4 | Potential restoration of autonomic imbalance
by slow and deep breathing

When considering the mechanisms by which SDB may reduce chronic
blood pressure, comparison with baroreflex activation therapy is
pertinent. During SDB, baroreflex sensitivity has been observed to
increase acutely (Lewis et al., 2018). It has been suggested that SDB
stimulates the vagus nerve via its action on the baroreflex, which may
result in chronic functional changes leading to a reduction of blood
pressure (Laborde, Allen, Borges, Dosseville et al., 2022).

The present study has revealed an increase in the amplitude of
fluctuations in BP during SDB, which may provide a similar mechanistic
pathway to reduce BP as baroreflex activation therapy, by increasing
activation of the baroreceptors due to the increased number and
amplitude of BP changes. However, as baroreflex sensitivity was not
measured in this study we cannot categorically conclude that the BP

oscillations do produce an increase in baroreflex sensitivity.

45 | Limitations

The equipment utilised to monitor haemodynamic changes was non-
invasive; consequently, all cardiovascular variables are estimates of the
true responses. However, the Modelflow method used by the Finapres
to estimate SV produces measurements that show excellent agreement

with SV measured by Doppler ultrasound (Van Lieshout et al., 2003)
and when blood is withdrawn by phlebotomy (Leonetti et al., 2004).
Additionally, BP measures from the Finapres correlate highly with
auscultatory BP measurements in normotensive participants (Carlson
et al,, 2019). Nonetheless, an acknowledgement of the use of indirect
measurement is required, especially in the context of the accuracy of
measurements during SDB.

4.6 | Conclusion

In conclusion, all three SDB conditions elicited similar cardiovascular
responses to each other, when compared with spontaneous breathing.
Thus, it is reasonable to suggest that both an RSA-driven dynamic
algorithm (Df,) and a fixed frequency of 6 breaths min~1 (6Ff,)
may have similar anti-hypertensive effects to the RESPeRATE device.
Future research addressing the acute effects of SDB should explore
a range of breathing frequencies to examine if BP oscillations can be
maximised at breathing frequencies <6 breaths min~! and whether
SDB at higher frequencies of 8 breaths min~1 (replicating the first 5 min
of RESPeRATE) produces the same acute cardiovascular responses
as found in the present study. All future studies should note the
importance of looking beyond average responses to examine inter-
and intra-breath phase cardiovascular oscillations, especially for BP,
to reveal the full extent of the cardiovascular responses to SDB.
In this respect, analysis of breath phase-independent peak-valley
fluctuations of cardiovascular variables seems most appropriate and

pragmatic.

AUTHOR CONTRIBUTIONS

The experiments were performed at Bournemouth University and
author contributions are as follows. Conception or design of the work
(Malika Felton); acquisition, analysis or interpretation of data for the
work (Malika Felton, Vikram Mohan, Vanora A. Hundley); drafting the
work or revising it critically for important intellectual content (Malika
Felton, Vikram Mohan, Vanora A. Hundley). All authors have read
and approved the final version of this manuscript and agree to be
accountable for all aspects of the work in ensuring that questions
related to the accuracy or integrity of any part of the work are
appropriately investigated and resolved. All persons designated as
authors qualify for authorship, and all those who qualify for authorship

are listed.

ACKNOWLEDGEMENTS
The authors would like to acknowledge Dr Pedro Vargas for his role in

collecting a portion of the data used in this study.

CONFLICT OF INTEREST

The authors have declared that no conflict of interest exist.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are openly available in
BORDAaR at https://doi.org/10.18746/bmth.data.00000513.

85UB017 SUOWILLOD 3A1T81D) 3|qeot|dde auy Aq peussnob afe Sajole YO ‘85N JO SaINI 10§ A%eiqi8UIIUQ /8|1 UO (SUONIPUCD-PUR-SULLIBY WO A8 | 1M A1 1pUI|UO//:STIY) SUORIPUOD pue SWe 1 8y} 89S *[920z/70/ET] Uo ARiqiTauliuo ABim * AISBAILN Linowswnog - uoled eIk Aq 980£60d3/ETTT 0T/I0p/W00 A8 | Ake.d i jpul|uo-dosAud)/sdny wioiy pepeojumod ‘0 ‘XGyv69rT


https://doi.org/10.18746/bmth.data.00000513

FELTONET AL.

2 | WILEY

ORCID
Malika Felton "= https://orcid.org/0000-0003-4675-6076
REFERENCES

Ali, M. K,, Liu, L., Hussain, A., Zheng, D., Alam, M., Chen, J. H., & Huizinga, J.
D. (2023). Root mean square of successive differences (RMSSD) is not a
valid measure of parasympathetic reactivity during slow deep breathing.
American Journal of Physiology. Regulatory, Integrative and Comparative
Physiology, 324, R446-R456.

Brook, R. D., Appel, L. J., Rubenfire, M., Ogedegbe, G., Bisognano, J. D.,
Elliott, W. J,, Fuchs, F. D., Hughes, J. W,, Lackland, D. T., Staffileno, B.
A., Townsend, R. R., & Rajagopalan, S. (2013). Beyond medications and
diet: Alternative approaches to lowering blood pressure: A scientific
statement from the American Heart Association [Review]. Hypertension,
61(6), 1360-1383.

Calcaterra, V., Vandoni, M., Correale, L., Larizza, D., DeBarbieri, G., Albertini,
R, Tinelli, C., Arpesella, M., & Bernardi, L. (2014). Deep breathing acutely
improves arterial dysfunction in obese children: Evidence of functional
impairment? Nutrition, Metabolism and Cardiovascular Diseases, 24(12),
1301-1309.

Calcaterra, V., Vandoni, M., Debarbieri, G., Larizza, D., Albertini, R,
Arpesella, M., & Bernardi, L. (2013). Deep breathing improves blunted
baroreflex sensitivity in obese children and adolescents with insulin
resistance. International Journal of Cardiology, 168(2), 1614-1615.

Carlson, D. J., Dieberg, G., McFarlane, J. R.,, & Smart, N. A. (2019). Blood
pressure measurements in research: Suitability of auscultatory, beat-
to-beat, and ambulatory blood pressure measurements. Blood Pressure
Monitoring, 24(1), 18.

Castiglioni, P, & Parati, G. (2011). Present trends and future directions in
the analysis of cardiovascular variability. Journal of Hypertension, 29(7),
1285-1288.

Cernes, R., & Zimlichman, R. (2017). Role of paced breathing for treatment
of hypertension. Current Hypertension Reports, 19(6), 45.

Chaddha, A., Modaff, D., Hooper-Lane, C., & Feldstein, D. A. (2019).
Device and non-device-guided slow breathing to reduce blood pressure:
A systematic review and meta-analysis. Complementary Therapies in
Medicine, 45, 179-184.

Chang, Q, Liu, R, & Shen, Z. (2013). Effects of slow breathing rate on blood
pressure and heart rate variabilities [Letter Research Support, Non-U.S.
GovV't]. International Journal of Cardiology, 169(1), e6-8.

Cullins, S. W,, Gevirtz, R. N., Poeltler, D. M., Cousins, L. M., Harpin, R. E., &
Muench, F. (2013). An exploratory analysis of the utility of adding cardio-
respiratory biofeedback in the standard care of pregnancy-induced
hypertension. Applied Psychophysiology and Biofeedback, 38(3), 161-170.

Elstad, M., Toska, K., Chon, K. H., Raeder, E. A., & Cohen, R. J. (2001).
Respiratory sinus arrhythmia: Opposite effects on systolic and mean
arterial pressure in supine humans. Journal of Physiology, 536(1), 251~
259.

Gavish, B. (2010). Device-guided breathing in the home setting: Technology,
performance and clinical outcomes. Biological Psychology, 84(1), 150-
156.

Gerritsen, R. J.S.,&Band, G. P.H.(2018). Breath of life: The respiratory vagal
stimulation model of contemplative activity. Frontiers in Human Neuro-
science, 12, Article 397. https://www.frontiersin.org/article/10.3389/
fnhum.2018.00397

Joseph, C. N, Porta, C., Casucci, G., Casiraghi, N., Maffeis, M., Rossi,
M., & Bernardi, L. (2005). Slow breathing improves arterial baroreflex
sensitivity and decreases blood pressure in essential hypertension
[Research Support, Non-U.S. Gov't]. Hypertension, 46(4), 714-718.

Laborde, S., Allen, M. S., Borges, U., Dosseville, F., Hosang, T. J., Iskra, M.,
Mosley, E., Salvotti, C., Spolverato, L., & Zammit, N. (2022). Effects of
voluntary slow breathing on heart rate and heart rate variability: A
systematic review and a meta-analysis. Neuroscience and Biobehavioral
Reviews, 138, 104711.

Laborde, S., Allen, M. S., Borges, U., Iskra, M., Zammit, N., You, M., Hosang, T.,
Mosley, E., & Dosseville, F. (2022). Psychophysiological effects of slow-
paced breathing at six cycles per minute with or without heart rate
variability biofeedback. Psychophysiology, 59(1), e13952.

Landman, G. W.,, Drion, |, van Hateren, K. J., van Dijk, P. R., Logtenberg, S.
J., Lambert, J., Groenier, K. H., Bilo, H. J., & Kleefstra, N. (2013). Device-
guided breathing as treatment for hypertension in type 2 diabetes
mellitus: A randomized, double-blind, sham-controlled trial. JAMA Inter-
nal Medicine, 173(14), 1346-1350.

Leonetti, P, Audat, F,, Girard, A., Laude, D., Lefrere, F., & Elghozi, J.-L.
(2004). Stroke volume monitored by modeling flow from finger arterial
pressure waves mirrors blood volume withdrawn by phlebotomy. Clinical
Autonomic Research, 14(3), 176-181.

Lewis, R., Seo, Y., Hackfort, B. T., Pozehl, B., & Schultz, H. D. (2018).
Eight weeks of slow deep breathing training alters cardiorespiratory
function and improves functional exercise capacity in chronic heart
failure patients. Federation of American Societies for Experimental Biology
Journal, 32, (1_supplement), 903-916.

Nuckowska, M. K., Gruszecki, M., Kot, J., Wolf, J., Guminski, W.,
Frydrychowski, A. F., Wtorek, J., Narkiewicz, K., & Winklewski, P. J.
(2019). Impact of slow breathing on the blood pressure and sub-
arachnoid space width oscillations in humans. Nature Scientific Reports,
9(1), 6232.

Parati, G., 1zzo, J. L., & Gavish, B. (2008). Respiration and blood pressure.
In J. L. 1zzo, D. A. Sica, & H. R. Black (Eds.), Hypertension primer: The
essentials of high blood pressure. basic science, population science and
clinical management (4th ed., pp. 136-138). Lippincott Williams &
Wilkins. https://books.google.co.uk/books?id=Sw9-Am4RvCMC-
printsec=frontcover#v=onepage&q&f=false

Russo, M. A,, Santarelli, D. M., & O'Rourke, D. (2017). The physiological
effects of slow breathing in the healthy human. Breathe, 13(4), 298-309.

Sevoz-Couche, C., & Laborde, S. (2022). Heart rate variability and slow-
paced breathing:When coherence meets resonance. Neuroscience and
Biobehavioral Reviews, 135, 104576.

Van Lieshout, J. J,, Toska, K., van Lieshout, E. J., Eriksen, M., Wallge, L., &
Wesseling, K. H. (2003). Beat-to-beat noninvasive stroke volume from
arterial pressure and doppler ultrasound. European Journal of Applied
Physiology, 90, 131-137.

Viskoper, R., Shapira, I., Priluck, R., Mindlin, R., Chornia, L., Laszt, A,
Dicker, D., Gavish, B., & Alter, A. (2003). Nonpharmacologic treatment
of resistant hypertensives by device-guided slow breathing exercises.
American Journal of Hypertension, 16(6), 484-487.

Wesseling, K. H., Jansen, J. R, Settels, J. J., & Schreuder, J. J. (1993).
Computation of aortic flow from pressure in humans using a non-
linear, three-element model. Journal of Applied Physiology, 74(5), 2566~
2573.

How to cite this article: Felton, M., Mohan, V., & Hundley, V. A.
(2026). Acute cardiovascular responses to slow and deep
breathing in normotensive men and women. Experimental
Physiology, 01-24. https://doi.org/10.1113/EP093086

The following results (Tables A1-A10) present the sex-disaggregated
data for mean values and peak-valley differences for all variables.

The following results (Tables B1-B5) present the mean, mean
inspiration and mean expiration data for all variables. Correlation
coefficients for blood pressure variables are also presented in full for

all breathing conditions.
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TABLE A1 Participant characteristics.

Age (years)

Stature (m)

Mass (kg)

BMI (kg/m?)

Baseline SBP (mmHg)
Baseline DBP (mmHg)
Baseline f; (breaths min—1)

Baseline tidal volume (L)

Female
(n=6)
420+10.1
1.66 +0.06
71.5+10.9
262+55
1183+ 114
722+114
125+28
05+0.2

Male
(n=5)
404 +15.9
1.76 +0.04
754+93
244+23
118.0+8.46
69.8+7.0
12.0+2.8
0.6+0.1

WILEY -2

P-value

0.844
0.013*
0.546
0.500
0.958
0.696
0.750
0.472

Data represent means + SD (n = 11; female = 6, male = 5). *Significant difference between groups. Abbreviations: BMI, body mass index; DBP, diastolic blood
pressure; f., breathing frequency; SBP, systolic blood pressure.
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FELTONET AL.

TABLE B1 Mean valuesfor blood pressure variables (mmHg).

SBP (mmHg)
SBP; (mmHg)
SBP. (mmHg)
SBP, (mmHg)
DBP (mmHg)
DBP; (mmHg)
DBP, (mmHg)
DBP, (mmHg)

Sf;
120.0+12.8
117.7+12.8
122.3+128
-4.6+23
71.4+88
708 +88
72.1+89
-12+12

Rf,
117.2+11.2
114.7 + 11.6
119.7 £ 115
-50+5.6
68.9+7.7
68.3+8.6
695+7.2
-12+34

6Ff,

1171+ 121
1140+ 121
120.1+12.8
-6.1+6.0
70.7+9.3
69.8+9.9
717 +9.0
-1.9+30

Df,
1155+9.9
1120+ 110
119.1+9.4
-70+47
69.9+9.1
68.6+9.5
712+89
=254 215

WILEY -2

Effect of condition
P-value

0.358
0.157
0.659
0.158
0.412
0.326
0.482
0.288

Data represent means + SD (n = 11). Abbreviations: 6Ff,, 6 breaths min—1; DBP, diastolic blood pressure; Df,, optimization algorithm dynamic breathing
frequency; e, mean expiration; i, mean inspiration; Rf,, RESPeRATE; SBP, systolic blood pressure; Sf,, spontaneous breathing; A, inter-breath phase difference

(i minus e; mmHg).

TABLE B2 Correlation coefficients between SBP,; and SBP, SBP 5. and SBP and the DBP equivalents.

Correlation
SBP/SBP,;
SBP/SBP .
DBP/DBP,;
DBP/DBP,

Sf,

0.97
0.97
0.98
0.99

Rf,

0.83
0.87
0.68
0.78

6Ff,
0.87
0.89
0.55
0.81

Df,

0.95
0.88
0.79
0.83

Data represent Pearson’s product moment correlation coefficient (n = 11). Abbreviations: 6Ff,, 6 breaths min~1; DBP, diastolic blood pressure (mmHg);
Df,, optimization algorithm dynamic breathing frequency; Rf,, RESPeRATE; SBP, systolic blood pressure (mmHg); Sf,, spontaneous breathing; Ae,
within-expiration difference; Ai, within-inspiration difference.

TABLE B3 Meanvalues for heart rate (f.).

f. (beats min—1)
fei (beats min~1)
fee (beats min=1)

fea (beats min=1)

Sf,

58.6 + 8.5
58.4 + 8.25d
58.8+9.0
—-0.5 + 2.6

Rf,
60.0+85
62.9 +8.8%
58.3+85
4.6 +3.2%

6Ff,

624 +9.0%
64.4+9.32
60.5+9.5
3.8+52

Df,
62.3+9.4%
64.7 +9.22
598+98
4.9 +33°

Effect of condition
P-value

<0.001
<0.001
0.125
0.005

Data represent means + SD (n = 11). Significantly different from 2Sf,. ber. C6f,. der. P < 0.05. Abbreviations: 6Ff,, 6 breaths min~1; A, inter-breath phase
difference (i minus €); Df,, optimization algorithm dynamic breathing frequency; e, mean expiration; f., heart rate; i, mean inspiration; Rf,, RESPeRATE; Sf,,

spontaneous breathing.
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FELTONET AL.

TABLE B4 Mean values for stroke volume (SV) and cardiac output (Q).

SV (mL)

SV, (mL)

SV, (mL)

SV, (mL)
Q(mLmin-1)
Q; (mL min—1)
Q. (mLmin~1)

Q, (mLmin~1)

Sf,
79.6+13.8
77.1+14.0
82.0+13.6
-48+23
4662 + 1074
4503 + 1050
4824 + 1116
—321 + 265

Rf;
76.7+14.8
744 +14.4
79.0+154
-4.6+30
4642 + 1107
4690 + 1172
4589 + 1058
100 + 3032

6Ff,
76.6+13.3
73.9+12.4
79.3+14.6
—54+5.0
4748 + 982
4752 + 1054
4747 + 995
5+441

Df,

748 +12.9
722+12.8
77.4+133
-53+34
4633 + 1021
4656 + 1015
4612 +1042
44 + 2417

Effect of condition
P-value

0.027
0.013
0.070
0.668
0.454
0.122
0.078
0.001

Data represent means + SD (n = 11) Significantly different from 2Sf.. ber. C6f,. der. P < 0.05. Abbreviations: 6Ff,, 6 breaths min~1; A, inter-breath phase
difference (i minus e); Df,, optimization algorithm dynamic breathing frequency; e, mean expiration; i, mean inspiration; Q’, cardiac output; Rf,, RESPeRATE;

Sf,, spontaneous breathing; SV, stroke volume.

TABLE B5 Mean values for total peripheral resistance (TPR) and pulse transit time (PTT).

TPR (mmHg min L~1)

TPR; (mmHg min L-1)
TPR, (mmHg minL-1)
TPR, (mmHg min L~1)
PTT (ms)

PTT; (ms)

PTT, (ms)

PTT, (ms)

Sf,
19.3+4.2
19.8+4.7
18.9+3.9
0.9 + 1.4bd
193 +28
196 + 30
191+ 27
5.7+30

Rf,
19.0+4.7
185+ 4.6
19.5+4.9
-0.9+1.2°
196 + 26
199 + 26
194 + 26
50+26

6Ff,
18.5+3.0
18.1+3.0
18.8+3.2
-0.7+15
196 +29
198 + 27
192+ 25
62+6.9

Df,
18.9+4.1
184+ 3.9
19.5+44
-1.1+1.3°
195+ 26
198 + 27
192+ 30
60+54

Effect of condition
P-value

0.612
0.098
0.554
<0.001
0.445
0.499
0.646
0.827

Data represent means + SD (n = 11). Significantly different from 2Sf,. ber. C6f,. der. P < 0.05. Abbreviations: 6Ff,, 6 breaths min~1; A, inter-breath
phase difference (i minus e); Df,, optimization algorithm dynamic breathing frequency; e, mean expiration; i, mean inspiration; PTT, pulse transit time; Rf,,

RESPeRATE; Sf,, spontaneous breathing; TPR, total peripheral resistance.
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