Breath-holding during exhalation as a simple manipulation to reduce pain perception

Gustavo A. Reyes del Paso, Cristina Muñoz Ladrón de Guevara, and Casandra I. Montoro

University of Jaén, Spain, Department of Psychology


Professional affiliations:
Gustavo A. Reyes Del Paso, PhD, Professor of Psychology 
Casandra Montoro, Research Assistant
Cristina Muñoz Ladrón de Guevara, Research Assistant 

Running head: Respiration and pain perception

Address of the corresponding author:
Gustavo A. Reyes del Paso. Departamento de Psicología. Universidad de Jaén. 23071 Jaén, Spain. E-mail: greyes@ujaen.es. Fax: +34953211881. 

Acknowledgements:
This research was supported by a grant from the Spanish Ministry of Science and Innovation co-financed by FEDER funds (Project PSI2012-33509).

Conflict of Interest Statement
None of the authors have any conflict of interests regarding the study



Abstract

Objective: Baroreceptor stimulation yields anti-nociceptive effects. In this study baroreceptors were stimulated by a respiratory maneuver, with the effect of this manipulation on pain perception subsequently measured. Methods: Thirty-eight healthy participants were instructed to inhale slowly (control condition) and to hold the air in lungs after a deep inhalation (experimental condition). It was expected that breath-holding would increases blood pressure and thus stimulate the baroreceptors, which in turn would reduce pain perception. Pain was induced by pressure algometry on the nail of the left-index finger, at three different pressure intensities, and quantified by visual analogue scales. Heart rate and blood pressure were continuously recorded. Results: Pain perception was lower when pain pressure was administered during the breath-holding phase vs. the slow inhalation phase, regardless of the pressure intensity. During breath-holding a rapid increase in blood pressure and decrease in heart rate were observed, demonstrating activation of the baroreceptor reflex. Conclusion: Pain perception is reduced when painful stimulation is applied during breath-holding immediately following a deep inhalation. These results suggest that a simple and easy-to-perform respiratory maneuver could be used to reduce acute pain perception. 
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Introduction 
The baroreceptors are pressure-stretch receptors located within the aortic arch, carotid sinus, and lungs involved in autonomic regulation and blood pressure (BP) control (1,2). Furthermore, stimulation of the baroreceptors produces a generalized inhibitory effect on the central nervous system (CNS) (3) which included a reduction in nociception (4-7). Electrical, pharmacological or mechanical baroreceptor stimulation produces anti-nociceptive effects (4,8-10). This baroreceptor-induced CNS inhibition is one of the principal mechanisms explaining the relationship between BP and pain (7,11). The experience of pain is inversely associated with BP levels; patients with arterial hypertension experience less pain compared with normotensive individuals, and individuals with arterial hypotension have higher pain sensitivity vs. normotensive subjects (7,11-15). Furthermore, experimentally induced increases in BP reduce pain perception (16). 

The baroreceptors are differentially stimulated during the breathing cycle. BP spontaneously oscillates in phase with respiration. Within each respiratory cycle, BP increases and decreases by between 4-6 mmHg. These BP changes result from intrapleural negative pressure during inhalation, positive intrapleural pressure during exhalation and variations in pressure, on the abdominal viscera, as exerted by the diaphragm (22). Accordingly, BP increases during the end stages of inhalation and during the onset of exhalation and decreases during the resting phase of the respiratory cycle, particularly at the onset of inhalation (23). Deep inhalations can increase these BP oscillations by up to 20 mmHg (24). Furthermore, the responsiveness of baroreceptors (similar to other receptors such as the chemo-receptors) are modulated by respiratory CNS afferents (25-28). Baroreceptor stimulation produces minimal heart rate (HR) responses when produced during the onset and mid-parts of inhalation, but produces maximal HR responses when stimulation is performed during the final stage of inhalation, and particularly during the onset of exhalation (25). This effect is in turn modulated by respiratory rate; the modulation exerted by respiratory phase decreases as the respiratory rate increases, and disappears with rates of > 20 breaths per minute (25). 

Some respiratory maneuvers could be used to further increase the natural oscillation in the stimulation of the baroreceptors during the respiratory cycle. Breath-holding is known to produce relevant cardiovascular effects (30). Specially, when performed at the beginning of exhalation after a deep inhalation, this specific breath-holding is a powerful stimulus for general autonomic stimulation and specifically produces a baroreceptor-mediated large HR deceleration (31). This is the result of the additional rise in BP obtained from the increase in lung pressure while maintaining the inspired air within lungs.

In this study we evaluate the anti-nociceptive effect of this method for baroreceptor stimulation by analyzing the effect of the respiratory phase in which the pain stimuli is delivered on pain perception. Following a within-subject design, pain evoked by pressure algometry was presented during breath-holding after a deep inhalation (baroreceptor stimulation condition) versus during a slow inhalation (control condition). Using the first respiratory maneuver we take advantage of the increase in BP, enhanced baroreceptor responsiveness, and vagal cardiac neural traffic present at the beginnings of exhalation, further enhanced by breath-holding. As breath-holding immediately after the deep inhalation would stimulate the baroreceptors, we predicted that pain would be lower during the expiratory holding than during the slow inhalation. Furthermore, in order to evaluate the changes induced by breathing in the cardiovascular system, HR and BP were continuously recorded. 

Method
Participants
Thirty-eight psychology students from the University of Jaén (19 males and 19 females), aged between 18 and 23 years, participated. Exclusionary criteria comprised the presence of pain, cardiovascular or respiratory diseases, and the use of drugs or pharmacological treatments affecting pain or the cardiovascular system. Participants received course credit for their participation. 

Apparatus
Beat-to-beat HR and BP were recorded with a Task Force Monitor (CNSystems, Graz, Austria). Four electrodes were applied to the chest, two at the shoulders and two at the lower rib cage (Einthoven I and II), in order to record two bipolar ECGs. Continuous BP measurements were taken from the first phalange of the second and third fingers of the right hand. The hand was positioned at the level of the heart. Oscillometric BP was taken from the left brachial artery. The device recalibrates continuous finger BP, according to brachial artery BP, every 60 s without interrupting recording. Sampling rate was 1000 Hz for ECG and 200 Hz for continuous finger BP.

Pain was evoked by a wireless pressure algometer (Traker Freedom; JTECH Medical, Lawndale, USA) with a surface stimulation area of 1 cm2. The algometer was inserted in a piston-screw, designed to fix and press the finger nails, allowing for reliable maintenance of stimulation pressure. A computer controlled the stimulation pressure and rate of increase in pressure (kg/s) administered. In healthy young adults, the intra-class correlation (reliability) for pain pressure thresholds measured in the fingers is approximately 0.75 (32).

Procedure
Before the actual experiment participants were instructed to practice the threshold (pressure at which the participant started feeling pain) and tolerance (maximum stimulation pressure tolerated) concepts and pain evaluation using the VASs. A first provisional measurement of threshold-tolerance was obtained, followed by presentation of a sequence of seven ascendant pain pressure stimuli (from 0.9 to 3.6 kg) such that the participant learnt to discern small incremental increases in pain pressure intensity. Definitive threshold-tolerance values were then obtained in the nail of the index finger of the left hand. For two left-handed participants stimulation was performed in the right hand, and the BP recordings were performed in the left hand. Pressure in the algometer was increased at a rate of 1 kg/s. The mean (± SD) value for the threshold was 2.81 ± 1.29 kg, and 7.48 ± 2.29 for tolerance. Three intermediate pain intensities were subsequently defined for each participant according to the following formula: DF = (tolerance − threshold)/4; Intensity 1 = threshold + 1DF; Intensity 2 = threshold + 2DF; and Intensity 3 = threshold + 3DF. Following this, participants were instructed to perform slow inhalations, lasting at least 7 s (control condition), and to inhale deeply and maintain the air in lungs before exhaling during 7 s without exerting any active muscular pressure (stimulation condition). This was practiced until participants felt confident in their ability to perform both tasks, following which the stimulation phase began. Participants received three pain stimuli, of 5 s duration for each pressure-pain intensity and breathing condition (18 pain stimuli in total). Half of the participants started in the breath-holding, and half in the slow-breathing, condition. In all participants, pain intensity was delivered in an identical sequence i.e., intensity 1, 2, and finally 3. This order was used to avoid any possible interference effect of temporal summation of pain which is typically observed for moderate-to-intense pain stimulation (33). During slow inhalation stimulation pressure commenced when the participant began inhalation. During exhalation, stimulation pressure started when the participant began to maintain the air in their lungs. Once the 5 s pain stimulation was discontinued, participants continued breathing normally. Following each pain stimulus, participants were presented with two 10-cm line visual analogue scales (VAS). These scales indexed the sensory and affective aspects of pain (“How strong/unpleasant was the pain?”). The anchor points of the scales were marked “not at all” and “extremely”. In acute pain contexts, intra-class correlation coefficients between repeated VAS measurements exhibited excellent reliability, with coefficients ranging between 0.95 and 0.98. With intervals of 1 min between measurements, 50% of the paired scores were within 2 mm of each other (34). Pain evaluation was followed by a period of approximately 20 s before the next trial. Participants were informed that the aim of the experiment was to evaluate the effects of breathing on pain perception; they did not receive information concerning the study hypothesis. The experimental protocol was approved by the Bioethics Committee of the University of Jaén.

Data reduction and statistical analysis
Second-by-second HR and finger-continuous systolic BP (SBP) were calculated and expressed as differential scores with respect to the mean value of the 5 s previous to the onset of pain stimulation. Pain scores and HR and SBP responses were aggregated by respiratory condition and pain intensity level. Analysis of the effect of respiratory manipulation on pain perception (VAS scores) was performed with a (2 x 3) repeated measures ANOVA, with respiratory phase (slow inhalation vs. breath-holding) and pain intensity (intensities 1, 2, and 3) as within-subjects factors. Analysis of the effect of the respiratory manipulation on HR and SBP responses were performed using a (2 x 3 x 8) repeated measures ANOVA, in which the 8 second-by-second response pattern values were included as a third within-subjects factor. The Huynh-Feldt epsilon correction was applied for the adjustment of the degrees of freedom. Results are reported with the original degrees of freedom and corrected p values. A value of p < 0.05 (two-sided) was taken to indicate statistical significance. Table 1 displays descriptive data for applied pain pressures and baseline SBP and HR.
*Table 1*

Results

1. Effect of breathing condition on pain perception
Pain intensity (F(2, 36) = 89.58, p < .001, η2 = .708) and unpleasantness (F(2, 36) = 80.80, p < .001, η2 = .686) increased with increases in the pain pressure applied, and were greater during slow inhalation than during breath-holding (F(1, 37 ) = 6.08, p = .018, η2 = .141 for pain intensity; and F(1, 37) = 8.54, p = .006, η2 = .188 for pain unpleasantness (Figures 1-2). No pain intensity x breathing condition interaction was observed for intensity (p = .124) or unpleasantness (p = .544). 
*Figures 1 and 2*

2. Effect of breathing condition on cardiovascular variables
The observed HR response (main effect of Pattern: F(7, 31) = 83.13, p < .001, η2 = .692) was modulated by the breathing condition (interaction Pattern x Breathing condition: F(7, 31) = 18.55, p < .001, η2 = .334). No main or interaction effect was observed for pain pressure intensity. During breath-holding a strong-fast HR deceleration was observed up to s 4, while for the slow inhalation the deceleration response appeared later, at approximately s 4 (Figure 3). Differences between the two breathing conditions were significant from s 2 to s 7 (all ts > -2.07, all ps < .047), with lower values for the breath-holding condition.

The SBP pattern exhibited a biphasic response with an initial increase followed by a decrease (main effect of pattern F(7, 31) = 18.45, p < .001, η2 = .333); this effect was dependent on the breathing condition (Pattern x Breathing condition interaction; F(7, 31) = 20.57, p < .001, η2 = .357). Furthermore, the Pattern x Breathing condition x Pain pressure interaction was also significant (F (14, 24) = 3.72, p = .011, η2 = .079). A SBP increase was observed during the breath-holding condition during the first few seconds (up to s 4), followed by a SBP decrease during the remainder of the response. Similar changes were observed in the slow inhalation condition, albeit delayed and reduced in magnitude (Figure 4). For pain intensity 1 SBP was greater during breath-holding compared with slow inhalation, from s 1 to 3, but was lower from s 7 to s 8 (all ts > -3.06, all ps < .005). For pain intensities 2 and 3 SBP was greater in the breath-holding condition compared with the slow inhalation condition, from s 2 to s 4, but was lower at s 8 (all ts > -2.90, all ps < .007). 
*Figures 3 and 4*

Discussion
Confirming our hypothesis, during breath-holding pain perception was lower relative to the slow inhalation condition; this effect was independent of pain pressure stimulation. As expected, breath-holding produced an increase in BP (mediated by the positive intra-chest pressure) and a fast and deep HR deceleration (mediated by the activation of the baroreceptor reflex and its efferent vagal response). During the low inhalation SBP also increased, and HR decreased, but changes were delayed by 2-3 s and were reduced in magnitude. Activation of the baroreceptors due to the increase in BP, via its connections through the CNS (nucleus of the tractus solitarius, reticular formation, thalamus, hypothalamus, amygdala, hippocampus, periaqueductal gray, insula, prefrontal and cingulate cortex, etc., (3,35,10)) could produce an inhibitory effect on the CNS, with the possible related reduction in pain perception (3-9). Low pressure baroreceptors located in the lungs, which discharged in a lineal function to tidal-volume amplitude (9,26,28), could also contribute to the obtained anti-nociceptive effect. However, alternative explanations for our results cannot be ruled out, such as attention-distracting factors associated with differences in cognitive demand during the performance of the two breathing conditions. To minimize the influence of attentional effects we commenced with pain stimulation only when participants had practiced both breathing conditions and felt confident about their ability to perform them easily. The placebo effect, and participants’ general expectations pertaining to the effects of the two breathing conditions, might also have affected the results. However, it is improbable that, in the majority of participants, these unspecific effects would have been systematically biased toward the efficacy of the same breathing condition.

A method frequently used to assess the anti-nociceptive effect of baroreceptor stimulation consists of mechanical stimulation of carotid baroreceptors using neck-cuff techniques (17). These techniques induce neck suction (negative pressure) that stretches the baroreceptors and simulates an increase in BP. Although the resulting anti-nociceptive effect may depend on various factors, mechanical stimulation of the carotid baroreceptors leads to a reliable anti-nociceptive effect (3,6,10,18-21). In comparison to classical mechanical stimulation of the carotid baroreceptors through neck-chamber techniques, the respiratory manipulation performed herein appeared to produce stronger baroreceptor stimulation and a more reliable effect on pain perception. Taking the elicited HR deceleration as an index of the magnitude of baroreceptor stimulation, the usual response in studies using neck-chamber techniques is a HR deceleration of approximately 3-4 beats per minute (an increase in heart period of 30-35 ms) (3, 5-6,10,17,20). In our study we observed a HR deceleration of 10 beats per minute (100 ms of increase in heart period). An analysis of studies using mechanical stimulation of the carotid baroreceptors does not consistently reveal an anti-nociceptive effect, but rather suggests that this effect depends on a number of factors such as the mode in which the baroreceptors were stimulated, the elicitation (or not) of a concurrent baroreceptor-mediated cardiovascular response, the subjects’ level of tonic BP, etc. (10). Furthermore, neck chambers are uncomfortable, cannot be adapted to all neck sizes, and require maintenance of a particular body posture to facilitate baroreceptor stimulation and avoid air leaks, etc. All these of factors can lower the reliability of its anti-nociceptive effects. In contrast, the respiratory maneuver utilized in this study appears more ecological and secure, is straightforward to implement, and does not require the use of a specific device; rather, it only requires the collaboration of the participant and a moderate cognitive and physical condition.

This same baroreceptor-mediated anti-nociceptive mechanism could be in part implicated in the analgesic effect of slow deep breathing and HR variability biofeedback interventions (36-38). Furthermore, analgesic effects have been associated with increases in vagal cardiac activity (37, 39). The baroreceptor reflex is the main source of vagal efferent inputs to the CNS and vagal cardiac influences (1,2) and can be exercised and strengthened using slow and deep respiratory patterns (40-43).

Our respiratory manipulation, as it pertains to breath-holding, may share similarities with the Valsalva maneuver, a technique used to evaluate autonomic cardiovascular control integrity (44). In the Valsalva maneuver an expiratory pressure of 40 mmHg must be maintained for 10 s through an active strain-pressure muscular force; it is usually required that the subject be connected to a mouthpiece (44). In contrast, our breath-holding technique is simpler and markedly less intense in pressure, with participants explicitly instructed to not produce an active muscular strain-pressure force with the chest or abdomen.

In terms of limitations, our sample comprised young healthy participants only. Future studies should assess the effect of this breathing manipulation in older participants and patients with chronic pain. This is particularly relevant because baroreflex function tends to decline with age (45) and furthermore patients with chronic pain exhibit impaired baroreceptor functioning (46,47). Future research should also aim to replicate this result using other pain modalities (e.g., thermal and electrical). Regarding acute-chronic pain, given the particular characteristics of this respiratory maneuver, possible analgesics effects are limited to acute pain. Furthermore, the study provides limited evidence for a direct link between baroreceptor activation and pain. Future studies should focus on the associations between baroreceptor-related parameters and pain perception. Finally, it should be taken into account that the magnitude of the observed results is low, and the extent to which they are clinically relevant requires validation.

In conclusion, pain perception is reduced when painful stimulation is applied during breath-holding immediately following a deep inhalation. This simple and easy-to-perform respiratory maneuver may be useful as a simple method to reduce pain in cases where an acute, short-duration pain is present or expected (e.g., medical interventions involving needling, bone manipulations, examination of injures, etc.). 
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Table 1. Descriptive data for applied pain pressures (kg), baseline systolic blood pressure (SBP, mmHg) and heart rate (HR, bpm).

	
	Mean
	SD
	Minimum
	Maximum

	Pain Intensity 1
	3.98
	1.39
	1.90
	7.10

	Pain Intensity 2
	5.24
	1.56
	2.70
	8.80

	Pain Intensity 3
	6.37
	1.94
	3.30
	10.60

	SBP
	114.19
	11.86
	92.58
	135.62

	HR
	70.46
	11.07
	50.61
	108.07



















Figure legends:

Figure 1. Averaged pain intensity (VAS scores) as a function of pain pressure intensity and respiratory condition in which the pain stimulus was delivered (error bars represent within-subject SE (48)).
Figure 2. Averaged pain unpleasantness (VAS scores) as a function of pain pressure intensity and respiratory condition in which the pain stimulus was delivered (error bars represent within-subject SE (48)).
Figure 3. Heart rate (HR) response to the breathing manipulation aggregated for the three pain pressure intensities (error bars represent within-subject SE (48)).
Figure 4. Systolic blood pressure (SBP) response to the breathing manipulation as a function of pain pressure intensity (error bars represent within-subject SE (48)).
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