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Abstract: Rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE) are associated with
an impaired autonomic nervous system and vagus nerve function. Electrical or physiological (deep
breathing—DB) vagus nerve stimulation (VNS) could be a potential treatment approach, but no direct
comparison has been made. In this study, the effect of transcutaneous auricular VNS (taVNS) and DB
on vagal tone was compared in healthy participants and RA or SLE patients. The vagal tone was
estimated using time-domain heart-rate variability (HRV) parameters. Forty-two healthy participants
and 52 patients performed 30 min of DB and 30 min of taVNS on separate days. HRV was recorded
before and immediately after each intervention. For the healthy participants, all HRV parameters
increased after DB (SDNN + RMSSD: 21–46%), while one HRV parameter increased after taVNS
(SDNN: 16%). For the patients, all HRV parameters increased after both DB (17–31%) and taVNS
(18–25%), with no differences between the two types of VNS. DB was associated with the largest
elevation of the HRV parameters in healthy participants, while both types of VNS led to elevated
HRV parameters in the patients. The findings support a potential use of VNS as a new treatment
approach, but the clinical effects need to be investigated in future studies.

Keywords: rheumatoid arthritis; systemic lupus erythematosus; deep breathing; heart-rate variabil-
ity; vagus nerve stimulation; neuromodulation; transcutaneous auricular stimulation; breathing;
inflammation; autoimmune diseases

1. Introduction

Rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE) are autoimmune
inflammatory diseases. Patients with RA suffer from joint swelling, joint pain, and, over
time, joint destruction [1]. Patients with SLE have numerous symptoms from different
organ systems, including symptoms from the kidneys, joints, blood vessels, and the central
nervous system [2]. These diseases can be severe and result in great suffering among
patients, and studies indicate that these patients have a decreased quality of life [3,4].
Furthermore, these diseases entail a considerable societal burden [4,5].

The usual treatment options for both diseases include disease-modifying anti-rheumatic
drugs (DMARD), glucocorticoids, and immunotherapy [2,6]. However, 20–25% of patients
with RA and approximately 15% of patients with SLE cannot achieve remission [6,7], and
these drugs can have severe side effects, such as increased rate of infection, hepatotoxic-
ity, and bone marrow depression [8]. Consequently, it is evident that there is a need for
additional treatment options.
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Over the last few years, a new approach in the form of vagus nerve stimulation (VNS)
has been investigated [9,10]. VNS is believed to exhibit an anti-inflammatory effect via the
inflammatory reflex; afferent vagal fibers sense peripheral cytokines, which activate three
pathways: (1) activation of the hypothalamus–pituitary–adrenal axis, which results in re-
lease of cortisol; (2) activation of efferent vagal fibers, which act on enteric neurons that, via
activation of nicotinergic receptors on macrophages, inhibit the release of proinflammatory
cytokines (e.g., Tumor Necrosis Factor Alpha (TNF-α)); (3) activation of vagal efferent fibers
that stimulate the splenic nerve in the celiac ganglion. The splenic nerve stimulates β2
adrenergic receptors on splenic lymphocytes, which, in turn, inhibit macrophage release of
proinflammatory cytokines in the spleen via activation of nicotinergic acetylcholine recep-
tors [11]. Since VNS is believed to exert an anti-inflammatory effect, VNS could potentially
reduce disease activity in autoimmune diseases such as RA and SLE. Another aspect that
supports this notion, is the autonomic imbalance related to these diseases. Studies indicate
that the autonomic nervous system is out of balance in patients with RA and SLE with a
decrease in vagal tone [12]. Koopman et al. even found evidence suggesting that autonomic
nervous system imbalance precedes and predicts the RA diagnosis [13].

The activity of the autonomic nervous system can be estimated non-invasively by
measuring heart-rate variability (HRV). HRV is the physiological occurrence of slightly
varying distances between adjacent R-waves in an electrocardiogram (ECG) recording; the
time-domain measures of RMSSD and PNN50 are related to vagal activity and may be
considered as surrogate measures for the vagal tone [14].

That which was mentioned above implies that patients with RA and SLE could benefit
from VNS. Electrical VNS can be delivered either invasively through a cuff electrode
implanted around the nerve or non-invasively via transcutaneous stimulation at auricular
or cervical points. For transcutaneous auricular VNS (taVNS) in healthy subjects, the results
are mixed; some studies have found an increase in different HRV measures [15–18], while
other studies, including a meta-analysis, found no effect on HRV measures [19–22]. Aside
from investigating the effect of taVNS on HRV, Sclocco et al. also examined the effect of
taVNS on brainstem MRI in healthy subjects and found activation of the ipsilateral nucleus
tractus solitarius [22]. This effect is believed to arise through activation of afferent vagal
fibers at the site of stimulation in the ear [23], and it could possibly evoke a more generalized
activation of the vagus nerve (VN), potentially resulting in an anti-inflammatory response,
as well as an increase in HRV, thereby providing a physiological background for the effect
of taVNS. For transcutaneous cervical VNS (tcVNS), two studies have reported a reduction
of cytokine levels in healthy participants [24,25]. Kox et al. studied transvenous VNS in
healthy participants and found no effect on the inflammatory response to endotoxemia [26].
Electrical VNS has been investigated in RA or SLE in a few studies. Koopman et al.
implanted a cervical vagus nerve stimulator in 17 patients with RA and showed that
42 days of stimulation decreased cytokine levels, C-reactive protein (CRP), and Disease
Activity Score-28-CRP (DAS28-CRP) [27]. Aranow et al. studied four days of taVNS
in patients with SLE and showed a reduction in fatigue, pain, and number of affected
joints compared to sham stimulation [28]. A study including patients with RA found that
four days of tcVNS reduced cytokine levels and decreased DAS28-CRP [29]. In summary,
studies investigating electrical VNS in healthy subjects report mixed results, but studies
regarding electrical VNS in patients with RA or SLE have shown promising results on
clinical outcomes.

Another way to stimulate the VN is through deep breathing (DB) exercises [30–37].
The mechanisms through which DB stimulates the VN are not well established, but are
believed to include peripheral factors, such as the baroreflex, the peripheral chemoreflex,
the Bainbridge reflex, and the Heuring–Breuer reflex, as well as such central elements
as the respiratory and cardiovascular centers in the brainstem [38]. Most of the studies
that have investigated DB tested the effect on HRV, and even though the methods of DB
exercises used in these studies vary distinctively, a general increase in HRV parameters was
found. Only two studies investigated the effect of DB in patients with RA and SLE, where
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DB increased the HRV parameters [36,37]. Furthermore, Twal et al. found that yogic DB
can decrease cytokine levels in saliva in healthy participants [32]. Tactile VNS through an
oscillatory device placed in the cymba conchae was able to significantly reduce the amount
of TNF-α in healthy participants, in addition to reducing DAS28 and CRP in patients with
RA [39]. The existing evidence regarding the anti-inflammatory properties of the VN has
been reviewed in several articles, including clinical studies with VNS performed in different
patient populations that included patients with RA and SLE [9–11,40–44].

In summary, the existing literature generally supports the hypothesis that VNS could
be a potential new treatment option for patients with autoimmune inflammatory diseases
such as RA and SLE, and that there are different methods for stimulating the VN, where
taVNS and DB are the most extensively researched. However, these non-invasive methods
of VNS have only been studied to a limited extent in patients with RA and SLE, and the
effects have not been directly compared. Therefore, the aim of this study was to compare
the effect of taVNS and DB on the vagal tone measured by using HRV in patients with RA
and SLE. Moreover, the effects of the two methods were compared with those in a sample of
healthy participants. It should be noted that the aim of this study was not to make a direct
comparison between healthy participants and patients with RA and SLE, which would
require an age- and gender-matched control group for the patients. The contributions of
this paper are: (1) an evaluation of the effects of VNS on HRV through DB and taVNS in
healthy participants and patients with RA and SLE and (2) a direct comparison between
taVNS and DB.

2. Materials and Methods
2.1. Participants

Healthy participants of ages between 18 and 85 years were eligible for inclusion. The
exclusion criteria were the following: a chronic illness that demanded regular prescription-
only systemic medication, heart arrhythmias, lung diseases, being unable to provide
informed consent, having a history of psychiatric diseases or severe mental illness that was
believed to affect the ability to participate in the study, addiction, prior addiction to opioids
or euphoriants, and pregnancy.

Patients with a confirmed diagnosis of either RA or SLE who attended the Depart-
ment of Rheumatology, Aalborg University Hospital, Denmark, were recruited and tested
for eligibility. The inclusion criteria regarding the patients were age between 18 and 85
years, diagnosis with RA according to the American College of Rheumatology (1987 or
2010) or European League Against Rheumatism (2010) classification criteria, or diagnosis
with SLE according to the American College of Rheumatology classification criteria for
SLE or the Systemic Lupus International Collaborating Clinics Classification criteria for
SLE. Patients could have other chronic diseases that required prescription-only systemic
medication; otherwise, the exclusion criteria were the same as those described for the
healthy participants.

A sample size calculation showed that 42 participants were required. This calculation
was based on a significance level of 0.05, a statistical power of 0.8, and an effect size
estimated from a comparable study in patients with RA or SLE [36]. Forty-four healthy
volunteers and 53 patients with RA or SLE were included in this study to account for
drop-outs. Two healthy participants were later excluded due to the discovery of systemic
medication use. Additionally, one patient with RA was excluded because of an unknown
heart arrhythmia discovered during the ECG recording. The DB and taVNS were well
tolerated by all participants, and the study was completed without any adverse events. Data
concerning the study participants are illustrated in Table 1. There was an age difference of
30 years between the healthy participants and the patients and a difference in the gender
ratio, but the two groups were not compared. The gender ratio of the patients reflected the
prevalence of these diseases, which are more prevalent in women [1,2].
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Table 1. Data are provided as the mean ± standard deviation. For gender, the absolute values
and ratio in percent are reported. RA: Rheumatoid arthritis. SLE: Systemic lupus erythematosus.
BMI: Body mass index. BP: Blood pressure. DAS-28-CRP: Disease Activity Score-28 C-reactive
protein. SLEDAI: Systemic Lupus Erythematosus Disease Activity Index. CDAI: Clinical Disease
Activity Index. SLAQ: Systemic Lupus Activity Questionnaire. MDHAQ: Multi-Dimensional Health
Assessment Questionnaire. csDMARD: Conventional synthetic disease-modifying anti-rheumatic
drugs. bDMARD: Biological disease-modifying anti-rheumatic drugs.

Demographic Data Healthy Participants (n = 42) Patients with RA or SLE
(n = 52)

Age (years) 28 ± 9 57 ± 13
Sex Male = 23 (55%) Male = 12 (23%)

Female = 19 (45%) Female = 40 (77 %)
BMI (kg/m2) 23.1 ± 5.1 26.2 ± 4.0
BP (mmHG)

Systolic 123 ± 13 130 ± 19
Diastolic 76 ± 8 81 ± 10

Patient Disease
Characteristics RA (n = 47) SLE (n = 5)

DAS28-CRP (RA) or SLEDAI
(SLE) 2.5 ± 1.1 4 ± 4

CDAI (RA) or SLAQ (SLE) 6.5 ± 7.6 10.0 ± 11.3
MDHAQ 0.5 ± 0.8 0.2 ± 0.4

CRP (mg/L) 5.8 ± 10.4 2.7 ± 2.0
Years since diagnosis 13 ± 10 7 ± 7

Treatment
csDMARD n = 38 n = 5

Prednisolone n = 0 n = 1
bDMARD n = 28 n = 1

2.2. Experimental Setup

This study was a cross-over study where both healthy volunteers and patients under-
went the same experimental setup. The setup consisted of two different sessions separated
by at least 24 h to avoid carry-over effects. One session involved 30 min of DB, and the other
session involved 30 min of taVNS. The order of the interventions was randomized. Two
ECG recordings with durations of 5 min were made prior to the intervention to establish
a baseline HRV. Three ECG recordings with durations of 5 min were performed after the
intervention to determine whether an immediate effect on HRV was present and whether
this effect was still present up to 30 min after the intervention had ended. The study design
is schematized in Figure 1. Data regarding disease activity and treatment were collected
from the patients. The ECG recordings and interventions were performed in the same
seating position.

Figure 1. Schematization of the study design illustrating the time points of the ECG measurements,
breaks, and interventions (deep breathing (DB) or transcutaneous auricular vagus nerve stimulation
(taVNS)). Post1, Post2, and Post3 were measured 0–5, 12.5–17.5, and 25–30 min after the intervention,
respectively.

2.3. Deep Breathing

The DB exercises were based on a procedure described in previous studies [33,36,37,45],
and they consisted of 4 s of inspiration and 6 s of expiration with a total duration of 30
min. Initially, participants received verbal instructions, and during the exercise, they were
guided by a visual cue. The participants were instructed to fill the lungs completely during



Sensors 2022, 22, 7884 5 of 14

inspiration and empty the lungs completely during expiration. The participants could
freely choose between nasal or oral respiration.

2.4. Transcutaneous Auricular Vagus Nerve Stimulation

A NEMOS® stimulator (Cerbomed, Erlangen, Germany) was used for taVNS. This is a
handheld battery-driven stimulator that is placed in the cymba concha in the outer left ear,
targeting the auricular branch of the vagal nerve. The device stimulates with a series of
small electrical impulses with a pulse width of 250 µs and a frequency of 25 Hz for 30 min
in a cycle of 30 s “on” and 30 s “off” to avoid habituation. A set stimulation of 0.5 mA was
used [19]. Participants were allowed to read a book or a magazine during the taVNS.

2.5. Heart-Rate Variability
2.5.1. ECG Recording

Based on the HRV guidelines [46], 5-min ECG recordings were used to derive the
HRV. Before the first recording, the participants rested for at least 10 min. Three ECG
electrodes (Ambu WhiteSensor 0415M, Ambu A/S, Ballerup, Denmark) were placed on
the thorax—one on the right midclavicular line, one on the left midclavicular line, and a
ground electrode medially to these. The participants were instructed to sit quietly, relax,
and breathe normally during the ECG recordings. A bipolar derivation of the ECG leads
was sampled with 250 Hz (OpenBCI amplifier, New York City, NY, USA) and stored on a
computer for offline analysis.

2.5.2. Parameter Extraction

Initially, the ECG signals were converted from the data format of the amplifier into a
MATLAB (MathWorks, version 2021a, Natick, MA, USA) variable on which the remaining
analyses were conducted. The 5-min recordings were bandpass filtered between 10 and
30 Hz using an 8th-order Butterworth filter to maximize the discriminability of the R-waves.
The filtered ECG was loaded in the MATLAB toolbox “HRVtool” [47], where the R-waves
were detected automatically. All of the identified R-waves were inspected manually to
ensure that no artifacts were registered as R-waves, which would lead to an inaccurate
estimate of the HRV. Incorrectly identified peaks were removed from the analysis. The
following HRV parameters were extracted from HRVtool based on the R-waves: SDNN,
RMSSD, and PNN50. The SDNN is the standard deviation of NN-intervals (R-R), and
it reflects both sympathetic and parasympathetic activity, but with a primary source of
variability through respiratory sinus arrhythmia [48]. The RMSSD is the root-mean-square
of the successive difference in adjacent NN-intervals, and it was used to estimate vagally
mediated changes [48]. The PNN50 is the proportion of absolute differences between
successive intervals that are larger than 50 milliseconds, and it also reflects vagally mediated
changes [48]. The RMSSD and PNN50 are highly correlated [46], but both measures were
included in the analyses to allow for comparison with the existing literature.

2.6. Statistical Analysis

Initially, the data were tested for a normal distribution using a Shapiro–Wilks test,
and if normality was violated, a log10 transformation (SDNN and RMSSD) or square-root
transformation (PNN50, as some values were zero) was applied. A paired-sample t-test or
a Wilcoxon signed rank test was performed to investigate whether a significant difference
between the two baseline ECG recordings was present. If this was not the case, a mean
baseline was used for further statistical analyses. To investigate the effect of DB and taVNS,
one-way repeated-measure analysis of variance (rmANOVA) tests were performed, with
time as a within-subject factor (four levels: baseline, Post1, Post2, and Post3) and HRV as
the dependent variable. The tests were followed up with least-significant-difference post
hoc analyses to reduce the type 2 error at the expense of a higher type 1 error. This was
done for the two interventions, for the three HRV parameters, and in both the patient and
healthy participant group, i.e., there were 12 rmANOVA tests in total. If the assumption of
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sphericity was violated, the Greenhouse–Geisser correction was applied. The percentage
differences between the measurements before and after intervention were calculated. The
percentage changes in PNN50 were considered as misleading because of the removal of
subjects with the value of 0 as a baseline and because division with very small numbers
would lead to very high percentage increases for some subjects, ultimately skewing the
graphical results. Therefore, the percentage increase in PNN50 is not graphically displayed
in the results section. These percentage differences were compared using a Wilcoxon
signed rank test to investigate the difference between the effects of DB and taVNS. The
comparison was made for the measurement point (Post1, Post2, or Post3) with the highest
percentage increase for each intervention. In all tests, statistical significance was assumed
when p < 0.05. The statistical analyses were performed using SPSS Statistics version 27.0
(IBM Corp., Armonk, NY, USA).

3. Results
3.1. Results: Healthy Participants

The paired-sample t-tests revealed no significant differences between the two pre-
measurements, with p-values ranging from 0.502 to 0.985; thus, a mean baseline was
calculated and used for further analyses.

3.1.1. Effects of DB and taVNS

The results of the effects of DB and taVNS on HRV are summarized in Figure 2 (left
column) and Table 2. The results from the rmANOVA showed a significant effect of DB
regarding the HRV parameters of SDNN, RMSSD, and PNN50, which increased with
respect to the baseline recordings. TaVNS caused a significant increase in SDNN, but there
was generally no increase in RMSSD and PNN50—except for Post3—compared to baseline
measurement. Based on Figure 2, there was no general trend of decreasing HRV values
from Post1 to Post3 (indicating that the effects outlasted the stimulation period), which was
also supported by the statistical analyses in Table 2. The only exception was the SDNN after
DB, which decreased significantly from Post1 to Post3, although Post3 was still significantly
increased compared to the baseline.

Healthy Participants
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Figure 2. HRV data for healthy participants (left column) and patients (right column). The baseline
shows the mean values of Pre1 and Pre2, which were obtained prior to the interventions. Post1,
Post2, and Post3 were obtained 0–5, 12.5–17.5, and 25–30 min after the interventions, respectively.
Data are displayed as the mean ± standard error across participants. DB: Deep breathing. tVNS:
Transcutaneous auricular vagus nerve stimulation.
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Table 2. p-values (p) and test statistics from the one-way repeated-measure ANOVA tests in the
healthy participant population. Post1, Post2, and Post3 were obtained 0–5, 12.5–17.5, and 25–30 min
after the interventions, respectively. DB: Deep breathing. taVNS: Transcutaneous auricular vagus
nerve stimulation.“B_PX” refers to the comparison between baseline and Post1, Post2, or Post3.
“PX_PX” refers to the comparisons between Post1, Post2, and Post3. ↑ shows an increase with respect
to the baseline. ↓ shows a decrease with respect to the baseline. Test statistics: F(df (Time), df (Error
(Time))) = F-value, p-value.

Test Statistics B_P1 B_P2 B_P3 P1_P2 P1_P3 P2_P3

SDNN

taVNS F(3,123) = 4.11,
p = 0.008 * p = 0.010 *↑ p = 0.822 p = 0.054 p = 0.006 *↓ p = 0.526 p = 0.026 *↑

DB F(3,123) = 11.01,
p < 0.001 * p < 0.001 *↑ p < 0.001 *↑ p = 0.005 *↑ p = 0.054 p = 0.013 *↓ p = 0.298

RMSSD

taVNS F(3,123) = 2.00,
p = 0.121 p = 0.435 p = 0.571 p = 0.039 #↑ p = 0.908 p = 0.091 p = 0.072

DB F(2.5,103.6) =
3.04, p = 0.040 * p = 0.158 p = 0.009 *↑ p = 0.023 *↑ p = 0.308 p = 0.515 p = 0.472

PNN50

taVNS F(3,123) = 2.19,
p = 0.093 p = 0.156 p = 0.493 p = 0.033 #↑ p = 0.588 p = 0.205 p = 0.083

DB F(3,123) = 3.18,
p = 0.026 * p = 0.827 p = 0.014 *↑ p = 0.078 p = 0.024 *↑ p = 0.113 p = 0.290

* marks significant differences (p < 0.05). # indicates p-values that were significant in the post hoc test, where
rmANOVA found no significant differences.

3.1.2. Effect of DB Compared to taVNS

To compare the effects of the two interventions, the relative change between the base-
line and post-measurements were calculated, and the maximal effect of each intervention
was compared. The percentage changes are illustrated in Figure 3. The maximum effect
of DB on the HRV parameters was found at Post1 for SDNN and at Post2 for RMSSD and
PNN50. TaVNS caused a maximum effect on the HRV parameters at Post1 for SDNN and
Post3 for RMSSD and PNN50. The statistical analysis revealed a significant difference
(Z =−2.469, p = 0.014) between the maximum effects of DB (mean increase 46%) and taVNS
(mean increase 16%) for SDNN (see Figure 3). No differences between the maximum effects
of DB and taVNS were observed for RMSSD (Z = −0.531, p = 0.595) or PNN50 (Z = −0.628,
p = 0.530). To be able to calculate and compare the percentage increase in PNN50, three
subjects were not included due to the baseline measurement having a value of zero.

3.2. Results: Patients with RA and SLE

The paired-sample t-tests and Wilcoxon signed rank tests revealed no significant
differences between the two pre-measurements, with p-values ranging from 0.216 to 0.750;
thus, a mean baseline was calculated and used for further analyses.
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Figure 3. Percentage change from baseline to post-measurements for healthy participants and patients
performing deep breathing (DB) or transcutaneous auricular vagus nerve stimulation (taVNS). Data
are displayed as the mean ± standard error across the participants.

3.2.1. Effect of DB Compared to taVNS

To compare the effects of the two interventions, the relative change between the base-
line and post-measurements was calculated, and the maximal effect of each intervention
was compared. The percentage changes are illustrated in Figure 3. The maximum effects of
DB on SDNN, RMSSD, and PNN50 were found at Post2. Regarding taVNS, the maximum
effect on SDNN was found at Post2, whereas the maximum effects on RMSSD and PNN50
were found at Post3. The statistical analyses revealed no significant differences between the
maximum effects of DB and taVNS for SDNN (Z = −1.102, p = 0.270), RMSSD (Z = −0.674,
p = 0.500), or PNN50 (Z = −0.639, p = 0.523). To be able to calculate and compare the per-
centage increase for PNN50, 17 subjects were not included due to the baseline measurement
having a value of zero.

3.2.2. Effects of DB and taVNS

The results of the effects of DB and taVNS on HRV are summarized in Figure 2 (right
column) and Table 3. The results from the rmANOVA showed a significant effect of DB and
taVNS regarding all three HRV parameters, which increased with respect to the baseline
recordings. Based on Figure 2, there was no general trend of decreasing HRV values from
Post1 to Post3 (indicating that the effects outlasted the stimulation period), which was also
supported by the statistical analyses in Table 3.
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Table 3. p-values (p) and test statistics from the one-way repeated-measure ANOVA tests in the
patient population. Post1, Post2, and Post3 were obtained 0–5, 12.5–17.5, and 25–30 min after the
interventions, respectively. DB: Deep breathing. taVNS: Transcutaneous auricular vagus nerve
stimulation.“B_PX” refers to the comparison between the baseline and Post1, Post2, or Post3. “PX_PX”
refers to the comparisons between Post1, Post2, and Post3. ↑ shows an increase with respect to the
baseline. Tests statistics: F(df (Time), df (Error (Time))) = F-value, p-value.

Test Statistics B_P1 B_P2 B_P3 P1_P2 P1_P3 P2_P3

SDNN

taVNS F(3,153) = 19.15,
p < 0.001 * p < 0.001 *↑ p < 0.001 *↑ p < 0.001 *↑ p = 0.473 p = 0.295 p = 0.692

DB F(2.7,136.5) = 15.71,
p < 0.001 * p < 0.001 *↑ p < 0.001 *↑ p < 0.001 *↑ p = 0.853 p = 0.264 p = 0.196

RMSSD

taVNS F(2.3,118.6) = 8.22,
p < 0.001 * p = 0.008 *↑ p = 0.008 *↑ p < 0.001 *↑ p = 0.632 p = 0.023 *↑ p = 0.024 *↑

DB F(3,153) = 6.42,
p < 0.001 * p = 0.018 *↑ p < 0.001 *↑ p < 0.001 *↑ p = 0.283 p = 0.328 p = 0.892

PNN50

taVNS F(2.4,122.6) = 7.40,
p < 0.001 * p = 0.037 *↑ p = 0.012 *↑ p < 0.001 *↑ p = 0.373 p = 0.012 *↑ p = 0.030 *↑

DB F(3,153) = 6.53,
p < 0.001 * p = 0.009 *↑ p < 0.001 *↑ p < 0.001 *↑ p = 0.183 p = 0.442 p = 0.572

* marks significant differences (p < 0.05).

4. Discussion

In the healthy participants, DB caused a significant increase in all HRV parameters,
which also corresponded to a significantly higher percentage increase in SDNN compared
to taVNS. After taVNS, only SDNN was significantly increased, and only just after the
intervention (Post1). SDNN reflects both sympathetic and parasympathetic activity, but
depends on the length of the recording [48]; thus, it is difficult to draw specific conclusions
about the vagal tone using only SDNN. Otherwise, taVNS did not cause a significant change
in the HRV parameters in healthy participants according to the rmANOVA, although
the pairwise comparison revealed a significant increase in RMSSD and PNN50 at Post3
compared to the baseline. Considering the above-mentioned uncertainties, our findings
agree with a meta-analysis from 2021, which found no overall effect of taVNS on HRV
in healthy populations compared to sham conditions [21]. This could be explained by
the generally high HRV of healthy individuals, and the previous literature shows that
taVNS induces a greater increase in HRV in individuals with a lower baseline HRV [49].
Moreover, the healthy participants in this study were young and, therefore, generally had
a high HRV [50]. It should be noted that mixed results have been reported regarding the
effect of transcutaneous VNS on HRV parameters, with both increases, decreases, and no
changes (see [51] for a recent review of the literature in healthy participants and patients
with various diseases). Other studies have found evidence of an anti-inflammatory effect
of tcVNS in healthy participants [24,25]. Although these studies investigated tcVNS and
not taVNS, this could indicate that transcutaneous VNS can cause a more generalized
activation of the VN, even though the effect on cardiac vagal fibers remains uncertain.

In the patient population, both interventions increased the HRV parameters signif-
icantly, and the effects of taVNS and DB were not significantly different. In line with
our results, it has previously been shown that one session of 30 min of DB significantly
increased HRV parameters in patients with RA and SLE [36,37]. In the current study, the
measurements were continued for up to 30 min after intervention, and at this time point, the
HRV parameters were still significantly increased compared to the baseline. Interestingly,
the maximum effects on HRV parameters were found at different time points for DB and
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taVNS. The effect of DB generally peaked at the Post2 measurement, whereas the effect of
taVNS generally peaked at the Post3 measurement. This suggests that the HRV parameters
could continue to rise after the post-measurements were made. This is in line with a study
by Brock et al., who found a significant effect of tcVNS on cardiac vagal tone 90 min and
24 h after stimulation compared to the baseline in healthy participants [24].

It seems that both methods can stimulate the VN, and given that this activation is more
generalized and not confined to the cardiac vagal fibers, DB and taVNS could potentially
have an anti-inflammatory effect [10,23]. This notion is supported by the recent literature on
transcutaneous VNS, where Drewes et al. found a reduction in pro-inflammatory cytokines
and DAS28 after four days of tcVNS in patients with RA [29], and Aranow et al. found a
reduction in pain and joint swelling in patients with SLE after four consecutive days of
taVNS [28]. Addorisio et al. stimulated the VN in patients with RA with a vibrotactile
device in the ear and showed a reduction in cytokine production and disease activity [39].
To our knowledge, there is a very limited number of clinical studies regarding the effect of
DB on parameters such as cytokines and clinical disease activity in patients with RA or SLE.
Therefore, more studies are needed to show if DB has an anti-inflammatory effect. Aside
from RA and SLE, tcVNS has been investigated in other inflammatory rheumatic diseases,
such as psoriatic arthritis [52] and polymyalgia rheumatica [53], providing promising
results regarding clinical and biochemical outcome measures.

This study used a period of 30 min of DB, which is a relatively long period of time
that demands high concentration and good compliance from the participants. Bhagat O.L.
et al. found an effect after only 5 min of DB in healthy participants, but only regarding
SDNN [30], whereas Sharpe et al. found an increase in RMSSD after 10 min of DB (also
in healthy participants) [34]. This could indicate that an effect can be achieved in less
than 30 min. This was also supported in a recent study, but it was shown that a larger
effect was obtained when increasing the duration of DB from 5 to 30 min [37]. Previous
studies on taVNS mainly used a stimulation period shorter than 30 min. A stimulation
period of 10 min only resulted in a very limited effect on HRV parameters [20]; however,
15 min revealed a significant improvement in HRV [17,49], which indicates that a shorter
stimulation period than 30 min could be used when working with taVNS in the future.
Interestingly, tcVNS is generally only applied in cycles of 2 min, which has shown to
still affect the cytokine level and cardiac vagal tone [24,25], thereby implying that taVNS
potentially could affect clinical outcomes in a shorter stimulation period as well. This
was also supported by a taVNS study using a 5-min stimulation period in patients with
SLE [28].

The stimulation intensity could have been adjusted to each participant’s sensory
threshold [16,49], unlike in this study, where a set stimulation of 0.5 mA was used, which
meant that 13 of the patients and one healthy participant could not feel the taVNS. It
has been reported that stimulation intensities below the sensory perception threshold can
increase the HRV, at least for people with a low vagal modulation [51]. Nevertheless, a
significant effect was found, and this was in agreement with Borges et al., who found that
an individually set stimulation did not increase HRV compared to a set stimulation, and
that this only increased the discomfort of the participants [19].

Our taVNS device stimulated the cymba conchae, whereas other studies have chosen
to stimulate the tragus. Peuker et al. investigated the innervation of the auricle in cadavers
and found that the cymba conchae was 100% vagally innervated compared to the tragus,
which was only 45% vagally innervated [54]. In addition, Machetanz et al. also found
that taVNS in the cymba conchae provides the best effect on HRV compared with other
locations in the auricle [15], suggesting that the cymba conchae is the proper site for taVNS.

4.1. Limitations

It should be noted that the patients in this study generally had a low disease activity
(see Table 1), and the results could be different in a population with a higher disease
activity. People with a low vagal tone tend to respond better to VNS [49]; therefore, it
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is possible that patients with a higher disease activity would exhibit an even greater in-
crease in HRV parameters after DB and taVNS. This study used HRV as a biomarker for
vagal activity, which is, although not perfect, widely accepted and considered the best-
researched biomarker so far. We included the time-domain parameters SDNN, RMSSD, and
PNN50, where RMSSD and PNN50 are especially believed to express parasympathetic—
and, hence, vagal—activity [23]. Other HRV measures could be included as well, such
as the high-frequency component in a frequency-domain analysis, which corresponds to
parasympathetic activity [23], or PNNx with an interval smaller than 50 milliseconds, e.g.,
20 milliseconds, which has been shown to be good for discriminating between different
conditions (heart failure/healthy heart, sleeping/awake, young/old adults) [55]. How-
ever, it should be noted that there are generally high correlations between the various
HRV parameters.

As mentioned, the effect of taVNS could last longer than 30 min after the intervention
and, perhaps, longer than the 24-h washout period chosen in this study [24]. However, since
the order of interventions was randomized, this effect was presumably diminished. Since
the durations of the effects of DB and taVNS in this study were unknown, we recorded three
post measurements to pinpoint if and when the neuromodulatory effect decreased within
the first 30 min after the intervention ended. This, however, caused multiple comparisons
that were not handled with the least-significant-difference test, since we wished to reduce
the type 2 error at the expense of type 1 error. In a recent study with a similar methodology,
but with only one post measurement (reducing the number of pairwise comparisons), the
same tendencies of the results were observed when using the conservative Bonferroni
correction [36]. Another limitation of this study was that there were no control conditions
with sham breathing or stimulation; hence, a potential placebo effect cannot be ruled out.

4.2. Implications and Future Perspectives

The results of the current study show that the vagus nerve can be stimulated to a
similar degree by using DB compared to the effect when using taVNS based on the HRV
measures. This could be important for the use of vagus nerve stimulation as a treatment
option, since DB is a free alternative that is available to everyone. However, the clinical
effects of DB and taVNS in RA and SLE patients should be investigated by using clinical
measures, such as disease activity scores, instead of surrogate measures such as HRV.
Such studies could be designed as randomized controlled trials in which DB or taVNS is
given as an adjunct therapy. Patients could potentially respond better to medications if
their HRV would be elevated through VNS, since it has been reported that RA patients
with higher HRV respond better to medical treatment [56], but this needs to be tested in
future studies. In addition, adherence to DB exercises or taVNS should be investigated
to improve the likelihood of patients doing the VNS. The dose–response relationship in
patient populations should be investigated to know what doses of VNS are effective when
using clinical measures as the outcome and how often the VNS should be performed to
maximize the effect. Lastly, the exact physiological mechanisms associated with VNS and,
especially, DB should be investigated in more detail.

5. Conclusions

DB and taVNS increase HRV parameters significantly in patients with RA and SLE,
indicating an increase in vagal tone. This approach could be a potential new treatment option
for RA and SLE and, potentially, other autoimmune diseases. However, the clinical effects of
these interventions need to be examined more deeply. An increase in HRV parameters was
also present in healthy participants after DB and, to a lesser extent, after taVNS, indicating
that DB may cause the greatest increase in vagal tone in healthy participants.

Author Contributions: Conceptualization, M.K.J., S.S.A. (Sally Søgaard Andersen), S.S.A. (Stine
Søgaard Andersen), C.H.L., S.K. and M.J.; Data curation, M.K.J., S.S.A. (Sally Søgaard Andersen),
S.S.A. (Stine Søgaard Andersen) and C.H.L.; Formal analysis, M.K.J., S.S.A. (Sally Søgaard Andersen)
and M.J.; Investigation, M.K.J., S.S.A. (Sally Søgaard Andersen), S.S.A. (Stine Søgaard Andersen)



Sensors 2022, 22, 7884 12 of 14

and C.H.L.; Methodology, M.K.J., S.S.A. (Sally Søgaard Andersen), S.S.A. (Stine Søgaard Andersen),
C.H.L., S.K. and M.J.; Project administration, M.K.J. and S.S.A. (Sally Søgaard Andersen); Software,
M.J.; Supervision, S.K. and M.J.; Validation, M.K.J. and S.S.A. (Sally Søgaard Andersen); Visualization,
M.J.; Writing—original draft, M.K.J. and S.S.A. (Sally Søgaard Andersen); Writing—review and
editing, M.K.J., S.S.A. (Sally Søgaard Andersen), S.S.A. (Stine Søgaard Andersen), C.H.L., S.K. and
M.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was approved by the local Ethics Committee for
the North Denmark Region, Denmark (Protocol Number: N-20210002), and it was conducted in
conformity with the Declaration of Helsinki. The study was registered at the Danish Data Protection
Agency (ID number: 2020-182). All participants provided their written and informed consent prior to
attendance. Furthermore, the study was registered at ClinicalTrials.gov (Identifier: NCT05157334).
All study data were stored using REDCap electronic data capture tools hosted at the North Denmark
Region according to the General Data Protection Regulation rules.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent was obtained from the patients to publish this paper.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Scott, D.L.; Wolfe, F.; Huizinga, T.W. Rheumatoid arthritis. Lancet 2010, 376, 1094–1108. [CrossRef]
2. Tsokos, G.C. Systemic Lupus Erythematosus. N. Engl. J. Med. 2011, 365, 2110–2121. [CrossRef] [PubMed]
3. Matcham, F.; Scott, I.C.; Rayner, L.; Hotopf, M.; Kingsley, G.H.; Norton, S.; Scott, D.L.; Steer, S. The impact of rheumatoid arthritis

on quality-of-life assessed using the SF-36: A systematic review and meta-analysis. Semin. Arthritis Rheum. 2014, 44, 123–130.
[CrossRef] [PubMed]

4. Yazdany, J.; Yelin, E. Health-related quality of life and employment among persons with systemic lupus erythematosus. Rheum.
Dis. Clin. 2010, 36, 15–32. [CrossRef] [PubMed]

5. Lundkvist, J.; Kastäng, F.; Kobelt, G. The burden of rheumatoid arthritis and access to treatment: health burden and costs. Eur. J.
Health Econ. 2008, 8, 49–60. [CrossRef] [PubMed]

6. Aletaha, D.; Smolen, J.S. Diagnosis and management of rheumatoid arthritis: A review. JAMA 2018, 320, 1360–1372. [CrossRef]
7. Fanouriakis, A.; Tziolos, N.; Bertsias, G.; Boumpas, D.T. Update on the diagnosis and management of systemic lupus erythemato-

sus. Ann. Rheum. Dis. 2021, 80, 14–25. [CrossRef] [PubMed]
8. Wang, W.; Zhou, H.; Liu, L. Side effects of methotrexate therapy for rheumatoid arthritis: A systematic review. Eur. J. Med. Chem.

2018, 158, 502–516. [CrossRef] [PubMed]
9. Rasmussen, S.; Pfeiffer-Jensen, M.; Drewes, A.; Farmer, A.; Deleuran, B.; Stengaard-Pedersen, K.; Brock, B.; Brock, C. Vagal

influences in rheumatoid arthritis. Scand. J. Rheumatol. 2018, 47, 1–11. [CrossRef]
10. Koopman, F.; Van Maanen, M.; Vervoordeldonk, M.J.; Tak, P. Balancing the autonomic nervous system to reduce inflammation in

rheumatoid arthritis. J. Intern. Med. 2017, 282, 64–75. [CrossRef]
11. Bonaz, B.; Sinniger, V.; Pellissier, S. Anti-inflammatory properties of the vagus nerve: potential therapeutic implications of vagus

nerve stimulation. J. Physiol. 2016, 594, 5781–5790. [CrossRef] [PubMed]
12. Stojanovich, L.; Milovanovich, B.; De Luka, S.; Popovich-Kuzmanovich, D.; Bisenich, V.; Djukanovich, B.; Randjelovich, T.;

Krotin, M. Cardiovascular autonomic dysfunction in systemic lupus, rheumatoid arthritis, primary Sjögren syndrome and other
autoimmune diseases. Lupus 2007, 16, 181–185. [CrossRef] [PubMed]

13. Koopman, F.; Tang, M.; Vermeij, J.; De Hair, M.; Choi, I.; Vervoordeldonk, M.; Gerlag, D.; Karemaker, J.; Tak, P. Autonomic
dysfunction precedes development of rheumatoid arthritis: A prospective cohort study. EBioMedicine 2016, 6, 231–237. [CrossRef]
[PubMed]

14. Stein, P.K.; Bosner, M.S.; Kleiger, R.E.; Conger, B.M. Heart rate variability: A measure of cardiac autonomic tone. Am. Heart J.
1994, 127, 1376–1381. [CrossRef]

15. Machetanz, K.; Berelidze, L.; Guggenberger, R.; Gharabaghi, A. Transcutaneous auricular vagus nerve stimulation and heart rate
variability: Analysis of parameters and targets. Auton. Neurosci. 2021, 236, 102894. [CrossRef]

16. Széles, J.C.; Kampusch, S.; Thürk, F.; Clodi, C.; Thomas, N.; Fichtenbauer, S.; Schwanzer, C.; Schwarzenberger, S.; Neumayer,
C.; Kaniusas, E. Bursted auricular vagus nerve stimulation alters heart rate variability in healthy subjects. Physiol. Meas. 2021,
42, 105002. [CrossRef]

http://doi.org/10.1016/S0140-6736(10)60826-4
http://dx.doi.org/10.1056/NEJMra1100359
http://www.ncbi.nlm.nih.gov/pubmed/22129255
http://dx.doi.org/10.1016/j.semarthrit.2014.05.001
http://www.ncbi.nlm.nih.gov/pubmed/24973898
http://dx.doi.org/10.1016/j.rdc.2009.12.006
http://www.ncbi.nlm.nih.gov/pubmed/20202589
http://dx.doi.org/10.1007/s10198-007-0088-8
http://www.ncbi.nlm.nih.gov/pubmed/18157732
http://dx.doi.org/10.1001/jama.2018.13103
http://dx.doi.org/10.1136/annrheumdis-2020-218272
http://www.ncbi.nlm.nih.gov/pubmed/33051219
http://dx.doi.org/10.1016/j.ejmech.2018.09.027
http://www.ncbi.nlm.nih.gov/pubmed/30243154
http://dx.doi.org/10.1080/03009742.2017.1314001
http://dx.doi.org/10.1111/joim.12626
http://dx.doi.org/10.1113/JP271539
http://www.ncbi.nlm.nih.gov/pubmed/27059884
http://dx.doi.org/10.1177/0961203306076223
http://www.ncbi.nlm.nih.gov/pubmed/17432103
http://dx.doi.org/10.1016/j.ebiom.2016.02.029
http://www.ncbi.nlm.nih.gov/pubmed/27211565
http://dx.doi.org/10.1016/0002-8703(94)90059-0
http://dx.doi.org/10.1016/j.autneu.2021.102894
http://dx.doi.org/10.1088/1361-6579/ac24e6


Sensors 2022, 22, 7884 13 of 14

17. Antonino, D.; Teixeira, A.L.; Maia-Lopes, P.M.; Souza, M.C.; Sabino-Carvalho, J.L.; Murray, A.R.; Deuchars, J.; Vianna, L.C.
Non-invasive vagus nerve stimulation acutely improves spontaneous cardiac baroreflex sensitivity in healthy young men: a
randomized placebo-controlled trial. Brain Stimul. 2017, 10, 875–881. [CrossRef] [PubMed]

18. De Couck, M.; Cserjesi, R.; Caers, R.; Zijlstra, W.; Widjaja, D.; Wolf, N.; Luminet, O.; Ellrich, J.; Gidron, Y. Effects of short and
prolonged transcutaneous vagus nerve stimulation on heart rate variability in healthy subjects. Auton. Neurosci. 2017, 203, 88–96.
[CrossRef]

19. Borges, U.; Laborde, S.; Raab, M. Influence of transcutaneous vagus nerve stimulation on cardiac vagal activity: Not different
from sham stimulation and no effect of stimulation intensity. PLoS ONE 2019, 14, e0223848. [CrossRef]

20. Gauthey, A.; Morra, S.; Van de Borne, P.; Deriaz, D.; Maes, N.; Le Polain De Waroux, J.B. Sympathetic effect of auricular
transcutaneous vagus nerve stimulation on healthy subjects: A crossover controlled clinical trial comparing vagally mediated
and active control stimulation using microneurography. Front. Physiol. 2020, 11, 599896. [CrossRef] [PubMed]

21. Wolf, V.; Kühnel, A.; Teckentrup, V.; Koenig, J.; Kroemer, N.B. Does transcutaneous auricular vagus nerve stimulation affect
vagally mediated heart rate variability? A living and interactive Bayesian meta-analysis. Psychophysiology 2021, 58, e13933.
[CrossRef] [PubMed]

22. Sclocco, R.; Garcia, R.G.; Kettner, N.W.; Fisher, H.P.; Isenburg, K.; Makarovsky, M.; Stowell, J.A.; Goldstein, J.; Barbieri, R.;
Napadow, V. Stimulus frequency modulates brainstem response to respiratory-gated transcutaneous auricular vagus nerve
stimulation. Brain Stimul. 2020, 13, 970–978. [CrossRef] [PubMed]

23. Burger, A.M.; D’Agostini, M.; Verkuil, B.; Van Diest, I. Moving beyond belief: A narrative review of potential biomarkers for
transcutaneous vagus nerve stimulation. Psychophysiology 2020, 57, e13571. [CrossRef] [PubMed]

24. Brock, C.; Brock, B.; Aziz, Q.; Møller, H.; Pfeiffer Jensen, M.; Drewes, A.; Farmer, A. Transcutaneous cervical vagal nerve
stimulation modulates cardiac vagal tone and tumor necrosis factor-alpha. Neurogastroenterol. Motil. 2017, 29, e12999. [CrossRef]

25. Lerman, I.; Hauger, R.; Sorkin, L.; Proudfoot, J.; Davis, B.; Huang, A.; Lam, K.; Simon, B.; Baker, D.G. Noninvasive transcutaneous
vagus nerve stimulation decreases whole blood culture-derived cytokines and chemokines: a randomized, blinded, healthy
control pilot trial. Neuromodul. Technol. Neural Interface 2016, 19, 283–291. [CrossRef]

26. Kox, M.; van Eijk, L.T.; Verhaak, T.; Frenzel, T.; Kiers, H.D.; Gerretsen, J.; van der Hoeven, J.G.; Kornet, L.; Scheiner, A.; Pickkers, P.
Transvenous vagus nerve stimulation does not modulate the innate immune response during experimental human endotoxemia:
A randomized controlled study. Arthritis Res. Ther. 2015, 17, 1–9. [CrossRef]

27. Koopman, F.A.; Chavan, S.S.; Miljko, S.; Grazio, S.; Sokolovic, S.; Schuurman, P.R.; Mehta, A.D.; Levine, Y.A.; Faltys, M.; Zitnik,
R.; et al. Vagus nerve stimulation inhibits cytokine production and attenuates disease severity in rheumatoid arthritis. Proc. Natl.
Acad. Sci. USA 2016, 113, 8284–8289. [CrossRef]

28. Aranow, C.; Atish-Fregoso, Y.; Lesser, M.; Mackay, M.; Anderson, E.; Chavan, S.; Zanos, T.P.; Datta-Chaudhuri, T.; Bouton, C.;
Tracey, K.J.; et al. Transcutaneous auricular vagus nerve stimulation reduces pain and fatigue in patients with systemic lupus
erythematosus: A randomised, double-blind, sham-controlled pilot trial. Ann. Rheum. Dis. 2021, 80, 203–208. [CrossRef]

29. Drewes, A.; Brock, C.; Rasmussen, S.; Møller, H.; Brock, B.; Deleuran, B.; Farmer, A.; Pfeiffer-Jensen, M. Short-term transcutaneous
non-invasive vagus nerve stimulation may reduce disease activity and pro-inflammatory cytokines in rheumatoid arthritis:
Results of a pilot study. Scand. J. Rheumatol. 2021, 50, 20–27. [CrossRef]

30. Bhagat, O.L.; Kharya, C.; Jaryal, A.; Deepak, K.K. Acute effects on cardiovascular oscillations during controlled slow yogic
breathing. Indian J. Med. Res. 2017, 145, 503.

31. De Souza, L.A.; Ferreira, J.B.; Schein, A.S.D.O.; Dartora, D.R.; Casali, A.G.; Scassola, C.M.C.; Tobaldini, E.; Montano, N.; Guzzetti,
S.; Porta, A.; et al. Optimization of vagal stimulation protocol based on spontaneous breathing rate. Front. Physiol. 2018, 9, 1341.
[CrossRef]

32. Twal, W.O.; Wahlquist, A.E.; Balasubramanian, S. Yogic breathing when compared to attention control reduces the levels of
pro-inflammatory biomarkers in saliva: A pilot randomized controlled trial. BMC Complement. Altern. Med. 2016, 16, 1–10.
[CrossRef] [PubMed]

33. Soer, R.; Six Dijkstra, M.W.; Bieleman, H.J.; Oosterveld, F.G.; Rijken, N.H. Influence of respiration frequency on heart rate
variability parameters: A randomized cross-sectional study. J. Back Musculoskelet. Rehabil. 2021, 34, 1063–1068. [CrossRef]

34. Sharpe, E.; Lacombe, A.; Sadowski, A.; Phipps, J.; Heer, R.; Rajurkar, S.; Hanes, D.; Jindal, R.D.; Bradley, R. Investigating
components of pranayama for effects on heart rate variability. J. Psychosom. Res. 2021, 148, 110569. [CrossRef] [PubMed]

35. Sharma, P.; Mavai, M.; Bhagat, O.L.; Murugesh, M.; Sircar, S. Slow deep breathing increases pain-tolerance and modulates cardiac
autonomic nervous system. Indian J. Physiol. Pharmacol. 2017, 61, 107–113.

36. Rovsing, C.; Rovsing, H.; Liboriussen, C.H.; Jensen, M.K.; Andersen, S.S.; Andersen, S.S.; Kristensen, S.; Jochumsen, M. Deep
Breathing Increases Heart Rate Variability in Patients With Rheumatoid Arthritis and Systemic Lupus Erythematosus. J. Clin.
Rheumatol. 2021, 27, 261–266. [CrossRef] [PubMed]

37. Liboriussen, C.H.; Andersen, S.S.; Andersen, S.S.; Jensen, M.K.; Jochumsen, M.; Kristensen, S. Investigating the Dose-Response
Relationship between Deep Breathing and Heart Rate Variability in Healthy Participants and Across-Days Reliability in Patients
with Rheumatoid Arthritis and Systemic Lupus Erythematosus. Sensors 2022, 22, 6849. [CrossRef]

38. Russo, M.A.; Santarelli, D.M.; O’Rourke, D. The physiological effects of slow breathing in the healthy human. Breathe 2017,
13, 298–309. [CrossRef]

http://dx.doi.org/10.1016/j.brs.2017.05.006
http://www.ncbi.nlm.nih.gov/pubmed/28566194
http://dx.doi.org/10.1016/j.autneu.2016.11.003
http://dx.doi.org/10.1371/journal.pone.0223848
http://dx.doi.org/10.3389/fphys.2020.599896
http://www.ncbi.nlm.nih.gov/pubmed/33343394
http://dx.doi.org/10.1111/psyp.13933
http://www.ncbi.nlm.nih.gov/pubmed/34473846
http://dx.doi.org/10.1016/j.brs.2020.03.011
http://www.ncbi.nlm.nih.gov/pubmed/32380448
http://dx.doi.org/10.1111/psyp.13571
http://www.ncbi.nlm.nih.gov/pubmed/32202671
http://dx.doi.org/10.1111/nmo.12999
http://dx.doi.org/10.1111/ner.12398
http://dx.doi.org/10.1186/s13075-015-0667-5
http://dx.doi.org/10.1073/pnas.1605635113
http://dx.doi.org/10.1136/annrheumdis-2020-217872
http://dx.doi.org/10.1080/03009742.2020.1764617
http://dx.doi.org/10.3389/fphys.2018.01341
http://dx.doi.org/10.1186/s12906-016-1286-7
http://www.ncbi.nlm.nih.gov/pubmed/27538513
http://dx.doi.org/10.3233/BMR-200190
http://dx.doi.org/10.1016/j.jpsychores.2021.110569
http://www.ncbi.nlm.nih.gov/pubmed/34271528
http://dx.doi.org/10.1097/RHU.0000000000001300
http://www.ncbi.nlm.nih.gov/pubmed/32195851
http://dx.doi.org/10.3390/s22186849
http://dx.doi.org/10.1183/20734735.009817


Sensors 2022, 22, 7884 14 of 14

39. Addorisio, M.E.; Imperato, G.H.; de Vos, A.F.; Forti, S.; Goldstein, R.S.; Pavlov, V.A.; van der Poll, T.; Yang, H.; Diamond, B.; Tracey,
K.J.; et al. Investigational treatment of rheumatoid arthritis with a vibrotactile device applied to the external ear. Bioelectron. Med.
2019, 5, 4. [CrossRef]

40. Carandina, A.; Rodrigues, G.D.; Di Francesco, P.; Filtz, A.; Bellocchi, C.; Furlan, L.; Carugo, S.; Montano, N.; Tobaldini, E. Effects
of transcutaneous auricular vagus nerve stimulation on cardiovascular autonomic control in health and disease. Auton. Neurosci.
2021, 236, 102893. [CrossRef]

41. Koopman, F.A.; Schuurman, P.R.; Vervoordeldonk, M.J.; Tak, P. Vagus nerve stimulation: A new bioelectronics approach to treat
rheumatoid arthritis? Best Pract. Res. Clin. Rheumatol. 2014, 28, 625–635. [CrossRef]

42. Kox, M.; Pickkers, P. Modulation of the innate immune response through the vagus nerve. Nephron 2015, 131, 79–84. [CrossRef]
[PubMed]

43. Das, U.N. Can vagus nerve stimulation halt or ameliorate rheumatoid arthritis and lupus? Lipids Health Dis. 2011, 10, 19.
[CrossRef] [PubMed]

44. Huston, J.M.; Tracey, K.J. The pulse of inflammation: Heart rate variability, the cholinergic anti-inflammatory pathway and
implications for therapy. J. Intern. Med. 2011, 269, 45–53. [CrossRef] [PubMed]

45. Botha, C.; Farmer, A.D.; Nilsson, M.; Brock, C.; Gavrila, A.D.; Drewes, A.M.; Knowles, C.H.; Aziz, Q. Preliminary report:
Modulation of parasympathetic nervous system tone influences oesophageal pain hypersensitivity. Gut 2015, 64, 611–617.
[CrossRef]

46. Malik, M.; Bigger, J.T.; Camm, A.J.; Kleiger, R.E.; Malliani, A.; Moss, A.J.; Schwartz, P.J. Heart rate variability: Standards of
measurement, physiological interpretation, and clinical use. Eur. Heart J. 1996, 17, 354–381. [CrossRef]

47. Vollmer, M. HRVTool—An Open-Source Matlab Toolbox for Analyzing Heart Rate Variability. In Proceedings of the 2019
Computing in Cardiology (CinC), Singapore, 8–11 September 2019; pp. 1–4. [CrossRef]

48. Shaffer, F.; Ginsberg, J.P. An overview of heart rate variability metrics and norms. Front. Public Health 2017, 5, 258. [CrossRef]
49. Clancy, J.A.; Mary, D.A.; Witte, K.K.; Greenwood, J.P.; Deuchars, S.A.; Deuchars, J. Non-invasive vagus nerve stimulation in

healthy humans reduces sympathetic nerve activity. Brain Stimul. 2014, 7, 871–877. [CrossRef]
50. Agelink, M.W.; Malessa, R.; Baumann, B.; Majewski, T.; Akila, F.; Zeit, T.; Ziegler, D. Standardized tests of heart rate variability:

normal ranges obtained from 309 healthy humans, and effects of age, gender, and heart rate. Clin. Auton. Res. 2001, 11, 99–108.
[CrossRef]

51. Diedrich, A.; Urechie, V.; Shiffer, D.; Rigo, S.; Minonzio, M.; Cairo, B.; Smith, E.C.; Okamoto, L.E.; Barbic, F.; Bisoglio, A.; et al.
Transdermal auricular vagus stimulation for the treatment of postural tachycardia syndrome. Auton. Neurosci. 2021, 236, 102886.
[CrossRef]

52. Brock, C.; Rasmussen, S.; Drewes, A.; Møller, H.; Brock, B.; Deleuran, B.; Farmer, A.; Pfeiffer-Jensen, M. Vagal nerve stimulation-
modulation of the anti-inflammatory response and clinical outcome in psoriatic arthritis or ankylosing spondylitis. Mediat.
Inflamm. 2021, 2021, 9933532. [CrossRef] [PubMed]

53. Venborg, J.; Wegeberg, A.M.; Kristensen, S.; Brock, B.; Brock, C.; Pfeiffer-Jensen, M. The Effect of Transcutaneous Vagus Nerve
Stimulation in Patients with Polymyalgia Rheumatica. Pharmaceuticals 2021, 14, 1166. [CrossRef] [PubMed]

54. Peuker, E.T.; Filler, T.J. The nerve supply of the human auricle. Clin. Anat. 2002, 15, 35–37. [CrossRef]
55. Mietus, J.; Peng, C.; Henry, I.; Goldsmith, R.; Goldberger, A. The pNNx files: Re-examining a widely used heart rate variability

measure. Heart 2002, 88, 378–380. [CrossRef]
56. Holman, A.J.; Ng, E. Heart rate variability predicts anti-tumor necrosis factor therapy response for inflammatory arthritis. Auton.

Neurosci. 2008, 143, 58–67. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s42234-019-0020-4
http://dx.doi.org/10.1016/j.autneu.2021.102893
http://dx.doi.org/10.1016/j.berh.2014.10.015
http://dx.doi.org/10.1159/000435843
http://www.ncbi.nlm.nih.gov/pubmed/26491975
http://dx.doi.org/10.1186/1476-511X-10-19
http://www.ncbi.nlm.nih.gov/pubmed/21261967
http://dx.doi.org/10.1111/j.1365-2796.2010.02321.x
http://www.ncbi.nlm.nih.gov/pubmed/21158977
http://dx.doi.org/10.1136/gutjnl-2013-306698
http://dx.doi.org/10.1093/oxfordjournals.eurheartj.a014868
http://dx.doi.org/10.23919/CinC49843.2019.9005745
http://dx.doi.org/10.3389/fpubh.2017.00258
http://dx.doi.org/10.1016/j.brs.2014.07.031
http://dx.doi.org/10.1007/BF02322053
http://dx.doi.org/10.1016/j.autneu.2021.102886
http://dx.doi.org/10.1155/2021/9933532
http://www.ncbi.nlm.nih.gov/pubmed/34135691
http://dx.doi.org/10.3390/ph14111166
http://www.ncbi.nlm.nih.gov/pubmed/34832948
http://dx.doi.org/10.1002/ca.1089
http://dx.doi.org/10.1136/heart.88.4.378
http://dx.doi.org/10.1016/j.autneu.2008.05.005
http://www.ncbi.nlm.nih.gov/pubmed/18632310

	Introduction
	Materials and Methods
	Participants
	Experimental Setup
	Deep Breathing
	Transcutaneous Auricular Vagus Nerve Stimulation
	Heart-Rate Variability
	ECG Recording
	Parameter Extraction

	Statistical Analysis

	Results
	Results: Healthy Participants
	Effects of DB and taVNS
	Effect of DB Compared to taVNS

	Results: Patients with RA and SLE
	Effect of DB Compared to taVNS
	Effects of DB and taVNS


	Discussion
	Limitations
	Implications and Future Perspectives

	Conclusions
	References

