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Abstract

Transcutaneous auricular vagus nerve stimulation (taVNS) has shown positive effects on a
variety of diseases. Considering that decreased heart rate variability (HRV) is closely asso-
ciated with morbidity and mortality for a variety of diseases, it is important to investigate the
effect of taVNS on HRV. In Study 1, we conducted a two-stage cross-over trial to compare
the effects of taVNS and sham taVNS (staVNS) on HRV. In Study 2, we systematically
tested the effects of different taVNS parameters on high frequency (HF) component of HRV.
The results showed that taVNS significantly increased measurements of root mean square
of the difference between successive RR intervals (RMSSD), percentage of number of pairs
of adjacent RR intervals differing greater than 50ms (pRR50), standard deviation of all RR
intervals (SDRR), HF. Significantly, enhancement of HF and pRR50 persisted into recovery
period. In addition, higher baseline LF/HF ratio was associated with greater LF/HF ratio
decrease. Findings also showed that there was no significant difference in measurements of
HF between different taVNS parameters. These studies suggest that taVNS could increase
HRYV, it may help taVNS in the treatment of low HRV related diseases. However, taVNS
may not have parameter-specific effects on HRV.

Introduction

Vagus nerve (VN) is a key component of autonomic nervous system and plays an important
strategic role in human body [1]. It is the longest cranial nerve and is distributed throughout
various internal organs such as cardiac, liver, esophagus etc. Therefore, VN acts as a bridge
between the brain and various internal organs and is involved in the regulation of multiple
major systems [2]. Increased cardiac vagal activity is proportionally associated with health,
wellbeing, relaxation, and even emotions like empathy, whereas decreased cardiac vagal activ-
ity relates to risk factors such as morbidity, mortality, and stress [3, 4]. Artificial modulation of
afferent vagus nerve, which is a powerful entrance to the brain, affects a large number of physi-
ological processes implicating interactions between the brain and body. VN thus plays a crucial
role in determining brain-body interactions [5].

PLOS ONE | https://doi.org/10.1371/journal.pone.0263833  February 10, 2022

1/17


https://orcid.org/0000-0001-9971-4633
https://doi.org/10.1371/journal.pone.0263833
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0263833&domain=pdf&date_stamp=2022-02-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0263833&domain=pdf&date_stamp=2022-02-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0263833&domain=pdf&date_stamp=2022-02-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0263833&domain=pdf&date_stamp=2022-02-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0263833&domain=pdf&date_stamp=2022-02-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0263833&domain=pdf&date_stamp=2022-02-10
https://doi.org/10.1371/journal.pone.0263833
https://doi.org/10.1371/journal.pone.0263833
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.6084/m9.figshare.16919983

PLOS ONE

The effect of transcutaneous auricular vagus nerve stimulation on HRV in healthy young people

Activation of VN can be performed through implantable vagus nerve stimulator (VNS) [6].
FDA had respectively approved the treatment for epilepsy and depression with VNS in 1997
and 2005 [7, 8]. In addition, VNS is considered as a potential therapy for a wide range of con-
ditions including heart failure, chronic pain and obesity [9-11]. However, VNS requires surgi-
cal implantation of electrodes and need to wear instruments for a long time after operation,
which is at risk of infection. Besides, some side effects, such as cough and pain, limit the appli-
cation of VNS [12].

TaVNS is a simple and non-invasive therapy that modulates VN by stimulating auricular
branches of VN with few side effects [13, 14]. The literature in this area is growing fast due to
the availability of resources and noninvasiveness. At present, taVNS is an emerging technology
in the field of bioelectronic medicine with applications in therapy and has been applied in the
treatment of many diseases, including neurodegenerative diseases, chronic pain diseases,
inflammation, cardiovascular diseases, etc. [15]. Recently, a study showed that taVNS could be
a potential treatment for Covid19-Originated acute respiratory distress syndrome [16]. How-
ever, the research on taVNS is still in the preliminary stage, and the stimulation parameters
sets in related studies have not been used consistently [17], which impedes the comparability
of such studies.

Heart rate variability (HRV), the variation over time of the period between consecutive
heartbeats, is a reliable reflection of many physiological factors that regulate normal heart
rhythm [18]. It is considered that HRV is a kind of standard method for noninvasive assess-
ment of autonomic function and can be used to measure efferent vagus nerve activity [19].
Furthermore, decreased HRYV is closely associated with morbidity and mortality for a variety
of diseases, such as cardiovascular disease, autonomic nervous imbalance-related diseases, can-
cer, and Alzheimer’s disease [20]. Studies have shown that there are usually three physiological
mechanisms contributing to the occurrence and progression of these diseases, that is, sympa-
thetic over-activity, inflammatory response and oxidative stress [20, 21], whereas VN-medi-
ated parasympathetic markers of HRV are significantly inversely correlated with inflammatory
markers [22], oxidative stress [23] and norepinephrine [24]. Thus, it is necessary to systemati-
cally investigate the influence of taVNS on HRV, which can not only help us investigate the
influence of taVNS on autonomic function, but also explore whether HRV can be used as a
biomarker of taVNS, as it can help guide the research on clinical applications and can inform
researchers on optimal stimulation sites and parameters to further optimize treatment efficacy.

In the first study, we compared the effects of taVNS on HRV with the effects of sham stimu-
lation and observed whether there was a carry-over effect. We hypothesized that taVNS would
produce a greater increase in HRV than sham. The second study aimed to investigate whether
taVNS has parameter-specific effects on high frequency (HF) power, which is an indicator of
cardiac vagal tone and usually assessed in related studies. We expected that parameters of
higher energy density (larger pulse width, higher frequency) would be more effective in chang-
ing HF than lower energy combinations.

Materials and methods

Participants

The sample consisted of healthy college students at the local university. Participants were eligi-
ble if they did not have neurological diseases (epilepsy, migraine), cardiovascular illnesses,
severe inflammation and pregnancy at the period of experiment. They were asked not to exer-
cise, smoke, or take any drug (alcohol, caffeine) which might influence autonomic nervous sys-
tem 5 hours before participation. All participants gave written informed consent.
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Fourteen participants were recruited for study 1 and an additional twenty volunteers partic-
ipated in study 2. All studies were approved by the ethical committee of the Hebei University
of Technology and conformed to the standards outlined in the Declaration of Helsinki.

Transcutaneous auricular vagus nerve stimulation(taVNS)

We employed the PARASYM taVNS device (Parasym Ltd, UK) as the stimulation system,
which can deliver stimulation to ear targets through modified surface electrodes. Stimulation
targets were cleaned by alcohol cotton swabs to remove oil from the ear surface and reduce
skin resistance.

In study 1, the active condition was performed at the inner side of the left tragus by taVNS
device with 20Hz of frequency and 250us of pulse. The stimulation intensity was adjusted to
the level of the perceptual threshold (PT), which means that the stimulation intensity increased
slowly from level 0 until the participants reported that they could feel the current without pain.
According to prior literature and cadaver trials [25], there was no distribution of VN by the
earlobe. In order to eliminate the influence of irrelevant variables (pain sensation, subjective
tension emotion) on the outcome analysis, we performed sham stimulation placebo condition
(sham taVNS, staVNS), which is stimulation of the earlobe with the same parameters as taVNS
(participants do not know the distribution of VN in the earlobe) and the taVNS device is not
switched off. A summary of ear stimulation targets is shown in Fig 1.

In study 2, we created four different combinations of stimulation parameters based on
pulse width (50 us, 250 us) and frequency (5 Hz, 20 Hz) in order to cover a wide range (low to
high) of both pulse width and frequency. Subjects were not required to attend for a sham visit
(rationale based on study 1 results) and received only taVNS with different parameters. The
stimulation intensity was unified and adjusted to perceptual threshold (PT) level.

ECG analysis

After the ECG signal recorded, we used MATLAB R2016a to process it for extraction of tacho-
gram, which contains the inter-beat-intervals (IBIS) which was required for HRV analyzing.
Firstly, we employed the Pan-Tompkins algorithm to detect the R peaks of the ECG signal
[26]. Secondly, we visually inspected the detection and manually removed artifacts according
to published guidelines [27]. Finally, we extracted time- and frequency-domain indices of
HRYV from the processed IBIs. Based on the recommendations for HRV measurement [27], we
analyzed time domain and frequency domain indicators of HRV with HRV analysis software
(version 1.0) in blocks of 5 min.

In HRV analysis, several parameters in frequency-domain and time-domain were mainly
focused. In time-domain parameters, RMSSD and pRR50 are associated with parasympathetic
output, SDRR can reflect the overall variability in heart rate (HR) [27]. Frequency-domain
HRV parameters include: total power (TP), detected at 0.04-0.40Hz, the low frequency (LF)
component, detected at 0.04-0.15Hz, can reflect both sympathetic and parasympathetic modu-
lation of heart rate, while the high frequency (HF) component, which detected at 0.15-0.40Hz,
is associated with parasympathetic modulation of heart rate [27], the ratio of LF to HF power
can be used as an index of the balance of sympathetic and parasympathetic activity [28].

Procedure

All studies were carried out from 09:00 a.m. to 12:00 a.m. in a quiet laboratory at the tempera-
ture of 26+2°C. Participants were required to sit quietly, stay awake and remain silent except
reporting subjective response (pain ratings or tension ratings). During the period of visit, they
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Fig 1. Ear stimulation targets used of taVNS or staVNS. The stimulation target of taVNS was at the A site (tragus,
active site), which is rich in vagus nerve distribution. Whereas the stimulation target of staVNS was at the C site
(earlobe, control site), where was no distribution of vagus nerve [25].

https://doi.org/10.1371/journal.pone.0263833.9001

wear ear electrode clips. To avoid cardiac side effects, all electrical stimulations were per-
formed at the left ear [29].

Study 1 procedure. In study 1, we performed a two-stage cross-over trial, investigating
the difference of effects on HRV between taVNS and staVNS conditions. 14 participants were
enrolled in this study and required to complete a short questionnaire, including the back-
ground information of age, gender, height, weight, and physical activity before the experiment.
After the ear electrode clips, the physiological equipment for continuous recording of ECG
and respiratory data connected, all participants rested for 10 minutes before the visit begin-
ning. Each visit consisted of three blocks: 5-minute baseline, 5-minute stimulation and 5-min-
ute recovery. Fig 2 summarizes the detailed procedures for this study.

Study 2 procedure. Study 2 explored whether taVNS has parameter-specific effects on
HRV. The program of this study was similar wtih that of Study 1, but Study 2 did not require
staVNS. 20 participants were enrolled in this study, and each of them received four rounds of
taVNS with different parameters (one round per parameter). Each round consisted of four
sub-blocks: baseline, stimulation, recovery 1st and recovery 2nd, and there was the 5-min time
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Participants
recruited

Visit
condition

N=14 randomized

Fig 2. Procedure for study 1. Fourteen participants were randomly assigned to receive either taVNS or staVNS at the
beginning and then another opposite stimulation three days later. Each round consisted of three phases: 5min baseline, 5min
stimulation, 5min recovery.

https://doi.org/10.1371/journal.pone.0263833.9002

length in each sub-block. In order to eliminate out order effects, the order of stimulations was
randomly tailored for each participant. Fig 3 summarizes the detailed procedures for this
study.

Measurements

The electrocardiogram (ECG) was measured using a three-lead ECG acquisition equipment
(PC-80B, Shanghai Lixin Instrument Co, Ltd.) in order to assess HRV. ECG data was recorded
using three AgCl surface electrodes, on both sides of the 4th intercostal space of the sternum
and one left electrode on the costal margin of the right midclavicular line. According to the
suggestion of previous studies [30], the sampling rate was 1024Hz. Abdominal respiration was
measured by using a flexible belt (PC-80B, Shanghai Lixin Instruments Co, Ltd.) at a sampling
rate of 32 Hz in order to record respiratory data and exclude the participants with abnormal
respiratory rate (minimum respiration rate of <10 breaths per minute).

In both studies, participants were required to complete a short questionnaire to exclude the
people who did not meet the criteria, including background information of age, gender,
height, weight, and physical activity before the experiment. Stimulation intensity during each
visit was recorded by experimenters. In addition, after each of stimulation period, participants
were instructed to report subjective responses using a Likert scale ranging from 0 to 9 that
were explicitly related to the past stimulation period. “0” was used as the lowest rating for no

order random
customization

ARAMEIENS Stimulation Stimulation Stimulation Stimulation

Round A Round B Round C Round D

hie 3l Baseline Stimulation | Recovery 1st | Recovery 2nd

5Hz 250us . . . .

507 E0us Period Period Period Period (x4)
(5min) (5min) (5min) (5min)

20Hz 250us

Fig 3. Procedure for study 2. Twenty participants were recruited. Each of them was subjected to taVNS with four different parameters. The order of the
parameters was randomly customized. Each round of stimulation consisted of four phases: baseline, stimulation, recoverylst and rcovery2nd.

https://doi.org/10.1371/journal.pone.0263833.9g003
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sensation perceived or feel no tension; “9” was the highest pain rating for extreme or feel very
tension [31].

Statistical analysis

All data were presented as the mean +0.01 standard deviation (SD) unless specially stated and
statistically analyzed using SPSS (version 22). Shapiro-Wilk was conducted to test the normal-
ity of the distribution. Two-tailed statistical tests were used in all instances with an alpha level
of 0.05.

Study 1. For subjective ratings (pain ratings, tension ratings) and stimulation intensity,
paired samples t-tests were performed to explore differences between the taVNS and staVNS
with the condition (taVNS and staVNS) as a normally distributed within-subject factor. For
non-normally distributed data, wilcoxon signed-rank tests examined the difference between
taVNS and staVNS in respiration. One-way repeated measures ANOVA examined the differ-
ences in tension ratings between different stages of visit (baseline, stimulation, recovery). To
explore which stimulation conditions (taVNS or staVNS) caused a greater increase in HRV
parameters, two-way repeated measure ANOV As were performed. Greenhouse-geisser was
used for correction when the data did not meet the spherical hypothesis test. If there were sig-
nificant main effects or interaction effects, post hoc t-tests with Bonferroni correction were cal-
culated for pairwise comparisons. Linear regressions examined whether baseline measures of
HRYV indexes significantly predicted response (change (A) between baseline and stimulation).

Study 2. To assess the differences between four stimulation conditions in stimulation
intensity, pain ratings, tension ratings and respiration, Friedman’s test was performed with
stimulation condition as a nonnormally distributed within-subject factor. One-way repeated
measures ANOVA was performed to assess the residual effect of taVNS from the previous
stimulation round to the next one. To explore whether taVNS has parameter-specific effects,
two-way repeated measure ANOV As with Bonferroni correction was conducted, investigating
the differences in the effects of taVNS on HF power between different stimulation parameters.
In addition, Spearman correlations examined the correlation between measurement of HF
power and stimulation intensity.

Results
Study 1

Fourteen young participants (8 males, 6 females, mean age: 23.42+1.29 years, mean BMI:22.3
+1.32) were enrolled in study 1, no abnormalities were observed in HR (less than 60 beats or
more than 100 beats per minute) or respiration during the visit, and no adverse effects were
reported after the trial ended.

Stimulation intensity and subjective responses. Paired sample t-tests revealed that there
was no significant difference in the stimulation intensity between taVNS and staVNS (taVNS:
14.79+6.02mA, staVNS: 13.91£5.28mA, p = 0.44). Similarly, there was no significant difference
in pain ratings between taVNS and staVNS (taVNS: 2.18+1.36; staVNS: 1.82+0.97, p = 0.46).
According to wilcoxon signed-rank tests, there was no significant difference in respiration rate
between taVNS and staVNS (taVNS: Mdn = 15; staVNS: Mdn = 16, z = -1.389, p = 0.165).

When the subjective tension ratings were investigated, one-way repeated measure ANO-
VAs showed that the ratings of tension during the stimulation were significantly higher than
those at baseline under both taVNS and staVNS groups (taVNS, p = 0.0013; staVNS,

p = 0.002). However, paired sample t-test showed that there were no significant differences
between taVNS and staVNS during the stimulation (p = 0.812), see Table 1.
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Table 1. Tension ratings at different period under taVNS or staVNS.

Condition Baseline Stimulation Recovery p-value
taVNS 0.78+0.55 3.07+0.79* 1.28+0.45 0.017
staVNS 0.85+0.36 2.78+0.77* 0.92+0.71 0.029

https://doi.org/10.1371/journal.pone.0263833.t001

Table 2. Descriptive statistics of HRV indicators among the three recordings (baseline, stimulation, recovery) under taVNS or staVNS conditions.

taVNS staVNS
HRYV index Baseline Stimulation Recovery Baseline Stimulation Recovery
RMSSD 40.5%£2.9 45.6+2.1 42.5%2.5 39.5+2.7 38.5+2.6 40.6+2.8
PRR50 20.9+2.4 25.6%2.5 23.41£2.2 19.4+2.3 20.5%2.2 19.4+2.1
SDRR 53.4+2.2 57.9+2.8 55.5+2.8 52.3+1.4 50.9+1.8 51.6%2.5
HF 303.2+14.1 442.0£14.3 386.6+14.1 311.1+12.1 273.1£10.7 298.5+15.1
LF 661.1+380.8 799.0+287.2 742.4+315.4 621.3+£330.2 557.2+396.8 677.7£310.9
LF/HF 2.1+1.1 1.8£1.0 1.9+0.8 2.0+0.9 2.1£1.0 2.3+1.2
TP 2216.7+£875.1 2784.7£293.2 2364.6£647.6 2204.2+1581.8 1748.1+847.5 1964.8+742.5

Data presented as the mean + SD.

https://doi.org/10.1371/journal.pone.0263833.t002

Statistically significant differences between the three recordings (baseline, stimulation,
recovery) transpired. Reported p-values are from the one-way ANOV As. * = significantly dif-
ferent to baseline (post-hoc tests). Data presented as the mean + SD.

taVNS vs. staVNS effects on HRV measures. Descriptive statistics of HRV indicators
over time under taVNS or staVNS conditions are presented in Table 2 and the results of two-
way repeated measure ANOVAs for various HRV indicators can be found in Table 3. Two-
way repeated measure ANOV As showed that measures of cardiac vagal activity: HF power
(Fig 4A), RMSSD (Fig 4B), and pRR50 (Fig 4C) were significantly higher under the taVNS
than the staVNS conditions (main effect of condition: HF power, F (1,13) = 9.732, p = 0.001,
np2 =0.178; RMSSD, F (0.901,11.635) = 3.928, p = 0.026, npz =0.082; pRR50, F (1,13) = 3.816;
p =0.027, np2 =0.139). Besides, measures of SDRR (Fig 4D), which reflecting overall HRV,
were significantly higher under the taVNS than the staVNS conditions (main effect of condi-
tion: SDRR, F (1,13) = 3.629, p = 0.037, npz =0.025).

Two-way repeated measure ANOV As also showed a main effect of measurement time for
pRR50 (F (1.662, 24.623) = 3.758, p = 0.031, npz =0.012). Post hoc analysis of three pairwise
comparisons, with Bonferroni correction (corrected p = 0.017), revealed that the measurement
of pRR50 was significantly higher during the stimulation compared to the baseline (p = 0.002,
d = 0.441), but no significant differences between recovery vs baseline (p = 0.262) or recovery
vs stimulation (p = 0.386).

taVNS’s carry-over effect. The study showed significant interaction effect of
time x condition for measures of vagal tone: HF power and RMSSD (F (1.889,25.314) = 5.794,
p =0.019,n,> = 0.017; F (1.476,22.179) = 5.942, p = 0.017, n,> = 0.082, respectively). Further
analysis revealed that both measurements of RMSSD and HF power were significantly higher
during stimulation period than baseline period in taVNS condition (RMSSD, p = 0.0017,

d = 0.497; HF power, p = 0.0001, d = 0.561). In addition, the study also found a significant
increase from baseline to recovery period in both RMSSD and HF power (RMSSD, p = 0.011,
d = 0.269; HF power, p = 0.006, d = 0.401, see Fig 5).
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Table 3. Results of two-way repeated measure ANOVAs for various HRV indicators.

HRYV index main or interaction effect F-value p-value Mp

RMSSD Time measurements 1.76 0.2 n.s.
Stimulation condition 3.92 0.03* 0.726
Time x condition 5.94 0.02* 0.082
PRR50 Time measurements 3.75 0.03* 0.012
Stimulation condition 3.81 0.03* 0.139

Time x condition 1.71 0.26 n.s.

SDRR Time measurements 0.98 0.57 n.s.
Stimulation condition 3.62 0.04* 0.025

Time X condition 1.28 0.46 n.s.

HF Time measurements 291 0.13 n.s.
Stimulation condition 9.73 0.001* 0.178
Time X condition 5.79 0.02* 0.017

LF Time measurements 0.41 0.88 n.s.

Stimulation condition 1.12 0.49 n.s.

Time x condition 1.01 0.58 n.s.

LF/HF Time measurements 2.59 0.08 n.s.

Stimulation condition 2.84 0.07 n.s.

Time X condition 1.37 0.26 n.s.

TP Time measurements 2.38 0.22 n.s.

Stimulation condition 0.97 0.46 n.s.

Time X condition 1.09 0.1 n.s.

Reported p-values are from the two-way ANOV As.

* = significantly main effect. Data presented as the mean + SD.

https://doi.org/10.1371/journal.pone.0263833.t003

What should be pointed out is that the measurement of HF power was significantly
decreased from baseline period to stimulation period in staVNS condition (p = 0.014,
d=0.211).

Baseline HRV can predict response to taVNS. We examined the relationship between
baseline HRV indices and the change of it after taVNS. A linear regression analysis revealed an
association between higher baseline LF / HF and greater LF / HF decreases (R* = 0.691,

p = 0.0001, Fig 6A). In addition, it is found that there was also a linear relationship between TP
and A TP, where lower baseline TP was associated with greater increases in TP during taVNS
(R?=0.459, p = 0.004, Fig 6B)

Study 2

Another twenty young participants (11 males, 9 females, mean age: 21.51+2.12 years, mean
BMI:21.6+1.47) were enrolled in the study, no abnormalities were observed in HR or respira-
tion during the visit, and no adverse effects were reported after the trial ended.

Stimulation intensity and subjective responses. Descriptive statistics of Stimulation
intensity, pain ratings and tension ratings under different stimulation conditions can be seen
in Table 4. As for the stimulation intensity, a Friedman test revealed that stimulation intensi-
ties during various stimulation conditions were significantly different (3* (3) = 16.879,

p = 0.0012). A post hoc analysis of six pairwise comparisons (Bonferroni-corrected,
p = 0.0083) showed that the 20Hz 250us parameter (Mdn = 13.5) was significantly weaker than
the 5Hz 50us parameter (Mdn = 18.5, p = 0.0001), and the 5Hz 250us parameter (Mdn = 16.0,
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Fig 4. The response of autonomic function measured by HRV in taVNS or staVNS conditions over time: (A) HF, (B) RMSSD, (C) pRR50, (D) SDRR. In
taVNS, the measurements of HF, RMSSD, PRR50 and SDRR were significantly higher than those in staVNS.

https://doi.org/10.1371/journal.pone.0263833.9004
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Fig 5. Time course analysis for HF (A) and RMSSD (B) by the taVNS or staVNS conditions. Measurements of vagal tone: RMSSD and HF significantly
increased from baseline to stimulation and recovery period in taVNS condition, whereas HF significantly decreased from baseline to stimulation period
in staVNS condition. Post hoc simple effect analysis of time with Bonferroni corrected, *p<0.0017.

https://doi.org/10.1371/journal.pone.0263833.9005

p =0.0017), as well as the 20Hz 50us parameter (Mdn = 16.5, p = 0.0009). In addition, the 5Hz
250us parameter was significant weaker than the 5Hz 50us parameter, p = 0002. See Fig 7.

As to pain ratings, a Friedman test showed that there was no significant difference between
various stimulation conditions (y* (3) = 2.641, p =0.053).

In a similar vein, regarding subjective tension ratings, it was shown that participants’ ten-
sion ratings not differed significantly during various stimulation conditions (x> (3) = 1.584,
p = 0.062). There was no significant difference in the respiration rate between various stimula-

tion conditions (X2 (3)=1.139,p = 0. 67).
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Fig 6. The baseline LF/HF ratio and TP can predict response to taVNS: (A) Higher baseline LE/HF ratio was associated with greater LE/HF ratio
decreases (R* = 0.691, p =0.0001), (B) lower baseline TP was associated with greater increases in TP (R 2=0.459, p =0.004).

https://doi.org/10.1371/journal.pone.0263833.g006

PLOS ONE | https://doi.org/10.1371/journal.pone.0263833  February 10, 2022 10/17


https://doi.org/10.1371/journal.pone.0263833.g005
https://doi.org/10.1371/journal.pone.0263833.g006
https://doi.org/10.1371/journal.pone.0263833

PLOS ONE

The effect of transcutaneous auricular vagus nerve stimulation on HRV in healthy young people

Table 4. Descriptive statistics of Stimulation intensity, pain ratings and tension ratings under different stimula-
tion conditions.

5Hz 50us 5Hz 250us 20Hz 50us 20Hz 250us

Stimulation intensity 18.85+3.87 16.45+3.36 16.70+3.71 13.55+2.78
Pain ratings 2.11£1.01 1.97+0.79 2.06+1.24 1.85+1.13
Tension ratings 3.21£1.07 2.98+0.82 3.44+1.26 2.83£0.99
Respiration rates 15.14+1.41 15.92+1.48 15.42+1.39 15.85+1.81

https://doi.org/10.1371/journal.pone.0263833.t004

Estimation of residual effects on HF power. In order to estimate the residual effect of
taVNS in the previous stimulation round to the next one, one-way repeated measures
ANOVA was performed, checking the difference of HF power measurements in the baseline
period between different stimulation rounds. The result pointed out that there was no signifi-
cant difference in HF power measurements between baseline periods of different stimulation
rounds (p = 0.512).

Comparison of taVNS effects between different parameters. A repeated measures
ANOVA showed a main effect of measurement time for HF power when values among four
stimulation conditions were combined across each round (F (2.616,47.961) = 6.982, p = 0.009,
nP2 =0.078). Post hoc analysis of six pairwise comparisons, with Bonferroni correction (cor-
rected p = 0.0083), revealed a significant increase from baseline to stimulation (p = 0.002,

d =0.339), and the change persisted into the first half of the recovery (p = 0.007, d = 0.352)
rather than the second half of recovery (p = 0.87). In addition, we found a significant decrease
from stimulation to the second half of recovery (p = 0.0027, d = 0.413), and no significant dif-
ference in HF power between baseline and the second half of recovery (p = 0.73). No
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Fig 7. Differences in stimulation intensity between various parameters. The 20Hz 250us parameter was significant
weaker than the 5Hz 50us parameter (p = 0.0001), the 5Hz 250us parameter (p = 0.0017), as well as the 20Hz 50us

parameter (p = 0.0009). In addition, the 5Hz 250us parameter was significant weaker than the 5Hz 50us parameter
(p = 0002). Statistical analysis by Friedman test with bonferroni corrected, *p<0.0083.

https://doi.org/10.1371/journal.pone.0263833.g007
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Fig 8. Stimulation response by parameter over time. TaVNS significantly increased the measurement of HF during
stimulation and recovery 1st than baseline period, but there was not significantly different between various parameters.
Statistical analysis by two-way repeated measures ANOVA.

https://doi.org/10.1371/journal.pone.0263833.9008

significant main effect of stimulation condition, F (3, 57) = 1.332, p = 0.48, or interaction effect
of timexcondition, F (7.387,136.854) = 1.016, p = 0.56, for HF power was found (Fig 8).

Considering stimulation intensity varied significantly under different stimulation condi-
tions, spearman tests were performed, which showed no correlation between stimulation
intensity and measurement of HF power (rs = 0.102, p = 0.77)

Discussion

This study showed that compared with staVNS, taVNS could change HRV of healthy young
people, significantly improving the measurements of RMSSD, SDRR, pRR50 and HF power.
Significantly, the effect of taVNS was not confined to the stimulation period. On the contrary,
it had a carry-over effect. Intriguingly, the measurement of LF/HF ratio in baseline period
could significantly predict the response from participants to taVNS. In addition, findings
showed no significant difference in effect of different parameters of taVNS on HF power.

The effects of taVNS on HRV

Some studies have investigated the effects of vagus nerve stimulation on HRV, but the results
were mixed. For example, De Couck found taVNS significantly increased SDNN compared to
baseline without the effects on RMSSD, HF or LF/HF [32]. Contrastively, two other studies
indicated that taVNS significantly decreased LF/HF ratio without the significant effects on
other indexes of HRV [33, 34]. Significantly, their studies compared active stimulation to a
“stimulation oft” sham condition [32, 33] or a pre-stimulation baseline [34]. Considering that
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pain sensation or tension emotion caused by taVNS as well as respiration (could be increased
by tension) would affect HRV [35-37], which might cause irrelevant variables and affect the
interpretation of the results. We therefore stimulated the earlobe with the same parameters as
taVNS as sham control condition. The earlobe is thought to be relatively free of vagal afferents
[25]. Besides, the present study showed no significant difference in pain ratings, tension rat-
ings or respiration rates between taVNS and staVNS. Therefore, it is thought that the potential
influence of the irrelevant variables on the results was eliminated and the comparability
between the active and control was increased.

The two-way repeated measurement ANOVAs analyses conducted in study 1 demonstrated
that taVNS significantly increased the measurements of RMSSDpRR50HESDRR. The conclu-
sion differed from previous findings, and some further possible explanations for these differ-
ences in the results can be found out. Firstly, different types of “control” conditions were used
in this study and previous studies. Secondly, the present study and most previous studies have
used relatively small sample sizes, meaning that it may have been statistically underpowered to
detect potentially meaningful effects as significantly different from zero. Thirdly, stimulation
parameters vary considerably between studies which may diminish the comparability between
studies. Finally, there is a large heterogeneity between studies in the tested samples, ranging
from healthy young adults to the elderly to heart failure patients.

This study provides the evidence that taVNS could increase cardiac vagal activity. However,
as the auricular branch of the vagus nerve (ABVN) only consists of afferent fibers, effects of
taVNS on HRYV are necessarily indirect. Specifically, as proposed by Murray and colleagues
[38], taVNS may increase input to the nucleus tractus solitarii (NTS), thereby increasing the
activity of NTS neurons projecting to the two vagal efferent nuclei: the dorsal motor nucleus
and the nucleus ambiguus. Increased activation in these nuclei may, in turn, increase vagal
control of cardiac activity.

It is particularly interesting that the effect of taVNS had a carry-over effect on HRV. It is
found that the measurements of vagal tone (HF, RMSSD) were still significantly higher during
recovery period than in baseline period. A similar pattern of results was obtained in previous
studies, for example, HF power could increase at least an hour after finishing taVNS by using
acupuncture [39]. Clancy and colleagues found that the LF/HF ratio and muscle sympathetic
nerve activity (MSNA) remained lower than baseline levels during the recovery period after
taVNS had ceased [33]. Besides, a previous functional magnetic resonance imaging (fMRI)
finding also showed that the nucleus tractus solitarius was continuously activated for 11 min-
utes after the cessation of taVNS [40]. Therefore, the long-term effect of taVNS on VN requires
further investigation, which is of great significance for the application of taVNS. Future studies
should take the measurement of VN activity as the dependent variable, and systematically
investigate the carry-over effect of taVNS with different duration. The finding may provide
some reference for subsequent taVNS studies. Considering that there is a persisting effect on
HRYV, if two or more taVNS are to be administered in a short period of time, a sufficiently
large washout period should be set to estimate the residual effect of taVNS in the previous
stimulation round to the next one. Finally, whether the duration of taVNS’ effect on HRV is
related to the duration of taVNS needs to be systematically tested in subsequent studies.

Baseline LF/HF ratio, a measure of autonomic balance, was a significant predictor of partic-
ipants’ response to taVNS: higher baseline LF/HF ratio was associated with greater LF/HF
ratio decrease. It implied that humans with higher sympathetic activity are subjected to a
stronger taVNS effect. These patterns emerged in previous work and may potentially contrib-
ute to screen individuals who are likely to encounter greater autonomic benefits from taVNS
[33]. Such a prediction is particularly important considering that there are more than 100 dis-
eases associated with reduced VN activity, which are widely distributed in cardiovascular,
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endocrine and metabolic systems [41]. In addition, this would help to develop more effective
inclusion criteria in order to carry out more targeted studies for taVNS.

taVNS’s effects of parameter

There have been several studies exploring the optimal parameters for taVNS. For example, a
fMRI study provided evidence that the optimum stimulation intensity is 8 mA without percep-
tion of pain, which caused the maximum amplitude of vagus somatosensory evoked potentials
[42], another parametric study found that higher pulse width and stimulation frequency (i.e.,
200 and 500us pulse width, 10 and 25Hz) were associated with more pronounced cardiac
deceleration [17]. Nevertheless, these studies did not investigate the effect of different parame-
ters of taVNS on HRV. This study hypothesized that parameters of higher energy density
(larger pulse width, higher frequency) would be more effective in enhancing of HF power mea-
surement. In fact, there is an infinite combination of frequency, pulse width, and duty cycle
that would be impossible to exhaustively test. Limited by experimental conditions, the second
trial conducted therefore was not an exhaustive exploration of parameters but rather a reason-
able combination of high and low settings based on prior optimal parameters study. However,
we found no significant difference in the effect of taVNS on the measurement of HF power
between different parameters. This may be due to the smaller sample size used (n = 20), the
large range of parameters which makes it impossible to exhaustively test.

Significantly, stimulation intensity showed a significant difference between different
parameters, the parameters with lower energy density appeared to require more stimulation
intensity than the higher. However, spearman’s test showed no significant correlation between
stimulation intensity and HF measurement. One possible explanation is that there may be a
maximum effect threshold of taVNS, i.e., when the stimulation intensity reaches a certain
degree, its effect is no longer enhanced with increasing intensity. It is possible that the maxi-
mum effect threshold was already exceeded when stimulation intensities reached perceptual
threshold levels, so effects on HF power did not differ despite differences in stimulation inten-
sities. Further studies should consider this assumption and set different stimulation intensities
for taVNS in a large range, comparing the effects of different stimulation intensities on HF
power or other HRV index.

Limitations

The main limitation of our study was that the study was based on a sample of healthy young
adults, perhaps a larger taVNS effect could be observed in the elderly or in some patients
where cardiovascular autonomic balance is shifted toward sympathetic predominance such as
heart failure, hypertension, which would require further testing. Besides, HRV represents a
biomarker for efferent vagal activation, whereas many research on taVNS focuses on afferent
effects of on cognitive, emotional, or neurological functioning. The effect of taVNS on HRV
does not necessarily indicate an effect on intracranial structures. Possible additional markers
could be salivary alpha amylase, pupillary responses or P300 for norepinephrine release [43,
44)].
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