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Background: Evidence indicates that healthy individuals who follow a training program comprised hyperventilatory breathing
exercises and cold exposure can voluntarily activate their sympathetic nervous system and attenuate their systemic inflammatory
response during experimental endotoxemia (intravenous administration of bacterial endotoxin). Furthermore, trained participants
reported less endotoxemia-induced flu-like symptoms. However, it remained to be determined whether the effects on symptoms are
due to the mitigated inflammatory response or involve direct analgesic effects of (elements of) the training program.

Methods: In the present study, we used Nijmegen-Aalborg Screening Quantitative sensory testing (NASQ) to objectively map pain
sensitivity using non-invasive stimuli to address this question. First, NASQ parameters were evaluated in 20 healthy volunteers before,
during, and after the conduct of the hyperventilatory breathing exercise. Second, NASQ measurements were performed before and
after 48 healthy volunteers followed different modalities of the training program: breathing exercise training, cold exposure training,
the combination of both, or no training. Lastly, NASQ measurements were performed in these 48 subjects during experimental
endotoxemia.

Results: Electrical pain detection thresholds increased during the breathing exercise (p = 0.001) as well as four hours afterwards (p =
0.03). Furthermore, cold exposure training resulted in lower VAS scores during hand immersion in ice water (p < 0.001). Systemic
inflammation induced by administration of endotoxin nullified the decreased pain perception during the ice water test in subjects
trained in cold exposure.

Conclusion: A hyperventilatory breathing exercise decreases pain perception induced by an electrical stimulus. Furthermore, cold
exposure training may decrease pain perception induced by hand immersion in ice water.
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Introduction
Healthy volunteers who followed a training program comprising two different breathing exercises, cold exposure
training, and meditation are able to activate their sympathetic nervous system voluntarily, reflected by high epinephrine
levels.' This results in attenuation of the inflammatory response during experimental endotoxemia, a standardized in vivo
model of systemic inflammation induced by intravenous administration of bacterial endotoxin." A recent detailed analysis
of the different components in this training program revealed that the combination of cold exposure with one of the
breathing exercises is responsible for these effects.” This training program, or elements of it, could translate into a novel
treatment modality for patients with inflammatory conditions.

Strikingly, next to lower levels of pro-inflammatory cytokines, the subjective self-reported flu-like symptoms during
endotoxemia were attenuated in trained volunteers.” This is a significant finding, as subjective and patient-reported
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outcome measures (PROM) are important end-points in clinical studies into inflammatory diseases such as rheumatoid
arthritis® and inflammatory bowel disease (IBD).* However, it is currently unclear whether the effects on symptoms
observed in our previous studies'* are either a consequence of the mitigated inflammatory response, or involve direct
analgesic effects caused by the training program. Moreover, objectifying signs and symptoms of people (either patients or
healthy volunteers) that experience pain and discomfort has proved to be as difficult as it is relevant.” Complaints of pain
are inherently subjective, thus standardizing the manner in which the perception of pain is objectified is of pivotal
importance.’

Different efforts to protocolize and standardize pain measurements are reported under the general term "Quantitative
Sensory Testing' (QST). The Nijmegen-Aalborg Screening QST (NASQ) was developed to map pain sensitivity at
multiple body locations by non-invasive stimuli.”* In recent years, this NASQ battery has been optimized and calibrated
for use in clinical practice as well as in research, for instance in patients with head and neck pain;’ breast cancer,'”
neuropathic pain,'" and in healthy volunteers.'

In the present study, we investigated whether different elements of the aforementioned training program alter pain perception
assessed by NASQ measurements. We hypothesized that elements of the training program decrease pain perception.

Methods

This manuscript describes NASQ measurements performed during two studies recently reported on.” These studies
primarily focused on the contribution of the different components of the aforementioned training program on circulating
epinephrine levels and inflammatory parameters.” In the first study (breathing exercises study), NASQ measurements
were performed before, during, and after the conduct of one of the breathing exercises described further below (and in).>
In the second study (experimental human endotoxemia study), NASQ parameters were evaluated before and after
participants followed a training program involving both a breathing exercise and exposure to cold in four different
modalities: participants were randomized to be trained in the breathing exercise, only in cold exposure, the combination
of both, or to a control group that did not receive any training (see below).> Furthermore, in the context of this latter
study, NASQ parameters were evaluated during experimental endotoxemia, in which all participants of the four training
groups took part (see below).” Previous data from our group revealed that the systemic inflammatory response induced in
this model results in decreased pain thresholds,"® and we explored whether the different training modalities influenced
this effect.

Ethics Approval

All procedures were approved by the local ethics committee of the Radboud university medical center (CMO Arnhem-
Nijmegen, reference and trial registration numbers are provided in the corresponding sections below) and were conducted
in accordance with the declaration of Helsinki including current revisions and Good Clinical Practice guidelines. All
participants provided written informed consent to participate in the study and were screened before the start of the
experiment to confirm a normal physical examination, electrocardiography, and routine laboratory values. Exclusion
criteria were: prior experience with breathing, meditation, or cold exposure exercises, including mindfulness, yoga and
exposure to cold showers, frequent visits to sauna facilities (more than once per month), use of any medication, smoking,
previous spontaneous vagal collapse, use of recreational drugs within 21 days prior to the start of the training program,
surgery or trauma with significant blood loss or blood donation, hospital admission or surgery with general anesthesia,
participation in another study within three months prior to the experimental day, or clinically significant acute illness and/
or infections within four weeks before the start of the training program.

Breathing Exercises Study
After ethics approval (reference number: 2014-1374/NL51237.091.14), 40 males provided written informed consent to
participate in a prospective randomized study registered at https://clinicaltrials.gov/ (NCT02417155). The study was

carried out in the research department of the Radboud university medical center from December of 2014 to February of
2015. An extensive description of the methods is described elsewhere.? A schematic overview of the study procedures is
depicted in Figure 1. During the informed consent procedure, all participants were verbally familiarized with the different
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| Overview of QST measurements
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Figure | Overview of study procedures. PRE — NASQ measurements immediately after inclusion, before training procedures. CONI| — The first NASQ measurement on
the control day, time-matched (around 10am) with the first NASQ measurement on the experiment day (DuBR). CON2 — The second NASQ measurement on the
control day, time-matched (around 3pm) with the second NASQ measurement on the experiment day (AfBR). DuBR — The first NASQ measurement on the
experiment day, time-matched with CONI, taken during conduct of the breathing exercise. AfBR — The second NASQ measurement on the experiment day, time-
matched with CONZ2, taken 4 hours after cessation of the breathing exercise. BeTR — The baseline NASQ measurement in the endotoxemia study, taken immediately after
inclusion and before randomization to the training groups. T-1 — The first NASQ measurement on the endotoxemia experiment day, taken | hour before administration of
endotoxin. T2 — The second NASQ measurement on the endotoxemia experiment day, taken 2 hours after administration of endotoxin, during conduct of the breathing
exercise in the groups trained in this exercise (BRT and CBR groups). Té — The third NASQ measurement on the endotoxemia experiment day, taken 6 hours after
administration of endotoxin, 3.5 hours after cessation of the breathing exercise in the groups trained in this exercise (BRT and CBR groups).

training procedures that were part of the current study and subsequently gave consent to participate in any of the four
groups ahead of randomization. Participants were randomized to four different groups (n = 10 per group) by an
independent research nurse using the sealed envelope method: extensive training by the creator of the intervention,
extensive training by an independent trainer, short training by the creator of the intervention, and short training by an
independent trainer. All participants were trained in the week before the experiment day. NASQ assessments described in
the current manuscript were performed in a subset of 20 volunteers who were trained in a breathing exercise that
consisted of hyperventilation for an average of 30 breaths using deep and powerful breaths (“hyperventilation phase”)
followed by exhalation breath holding for approximately two minutes (“retention phase”). The duration of breath
retention was entirely at the discretion of the participant. Breath retention was followed by a deep inhalation breath,
that was held for 10 seconds. Subsequently, a new cycle of hyper/hypoventilation began.

A total of five NASQ assessments were performed. The first NASQ assessment was performed after inclusion and
randomization but before the start of the training program (NASQpgrg, Figure 1). Furthermore, on a separate day, also
after randomization but before the start of the training program, two NASQ assessments were performed which were
time-matched to those performed on the experiment day (Figure 1). The first NASQ assessment on the control day
(NASQcon1) was time-matched with the first NASQ assessment on the experiment day (NASQpugr, at approximately 10
am), which was performed during execution of the breathing exercise. The second NASQ assessment on the control day

Journal of Pain Research 2023:16 hetps: 1981

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zwaag et al Dove

(NASQcon») was time-matched with the second NASQ assessment on the experiment day (NASQgr, at approximately
3 pm), which was performed 4 hours after cessation of the breathing exercise. On the experiment day, participants
practiced the breathing technique for 1.5 hours and NASQ assessment was started one hour following start of the
breathing exercise and lasted 30 minutes. Due to technical issues, the NASQ assessment could not be analyzed in one
participant of the breathing exercises studies. Data of all groups were combined, resulting in a total of 19 participants for
the breathing exercises study. We analyzed these data together, as the increase in epinephrine levels in the breathing
exercises study was similar in all four groups.? Also, no between-group differences were observed in any of the NASQ
parameters (data not shown).

Experimental Human Endotoxemia Study
After ethics approval (reference number 2016-2312/NL56686.091.16), 48 males provided written informed consent to
participate in this prospective randomized controlled study registered at https://clinicaltrials.gov/ (NCT03240497). The

study was carried out in the research department of the Radboud university medical center from April to June of 2016.
An extensive description of the methods is described elsewhere.” A schematic overview of the study is depicted in
Figure 1. During the informed consent procedure, all participants were verbally familiarized with the different training
procedures that were part of the current study and subsequently gave consent to participate in any of the four groups
ahead of randomization. We employed a 2 by 2 design, in which 48 participants were randomized by an independent
research nurse using the sealed envelope method to 4 different groups (n = 12 per group): cold exposure (CEX),
breathing exercise (BRT), cold exposure and the breathing exercise (CBR), and a control group (CG). Participants of all
groups except the control group were trained in the week leading up to the endotoxemia experiment day (further detailed
in section “endotoxemia procedures’ below). Briefly, the participants in the CEX group followed an intensive 4-day cold
exposure training program, consisting of standing in snow with bare feet for up to 30 minutes, lying in snow in shorts for
up to 20 minutes, and sitting and swimming in ice-cold water for up to 3 minutes (see video material accompanying our
previous publication).? Furthermore, participants were instructed to end their daily shower with a period of 60 seconds of
cold water until the endotoxemia experiment day. Participants in the BRT group were trained in the breathing exercise as
described in the previous subsection, but without the prolonged breath retention phase. Instead, participants held their
breath for only 10 seconds, during which all body muscles were tightened, after which a new cycle of hyperventilation
was initiated. We used this exercise as we showed that it is equally effective in increasing plasma epinephrine levels (the
main driver of the anti-inflammatory effects) as the exercise with prolonged retention,” is easier to learn, and potentially
safer. Participants randomized to the CBR group followed both cold and breathing exercise training procedures and
participants in the control group did not receive any training.

In total, four NASQ assessments were performed during this study. One NASQ assessment after inclusion but before
randomization and before training (BeTR). On the endotoxemia experiment day, the first NASQ assessment was
performed one hour before endotoxin administration (T-1). The second NASQ assessment was timed two hours after
endotoxin administration (T2), this was during execution of the breathing exercise. The third NASQ assessment was
timed six hours after administration of endotoxin (T6), 3.5 hours after cessation of the breathing exercise.

All participants, regardless of the randomization, underwent experimental endotoxemia at the research unit of the
Intensive Care department of the Radboud university medical center according to our standard protocol'* also used in our
previous studies into this intervention.'* Participants refrained from caffeine and alcohol 24 hours before the experiment,
and refrained from any intake of food and drinks 10 hours before the experiment. Fasting was maintained until 4.5 hours
after administration of endotoxin. A cannula was placed in the antecubital vein of the non-dominant arm for hydration
and the radial artery of the same arm was cannulated under local anesthesia using a 20-gauge arterial catheter for
continuous arterial monitoring of vital signs. Purified endotoxin (derived from Escherichia coli O:113, Clinical Center
Reference Endotoxin) obtained from the Pharmaceutical Development Section of the National Institutes of Health
(Bethesda, MD, USA) and supplied as a lyophilized powder, was reconstituted in 5 mL saline 0.9% for injection and
vortex-mixed for 20 minutes before being administered as an intravenous bolus at a dose of 2 ng/kg body weight.
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Nijmegen-Aalborg Screening Quantitative Sensory Testing Measurements

The measurements of pressure pain threshold (PPT), electrical pain detection threshold (EPDT), electrical pain tolerance
threshold (EPTT) and conditioned pain modulation (CPM) test are extensively described”"® and visualized.!' All measure-
ments were conducted in a stimulus-poor room in our university hospital with a constant temperature (20.5-22°C) and
humidity (with a set-point of 6 g/Kg that results in a relative humidity of 45-55%). Measurements were performed by two
researchers (HT and JvG), both extensively trained in NASQ measurements. The musculus deltoideus was marked as the
training site to help the participants to get used to the assessments via pressure algometry as well as electrical threshold
assessment. The following areas were marked bilaterally as test sites: the musculus rectus femoris (15 cm above the patellar
ridge), the musculus trapezius (pars medialis, level Th3), the thenar muscle, the musculus abductor hallucis. A description
of the specific test sites used for each measurement is provided below.

PPT

Pressure pain threshold (PPT) was measured on both the left and the right side of the body at the m. deltoideus, m. rectus
femoris, thenar and m. abductor hallucis. The measurements were first performed on the training site (m.deltoideus), and
secondly on the study sites (directly on the specific muscle). Pressure was manually delivered with the pressure
algometer (Wagner instruments, Force TEN™ Digital Force Gage FDX 50, Greenwich, CT, USA) with a 1.0 cm?
probe under a 90° angle. A ramping rate of ~5 Newton(N)/s was used by manually adjusting the applied pressure based
on visual feedback using the display of the pressure algometer. Pressure was started at 0 N and applied up to a maximum
of 250 N for safety purposes. The participants were instructed to say “stop” when they felt a burning, painful or stitching
sensation alongside the feeling of pressure. The participants were asked to rate the associated pain on a VAS scale using
a 10 cm line printed on A4 paper. Test pressure values and VAS scores were noted on a sheet while making sure the
participants could not read the values of the measurements during the execution of the tests. The PPT measured with
a pressure algometer showed a good test—retest (r = 0.88) and interobserver reliability (r = 0.84).'> In healthy individuals,
the ICC values showed excellent reliability (ICC = 0.74) on the thenar.'® In another study including healthy volunteers,
intra-rater reliability was shown to be excellent (ICC > 0.9).'” In a recently conducted systematic review, test-retest ICC
for the VAS scale was 0.77-0.90.'8

EPDT

Electrical pain detection threshold (EPDT) was measured on the m. rectus femoris and m. trapezius test sites. A QST
stimulator (QST-III; JNI Biomedical ApS, Klarup Denmark) was used to obtain the electrical pain detection threshold.
The QST stimulator delivers tetanic stimulation at 100 Hz with 0.2 ms square waves. The ramping rate was set to 1 mA/s.
The initial current was set to 0 mA, the maximum current was automatically set to 50 mA for safety purposes. The
participants were instructed to press the power button to start the flow of current and to release the button at the moment
the sensation started to be painful and annoying. At each site, three measurements were taken, allowing at least 15
seconds in between measurements to avoid windup effects. Electrical values and VAS scores were noted on a sheet while
making sure the participants could not read the values of the measurements during the execution of the tests. The mean
value for each EPDT test location was calculated. Data on the reliability of EPDT testing in healthy volunteers are, to our
knowledge, not available. In patients with painful chronic pancreatitis, the test-reliability was poor in pancreatic
viscerotomes (ICC 0.15-0.43)."°

EPTT

Electrical pain tolerance threshold (EPTT) was measured on the m. rectus femoris of the non-dominant leg. The same
QST stimulator was used as described for the EPDT measurement above. The participants were instructed to press the
power button to start the flow of current and release the button at the moment the feeling was the maximum tolerable
pain. Again, electrical values and VAS scores were noted on a sheet while making sure the participants could not read the
values of the measurements during the execution of the tests. In patients with painful chronic pancreatitis, the ICC was
shown to be fair: 0.48-0.49."°
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CPM (‘lce Water Test’)

Conditioned pain modulation (CPM) was measured using a bucket of water with melting ice with a target temperature
range of one to four degrees Celsius. Throughout the experiment, a temperature probe was used to check if the water was
at the intended target temperature. Ice was added if necessary. The PPT and the EPTT measurements described above
were used as a preconditioning test stimulus. The participants were asked to immerse one hand into the ice water in the
bucket until the wrist and with the fingers spread without touching the wall or bottom of the bucket. The participants
were told to remove their hand from the water after three minutes of immersion or sooner if the pain became intolerable.
During the immersion, the participants were asked to rate the pain on a 0 to 100 scale on a 10 ¢cm line printed on A4
paper every 10 seconds, in which 0 represents no pain and 100 unbearable pain. Finally, the PPT and EPTT measure-
ments were performed again directly after taking the hand out of the ice water bucket to determine test stimulus post-
conditioning. CPM was calculated by using the difference of the pre- and postconditioning measurements as a proportion
of the preconditioning measurement expressed as a percentage (post-conditioning minus preconditioning/precondition-
ing)*100%. Using the combination of the PPT handheld algometer and ice water stimuli to assess the CPM, is one of the
most reliable methods described, with a modest test—retest reliability (ICC = 0.49; coefficient of variation = 63.6%).%°

Statistical Analysis

As this manuscript describes secondary endpoints of two studies that primarily focused on the contribution of the
different components of the aforementioned training program on circulating epinephrine levels and inflammatory
parameters,” the study was not formally powered for the NASQ endpoints.

For PPT and EPDT data, the median value of pain pressure threshold in Newton or electrical stimulus threshold in
milliampere (mA) was calculated from the values obtained at each measurement site for each participant. During all ice
water tests in both studies, the majority of participants reached the maximum time of 180 seconds immersion in ice
water, rendering comparisons between average times of little value. As such, the proportions of participants reaching the
maximum time were compared. For ice water VAS, the highest levels of pain reported by each individual participant
during the ice water test were used for analysis. Group data are presented as median [interquartile range], means =+
standard error of the mean (SEM) or number (%). Differences were analyzed using Fisher exact tests, paired #-tests,
repeated measures one-way analysis of variance (ANOVA) followed by Tukey post-hoc tests, or Kruskal-Wallis tests.
Pearson correlation was used. Bonferroni correction was applied to adjust for multiple testing. Analyses were performed
using Graphpad Prism V5.03 (Graphpad Software, San Diego, CA, USA) and SPSS V25.0.0.1 (IBM Corp, Armonk,
New York, USA).

Results

Participant Characteristics
Baseline characteristics of participants who were included in the breathing exercises and endotoxemia studies are listed
in Table 1. Flow diagrams of both studies are provided in Supplemental Figures 1 and 2. Due to technical issues, the

NASQ assessment could not be analyzed in one participant of the breathing exercises study. Data of all randomization
groups in the breathing exercise study were combined, resulting in a total of 19 participants. We analyzed data of all
groups together, as the increase in epinephrine levels in the breathing exercises study was similar in all four groups.”

Also, no between-group differences were observed in any of the NASQ parameters (data not shown).

Learning Effects
Learning effects were assessed in the breathing exercise study by comparing NASQprg with NASQcon (Figure 1). No
significant differences between these measurements for any of the NASQ parameters were present (Table 2).
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Table | Demographic Characteristics

Breathing Exercises

All Participants

Short Training by

Extensive Training

Short Training

Extensive Training by

Study (n=40) Independent by Independent by Creator Creator (n=10)
Trainer (n=10) Trainer (n=10) (n=10)

Age, years 21 [19-24] 20 [19-22] 22 [19-26] 2| [20-23] 23 [19-26]

BMI, kg.m™? 22.9 [21.4-24.2] 22.5 [21.5-24.8] 23.9 [21.1-25.0] 23.8 [22.2-24.6] 22.3 [20.1-23.6]

Systolic blood 140 [128-145] 135 [123-148] 143 [128-147] 146 [137-150] 135 [131-140]

pressure, mmHg

Diastolic blood 71 [64-79] 71 [61-77] 77 [70-85] 69 [62-81] 69 [62-81]

pressure, mmHg

Heart rate, bpm 77 [60-88] 77 [69-84] 86 [59-103] 77 [53-89] 63 [54-82]

Endotoxemia Study All Participants Control (CG) Cold Exposure Breathing Cold Exposure and

(n=48) (n=12) (CEX)(n=12) Exercise (BRT) Breathing Exercise
(n=12) (CBR)(n=12)
Age, years 22 [20-24] 22 [20-22] 23 [20-26] 22 [20-24] 23 [20-25]
BMI, kg.m™ 23.3 [22.2-24.6] 23.1 [22.2-23.9] 22.8 [21.0-24.2] 23.5 [22.7-24.7] 24.5 [22.5-25.6]
Systolic blood 140 [136-152] 137 [122-156] 142 [137-155] 140 [136-152] 144 [136-152]
pressure, mmHg
Diastolic blood 72 [64-80] 73 [66-82] 72 [64-81] 70 [62-75] 77 [68-82]
pressure, mmHg
Heart rate, bpm 64 [56-71] 66 [59-75] 65 [56-73] 62 [56-66] 62 [51-67]
Notes: Data were obtained using the screening visit and are presented as median [IQR].
Abbreviations: kg, kilogram; m, meter; bpm, beats per minute; mmHg, millimeters mercury.
Table 2 Learning Effects During Breathing Exercises Study
NASQEpre NASQconi p-value
PPT, N/cm? 835+ 55 85.1 + 47 0.69
EPDT, mA 15.8+1.9 14.6x1.9 0.11
Icewater test - time, n (%) 14/19 (74%) 16/19 (84%) 0.43
Icewater test — VAS 71.4+5.8 70.5%5.8 0.69
CPM - pressure (delta N) 0.30+0.09 0.09+0.04 0.06
CPM - electrical (delta mA) 0.20+0.06 0.19+0.05 0.59

Notes: Data are presented as mean + SEM. p-values were calculated using paired t-tests or Fisher exact tests.

NASQgpre: NASQ measurements immediately after inclusion, before training procedures. NASQcon: The first

NASQ measurement on the control day, time-matched (around 10am) with the first NASQ measurement on

the experiment day (DuBR).

Abbreviations: PPT, pressure pain threshold; EPDT, electrical pain detection threshold; lcewater test — time,
proportion of subjects reaching the maximum time (180 seconds), Icewater test; VAS, The highest reported pain
score during the icewater test; CPM, conditioned pain modulation.

Acute and Prolonged Effects of the Breathing Exercise on NASQ Parameters
The effects of acute and prolonged effects of the breathing exercise on pain perception in the absence of systemic

inflammation were evaluated in the breathing exercise study by comparing NASQconi with NASQpusr and NASQconz

with NASQamr, respectively (Figure 1).
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For pressure pain thresholds (PPT), no differences were observed (Figure 2A). However, for electrical pain detection
thresholds (EPDT), a significant increase in EPDT was observed both between NASQcon; (14.6+1.9 mA) and
NASQpupr (19.0£2.2 mA, p = 0.001, Figure 2B), and between NASQconz (15.242.0 mA) and NASQamr (17.5+£2.2
mA, p = 0.03, Figure 2B). To explore possible mechanisms behind this effect, we correlated the sharp increases in plasma
epinephrine levels and pH observed during the breathing exercises” with the increases in EPDT. No such relationships
were identified (data not shown). For the ice water test, no significant differences were found in the proportion of
participants that reached the maximum time of 180 seconds neither during the breathing exercise (NASQcon1 84% vs
NASQpusr 74%, p = 1.00), nor after the breathing exercise (NASQcon2 89% vs NASQamr 79%, p = 1.00). The peak
pain score (VAS) during the ice water test was also similar between the different measurements (Figure 2C). Finally,
conditioned pain modulation (CPM) parameters showed no change between the measurements, both for pressure and
electrical stimulation (data not shown).

Influence of the Different Training Regimens Employed in the Human Endotoxemia
Study on NASQ Parameters

The influence of the different training modalities used in the endotoxemia study (ie, cold exposure [CEX], breathing
exercise [BRT], cold exposure and breathing exercise [CBR], and the control group [CG]) on NASQ parameters were
evaluated. NASQg.rr and NASQt.; measurements were compared, reflecting changes in pain perception caused by the
training program, before induction of human endotoxemia (Figure 1).

For PPT, significantly lower PPT values post-training were observed in the CEX group (118.6+6.7 N/cm? vs 94.8+6.8
N/em?, p = 0.01), whereas no significant differences were found in the other groups (Figure 3A). For EPDT, no
differences were observed in any of the groups (Figure 3B). Likewise, for the ice water test, no significant differences
were found in the proportion of participants who reached the maximum time (CG: 33.3% vs 16.7%, p = 1.00; CEX:
66.7% vs 81.8%, p = 1.00; BRT: 41.7% vs 50.0%, p = 1.00; CBR: 58.3% vs 83.3%, p = 0.71). No effects of the training
were observed for the highest reported pain score (VAS) during the ice water test in the control group (76.7+4.7 vs 77.2
+4.1, p = 1.00) or the BRT group (72.0+7.5 vs 70.6+8.3, p = 1.00, Figure 3C). However, significantly lower VAS scores
were reported in both cold exposure groups after training (CEX group: 78.9+6.8 vs 61.0+£5.8, p = 0.04; CBR group: 79.6
+5.6 vs 59.845.7, p < 0.001, Figure 3C). CPM parameters again showed no change between the measurements, both for
pressure and electrical stimulation (data not shown).

1 First NASQ on control and experiment day B Second NASQ on control and experiment day
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Figure 2 Acute and prolonged effects of the breathing exercise on pain perception. (A). Pressure pain threshold (PPT) (B). Electrical pain detection thresholds (EPDT) (C)
peak VAS score during the icewater test. Data are presented as mean * SEM of |9 participants per group. P-values were calculated using paired t-tests. CONI: The first
NASQ measurement on the control day, time-matched (around |0am) with the first NASQ measurement on the experiment day (DuBR). CON2: The second NASQ
measurement on the control day, time-matched (around 3pm) with the second NASQ measurement on the experiment day (AfBR). DuBR: The first NASQ measurement on
the experiment day, time-matched with CONI, taken during conduct of the breathing exercise. AfBR: The second NASQ measurement on the experiment day, time-
matched with CON2, taken 4 hours after cessation of the breathing exercise.
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Figure 3 Influence of the different training regimens employed in the human endotoxemia study on pain perception. (A) Pressure pain threshold (PPT) (B). Electrical pain detection
thresholds (EPDT) (C). Peak VAS score during the icewater test. Data are presented as mean + SEM of |2 participants per group. P-values were calculated using paired t-tests.
Bonferroni correction was applied to adjust for multiple testing. BeTR: The baseline NASQ measurement in the endotoxemia study, taken immediately after inclusion and before
randomization to the training groups. T-1: The first NASQ measurement on the endotoxemia experiment day, taken | hour before administration of endotoxin.
Abbreviations: CG, untrained control group; CEX, cold exposure training group; BRT, breathing exercises training group; CBR, combined cold exposure and breathing
exercises training group.

NASQ Parameters During Experimental Endotoxemia in the Different Training
Groups
To assess the effects of endotoxemia on pain perception as well as the possible modulating effects of the different training
modalities and, for the BRT and CBR groups, performing the learned breathing exercise, NASQr.;, NASQr, and
NASQT¢ measurements were compared within the different groups (Figure 1).

In all groups, statistically significant lower values of PPT were found during human endotoxemia (CG p < 0.001,
CEX p=10.03, BRT p < 0.001, CBR p <0.001, Figure 4A). Post-hoc testing revealed significant differences in all groups
at time-points 2 and 6 hours (Figure 4A). For EPDT, no statistically significant changes were observed over time in the
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Figure 4 Influence of the different training regimens on pain perception during human endotoxemia. (A) Pressure pain threshold (PPT) (B) Electrical pain detection
thresholds (EPDT) (C). Peak VAS score during the icewater test. Data are presented as mean * SEM of |2 participants per group. All values are normalized to timepoint T-1
(which was set at 0). P-values represent within-group effects over time calculated using repeated measures one-way analysis of variance (ANOVA). *Indicates p<0.05 vs T-1
calculated using Tukey’s post-hoc tests. Bonferroni correction was applied to adjust for multiple testing. CG: untrained control group. CEX: cold exposure training group.
T-1: The first NASQ measurement on the endotoxemia experiment day, taken | hour before administration of endotoxin. T2: The second NASQ measurement on the
endotoxemia experiment day, taken 2 hours after administration of endotoxin, during conduct of the breathing exercise in the groups trained in this exercise (BRT and CBR
groups). Té: The third NASQ measurement on the endotoxemia experiment day, taken 6 hours after administration of endotoxin, 3.5 hours after cessation of the breathing
exercise in the groups trained in this exercise (BRT and CBR groups).

Abbreviations: BRT, breathing exercises training group; CBR, combined cold exposure and breathing exercises training group.
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CG (p = 0.52) or BRT (p = 0.32) groups. However, significant changes were found in the CEX (p = 0.04, post-hoc:
increase at 6 hours post-endotoxin) as well as the CBR group (p = 0.004, post-hoc: decrease at 2 hours post-endotoxin,
Figure 4B).

For the ice water test, no differences in the percentage of participants that reached the maximum time of 180 seconds
were observed in all groups across timepoints T-1, T2 and T6 (CG: 16.7%, 0%, 8.3%, p = 0.34; CEX: 75.0%, 58.3%,
75.0%, p = 0.59; BRT 50.0%, 25.0%, 50.0%, p = 0.36; CBR: 83.3%, 66.7%, 83.3%, p = 0.53). Across all timepoints,
8.3%, 69.4%, 41.7%, and 77.8% of participants reached 180 seconds in the CG, CEX, BRT, and CBR group, respectively
(p = 0.005). Nevertheless, peak VAS increased significantly over time in the CEX (p = 0.01, post-hoc: increase at both 2
and 6 hours post-endotoxin) and CBR groups (p = 0.02, post-hoc: increase at 2 hours post-endotoxin), whereas no
significant changes were observed in the CG (p = 1.00) or BRT (p = 1.00) groups (Figure 4C). Again, CPM parameters
showed no significant changes over time throughout the endotoxemia experiment (data not shown).

Discussion

In this study, we first investigated the effects of a breathing exercise which was previously shown to result in profoundly
increased plasma epinephrine levels® on pain perception in healthy volunteers. Our results indicate that the electrical pain
threshold is increased during and several hours after this exercise, which is characterized by cycles of vigorous
hyperventilation and prolonged breath retention. In the second part of this study, we evaluated the effects of different
training regimens involving combinations of a similar breathing exercise and cold exposure on pain perception before
and during experimental human endotoxemia, a standardized controlled model of systemic inflammation. Both training
regimens that involve cold exposure resulted in lower pain perception during an ice water test before induction of
endotoxemia. Systemic inflammation lowered the pressure pain threshold, whereas it nullified the decreased pain
perception during the ice water test in participants trained in both regimens involving cold exposure.

No learning effects on any of the measured parameters were observed when performing repeated NASQ measure-
ments in the absence of an intervention in the “breathing exercise study” part of the current investigation. These results
are in line with earlier studies on the short-term test-retest reliability of specific QST parameters.”' Also, the absence of
a learning effect is further substantiated by the lack of differences between the first two NASQ measurements in the
control group of the endotoxemia study, in which no intervention was applied as well. Collectively, these findings
indicate that the results of our analyses into the effects of the different interventions can be interpreted without
considering a relevant test-retest effect. This is an important finding, as not every QST battery has this property. For
instance, in male patients with chronic pain, reproducibility of QST parameters was found to be insufficiently stable over
a period of 10 days to be used in a clinical setting.”

In the breathing exercise study, an increase in electrical pain threshold was observed during the conduct of the
breathing exercise. Furthermore, this effect persisted for several hours after cessation of the breathing exercise. These
findings are in line with an earlier study on the effects of voluntary breathing, in which an increase in electrical pain
threshold was found in a group of healthy volunteers that was instructed to take effortful deep and fast inhalations.** The
mechanism behind this analgesic effect may involve pathways that are generally attributed to exercise-induced
hypoalgesia:** activation of the endogenous opioid system and the autonomic nervous system. First, a direct effect on
the endogenous opioid system, specifically an increase in the analgesic nociceptin/orphanin levels, has been documented
during vigorous hyperventilation.”> However, in the present study, we found no relationship between increased blood pH
levels (as a measure of the extent of hyperventilation) and the increase in electrical pain thresholds. Second, activation of
the autonomic nervous system may be involved; indeed, breathing exercise was previously shown to result in a strong
increase in blood levels of epinephrine.? Epinephrine and other catecholamines are associated with an analgesic effects in
the complex network of central pathways in the brain®® and pain modulation effects.’” Furthermore, in the above
described study on the effects of vigorous hyperventilation, a relationship between norepinephrine and nociceptin/
orphanin levels was identified.>> However, similar as for pH, we found no correlation between increased epinephrine
levels and changes in electrical pain thresholds. The absence of such correlations could also be due to a relatively low
group size or a saturation effect (eg, every subject was able to reach high pH and epinephrine levels).
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When assessing the effects of the different training regimens used in the endotoxemia study, we observed a decrease
in pressure pain threshold (PPT) before induction of endotoxemia in the group that was trained only in cold exposure. We
do not have a clear explanation for this effect; furthermore, it was not observed in the group that was trained in both cold
exposure and the breathing technique. Nevertheless, a consistent decrease in pain perception (VAS score) induced by cold
exposure during the ice water test was found post-training in both cold exposure groups, whereas no change in the
proportion of participants reaching the maximum immersion time of 180 seconds was present. This is in line with studies
showing cold acclimation effects after repeated exposure to cold on several other parameters, including less discomfort
and cold sensation as well as greater heat retention and possible improvements in cognitive performance.?®>°

In all groups, the pressure pain detection threshold decreased during human endotoxemia, indicating a hyperalgesic
change of pain perception during systemic inflammation. These results corroborate earlier work of our group, in which
pressure and electrical pain thresholds were significantly decreased two hours after endotoxin administration."* No
effects of any of the training regimens on pressure pain threshold (PPT) during endotoxemia were observed. Furthermore,
the increase in electrical pain threshold (EPDT) observed in the breathing exercise study could not be recapitulated
during the endotoxemia study, as both groups that were trained in the breathing exercise (ie, the BRT and CBR groups)
did not display an increase during endotoxemia. We speculate that the hyperalgesic effects of endotoxemia as found in
the current as well as our previous study'® override the potential analgesic effects elicited by the hyperventilation
exercise. This may be supported by the fact that clinical effects of endotoxemia are very dominant, for instance
represented by a development of fever and significant flu-like symptoms.'® Alternatively, a small difference in the
breathing exercise employed between the studies (ie, the lack of prolonged breath retention in the endotoxemia study)
may be involved, which could implicate a role for hypoxia in modulation of the electrical pain threshold, as epinephrine
induction by both exercises was similar.” Along these lines, hypoxia itself has been linked to hyperalgesia either through
hormonal or inflammatory mediators,>' for instance in patients with nocturnal hypoxia due to sleep apnea.*>

In both groups that underwent cold exposure training, several changes in electrical pain thresholds were observed
during endotoxemia. However, the two groups showed a contradicting pattern. After administration of endotoxin, in the
CEX group, EPDT values were higher after 6 hours, whereas values in the CBR group were lower after 2 hours. As such,
it is difficult to draw conclusions on the effects of cold exposure training on electrical pain thresholds. Also, in these two
“cold exposure’ groups, the reported VAS score during the ice water test increased following endotoxin administration.
Conceivably, the systemic inflammatory response nullified the training-induced effects observed before endotoxin
administration (ie, lower VAS scores compared with the pre-training measurement in these two groups, see above),
resulting in a significant increase afterwards. Despite this increase in VAS, a larger proportion of participants of these two
groups reached the maximum ice water immersion period of 180 seconds across all timepoints on the endotoxemia
experiment day, possibly indicating that participants in these groups were able to endure these higher VAS scores for
a longer period of time.

A strength of the current work is that, compared with other QST studies that employed specific tests/elements, we
used NASQ, a comprehensive battery of QST measurements used extensively in other studies.’'? Our study is limited by
the fact that we only included male participants. This may be of relevance, because within the spectrum of QST
parameters, the largest effect sizes for differences in gender were found in cold-induced pain and pain to blunt pressure.*”
However, as human endotoxemia experiments are very costly and labor-intensive studies, and for ethical reasons (we
want to expose as few volunteers as possible to endotoxemia), we only include male participants in virtually all of these
studies. Another limitation is the potential to extrapolate the findings to clinical practice, as we studied healthy
volunteers. For instance, exercise-induced hypoalgesia observed in pain-free adults may have opposing hyperalgesic
effects in patients with chronic pain.>* However, we feel this work has important value in the translation to clinical
practice.

Conclusions
In conclusion, a breathing exercise characterized by cycles of vigorous hyperventilation and prolonged breath retention
decreases pain perception induced by an electrical stimulus. Furthermore, training in cold exposure may decrease pain
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perception induced by hand immersion in ice water. Whether these effects translate to beneficial effects in patients, for
instance those suffering from autoimmune diseases, remains to be determined.

Data Sharing Statement
Data will be shared by the corresponding author Dr Matthijs Kox upon reasonable request and in accordance with the
General Data Protection Regulation (GDPR).
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