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1  |  INTRODUC TION

Slow, deep breathing is a self- management intervention and a com-
mon component of several non- pharmacological treatments such 

as relaxation, hypnotherapy, and yoga, which are commonly being 
used for pain management.1 Several experimental studies using so-
matic pain models have shown the hypoalgesic effects of slow, deep 
breathing. The proposed underlying mechanisms include cognitive 
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Abstract
Background: Studies using somatic pain models have shown the hypoalgesic effects 
of	slow,	deep	breathing.	We	evaluated	the	effect	of	slow,	deep	breathing	on	visceral	
pain and explored putative mediating mechanisms including autonomic and emotional 
responses.
Methods: Fifty- seven healthy volunteers (36 females, mean age =	22.0	years)	per-
formed	controlled,	deep	breathing	at	a	slow	frequency	(6	breaths	per	minute),	con-
trolled	breathing	at	a	normal	frequency	(14	breaths	per	minute;	active	control),	and	
uncontrolled	breathing	(no-	treatment	control)	in	randomized	order.	Moderate	painful	
stimuli were given during each condition by delivering electrical stimulation in the 
distal esophagus. Participants rated pain intensity after each stimulation. Heart rate 
variability and self- reported arousal were measured during each condition.
Key Results: Compared	 to	uncontrolled	breathing,	 pain	 intensity	was	 lower	during	
slow,	deep	breathing	(Cohen’s	d =	0.40)	and	normal	controlled	breathing	(d =	0.47),	
but not different between slow, deep breathing and normal controlled breathing. 
Arousal	was	lower	(d =	0.53,	0.55)	and	heart	rate	variability	was	higher	(d =	0.70,	0.86)	
during slow, deep breathing compared to the two control conditions. The effect of 
slow, deep breathing on pain was not mediated by alterations in heart rate variability 
or arousal but was moderated by pain catastrophizing.
Conclusions and Inferences: Slow, deep breathing can reduce visceral pain intensity. 
However, the effect is not specific to the slow breathing frequency and is not medi-
ated by autonomic or emotional responses, suggesting other underlying mechanisms 
(notably	distraction).	Whether	a	long-	term	practice	of	slow,	deep	breathing	can	influ-
ence	(clinical)	visceral	pain	warrants	to	be	investigated.
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(eg,	distraction),	emotional	(eg,	reduced	arousal),	and	autonomic	(eg,	
increased	parasympathetic	activity)	modulations.2

Slow, deep breathing can increase vagal afferent signaling at dif-
ferent levels. Deep breathing increases stimulation of the pulmonary 
stretch receptors and afferent signaling, which mainly run in the 
vagus nerve and give inputs to the nucleus of the solitary tract in 
the brain stem. They also synapse with ascending circuits terminat-
ing	at	subcortical	and	cortical	levels	(eg,	insular	cortex	and	amygdala)	
and contribute to sensory, emotional, and cognitive processing of the 
respiratory signals.3 Slow, deep breathing can also increase vagal af-
ferent signaling via phasic stimulation of the arterial baroreceptors 
by augmenting fluctuations of blood pressure at slow frequency.4,5 
Baroreceptors are mechanoreceptors mainly located in the aortic 
arch and carotid sinus. The baroreflex is responsible for rapid control 
of arterial blood pressure; an increase in blood pressure increases 
baroreceptors afferent signaling which is transmitted via the carotid 
sinus and aortic depressor nerves (branches of the glossopharyngeal 
and	 the	 vagus	 nerves,	 respectively)	 to	 the	 nucleus	 of	 the	 solitary	
tract. This ultimately leads to sympathoinhibition and increased car-
diac vagal output, which result in a decrease in heart rate and blood 
pressure.6 The nucleus of the solitary tract has direct and indirect 
projections to several brain areas involved in pain regulation (eg, 
periaqueductal	gray	and	locus	coeruleus).7 Several animal and human 
studies using different methods of baroreceptors and vagus nerve 
stimulation have found hypoalgesic or antinociceptive effects.8- 15

Despite its use as a pain self- management intervention and some 
promising findings from clinical and experimental studies, evidence 
for the effect of slow, deep breathing on pain remains equivocal 
and the underlying mechanisms are poorly understood.2 Previous 
experiments have mostly used somatic pain models, and the effect 
of slow, deep breathing on visceral pain is less investigated. There 
are differences between somatic and visceral pain at both the neural 
and behavioral levels.16 Visceral pain has a stronger affective dimen-
sion.17,18	Considering	emotional	modulation	as	one	of	the	proposed	
mechanisms for the hypoalgesic effects of slow, deep breathing2 
and also according to some reports that heightened arousal may at-
tenuate baroreceptor modulation of nociception,19,20 the results of 
previous studies on the influence of slow, deep breathing on somatic 
pain cannot necessarily be generalized to visceral pain. The only ex-
perimental study in this regard by Botha et al.21 demonstrated that 
slow, deep breathing during distal esophageal acid infusion inhibits 
the development of secondary hyperalgesia at the level of the proxi-
mal esophagus, probably by increasing parasympathetic activity.

We	evaluated	the	effect	of	slow,	deep	breathing	on	visceral	pain	
and investigated some putative mediating mechanisms including 
autonomic	and	emotional	responses.	We	investigated	whether	the	
hypoalgesic effect of slow, deep breathing is specific to the slow 
breathing frequency and related psychophysiological responses. To 
achieve these aims, in addition to a no- treatment control condition 
(uncontrolled	breathing),	we	used	an	active	control	condition	(con-
trolled	breathing	at	a	normal	frequency)	similar	(as	possible)	to	slow,	
deep breathing. This enabled us to control for the potential effects 
of distraction and expectation.22	We	hypothesized	that	slow,	deep	

breathing reduces pain intensity by autonomic and/or emotional 
modulations.	Accordingly,	we	predicted	that	1)	pain	intensity	would	
be lower during slow, deep breathing and normal controlled breath-
ing	compared	to	uncontrolled	breathing,	2)	pain	intensity	would	be	
lower during slow, deep breathing compared to normal controlled 
breathing,	and	3)	the	effect	of	slow,	deep	breathing	on	pain	would	be	
mediated by increased parasympathetic activity and/or decreased 
arousal.

2  |  MATERIAL S AND METHODS

2.1  |  Participants and setting

This within- subject experimental study was conducted in the 
Laboratory	for	Brain-	Gut	Axis	Studies	(KU	Leuven,	Belgium).	Healthy	
volunteers including males and females aged 18– 45 years were in-
vited. Exclusion criteria included self- report of any of the follow-
ing conditions: cardiovascular, respiratory, or neurological diseases, 
acute or chronic pain, psychiatric disorders, regular medication use 
other than contraceptives, pregnancy, current smoking or any other 
nicotine consumption, and practicing breathing exercises on a regu-
lar	basis.	Also,	those	with	a	body	mass	index	of	<18.5 or >30 kg/m2 
and	those	with	a	score	of	≥10	in	any	subscale	of	the	Patient	Health	
Questionnaires	(PHQ;	anxiety,	somatic,	and	depressive	symptoms)23 
were not included in the study. Participants were asked to refrain 
from strenuous exercise and caffeine and alcohol intake for at least 
12	 h,	 and	 fast	 (for	 solid	 food)	 for	 4	 h	 prior	 to	 testing.	 The	 study	
was	 approved	 by	 the	 Ethics	 Committee	 Research	 UZ/KU	 Leuven	
(#S60370),	and	informed	consent	was	obtained	from	all	participants.

2.2  |  Instruments and measurements

2.2.1  |  Physiological	measures

Respiratory movements were recorded using an aneroid chest bel-
lows,	secured	around	the	upper	abdomen.	Cardiac	electrical	activity	

Key points

• Paced breathing, at slow or normal frequencies, can re-
duce visceral pain intensity.

• Slow breathing increases heart rate variability and re-
duces anticipatory arousal.

• Effect of slow breathing on visceral pain is not mediated 
by autonomic or emotional responses but is moderated 
by pain catastrophizing.

•	 Applications	of	paced	breathing	in	clinical	conditions	of	
visceral pain and effects of long- term practice warrants 
to be investigated.
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was	 recorded	 using	 electrocardiography	 (ECG)	 electrodes	 placed	
at	 the	 lead	 II	 configuration.	 Continuous	 noninvasive	 arterial	 pres-
sure was recorded at the finger using the volume clamp method.24 
Arm	blood	pressure	was	measured	using	an	automatic	digital	sphyg-
momanometer. Skin conductance was measured with the electrodes 
being	placed	to	the	hypothenar	palm	of	the	 left	hand.	All	of	these	
physiological signals were recorded and digitized at 1 kHz sampling 
rate	using	AFFECT	software	version	4.0	(KU	Leuven).25 See support-
ing information for details of the devices used.

2.2.2  |  Self-	reported	measures

Pain intensity was assessed using an 11- point numerical rating 
scale	 (NRS)	 ranging	 from	0	 (not	 painful	 at	 all)	 to	10	 (most	 intense	
pain	imaginable).	Pain	unpleasantness	was	assessed	by	an	11-	point	
NRS	ranging	from	0	(not	unpleasant	at	all)	to	10	(the	most	unpleas-
ant	pain	imaginable).	Participants	were	instructed	to	distinguish	be-
tween pain intensity and unpleasantness.26 Participants were also 
asked	to	indicate	(draw)	the	area	where	they	perceived	the	pain	on	
a paper with a schematic picture of the body; the referred pain area 
can be considered a proxy for central pain processing.27 Emotional 
arousal	 was	 assessed	 using	 the	 9-	point	 Self-	Assessment	 Manikin	
(SAM)	scale	with	scores	ranging	from	1	(extremely	calm/relaxed)	to	
9	(extremely	aroused/agitated).28

In addition to the above, we also measured pain catastrophiz-
ing,	using	the	Pain	Catastrophizing	Scale	with	13	items	and	a	total	
score of 0– 52,29 and fear of pain, using the short version of the Fear 
of	Pain	Questionnaire	with	nine	items	and	a	total	score	of	9–	45.30 

These questionnaires were completed before the test day and par-
ticipants were asked to respond based on their prior pain experience 
and/or expectations.

2.3  |  Procedures

The procedure of the experiment is outlined in Figure 1. Before the 
test, participants completed an online survey including demographic 
data and the questionnaires. They received an information sheet ex-
plaining	the	study’s	aim	and	procedures.	The	study’s	aim	was	men-
tioned as “to evaluate the effect of different breathing exercises on 
pain	in	the	esophagus.”	No	further	information	was	provided	about	
breathing exercises or their effects.

2.3.1  |  Esophageal	intubation

A	 flexible	 catheter	 (2	 mm	 in	 diameter)	 with	 2	 ring	 electrodes	 at-
tached	 to	 its	 end	 was	 used	 (UniTip	 Katheter,	 REF	 K6016-	EL3-	
0964-	D,	UNISENSOR).	The	catheter	was	placed	 trans-	nasally,	 and	
the	electrodes	were	positioned	at	the	distal	(visceral)	esophagus.31 
The distance between the nares and the lower esophageal sphincter 
was	estimated	based	on	a	formula	(9.31	+ height in cm ×	0.197)	with	
a small estimation error.32 The catheter electrodes were positioned 
5 cm above the lower esophageal sphincter.31 The interelectrode 
impedance	was	measured	using	an	impedance	monitor	(EL-	CHECK,	
Biopac	Systems,	Inc.)	at	different	stages	to	ensure	sufficient	mucosal	
contact (<10 kΩ).33 See supporting information for further details.

F I G U R E  1 The	study	procedure.	Abbreviations:	BP,	blood	pressure;	CNAP,	continuous	noninvasive	arterial	pressure;	ECG,	
electrocardiography;	ISI,	inter-	stimulus	interval;	NCB,	normal	controlled	breathing;	RSP,	respiratory	measure;	SC,	skin	conductance;	SDB,	
slow,	deep	breathing;	UB,	uncontrolled	breathing
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2.3.2  |  Baseline	measures

The participant was seated in a comfortable chair with the upper 
body and arms being supported. Since esophageal intubation can 
provoke autonomic responses, participants were allowed to rest for 
15 min after attaching the equipment and electrodes to have enough 
recovery time.34 The last 5 min were considered as the baseline 
physiological state.

2.3.3  |  Stimulus	calibration

We	used	electrical	stimulation	to	induce	pain	as	it	is	a	common	method	
in experimental studies of visceral pain.35 The threshold for moderate 
pain	intensity	(score	of	5	on	the	11-	point	NRS)	was	determined	using	
the adaptive staircase method (see Figure S1 in supporting informa-
tion).36	A	train	of	5	square-	wave	electrical	pulses	(500	µs	pulse	width)	
was delivered at a frequency of 200 Hz using a standard electrical 
stimulator	 (DS7,	 Digitimer	 Ltd).	 The	 stimulus	 calibration	 procedure	
was repeated two times, and the threshold values were averaged. The 
ECG	was	monitored	during	stimulus	calibration.	The	stimulation	was	
stopped	at	a	maximum	allowed	current	of	60	mA	for	safety.37

2.3.4  |  Training	for	controlled	breathing

A	 visual	 cue	 (vertical	 bar)	 was	 presented	 on	 a	 computer	 screen	
(AFFECT	software	version	4.0)	to	guide	participants	while	breathing	at	
the specified breathing frequencies. Participants practiced controlled 
breathing	at	two	frequencies	of	0.23	Hz	(14	breaths	per	minute)	and	
0.1	Hz	(6	breaths	per	minute),	1	min	each,	and	under	the	supervision	
of	the	experimenter.	After	receiving	feedback,	they	practiced	each	of	
the controlled breathing conditions for 2 min. The inspiration to ex-
piration ratio was 1:2.38	Controlled	breathing	at	0.23	Hz	was	used	as	
an active control condition considering the average breathing rate of 
~14 breaths per minute at rest in our previous studies.38 Tidal volume 
was not controlled; however, participants were asked to not perform 
deep breathing at 0.23 Hz, and to perform deep but “comfortable” 
breathing during slow, deep breathing (see supporting information for 
further	details).

2.3.5  | Main	test

The main test included three within- subject breathing conditions 
of	8	min	each:	uncontrolled	breathing	 (no-	treatment	control),	con-
trolled breathing at a normal	frequency	(0.23	Hz,	active	control),	and	
controlled, deep breathing at a slow frequency (0.1 Hz, ie, slow, deep 
breathing),	Figure	1.	For	the	uncontrolled	breathing	condition,	par-
ticipants were asked to not change their breathing rate or depth and 
to perform their “normal breathing.”

Right before starting each condition, participants rated their 
arousal level (baseline arousal)	and	then	performed	the	assigned	type	

of breathing. One minute after starting the breathing condition, par-
ticipants rated their arousal level again (pre- stimulation arousal)	and	
then continued the breathing condition for 7 min during which eight 
painful stimuli were given. The inter- stimulus intervals were random-
ized between 45 and 55 s. Participants rated the intensity of pain 
immediately	after	each	stimulation.	After	each	breathing	condition,	
participants rated pain unpleasantness and arousal level (arousal 
during stimulation)	 and	 indicated	 pain	 area	 according	 to	what	 they	
had experienced overall during the breathing condition. There was a 
5- min rest period between the breathing conditions. The order of the 
breathing conditions was counterbalanced and randomized between 
participants	 (see	 the	 supporting	 information	 for	 further	 details).	
Testing	was	done	 in	a	single	2-	h	session,	between	9	am	and	5	pm,	
in	a	sound-	attenuated	and	temperature-	controlled	(22–	25°C)	room.

2.4  |  Data reduction and analysis

All	physiological	signals	were	processed	using	custom-	written	algo-
rithms	 in	MATLAB	 software	 (R2018b,	Mathworks,	 Inc.)	which	we	
have used in other studies and with the details provided in the sup-
porting information.4,5 Briefly, the average respiratory rate (breath 
per	minute)	and	respiratory	amplitude	were	extracted	from	the	res-
piratory	 signal.	 R-	wave	 peaks	were	 determined	 in	 the	 ECG	 signal,	
and the RR- intervals were calculated. Mean RR- interval, represent-
ing tonic autonomic activity, and root mean square of the successive 
differences	(RMSSD)	in	RR-	intervals,	representing	vagally-	mediated	
HRV	 (vmHRV),	were	calculated.39	We	selected	 these	 time-	domain	
HRV indexes because of the large differential effects of breathing 
frequency on frequency- domain measures of HRV.4	 According	 to	
our previous studies, increased vmHRV during slow, deep breathing 
is mainly mediated by the increased blood pressure fluctuations over 
the respiratory cycles, which suggests increased stimulation of the 
arterial baroreceptors and cardiac vagal afferent signaling.4,5 Beat- 
to- beat systolic and diastolic blood pressure values were extracted 
from	the	arterial	blood	pressure	signal.	Cardiovagal	baroreflex	sen-
sitivity was calculated using the sequence method.40 The amplitude 
of	pain-	evoked	skin	conductance	response	(SCR)	was	measured	ac-
cording to the available guidelines.41 The extent of the referred pain 
area was measured after digitizing the drawings and counting the 
pixel	numbers	in	the	pain	area	using	the	MATLAB	software.

2.5  |  Statistical analyses

2.5.1  |  Sample	size

The required sample size to detect an effect size (f)	of	0.2522 using 
repeated	measure	ANOVAs	with	a	power	of	0.9	and	alpha	 (type	 I	
error)	of	0.05	was	calculated	as	58	using	the	G*Power	software.42 
Considering	 possible	 drop-	outs,	 and	 to	 have	 counterbalanced	 se-
quences for the three breathing conditions, we included 66 partici-
pants in the study.
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2.5.2  |  Statistical	methods

The study's primary outcome was pain intensity. Secondary out-
comes included pain unpleasantness, size of the referred pain area, 
and	amplitude	of	pain-	evoked	SCR.	Hypothesized	mediators	were	au-
tonomic	(ie,	vmHRV)	and	emotional	(ie,	arousal)	responses.	Marginal	
mixed	models	 (PROC	MIXED)	were	 performed	with	 the	 breathing	
condition as the main within- subject factor. Pain intensity was not 
averaged across the 8 stimuli in each breathing condition and there-
fore breathing condition was included in the model as the repeated 
factor along with the stimulation number using covariance structure 
of (unstructured @ autoregressive).	 For	 other	 variables	where	 there	
was only one measure per breathing condition (eg, pain unpleasant-
ness),	we	used	the	unstructured covariance structure. Log transfor-
mation was used to approximate the residuals to normality if needed. 
Pairwise contrasts were performed, and the Holm- Bonferroni (step-
down)	method	was	applied	for	correcting	p values for multiple com-
parisons.43	 For	 the	effect	 size,	Cohen’s	d was calculated based on 
the results of contrasts.44 Data are presented as estimates [least- 
squares	means,	 standard	 error	 (SE),	 and	 95%	 confidence	 interval].	
Demographic and baseline psychometric physiological characteris-
tics	(see	2.3.2.	Baseline	measures	and	Figure	1)	were	subsequently	
included in the main model to explore possible factors associated 
with	pain	intensity	(main	effect	of	the	covariates)	and	possible	mod-
erators of response to the intervention (interaction between the 
covariate	 and	 breathing	 condition).	 For	 this	 purpose,	we	 used	 the	
standardized variables (mean = 0 and standard deviation =	1).

2.5.3  | Mediation	analyses

Multilevel mediation analysis was performed to test whether the in-
fluence of the breathing condition on pain intensity ratings of each 
stimulus is mediated via alterations in vmHRV prior to the stimulus. 
Data corresponding to all stimuli were included in this analysis. Since 
the inter- stimulus intervals were between 45 and 55 s, we used a 
pre-	stimulus	30-	second	window	to	extract	vmHRV	(ie,	RMSSD)	as	
the possible mediator for each pain intensity rating. Studies have 

shown that RMSSD can be reliably measured from ultra- short re-
cords of 10 s to 1 min.45 Single- level mediation analysis was applied 
to test whether the influence of the breathing condition on pain in-
tensity is mediated via alterations in arousal level (ie, from baseline 
to	pre-	stimulation,	see	Figure	1).

Statistical significance was set at p < .05. Statistical analyses were 
performed	using	 the	SAS®	Studio	 version	3.8	 (SAS	 Institute	 Inc.).	
Multilevel mediation analysis with bootstrapping was performed 
using	the	CANlab	mediation	toolbox	in	the	MATLAB	software.46

3  |  RESULTS

3.1  |  Participants

Out	of	90	volunteers,	66	were	eligible	and	entered	the	study.	Nine	
participants were excluded during the study due to technical issues 
(n =	6)	or	adverse	events	(n =	3).	Finally,	57	participants	completed	
the study, including 36 females and 21 males with a mean age of 
22.0	years	(standard	deviation	3.8,	range	18–	39,	see	supporting	in-
formation	for	further	details).

3.2  |  Manipulation check

Participants were able to perform controlled breathing as instructed 
and at the specified frequency without the interference of the pain 
stimuli	(see	Table	S2	and	Figure	S2	in	the	supporting	information).

3.3  |  Pain intensity and unpleasantness, referred 
pain area, and evoked SCR

Pain intensity ratings over 8 stimuli in each breathing condition 
and	 averaged	 values	 are	 presented	 in	 Figure	 2A,B,	 respectively.	
The effect of breathing condition on pain intensity was significant 
(F = 4.6, p =	.011).	Compared	to	uncontrolled	breathing,	pain	inten-
sity	was	lower	during	slow,	deep	breathing	(DLSM	[SE]	=	0.4	[0.1],	

F I G U R E  2 Pain	intensity	over	8	stimuli	
(A)	and	averaged	over	stimuli	(per	
subject/condition,	B)	between	breathing	
conditions. Data are estimates (least- 
squares means and error bars are ±2SE).	
Abbreviations:	NCB,	normal	controlled	
breathing;	SDB,	slow,	deep	breathing;	UB,	
uncontrolled breathing
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t(1,110)	= 2.41, p = .035, d =	0.40)	and	normal	controlled	breathing	
(DLSM	[SE]	=	0.5	[0.1],	t(1,110)	= 2.75, p = .020, d =	0.47).	However,	
there was no significant difference between slow, deep breathing 
and normal controlled breathing in pain intensity (p = .718, d =	0.06).

The effects of breathing condition on pain unpleasantness 
(F(2,56)	= 2.50, p =	 .091,	 Table	 S3)	 and	 the	 size	 of	 referred	 pain	
area (F(2,56)	= 2.20, p =	 .120,	 Table	 S3,	 Figure	 S3)	were	 not	 sig-
nificant. The size of the pain area was, however, associated with 
pain	 intensity	 (averaged	 over	 8	 stimuli,	 estimate	 [SE]	=	 0.7	 [0.3],	
F(1,56)	= 6.1, p =	.016)	and	pain	unpleasantness	(estimate	[SE]	= 1.2 
[0.2],	F(1,56)	= 38.0, p <	 .001).	There	was	no	 significant	effect	of	
breathing	 condition	 on	 the	 amplitude	 of	 the	 pain-	evoked	 SCR;	
F(2,100)	= 0.06, p =	.944	(Table	S3,	Figure	S4A,B).	Pain-	evoked	SCR	
was,	 however,	 associated	with	 pain	 intensity	 (estimate	 [SE]	= 0.2 
[0.1],	F(1,1085)	= 243.7, p <	.001).

3.4  |  Heart rate variability

Effects of breathing condition on RR- interval (F(2,55)	= 17.2, p <	.001)	
and RMSSD (F(2,55)	 = 51.8, p <	 .001)	 were	 significant	 (Table	 1).	
Compared	 to	uncontrolled	breathing,	RR-	interval	was	 lower	during	
slow,	deep	breathing	(DLSM	[SE]	=	20	[4]	ms,	t(1,55)	= 4.25, p < .001, 
d =	0.17)	and	normal	controlled	breathing	(DLSM	[SE]	=	30	[5]	ms,	
t(1,55)	= 5.68, p < .001, d =	0.24).	RMSSD	was	higher	during	slow,	
deep	breathing	compared	to	uncontrolled	breathing	(DLSM	[SE]	= 26 
[2]	 ms,	 t(1,55)	=	 9.95,	 p < .001, d =	 0.86)	 and	 normal	 controlled	
breathing	(DLSM	[SE]	=	23	[2]	ms,	t(1,55)	= 8.48, p < .001, d =	0.70).

3.5  |  Blood pressure

The effects of breathing condition on average systolic (F(2,53)	= 7.2, 
p =	 .001)	and	diastolic	blood	pressures	 (F(2,53)	= 8.5, p <	 .001)	were	
significant	(Table	1).	Systolic	blood	pressure	was	lower	during	slow,	deep	
breathing	compared	to	uncontrolled	breathing	(DLSM	[SE]	=	6	[1]	mmHg,	

t(1,53)	= 3.8, p = .001, d =	0.34).	Diastolic	blood	pressure	was	 lower	
during slow, deep breathing compared to uncontrolled breathing (DLSM 
[SE]	=	4	[1]	mmHg,	t(1,53)	= 3.8, p = .001, d =	0.34)	and	normal	controlled	
breathing	(DLSM	[SE]	=	3	[1]	mmHg,	t(1,53)	= 2.7, p = .015, d =	0.27).

3.6  |  Baroreflex sensitivity

Effect of breathing condition on baroreflex sensitivity was signifi-
cant (F(2,53)	=	29.9,	p <	.001).	Baroreflex	sensitivity	was	higher	dur-
ing slow, deep breathing compared to uncontrolled breathing (DLSM 
[SE]	=	6	[0.9]	ms/mmHg,	t(1,53)	=	6.92,	p < .001, d =	0.73)	and	normal	
controlled	breathing	(DLSM	[SE]	=	8	[1.0]	ms/mmHg,	t(1,53)	= 7.72, 
p < .001, d =	0.95).	Further,	it	was	slightly	lower	during	normal	con-
trolled	breathing	compared	to	uncontrolled	breathing	(DLSM	[SE]	= 1 
[0.4]	ms/mmHg,	t(1,53)	= 4.50, p < .001, d =	0.29,	Table	1).

3.7  |  Emotional arousal

Effects of breathing condition on pre- stimulation arousal 
(F(2,56)	= 6.62, p =	.002)	and	arousal	during	stimulation	(F(2,56)	= 5.61, 
p =	 .006)	were	significant.	Pre-	stimulation	arousal	was	 lower	during	
slow, deep breathing compared to uncontrolled breathing (DLSM 
[SE]	=	0.3	[0.1],	t(1,56)	= 3.07, p = .006, d =	0.55)	and	normal	con-
trolled	 breathing	 (DLSM	 [SE]	=	 0.4	 [0.1],	 t(1,56)	= 3.20, p = .006, 
d =	 0.53).	 Arousal	 during	 stimulation	was	 lower	 during	 slow,	 deep	
breathing	compared	to	uncontrolled	breathing	(DLSM	[SE]	=	0.7	[0.2],	
t(1,56)	= 3.33, p = .004, d =	0.58,	Figure	3,	also	see	Table	S4).

3.8  |  Possible mechanisms of action

The effect of slow, deep breathing on pain was not mediated by alter-
ations	in	the	hypothesized	mediators;	RMSSD	or	arousal	(Figure	4).	
Other factors with differences between the breathing conditions 

TA B L E  1 Physiological	responsesa between the breathing conditions

UB CB SDB UB vs. NCB UB vs. SDB NCB vs. SDB

RR-	interval	(ms) 864	(16)
[832,	897]

834	(17)
[799,	869]

844	(14)
[814,	873]

F(1,55)	= 32.2
p < .001

F(1,55)	= 18.0
p < .001

F(1,55)	= 3.8
p = .055

RMSSD	(ms) 54	(3)
[47,	61]

57	(4)
[48,	65]

81	(4)
[71,	90]

F(1,55)	= 1.7
p = .193

F(1,55)	=	98.9
p < .001

F(1,55)	=	71.9
p < .001

SBPb 	(mmHg) 131	(2)
[126,	136]

129	(2)
[124,	134]

125	(2)
[120,	129]

F(1,53)	= 0.9
p = .343

F(1,53)	= 14.5
p = .001

F(1,53)	= 4.2
p = .087

DBPb 	(mmHg) 70	(1)
[67,	73]

69	(1)
[66,	73]

66	(1)
[63,	69]

F(1,53)	= 0.3
p = .541

F(1,53)	= 14.6
p = .001

F(1,53)	= 7.6
p = .015

BRS	(ms/mmHg) 13	(0.8)
[11,	15]

11	(0.8)
[9,	13]

19	(1.3)
[17,	22]

F(1,53)	= 20.2
p < .001

F(1,53)	=	47.9
p < .001

F(1,53)	=	59.6
p < .001

Note: Data	are	estimates;	least-	square	means	(standard	error)	and	[95%	confidence	interval].
Abbreviations:	BRS,	baroreflex	sensitivity;	DBP,	diastolic	blood	pressure;	NCB,	normal	controlled	breathing;	RMSSD,	root	mean	square	of	successive	
difference;	SBP,	systolic	blood	pressure;	SDB,	slow,	deep	breathing;	UB,	uncontrolled	breathing.
aAll	data	are	averages	during	each	breathing	condition.
bFrom continuous arterial pressure measured at the finger.
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were also tested as possible mediators (eg, respiratory amplitude, 
RR-	interval),	but	none	of	these	factors	could	explain	the	effect	of	the	
breathing	condition	on	pain	intensity	(see	Figures	S5	and	S6).

3.9  |  Factors associated with pain intensity and 
moderators of response to intervention

There was a significant interaction between pain catastrophizing 
and breathing condition (F(2,1278)	= 3.6, p =	 .027);	differences	of	
slow, deep breathing and normal controlled breathing with uncon-
trolled breathing increased as a function of pain catastrophizing 
(Table	 2,	 Figure	 5,	 also	 see	 Figure	 S7).	 Among	 the	baseline physi-
ological parameters, higher RR- interval (F(1,54)	= 6.58, β =	−0.213,	
p =	.013),	higher	RMSSD	(F(1,54)	= 25.24, β =	−0.582,	p <	.001),	and	
higher baroreflex sensitivity (F(1,51)	= 18.40, β =	−0.586,	p <	.001)	
were	associated	with	lower	pain	intensity	(Table	2).

4  |  DISCUSSION

This is the first reported experiment on the influence of breathing 
exercises on visceral pain intensity. Our hypothesis was that slow, 
deep breathing reduces pain intensity by autonomic and/or emotional 
modulations.	We	 found	 that	both	 slow,	deep	breathing	and	normal	
controlled breathing reduce visceral pain intensity compared to un-
controlled	 breathing,	 though	 the	 effects	 were	 not	 large	 (Cohen’s	
d =	0.40	to	0.47).	We	expected	that	slow,	deep	breathing	further	re-
duces	pain	 intensity	 (compared	to	normal	controlled	breathing),	but	
this was not achieved. Moreover, the effect of slow, deep breathing on 
pain was not mediated by increased vagal modulation and/or reduced 

emotional arousal. Therefore, the findings of this study do not sup-
port our hypothesis. These findings suggest that the hypoalgesic ef-
fect of slow, deep breathing is not specific to the breathing frequency 
and may be due to mechanisms other than autonomic and emotional 
responses, notably expectancy and attentional modulation.

4.1  |  Putative mechanisms for hypoalgesic 
effects of slow, deep breathing

4.1.1  |  Stimulation	of	the	arterial	baroreceptors	and	
vagal afferents

Stimulation of the arterial baroreceptors and vagal afferents have 
hypoalgesic effects.8- 15 Increased HRV during slow, deep breathing 
is mainly due to increased blood pressure fluctuations, suggesting 
increased stimulation of the arterial baroreceptors, and partially be-
cause of the increased tidal volume, suggesting increased pulmonary 
vagal afferent signaling.4 However, our findings do not support car-
diac or pulmonary vagal afferent stimulation as underlying mecha-
nisms for the effect of slow, deep breathing on visceral pain. This is 
similar to some other studies on somatic pain, which found no as-
sociation between pain reduction and autonomic response by slow, 
deep breathing.47,48 In the study by Botha et al., slow, deep breath-
ing was associated with increased vagal activity. However, whether 
changes in pain threshold were associated with changes in vagal 
activity was not reported.21 Botha et al.21 also reported that acid- 
induced hyperalgesia was only partially prevented during slow, deep 
breathing when atropine (an anticholinergic agent which may inhibit 
vagal	 effects)	was	 injected.	However,	 since	 no	 control	 (breathing)	
condition was used, it is not clear whether the antagonizing effect 
of	atropine	was	specific	to	the	slow	breathing	frequency.	Atropine	
is an antagonist of the muscarinic acetylcholine receptors located in 
end	organs	(eg,	the	heart)	and	the	brain.49 Therefore, it remains to be 
investigated	at	what	level(s)	atropine	can	counteract	the	hypoalgesic	
effects of slow, deep breathing and whether such an effect is spe-
cific to controlled and deep breathing at a slow frequency.

4.1.2  |  Emotional	modulation

Slow, deep breathing has been shown to reduce physiological arousal 
(sympathetic	 activation,	 parasympathetic	 withdrawal)	 and	 anxi-
ety in a threat situation such as pain anticipation.50,51 In our study, 
slow, deep breathing reduced arousal before the stimuli were given. 
However, this effect did not mediate pain reduction. Busch et al.52 
showed that “relaxing” is more effective than “attentive” slow, deep 
breathing	in	reducing	somatic	pain.	We	did	not	provide	any	instruc-
tion for slow, deep breathing to be “relaxing.” Moreover, slow, deep 
breathing can also influence other dimensions of emotion such as 
perceived control and valence,38 which may influence pain experi-
ence.53	Weltens	et	al.54 found that valence, but not arousal, medi-
ates	the	effect	of	emotion	induction	on	visceral	pain.	Whether	the	

F I G U R E  3 Emotional	arousal	at	baseline,	pre-	stimulation	(min	
1),	and	during	stimulation	between	the	breathing	conditions.	Data	
are least- squares means, and error bars are ±2SE.	Abbreviations:	
NCB,	normal	controlled	breathing;	SAM	9-	point	Self-	Assessment	
Manikin	scale	with	scores	ranging	from	1	(extremely	calm/relaxed)	
to	9	(extremely	aroused/agitated);	SDB,	slow,	deep	breathing;	UB,	
uncontrolled breathing
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effect of slow, deep breathing on visceral pain is mediated through 
emotional modulation and whether such effect can be potentiated 
with specific instructions require further investigations and a more 
comprehensive evaluation of the emotional state.

4.1.3  |  Attentional	modulation

Controlled	 breathing	 requires	 sustained	 attention	 to	 an	 external	
(visual,	 auditory)	 or	 internal	 (counting)	 cue	 and	 altering	 breathing	

behavior. This can re- allocate attention from pain to breathing which 
in turn may influence pain perception.55 The effect of attention 
modulation on pain depends on, among others, the distracter and to 
what extent it can reduce or interfere with attention to pain.56	We	
used an active control condition (controlled breathing at a normal 
breathing	frequency)	assuming	it	would	require	the	same	attentional	
demand as slow, deep breathing. Mean RR- interval was slightly, 
but similarly, lower during the two controlled breathing conditions 
(vs.	uncontrolled	breathing)	in	our	study.	This	might	be	related	to	a	
higher cognitive workload due to competing attentional demands, 
pain vs. controlled breathing.57 Our findings are similar to previous 
studies on somatic pain that used the same active control condition 
and found no effect of slow, deep breathing over control on somatic 
pain.2,48

An	interesting	finding	in	our	study	was	a	moderating	effect	of	
pain catastrophizing on controlled breathing hypoalgesia which 
supports distraction as the potential mechanism for the observed 
effect of slow, deep breathing on pain. In contrast, such interac-
tion has not been observed with placebo analgesia.27	Although	the	
overall difference in pain intensity between controlled breathing 
and	uncontrolled	breathing	was	about	0.5	point	(out	of	10),	this	dif-
ference increased to about 1 point in those with higher pain cata-
strophizing	scores.	Catastrophizing	demands	cognitive-	attentional	
resources.58	Controlled	breathing	may	interfere	with	the	ability	to	
catastrophize about the pain by re- allocating attention away from 
pain	to	breathing.	A	study	in	chronic	pain	patients,59 as well as an 
experimental study,60 showed that distraction produces greater 
analgesia among those with higher catastrophizing. Parameters 
such as the threat value of pain61 and motivation62 may also alter 
the moderating effect of pain catastrophizing on attentional mod-
ulation of pain.

F I G U R E  4 Mediation	analysis.	A,	Mediation	model.	IV:	independent	variable,	DV:	dependent	variable,	M:	mediator,	a:	X	=> M 
relationship, b: M =>	Y	relationship,	c:	X	=>	Y	total	relationship,	c’:	unmediated	X	=>	Y	relationship	(residual).	Mediation	analysis	examining	
the	effect	of	slow,	deep	breathing	(SDB)	vs.	uncontrolled	breathing	(UB)	on	pain	intensity	with	total	effect	(model	B),	with	the	mediator	as	
pre-	stimulus	root	mean	square	of	successive	differences	(RMSSD,	model	C),	and	with	the	mediator	as	pre-	stimulus	arousal	(model	D).	Data	
are	coefficients	for	models	B	and	C	and	estimate	for	model	D.	Arrows	indicate	significant	association;	*p <	.01,	**p < .001

TA B L E  2 Association	of	demographic	and	baseline	
characteristics with pain intensity and possible interactions with 
the breathing condition

F P

Gender 0.25 .618

Condition	× gender 0.24 .791

Pain catastrophizinga  0.23 .633

Condition	× pain catastrophizing 3.60 .027

Fear of paina  0.03 .861

Condition	× fear of pain 1.43 .239

Baseline RR- intervala  6.58 .013

Condition	× baseline RR- interval 1.92 .147

Baseline RMSSDa  25.24 <.001

Condition	× baseline RMSSD 0.75 .470

Baseline BRSa  18.40 <.001

Condition	× baseline BRS 1.20 .302

Abbreviations:	BRS,	baroreflex	sensitivity;	RMSSD,	root	mean	square	of	
successive differences.
aStandardized (mean = 0, standard deviation =	1)	variables.
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4.1.4  |  Expectancy	effect

A	 role	 of	 outcome	 expectations	 in	 the	 influence	 of	mind-	body	 inter-
ventions	 (eg,	mindfulness	meditation)	on	pain	has	recently	been	high-
lighted.63,64 To control for the potential effects of expectations, we used 
an active control condition similar as possible to the slow, deep breath-
ing condition and provided no positive suggestion toward any of the 
controlled breathing conditions. Hence, we expected normal controlled 
breathing to induce similar expectations as with slow, deep breathing 
in	influencing	pain.	We	did	not	measure	expectancy	in	this	experiment.	
However, a separate experimental study (on the influence of placebo 
learning	on	pain)	 in	our	group	found	that	normal	controlled	breathing	
and slow, deep breathing induce similar expectations in healthy volun-
teers in reducing pain (d = 0.07, p =	0.78,	I.	Courtois,	unpublished	data).	
Moreover, the moderating effect of pain catastrophizing on controlled 
breathing hypoalgesia is more suggestive of distraction as the underly-
ing mechanism. Expectancy has not been systematically addressed in 
previous experiments on the influence of slow, deep breathing on pain.2 
In a recent experimental study on the influence of slow, deep breathing 
on somatic pain we used a cover story to limit the effect of expectancy 
and found no difference between slow, deep breathing and active con-
trol in pain outcomes.48 Given several factors influencing expectancy 
(eg, written and verbal instructions before and during the experiment 
as well as non- verbal behavior of the experimenter65)	and	that	only	a	
few of the previous experiments have used an active control condition, 
expectancy may, at least in part, explain the discrepancies between the 
results of previous studies.2

4.2  |  Factors associated with pain

In	 our	 study,	 higher	 mean	 RR-	interval,	 RMSSD	 (vmHRV),	 and	 ba-
roreflex sensitivity during baseline were associated with lower pain 

intensity.	 Associations	 of	 vmHRV	 and	 baroreflex	 sensitivity	 with	
somatic/visceral pain sensitivity have been reported before.66,67 
Impaired cardiovascular regulation and impaired blood pressure- 
related hypoalgesia are observed in patients with chronic pain.68- 70 
The cardiovascular regulatory system is a potential target for treat-
ment in pain patients. Practicing slow, deep breathing for several 
weeks can induce long- term effects and increase resting barore-
flex sensitivity and parasympathetic activity and reduce sympa-
thetic activity.71- 73 It is therefore possible that practicing slow, deep 
breathing in a longer period can reduce pain perception by improv-
ing autonomic and cardiovascular regulatory functions, this war-
rants to be investigated.

4.3  |  Study limitations and future directions

This study had strengths and limitations. It was not possible to run 
this experiment in a completely double- blinded way. However, we 
used	 an	 active	 control	 condition	 similar	 (as	 possible)	 to	 the	 inter-
vention, which allowed us to control for the potential effects of 
expectancy. Future studies may also use a cover story48 to limit 
the	potential	effects	of	expectancy	on	the	outcomes.	We	used	the	
active control condition also to control for the potential effects of 
distraction. However, there is no data on the degree of distraction 
during	 controlled	 breathing	 at	 different	 frequencies.	 We	 suggest	
future studies to use additional tests (eg, electroencephalography 
and evoked- related potentials74)	to	measure	attentional	modulation	
during	controlled	breathing	at	different	frequencies.	We	measured	
emotional arousal while other emotional responses (eg, valence and 
perceived	control)	might	also	be	involved	in	hypoalgesia	associated	
with slow, deep breathing and should be measured in future studies. 
We	also	suggest	future	studies	to	use	esophageal	manometry	(if	fea-
sible)	for	better	positioning	of	the	stimulation	probe	and	for	evaluat-
ing possible structural abnormalities (though not common in healthy 
asymptomatic	young	individuals).	Finally,	the	effects	of	attentional	
modulation,75 emotional modulation,54	 and	expectancy	 (placebo)76 
on visceral pain perception have also been shown at lower levels of 
the	gastrointestinal	tract	(eg,	rectum)	or	using	other	types	of	stimuli	
(eg,	mechanical).	 It	 is	warranted	to	test	whether	and	through	what	
mechanisms slow, deep breathing can modulate visceral pain at dif-
ferent levels and using different types of stimuli.

In summary, we found that slow, deep breathing can reduce vis-
ceral pain perception, but this effect was not specific to the slow 
breathing frequency. Slow, deep breathing was associated with 
increased baroreceptor stimulation and vagal modulation and re-
duced arousal. However, these responses were not involved in con-
trolled breathing hypoalgesia. The findings of this study suggest that 
other mechanisms, notably distraction, are likely to be involved in 
controlled breathing hypoalgesia in the short- term, and pain cata-
strophizing can moderate this effect. Expectancy and placebo anal-
gesia may also play a role in hypoalgesia associated with slow, deep 
breathing.	We	found	that	higher	resting	mean	RR-	interval,	RMSSD,	
and baroreflex sensitivity are associated with lower visceral pain 

F I G U R E  5 Interaction	between	pain	catastrophizing	
(standardized as mean = 0 and standard deviation =	1)	and	
breathing	condition.	Abbreviations:	NCB,	normal	controlled	
breathing;	SDB,	slow,	deep	breathing;	UB,	uncontrolled	breathing.	
Data are presented as least- squares means ± 2SE 
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intensity.	Considering	the	effect	of	long-	term	slow,	deep	breathing	
practice on the cardiovascular regulatory system, it is warranted to 
test whether slow, deep breathing can influence visceral pain per-
ception when practiced for a longer period. The results of this ex-
perimental study should be replicated in patients with visceral pain 
conditions. The association of psychological factors (eg, catastroph-
izing,	anxiety)	and	pain	are	extensively	investigated	in	patients	with	
disorders of gut- brain interaction.77 Pain inhibition by attentional 
modulation and expectancy have been shown in this population.75,76 
Also,	some	studies	have	found	dysregulation	of	the	autonomic	ner-
vous system in patients with irritable bowel syndrome.78 However, 
the influence of the brain- gut axis is beyond the functional disorders 
and patients with other painful gastrointestinal conditions (eg, in-
flammatory	bowel	diseases)	may	also	benefit	from	psychophysiolog-
ical effects of slow, deep breathing.79
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