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Abstract

Background and 
Aims

Vagal parasympathetic dysfunction is strongly associated with impaired exercise tolerance, indicating that coordinated auto
nomic control is essential for optimizing exercise performance. This study tested the hypothesis that autonomic neuromo
dulation by non-invasive transcutaneous vagus nerve stimulation (tVNS) can improve exercise capacity in humans.

Methods This single-centre, randomized, double-blind, sham-controlled, crossover trial in 28 healthy volunteers evaluated the effect 
of bilateral transcutaneous stimulation of vagal auricular innervation, applied for 30 min daily for 7 days, on measures of car
diorespiratory fitness (peak oxygen consumption (VO2peak)) during progressive exercise to exhaustion. Secondary end
points included peak work rate, cardiorespiratory measures, and the whole blood inflammatory response to 
lipopolysaccharide ex vivo.

Results tVNS applied for 30 min daily over 7 consecutive days increased VO2peak by 1.04 mL/kg/min (95% CI: .34–1.73; P = .005), 
compared with no change after sham stimulation (−0.54 mL/kg/min; 95% CI: −1.52 to .45). No carry-over effect was ob
served following the 2-week washout period. tVNS increased work rate (by 6 W; 95% CI: 2–10; P = .006), heart rate (by 
4 bpm; 95% CI: 1–7; P = .011), and respiratory rate (by 4 breaths/min; 95% CI: 2–6; P < .001) at peak exercise. Analysis of the 
whole blood transcriptomic response to lipopolysaccharide in serial samples obtained from five participants showed that 
tVNS reduced the inflammatory response.

Conclusions Non-invasive vagal stimulation improves measures of cardiorespiratory fitness and attenuates inflammation, offering an in
expensive, safe, and scalable approach to improve exercise capacity.
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Structured Graphical Abstract

Does non-invasive vagal stimulation increase exercise capacity and reduce inflammation?

In this randomized, double-blind, crossover, sham-controlled trial in healthy volunteers, transcutaneous vagal stimulation increased peak 
oxygen consumption during exercise and dampened the inflammatory response to lipopolysaccharide.

Autonomic neuromodulation by transcutaneous vagal stimulation can improve cardiorespiratory fitness.

Key Question

Key Finding

Take Home Message

Study design

Primary outcome Secondary outcomes

tVNS

tVNS tVNS

Endotoxin

-log10 (adjusted p value)

Toll-like receptor signaling
JAK-STAT signaling

NF-kappa B signaling
TNF signaling

RNA-Seq

2 543

tVNS Exercise capacity

tVNSsham tVNSsham

40

20

10

-10

-20

0

30

Δ peak oxygen 
consumption
(mL/kg/min)

Δ peak heart
rate (b.p.m.)

8

-8

6

-6

2

-2
0

4

-4

Peak CPET heart rate In�ammation

Arm 1

Visit 1

Week 1

Daily sham-tVNS Daily tVNS

Week 4Weeks 2–3

Week 1

Daily tVNS Daily sham-tVNS

Week 4Weeks 2–3

Visit 2 Visit 3 Visit 4

Arm 2randomized, double-blind, 
crossover, sham-controlled
trial in healthy volunteers

IL-1β mRNA

28

p = 0.005 p = 0.011
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mRNA, interleukin-1 beta messenger RNA; JAK-STAT, Janus kinase signal transducer and activator of transcription; NF-kappa B, Nuclear factor 
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Introduction
Maintaining physical activity is essential for every aspect of cardiovascu
lar, emotional, and cognitive health.1 Higher exercise capacity is strongly 
associated with a reduced risk of cardiovascular disease, type 2 dia
betes, malignancy, neurodegenerative disease, and premature death.2

Regular exercise is required to maintain and improve cardiorespiratory 
fitness.3 Programmed moderate-to-vigorous physical activity has been 

demonstrated to be the most effective and time-efficient protective 
intervention for improving cardiometabolic outcomes.4 However, pub
lic policy measures aimed at achieving this goal by promoting physical 
activity at scale have had only a very modest impact.5

The autonomic nervous system controls the heart and circulation by 
the dynamic recruitment and withdrawal of parasympathetic (vagal) 
and sympathetic activities.6 Exercise capacity is critically dependent 
on highly orchestrated autonomic cardiovascular and respiratory 

Translational perspective
Non-invasive autonomic neuromodulation through transcutaneous vagal stimulation improves measures of cardiorespiratory fitness and re
strains inflammation, offering an inexpensive, safe, and scalable approach that may improve cardiovascular health.
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responses required to support the metabolic demands of exercise.7

The increase in cardiac output during exercise occurs through sympa
thetic stimulation and vagal modulation8; both are essential for optimal 
physical performance.9 It is well known that higher exercise capacity is 
strongly associated with lower resting heart rate, indicative of increased 
cardiac vagal activity.10 Large clinical studies have demonstrated a ro
bust association between vagal dysfunction, cardiovascular morbidity, 
and all-cause mortality.11,12 A more recent study in 1293 subjects 
aged over 65 years confirmed that vagal autonomic dysfunction is 
strongly associated with impaired exercise tolerance.9 There is also sig
nificant experimental and clinical evidence indicating that both acute in
flammation and chronic inflammation are modulated by autonomic 
mechanisms,13 the recruitment of which can confer the anti- 
inflammatory benefits of exercise.

Advances in device-based non-invasive neurostimulation have made it 
possible to modulate autonomic balance in humans by applying low- 
intensity electrical stimulation to the vagal sensory innervation of the out
er ear.14 Stimulation of certain regions of the pinna (such as the cymba 
conchae and the tragus, innervated by the auricular branch of the vagus 
nerve), called transcutaneous vagus nerve stimulation (tVNS), shifts auto
nomic activity towards a net vagal dominance.15–17 Autonomic neuromo
dulation via tVNS has been shown to confer organ protection against 
ischaemia/reperfusion injury18 and reduce inflammation.19

In heart failure patients with reduced ejection fraction, electrical 
stimulation applied directly to the cervical vagus nerve was reported 
to increase 6-minute walking distance, although it had no effect on car
diac function, and objective measures of cardiorespiratory fitness were 
not assessed.20 This randomized, double-blind, sham-controlled, cross
over trial was designed to test the hypothesis that tVNS can improve 
exercise capacity and modulate the inflammatory response in healthy 
volunteers (Structured Graphical Abstract).

Methods
Study design and cohort
This single-centre trial was designed, implemented, and reported in accord
ance with the International Conference on Harmonization (ICH) Good 
Clinical Practice (GCP) Guideline.21 We employed a crossover design, as 
this enables the effects of interventions to be compared with high precision 
by avoiding between-patient variation.22 The study protocol was approved 
by the National Health Service (NHS) Research Ethics Committee (21/LO/ 
0856). The study was registered with Clinicaltrials.gov on 18 October 2022 
(NCT05619107), before the first participant was recruited. The results of 
the study are reported in accordance with Consolidated Standards of 
Reporting Trials (CONSORT) checklist for randomized crossover trials 
(see Supplementary data online, Table S1).

Written informed consent was obtained from all volunteers (age >18 
years), who then underwent a medical screening questionnaire after re
cruitment through local advertisements. Participants did not receive any 
compensation, except for reimbursement of travel expenses. There was 
no upper age limit. Individuals participating in dedicated exercise programs 
or those with relative contraindications to undertaking exhaustive cardio
pulmonary exercise testing (CPET) were excluded (see Supplementary 
data online, Table S2).23 Careful consideration was taken to ensure that 
there was a balance of sexes across the study. Study data were collected 
and managed using REDCap electronic data capture tools hosted at 
Queen Mary University of London.24

Randomization and blinding
The randomized allocation of sham-tVNS or tVNS treatment was designed 
to minimize random effects of changes in activity between the participants. 

The crossover study design minimizes confounding factors that can occur in 
parallel-design studies and enables each participant to act as their own con
trol, allowing between- and within-group comparisons.22 Volunteers 
were randomized to first receive either sham-tVNS or tVNS treatment 
in blocks of four without minimization (NCSS 11 Statistical Software, 
NCSS, Kaysville, USA). The randomization code was known only to the in
vestigator who programmed the devices. Each device was labelled with the 
participant number, A or B. Investigators who recruited participants and 
performed the physiological testing were unaware of the volunteers’ study 
arm allocation or the randomization sequence. Both the investigators and 
participants were blinded to the study arm allocation and the results of 
CPET (except for SM, who conducted the CPET sessions).

Cardiopulmonary exercise testing
CPET was undertaken at the Sport and Exercise Medicine Exercise Facility, 
Queen Mary University of London. All tests were conducted at the same 
time of day between 9 a.m. and 12 p.m. After completing a health screening 
questionnaire and providing written consent, participants were instrumen
ted with leads to capture ECG, which was recorded (Holter monitors, 
Spacelabs) for 10 min in the supine position before the participants were 
asked to stand for 3 min to assess the heart rate response to a standardized 
orthostatic challenge. Approximately 10 min after the resting ECG record
ings, participants proceeded to undertake exhaustive symptom-limited 
CPET using a standard incremental ramp protocol on an 
electromagnetically-braked Lode Excalibur Sport Cycle Ergometer (Lode 
Instrumenten, Groningen, The Netherlands). Equipment was calibrated 
prior to each testing session. Data were collected using the cycle ergometer 
software (MetasoftR Studio, Leipzig, Germany).

Transcutaneous vagus nerve stimulation
Volunteers were randomly allocated to receive sham-tVNS or tVNS for 
30 min daily for 7 consecutive days (Figure 1). This protocol design was 
based on the results of preclinical studies that demonstrated increases in 
exercise capacity in experimental animals (rats) after 1 week of daily stimu
lations of vagal preganglionic neurons in the brainstem.9 We noted that 
most published studies involving longer periods of tVNS used unilateral aur
icular stimulations; in this study, tVNS was applied to both ears. This stimu
lation protocol was chosen based on evidence suggesting that applying 
sensory stimuli bilaterally is more effective than unilateral stimulations in in
ducing brain plasticity and repair.25,26

Individual sensitivities of the auricular tragi regions to electrical stimu
lation were determined during the first and third (baseline) visits using 
a dedicated battery-operated TENS training device (Totally TENS, 
Well-Life Healthcare). During device training, participants were in
structed to place the electrode clips (with electrode surfaces made of 
electrically-conductive rubber) on the left and right tragi (Figure 2). The 
current amplitude was then gradually increased by the investigator con
ducting the training, starting from 0.1 mA, until the participant felt a tin
gling sensation, after which it was reduced to set the level of 
stimulation at ∼1.5 mA below this threshold. Once the threshold current 
was determined, participants were issued their individual TENS units, 
which were identical to the training device but with concealed controls. 
Stimulation current was set to 0 mA (sham-tVNS) or ∼1.5 mA below 
the individual perception threshold (tVNS), with 200 μs pulses generated 
at a frequency of 25 Hz.27,28 The stimulation current applied by partici
pants receiving tVNS ranged between 4 and 12 mA.

Volunteers were instructed to use the device for 30 min daily for 7 
consecutive days and were contacted by video call during each session 
to ensure correct electrode clip placement and correct device use, 
as well as to monitor for potential adverse effects. Pre-specified side ef
fects were sought daily (see Supplementary data online, Figure S2), and 
volunteers were asked to confirm that they remained blinded to the 
intervention.
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Heart rate variability analysis
A researcher, blinded to study arm allocation, cleaned the ECG data, and 
used Kubios heart rate variability (HRV) Premium Version 3.5.0 software 
(Kubios, Kuopio, Finland) to derive HRV metrics from RR intervals using 
both time- and frequency-domain analyses from 5-minute epochs, in ac
cordance with the recommendations of the ESC task force of the 
European Society of Cardiology and the North American Society of 
Pacing and Electrophysiology.29 Participants underwent a 10-minute ECG 
recording session, during which they rested undisturbed in the supine pos
ition. Data from the last 5 min of the recording period were analysed.

Time-domain parameters included mean heart rate, the standard deviation 
of RR intervals (SDNN), and the root mean square of successive RR interval 
differences (RMSSD). Frequency-domain analysis was performed in an equi
distantly sampled time series (cubic spline interpolation) using a sampling fre
quency of 5 Hz. Frequency-domain analysis was performed using the 
autoregressive method (which offers superior spectral analysis for the short
er data sequences30) to calculate spectral power (ms2) in the very low 
(<0.04 Hz), low (0.04–0.15 Hz), and high (0.15–0.4 Hz) frequency bands. 
The very-low frequency band of HRV is influenced by the activity of the 
renin-angiotensin-aldosterone system, but depends primarily on parasympa
thetic drive31 and has a stronger association with adverse cardiovascular out
comes.32 Low-frequency HRV reflects sympathetic and parasympathetic 
autonomic cardiac modulation under the control of the arterial baroreflex.33

The high-frequency HRV in most individuals reflects rhythmic parasympa
thetic modulation of heart rate in synchrony with respiration.34

RNAseq to study the inflammatory response 
ex vivo
Whole blood stimulation with an inflammatory ligand (lipopolysaccharide) 
was used to study the inflammatory response ex vivo.35 Participants were in
vited to provide four blood samples during the study, but this was not obliga
tory. Blood samples (10 mL) were collected into citrated containers and 
incubated with either sterile saline or Escherichia coli lipopolysaccharide 
(O111:B4; 20 ng/mL, Sigma, UK) at 37°C for 4 h. The samples were then 
transferred to PAXgene™ tubes (PreAnalytiX, Switzerland) for RNA stabil
ization, and stored at −80°C until assayed. Total RNA was extracted using 
the PAXGene RNA extraction kit (Qiagen, Hilden, Germany) according to 
the manufacturer’s instructions, with a DNase step included to remove con
taminating DNA. RNA samples were assessed for quantity and integrity using 

the NanoDrop 8000 spectrophotometer v2.0 (ThermoScientific, USA) and 
Agilent 2100 Bioanalyser (Agilent Technologies, Waldbronn, Germany), re
spectively. All samples that displayed an RIN score of 6.5 or higher were 
used for RNA library preparation (NEBNext Globin & rRNA Depletion 
Kit). Samples were randomized before library preparation and sequencing 
using NextSeq2000 P3 100-cycle kit (Illumina Inc., Cambridge, UK). Full details 
on RNAseq and analysis are provided in Supplementary Data.

Primary and secondary outcomes
The primary outcome measure was the absolute change in VO2peak follow
ing sham-tVNS or tVNS treatment. Pre-specified secondary outcomes in
cluded work rate, respiratory rate, and heart rate at peak exercise, resting 
heart rate (recorded in the supine position), time- and frequency-domain 
HRV measures of cardiac autonomic modulation, heart rate recovery 
(HRR) 1 min after cessation of CPET, and the whole blood inflammatory re
sponse to lipopolysaccharide ex vivo.

Data analysis
The robust repeated crossover design, which separates time period effects 
from treatment effects, remains valid only if no treatment × period 
interaction exists; therefore, a comparison of data obtained during 
Visits 1 and 3 was undertaken. If neither carry-over nor period effects 
are found, the appropriate analysis of continuous data from a two-period, 
two-intervention crossover trial is a paired t-test.36

As baseline readings did not differ between interventions, pairwise con
trasts for sham-tVNS and tVNS were treated as independent groups. No 
adjustments for multiple comparisons were made, as the study outcomes 
had been pre-specified in the analysis plan. All other outcomes were con
sidered exploratory.

The statistical analyses were predefined in the protocol and the statistical 
analysis plan and finalized before unblinding (see Supplementary Data). 
There were no interim analyses or stopping rules. The sample size of 28 
participants was calculated to allow detection of at least a 0.5 mL/kg/min dif
ference in VO2peak for the crossover design, with 90% power and a type I 
error rate of 5%, assuming a standard deviation of 0.8 mL/kg/min for the dif
ference between the two values for the same participant. For the age range 
of volunteers recruited, predicted VO2peak values for below-average to 
average cardiorespiratory fitness levels are between 31 and 38 mL/kg/min 
for women and between 35 and 42 mL/kg/min for men.37 Sample size jus
tification for the RNAseq analysis is provided in Supplementary Data.

Figure 1 Study protocol. 28 volunteers (14 females) were randomized into two arms of the study to first receive either sham-tVNS or tVNS applied 
for 30 min daily for 7 consecutive days, followed by a 2-week washout period before receiving the alternative treatment. At each visit, after 10 min of 
ECG recording followed by orthostatic testing, participants undertook exhaustive cardiopulmonary exercise testing using cycle ergometry. Participants 
were issued individual sham-tVNS or tVNS device units and were trained and instructed to use the device for 30 min at a standardized time each day for 
7 consecutive days. Volunteers were contacted by video call during each session to ensure correct electrode clip placement and correct device use, as 
well as to monitor for potential adverse effects. A 10 mL venous blood sample was obtained at each visit from the participants who consented to re
peated venepuncture
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Results
Study cohort
42 healthy volunteers were assessed for eligibility, of whom 28 partici
pants (mean age: 34 years old; range: 20–63; 50% female; 
Supplementary data online, Table S3) were randomized between 9 
November 2022 and 16 May 2023. Every participant completed all 
four study visits, with 100% compliance for all interventions and physio
logical assessments (see Supplementary data online, Figure S1).

Safety and adverse effects
The mean electrical stimulation current applied by the participants of 
this trial was 5.5 ± 2 mA. Participants were unable to correctly identify 
their study group allocation (sham-tVNS or tVNS) on direct question
ing (see Supplementary data online, Table S4). Pre-specified side effects 
were similar between the arms of the study (see Supplementary data 
online, Figure S2).

Primary outcome: peak oxygen 
consumption
The mean VO2peak recorded in the participants during the first visit was 
32.9 mL/kg/min (95% confidence intervals [CI]: 29.4–36.4). Mean 
VO2peak values were similar between baseline Visits 1 and 3 (see 
Supplementary data online, Figure S3). tVNS applied for 30 min daily 
over 7 consecutive days increased VO2peak by 1.04 mL/kg/min (95% CI: 
.34–1.73; P = .005); there was no change in VO2peak after sham-tVNS 
(mean difference: −0.54 mL/kg/min; 95% CI: −1.52 to .45; P = .273) 
(Figure 3A; Supplementary data online, Figures S4–6). This effect of 
tVNS equated to a 3.8% (95% CI: 1.5–6.1) increase in VO2peak 

(Figure 3B), compared with no change after sham-tVNS (mean differ
ence: −1.3%; 95% CI: −4.26 to 1.56).

Secondary outcomes
Respiratory rate at peak exercise recorded in the participants that re
ceived tVNS treatment was higher by 4 breaths/min (95% CI: 2–6; P  
< .001); there was no change in peak respiratory rate after 
sham-tVNS (1 breaths/min; 95% CI: −1 to 3) (Figure 3C). Heart rate 
at peak exercise was higher by 4 b.p.m. (95% CI: 1–7; P = .011) follow
ing tVNS treatment, compared to no change (−2 b.p.m.; 95% CI: −4 to 
1) after sham-tVNS (Figure 3D). The mean peak work rate at the first 
visit was 220 W (95% CI: 193–247). tVNS increased power output at 
peak exercise by 6 W (95% CI: 2–10; P = .006); there was no change 
in peak work rate after sham-tVNS (1 W; 95% CI: −3 to 6) 
(Figure 3E; Supplementary data online, Figure S7).

Explanatory measures: cardiac autonomic 
modulation
tVNS increased the resting heart rate measured in the supine position 
(before CPET) by 4 b.p.m. (95% CI: 1–7; P = .034; Figures 3F and 4A), 
with RR interval reduced by 42 ms (95% CI: 2–81; P = .038), compared 
to no change after sham-tVNS (22 ms; 95% CI: −10 to 55; P = .173) 
(Figure 4B). This increase in mean resting heart rate after tVNS treat
ment was accompanied by a higher supine minimum heart rate 
(Figure 4C). The orthostatic heart rate response to standing was not af
fected by sham-tVNS or tVNS (see Supplementary data online, 
Figure S8). tVNS treatment reduced SDNN and RMSSD (Figure 4E, F) 
and decreased the power of very-low frequency (Figure 5A) and low fre
quency (Figure 5B) HRV bands, but had no effect on the high-frequency 
HRV band (Figure 5C). HRR after the end of peak exercise was similar 
after sham-tVNS and tVNS treatment (Figure 5D).

Exploratory analysis: acute inflammation 
ex vivo
We analysed the whole blood transcriptomic responses to lipopolysac
charide before and after sham-tVNS or tVNS in five trial participants 

Figure 2 Device settings. The individual sensitivities of the auricular tragi regions to electrical stimulation were determined during the first and third 
visits using a dedicated training device. During device training, participants were instructed to place the electrode clips on the left and right tragi. The 
current amplitude was gradually increased by the investigator conducting the training, starting from 0.1 mA, until the participant felt a tingling sensation. 
The current was then reduced to set the level of stimulation at ∼1.5 mA below this threshold. Once this threshold current was determined, participants 
were issued their personal device units, identical to the training device but with concealed controls. The stimulation current was set to 0 mA 
(A, sham-tVNS) or ∼1.5 mA below the individual perception threshold (B, tVNS), with 200 μs pulses generated at a frequency of 25 Hz
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who consented to venepuncture on each visit and who were randomized 
to sham-tVNS first (Figure 6A). Bioinformatic analysis of bulk RNAseq 
identified genes and signalling pathways activated by lipopolysaccharide 
(Figure 6B). Deconvolution of RNAseq data found similar proportions 
of immune cells in samples collected on each visit (see Supplementary 
data online, Figure S9). There were no transcriptomic differences be
tween samples incubated with saline at each visit (see Supplementary 
data online, Figure S10). In blood samples collected from the participants 
that received tVNS treatment, the transcriptional response to lipopoly
saccharide was markedly reduced, with fewer differentially expressed 
genes (FDR ≤ 0.05, minimum fold-change ≥ 1.5; χ²(3, 66 090) = 699.1, 
P < .0001; Supplementary data online, Figure S11), and 23 (of 16 789) 
genes including the transcript for the key pro-inflammatory cytokine 
interleukin-1β significantly downregulated (Figure 6C). Pathway analysis 
demonstrated that tVNS modulated signalling pathways (Figure 6D) 
through which vagal activity has been shown to restrain inflammation, 
including alpha-7 nicotinic receptor regulated Jak2-STAT3 signalling 
pathway.38 Pathways differentially affected by tVNS were predomin
antly those involved in the acute inflammatory response (Figure 6E; 
Supplementary data online, Figures S12–15).

Discussion
The results of this randomized, sham-controlled, crossover trial in 
healthy volunteers show that autonomic neuromodulation by tVNS im
proves measures of cardiorespiratory fitness and restrains inflamma
tion, offering an inexpensive, safe, and scalable approach to improve 
cardiovascular health. The outcome of the trial is consistent with the 
significant body of evidence suggesting that autonomic health is strongly 
associated with higher exercise tolerance7,9 and reduced systemic in
flammation, mediated by vagal parasympathetic activity.39,40 This is 
the first sham-controlled crossover trial to examine the effect of 
tVNS on exercise capacity, cardiac autonomic activity, and inflamma
tory response. The crossover study design minimized confounding fac
tors because each participant acted as their own control, allowing 
within-group comparisons.22

The magnitude of the tVNS effect observed in this study is function
ally significant and clinically meaningful, given that tVNS applied for just 
1 week improved VO2peak by as much as 1 mL/kg/min, or 3.8%. Even 
such a seemingly modest increase in a key measure of cardiorespiratory 
fitness would be expected to be strongly associated with significant 

Figure 3 The effect of tVNS on measures of exercise capacity. (A) tVNS increased VO2peak by 1.04 mL/kg/min (95% CI: .34–1.73), compared to no 
change after sham stimulation (−0.54 mL/kg/min; 95% CI: −1.52 to .45). (B) Percentage changes in VO2peak after sham-tVNS or tVNS illustrated by 
heatmaps. tVNS increased VO2peak by 3.8% (95% CI: 1.5–6.1), compared with no change after sham-tVNS (mean difference: −1.3%, 95% CI: −4.26 to 
1.56). (C ) tVNS increased respiratory rate at peak exercise by 4 breaths/min (95% CI: 2–6), compared to no change after sham stimulation. (D) tVNS 
increased peak heart rate by 4 b.p.m. (95% CI: 1–7), compared to no change after sham stimulation. (E) tVNS increased power output at peak exercise 
by 6 W (95% CI: 2–10), compared to no change after sham stimulation. (F ) tVNS increased resting heart rate measured in the supine position before 
CPET by 4 b.p.m. (95% CI: 1–7). Individual values and means (95% CI) are shown. P-values were determined by paired t-test comparisons between 
measurements taken at baseline and after sham-tVNS or tVNS treatment
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health benefits if maintained long-term.3 Analysis of the UK Biobank 
data from 71 893 adults suggested that moderate amounts of vigorous 
physical activity for just 15 min daily confer a 16%–40% lower mortality 
risk.41 Notably, significant time commitment and effort are required to 
achieve increases in exercise capacity through conventional training re
gimes. For example, a seminal study in moderately trained male subjects 
showed that high-intensity aerobic interval training performed three 
times per week for 8 weeks was required to increase VO2max by 
5.5%–7.2%, while other exercise protocols, including long slow distance 
running and lactate threshold training, followed for the same time per
iod of 8 weeks, had lesser or no effect on measures of cardiorespiratory 
fitness.42 Other studies reported that high-intensity interval training in 
untrained lean and obese type 2 diabetic individuals for at least 5 weeks 
was required to increase peak oxygen consumption by 8%–15%.43,44

Our findings complement data obtained in clinical and experimental 
animal studies which support the hypothesis that vagal parasympathetic 
activity determines an individual’s ability to exercise. Analysis of HRR 
profiles after peak exercise in 1293 participants demonstrated that 

vagal autonomic dysfunction is strongly associated with reduced exer
cise capacity.9 In experimental animal studies, it was shown that inhib
ition of vagal activity reduced exercise capacity, while selective 
stimulation of vagal neurons increased exercise tolerance and this effect 
was associated with enhanced cardiac contractile response to sympa
thetic stimulation.9 Direct stimulation of vagal neurons was also found 
to maintain cardiac function and exercise capacity in an experimental 
model of heart failure.45 It has been suggested that parasympathetic ac
tivity modulates myocardial beta-adrenoceptor signalling and optimizes 
the responsiveness of the heart to sympathetic stimulation.7 In other 
words, vagal activity is required for the sympathetic nervous system 
to increase cardiac output sufficiently to support the metabolic de
mands of exercise. We hypothesize that the functional interactions be
tween sympathetic and parasympathetic cardiac control are modulated 
by tVNS, leading to the improvements in measures of cardiorespiratory 
fitness observed in this study.

Results of HRV analysis are generally in line with previously reported 
effects of tVNS on HRV measures.15,46 The observed effects of tVNS 

Figure 4 The effect of tVNS on time-domain measures of heart rate variability. Mean heart rate (absolute values, A), RR interval (B), minimum heart 
rate (C ), maximum heart rate (D), standard deviation of the RR intervals (SDNN, E), and the root mean square of successive differences between nor
mal heartbeats (RMSSD, F ) were derived from ECG recordings obtained from participants in the supine position before and after sham-tVNS or tVNS. 
Individual values, medians, and 25th–75th percentiles are shown. P-values were determined by paired t-test comparisons between measurements taken 
at baseline and after sham-tVNS or tVNS treatment
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on resting heart rate are consistent with known effects of vagal afferent 
stimulation, which—unlike direct stimulation of efferent vagal cardiac 
innervation—is associated with increases in heart rate due to afferent 
modulation of autonomic central drive.47 Increases in heart rate could 
be expected with tVNS, as this mode of stimulation captures the affer
ent fibres of the auricular branch of the vagus nerve. The effects of 
bilateral auricular tVNS on heart rate may also differ from those of uni
lateral stimulation, given the complexity of spatial and temporal pro
cessing of vagal afferent information,48 which may be significantly 
influenced by pathological conditions associated with autonomic dys
function including postural orthostatic tachycardia syndrome.49

Different modes of exercise training and autonomic neuromodula
tion can confer beneficial effects on other systems, including the im
mune system. For example, endurance and interval training have 
been shown to increase telomerase activity and telomere length in 
mononuclear cells in healthy, but previously inactive individuals.50

tVNS had been shown to trigger systemic release of cardioprotective 
factor(s) that reduced ischaemia/reperfusion injury when plasma dialys
ate from the participants receiving tVNS was applied to isolated per
fused rat hearts with myocardial infarction.18 The cardioprotective 
factor(s) had been found to be released from the spleen in response 
to tVNS.18 In this study, we show that tVNS restrains the inflammatory 
response, an observation consistent with the reported effects of auto
nomic modulation/vagal stimulation in experimental models. Discrete 
optogenetic stimulation of vagal afferents was reported to increase ac
tivities of splenic, renal, and lumbar sympathetic nerves, demonstrating 
that vagal afferent stimulation can also lead to sympathetic activation.40

Electrical stimulation of cervical or abdominal vagal projections in 

laboratory models had been shown to reduce inflammation in arth
ritis51 and endotoxemia.52

Regular physical activity plays an important role in both the primary 
and secondary preventions of cardiovascular disease.2 There is evidence 
that patients with circulatory system disease may benefit from physical 
activity to a greater extent than healthy individuals.53 Maintaining a phys
ically active lifestyle is beneficial through numerous multisystem me
chanisms,54 (although in a small number of highly trained individuals, 
extreme endurance training over the years may result in adverse cardiac 
remodelling.55) The safety profile and the effects of tVNS shown in this 
study provide proof-of-concept data suggesting that non-invasive auto
nomic neuromodulation can offer an adjunct approach to improve ex
ercise tolerance. In particular, the growing population of older 
individuals with heart failure and/or coronary artery disease may benefit 
from this treatment.56 In a pilot sham-controlled, double-blind, parallel 
group, randomized clinical trial, 52 patients with heart failure with pre
served ejection fraction reported >90% adherence to sham-tVNS or 
tVNS treatment, applied for 1 h daily for 3 months.57 After 3 months, 
pre-specified secondary outcomes, including global longitudinal strain 
and blood tumor necrosis factor-α levels (as a measure of systemic in
flammation) were favourably improved in patients randomized to active 
treatment, which correlated with better self-reported quality of life 
measures.57

The data from this trial require further validation in patient popula
tions characterized by impaired exercise capacity. The generalizability 
of our findings is limited due to the single-centre volunteer study design. 
Additionally, the study was not designed to account for variations in 
baseline fitness, and volunteers were not engaged in structured 

Figure 5 The effect of tVNS on frequency-domain measures of heart rate variability and heart rate recovery after exercise. Very-low frequency 
(<0.04 Hz, A), low frequency (0.04–0.15 Hz, B), and high frequency (0.15–0.4 Hz, C ) bands of the HRV power spectrum were derived from the analysis 
of ECG recordings obtained from participants in the supine position before and after sham-tVNS or tVNS. (D) Heart rate recovery 1 min after the end 
of peak exercise, measured before and after sham-tVNS or tVNS treatment. Individual values, medians, and 25th–75th percentiles are shown. P-values 
were determined by paired t-test comparisons between measurements taken at baseline and after sham-tVNS or tVNS treatment
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exercise training programs before or during enrolment. Exploration of 
the well-documented sex-specific differences in exercise performance 
is also necessary.58 Further systematic studies in volunteers are re
quired to determine the optimal tVNS stimulation parameters and dur
ation of treatment.

In conclusion, the data obtained in this study suggest that autonomic 
neuromodulation by non-invasive auricular vagal stimulation offers a 
low-risk, accessible, non-pharmacologic, and titratable intervention 
that may help to deliver a personalized approach59 to improve exercise 
tolerance and promote cardiovascular health.
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