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Abstract: Slow deep breathing (SDB) is commonly employed in the management of pain, but the

underlying mechanisms remain equivocal. This study sought to investigate effects of instructed

breathing patterns on experimental heat pain and to explore possible mechanisms of action. In a

within-subject experimental design, healthy volunteers (n = 48) performed 4 breathing patterns: 1)

unpaced breathing, 2) paced breathing (PB) at the participant’s spontaneous breathing frequency, 3)

SDB at 6 breaths per minute with a high inspiration/expiration ratio (SDB-H), and 4) SDB at 6 breaths

per minute with a low inspiration/expiration ratio (SDB-L). During presentation of each breathing

pattern, participants received painful heat stimuli of 3 different temperatures and rated each stimulus

on pain intensity. Respiration, heart rate, and blood pressure were recorded. Compared to unpaced

breathing, participants reported less intense pain during each of the 3 instructed breathing patterns.

Among the instructed breathing patterns, pain did not differ between PB and SDB-H, and SDB-L

attenuated pain more than the PB and SDB-H patterns. The latter effect was paralleled by greater

blood pressure variability and baroreflex effectiveness index during SDB-L. Cardiovascular changes

did not mediate the observed effects of breathing patterns on pain.

Perspectives: SDB is more efficacious to attenuate pain when breathing is paced at a slow

rhythm with an expiration that is long relative to inspiration, but the underlying mechanisms

remain to be elucidated.

Crown Copyright © 2020 Published by Elsevier Inc. on behalf of the American Pain Society

Keywords: Slow deep breathing, paced breathing, pain, baroreflex, blood pressure, cardiac vagal

tone.
S
low deep breathing (SDB) is a common comple-
mentary treatment strategy to manage pain.2

Despite its wide use and some promising findings,
evidence for its efficacy remains equivocal. Also the
exact working mechanisms remain unestablished.28
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including an augmentation of cardiac vagal activity and
the baroreflex.3,27,38,64

The peripheral branch of the baroreflex supports
blood pressure homeostasis by a bidirectional negative
feedback loop that adjusts heart rate and peripheral vas-
cular resistance in response to blood pressure fluctua-
tions. When systolic blood pressure (SBP) increases and
baroreceptors are more strongly stimulated, cardiac
vagal activity increases and sympathetic vascular tone
decreases, causing a decrease in heart rate, cardiac out-
put, and peripheral vascular resistance, lowering blood
pressure again. Cardiac vagal activity can be noninva-
sively measured by heart rate variability (HRV) at respira-
tory rhythms, or, respiratory sinus arrhythmia (RSA).5 RSA
refers to oscillations in heart rate along the respiratory
cycle. Due to vagal outflow facilitation to the heart dur-
ing expiration and vagal inhibition during inspiration,
heart rate decreases during expiration and increases dur-
ing inspiration. The exact origins of RSA and their relative
importance at various breathing frequencies are an
ongoing matter of debate. Both central and peripheral
mechanisms have been put forward.5,20,33 Regarding the
latter, the baroreflex is a major candidate mechanism of
RSA. Deeper breathing during SDB causes greater fluctu-
ations in intrathoracic pressure, cardiac filling, and blood
pressure along the respiratory cycle, which results in
greater RSA.25,26,42,48,56 The magnitude of RSA and vagal
activity is further increased when breathing at one’s par-
ticular “resonance frequency,” which on average lies
around.1 Hz, and at which resonance properties of the
baroreflex system may further enhance RSA and cardiac
vagal activity.61,62 Finally, cardiac vagal activity was
found to be higher when breathing with lower com-
pared to higher inspiration/expiration ratios (eg, 3s/7s vs
7s/3s,60 or 2s/8s vs 8s/2s9), that is, when expiration is long
relative to inspiration.52

Both baroreceptor stimulation and vagal activity relate
to pain outcomes. Pharmacological vagal blockade
attenuates the prophylactic effect of SDB in the develop-
ment of experimentally induced central sensitization,6

and some clinical and experimental studies have reported
analgesic effects of vagus nerve stimulation.8,11,23,58

Therefore, increased vagal activity has been suggested to
underlie pain reduction during SDB. What remains
unclear, however, is the extent to which pain reducing
effects of SDB may closely relate also to baroreceptor
stimulation and its potential central sequelae. Barorecep-
tor stimulation is known to affect emotional regulation
and to inhibit pain processing via the central branch of
the baroreflex.14,19,21,32,47,67 Although not much is known
about this central pathway, it is conceivable that stronger
baroreceptor stimulation during instructed SDB may
form a cheap-and-easy way to “behaviorally” stimulate
the afferent vagus and reduce pain. However, parame-
ters of baroreceptor stimulation and baroreflex function-
ing have not been well studied in experiments exploring
the effects of SDB on pain.
In sum, further research is required to document the

potential contribution of various mechanisms and to
optimize SDB techniques such that they may reach their
full potential in the management of pain. Therefore,
the present study sought to investigate 1) the extent to
which complying with an(y) instructed breathing task
reduces pain; 2) whether instructed SDB at.1 Hz produ-
ces a greater pain reduction than instructed breathing
at an individual’s normal breathing frequency; 3)
whether the inspiration/expiration ratio during SDB
influences pain; and 4) how different SDB patterns influ-
ence cardiac vagal activity indices, SBP, and parameters
of baroreflex function.
Methods

Sample Size Calculation
A previous study, using a within-subject design that

investigated the hypoalgesic effect of SDB (6 breaths
per minute) on tolerance of heat pain found a small
effect size (Cohen’s d = .37).12 To observe a similar effect
size with a power of .80 and alpha set at .05 in a 1-tailed
test, a sample size calculation with G*Power 3.122

yielded an estimated required sample size of 46.
Participants
Participants (N = 52) were recruited through the Experi-

ment Management System (SONA Systems) of the Faculty
of Psychology and Educational Sciences at the University
of Leuven, by advertisements on social media, and flyers
on boards and a domestic window in the city of Leuven.
Only healthy individuals (both genders) between 18 and
30 years old could participate. The exclusion criteria
were: self-reported cardiovascular, respiratory, or neuro-
logical disorders, current acute pain, pacemaker or any
other electronic medical implant, hearing or visual
impairment, psychiatric disorders or recent psychological
trauma, regular medication intake (except contracep-
tives), and pregnancy. In addition, participants were
asked to avoid alcohol consumption for at least 24 hours,
and coffee for at least 6 hours before taking part in the
study. Each participant received €15 and a candy bar for
her/his time and commitment. All participants read and
signed the informed consent form. The experiment
received approval by the Medical Ethics Committee of
the University of Leuven (reference number: ML10824)
and conducted according to the guidelines laid down in
the Declaration of Helsinki.
Instruments and Measurements

Respiration

Respiratory movements were measured using a stan-
dard, well-accepted setup to measure respiration in psy-
chophysiological research.10,51,59 A rubber bellows
attached to an aneroid pressure transducer and resistive
bridge coupler (LabLinc V models V94-19, V94-05, and
V72-25B, respectively, Coulbourn Instruments, Allen-
town, PA). The bellows was secured with the attached
chain around the subject’s upper abdomen adjacent to
the lower thoracic ribs’ region. Chest movements result
in pressure changes inside the bellows, which are then
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converted by the transducer. The output signal of the
strain gauge coupler (DC coupling) was recorded at 100
samples per second.
Blood Pressure

Blood pressure was continuously and noninvasively
measured at the middle phalanx of the middle finger of
the left hand using the Portapres Model-2 device with 5
milliseconds temporal resolution (Finapres Medical Sys-
tem, Amsterdam, The Netherlands). The Portapres sys-
tem offers a valid and reliable method to measure beat-
to-beat arterial blood pressure.24 The servo-reset mode
(PhysioCal) was active during measurement, permitting
automatic self-calibration. The raw blood pressure
waveform signal output was recorded at a sampling
rate of 400 samples per second.
Electrocardiography

The ECG was measured conform recommendations
and guidelines in the field.4,31 ECG electrodes (Kendall
H66LG, round shape, 55 mm) were placed at the right
and left mid-clavicle and lower left rib cage (lead II con-
figuration). The signal was recorded at 1,000 Hz after
analog amplification and filtering (gain: 1k, band-pass:
1−150 Hz, LabLinc V model V75-04, Coulbourn Instru-
ments, Allentown, PA). The respiration, ECG, and blood
pressure waveform data were stored simultaneously by
the computer after digital conversion at the specified
sampling rates using a National Instruments data acqui-
sition system (16-bit PCI-6221 card with NI BNC-2111
connector block, National Instruments, Austin, TX) and
AFFECT version 4.0 software.50
Pain Ratings

Using the AFFECT software, a computerized 100-point
numerical rating scale,39 ranging from 0 (no pain) to
100 (worst possible pain) was displayed on the screen
promptly following each pain stimulus. Subjects were
asked to indicate the intensity of pain using the mouse.
Thermal Stimulation

A thermal stimulator (PATHWAY model ATS, Medoc
Ltd, Rimat Yishai, Israel) generated heat pain. The
device has built-in safety limits (min. 0°C, max. 51°C).
The thermal stimulator probe (3 cm£ 3 cm) was
attached to the wrist area of the left hand. The baseline
temperature was set at 32°C. During the actual experi-
ment, noxious stimulations lasted 5 seconds. Three dif-
ferent temperatures were applied, corresponding to
temperatures of 1°C, 2°C, and 3°C above the partici-
pant’s pain threshold as determined in a calibration pro-
cedure (see procedure section). The rationale to use
different temperatures was that the experience of obvi-
ous variations in painfulness would continue motivate
participants to carefully evaluate and rate slight varia-
tions in painfulness of each stimulus. In addition, using
3 temperatures allows exploring whether or not a
potential pain-reducing effect of SDB is constant across
different levels of nociceptive input. The lowest and
highest temperatures used to induce painful sensations
were based on the individual’s individual pain threshold
level (see procedure), but could not be lower than 32°C
or higher than 50°C. The interstimulus interval was
between 35 and 45 seconds at random. Throughout the
study, a hand-held safety control allowed participants
to halt stimulation at any time.
Study Procedure

Preparation and Baseline Measurement

The experiment took place in the Health Psychology
Lab of the University of Leuven (KU Leuven, Belgium).
All participants were tested between 9 AM and 8 PM. The
general procedure of the experiment was explained to
the participants without hints about the specific aims
and hypotheses of the study. During the whole study,
participants were seated on a chair with back and arm
supports in a quiet temperature-controlled room and
the researcher could observe the participant from an
adjacent control room using a continuous live video
feed. After a rest period of 5 minutes, a 7-minute baseline
measurement of the breathing pattern was acquired. The
experimenter selected 10 respiratory prototypical cycles
from this recording to manually determine the partici-
pant’s spontaneous breathing frequency and inspiration:
expiration ratio. This allowed implementation of individ-
ualized respiratory parameters later on in one of the
instructed respiratory conditions (ie, PB; the paced
breathing). Occasional sighs, very shallow breaths, and
obvious artifacts (visual inspection) were not considered
for the selection of prototypical respiratory cycles.
Pain threshold measurement

A thermal probe with a baseline temperature of 32°C
was attached to the palmar side of the left wrist. Seven
identical trials were delivered, each consisting of a series
of heat stimuli in which temperature was increased at a
rate of 1°C/s, up to a maximum of 50°C. Participants
were instructed to focus and report (by pressing a
mouse button) at which point the sensation of warmth
changed into pain. After having reached the pain
threshold, the temperature was rapidly decreased at a
rate of 8°C/s to the baseline temperature of 32°C. The
intertrial intervals lasted 30 seconds. The average of the
last 5 trials (maximal temperature when participants
clicked) was taken as the pain threshold.
Breathing patterns

Four different respiratory patterns were used, giving
rise to 4 experimental conditions: 1) Unpaced breathing
(UB), spontaneous breathing without any instructions,
2) PB, during which breathing was individually set at
the natural frequency, with the inspiration/expiration
ratio of each participant derived from the baseline mea-
surement, 3) SDB at 6 breaths per minute with a high
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inspiration/expiration ratio (inspiration 6,000 millisec-
onds; postinspiration pause 500 milliseconds; expiration
2,000 milliseconds; postexpiration pause 1,500 millisec-
onds; SDB-H), and 4) SDB at 6 breaths per minute with a
low inspiration/expiration ratio (inspiration 2,000 milli-
seconds; postinspiration pause 500 milliseconds; expira-
tion 6,000 milliseconds; postexpiration pause 1,500
milliseconds; SDB-L). In the 3 PB conditions, a bar graph
displayed at the screen in front of the participants
moved vertically at the desired rhythm in order to cue
the targeted breathing pattern. Following the baseline
measurement, participants practiced the 3 PB patterns
(condition 2, 3, and 4) each for 1 minute under supervi-
sion of the experimenter. This training phase contained
no noxious stimuli.
Experimental Procedure
Participants performed each of the 4 breathing pat-

terns for 8 minutes in counterbalanced order. During
each breathing condition, 12 thermal stimuli were
applied. Each intensity (1°C, 2°C, and 3°C above the pain
threshold) was applied 4 times per condition in a ran-
dom order. The stimulus duration was 5 seconds, and
the interstimulus interval varied randomly between 35
and 45 seconds. After each thermal stimulus, the pain
scale appeared on the computer screen (for a maximum
of 10 seconds) and participants rated the intensity of
the pain induced by the stimulus. There was a 2-minute
break between the breathing conditions. The experi-
menter was not present in the participant room during
the experiment. At the end of the experiment, partici-
pants were debriefed shortly regarding the aim of the
study.
Data Reduction and Analysis

Respiration

Using MATLAB software (R2016b, Mathworks, Inc,
Natick, MA), the recorded respiration signal was passed
through a low pass digital filter with a cutoff frequency
of 1 Hz. Breathing rate (per minute) was extracted for
each breathing condition using the peak detection
algorithm. All detected respiratory cycles were visually
inspected and corrected.
Heart Rate Variability

The ECG signal was processed with Kubios software
version 2.253. The R-wave peak times as well as normal
to normal interbeat intervals (IBIs) were extracted after
visual inspection and correction of the detected heart-
beats. In case of a missing IBI due to extreme noise or
ectopic heartbeats, the Kubios’ artifact correction func-
tion, which is based on cubic spline interpolation, was
applied to replace the missing IBI. HRV analysis was per-
formed with Kubios software to provide insights into
the modulation of cardiac vagal activity.36 Since the fre-
quency-domain indices of HRV are very influenced by
breathing frequency, we chose 2 indices in the time-
domain; the average of the IBIs and the root mean
square of successive differences in IBI (RMSSD).36 The
latter parameter has been shown to be a good measure
of vagally mediated HRV.54 Recordings of a breathing
condition containing more than 5% artifacts were not
used to calculate RMSSD44; this was only the case for 2
out of 192 recordings (48 subjects£ 4 conditions).
Systolic Blood Pressure

The finger blood pressure signal was filtered digitally
(low pass at 30 Hz), after which beat-to-beat SBP was
extracted using a peak detection algorithm in MATLAB.
The extracted heartbeat times from the ECG signal (R-
peak times) were implemented in the SBP detection algo-
rithm to ensure that each heart beat would have a corre-
sponding SBP. Detected SBP values were aligned with the
blood pressure waveform signal for visual inspection and
correction. In case of artifacts or self-calibration resulting
in missing (incorrect) SBP values, the missed values were
replaced by linear interpolation. The final SBP values
were paralleled with the corresponding heartbeat times
and IBIs for baroreflex function analysis.
Baroreflex Sensitivity

Baroreflex sensitivity (BRS) is defined as the reflex
changes in IBIs in response to changes in blood pressure
and can be calculated using various methods. The
sequence method is used in the present research.43 A cus-
tom-made MATLAB algorithm for Baroreflex function
analysis scanned the beat to beat SBP and IBI time series
to find sequences during which changes in SBP were par-
alleled with changes in IBI. The following criteria were
considered when identifying such sequences: a minimum
change in successive SBPs of at least 1 mm Hg; a minimum
change in successive IBIs of at least 5 milliseconds; a
sequence length of at least 3 heartbeats; and a correla-
tion between changes in SBPs and IBIs of.8 or higher. The
lag (delay) between SBP and IBI time series was consid-
ered 0; SBPn was paired with IBIn+1 (D R-peakn+1 time - R-
peakn time). The slope of the regression line between
SBPs and IBIs in a sequence was taken as the baroreflex
gain for that sequence (unit ms/mm Hg).43

As only a subset of the SBP ramps is normally paralleled
by changes in the IBIs, the baroreflex effectiveness index
(BEI) was calculated as the relative number of “effective
sequences” (ramps of SBPs accompanied by lengthening
of IBIs) divided by the total number of the SBP ramps.15

This additional index allows better exploration of the
modulation of baroreflex function in psychophysiological
studies.45,46,65 For both of the baroreflex indices, only the
up-sequences (rise in SBPs accompanied by lengthening
of the IBIs) were considered in this study since such
sequences represent stimulation (loading) of the barore-
ceptors over the breathing cycle.

Also, the amplitude of the SBP up-ramps (unit mm Hg),
whether or not associated with changes in the IBIs, was
extracted. This measure is important since SDB creates
profound phasic perturbations in blood pressure leading
to augmented stimulation of the baroreceptors.27,64
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Missing SBP values that were replaced by interpolation
were not included in the baroreflex function analysis to
prevent overestimation of the sequences. The BRS, BEI,
and amplitude of SBP up-ramps were averaged over the
sequences in each breathing condition. The baroreflex
analysis was not done for a breathing condition with
more than 10% missing SBP values, which was the case in
21 out of 192 recordings (48 subjects£ 4 conditions).
Statistical Analyses
Outliers were defined as observations lying outside

the first or third quartiles by 1.5 £ inter quartile range,
considered per breathing condition. No such outliers
were present in the pain ratings. A repeated measures
ANOVA with subsequent contrast analyses was run to
check whether the breathing pattern (4: UB, PB, SDB-H,
and SDB-L) produced different breathing frequencies.
Linear mixed models were used to address our

research questions. For pain ratings, the predictor varia-
bles breathing pattern and temperature of the heat
stimulus (+1°C, +2°C, and +3°C above pain threshold)
were entered in 4 incremental models, which all
included the participants’ ID as a random factor (ran-
dom intercept model). Model-0 was the null model with
no additional predictor variable. In Model-1, tempera-
ture was entered as the first categorical predictor vari-
able. An improved fit of Model-1 over Model-0 would
indicate a significant main effect of stimulus tempera-
ture on pain. Model-2 additionally included the cate-
gorical predictor variable breathing pattern. An
improved fit above Model-1 indicates a significant main
effect of breathing pattern on pain ratings. Model-3
additionally included the interaction between tempera-
ture and breathing pattern as a third predictor. If it
would show an improved fit over Model-2, the interac-
tion term is significant. Model fit was assessed with chi-
squares tests, comparing the incremental models’
Akaike information criterion, Bayesian information cri-
terion, and log-likelihood values from the simplest to
the most complex model. The model with the best fit
indices were selected as the model of choice for this
study. Each research question was investigated directly
by assigning the relevant condition of breathing as ref-
erence point (so-called centering) and estimating the
mean difference (distance) of other conditions to it.
First, we tested the effect of performing an instructed
breathing pattern on pain (instruction-effect). There-
fore, data were centered on the UB condition and we
tested whether pain ratings in the paced and 2 SDB con-
ditions differed from the unpaced condition. The sec-
ond research question was whether SDB produced pain
reduction compared to a more rapid paced pattern
approximating the spontaneous breathing frequency.
To test this, data were centered on the paced condition
and we tested whether the 2 SDB conditions differed
from the paced condition. Finally, to test whether varia-
tions in inspiration/expiration ratio during SDB would
produce different effects on pain ratings, the model
was centered on the SDB-H condition and compared
this condition with the SDB-L condition.
To investigate the effect of breathing pattern on the
cardiovascular parameters (IBI, SBP, RMSSD, BRS, BEI,
and SBP ramp), a linear mixed model was used with
breathing pattern as a categorical predictor variable.
The lme function of NLME package (Pinheiro, Bates,
DebRoy, Sarkar & R Core Team - 2017) in R was used.
Whenever a significant effect of breathing pattern

was found on a cardiovascular outcome variable, we
further explored whether that cardiovascular measure
(IBI, RMSSD, BRS, BEI, and SysBP ramp) mediated the
observed effects of Breathing pattern on pain ratings.
Multilevel mediation analyses were performed using
the Mediation Package for R version 4.4.7 (2019).55 This
package uses simulation (quasi-Bayesian Monte Carlo
method based on normal approximation) to estimate
average causal mediation effects (indirect effect), aver-
age direct effects, and total effects.
Results
Four out of the 52 participants in this study were

excluded due to technical problems. The final data set
consisted of 48 healthy volunteers, 35 (73%) female,
with a mean age of 22.5 § 3 years. Due to technical
problems, ECG data were lost for 1 participant (resulting
in N = 47), SBP data for 3 participants (N = 45), and respi-
ratory data for 1 participant (N = 47).

Manipulation Check of the Breathing
Patterns
Breathing frequency differed significantly between

the breathing conditions, F (136,3) = 154.4, P < .0001.
The mean (and SD) of breathing frequency for the UB,
PB, SDB-H, and SDB-L conditions were 13.4 (3.9), 14.7
(3.9), 6.1 (.16), and 6.1 (.14) breaths per minute respec-
tively. Follow-up comparisons confirmed that breathing
frequencies 1) were lower in the 2 SDB conditions com-
pared to UB and PB conditions (t(136) were all >13.6, P
values were all <.0001), 2) did not significantly differ
between the UB and PB conditions, t(136) = 2.46, P
=.071, and 3) did not differ between SDB-L and SDB-H
conditions, t(136) =.002, P >.999, as expected.
Pain Ratings
The random effect of individuals captured 65% of the

total variance in the null model (SD = 19.6), indicating
considerable interindividual differences in pain ratings.
Table 1, representing the stepwise comparisons of the 4
models, shows that each model generated a significant
improvement in fit above the simpler, preceding model.
Model-3, also including the interaction term, showed the
overall best fit and was therefore selected. As can be
expected, pain ratings increased with increasing temper-
ature of the heat stimulus (main effect of temperature),
see Table 2 for the estimates per temperature. Fig 2 and
Table 3 show the estimates for the predictor variable
breathing pattern for each level of temperature.
Part A (left part) of Table 3 addresses the first research

question of this study and shows that compared to UB,



Table 1. Incremental Models of the Pain Intensity Ratings

MODELS DF AIC BIC LOG-LIKELIHOOD TEST L. RATIO (x2) P VALUE

Model-0 3 19034 19051 �9513.9

Model-1 5 18129 18157 �9059.3 1 VS 0 909.24 <.0001
Model-2 8 18029 18074 �9006.2 2 VS 1 106.11 <.0001
Model-3 14 18026 18106 �8999.0 3 VS 2 14.50 .0245

Abbreviations: AIC, Akaike information criterion; BIC, Bayesian information criterion; df, degree of freedom; L. Ratio, likelihood ratio; Model-0, the model with sub-
ject as random effect, pain rating as response and no predictor, t‘o capture the presence of within-subject correlations in pain ratings; Model-1, adding temperature
to Model-0 as the first predictor improved the model (P < .0001), meaning that pain ratings are different for the 3 different thermal stimulations; Model-2, breathing
pattern added to Model-1 as the second predictor significantly further improved the model (P < .0001), meaning that pain ratings differed for the 4 conditions of
breathing; Model-3, adding the interaction term of the 2 predictors of Model-2 further improved the model (P < .024), indicating that the effect of breathing condi-
tions is not the same for the 3 different temperatures.

Table 2. Mixed Model Estimates of the Main
Effect of Temperature on Pain Rating

TEMPERATURE MODEL 1 P VALUE

COEFFICIENT SE

§1°C 28.6 2.96

+2°C +6.6 1.16 <.0001
+3°C +22.6 1.16 <.0001

Abbreviations: SE, standard error; +1°C, one degree Celsius; +2°C, two degree
Celsius; and +3°C, three degree Celsius above pain threshold of the participant.
The condition on which data were centered is underlined (reference condition).
Coefficients represent the mean pain rating for the underlined condition, and
differences from that mean for the conditions which are not underlined.
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pain ratings were lower during each of the 3 instructed
breathing patterns (PB, SDB-H, and SDB-L). Numbers are
the differences from the mean of the reference condi-
tion (UP). These effects were significant for each of the
3 temperatures (see also Fig 2). The second research
question is addressed in part B (mid part) of Table 3, as
it compares pain ratings during PB with each of the 2
Table 3. Mixed Model Estimates of the Effects of Br

A. FIRSTRESEARCH QUESTION B. SECONDRESEA

COEFFICIENT SE P COEFFICIENT

+1°C
UB 28.6 2.96

PB -3.2 1.16 .005 PB 25.3

SDB-H -3.3 1.16 .004 SDB-H -.07

SDB-L -5.0 1.16 <.0001 SDB-L -.1.7

+2°C
UB 35.2 2.96

PB -3.01 1.16 .01 PB 32.2

SDB-H -3.2 1.16 .006 SDB-H -.2

SDB-L -5.3 1.16 <.0001 SDB-L -2.3

+3°C
UB 51.3 2.96

PB -5.9 1.16 <.0001 PB 45.4

SDB-H -7.1 1.16 <.0001 SDB-H -1.2

SDB-L -10.4 1.16 <.0001 SDB-L -4.5

Abbreviations: SE, standard error; UB, unpaced breathing; PB, paced breathing; SDB-L, s
ing with high inspiration/expiration ratio; +1°C, one degree Celsius; +2°C, two degree C
Conditions on which data were centered are underlined. Coefficients represent the m
ces from that mean for the conditions that are not underlined. Significant P values are
SDB conditions. Findings indicate that SDB-L, but not
SDB-H, was associated with lower pain ratings com-
pared to PB; this effect was significant for temperatures
+2°C and +3°C, but not for +1°C (see also Fig 1). Finally,
part C (right part) of Table 3 represents the third
research question, as it compares SDB-L with SDB-H.
Results show that SDB-L was associated with lower pain
ratings than SDB-H, but this effect was only significant
for the highest temperature (+3°C), see also Fig 2. Over-
all, Fig 2 suggests that effects of Breathing pattern tend
to grow stronger with increasing temperatures. Table 4
shows the estimates for the Breathing pattern£ Tem-
perature interaction term and confirms that compared
to 1°C, the pain-reducing effect of SDB is significantly
greater at +3°C.
Cardiovascular Outcomes

Mean IBI, Systolic Blood Pressure, and RMSSD

The 4 breathing patterns did not differ in terms of
mean SBP, F(3,104) = 1.57, P = .21 (Fig 3A), whereas a
eathing Pattern and Temperature on Pain

RCH QUESTION C. THIRDRESEARCH QUESTION

SE P COEFFICIENT SE P

2.96

1.16 .95 SDB-H 25.3 2.96

1.16 .13 SDB-L -1.7 1.16 .90

2.96

1.16 .8 SDB-H 32.0 2.96 -

1.16 .049 SDB-L -2.1 1.16 .07

2.96

1.16 .29 SDB-H 44.1 2.96

1.16 .0001 SDB-L -3.3 1.16 .005

low deep breathing with low inspiration/expiration ratio; SDB-H, slow deep breath-
elsius; and +3°C, three degree Celsius above pain threshold of participant.
ean pain rating for the underlined condition (reference condition), and differen-
indicated in bold.



Figure 1. Schematic representation of the experimental protocol. Longer vertical lines represent thermal painful stimuli of a
higher temperature.
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significant effect of Breathing pattern on mean IBI was
present, F(3,137) = 8.88, P < .0001, (Fig 3B). Compared to
UB (828 milliseconds), the other 3 instructed breathing
patterns were all associated with lower mean IBI (�33,
�25, and �33 milliseconds for PB, SDB-H, and SDB-L,
respectively, see also Table 5). Breathing patterns were
associated with differences in RMSSD, F(3,122) = 20.76, P
< .0001. Both SDB conditions were associated with a sig-
nificantly higher RMSSD compared to UB and PB condi-
tions. Differences between UB and PB as well as
between SDB-L and SDB-H conditions were not signifi-
cant, (see Table 5 and Fig 3C).
Figure 2. Estimated pain ratings for the different breathing pa
* P = .01 to .05, ** P = .001 to .01, *** P ≤ .001. Error bars represe
numeric rating scale; mm, millimeter; UB, unpaced breathing; PB, p
tion/expiration ratio; SDB-H, slow deep breathing with high inspirat
Baroreflex Function

The breathing patterns were also associated with dif-
ferent levels of BRS, F(3,132) = 13.61, P < .0001 (Table 5
and Fig 3D). BRS estimates for the 2 SDB conditions
were significantly higher than both UB and PB condi-
tions. In addition, BRS was significantly lower during PB
compared to UB. Also, BEI was significantly affected by
Breathing pattern, F(3,105) = 7.83, P = .0001. This effect
was driven by a significantly higher BEI during SDB-L
compared to each of the other breathing patterns, see
Table 5 and Fig 3E. Finally, also the SBP up-ramp
amplitude differed along the 4 breathing patterns,
tterns for 3 thermal pain stimuli (linear mixed effect model).
nt 95% confidence interval of the mean. Abbreviations: NRS,
aced breathing; SDB-L, slow deep breathing with low inspira-
ion/expiration ratio.



Table 4. Mixed Model Estimates of the Breath-
ing Pattern£ Temperature Interaction on
Pain

INTERACTION EFFECT MODEL 1 P VALUE

COEFFICIENT SE

§1 °C and UB 28.6 2.96

+2 °C£ PB .26 1.65 .8

SDB-H .13 1.65 .9

SDB-L �.26 1.65 .8

+3 °C£ PB �2.6 1.65 .11

SDB-H �3.8 1.65 .02

SDB-L �5.3 1.65 .001

Abbreviations: SE, standard error; UB, unpaced breathing; PB, paced breathing;
SDB-L, slow deep breathing with low inspiration/expiration ratio; SDB-H, slow
deep breathing with high inspiration/expiration ratio; +1°C, one degree Celsius;
+2°C, two degree Celsius; and +3°C, three degree Celsius above pain threshold
of participant.
The condition on which data were centered is underlined. Coefficients repre-
sent the mean of pain rating for the underlined (reference) condition, and dif-
ferences from that mean for the conditions that are not underlined. Significant
P values are indicated in bold.
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F(3,103) = 67.53, P <.0001, see Table 5 and Fig 3F. The
SDB-L was associated with a higher SBP up-ramp ampli-
tude than all other breathing patterns, whereas SDB-H
had a higher amplitude than UB and PB conditions.
Finally, the PB had a higher SBP up-ramp amplitude
than the UB condition. The differences for BEI and for
the amplitude of the SBP up-ramps suggest that SDB-L,
as compared to SDB-H, is associated with a stronger
blood pressure variability and phasic baroreceptor stim-
ulation within the respiratory cycle, which is illustrated
in Fig 4.
Mediation Analyses
Findings of all mediation analyses performed can be

found in the Supplementary materials. In short, none of
the cardiovascular variables mediated any of the
observed effects of Breathing pattern on pain.
Discussion
In the present study, 48 healthy subjects rated pain

intensity after heat stimulation of 3 different intensities
in 4 different breathing conditions: unpaced spontane-
ous breathing; PB at the individual’s spontaneous
breathing frequency; paced SDB with a low inspiration/
expiration ratio; and paced SDB with a high inspiration/
expiration ratio. Employing this within-subject study
design, we investigated the potential hypoalgesic
effects of SDB on pain reports and to explore underlying
mechanisms. A first research question was whether the
mere task of complying with an instructed breathing
pattern could reduce pain ratings. In addition, we aimed
to investigate the potential effects of SDB beyond such
effect. Specifically, the second and third research ques-
tions sought to address whether an instructed SDB
pattern reduces pain more than an instructed, PB pat-
tern at an individual’s spontaneous breathing fre-
quency, and whether the ratio between inspiratory and
expiratory times influences the potential hypoalgesic
effect of SDB. Finally, the study also aimed to document
how SDB affects cardiovascular parameters, including
parameters related to baroreflex function.

Our findings indicate that participants rated pain
lower whenever they performed a PB task. Relative to
UB, pain reduction occurred not only during SDB, but
also when participants performed PB at their spontane-
ous breathing frequency (PB). The pain-modulatory
effects of performing an instructed breathing task
observed in the present study are consistent with find-
ings from other studies suggesting that the experience
of pain is modulated by attentional re-allocation caused
by other, nonrespiratory types of tasks and
stimuli.16,29,34,63 Other explanations, which are not nec-
essarily incompatible with attention as an underlying
mechanism, may involve an increased sense of control/
emotional modulation, or expectations about the
breathing tasks’ effect on pain. Although the present
study was not set up to disentangle the contributions of
these various top-down modulatory influences on pain,
the instruction-effect observed in the present study con-
firms that instructed breathing, irrespective of the
applied breathing pattern or frequency, has the poten-
tial to reduce pain ratings. Clinically, this is useful to
know, as any PB task with which patients feel comfort-
able may produce this effect. Concentrating on and
changing one’s breathing pattern may be performed
easily in a variety of contexts and may thus constitute an
accessible, effective, rapid, cheap, and easy tool to
attenuate pain.

Techniques commonly used to manage pain (eg, med-
itation, yoga, biofeedback, etc) typically incorporate
both components of respiratory and attentional modu-
lation.35 It is as yet unclear whether SDB can produce
pain attenuation beyond the instruction-effect (second
and third research questions). Our findings suggest that
such “specific” SDB effect depends on the i/e ratio that
is adopted during SDB. Participants rated the most
intense heat pain stimulus as less painful only when per-
forming slow paced with a low inspiration/expiration
ratio (SDB-L). Thus, slow breathing in itself seems not
sufficient to produce pain reduction by mechanisms
beyond those producing the instruction-effect. Until
more critical tests have been performed, we can only
speculate why SDB with a low, but not with a high,
inspiration/expiration ratio produces such effect.

A first potential pathway is that variations in breath-
ing frequency and inspiration/expiration ratio produce
different cardiovascular effects that may underlie the
observed differences in pain inhibition. Specifically, car-
diac vagal activity and/or baroreceptor stimulation have
been proposed as potential cardiovascular mediators of
respiratory hypoalgesia during SDB,1,12,28,37 but previ-
ous studies on SDB and pain typically lack parameters of
baroreflex function or stimulation. Therefore, the



Figure 3. Means (and confidence intervals) of systolic blood pressure (BP), interbeat intervals (IBI), root mean successive squared
differences of IBI’s (RMSSD), baroreflex sensitivity (BRS), baroreflex effectiveness index (BEI), and the ramp of sequences of increas-
ing systolic BP (systolic BP ramp) during unpaced breathing (UB), paced breathing at the participant’s natural breathing frequency
(PB), slow deep breathing at 6 breaths per minute with a high inspiration:expiration ratio (SDB-H), and slow deep breathing at 6
breaths per minute with a low inspiration:expiration ratio (SDB-L).
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present study explored a broader set of cardiovascular
parameters during the 4 breathing conditions, including
parameters related to baroreflex function. An impor-
tant finding in this respect is that SDB-L and SDB-H did
not differ significantly in cardiac vagal activity (RMSSD),
whereas differences between SDB-L and SDB-H were
found for the BEI as well as the amplitude of the SBP
up-ramps. Both these effects suggest that SDB-L, as com-
pared to SDB-H, is associated with a stronger blood pres-
sure variability and phasic baroreceptor stimulation



Table 5. Main Effects of Breathing Pattern and Contrasts Between Estimates for the Cardiovas-
cular Outcome Variables

RESPONSE VARIABLE MEAN IBI MEAN SBP RMSSD BRS BEI SBP UP-RAMP

(MS) (MM HG) (MS) (MS/MM HG) (MM HG)

CONTRAST b P b P b P b P b P b P

UB - 828.8 122.2 48.2 13.3 .64 9.6

- PB -33.3 <.0001 -.07 .95 -1.75 .53 -3.30 .003 .01 .77 1.34 .03

- SDB-H -25.3 <.0001 -2.30 .06 13.10 <.0001 4.80 <.0001 .006 .85 3.79 <.0001
- SDB-L -32.6 <.0001 -.86 .46 15.20 <.0001 3.17 .004 .13 .0001 7.60 <.0001

PB - 795.5 122.2 46.5 10.0 .66 10.9

- SDB-H 7.90 .28 -2.20 .07 14.80 <.0001 8.20 <.0001 -.004 .91 2.44 .0001

- SDB-L .61 .93 -.80 .50 16.90 <.0001 6.50 <.0001 .12 .0004 6.26 <.0001
SDB-H - 803.5 119.9 61.3 18.2 .65 13.4

- SDB-L -7.30 .32 1.40 .23 2.10 .43 -1.70 .12 .12 .0002 3.81 <.0001
Main effect <.0001 .21 <.0001 <.0001 .0001 <.0001

Abbreviations: P, P value; IBI, interbeat interval; SBP, systolic blood pressure; RMSSD, root mean square of the successive differences; BRS, baroreflex sensitivity; BEI,
baroreflex effectiveness index; UB, unpaced breathing; PB, paced breathing; SDB-L, slow deep breathing with low inspiration/expiration ratio; SDB-H, slow deep
breathing with high inspiration/expiration ratio; ms, milliseconds.
The condition on which data were centered is underlined. b, beta coefficient, which is the mean of the measure when underlined and the difference form the mean
when not underlined.
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within the respiratory cycle, as illustrated in Fig 4. Given
the role of baroreceptor stimulation on pain
inhibition,19,32,47,67 it is tempting to think that the stron-
ger phasic increases in SBP and higher blood pressure
variability during SDB-L compared to SDB-H may under-
lie the observed differences in pain. However, explor-
atory mediation analyses with BEI or the amplitude of
SBP up-ramps as mediators could not support such
explanation.
In addition to the above mentioned differences

between both SDB patterns, several other effects of
breathing pattern on cardiovascular outcomes were
observed in the present study, but none of them medi-
ated the observed effects of breathing patterns on pain.
IBI’s were reduced (or: heart rate was increased) in the 3
PB conditions compared to the UB condition. This effect
may relate to the increased attentional load associated
with the instructed breathing tasks. Furthermore,
RMSSD was higher in the 2 SDB conditions compared to
other breathing conditions, indicative of a higher phasic
cardiac efferent vagal activity due to lowering respira-
tion rate down to .1 Hz.13,48,49 Baroreflex sensitivity,
which is also known to be largely influenced by breath-
ing frequency,27,64 showed a very similar pattern to
RMSSD. As explained earlier, these effects did not paral-
lel or mediate those observed for the pain ratings. The
findings of the present study are therefore consistent
with those from HRV biofeedback research, in which sal-
utary effects are consistently observed for both clinical
and cardiovascular outcomes but appear unrelated to
each other.66

A second set of mechanisms underlying differences in
pain attenuation among the different instructed
breathing patterns may relate to the modulatory influ-
ences that were also hypothesized to underlie the
instruction-effect. As the present study did not assess
whether the 3 instructed breathing patterns may differ
with respect to their expected efficacy to reduce pain
ratings, and/or with different levels of distraction or
expectancy, we can only speculate about such influen-
ces. It should be noted that in order to minimize expec-
tancy effects, participants were not made explicitly
aware of the study aims/hypothesis. More distraction is
a rather unlikely reason for the greater pain reduction
during the SDB-L compared to both other instructed
breathing patterns. Firstly, compared to SDB, PB at one’s
individual’s breathing frequency has more respiratory
phase transitions (from inspiration to expiration and
vice versa) to comply with, which may actually increase
the attentional load imposed by the breathing task and,
thus, cause more attention away from pain. Second, vol-
untary reduction of breathing frequency typically indu-
ces a lower inspiration/expiration ratio.64 As such, SDB
with a high inspiration/expiration ratio is a rather
unnatural breathing pattern, may therefore be rela-
tively hard to perform and require more effort com-
pared to slow breathing with a low ratio or PB at one’s
natural breathing frequency.60 Thus, an explanation in
terms of distraction seems unlikely. An alternative rea-
son why a low inspiration/expiration ratio during SDB
produces greater pain reduction compared to a high
inspiration/expiration ratio is that the former breathing
pattern seems more effective for stress reduction and
relaxation than the latter.9,60 This may be crucial, as
findings from other studies suggest that relaxation may
be an essential feature (or context) for SDB to modulate
pain.7 In a similar vein, antinociceptive effects of barore-
ceptor stimulation are reduced under conditions of
mental stress.17,18,40 Therefore, it is highly recom-
mended that future studies also control for potentially



Figure 4. Changes in systolic blood pressure along the respira-
tory cycle during SDB (systolic blood pressure) with a low versus
a high inspiration/expiration ratio. Data represent all SBP val-
ues averaged across respiratory cycles of all participants for
both SDB patterns. Abbreviation: IBI, interbeat interval.
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different levels of stress imposed by various instructed
breathing patterns.
The present study has a number of limitations. Top-
down modulatory influences on pain report cannot be
disentangled as we did not explore or control for poten-
tial effects of expectation or different levels of atten-
tional re-allocation and stress reduction caused by the
breathing patterns. Also, potential underlying cardio-
vascular mechanisms were explored with noninvasive,
indirect indexes (eg, BRS and HRV) of autonomic regula-
tion. As a result, we can only indirectly infer that barore-
ceptors were phasically stimulated more strongly and
that vagal activity increased during SDB. Another limita-
tion is that we did not assess participants’ resonance fre-
quency, while studies have found that breathing at
one’s exact RF results in maximal RSA increases.61 We
also did not measure the height of our participants,
which may have been informative about how close the
instructed .1 Hz was to a participant’s RF.62 Finally, gen-
der effects could not be investigated in this study due to
the limited number of participants and an unbalanced
gender distribution. Taking gender into account seems
increasingly relevant, as several recent findings suggest
that the association between vagal activity and pain
may be limited to men.30,41,57

In summary, the present study found that PB can
reduce pain reports and that this hypoalgesic effect is
enhanced when breathing is paced at a lower frequency
(6 breaths per minute) with a low inspiration/expiration
ratio (ie, prolonged expiration). Despite profound car-
diovascular effects of SDB, cardiovascular changes did
not mediate the effects of breathing patterns on pain in
the present study. Mechanisms underlying pain reduc-
tion during instructed breathing may therefore more
likely include top-down influences including attentional
re-allocation, expectations, stress reduction, and/or
emotional modulation, which warrant greater attention
in future research. Further studies are also required to
evaluate the influence of SDB on pain using various
pain modalities, in a larger sample with sufficient power
to investigate the effect of gender and extend the find-
ings to patient populations.
Supplementary Data
Supplementary data related to this article can be

found at https://doi.org/10.1016/j.jpain.2019.12.010.
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