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ABSTRACT

The vagus nerve is crucial in regulating physiological functions, including the cardiovascular system. While heart rate (HR) and
its variability (HRV) may provide non-invasive proxies of cardiac vagal activity, transcutaneous auricular vagus nerve stimula-
tion (taVNS) has yielded mixed effects, with limited research on right branch stimulation. In a randomized crossover study with
36 healthy participants, we investigated taVNS effects on HR and HRV indexed by SDRR, RMSSD, HF-HRV, and LF/HF ratio.
To assess the impact of the stimulation side (left vs. right ear) on cardiovascular indices and interaction with the physiological
state, we recorded electrocardiograms in four sessions per person, covering three session phases: baseline, during stimulation
(taVNS vs. sham), and post-milkshake consumption with stimulation. First, we found moderate evidence against taVNS affecting
HR (BF,,=0.21). Second, taVNS decreased HRV (multivariate p=0.004) independent of physiological state, with strong evidence
for RMSSD (BF,,=15.11) and HF-HRV (BF,,=11.80). Third, taVNS-induced changes were comparable across sides and stronger
than sham, indicating consistent cardiovascular effects independent of the stimulation side. We conclude that taVNS reduces
HRYV as indexed by RMSSD, HF-HRYV, and SDRR without altering HR, contradicting the assumption that taVNS per se increases
cardiovagal activity as indexed by increased HRV due to stimulating vagal afferents. Instead, our results support the role of vagal
afferent activation in arousal. Crucially, taVNS on both sides can safely modulate the cardiovascular system without increasing

the risk of bradycardia or causing adverse events in healthy participants, offering new treatment possibilities.

1 | Introduction

The communication between the brain and the peripheral or-
gans, such as the heart, plays a crucial role in maintaining
the body's physiological and metabolic homeostasis (Capilupi
et al. 2020). The peripheral organs send interoceptive signals to
the brainstem's nucleus of the solitary tract (NTS) through vagal
afferents to convey the body's states, such as hunger or alertness
(Havel 2001; Maniscalco and Rinaman 2018). Brain signals are

then transmitted to peripheral organs via vagal efferents, in-
fluencing the gastric frequency (Hong et al. 2019; Teckentrup
et al. 2020) or the outflow of the heart by adjusting the firing
rate of the pacemaker: the sinus node (Allen et al. 2022; Gourine
et al. 2016; Petzschner et al. 2021). Consequently, animal stud-
ies have shown that (invasive) stimulation of both right and left
cervical vagus nerves affects heart rate (HR) and heart rate vari-
ability (HRV), with greater effects often seen on the right side
(Huang et al. 2010; Lee et al. 2018; Yoshida et al. 2018).
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BOX1 | Physiological origin* of several cardiovascular indices (HR and HRV).

Heart rate (HR)

Generated by the sinoatrial node, regulated by both
branches of the autonomic nervous system? and
modulated by circulating hormones, like adrenaline.
It is also affected by metabolic and intrinsic factors
such as blood pressure and oxygen demand?

Root mean of successive differences (RMSSD)

High-frequency power (HF-HRV)

Low-frequency power (LF-HRV)

LF/HF ratio

Standard deviation of all R-R intervals (SDRR)

IShaffer and Ginsberg (2017); 2Armstrong et al. (2022), Boyett (2000); 3Green (2011), Kay et al. (1995); “Polanczyk
et al. (1998); >Penttili et al. (2001); *Akselrod et al. (1981), Malik and Camm (1993); ’Pomeranz et al. (1985); ®Billman (2013)

Quantifies the variance in time between successive
heartbeats in the time domain and is influenced by
cardiac vagal modulation*. While RMSSD correlates
with HF power, it is less affected by respiration rate’

Quantifies short-term periodic dynamics in
the heart rate in the frequency domain (high-
frequency power, 0.15-0.40 Hz) and is influenced
by cardiac vagal modulation through efferent
fibers®. The HF-HRYV differs with respiratory rate

Quantifies rhythms with periods between 7 and
25sin the frequency domain (0.04-0.15Hz).
LF power is modulated by baroreflexes and
both cardiac sympathetic and vagal origin’

Reflects a mix of sympathetic and parasympathetic
activity but is influenced by many other factors.
The physiological origin is disputed®

Quantifies all the cyclic components in the heart
rate reflecting overall autonomic heart regulation*’
(depends on length of recording period)

*Determined by pharmacological blockage studies (gold standard to determine the autonomic origin).

Despite the vital relevance of brain-body interactions for adap-
tive human behavior, the impact of vagus nerve stimulation
(VNS) on physiological processes and its role in ensuring energy
homeostasis is not fully understood (see Burger et al. 2020; Wolf
et al. 2021). For example, transcutaneous auricular vagus nerve
stimulation (taVNS) allows studying the interaction between
the vagus nerve and the heart in humans by non-invasively
stimulating the auricular branch of the vagus nerve in the ear
(Butt et al. 2020; Farmer et al. 2021). These acute taVNS studies
have yielded mixed results on HRV, with some studies finding
increased HRV from stimulating the left side (RMSSD, HF-
HRV & SDRR: Forte et al. 2022; Geng, Liu, et al. 2022) or the
right side (RMSSD, SDNN & HF-HRV: De Couck et al. 2017;
Gauthey et al. 2020; RMSSD & SDNN: Machetanz et al. 2021).
In contrast, other studies observed a decrease in HRV (RMSSD:
Altinkaya et al. 2023; LF/HF ratio: Antonino et al. 2017; Clancy
et al. 2014; Weise et al. 2015), whereas most studies found no
effect on HRV (Borges et al. 2019; Burger et al. 2019; Sinkovec
et al. 2023; Ventura-Bort and Weymar 2024; Villani et al. 2019)
(see Table S1 in the Supporting Information for the taVNS stud-
ies with their corresponding HRV indices). This heterogeneity
is reflected in a recent meta-analysis, concluding that taVNS
does not robustly alter RMSSD or HF-HRV in humans (Wolf
et al. 2021). While HRV is measured by various cardiovascular
indices (e.g., time-domain measures: SDRR, RMSSD, pNN50;

and time-domain measures: HF-HRV, LF-HRV, LF/HF ratio),
taVNS might affect these indices differently related to their
physiological origin (overview in Box 1). Notably, cardiac vagal
modulation through efferent fibers should be explicitly reflected
in HF-HRV, and VNS modulates autonomic nervous system ac-
tivity by activating afferent vagal fibers. Yet, studies on taVNS
and HF-HRV yield mixed results: Some report an increase in
HF-HRV (Forte et al. 2022; Geng, Liu, et al. 2022), others a de-
crease in HF-HRV (Altinkaya et al. 2023), and others found no
effect, indicating that the mixed results hold even when consid-
ering HF-HRYV as a specific HRV index (see for a comprehensive
overview about each HRV index https://neuromadlab.com/en/
resources/living-meta-analysis-on-tvns-and-hrv/).

Notwithstanding the inconsistent results across studies, there
are open questions concerning the side of stimulation and the
body's metabolic state during stimulation. Most taVNS stud-
ies have stimulated the left ear, and only one study with right-
sided stimulation and two studies with bilateral stimulation
(Bretherton et al. 2019; Clancy et al. 2014; De Couck et al. 2017)
could be included in the meta-analysis (Wolf et al. 2021). Fewer
studies use right-sided taVNS due to a hypothesized higher
risk of cardiovascular side effects, such as bradycardia (Kim
et al. 2022), and the predominant innervation of the sinus-
atrial node by the right vagus nerve (Ardell and Randall 1986).
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However, the signal from both auricular branches of the vagus
nerve is integrated before activating vagal efferents to the heart,
suggesting that side effects may be negligible (Chen et al. 2015;
Kim et al. 2022; Redgrave et al. 2018). In addition, small sample
sizes (Wolf et al. 2021, meta-analysis: median (N)=30, range
(N)=7-60 of taVNS studies with within-subject design), lack of
a standard stimulation protocol, appropriate baseline measure-
ments, and adequate control conditions may contribute to dis-
crepancies across studies. Likewise, other physiological factors,
such as the respiratory rate or hormonal balance (Kozorosky
et al. 2022; Sclocco et al. 2019; Szulczewski 2022), interact with
the effect of taVNS, indicating a complex interplay between
physiological states and taVNS-induced changes.

The biological behavioral model suggests that after eating, the
activity of the vagus nerve helps to regulate energy exchange by
coordinating respiratory and cardiovascular processes, ensur-
ing efficient digestion and energy utilization from the consumed
food (Grossman and Taylor 2007). Postprandial metabolism
is associated with increased heart rate (Ambarish et al. 2005;
Chapman et al. 2021; Lu et al. 1999), potentially linked to
heightened cardiac sympathetic activity (Nagai et al. 2005; Vaz
et al. 1995) to facilitate digestion (Scherrer and Sartori 1997;
Van Baak 2008). However, some studies report decreased HF-
HRV (Lu et al. 1999; Ohara et al. 2015) and RMSSD (Chapman
et al. 2021) following a caloric load, reflecting reduced cardiac
vagal activity. In contrast, Ambarish et al. (2005) observed no
significant changes in HR and HRV (SDRR, HF-HRV, and LF-
HRV) due to food intake, highlighting the complex interplay be-
tween metabolism and autonomic responses. Although less is
known about the time before caloric intake, one study showed
that an increased level of ghrelin, known for regulating metab-
olism and appetite, decreases heart rate, indicating suppression
of cardiac sympathetic nerve activity and increasing SDRR,
RMSSD, and HF-HRYV, stimulating cardiac vagal activity (Soeki
et al. 2014). Further connected to vagally mediated digestive
processes, two studies indicate that increased cardiac vagal ac-
tivity improves insulin sensitivity, insulin secretion, and glucose
tolerance (Heni et al. 2014; Lindmark et al. 2003), which might
dominate the later stages of digestion. To sum up, the interplay
between metabolism and autonomic responses after a caloric
load involves complex shifts between cardiac sympathetic and
vagal activity, influenced by factors such as size, composition,
and timing of the caloric load. When considering the interac-
tion of metabolism and taVNS, two previous studies reported ei-
ther non-significant or inconclusive taVNS-induced changes in
RMSSD after administering a caloric load of ~100kcal to fasted
participants (Altinkaya et al. 2023; Vosseler et al. 2020). Since
these studies had a considerably smaller sample size (Ns=14
and 15), the interaction with taVNS-induced changes remains
elusive.

To summarize, pressing questions about the differential effects
of taVNS at the left vs. the right ear and the emerging evidence
of interactions with the metabolic state call for additional studies
on autonomic responses to the heart. To close the gap, we em-
ployed a randomized crossover design to investigate the effect
of stimulation (taVNS vs. sham) on HR and different indices of
HRV (RMSSD, SDRR, HF-HRYV, and LF/HF-ratio) on both au-
ricular branches of the vagus nerve (left vs. right) in different
metabolic states, both before and after consuming a milkshake

(~400kcal). We analyzed several cardiovascular indices to cap-
ture various aspects of cardiac autonomic regulation (overview
about the physiological origin in Box 1): HF-HRYV, closely linked
to respiration rate, and RMSSD, both of which reflect short-
term beat-to-beat variations (Shaffer and Ginsberg 2017); SDRR,
which provides an overall measure of R-R interval variability
over the entire 30 min stimulation period; and the LF/HF ratio,
as it has been commonly reported in many taVNS studies, ac-
cording to the meta-analysis by Wolf et al. (2021). By combining
these measurements with heart rate and respiration rate, we can
evaluate the autonomic responses of the heart following VNS in
different metabolic states. For example, early stages of digestion
may be linked to withdrawal of cardiac vagal activity, inhibiting
the heart's pacemaker (Ng et al. 2001) and potentially increas-
ing heart rate after the caloric load. While the interplay between
taVNS and metabolism remains unclear, we are using a milk-
shake load to evaluate taVNS-induced changes through different
phases of autonomic regulation, which may help resolve incon-
sistent effects of taVNS on HRV across previous studies.

2 | Methods

We preregistered our study protocol at the Open Science
Framework (https://osf.io/26v5n, February 2021). The reported
ECG data are part of a larger study examining whether the
effects of taVNS on physiological parameters reflecting diges-
tion, food reward, and mood are lateralized, as suggested by
animal studies (Anselmi et al. 2017; Brougher et al. 2021; Han
et al. 2018).

2.1 | Participants

The sample size was selected to provide at least a power of
1-=0.90 for medium-sized within-subject effects (Cohen's
f=0.15, dz ~0.57). We performed an a priori power calculation
using G*Power (ver. 3.1.9.6, Faul et al. 2007) and set the fol-
lowing parameters (significance level: «=0.05, statistical test:
repeated measures within-subject effects, number of groups: 2,
number of measurements: 4, correlation among repeated mea-
sures: 0.8), leading to a lower-bound estimate of 34 participants
after quality control. A total of 38 participants were invited to
participate. One participant was excluded due to paraesthesia
experienced in the sham condition, and another participant was
excluded due to undetectable R-peaks in two sessions. Thus,
36 participants were included in the final analysis (18 women,
M, =24=+3years, BMIL: 23.5+2.6kg/m?, 87.2% of the sample

age
were students).

Participants were recruited by the university mailing list of the
University of Tiibingen, social media, and flyers distributed in
public institutions. Participants underwent a comprehensive
screening process to ensure eligibility for the study. According
to the screenings, all participants were physically healthy and
excluded if they had contraindications for taVNS (requiring per-
manent use of hearing aids, having open wounds or impaired
skin at the electrode side, irremovable earrings or piercings on
the ear and implants such as a pacemaker, cochlear implant, ce-
rebral shunt, pregnant, or nursing). This was followed by a psy-
chological assessment using the Structured Clinical Interview
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for DSM (SCID) to exclude any potential psychiatric disorder.
Additional exclusion criteria included the acute presence of
metabolic and digestive disorders, acute intake of medication
that potentially interfered with the electrogastrogram (proki-
netics, anti-inflammatory agents, i.e., NSARs, etc.), lifetime
presence of asthma, brain injury, cardiovascular diseases, oc-
curred apoplexy, schizophrenia, bipolar disorder, as well as 12-
month prevalence of eating disorder, somatic symptom disorder,
obsessive-compulsive disorder, and severe substance use disor-
der. After completing the fourth session, participants received
compensation of 80€ or partial course credits of 4h and 40€. All
participants provided their written informed consent before the
experiment. The ethics committee of the Faculty of Medicine
at the University of Tiibingen approved the experiment, and all
procedures were carried out in accordance with the Declaration
of Helsinki.

2.2 | Procedure

To maximize power and account for inter-individual vari-
ability, we adopted a randomized crossover design. The three
within-subject factors were stimulation side (right, left),
stimulation (taVNS, sham), and time (baseline, stimulation,
caloric load), leading to four sessions per participant. Each
session had the same timeline (Figure 1A), starting with a
no-stimulation baseline phase while recording peripheral
physiological signals (i.e., electrocardiogram (ECG) and elec-
trogastrogram (EGG)) for 30 min. Participants answered ques-
tions on positive and negative affective states (PANAS, Watson
et al. 1988), food cravings (FCQ-Tr, Meule et al. 2014), and
metabolic parameters (i.e., hunger, thirst, and satiety) every
15min. At the end of each session, participants completed two

tasks (willingness-to-pay for food (Plassmann et al. 2007) and
body silhouette task (Nummenmaa et al. 2014)), as detailed in
our preregistered study protocol.

To collect ECG, we continuously measured the heart's electrical
activity at 5000 Hz using three bipolar electrodes connected to
a BrainAmp amplifier (Brain Products, Germany). Electrodes
that shared the same negative derivation were placed on the left
and right sides of the clavicle pits. The positive derivations were
set on the left side in the seventh intercostal space, as previously
described by Teckentrup et al. (2020). ECG recordings contin-
ued while participants received taVNS or sham stimulation for
30min before and after administering a standardized caloric
load (~400kcal milkshake, details in Supporting Information).
Participants were instructed to attend the session 2-3h after
their last meal. To account for circadian rhythms, we scheduled
the four experimental sessions for each participant at roughly
the same time across different days (M, ,=23.98min (range:
0-104 min)). The majority of first sessions took place in the af-
ternoon (2 to 6pm, n=19), followed by noon (10am to 2pm,
n=12), morning (6 to 10am, n=9), and only one session started
after 6 pm. Except for state questions every 15min (when the
neutral-toned soundtrack “Leaving Hogwarts” was played),
participants rested and listened to the audiobook “Harry Potter
and the Philosopher's Stone”, a fantasy novel by J.K. Rowling,
chosen for its engaging yet non-arousing content.

2.3 | Electrical Stimulation
To stimulate the auricular branch of the vagus nerve, we used

the NEMOS device and the NEMOS electrode (cerbomed
GmbH, Erlangen, Germany) following the procedure of previous

A
SO ECG -
no-stimulation ‘\; taVNS / sham >
baseline stimulation W caloric load
| 30 min 30 min 30 min
time
B C

taVNS sham

FIGURE1 | Schematic summary of the experiment. (A) The timeline of a session includes the phases of baseline (30 min, no stimulation) followed
by stimulation (30 min) when either taVNS or sham was applied. Participants received a high-caloric load to challenge the autonomic system, while
we collected the phase after the caloric load (30 min) with concurrent stimulation. (B) The electrode locations at the cymba conchae for the transcu-
taneous auricular vagus nerve stimulation (taVNS, red) and the ear lobe for sham stimulation (blue) are displayed. (C) Illustration of the stimulation

protocol with a biphasic impulse frequency of 25Hz, the pulse width of 250 us with alternating intervals of 30s stimulation on and 30s stimulation

off. The stimulation intensity (mA) was adjusted for each participant until they felt a “mild pricking”.
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studies (Ferstl et al. 2021; Frangos et al. 2015; Neuser et al. 2020;
Teckentrup et al. 2021). For taVNS, the electrode was placed at
the cymba conchae (Peuker and Filler 2002) as it induces robust
activation in the NTS (Borgmann et al. 2021; Frangos et al. 2015;
Teckentrup et al. 2021; Yakunina et al. 2017). The electrode was
turned upside down for sham stimulation and placed at the ear-
lobe (Butt et al. 2020) (Figure 1B). Subjects with extensive body
hair were instructed in advance to shave to enable better reten-
tion of the electrodes. In addition, the skin below the electrodes
was wiped with a disinfecting wipe to remove residual lipids for
better skin conductivity, and we applied electrode contract spray
(vyaire, Helsinki, Finland) on the electrode pulsers, which cover
the two titan parts of the electrode without creating an electric
circuit bridge.

Analogous to previous studies, the intensity increased from 0.1
in 0.1 mA increments until participants reported a “pricking”
sensation that was not painful. Each participant's stimulation
intensity (Figure 1C) was adjusted to a “mild pricking” level be-
fore the onset of the experiment, corresponding to a mid-point
value on the visual analog scale (VAS) ranging from no sensa-
tion (0) to light sensation (1), light tingling (2), moderate tingling
(3), strong tingling (4), light pricking (5), moderate pricking (6),
pricking (7), pain (8), unbearable pain (9), and strongest imag-
inable sensation (10). The stimulation intensities were matched
between taVNS and sham on the perceptual level (Table S2 in
the Supporting Information). During the sessions, participants
reported no adverse effects of taVNS (e.g., pain, headache, and
dizziness).

The side of stimulation was randomized in advance. To ensure
that taVNS and sham are comparable on each side, the stimu-
lation side was not changed between Sessions 1 and 2 (i.e., if a
participant received left-sided taVNS in Session 1, they received
sham on the left side in Session 2). Participants were blinded
regarding the stimulation condition and asked to guess if their
stimulation was real or sham after each session. Of 145 total
guesses, only 66 were correct, yielding an accuracy of 45.5%,
which is not better than chance.

2.4 | Data Analysis

The analyses of the ECG data aim to close the research gap on the
potentially lateralized effects of non-invasive taVNS on HR and
different parameters of HRV. The study was preregistered be-
fore we conducted the living Bayesian meta-analyses of taVNS-
induced changes in RMSSD and HF-HRV (Wolf et al. 2021), so
we did not include the ECG analyses in the preregistration at the
time. The ECG data from the current study are openly available
as a resource on OSF (https://osf.io/26v5n).

2.5 | R-Peak Detection and Cardiovascular Indices

All cardiovascular indices were derived from continuous ECG
recordings. The ECG signal was extracted and down-sampled
to 1000Hz using the FieldTrip toolbox (Oostenveld et al. 2011,
http://fieldtriptoolbox.org). Custom code (https://github.com/
dagdpz/body_signals_analysis) was partly adjusted and used
for the pre-processing and R-peak detection. We processed the

recorded and detrended ECG data to remove the 50 Hz power
line interference (19th order Butterworth filter with a passband
of 40 Hz, stop band of 100 Hz, passband ripple of 1dB, and stop-
band ripple of 150dB) and baseline drifts (high-pass filter with
a cut-off frequency of 0.5Hz), which can affect the accuracy of
peak detection. We then detected the R-peaks and QRS complex
and computed the R-R interval time series. As the ECG mor-
phology is strongly affected by movement artifacts, we used an
automatic procedure to check the R-peaks and the R-R intervals
for robustness and deviations (see Supporting Information). All
detected deviations and their consecutive R-R intervals were
deleted from the signal. On average, 97.1% (1769s, range: 81%-
100%) of a 30-min block of ECG recordings was further analyzed
to derive cardiovascular indices (except for one phase with 9565
of ECG data).

HRYV is the variation in time between consecutive heartbeats.
Four standard HRV measures are, according to our meta-
analyis, commonly reported in taVNS studies: the SDRR,
RMSSD, HF-HRYV, and LF/HF ratio (Wolf et al. 2021). We com-
puted the following time-domain measures over the entire
stimulation period per condition: the standard deviation of R-R
intervals (SDRR in ms) was calculated to capture slow fluctua-
tions as a general trend over the entire stimulation period per
condition (around 30 min). Because of the SDRR's dependency
on the length of the recording period, particularly when the
total variance of HRV increases with the duration of analysis, it
is difficult to compare between studies. The root mean squares
of successive differences of adjacent heartbeats (RMSSD in
ms) represent the beat-to-beat variance in the heart period. For
frequency-domain HRV, we computed the spectra using the
HRYV toolbox of the PhysioNet Cardiovascular Signal Toolbox
(Vest et al. 2018) in 6 min windows of 30s steps, after cubic
spline interpolation to account for potential movement arti-
facts during questionnaires, using Welch's method. For each
time window, 20% of data could be rejected before a window
is considered too low quality for analysis. To ensure that the
length of the window does not drop below 5min of data, given
that 20% of the signal can be rejected before a window is con-
sidered low quality for analyses, we choose a maximum 6 min
window for analyses. Two frequency-domain HRV measure-
ments were computed from R-R intervals based on power spec-
tral density: High-frequency HRV (HF-HRV) at 0.15-0.4 Hz and
low-frequency HRV (LF-HRV) at 0.04-0.15Hz, following rec-
ommendations from the Task Force of the European Society
of Cardiology and the North American Society of Pacing and
Electrophysiology. For completeness, we added the main sta-
tistical results of the LF-HRV as Table S5 to the Supporting
Information.

2.6 | Extraction of Respiration Signal from the R-R
Intervals

To evaluate taVNS-induced changes in the respiration rate, we
employed the Neurophysiological Signal Processing toolbox
(NeuroKit2, Makowski et al. 2021) to extract the respiration sig-
nal from the ECG. Respiratory rates were estimated from the
variations in R-R intervals using the default method (Van Gent
et al. 2019) to extract the respiratory rate over periods of 6 min in
steps of 30s for each phase (baseline, stimulation, caloric load).
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2.7 | Statistical Analysis

The statistical analysis was performed using R (version 4.1.2,
R Core Team, 2022). Cardiovascular indices (HR, HRV) were
baseline-corrected by subtracting the individual session-specific
baseline index from later indices (separately for stimulation and
caloric load phases). However, the raw data are displayed in
the Supporting Information (see Figure S1, see Table S3 for the
mean and standard deviation for the session-specific baseline,
and see Table S4 for the results of the MANOVA for the base-
line). Additionally, we also present the average changes in car-
diovascular indices for both taVNS and sham conditions at the
onset of stimulation over time (see Figure S2).

For the analysis of the HR (preregistered as a secondary out-
come), we investigated the effect of the three within-subject
factors (stimulation (taVNS, sham)xside (right, left)x phase
(stimulation, caloric load)) using bootstrapping. For the anal-
yses of the HRV, we computed four HRV indices (SDRR,
RMSSD, HF-HRYV, and LF/HF ratio), which were the most com-
mon measures of HRV according to our meta-analysis (Wolf
et al. 2021). To assess the impact of the three within-subject
factors (stimulation (taVNS, sham)xside (right, left)x phase
(stimulation, caloric load)) on the four dependent HRV indices,
we conducted a multivariate analysis of variance (MANOVA)
first. Next, we investigated the effects on each HRV index
separately using bootstrapping. To prepare the bootstrapping
analyses, we calculated the net effect of stimulation by sub-
tracting baseline-corrected sham from baseline-corrected
taVNS (pairwise differences) for each participant and session.
To avoid distributional assumptions, we bootstrapped parame-
ter distribution for statistics (e.g., Teckentrup et al. 2020, 50,000

A
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10 & 10 « Baseline
—~ 5 ,{?Q) E
£°|¢ -
c 8o Q 4 05 -
= QO
w V_S 1§ o
52 — | 200- —_
c ©15 7]
.g 10 g
1.0 4
- Q
0.5 1 =5
0 * ‘ =
-5 o,
' 0.0 T T T
Sham taVNS -2 0 2
Bootstrapped delta
heart rate (bpm)
Pavns = -722

resampling steps). The result section starts with the main ef-
fects, where individual estimates were averaged first to test the
effects across stimulation and sides. Analogously, we tested po-
tential associations with respiration rate and the covariates sex,
BMI, and age as post hoc control analyses. As a threshold, we
used p <0.05 (two-tailed). To address dependencies in multiple
comparisons, we applied the Benjamini & Hochberg method
to adjust p-values for the post hoc tests. To quantify the effect
of taVNS on HR and HRYV, we calculated effect sizes (Cohen's
dz) and carried out Bayesian one-sample t-tests, including in-
dividual estimates of taVNS-induced changes in each HRV
index per stimulation side (left and right). To reflect that small-
to-moderate effects are likely, we used a Cauchy prior with a
width of 0.5in JASP v.0.17.2 (Quintana and Williams 2018). The
Bayesian factors were interpreted according to the reference
criteria from Harold Jeffreys (Jeffreys 1939).

3 | Results

3.1 | Stimulation Decreases HR, While Caloric
Load Increases It

To evaluate the effect of stimulation (taVNS vs. sham; left and
right side) before administering the caloric load, we analyzed
changes in HR during the 30 min stimulation phase versus base-
line. Across both stimulation conditions, HR decreased during
stimulation (Figure 2A; b=-0.82bpm, 95% CI [-1.35, —0.30],
Ppoot=0-002, py.,=0.004). However, before the challenge,
we did not observe significant differences between taVNS and
sham across both sides (b=-0.11bpm, 95% CI [-0.70, 0.46],
Proot=0-722, Pyyep=0.722).
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FIGURE 2 | Stimulation decreases and caloric load increases heart rate (HR). (A) During stimulation, HR decreases across both sides (left vs.
right) and both stimulation conditions (taVNS in red vs. sham in blue), indicated by the p-values below the heading. We observed no significant dif-
ferences between stimulation conditions on each side, indicated by the bootstrapped distributions of changes relative to baseline. (B) After the caloric
load, HR increases across both sides (left and right) and stimulation conditions (taVNS and sham), as indicated by the p-values below the heading.
We observed no significant differences between stimulation conditions on each side, indicated by the bootstrapped distributions of changes relative
to baseline. The dots depict each participant's change in average HR for taVNS (in red) and sham (in blue) compared to the baseline.
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Next, to evaluate the interaction with a challenge of the auto-
nomic system, we analyzed the main effect of caloric load on
HR. As expected, HR increased after consuming a 400-kcal milk-
shake (Figure 2B; b=3.28bpm, 95% CI [2.33, 4.21], p,, <0.001,
Piep <0.001; relative to the stimulation phase: b=4.09bpm, 95%
CI [3.36, 4.85], Py, <0.001, pyep <0.001). We also did not ob-
serve significant differences between taVNS and sham across
both sides (b=0.49bpm, 95% CI [-0.28, 1.25], pg,,,=0.211,
Pysp =0-602). These results suggest that stimulation and caloric
load altered HR within a session, but these changes were not spe-
cific to taVNS, as suggested by the moderate evidence against an
effect (Bayes factor, BF,,=0.21).

3.2 | Stimulation and Caloric Load Modulate HRV

Since the different HRV indices (SDRR, RMSSD, HF-HRV, and
LF/HF ratio) are correlated measures of a similar construct, we
initially ran a multivariate analysis to evaluate taVNS-induced
changes among all HRV indices. HRV was modulated by both
the stimulation (MANOVA, Vo< trace = 0-053, F(4,276)=3.88,
p=0.004) and caloric load (Vpy,s Tyace =0-215, F(4,277)=18.97,
p<0.001), but the side of stimulation did not contribute to the
changes in HRV, and there was no interaction of stimulation

with metabolic state (ps>0.05).

3.3 | taVNS Reduces SDRR, RMSSD, and HF-HRV
Before the Caloric Load

To complement the multivariate findings and to compare taVNS-
induced effects on HRV with prior studies, we computed four
commonly reported HRV measures used in most taVNS studies
(Wolf et al. 2021). We analyzed changes in SDRR, RMSSD, HF-
HRYV, and RMSSD during the 30-min stimulation phase versus
baseline (i.e., analogous to post hoc tests). Before the caloric load,
stimulation (i.e., taVNS and sham) increased SDRR (Figure 3A;
b=547ms, 95% CI [2.90, 8.22], pg,, <0.001, pjp<0.001),
RMSSD (h=3.68ms, 95% CI [1.40, 6.20], pg,,=0.001,
Pyep=0.002) and LF/HF ratio (b=0.13, 95% CI [0.05, 0.22],
Ppoot=0-001, ppyo 5 =0.002), but not HF-HRV (b=138.83ms? 95%
CI [—63.21, 140.89], py, ., =0.460, Py =0.460).

Next, we investigated the effect of taVNS on the individual HRV
indices (SDRR, RMSSD, HF-HRY, and RMSSD) by phase. Notably,
in the time domain, we observed a taVNS-induced decrease in
SDRR (Figure 3A; b=—4.98ms, 95% CI [9.56, —1.04], p,, ., =0.012,
Piep=0.034) and RMSSD across both sides (b=-4.05ms, 95%
CI [-7.44, —0.92], py,,,=0.010, p,;,;=0.034). In the frequency
domain, taVNS reduced HF-HRV across sides (b=-174.84ms?,
95% CI [-365.75, —24.65], pp,,,=0.017, pyyn =0.034), which was
more pronounced at the right ear (Table 1). To summarize, SDRR,
RMSSD, and HF-HRV decreased during taVNS compared to sham
and there was no interaction with the stimulation side.

3.4 | taVNS Robustly Affected SDRR, RMSSD,
and HF-HRV After a Caloric Load

To investigate HRV indices after an autonomic challenge, we
first evaluated the effect of a standardized caloric load on SDRR,

RMSSD, HF-HRV, and LF/HF ratio. After the challenge, we
observed a decrease in HF-HRV (Figure 3B; b=-223.29ms?,
95% CI [-378.31, —92.20], py,,, <0.001, p,, . <0.001) and an in-
crease in SDRR (b=13.56 ms, 95% CI [9.02, 18.29], p,,<0.001,
Pyep <0.001) and LF/HF ratio (b=0.45, 95% CI [0.31, 0.60],
Ppoot <0-001, py;. - <0.001) compared to baseline. In contrast,
the challenge did not affect RMSSD (b=-1.58ms, 95% CI
[~4.63, 1.26], Py, = 0.289, Py =0.289).

Regarding the time-domain measures of HRV, taVNS reduced SDRR
(Figure 3B, b = —5.16ms, 95% CI [-10.07, —0.63], pj, ., =0.024,
Pyap=0.048) and RMSSD across both sides (b=-5.09ms, [-8.83,
—1.54], py,,,=0.004, p,;, =0.012) after the caloric load. Regarding
the frequency-domain measures of HRV, taVNS reduced HF-HRV
after the caloric load across both sides (b=-—271.54ms?, [—477.26,
—95.60], Py, =0.002, py;=0.012) and for each side (Table 1).
However, this did not lead to taVNS-induced changes in the LF/
HF ratio across both sides (b=-0.02, [-0.16, 0.13], p; ., =0.821,
Pyap=0-821). To summarize, taVNS at both ears reduced SDRR,
RMSSD, and HF-HRV after the caloric load, replicating the effects
in independent sessions within the same sample.

To investigate the potential variance in taVNS effects on all HRV
indices across different physiological conditions, we compared
each HRV index between the stimulation and caloric load phases.
RMSSD and HF-HRYV decreased after the caloric load compared
to the stimulation (RMSSD: b=-5.27ms, 95% CI [-8.00, —2.59],
Ppoot <0-001, p.n=0.001; HF-HRV: b=-262.23ms?, 95% CI
[-374.95, —154.94], p, ,<0.001, p,,;=0.001) and SDRR and
LF/HF ratio increased (SDRR: b=8.10ms, 95% CI [3.65, 12.77],
Ppoot <0-001, p,.»=0.001; LF/HF ratio: b=0.31, 95% CI [0.21,
0.42], pg, <0.001, py;. »=0.001). After the caloric load, we found
that taVNS decreased HF-HRV and RMSSD, further amplifying
the reduction in RMSSD and HF-HRYV induced by the milkshake.
Notably, the taVNS-induced effects in the caloric load phase did
not significantly differ from the taVNS-induced effects in the stim-
ulation phase for any HRV index (py,,>0.05, see Table S8 in the
Supporting Information). To summarize, taVNS consistently de-
creased SDRR, RMSSD, and HF-HRYV, irrespective of the physio-
logical state, as shown by strong evidence, particularly for RMSSD
(BF,,=15.11) and HF-HRV (BF,,=11.80).

3.5 | Respiration Rate Decreases After Stimulation,
But No Link to taVNS-Induced Changes in HF-HRV

As HF-HRYV and respiration are closely linked, we extracted the
respiration rate from the R-R intervals to evaluate the stimu-
lation effects on respiration rate and the modulatory effect of
respiration on HF-HRV. Across both stimulation conditions,
respiration rate decreased during stimulation (b=-0.23cpm,
95% CI [-0.38, —0.09], g, =0.006, p,.;=0.008), but not
after the caloric load (b=-0.29cpm, 95% CI [-0.67, 0.07],
Ppoot=0-112, p;, z=0.134). We did not observe significant dif-
ferences in the respiration rate between taVNS and sham across
both sides before the caloric load (b=-0.03cpm, 95% CI [-0.59,
0.66], Pp,o=0.913, py;,z=0.913), nor after the caloric load
(b=-0.21cpm, 95% CI [-1.17, 0.84], py ,,=0.660, py 5 =0.792).
To evaluate the relationship between HF-HRV and respiration
rate, we correlated the taVNS/sham-induced changes in respi-
ration rate and HF-HRV. We found no significant relationship
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FIGURE3 | taVNSdecreases HRV as indexed by SDRR, RMSSD, and HF-HRV. (A) Across both stimulation conditions (taVNS vs. sham), SDRR,
RMSSD, and LF/HF ratio are altered across both sides (left vs. right) before the caloric load, indicated by the p-values above each plot. taVNS (red
distribution) decreased SDRR, RMSSD, and LF/HF ratio side-specific compared to sham (blue distribution) before the challenge, indicated by the
bootstrapped distributions of the delta to the baseline separated for each side. Statistics for the taVNS-induced effects across both sides are displayed
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TABLE1 | Comparison taVNS versus sham during the stimulation phase after bootstrapping.
Both sides Left Right
Effect
Index Mean [CI,, CI ] P size dz Mean [CI, CI ] P Mean [CI,, CI ] 4
Stimulation
HR —0.11 [-0.70, 0.46] 0.722 0.058 —0.61 [—1.40,0.18] 0.128 0.40 [-0.25, 1.17] 0.305
SDRR —4.98 [-9.56, —1.04] 0.012 0.471 —3.69 [-8.03, 0.60] 0.092 —6.28 [-12.84, 0.022
—0.78]
RMSSD —4.05 [-7.44, —0.92] 0.010 0.441 —3.39 [-6.54, 0.017 —4.70 [-10.32, 0.64] 0.088
—0.56] —0.51]
HF-HRV —174.84 [-365.75, 0.017 0.415 —143.75 [-353.64, 0.147 —206.04 [—448.15, 0.054
—24.65] 45.97] 2.88]
LF/HF —0.11 [-0.25, 0.00] 0.059 0.347 —0.09 [-0.27, 0.08] 0.300 —0.14 [-0.29, —0.00] 0.048
ratio
Respiration 0.03 [-0.59, 0.66] 0.913 —0.026 —0.22 [-0.74, 0.23] 0.375 0.26 [-0.15, 0.67] 0.211
Caloric load
HR 0.49 [-0.28, 1.25] 0.211 —0.155 0.10 [-1.26, 1.42] 0.882 0.89 [-0.24, 1.98] 0.123
SDRR —5.16 [-10.07, 0.024 0.318 —3.02 [-7.48, 1.44] 0.184  —7.25[-14.91, —0.51] 0.034
—0.63]
RMSSD —5.09 [-8.83, —1.54] 0.004 0.460 —4.07 [-9.02, 0.76] 0.101 —6.13 [-11.02, 0.006
—1.63] —1.74]
HF-HRV —271.54 [-477.26, 0.002 0.447 —279.61 [-550.76, 0.027 —264.05 [—475.41, 0.005
—95.60] —30.18] —75.68]
LF/HF —0.02 [-0.16, 0.13] 0.821 0.032 0.02 [-0.19, 0.23] 0.845 —0.05 [-0.20, 0.10] 0.492
ratio
Respiration —0.21 [-1.17,0.84] 0.660 0.076 —0.20 [-0.90, 0.50] 0.566 —0.01 [-0.61, 0.62] 0.974

Note: CI; =95% lower bound and CI;=95% upper bound of confidence interval. Bold values indicate significant differences (p <0.05).

between taVNS/sham-induced changes in respiration rate and
HF-HRV (p>0.05), indicating that any variation in respiratory
rate across conditions did not confound our main outcome about
the effects of taVNS on HF-HRV, RMSSD, and SDRR. In addi-
tion, baseline indices of HR and HRV were also not associated
with BMI, age, or sex (p>0.05).

3.6 | No Side-Specific Differences in HR and HRV
Indexed by SDRR, RMSSD, HF-HRYV, and LF/HF
Ratio Due to taVINS

To better understand the lateralization effects of taVNS, we
investigated whether left or right taVNS affects HR or HRV
(SDRR, RMSSD, HF-HRV, and LF/HF ratio) differently. In
contrast to the theorized larger risk of right taVNS for cardiac
function, there was no significant difference in any HRV index
(Figure 4A; ps;, > 0.05) or HR (Figure 4B; p, . >0.05), indicat-
ing similar cardiovascular effects across both sides (anecdotal
evidence against an effect, Bayes factor, BFs,, <0.6, see Table S7
in the Supporting Information). For 9 out of 10 computed car-
diovascular indices, the changes in SDRR, RMSSD, HF-HRYV,
and LF/HF ratio (Figure 4C; see Table S6 in the Supporting
Information), and HR (Figure 4D; see Table S6) correlated more

strongly across sides for taVNS versus sham (one-sample t-test
of the Fisher z-transformed coefficients, t(9)=3.16, p=0.012,
Figure 4E).

4 | Discussion

The cardiovascular system is regulated by bidirectional com-
munication via the vagus nerve with the brain. Although HF-
HRV and RMSSD are established measures of cardiac vagal
activity, as demonstrated in multiple pharmacological blockage
studies (Laborde et al. 2017; Pomeranz et al. 1985), previous
studies investigating the effect of stimulating vagal afferents
using taVNS on HF-HRV and RMSSD in humans have yielded
inconclusive results. To address this gap, we used a single-blind
randomized crossover design to evaluate the side- and state-
specific effects of taVNS on changes in HR and HRV indexed
by SDRR, RMSSD, HF-HRV, and LF/HF ratio (i.e., within
participants). Although the stimulation and the caloric load as
experimental manipulations altered HR, we found no effect of
taVNS (vs. sham). Contrary to theorized heightened cardiac
vagal activity due to taVNS, stimulating vagal afferents did not
increase HRV. Instead, taVNS decreased HRV as indexed by
SDRR, RMSSD, and HF-HRYV before and after the caloric load,
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indicating a successful modulation of cardiac function in both
states. Intriguingly, we observed comparable taVNS-induced
changes across sides that were more strongly correlated than
sham-induced changes. This supports the interpretation that
side-specific vagal afferent inputs through the auricular branch
are integrated into the brain for cardiovascular control before
relaying them efferently to the body. We conclude that taVNS-
induced changesin HR and HRV indexed by SDRR, RMSSD, and
HF-HRV are largely independent of the side of the stimulation
and the body's metabolic state. Crucially, our results may help
reconcile acute modulatory effects of the cardiovascular system
facilitating arousal, not relaxation, with VNS-induced increases
in pupil dilation (D'Agostini et al. 2023; Lloyd et al. 2023; Sharon
et al. 2021; Skora et al. 2024), invigoration (Neuser et al. 2020),
and VNS-induced decreases in alpha oscillations in an EEG
(Chen et al. 2023; Lewine et al. 2019; Sharon et al. 2021, in con-
trast to no significant effect by Lloyd et al. 2023) that are not well
explained by parasympathetic activation of a “rest and digest”
mode (Teckentrup and Kroemer 2024).

Consistent with recent findings, we observed a robust taVNS-
induced reduction in SDRR, HF-HRV, and RMSSD across
both sides (Altinkaya et al. 2023; Clancy et al. 2014; Weise
et al. 2015). These findings contradict the assumption that
stimulating vagal afferents leads to higher HF-HRV, typi-
cally interpreted as indicating sustained cardiac vagal activity
(Shaffer and Ginsberg 2017). This relationship was previously
demonstrated by increased compound action potentials after
invasive VNS in humans (El Tahry et al. 2010; Evans et al. 2004;
Koo et al. 2001) or electrophysiological recordings from the
vagus nerve in anesthetized rats (Kuo et al. 2005). Notably,
another study using invasive vagus nerve recordings chal-
lenged this assumption, demonstrating that direct measures of
vagal activity are not associated with HRV (measured SDRR,
RMSSD, HF-HRV, and LF/HF ratio) in anesthetized and be-
having rats (Marmerstein et al. 2021). Given the end-organ
specificity of vagal fibers, it is conceivable that the effects of
VNS vary depending on which specific fibers are stimulated
(Evans et al. 2004; Jayaprakash et al. 2023; Patros, Farmer,
Moneghetti, et al. 2024; Qing et al. 2018). Hence, the idea of
a unitary vagal activity is likely to be an oversimplification
(Grossman 2023; Teckentrup and Kroemer 2024). Relatedly, it
has been proposed that HRV is associated with signals from
cardiac vagal efferents and that, specifically, HF-HRV reflects
the cardiac vagal modulations and baroreceptor afferent sig-
naling (Eckberg 1983; Grossman and Taylor 2007; Hedman
et al. 1995). Whereas tonic decreases in HRV may reflect
impairments in the body's autonomic function (Coopmans
et al. 2020; Laborde et al. 2017; Thayer and Lane 2007), an
acute (phasic) decrease in HRV can be adaptive, reflecting an
individual's capacity to allocate energy to cope with demand
(Dickerson and Kemeny 2004; Thayer et al. 2009). Intriguingly,
such demand may correspond with vagal afferent signals af-
fecting arousal and motivational drive (Chen et al. 2023;
D'Agostini et al. 2023; Neuser et al. 2020; Rong et al. 2014).
As HF-HRYV and respiration are closely linked (Grossman and
Taylor 2007; Jensen et al. 2022; Soer et al. 2021), we examined
changes in respiratory rate following stimulation and found no
significant difference between taVNS and sham. Our findings
indicate that variations in respiratory rate did not confound
our main outcome related to taVNS effects.

Notably, taVNS studies on any HRV indices yielded mixed results.
In contrast to our findings, several studies reported increases
(SDNN: De Couck et al. 2017; RMSSD, HF-HRV & SDRR: Forte
et al. 2022; LF/HF ratio: Gauthey et al. 2020; RMSSD, HF-HRV
& SDRR: Geng, Liu, et al. 2022; RMSSD: Geng, Yang, et al. 2022;
SDNN, RMSSD & pNN50: Machetanz et al. 2021), or no significant
change in HRV (Borges et al. 2019; Burger et al. 2019; Sinkovec
et al. 2023; Villani et al. 2019), leading to non-significant taVNS-
induced changes across published studies so far (Wolf et al. 2021).
It is conceivable that differences in study design, sample charac-
teristics, taVNS protocols, and time of day (i.e., circadian effects)
contribute to heterogeneity across studies. For instance, out of
the studies showing a decrease in HRV during taVNS, Altinkaya
et al. (2023) was the only study with a comparable design, albeit
with a smaller sample size (n=14). As the optimal stimulation
protocol is unknown, it is essential to examine taVNS-induced
changes across well-designed, randomized, sham-controlled, and
within-subject designs to guide future research. Consequently,
we find consistent effects across complementary indices of HRV
(RMSSD, HF-HRYV, and SDRR), physiological states, and sides of
the stimulation, effectively replicating taVNS-induced changes
from independent sessions within the study.

An important factor that might modulate the effectiveness
of taVNS in regulating cardiovascular function is the body's
metabolic state (Kozorosky et al. 2022; Sclocco et al. 2019;
Szulczewski 2022). After the caloric load, we found that taVNS
decreased HF-HRV and RMSSD, further amplifying the reduction
in RMSSD and HF-HRYV induced by the milkshake. Notably, while
SDRR and LF/HF ratio increased after the caloric load, taVNS
still reduced SDRR, with no effect on the LF/HF ratio. Likewise,
other studies have reported either a decrease in HF-HRV after a
caloric load (Lu et al. 1999; Ohara et al. 2015) or an increase in LF/
HF ratio after an oral glucose tolerance test (Vosseler et al. 2020).
Early stages of digestion may be linked to withdrawal of cardiac
vagal activity, inhibiting the heart's pacemaker (Ng et al. 2001)
and resulting in an increased HR. Vagally mediated processes are
crucial to calibrate energy metabolism after increases in glucose
levels to regulate eating behavior according to metabolic demands
(Berthoud 2008; Berthoud et al. 2021; Prescott and Liberles 2022).
Of note, two previous studies reported non-significant or incon-
clusive taVNS-induced changes in RMSSD after administering a
caloric load of ~100kcal less than in our study to fasted partici-
pants (Altinkaya et al. 2023; Vosseler et al. 2020) using a compa-
rable stimulation protocol. Since these studies were considerably
smaller (Ns=14 and 15), these differences could be mostly due
to power (i.e., increasing N to 36 improves power for moderate
within-subject effects dz ~0.6 from 58% to 94%). We conclude that
taVNS decreased SDRR, RMSSD, and HF-HRV before and after
the caloric load across stimulation sides, even though the caloric
load had opposing effects on HRV indices, indicating that taVNS-
induced changes are largely independent of metabolic state.

Crucially, our study also provides much-needed information re-
garding the debate about the side-specific effects of taVNS (Kim
et al. 2022) on cardiovascular function, which have important
implications for its safety. In contrast to concerns about poten-
tial increases in the risk for bradycardia due to cardiac vagal
hyperstimulation (e.g., due to a case report for long-term VNS
stimulation: Pascual 2015; Shankar et al. 2013), we only found
support for acutely induced reductions in HRV (RMSSD, SDRR,
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and HF-HRV), not HR. In general, reports of adverse cardiac
effects in healthy young individuals after right taVNS and even
VNS (Patros, Farmer, Ottaviani, et al. 2024) are scarce and do not
support a clinically relevant side-specific modulation (Redgrave
et al. 2018). Capitalizing on our within-subject design, we quan-
titatively examined the hypothesized lateralization of taVNS-
induced changes in HR and HRV (RMSSD, HF-HRV, SDRR,
and LF/HF ratio). We showed that taVNS-induced changes in
HR and HRV are comparable across sides, providing conclusive
evidence against large side-specific effects. While previous stud-
ies have reported an increase in SDNN with right cymba taVNS
compared to the left side (De Couck et al. 2017; Machetanz
et al. 2021), the former used no stimulation as a reference (De
Couck et al. 2017), and the latter found the same direction of the
effect on RMSSD, pNN50, SD1, and SD2, but used a cavum con-
chae sham in a between-subject design (Machetanz et al. 2021).
Moreover, we found that taVNS-induced changes in HR and
HRV (RMSSD, HF-HRV, SDRR, and LF/HF ratio) between sides
were more similar compared to sham-induced changes, indi-
cating that they likely recruited a comparable efferent pathway.
While participants reported no adverse events after taVNS in our
study, additional studies monitoring safety during taVNS at the
right ear are required to validate our findings. Taken together,
our findings demonstrate that taVNS elicits modulatory effects
on the cardiovascular system that are comparable on both sides,
suggesting that right taVNS can be used as safely as left taVNS.

Our study found that stimulation per se decreased HR, regardless
of condition. Other studies reported reduced HR during taVNS
in healthy individuals (Antonino et al. 2017; Badran et al. 2018;
Clancy et al. 2014; Paleczny et al. 2021), whereas no changes
were observed during invasive VNS (Barone et al. 2007; Kamath
et al. 1992; Ronkainen et al. 2006) or taVNS compared to sham at
the ear lobe (e.g., Gauthey et al. 2020; Vosseler et al. 2020). It is
conceivable that the great auricular nerve stimulation may lead
to comparable effects on HR (Cakmak et al. 2018), suggesting
that the induced changes are not specific to taVNS. Alternatively,
it may reflect gradual changes in the state of the participants rel-
ative to the baseline.

Despite producing converging results across physiological
states and stimulation sides, our taVNS study has limitations.
First, we used the conventional continuous stimulation proto-
col and pulsed taVNS (Keute et al. 2021), or low-intensity set-
tings (Sinkovec et al. 2023), which may exert different effects
on cardiovascular function. Second, future studies could ben-
efit from incorporating additional biomarkers, such as salivary
alpha-amylase (Bach 2014; Giraudier et al. 2022), pupil diameter
(D'Agostini et al. 2023; Ludwig et al. 2024; Pervaz et al. 2024), or
muscle sympathetic nerve activity (Clancy et al. 2014), that pro-
vide complementary information on the activity of the sympa-
thetic or parasympathetic system. Such biomarkers may support
the interpretation of taVNS-induced effects on HRV (see Clancy
et al. 2014; Koenig et al. 2021), thereby advancing our under-
standing of body-brain regulation (Bates et al. 2023).

To conclude, the vagus nerve plays a crucial role in regulating the
cardiovascular system according to demand. Here, we investi-
gated the effects of taVNS on HR, HRV (SDRR, RMSSD, HF-HRY,
and HF/LF ratio), and respiration rate in a randomized crossover
design, considering potential interactions with the side of the

stimulation and metabolic states (i.e., before and after consuming
a milkshake). Our results revealed no taVNS-induced changes in
HR, while HRV, as indexed by HF-HRV, RMSSD, and SDRR, de-
creased during stimulation and after the caloric load. The decrease
in HRV as indexed by HF-HRV, RMSSD, and SDRR due to stimu-
lating vagal afferents contradicts the assumption that stimulation
of the vagus nerve per se increases cardiovagal activity (El Tahry
et al. 2010; Evans et al. 2004; Koo et al. 2001; Patros et al. 2022)
and would lead to an increase in HF-HRV or RMSSD by its indi-
rect effect on the autonomic nervous system. Our results add to
the mixed meta-analytic findings (Wolf et al. 2021) and suggest
that cardiovascular effects might be best contextualized with VNS-
induced increases in arousal and motivational drive instead of re-
laxation (Teckentrup and Kroemer 2024). Moreover, we conclude
that taVNS-induced effects on the cardiovascular system can be
elicited on both sides and in different metabolic states with similar
effectiveness without reducing HR or increasing the risk of brady-
cardia and adverse events in healthy participants. Consequently,
future applications targeting potentially lateralized modulatory
effects of taVNS can likely stimulate the right auricular branch of
the vagus nerve as safely as the left branch.
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