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Abstract
Background  Transcutaneous cervical electrical stimulation (TCES) offers a noninvasive approach to modulate the 
autonomic nervous system (ANS), but optimal stimulation parameters remain undefined. This pilot study aimed to 
identify optimal TCES parameters by evaluating autonomic and neural responses across varying frequencies, current 
intensities, electrode montages, and durations, using heart rate variability (HRV) and electroencephalography (EEG) 
alpha-band power as biomarkers of parasympathetic activity.

Methods  Twenty healthy adults completed four testing sessions, each examining one stimulation parameter. 
Autonomic data were collected including electrocardiography, non-invasive blood pressure, pupillometry, 
photoplethysmography, and dry-electrode EEG. Four frequencies (10, 25, 40, 150 Hz), three current intensities (sub-
sensation threshold, sensation threshold, supra-sensation threshold), three electrode montages (bilateral, left-only, 
right-only), and two durations (4, 20 min) were tested. Root mean square of successive differences (RMSSD) and 
global EEG alpha-band power were primary outcomes. Parameters were sequentially optimized across visits based on 
individual RMSSD responses.

Results  No single frequency produced a significantly higher RMSSD or alpha-band power response. However, 
each participant exhibited a personalized preferred frequency yielding a mean 41% RMSSD increase in visit 1. This 
individualized frequency was selected for further visits varying current intensity and electrode montage. Supra-
sensation threshold intensity was most effective, with 60% of participants responding strongest at this level. Left-
sided stimulation resulted in a decrease in both RMSSD and alpha-band power, while right-sided and bilateral 
montages resulted in similar increases for these biomarkers. Due to decreasing cardiac vagal response in successive 
sessions, the preferred frequency was reevaluated before testing duration. The mean RMSSD response increased 
54% upon recalibration in visit 4, though the preferred frequency shifted in 75% of participants. Autonomic vitals did 
not significantly modulate more with longer stimulation duration; pulse rate variability during 20-min stimulation 
revealed oscillatory autonomic dynamics with peak parasympathetic responses emerging around 4 min.

Conclusions  TCES can modulate cardiac vagal and cortical responses as measured by RMSSD and EEG alpha-band 
power, respectively, and a personalized, biomarker-guided approach to TCES parameter optimization is essential for 
future clinical applications targeting autonomic dysfunction.
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​Background
The autonomic nervous system (ANS) is essential for 
maintaining and coordinating the physiology of vari-
ous organ systems, including cardiovascular, pulmo-
nary, gastrointestinal, and ocular systems, as well as 
the spleen (Berthoud and Neuhuber 2000). The vagus 
nerve (VN), a key component of the ANS, has branches 
extending through the neck and ear to the brain, where 
it modulates the locus coeruleus-norepinephrine system 
via the nucleus tractus solitarius pathway (Pavlov et al. 
2018; Rodenkirch et al. 2022; Yuan & Silberstein 2016). 
A complex network of afferent and efferent vagal sig-
nals regulates homeostatic reflexes (Jayaprakash et al. 
2023). This has led to the development of bioelectronic 
and neuromodulation therapies, utilizing both implanted 
and transcutaneous vagus nerve stimulation (VNS). VNS 
has demonstrated safety and efficacy in treating epi-
lepsy (The Vagus Nerve Stimulation Study Group 1995), 
depression (Rush et al. 2000), and facilitating stroke 
recovery (Dawson et al. 2021). Furthermore, VNS has 
shown promise in managing heart failure and arrhyth-
mias (De Ferrari et al., 2017; Huang et al., 2015; Nasi-Er 
et al. 2019; Stavrakis et al., 2015; Yamaguchi et al. 2018), 
pulmonary hypertension (D. Ntiloudi et al. 2019; Yoshida 
et al. 2018), tinnitus (Tyler et al. 2017), Alzheimer’s dis-
ease (Merrill et al. 2006), rheumatoid arthritis (Koopman 
et al. 2016; Addorisio et al. 2019), Crohn’s disease (Bonaz 
et al. 2016a, b), lupus (Aranow 2018), peripartum depres-
sion (Deligiannidis et al., 2022), and post-traumatic 
stress disorder (Schwartz et al. 2022; Debnath et al. 2026) 
and other conditions with inflammatory components 
(Guiraud et al. 2016).

There is an abundance of recent research that has pri-
oritized noninvasive methods attempting to stimulate the 
VN. In particular, transcutaneous auricular VNS (taVNS) 
attempts to target the auricular branch of the VN, while 
noninvasive transcutaneous cervical VNS (tcVNS or 
ncVNS) attempts to stimulate afferent and efferent fibers 
of the cervical branch (Yuan & Silberstein 2016; Frangos 
and Komisaruk, 2017; Jigo et al. 2024). Although there 
is still no definitive evidence regarding the quantity or 
specificity of vagus nerve fibers activated by either of 
these noninvasive stimulation methods, studies using 
ncVNS have demonstrated anti-inflammatory effects 
(Lerman et al. 2016; Brock et al. 2017; Tarn et al. 2019) 
and potential for treating migraine (Chen et al. 2016) and 
post-traumatic stress disorder (PTSD) (Gurel et al. 2020; 
Bremner et al. 2020; Wittbrodt et al. 2020). However, the 
mechanisms of both noninvasive VNS methods and their 

impact on the ANS remain unclear, with inconsistent 
results observed depending on stimulation parameters 
and location (Burger et al. 2020; Yap et al. 2020; Debnath 
et al. 2021a).

Stimulation parameters in both invasive and noninva-
sive methods have varied in neuromodulation studies and 
clinical devices, and they likely have a prominent impact 
on efficacy. The most commonly discussed parameters 
include frequency, current intensity, electrode place-
ment, and durations for both sessions and therapy peri-
ods. Other less-reported parameters include pulse shape, 
pulse width, and electrode type, size, or attachment 
method; indeed there is no standardized approach to 
determining how these factors that can impact adminis-
tration of electrical stimulus. In taVNS studies alone, fre-
quency has ranged from 1 to 30 Hz and currents of 0.1 to 
50 mA, with most studies stimulating at intensities above 
a perceptual threshold at one or both ears (Thompson 
et al. 2021); these studies often utilized On/Off proto-
cols, with stimulation on for 0.5 to 30 s and off for 30 to 
270 s, with therapy durations up to 9 months (Vonck et 
al. 1999; Busch et al. 2013; Hein et al. 2013; Clancy et al. 
2014; Kreuzer et al. 2014; Capone et al. 2015; Frangos et 
al. 2015; Hasan et al. 2015; Straube et al. 2015; Bauer et 
al. 2016; Fang et al. 2016; Rong et al. 2016; Yakunina et al. 
2017; Tu et al. 2018). Current ncVNS devices on the mar-
ket have pulse frequencies ranging from 20–30 Hz, inten-
sities above a sensory threshold, and promote daily 2 to 
4-min stimulations, usually on the left side of the neck 
only. There does not seem to be a consensus best set of 
parameters, nor a standard measurement to determine a 
personalized optimal set of parameters based on patient 
or disease. There may be a wide range of parameters that 
is able to induce physiological effects, but there needs to 
be a better way to target a patient’s symptoms and auto-
nomic dysfunction by measuring baseline and post-ther-
apy ANS function.

ANS function depends on a balance between two sub-
systems, the sympathetic and parasympathetic nervous 
systems. Disruptions in this balance are implicated in 
various disorders, including neurological conditions like 
spinal cord injuries (Krassioukov et al. 2012) and stroke 
(Dütsch et al. 2007), systemic illnesses such as sepsis 
(Badke et al. 2018; Ferreira & Bissell 2018), rheumatoid 
arthritis (Koopman et al. 2016), Crohn’s disease (Engel et 
al. 2015), and diabetes mellitus (Verrotti et al. 2014; Ser-
hiyenko & Serhiyenko 2018), various heart conditions 
(Broadstone et al. 1991; Kishi 2012; Carthy et al., 2013; 
Vinik et al. 2013; Shen & Zipes 2014), and psychiatric 

Trial registration  This study was registered with Clinicaltrials.gov, identifier NCT04100486, on September 16, 2019.

Keywords  Vagus nerve, Noninvasive, Cervical stimulation, Stimulation parameters, Stimulation frequency, Autonomic 
nervous system, Parasympathetic, Heart rate variability, Alpha band power, Personalized medicine
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disorders such as PTSD (Agorastos et al. 2013; D’Andrea 
et al.; 2013; Schneider & Schwerdtfeger 2020). While 
monitoring ANS activity via implanted electrodes in cra-
nial and peripheral nerves is possible (Barman & Yates 
2017; Cracchiolo et al. 2019; Devor et al. 1994; Masi et 
al. 2019; Yoshimura et al. 1994; Zanos 2019; Zanos et al. 
2018), noninvasive methods are often preferable clini-
cally (Gibbons et al.  2014; Weimer  2010).  Established 
noninvasive techniques assess ANS-dependent vitals 
through measures like heart rate (HR) and non-invasive 
blood pressure (NIBP), while calculated measures from 
electrocardiography (ECG), pupillometry, photoplethys-
mography (PPG), and electroencephalography (EEG) can 
provide further insights (Debnath et al. 2021b). A cal-
culated measure of autonomic function from collected 
vitals is heart rate variability (HRV) derived from ECG, 
which quantifies inter-beat interval variations and can be 
associated with parasympathetic or sympathetic activity. 
In particular, root mean square of successive R-R inter-
val differences (RMSSD) reflects beat-to-beat variability 
driven by vagal efferent activity, while standard deviation 
of N–N intervals (SDNN) can provide information about 
overall autonomic function (Shaffer & Ginsberg, 2017). 
These measures are reliable indices even in short inter-
vals (Salahuddin et al. 2007; Baek et al. 2015).

Indices of parasympathetic activity can be used to 
quantify vagal tone, which describes strength and effi-
ciency of communication between the brainstem and 
heart to regulate cardiac function and homeosta-
sis (Porges 1995). Decreased vagal tone, measured by 
reduced HRV, is associated with impaired or delayed 
recovery of cardiovascular, endocrine, and immune 
markers in healthy participants (Weber et al. 2010), 
as well as a biomarker for stress and stress vulnerabil-
ity (Porges 1995). Lowered or impaired vagal function 
has also been associated with increased fasting glucose 
(Thayer & Sternberg 2006), increased overnight corti-
sol (Thayer 2009), gastrointestinal dysfunction (Bonaz 
et al. 2016a, b), and increased inflammatory mark-
ers (Sloan et al. 2007; Pellissier et al. 2014). Meanwhile, 
interventions to increase HRV may improve individual 
health; increased vagal tone has been linked with treat-
ment efficacy in major depression (Chambers & Allen 
2002), improved emotional self-regulation (Goldstein et 
al. 2016), and better sleep quality (Werner et al. 2015). 
Because it reflects cardiac vagal modulation, is reliable in 
short and very short recording windows, RMSSD can be 
used as a target biomarker for interventions in this study 
focused on increased vagal tone and parasympathetic 
activity (Laborde et al. 2017; Thomas et al. 2019).

EEG studies show that cortical oscillations are affected 
by neuromodulation; transcranial alternating cur-
rent stimulation (tACS) has been shown to modulate 
alpha oscillations reflecting task-dependent changes 

during arousal and attention (Kemmerer et al. 2022; 
De Koninck et al. 2023), while vagus nerve stimulation 
studies have reported alpha, delta, and gamma syn-
chronization changes as predictors of responsiveness 
in epilepsy patients (Madhani et al. 2022). Brain–heart 
interactions can be captured by heart-evoked potentials 
(HEP) that show how cortical activity relates to individ-
ual heartbeats under autonomic control (Baranauskas 
et al. 2021), while cortico-cardiac dynamics have been 
characterized during sleep (Lyu et al. 2025). In par-
ticular, EEG alpha-band (8–13 Hz) activity is associated 
with parasympathetic tone; alpha power increases dur-
ing parasympathetic-dominant states characterized by 
high vagal tone (Kawashima et al. 2024), while it is sup-
pressed during sympathetic activation (Rho et al. 2023). 
Acute ncVNS has been shown to increase alpha wave 
brain activity, and these effects were not observed with 
taVNS intervention (Ahmed et al. 2026). While context-
dependent and potentially driven by distributed network 
dynamics (Magosso et al. 2019), cortical alpha rhythms 
and HRV metrics can both be used to track autonomic 
state.

Due to the absence of definitive VN engagement from 
other noninvasive stimulation methods, the approach in 
this work is referred to as transcutaneous cervical electri-
cal stimulation (TCES). This pilot study aims to identify 
optimal stimulation parameters for a novel TCES pro-
tocol by evaluating cardiac vagal modulation, hemody-
namics, and neural responses across varying frequencies, 
intensities, electrode montages, and durations. The study 
device was configured to perform stimulation using cus-
tom settings to stepwise determine the most efficacious 
and personalized therapy based on recording noninva-
sive ANS-dependent vitals and evaluating increases in 
RMSSD and EEG alpha-band power, biomarkers for para-
sympathetic activity. Optimizing stimulation parameters 
to target the ANS is essential for effectively enhancing 
vagal tone in clinical applications, as well as understand-
ing how stimulation settings can be adjusted to target 
specific vagus nerve fibers and autonomic organs.

Methods
Human participants
The study recruited 20 healthy, able-bodied individu-
als between the ages of 18 and 60. The mean age (± s.d.) 
was 31.2 (± 5.8) at the time of their first session, with 
11 males and 9 females. Participants were asked to fast 
and refrain from caffeine for at least 4 h before the test-
ing session. Exclusion criteria were history of neuro-
logical disease or psychiatric illness, cardiac arrhythmia, 
coronary artery disease, autoimmune or chronic inflam-
matory disease, anemia, malignancy, diabetes mellitus, 
renal disease, or any other chronic medical condition, 
current tobacco or nicotine use, pregnancy, and existing 
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detected. Each participant attended four morning ses-
sions lasting one to two hours (starting between 7 and 11 
am), with at least one week between sessions. Each visit 
tested multiple options for a single stimulation parameter 
(Fig. 1A); every condition was tested in a 12-min stimu-
lation block, with 4  min of baseline recording, 4  min 
of stimulation at a given condition, and 4  min of post-
stimulation recording. Participants were still and silent, 
but awake, for the entire testing block. Visit 1 tested four 

implantable electronic devices. The study was approved 
by the Northwell Health Institutional Review Board, IRB 
#19–0461, and registered with Clinicaltrials.gov, identi-
fier NCT04100486.

Autonomic testing stimulation and sessions
Testing sessions occurred in a laboratory setting with-
out external noise or distraction. Lighting was set at an 
ambient level such that significant pupil change could be 

Fig. 1  A Descriptions of testing sessions. For each of four visits, one stimulation parameter was varied, shown in red, while all others remained constant. 
In subsequent visits, the next parameters were chosen based on the largest RMSSD responses in previous testing sessions. For each condition, a 12-min 
block consisted of baseline recording for 4 min, stimulation for 4 min, and a post-stimulation recording for 4 min. Based on the number of options for 
each parameter, participants went through 3 to 4 of these blocks per visit. In visit 4, frequency was varied like in visit 1; the frequency that resulted in the 
largest RMSSD response was then used to test stimulation duration in a 20-min stimulation block. B Physiological monitoring. Signals for each participant 
were recorded by a six-lead electrocardiogram (in red, wires attached to four foam adhesive electrodes placed at each shoulder and each ankle) and 
noninvasive blood pressure (in blue, small inflatable cuff on middle phalanx of middle finger). A dry electroencephalography system was placed on the 
participant’s head, while eye tracking glasses were used to record pupil diameter and gaze location. C Bilateral stimulation montage. Adhesive electrodes 
were placed on each side of the neck, between the ear and jawline, and each side of the torso, below the ribcage on the midclavicular line. The return 
for each neck electrode was on the contralateral torso electrode. D One-sided stimulation montage. Adhesive electrodes were placed on one side of the 
neck, between the ear and jawline, and the return electrode was on the ipsilateral side of the torso, below the ribcage on the midclavicular line. Shown 
is the right side only
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different frequencies, visit 2 tested three intensities based 
on perceptual threshold, visit 3 tested electrode montage 
and laterality (left only, right only, both sides), and visit 4 
tested effects of duration.

Physiological recording
In each of the four testing sessions, participant auto-
nomic data were continuously captured by noninva-
sive sensors (Fig.  1B) and transmitted through a data 
acquisition system (PowerLab 16/35, ADInstruments, 
Sydney, Australia) and software (LabChart, ADInstru-
ments, Sydney, Australia), sampled at 1 kHz. Autonomic 
data recorded included six-lead ECG attached to four 
foam adhesive electrodes placed at each shoulder and 
ankle and continuous NIBP from a small inflatable cuff 
wrapped around the middle phalanx of the middle finger 
on the right hand. For visit 4 only, finger PPG was added. 
Additionally, eye tracking glasses (Tobii Pro Glasses 2, 
Tobii Pro AB, Stockholm, Sweden) were used to capture 
pupillometry (pupil diameter and gaze location), and 
EEG was measured by a dry electrode system (DSI-24, 
Wearable Sensing, San Diego, California, USA), sampled 
at 300 Hz; both devices have their own data acquisition 
software. All signals were marked and synchronized with 
experimental cues aligned with baseline and stimulation 
onset.

Stimulation
The TCES device used to stimulate was a handheld 
microcurrent machine (MEND Wellness, MEND Tech-
nology, Clackamas, Oregon, USA) with adhesive elec-
trodes placed on each side of the neck, between the 
jawline and hairline just beneath the ear, and each side 
of the torso, below the ribcage on the midclavicular 
line (Fig. 1C). Current setpoint started at 0 μA and was 
increased in 10 μA increments, depending on the stimu-
lation parameter condition.

For all visits, the conditions were randomized per par-
ticipant (Fig. 1A). In visit 1, four frequencies were tested: 
10, 25, 40, and 150 Hz. For each frequency tested, inten-
sity was increased as high as possible while remaining 
tolerable and neither painful nor uncomfortable, with an 
upper limit of 400 μA. In visit 2, three intensities were 
tested: sensation threshold, 50% of sensation threshold, 
and a maximum intensity that was tolerable and nei-
ther painful nor uncomfortable. Intensity was increased 
from 0 μA until there was any sensation or perception at 
all; this value was used as the sensation threshold value. 
In visit 3, electrodes were placed on both sides of the 
neck (with return electrodes on the contralateral torso, 
Fig. 1C), left side of the neck only (with return on the left 
torso), or right side only (with return on the right torso, 
Fig. 1D). In visit 4, the frequency testing from visit 1 was 
repeated, and 1 frequency was selected based on the 

highest RMSSD change to be applied for a 20-min stimu-
lation block, with similar 4-min baseline and post-stimu-
lation periods before and after, respectively.

Signal processing
All signal processing, analysis, and statistical evaluation 
were performed using MATLAB (MathWorks, Natick, 
MA). A 60  Hz notch filter was applied to remove line 
noise from raw cardiovascular data signals.

Autonomic vitals. The average HR, mean arterial pres-
sure (MAP), RMSSD, and SDNN were calculated in 
the baseline and post-stimulation periods. Effects were 
normalized for each feature per participant and per 
condition by dividing the post-stimulation values by 
the baseline mean. During stimulation, cardiovascular 
data signals were overwhelmed by stimulation artifact; 
because of this, in visit 4, PPG data was used to calcu-
late continuous HRV during the stimulation period from 
a moving 1-min window.

Pupillometry. Pupil diameter data was calibrated based 
on gaze location; for all tests, participants were reminded 
to keep their eyes open and continue looking forward. 
Since illumination and perceived brightness can influ-
ence pupil size, measured pupil diameter was normal-
ized to extract the autonomic response. Participants were 
not focused on any nearby objects, so pupil reactions 
due to accommodation were expected to be minimal and 
removed through averaging. The RGB values of the gaze 
location were converted to relative luminance values, 
and this was linearly fit to pupil diameter. By dividing by 
the slope of the line, the pupil sizes were normalized to 
account for effects of luminance.

Electroencephalography. Firstly, A1, X3, X2, X1, A2, 
and CM were excluded. Channels A1 and A2 are refer-
ence electrodes located at the left and right mastoid, 
respectively, while X3, X2, and X1 were not recorded 
from in the context of this work. CM is only for noise 
reduction during recording. All missing data points on 
other channels were filled using a 5-sampling mean win-
dow. The signals were high pass filtered at 1 Hz to remove 
slow drifts, and a notch filter was applied at 60 Hz using 
a Hamming window to eliminate electrical line noise. 
Large artifacts were removed using the clean_artifacts 
function from EEGLAB (Swartz Center for Computa-
tional Neuroscience, University of California-San Diego, 
La Jolla, CA, USA), with only the burst criterion removal 
option, setting a threshold cutoff of one standard devia-
tion (1σ). Removed data was interpolated using artifact 
space reconstruction (ASR). Channels were then refer-
enced to the average signal. Binary infomax independent 
component analysis (ICA) decomposition was used to 
isolate statistically outlying components of the signal that 
occur due to eye blinks, eye movements, or face and neck 
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muscle movements. Missing or bad channel components 
are interpolated using spherical spline interpolation.

Electrodes were divided into eight clusters, which 
included bilateral temporal, parietal, occipital, and fron-
tal areas. Electrodes positioned at the skull midline were 
assigned to clusters on both sides. Power of the average 
signal for each cluster was calculated using Morlet wave-
let decomposition for frequencies between 1 and 100 Hz. 
The logarithm of the mean percent power change was 
determined for each of these groups for the selected 
time interval for physiologically relevant EEG frequency 
bands, including delta (0.5–4 Hz), theta (4–8 Hz), alpha 
(8–13  Hz), and beta (13–30  Hz). Power changes were 
averaged across all clusters for a single global alpha 
power; while region-specific changes have been found 
resulting from non-invasive VNS studies (Konjusha et 
al. 2022), vagal indices from HRV have been directly cor-
related to spectral power in most electrodes across the 
brain (Rajan et al. 2024). Early analysis separating the 
eight defined clusters did not show any significant dif-
ferences and measured effects were topographically uni-
form. Alpha power changes can lead to overall cortical 
power changes and suffices in providing a cortical index 
per condition and per participant (Colombo et al. 2023).

Null simulation for personalization gain. To ensure 
effects of selecting an optimal frequency were from real 
personalization rather than statistical artifact, a simu-
lation was built to estimate the expected personaliza-
tion gain under the null hypothesis that frequency has 
not effect on RMSSD. For each of visits 1 and 4, the null 
distribution was estimated by computing the observed 
mean and standard deviation of all response data. For 20 
simulated participants, four values were drawn from this 
distribution and the maximum value was selected as the 
simulated optimal frequency response. The average of 
these 20 maxima was taken as the expected personaliza-
tion gain if frequency had no effect at all. This simulation 
was repeated 10,000 times, and the RMSSD increases due 
to selecting an optimal frequency in the observed partici-
pant data was compared with the expected personaliza-
tion gain distribution.

Results
Autonomic vitals, pupil size, and EEG signals were syn-
chronously recorded for healthy participants during 
four stimulation sessions that included variations in fre-
quency, current intensity, electrode montage, and dura-
tion. Stimulation parameter conditions were completed 
in a randomized order per session. Raw recordings for 
ECG and BP were used to calculate HR, RMSSD, SDNN, 
and MAP; EEG power was calculated for four frequency 
bands at eight spatially clustered electrode groups. Con-
tinuous pupillometry was tracked from baseline through 
stimulation and the post-stimulation periods; there was 

no significant difference between the responses in left 
and right eyes, so only left-sided pupil diameter (PDL) 
was reported. All data were averaged during the base-
line and post-stimulation periods then normalized by the 
baseline mean to determine effects due to stimulation 
and parameter tuning. No single frequency produced a 
statistically significant response in RMSSD or alpha-band 
power. A high, but tolerable, intensity and right-sided 
stimulation produced larger RMSSD responses; however, 
these selected parameters did not consistently outper-
form other conditions.

Frequency analysis
In visit 1, four frequencies were tested per participant: 
10, 25, 40, and 150 Hz. Current intensity was increased as 
high as possible while remaining tolerable and comfort-
able, with an upper limit of 400 μA, and electrodes were 
placed in a bilateral montage. Fig. 2 (top row) shows the 
normalized post-stimulation autonomic responses for 
each frequency; there was no significant difference in 
any autonomic responses for any one frequency. Specifi-
cally, there were no significant effects of stimulation fre-
quency on RMSSD (Fig. 2C), a target metric to evaluate 
cardiac vagal activity. However, each participant did have 
a personalized ranked RMSSD response (Fig. 3A), in that 
different individuals had varying increases in RMSSD 
response based upon frequency. This favored frequency 
occurred at random during the testing visit (Fig.  3B); it 
did not, for example, always occur in the first or last stim-
ulation block. By leveraging this favored stimulation fre-
quency for each individual, there was an average increase 
of 41% in RMSSD, compared to a 4.6% mean change for 
any single stimulation frequency used on all subjects 
(Fig.  3C). The personalized RMSSD increase exceeded 
the expected gain from selecting the maximum of four 
independent measurements from the distribution of all 
recorded responses (null expectation: 3.68% ± 0.1655, 
p = 0.0003).

Neural responses to varying frequencies are also shown 
in Fig. 2 (bottom row). As with the autonomic responses, 
there were no significant responses in any EEG fre-
quency band from any stimulation frequency. Focus-
ing on alpha band power response as a parasympathetic 
index (Fig.  2H), there again was a preferred stimulation 
frequency per participant (Fig.  3D) that led to an aver-
age increase of 24%, compared to a maximum of 11% 
increase due to 40 Hz stimulation and less for all others 
(Fig.  3F). Personalizing the stimulation frequency based 
on alpha band power increase was not as effective as per-
sonalizing based on the RMSSD response.

Current intensity analysis
In visit 2, three stimulation intensities were tested 
per participant: sensation threshold, 50% of sensation 
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threshold, and a high intensity that remained tolerable 
and comfortable (same values as in visit 1). Each par-
ticipant only received the frequency that generated the 
greatest RMSSD response in visit 1, while electrode 
remained in a bilateral configuration. In general, the 
high intensity stimulation in visit 2 closely matches the 
responses in visit 1 with matched stimulation param-
eters in both autonomic and neural features (Fig.  4). 
There was a much lower response, especially in RMSSD 
(Fig.  4C), at sensation threshold and 50% of sensation 
threshold (below any level of perception). In 12/20 par-
ticipants (60%), the high intensity stimulation produced 
the largest RMSSD response (Fig. 5A), compared to 3 and 
5 for sensation threshold and 50% of sensation thresh-
old, respectively. In 10/20 participants (50%), the high 
intensity stimulation produced the largest alpha band 
power increase (Fig.  5D), compared to 4 and 6 for sen-
sation threshold and 50% of the sensation threshold, 
respectively.

The RMSSD response (Fig. 4C) from visit 1 at a favored 
frequency per participant could be replicated, on average, 
in visit 2 by stimulating at a high intensity that remained 
tolerable and without pain. While sub- and at sen-
sory threshold stimulation might represent more bear-
able intensities in a clinical population, to maintain an 

increased RMSSD, a majority of participants responded 
strongest to supra-sensation threshold. Similarly, the 
average alpha band power response (Fig.  4H) was simi-
lar between visit 1 and visit 2 with matched stimulation 
parameters. There was more variability in the visit 2 
measures. However, it can be noted that the mean visit 
2 RMSSD and alpha band power responses were lower 
than that from visit 1, even at the highest stimulation 
intensities. Among other EEG frequency bands, all visit 
2 responses, regardless of stimulation intensity, were 
higher in delta and lower in beta compared to visit 1.

Laterality and electrode montage analysis
In visit 3, three electrode montages were tested: bilat-
eral, left side only, and right side only. In the montage 
applying bilateral stimulation, the return was placed 
across the body on the other side of the neck electrode. 
In the left and right side only montages, the return was 
placed on the torso on the same side as the neck. In this 
visit, each participant received high intensity stimula-
tion, based on visit 2 results, at the frequency that gen-
erated the highest RMSSD response in visit 1. Figures 6 
shows the normalized post-stimulation autonomic and 
neural responses for each montage, preceded by the 
matched parameter responses in visits 1 and 2 (matched 

Fig. 2  Normalized post-stimulation responses to varying frequencies, visit 1. Boxplots show normalized post-stimulation responses for A HR, B MAP, C 
RMSSD, D SDNN, E PDL, F delta, G theta, H alpha, and I beta band power. For each boxplot, the red horizontal line denotes the median, while the box is 
determined by the 25th to 75th percentiles. Whiskers extended to the maximum and minimum values that are less than 1.5 times the interquartile range 
away from the bottom or top of the box; outliers are beyond this limit. Individual responses are displayed by the colored points and connected by dotted 
lines
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by favored frequency, high intensity, and bilateral stimu-
lation). Looking at only visit 3 montage-related RMSSD 
responses, there was slight increased average RMSSD 
from bilateral stimulation and a larger RMSSD response 
from right-sided stimulation (Fig.  6C). Although, left 
cervical VNS is commonly used in clinical applications 
for targeted autonomic effects and to reduce poten-
tial cardiac risk, left only stimulation by this montage 
decreased RMSSD responses compared to baseline. In 
11/20 participants (55%), right-sided stimulation pro-
duced the largest RMSSD response, compared to 6 and 
3 from bilateral and left-sided stimulation, respectively 
(Fig.  7A). Similarly, left only stimulation did not affect 
the average alpha band power response, despite the 
increased variability (Fig.  6H). Both bilateral and right-
sided stimulation increased alpha band power, with the 
largest responses observed in 7 (35%) and 9 (45%) of par-
ticipants, respectively (Fig. 7D). However, it can be noted 
that the visit 3 responses were lower than that of visit 1 
and 2 when matching all previous stimulation param-
eters. Even though higher stimulation intensity and 
bilateral/right-sided stimulation produce higher RMSSD 
and alpha band power responses than other parameter 
options, there is a fading response when frequency is 
kept constant over time. This leads to the possibility that 

the favored frequency to modulate the parasympathetic 
nervous system is not durable and may need to be recali-
brated over time.

Re-personalizing stimulation frequency
Despite finding the most effective options for stimulation 
intensity and electrode montage, there was a decreased 
RMSSD response while frequency was kept constant 
in visits 2 and 3. In visit 4, the frequency testing was 
repeated using high intensity and right-side only stimu-
lation in a 4-min block; after RMSSD calculations were 
performed during the participant’s visit, the favored fre-
quency was selected and used in a 20-min stimulation 
block. In the initial 4-min block, autonomic responses 
can be compared for the favored frequency with visit 1 
results (Fig.  8, top row), and while again, there was no 
significant difference between frequencies nor the num-
ber of participants for each personalized frequency, the 
average RMSSD response in visit 4 was higher than visit 
1 (Fig.  8C). Other autonomic data remained stable. As 
with visit 1, this favored frequency occurred at random 
during the testing visit (Fig. 9B); it did not, for example, 
always occur in the first or last stimulation block, and at 
a different distribution than visit 1. The average RMSSD 
increase with favored frequency of 54%, compared to a 
4.8% mean change for any single stimulation frequency 

Fig. 3  Personalizing stimulation frequency, visit 1. A Histogram of preferred frequencies based on the largest RMSSD increase. B This favored frequency 
occurred at random during the testing visit, though it most often was the first or last stimulation block. C Shown are the average RMSSD responses at each 
frequency (colored lines) compared to the average RMSSD response to the favored frequency for each individual (black line). D Histogram of preferred 
frequencies based on largest alpha band power increase. E This favored frequency occurred at random during the testing visit, though it most often was 
the third or last stimulation block. F Shown are the average alpha band power responses at each frequency (colored lines) compared to the average alpha 
band power response to the favored frequency for each individual (black line)
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Fig. 5  Comparing stimulation intensity. A Histogram of stimulation intensities with the largest RMSSD increase. B This RMSSD response occurred at 
random during the testing visit. C Shown are the average RMSSD responses at each intensity (colored lines) at each individual’s favored frequency. D 
Histogram of stimulation intensities with the largest alpha band power increase. E This alpha band power response occurred at random during the testing 
visit. F Shown are the average alpha band power responses at each intensity (colored lines) at each individual’s favored frequency

 

Fig. 4  Normalized post-stimulation responses to varying intensities, visit 2. Boxplots show normalized post-stimulation responses for A HR, B MAP, C 
RMSSD, D SDNN, E PDL, F delta, G theta, H alpha, and I beta band power. For each boxplot, the red horizontal line denotes the median, while the box is 
determined by the 25th to 75th percentiles. Whiskers extended to the maximum and minimum values that are less than 1.5 times the interquartile range 
away from the bottom or top of the box; outliers are beyond this limit. Individual responses are displayed by the colored points and connected by dotted 
lines
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used on all subjects (Fig. 9C). The personalized RMSSD 
increase exceeded the expected gain from selecting the 
maximum of four independent measurements from the 
distribution of all recorded responses (null expectation: 
4.79% ± 0.2735, p = 0.036). Neural responses were also 
compared for the favorite frequency with visit 1 results 
(Fig. 8, bottom row); the average delta, theta, and alpha 
band power responses were higher in visit 4, with a low-
ered power response in the beta band. Table 1 shows the 
favored frequencies for each participant measured in vis-
its 1 and 4, which was different in 75% of participants; 
agreement between visits 1 and 4 is denoted by green 
values. Over both visit 1 and visit 4, totaling 40 visits, 
the most responsive stimulation frequency was the same 
for both RMSSD and alpha band power in 25% of visits, 
denoted by asterisks (*) in Table 1.

Duration analysis
The effects of stimulation duration on autonomic vitals 
and neural responses are shown in Fig. 10, showing the 
normalized post-stimulation responses for duration 
in visit 4. Both durations had other stimulation param-
eters constant, with the favored frequency chosen in 
visit 4, high current intensity, and right-sided only stim-
ulation. In general, the 4-min stimulation modulated 

post-stimulation vitals more; with 20-min stimulation, 
all vitals increased with lower magnitude, while median 
HR decreased. Among EEG power bands, delta, theta, 
and beta band power effects remained steady, while there 
was a drop in alpha band power (Fig.  10G) for the lon-
ger stimulation duration. However, these data, for both 
autonomic and neural signals, do not represent dynamics 
during the stimulation period.

In visit 4, finger PPG was added to the recorded vitals; 
while ECG is overwhelmed by stimulation artifact, the 
PPG signal remained intact. These detected blood vol-
ume changes can be used to extract heart rate and, 
therefore, calculate a substitute heart rate variability 
measure, pulse rate variability (PRV), which is a PPG-
derived RMSSD. To ensure that this information was 
valid, RR-intervals were calculated from both simultane-
ous PPG and ECG in non-stimulation periods and com-
pared (Fig.  11A). Overall, the RR-intervals match well 
(p < 0.005), with a correlation coefficient of 0.7439 and 
a line of best fit of y = 1.0639x-0.0539. There is less vari-
ability in the PRV measures, as the signal can be filtered 
more effectively with additional electrical noise.

Using a rolling 1-min window, a continuous PRV can 
be calculated for the 20-min stimulation block to observe 
dynamic changes in the parasympathetic nervous system. 

Fig. 6  Normalized post-stimulation responses to varying montages, visit 3. Boxplots show normalized post-stimulation responses for A HR, B MAP, C 
RMSSD, D SDNN, E PDL, F delta, G theta, H alpha, and I beta band power. Visit 1 (V1) and Visit 2 (V2) have matched parameters with Visit 3’s Bilateral stimu-
lation. For each boxplot, the red horizontal line denotes the median, while the box is determined by the 25th to 75th percentiles. Whiskers extended to 
the maximum and minimum values that are less than 1.5 times the interquartile range away from the bottom or top of the box; outliers are beyond this 
limit. Individual responses are displayed by the colored points and connected by dotted lines
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Fig. 8  Normalized post-stimulation responses to varying frequencies, comparing visits 1 and 4. Boxplots show normalized post-stimulation responses 
for A HR, B MAP, C RMSSD, D SDNN, E PDL, F delta, G theta, H alpha, and I beta band power. For each boxplot, the red horizontal line denotes the median, 
while the box is determined by the 25th to 75th percentiles. Whiskers extended to the maximum and minimum values that are less than 1.5 times the 
interquartile range away from the bottom or top of the box; outliers are beyond this limit. Individual responses are displayed by the colored points and 
connected by dotted lines

 

Fig. 7  Comparing electrode montages. A Histogram of montage laterality with the largest RMSSD increase. B This RMSSD response occurred at random 
during the testing visit. C Shown are the average RMSSD responses at each montage (colored lines) at each individual’s favored frequency and high stimu-
lation intensity. D Histogram of montage laterality with the largest alpha band power increase. E This alpha band power response occurred at random 
during the testing visit. F Shown are the average alpha band power responses at each montage (colored lines) at each individual’s favored frequency and 
high stimulation intensity
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The average trendline, with each participant’s favored 
frequency, is shown by the black line in Fig. 11B. These 
trends can also be separated by stimulation frequency to 
observe any dynamics specific to this parameter. Overall, 
the response oscillates approximately every 2 min, espe-
cially in the first 8 min. There is a peak in PRV response 
around 4 min, with a larger favored frequency response 
at around 11 min before returning to baseline.

Discussion
This work shows the effect of varying stimulation param-
eters of a novel TCES approach on autonomic and brain 
function. Non-invasive surrogate measures of autonomic 
nervous system activity were collected, including ECG, 
NIBP, pupillometry, and electroencephalography (EEG). 
Derived metrics included HR, RMSSD, SDNN, PRV, 
MAP, corrected pupil diameter, and global mean EEG 
power across five frequency bands. Four frequencies, 
three current intensities, three electrode montages, and 
two durations were administered over four testing ses-
sions, resulting in observed changes in cardiovascular 
and pupillary activity, parasympathetic tone, and brain 
activity.

In most previously published studies that have 
attempted to noninvasively stimulate the VN, either via 

the auricular branch (taVNS) or cervical level (tcVNS or 
ncVNS), there is no certainty of specific VN engagement 
nor to what extent (Yap et al. 2020; Verma et al. 2021; 
Yang et al. 2026). In this work as well, there remains no 
confirmation of VN engagement, and, as mentioned ear-
lier, TCES refers to the stimulation protocol used in this 
study. Due to similarities in location, parameters, and 
purpose, these results can be compared with results from 
other noninvasive stimulation studies referring to target-
ing the VN.

Stimulating the parasympathetic nervous system offers 
several potential clinical applications. By driving reduc-
tions in heart rate, dilation of blood vessels, increased 
gastrointestinal motility, and lowered stress, arousal, and 
reactivity, increased parasympathetic tone holds promise 
for managing various conditions. Furthermore, because 
the vagus nerve regulates immune function and inhibits 
pro-inflammatory cytokines, modulating the inflamma-
tory reflex could be valuable in treating inflammation-
related disorders, including autoimmune, metabolic, 
cardiovascular, and neurological conditions. To this end, 
increased RMSSD and alpha band power were goal mea-
sures in determining the optimal stimulation parameters.

No single frequency had a significantly better average 
response in the RMSSD calculation. Most clinical trials 

Fig. 9  Personalizing stimulation frequency, visit 4. A Histogram of preferred frequencies based on the largest RMSSD increase. B This favored frequency 
occurred at random during the testing visit, though it most often was the third stimulation block. C Shown are the average RMSSD responses at each 
frequency (colored lines) compared to the average RMSSD response to the favored frequency for each individual (black line), with high stimulation in-
tensity and right-sided stimulation. D Histogram of preferred frequencies based on largest alpha band power increase. E This favored frequency occurred 
at random during the testing visit, though it most often was the third or last stimulation block. F Shown are the average alpha band power responses at 
each frequency (colored lines) compared to the average alpha band power response to the favored frequency for each individual (black line), with high 
stimulation intensity and right-sided stimulation
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Table 1  Frequencies that elicited the largest RMSSD (left) and alpha-band power responses (right) at visit 1 and visit 4. Green 
numbers denote agreement between visit 1 and visit 4, while asterisk (*) denote agreement between autonomic and neural 
preference

Fig. 10  Normalized post-stimulation responses to varying duration, visit 4. Boxplots show normalized post-stimulation responses for A HR, B MAP, C 
RMSSD, D SDNN, E delta, F theta, G alpha, and H beta band power. For each boxplot, the red horizontal line denotes the median, while the box is deter-
mined by the 25th to 75th percentiles. Whiskers extended to the maximum and minimum values that are less than 1.5 times the interquartile range away 
from the bottom or top of the box; outliers are beyond this limit. Individual responses are displayed by the colored points and connected by dotted lines
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applying noninvasive VNS, either targeting auricular or 
cervical branches, use frequencies within 20 to 30  Hz 
(Thompson et al. 2021) based on early research that 
tested a range of parameters in dogs and rodents (Lock-
ard et al. 1990; Zabara 1992), often at current amplitudes 
over 1  mA (compared to a max value of 400 μA in this 
study). These parameters were tested to decrease seizure 
frequency (George et al. 1995; Handforth et al. 1998; 
Ghani et al. 2015) or mood changes (Elger et al. 2000; 
Mu et al. 2004). In this study, neither 25  Hz nor 40  Hz 
(close to previously established ranges) modulated a 
parasympathetic response with more efficacy than oth-
ers; DeGiorgio et al. (2001) also reported no statistically 
significant association between stimulation frequency 
and treatment effect. Based on results from visit 1, each 
participant had a favored frequency that modulated their 
RMSSD the most; half of participants did prefer 25 or 
40 Hz. However, matching frequency and other stimula-
tion parameters (high intensity, bilateral) through visits 2 
and 3 resulted in a decreased RMSSD response over time, 
from 41 to 31% to 14%. While this habituation or regres-
sion could be interpreted as a confound, this observation 
motivates the need to ongoing parameter recalibration in 
any clinical protocol. For visit 4, with electrode montage 
reduced to only the right side, the favored frequency was 
recalibrated and increased average RMSSD by 54%. This 
finding is consistent with previous research, as Ylikoski et 
al. (2020) reported an average 53.2% increase in RMSSD 
lasting up to 60  min following taVNS, while Constanti-
nescu et al. (2019) observed increased RMSSD during 
tcVNS in a patient with epilepsy. In future studies, it 
may be crucial to check the personalized stimulation fre-
quency intermittently.

Supra-sensation threshold stimulation had the most 
efficacious response in RMSSD. In particular, the stimu-
lation amplitude was increased as high as possible while 

remaining tolerable and without pain; 60% of patients tol-
erated the stimulation intensity at the ceiling value of 400 
μA at their favored frequency. This result matches those 
in many noninvasive VNS studies that apply supra-sen-
sation threshold intensities (Thompson et al. 2021). The 
autonomic effects were tested at sub-sensation threshold 
and sensation threshold to aid with patient comfort and 
device battery life in future studies. Sub-sensation thresh-
old intensities, often paired with high frequency stimula-
tion, have shown some improvement in major depressive 
disorders, but larger sham-controlled studies are neces-
sary to confirm the findings (Deligiannidis et al., 2022).

Contrary to clinical practice and previous work, 
RMSSD showed a modulated response nearly equally to 
bilateral and right-sided stimulation in this study; there 
was a mean increase of 9% for right-sided TCES, com-
pared to 14% increase for bilateral stimulation and a 
19% decrease for left only stimulation. Historically, left-
sided invasively implanted VNS is standard for condi-
tions like epilepsy to avoid any cardiac complications that 
might occur from electrical stimulation of the right side 
(Sharma et al. 2025). Indeed, the right VN travels near the 
sinoatrial node and could induce bradyarrhythmia with 
stimulation (Olshansky et al. 2008; Hammer et al. 2015; 
Ottaviani et al. 2022). However, recent studies suggest 
that right-sided VNS may be a viable, safe, and effective 
approach (Navas et al. 2010; Brougher et al. 2021). In this 
study, right-sided TCES almost matched that of bilateral 
stimulation in increasing RMSSD; for efficiency, future 
studies focusing on driving parasympathetic activity 
could apply right-sided TCES only, while clinical applica-
tions that need to reduce parasympathetic activity could 
apply left-sided TCES only. The relationship between 
stimulation laterality and autonomic output may be more 
context-dependent that previously studied and could be 

Fig. 11  Validity of PPG-derived RR-intervals and PRV response to stimulation. A Shown is a scatter plot of all extracted RR interval values from PPG vs. 
those extracted from ECG in non-stimulation periods, along with a linear regression trendline (black, y = 1.0639x-0.0539, R.2 = 0.7439). The unity line (y = x) 
is shown in red. B Using RR intervals extracted from PPG, RMSSD as a pulse rate variability measure can be calculated during the 20-min stimulation 
period. The average over all participants is shown in black, while other colors denote the average of all participants with the same preferred frequency, 
determined by the largest RMSSD (from RR intervals extracted from ECG) from the 4-min stimulation in visit 4
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crucial insight for both non-invasive and implanted ANS 
stimulation approaches.

Effects of stimulation duration are mixed. After stimu-
lation frequency calibration in 4-min stimulation blocks 
during visit 4, a 20-min stimulation block was applied. 
However, all autonomic vitals did not modulate as much 
or more in the normalized post-stimulation values. In 
visit 1 to 3, HRV during stimulation could not be investi-
gated further due to stimulation artifact. In visit 4, a fin-
ger PPG sensor was added, providing a clean, continuous 
blood flow signal that could be used to extract heartbeat 
timestamps, and therefore R-R intervals and a surrogate 
for HRV. Using PRV, the dynamics of the parasympathetic 
nervous system could be tracked during the 20-min stim-
ulation block. There was an autonomic balancing effect 
that pulsed approximately every 2  min, but some peaks 
around 4 min; there was an additional peak after 10 min 
and a slightly higher baseline after this. These oscillations 
could be related to parasympathetic withdrawal and reac-
tivation cycle that have been observed in very low fre-
quency (VLF) HRV analysis when attempting to increase 
vagal outflow (Tripathi, 2011; Michael et al. 2017). VNS 
in most other studies was not continuously delivered but 
described as an ON/OFF protocol to prevent uncomfort-
able prolonged symptoms during stimulation, like voice 
alterations or cough. Other commercial devices (Truvaga 
Plus, Truvaga, Rockaway, New Jersey, USA) suggest stim-
ulation periods as low as 2 min per session, but this could 
be repeated up to 24 sessions per day. The PRV results 
indicate that up to 4 min of stimulation may be enough 
to promote an RMSSD increase, and further stimulation 
may have a plateauing or decreasing effect.

TCES parameter effects on RMSSD were mirrored in 
EEG alpha band power, in that no single frequency was 
more efficacious than others, high intensity stimulation 
was overall most effective, and bilateral and right-sided 
stimulation generated largest increases. This is consis-
tent with another pilot study, in which alpha activity cor-
related positively with RMSSD in a refractory epilepsy 
cohort (Melo et al. 2022); there was also higher HEP 
amplitudes in the epilepsy group, supporting brain–heart 
coupling. This suggests coordinated brain-autonomic 
modulation, as has been observed during cognitive tasks 
and pain experiences (Alba et al. 2019; Pascalis & Vecchio 
2022). Transcranial direct current stimulation (tDCS) 
has been reported to reduce heart rate and increase HRV 
during fear exposure, as well as influence long-term para-
sympathetic dominance (Cobb et al. 2025), while prelimi-
nary transcranial magnetic stimulation (TMS) studies 
have modulated heart-brain coupling indices related to 
interbeat interval and TMS cycle times (Dijkstra et al. 
2023); there remains inconsistent results and heteroge-
neity in tDCS, TMS, and other neuromodulation pro-
tocols measuring HRV (Miron et al. 2021; Souza et al., 

2026). Noninvasive VNS studies have shown significant 
differences in neuro-cardiac coupling indices calculated 
using delta-band power and heartbeat length (Keute et al. 
2021), along with parasympathetic HRV indices, alpha-
band power, and delta-band power (Kang et al. 2024). 
Studies with invasive VNS show more mixed results 
across all EEG frequency bands; successful therapy from 
VNS might be an effect of repetitive desynchroniza-
tion effects over time to promote neuroplasticity in the 
brain (Biggio et al. 2009; Hays et al., 2013; Olsen et al. 
2022; Ahmed et al. 2026). In this study, many stimulation 
parameters were varied in acute sessions, and long-term 
EEG analysis may be required to find correlations with 
TCES clinical benefits.

Each participant had a preferred frequency that 
modulated alpha band power most, but this response 
decreased in subsequent visits, from a mean increase of 
24% to 14% to 9%, with all other stimulation parameters 
matched. With stimulation frequency re-personalized 
in visit 4, the mean increase based on preferred stimu-
lation frequency to modulate alpha band power was 
39.5%, indicating recalibration necessary for productive 
cardiac vagal index modulation. Increases in alpha band 
power have been observed from 20-min auricular VNS 
in healthy individuals, with larger increases from right-
sided and bilateral protocols (Konakoglu et al., 2023), as 
well as more pronounced alpha wave activity in acute 
bilateral cervical VNS compared to unilateral auricular 
VNS (Ahmed et al. 2026). In general, these responses may 
demonstrate a more relaxed and parasympathetic-driven 
state during cervical VNS; relaxation has been associated 
with increased alpha power and parasympathetic HRV 
(Kawashima et al. 2024). While alpha-band activity can 
track vagal HRV markers, association is clearly context 
dependent and stronger in resting conditions.

Autonomic dynamics during stimulation could not 
be studied here, as stimulation artifact was rampant in 
EEG recordings during therapy, similar to that of ECG. 
Additionally, band power was averaged over the entire 
brain, giving information about overall brain states, but 
these results are less precise about how cortical areas 
are related to VN activity and stimulation. Report-
ing region-specific alpha responses, or other frequency 
bands, across all parameter condition would have inflated 
multiple comparisons beyond the limits of this pilot 
study. Nevertheless, alpha activity is the strongest elec-
trophysiological signal from the human brain since it 
inhibits other task-irrelevant regions and is crucial in 
understanding functional brain architecture related to 
downstream stimulation and therapy (Jensen et al., 2010). 
In any future task or context-dependent TCES study, dis-
tinct functional measures should be included in a region-
ally resolved analysis of EEG data.
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This study focused on a small and healthy cohort 
between only the ages of 22 and 41, providing a base-
line that reflects autonomic changes in response to 
varying stimulation parameters. Significant responses 
were not always measured in this limited sample, and 
there was high inter-individual variability with no 
single parameter set effecting the RMSSD response 
universally. While calculating RMSSD, measurement 
variability is unlikely, as R-peak detection in clean 
ECG is well-established. While individuals respond 
differently in cardiac vagal output to stimulation, the 
inter-individual variability could be interpreted as a 
biological response due to metabolic or hemodynamic 
features (Pikkujämsä et al. 2001; Nunan et al. 2010). 
However, for the alpha-band power measurements, 
EEG measurement noise due to contact impedance or 
muscle artifacts could contribute to some high vari-
ance in responses recorded in this study (Lopez-Gordo 
et al. 2014). There may be more observable changes in 
a future, larger study utilizing specific patient popula-
tions with diagnosed dysautonomia. This will include 
steps to determining the gap between stimulation fre-
quency recalibration to ensure efficacious therapy with 
clinical improvements. There was also no sham con-
dition; however, comparisons were within participant 
and within visit to characterize relative responsiveness 
to cardiac vagal and cortical biomarkers to different 
stimulation parameters. Any future study that aims to 
make efficacy claims in a defined disease population 
will require a sham-controlled design.

Additional limitations to our sample size also could 
extend to recording modalities that could better char-
acterize ANS function beyond only cardiac vagal 
modulation and hemodynamics; other possible bio-
markers include electrodermal activity (EDA), for 
which impairments have been related to diabetic neu-
ropathy (Petrofsky & McLellen, 2009; Khalfallah et 
al., 2012) and PTSD (Pole 2007), or PPG amplitude, a 
previously used biomarker to track tcVNS responses 
(Gazi et al. 2020). Blood biomarkers could also be 
used to track stimulation efficacy while tracking clini-
cal symptoms in a long-term study (Gurel et al. 2020; 
Workewych et al. 2020; Manca et al. 2023; Mondal 
et al. 2024). Another confound could be visit order; 
the sequential design was selected to begin with the 
parameter with the most variable and least informative 
prior data and using these results to constrain further 
visits. While settings for each parameter type were 
randomly ordered in each session, visits were always 
in the same sequence and could have contributed to 
the declining RMSSD response. Further randomizing 
parameters would have required a much larger sample 
or fewer conditions, but these parameters in conjunc-
tion have not been systematically studied previously. 

There are also other stimulation parameters that could 
be examined in-depth, including pulse shape, pulse 
width, and electrode size and type, along with other 
frequencies and durations.

Conclusion
This method of TCES offers numerous therapeutic possibil-
ities. Existing research demonstrates the therapeutic poten-
tial of VNS, but personalized, disease-specific non-invasive 
approaches are essential for advancing both clinical care and 
our understanding of the autonomic nervous system while 
offering advantages over surgical or pharmacological inter-
ventions, potentially reducing risks, costs, and side effects 
while improving efficacy. A critical next step is validating 
this personalized favored frequency approach in a disease 
population. It will be crucial to evaluate safety and feasibil-
ity of TCES in, for example, PTSD patients, while assessing 
efficacy by tracking PTSD symptoms, depression and anxi-
ety symptoms, quality of sleep, autonomic dysfunction, and 
blood biomarkers for inflammation. The stimulation param-
eters can be optimized further based on anatomical targets 
and specific disorders, with the ultimate goal of modulating 
the inflammatory reflex and enhancing parasympathetic 
activity. Precise parameter selection to stimulate specific 
vagal nerve fibers and, consequently, targeted organs will be 
crucial for effective clinical application.

Abbreviations
ANS	� Autonomic nervous system
ASR	� Artifact space reconstruction
ECG	� Electrocardiography
EDA	� Electrodermal activity
EEG	� Electroencephalography
HEP	� Heart-evoke potential
HR	� Heart rate
HRV	� Heart rate variability
ICA	� Independent component analysis
MAP	� Mean arterial pressure
ncVNS	� Noninvasive cervical vagus nerve stimulation
NIBP	� Non-invasive blood pressure
PDL	� Pupil diameter, left
PPG	� Photoplethysmography
PRV	� Pulse rate variability
PTSD	� Post-traumatic stress disorder
RMSSD	� Root mean square of successive R-R interval differences
SDNN	� Standard deviation of N–N intervals
tACS	� Transcranial alternating current stimulation
taVNS	� Transcutaneous auricular vagus nerve stimulation
TCES	� Transcutaneous cervical electrical stimulation
tcVNS	� Transcutaneous cervical vagus nerve stimulation
tDCS	� Transcranial direct current stimulation
TMS	� Transcranial magnetic stimulation
VLF	� Very low frequency
VN	� Vagus nerve
VNS	� Vagus nerve stimulation

Acknowledgements
The authors would like to acknowledge Tivic Health Systems, Inc., for financial 
support for this study, as well as all participants who took part in testing 
sessions.



Page 17 of 20Debnath et al. Bioelectronic Medicine           (2026) 12:16 

Authors’ contributions
SD, BTG, and TPZ conceptualized and designed the study. SD and FF acquired 
and analyzed all data. SD, FF, BTG, and TPZ contributed to interpretation 
and discussions at multiples stages of data acquisition and manuscript 
development. SD, BTG, and TPZ contributed to drafts of the manuscript. All 
authors critically revised and approved the final version of the manuscript 
and take responsibility for the integrity of the work. All persons designated 
as authors qualify for authorship, and all those who qualify for authorship are 
listed.

Funding
This study was partly funded by Tivic Health Systems, Inc. (Grant Number 
NC568146). The funder provided support in the form of salary support for 
authors (SD, BTG, TPZ), participated in study design discussions and proofread 
the article (BTG), but did not have any additional role in the data collection 
and analysis, decision to publish, or preparation of the manuscript.

Data availability
The data that supports the findings of this study are available from the 
corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
The study was approved by the Northwell Health Institutional Review Board, 
IRB #19–0461. All participants were given detailed information about the 
research study and completed a Consent for Participation in a Research Study 
form.

Consent for publication
Not applicable.

Competing interests
SD and TPZ are staff of The Feinstein Institutes for Medical Research and 
Northwell Health. BTG was the Chief Science Officer of Tivic Health Systems, 
Inc., at the time this study was conducted. TPZ is the associate editor for BEME.

Author details
1Northwell Health, New Hyde Park, NY, USA
2Institute of Bioelectronic Medicine, Feinstein Institutes for Medical 
Research, Northwell Health, Manhasset, NY, USA
3Institute of Health System Science, Feinstein Institutes for Medical 
Research, Northwell Health, Manhasset, NY, USA
4Division of Health AI, Northwell Health, Manhasset, NY, USA
5Semel Institute for Neuroscience and Human Behavior, David Geffen 
School of Medicine, University of California-Los Angeles, Los Angeles, CA, 
USA
6Fareon, Inc., San Francisco, CA, USA
7Donald and Barbara Zucker School of Medicine at Hofstra/Northwell, 
Hempstead, NY, USA

Received: 15 April 2026 / Accepted: 3 June 2026

References
Addorisio ME, Imperato GH, de Vos AF, Forti S, Goldstein RS, Pavlov VA, et al. Inves-

tigational treatment of rheumatoid arthritis with a vibrotactile device applied 
to the external ear. Bioelectron Med. 2019;5:4. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​8​6​/​s​4​2​2​3​
4​-​0​1​9​-​0​0​2​0​-​4​​​​​.​​​

Agorastos A, Boel JA, Heppner PS, Hager T, Moeller-Bertram T, Haji U, et al. Dimin-
ished vagal activity and blunted diurnal variation of heart rate dynamics in 
posttraumatic stress disorder. Stress. 2013;16(3):300–10. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​1​
0​9​/​1​0​2​5​3​8​9​0​.​2​0​1​2​.​7​5​1​3​6​9​​​​​.​​​

Ahmed R, Coello A, Pillutla AS, et al. Acute transcutaneous cervical but not 
auricular vagus nerve stimulation increases alpha wave brain activity and 
lowers arterial blood pressure. Am J Physiol Regul Integr Comp Physiol. 
2026;330:R49–59.

Alba G, Vila J, Rey B, et al. The relationship between heart rate variability and 
electroencephalography functional connectivity variability is associated with 

cognitive flexibility. Front Hum Neurosci. 2019;13. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​n​h​
u​m​.​2​0​1​9​.​0​0​0​6​4​​​​​. Epub ahead of print 25

Aranow C. Engaging the cholinergic Anti-Inflammatory pathway by stimulating 
the vagus nerve reduces pain and fatigue in patients with SLE. In 2018 ACR/
ARHP Annual Meeting. 2018. 

Badke CM, Marsillio LE, Weese-Mayer DE, Sanchez-Pinto LN. Autonomic nervous 
system dysfunction in pediatric sepsis. Front Pediatr. 2018;6(October):1–8. 
https:/​/doi.or​g/10.33​89/f​ped.2018.00280.

Baek HJ, Cho C-H, Cho J, Woo J-M. Reliability of ultra-short-term analysis as a sur-
rogate of standard 5-min analysis of heart rate variability. Telemed J E Health. 
2015;21(5):404–14. https:/​/doi.or​g/10.10​89/t​mj.2014.0104.

Baranauskas M, Grabauskaitė A, Griškova-Bulanova I, et al. Heartbeat evoked 
potentials (HEP) capture brain activity affecting subsequent heartbeat. 
Biomed Signal Process Control. 2021;68:102731.

Barman SM, Yates BJ. Deciphering the neural control of sympathetic nerve activity: 
status report and directions for future research. Front Neurosci. 2017;11:730. 
https:/​/doi.or​g/10.33​89/f​nins.2017.00730.

Bauer S, Baier H, Baumgartner C, Bohlmann K, Fauser S, Graf W, et al. Transcutane-
ous vagus nerve stimulation (tVNS) for treatment of drug-resistant epilepsy: 
a randomized, double-blind clinical trial (cMPsE02). Brain Stimul. 2016;9:356–
63. https:/​/doi.or​g/10.10​16/j​.brs.2015.11.003.

Berthoud HR, Neuhuber WL. Functional and chemical anatomy of the afferent 
vagal system. Auton Neurosci. 2000;85:1–17. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​S​1​5​6​6​-​0​
7​0​2​(​0​0​)​0​0​2​1​5​-​0​​​​​.​​​

Biggio F, Gorini G, Utzeri C, Olla P, Marrosu F, Mocchetti I, et al. Chronic vagus 
nerve stimulation induces neuronal plasticity in the rat hippocampus. Int J 
Neuropsychopharmacol. 2009;12:1209–21. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​7​/​S​1​4​6​1​1​4​
5​7​0​9​0​0​0​2​0​0​​​​​.​​​

Bonaz B, Sinniger V, Hoffmann D, Clarençon D, Mathieu N, Dantzer C, et al. Chronic 
vagus nerve stimulation in Crohn’s disease: a 6-month follow-up pilot study. 
Neurogastroenterol Motil. 2016a;28:948–53. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​1​1​/​n​m​o​.​1​
2​7​9​2​​​​​.​​​

Bonaz B, Sinniger V, Pellissier S. Vagal tone: effects on sensitivity, motility, and 
inflammation. Neurogastroenterol Motil. 2016b;28:455–62.

Bremner JD, Gurel NZ, Wittbrodt MT, Shandhi MH, Rapaport MH, Nye JA, et al. 
Application of noninvasive vagal nerve stimulation to stress-related psychi-
atric disorders. J Pers Med. 2020;10(3):119. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​9​0​/​j​p​m​1​0​0​3​
0​1​1​9​​​​​.​​​

Broadstone VL, Roy T, Self M, Pfeifer MA. Cardiovascular autonomic dysfunction: 
diagnosis and prognosis. Diabet Med. 1991;8 Spec No:S88-93. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​
1​0​.​1​1​1​1​/​j​.​1​4​6​4​-​5​4​9​1​.​1​9​9​1​.​t​b​0​2​1​6​5​.​x​​​​​. S2, S93.

Brock C, Brock B, et al. Transcutaneous cervical vagal nerve stimulation modulates 
cardiac vagal tone and tumor necrosis factor-alpha. Neurogastroenterol 
Motil. 2017;29:e12999.

Brougher J, Aziz U, Adari N, Chaturvedi M, Jules A, Shah I, et al. Self-administration 
of right vagus nerve stimulation activates midbrain dopaminergic nuclei. 
Front Neurosci. 2021;15:782786, 782786. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​n​i​n​s​.​2​0​2​1​
.​7​8​2​7​8​6​​​​​.​​​

Burger AM, Van der Does W, Brosschot JF, Verkuil B. From ear to eye? No effect of 
transcutaneous vagus nerve stimulation on human pupil dilation: a report of 
three studies. Biol Psychol. 2020;152:107863. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​b​i​o​p​s​y​
c​h​o​.​2​0​2​0​.​1​0​7​8​6​3​​​​​.​​​

Busch V, Zeman F, Heckel A, Menne F, Ellrich J, Eichhammer P. The effect of transcu-
taneous vagus nerve stimulation on pain perception–an experimental study. 
Brain Stimul. 2013;6:202–9. https:/​/doi.or​g/10.10​16/j​.brs.2012.04.006.

Capone F, Assenza G, Di Pino G, Musumeci G, Ranieri F, Florio L, et al. The effect 
of transcutaneous vagus nerve stimulation on cortical excitability. J Neural 
Transm (Vienna). 2015;122:679–85. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​0​7​/​s​0​0​7​0​2​-​0​1​4​-​1​2​9​
9​-​7​​​​​.​​​

Carthy ER. Autonomic dysfunction in essential hypertension: a systematic review. 
Ann Med Surg (Lond). 2013;3(1):2–7. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​a​m​s​u​.​2​0​1​3​.​1​
1​.​0​0​2​​​​​.​​​

Chambers AS, Allen JJB. Vagal tone as an indicator of treatment response in major 
depression. Psychophysiology. 2002;39:861–4.

Chen SP, Ay I, De Morais AL, Qin T, Zheng Y, Sadhegian H, et al. Vagus nerve stimu-
lation inhibits cortical spreading depression. Pain. 2016;157(4):797. ​h​t​t​​p​s​:​/​​/​d​o​​i​
.​​o​r​g​/​1​0​.​1​0​9​7​/​j​.​p​a​i​n​.​0​0​0​0​0​0​0​0​0​0​0​0​0​4​3​7​​​​​.​​​

Clancy JA, Mary DA, Witte KK, Greenwood JP, Deuchars SA, Deuchars J. Non-inva-
sive vagus nerve stimulation in healthy humans reduces sympathetic nerve 
activity. Brain Stimul. 2014;7:871–7. https:/​/doi.or​g/10.10​16/j​.brs.2014.07.031.

https://doi.org/10.1186/s42234-019-0020-4
https://doi.org/10.1186/s42234-019-0020-4
https://doi.org/10.3109/10253890.2012.751369
https://doi.org/10.3109/10253890.2012.751369
https://doi.org/10.3389/fnhum.2019.00064
https://doi.org/10.3389/fnhum.2019.00064
https://doi.org/10.3389/fped.2018.00280
https://doi.org/10.1089/tmj.2014.0104
https://doi.org/10.3389/fnins.2017.00730
https://doi.org/10.1016/j.brs.2015.11.003
https://doi.org/10.1016/S1566-0702(00)00215-0
https://doi.org/10.1016/S1566-0702(00)00215-0
https://doi.org/10.1017/S1461145709000200
https://doi.org/10.1017/S1461145709000200
https://doi.org/10.1111/nmo.12792
https://doi.org/10.1111/nmo.12792
https://doi.org/10.3390/jpm10030119
https://doi.org/10.3390/jpm10030119
https://doi.org/10.1111/j.1464-5491.1991.tb02165.x
https://doi.org/10.1111/j.1464-5491.1991.tb02165.x
https://doi.org/10.3389/fnins.2021.782786
https://doi.org/10.3389/fnins.2021.782786
https://doi.org/10.1016/j.biopsycho.2020.107863
https://doi.org/10.1016/j.biopsycho.2020.107863
https://doi.org/10.1016/j.brs.2012.04.006
https://doi.org/10.1007/s00702-014-1299-7
https://doi.org/10.1007/s00702-014-1299-7
https://doi.org/10.1016/j.amsu.2013.11.002
https://doi.org/10.1016/j.amsu.2013.11.002
https://doi.org/10.1097/j.pain.0000000000000437
https://doi.org/10.1097/j.pain.0000000000000437
https://doi.org/10.1016/j.brs.2014.07.031


Page 18 of 20Debnath et al. Bioelectronic Medicine           (2026) 12:16 

Cobb AR, McTeague LM, O’Connor P, et al. Neuromodulation of heart rate and 
heart rate variability in a randomized controlled trial of tDCS-augmented in 
vivo exposure for specific fears. Behav Res Ther. 2025;186:104701.

Colombo MA, Comanducci A, Casarotto S, et al. Beyond alpha power: EEG spatial 
and spectral gradients robustly stratify disorders of consciousness. Cereb 
Cortex. 2023;33:7193–210.

Constantinescu V, Matei D, Constantinescu I, Cuciureanu DI. Heart rate vari-
ability and Vagus nerve stimulation in epilepsy patients. Transl Neurosci. 
2019;24(10):223–32. https:/​/doi.or​g/10.15​15/t​nsci-2019-0036.

Cracchiolo M, Sacramento JF, Mazzoni A, Panarese A, Carpaneto J, Conde SV, et al. 
Decoding neural metabolic markers from the carotid sinus nerve in a type 
2 diabetes model. IEEE Trans Neural Syst Rehabil Eng. 2019;27(10):2034–43. 
https:/​/doi.or​g/10.11​09/T​NSRE.2019.2942398.

D’Andrea W, Pole N, DePierro J, Freed S, Wallace DB. Heterogeneity of defen-
sive responses after exposure to trauma: blunted autonomic reactivity in 
response to startling sounds. Int J Psychophysiol. 2013;90(1):80–9. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​
o​r​g​/​1​0​.​1​0​1​6​/​j​.​i​j​p​s​y​c​h​o​.​2​0​1​3​.​0​7​.​0​0​8​​​​​.​​​

Dawson J, Liu CY, Francisco GE, Cramer SC, Wolf SL, Dixit A, et al. Vagus nerve 
stimulation paired with rehabilitation for upper limb motor function after 
ischaemic stroke (VNS-REHAB): a randomised, blinded, pivotal, device trial. 
Lancet. 2021;397(10284):1545–53. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​S​0​1​4​0​-​6​7​3​6​(​2​1​)​0​
0​4​7​5​-​X​​​​​.​​​

De Pascalis V, Vecchio A. The influence of EEG oscillations, heart rate variability 
changes, and personality on self-pain and empathy for pain under placebo 
analgesia. Sci Rep. 2022;12:6041.

De Koninck BP, Brazeau D, Guay S, et al. Transcranial alternating current stimula-
tion to modulate alpha activity: a systematic review. Neuromodulation. 
2023;26:1549–84.

Debnath S, Levy TJ, Zanos S, Zanos TP. Noninvasive, multimodal assessment of 
physiologicalresponses to transcutaneous auricular vagus nerve stimulation. 
2021 10th International IEEE/EMBS Conference on Neural Engineering (NER), 
Italy. 2021a;1109–12. https:/​/doi.or​g/10.11​09/N​ER49283.2021.9441419.

Debnath S, Levy TJ, Bellehsen M et al. A method to quantify autonomic nervous 
system function in healthy, able-bodied individuals. Bioelectron Med. 
2021b;7:13. https:/​/doi.or​g/10.11​86/s​42234-021-00075-7.

Debnath S, Cook HM, Shaam P, et al. Effects of transcutaneous auricular vagus 
nerve stimulation on posttraumatic stress disorder symptoms in World Trade 
Center responders: a feasibility and acceptability study. Int J Environ Res 
Public Health. 2026. https:/​/doi.or​g/10.33​90/i​jerph23030401.

De Ferrari GM, Stolen C, Tuinenburg AE, et al. Long-term vagal stimulation for heart 
failure: Eighteen month results from the NEural Cardiac TherApy foR Heart 
Failure (NECTAR-HF) trial. Int J Cardiol. 2017;244:229–34.

DeGiorgio C. M. Thompson J. Lewis P. Arrambide S. Naritoku D. Handforth A. et al. 
Vagus nerve stimulation: analysis of device parameters in 154 patients during 
the long-term XE5 study. Epilepsia. 2001;:421017-1020. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​​/​1​0​.​​1​0​4​​
6​/​​j​.​1​5​2​8​-​1​1​5​7​.​2​0​0​1​.​0​4​2​0​0​8​1​0​1​7​.​x​1​1​5​5​4​8​8​7​​​​​​​

Deligiannidis KM, Robakis T, Homitsky SC, Ibroci E, King B, Jacob S, et al. Effect 
of transcutaneous auricular vagus nerve stimulation on major depressive 
disorder with peripartum onset: A multicenter, open-label, controlled proof-
of-concept clinical trial (DELOS-1). J Affect Disord. 2022;1(316):34–41. ​h​t​t​​p​s​:​/​​/​
d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​j​a​d​.​2​0​2​2​.​0​7​.​0​6​8​​​​​.​​​

Devor M, Jänig W, Michaelis M. Modulation of activity in dorsal root ganglion 
neurons by sympathetic activation in nerve-injured rats. J Neurophysiol. 
1994;71(1):38–47. https:/​/doi.or​g/10.11​52/j​n.1994.71.1.38.

Dijkstra E, van Dijk H, Vila-Rodriguez F, et al. Transcranial magnetic stimulation-
induced heart-brain coupling: implications for site selection and frontal 
thresholding—preliminary findings. Biol Psychiatry Glob Open Sci. 
2023;3:939–47.

Dütsch M, Burger M, Dörfler C, Schwab S, Hilz MJ. Cardiovascular autonomic func-
tion in poststroke patients. Neurology. 2007;69(24):2249–55. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​
0​.​1​2​1​2​/​0​1​.​w​n​l​.​0​0​0​0​2​8​6​9​4​6​.​0​6​6​3​9​.​a​7​​​​​.​​​

Elger GHCFPRAJECE, Hoppe CFPRAJECE, Falkai PRAJECE, Rush AJECE, Elger CE. 
Vagus nerve stimulation is associated with mood improvements in epilepsy 
patients. Epilepsy Res. 2000;1211(00):42203–10. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​s​0​9​2​
0​-​1​2​1​1​(​0​0​)​0​0​1​8​1​-​9​​​​​.​​​

Engel T, Ben-Horin S, Beer-Gabel M. Autonomic dysfunction correlates with clinical 
and inflammatory activity in patients with Crohn’s disease. Inflamm Bowel 
Dis. 2015;21(10):2320–6. https:/​/doi.or​g/10.10​97/M​IB.0000000000000508.

Fang J, Rong P, Hong Y, Fan Y, Liu J, Wang H, et al. Transcutaneous vagus nerve stim-
ulation modulates default mode network in major depressive disorder. Biol 
Psychiatry. 2016;79:266–73. https:/​/doi.or​g/10.10​16/j​.biopsych.2015.03.025.

Ferreira JA, Bissell BD. Misdirected sympathy: the role of sympatholysis in sepsis 
and septic shock. J Intensive Care Med. 2018;33(2):74–86. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​
1​7​7​/​0​8​8​5​0​6​6​6​1​6​6​8​9​5​4​8​​​​​.​​​

Frangos E, Ellrich J, Komisaruk BR. Non-invasive access to the vagus nerve central 
projections via electrical stimulation of the external ear: fMRI evidence in 
humans. Brain Stimul. 2015;8:624–36.

Frangos E, Komisaruk BR. Access to vagal projections via cutaneous electrical 
stimulation of the neck: fMRI evidence in healthy humans. Brain Stimul. 2017; 
10:19–27.

Gazi AH, Gurel NZ, Richardson KLS, et al. Digital cardiovascular biomarker 
responses to transcutaneous cervical Vagus nerve stimulation: state-space 
modeling, prediction, and simulation. JMIR Mhealth Uhealth. 2020;8:e20488.

George RSAUASM, Sonnen AUASM, Upton ASM, Salinsky M. A randomized 
controlled trial of chronic vagus nerve stimulation for treatment of medically 
intractable seizures. The Vagus Nerve Stimulation Study Group. Neurology. 
1995;45:45224–30. https:/​/doi.or​g/10.12​12/w​nl.45.2.2247854516.

Ghani SVJTBTRSLM, Vilensky JTBTRSLM, Turner BTRSLM, Tubbs RSLM, Loukas M. 
Meta-analysis of vagus nerve stimulation treatment for epilepsy: correlation 
between device setting parameters and acute response. Childs Nerv Syst. 
2015;31:312291–304. https:/​/doi.or​g/10.10​07/s​00381-015-2921-126493055.

Gibbons CH, Cheshire WP, Fife TD. Autonomic Testing. American Academy of. 
2014;1–10. Retrieved from; ​h​t​t​​p​s​:​/​​/​p​d​​f​s​​.​s​e​​m​a​n​t​​i​c​s​​c​h​​o​l​a​r​.​o​r​g​/​2​c​a​5​/​0​a​8​9​a​a​1​4​e​
4​7​3​b​4​b​a​3​d​b​9​e​e​b​7​4​3​4​e​a​f​0​b​9​c​6​f​.​p​d​f​​​​​.​​​

Goldstein MR, Lewis GF, Newman R, et al. Improvements in well-being and vagal 
tone following a yogic breathing-based life skills workshop in young adults: 
Two open-trial pilot studies. Int J Yoga. 2016;9:20.

Guiraud D, Andreu D, Bonnet S, Carrault G, Couderc P, Hagège A, et al. Vagus nerve 
stimulation: state of the art of stimulation and recording strategies to address 
autonomic function neuromodulation. J Neural Eng. 2016;13(4):041002. 
https:/​/doi.or​g/10.10​88/1​741-2560/13/4/041002.

Gurel NZ, Huang M, Wittbrodt MT, Jung H, Ladd SL, Shandhi MMH, et al. Quantify-
ing acute physiological biomarkers of transcutaneous cervical vagal nerve 
stimulation in the context of psychological stress. Brain Stimul. 2020;13(1):47–
59. https:/​/doi.or​g/10.10​16/j​.brs.2019.08.002.

Hammer N, Glatzner J, Feja C, Kuhne C, Meixensberger J, Planitzer U, et al. Human 
vagus nerve branching in the cervical region. PLoS ONE. 2015;10:e0118006. 
https:/​/doi.or​g/10.13​71/j​ournal.pone.0118006.

Handforth A. DeGiorgio C. M. Schachter S. C. Uthman B. M. Naritoku D. K. Tecoma E. 
S. et al. Vagus nerve stimulation therapy for partial-onset seizures: a random-
ized active-control trial. Neurology. 1998;5148–55. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​2​1​2​/​w​
n​l​.​5​1​.​1​.​4​8​9​6​7​4​7​7​7​​​​​​​

Hasan A, Wolff-Menzler C, Pfeiffer S, Falkai P, Weidinger E, Jobst A, et al. Transcuta-
neous noninvasive vagus nerve stimulation (tVNS) in the treatment of schizo-
phrenia: a bicentric randomized controlled pilot study. Eur Arch Psychiatry 
Clin Neurosci. 2015;265:589–600. https:/​/doi.or​g/10.10​07/s​00406-015-0618-9.

Hays SA, Rennaker RL, Kilgard MP. Chapter 11 targeting plasticity with vagus nerve 
stimulation to treat neurological disease. Prog Brain Res. 2013;207:275-299. 
https:/​/doi.or​g/10.10​16/b​978-0-444-63327-9.00010-2.

Hein E, Nowak M, Kiess O, Biermann T, Bayerlein K, Kornhuber J, et al. Auricular 
transcutaneous electrical nerve stimulation in depressed patients: a random-
ized controlled pilot study. J Neural Transm (Vienna). 2013;120:821–7. ​h​t​t​​p​s​:​/​​/​
d​o​​i​.​​o​r​g​/​1​0​.​1​0​0​7​/​s​0​0​7​0​2​-​0​1​2​-​0​9​0​8​-​6​​​​​.​​​

Huang WA, Shivkumar K, Vaseghi M. Device-based autonomic modulation in 
Arrhythmia patients: the role of vagal nerve stimulation. Curr Treat Options 
Cardiovasc Med. 2015;17:379.

Jayaprakash N, Song W, Toth V, et al. Organ- and function-specific anatomical 
organization of vagal fibers supports fascicular vagus nerve stimulation. Brain 
Stimul. 2023;16:484–506.

Jensen O, Mazaheri A. shaping functional architecture by oscillatory alpha activity: 
gating by inhibition. Front Hum Neurosci. 2010;4. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​n​h​
u​m​.​2​0​1​0​.​0​0​1​8​6​​​​​. Epub ahead of print 4 November

Jigo M, Carmel JB, Wang Q, Rodenkirch C. Transcutaneous cervical vagus nerve 
stimulation improves sensory performance in humans: a randomized con-
trolled crossover pilot study. Nat Sci Rep. 2024;14:3975. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​
8​/​s​4​1​5​9​8​-​0​2​4​-​5​4​0​2​6​-​8​​​​​.​​​

Kang D, Choi Y, Lee J, Park E, Kim IY. Analysis of taVNS effects on autonomic and 
central nervous systems in healthy young adults based on HRV, EEG param-
eters. J Neural Eng. 2024. https:/​/doi.or​g/10.10​88/1​741-2552/ad5d16.

Kawashima T, Shiratori H, Amano K. The relationship between alpha power and 
heart rate variability commonly seen in various mental states. PLoS ONE. 
2024;19:e0298961.

https://doi.org/10.1515/tnsci-2019-0036
https://doi.org/10.1109/TNSRE.2019.2942398
https://doi.org/10.1016/j.ijpsycho.2013.07.008
https://doi.org/10.1016/j.ijpsycho.2013.07.008
https://doi.org/10.1016/S0140-6736(21)00475-X
https://doi.org/10.1016/S0140-6736(21)00475-X
https://doi.org/10.1109/NER49283.2021.9441419
https://doi.org/10.1186/s42234-021-00075-7
https://doi.org/10.3390/ijerph23030401
https://doi.org/10.1046/j.1528-1157.2001.0420081017.x11554887
https://doi.org/10.1046/j.1528-1157.2001.0420081017.x11554887
https://doi.org/10.1016/j.jad.2022.07.068
https://doi.org/10.1016/j.jad.2022.07.068
https://doi.org/10.1152/jn.1994.71.1.38
https://doi.org/10.1212/01.wnl.0000286946.06639.a7
https://doi.org/10.1212/01.wnl.0000286946.06639.a7
https://doi.org/10.1016/s0920-1211(00)00181-9
https://doi.org/10.1016/s0920-1211(00)00181-9
https://doi.org/10.1097/MIB.0000000000000508
https://doi.org/10.1016/j.biopsych.2015.03.025
https://doi.org/10.1177/0885066616689548
https://doi.org/10.1177/0885066616689548
https://doi.org/10.1212/wnl.45.2.2247854516
https://doi.org/10.1007/s00381-015-2921-126493055
https://pdfs.semanticscholar.org/2ca5/0a89aa14e473b4ba3db9eeb7434eaf0b9c6f.pdf
https://pdfs.semanticscholar.org/2ca5/0a89aa14e473b4ba3db9eeb7434eaf0b9c6f.pdf
https://doi.org/10.1088/1741-2560/13/4/041002
https://doi.org/10.1016/j.brs.2019.08.002
https://doi.org/10.1371/journal.pone.0118006
https://doi.org/10.1212/wnl.51.1.489674777
https://doi.org/10.1212/wnl.51.1.489674777
https://doi.org/10.1007/s00406-015-0618-9
https://doi.org/10.1016/b978-0-444-63327-9.00010-2
https://doi.org/10.1007/s00702-012-0908-6
https://doi.org/10.1007/s00702-012-0908-6
https://doi.org/10.3389/fnhum.2010.00186
https://doi.org/10.3389/fnhum.2010.00186
https://doi.org/10.1038/s41598-024-54026-8
https://doi.org/10.1038/s41598-024-54026-8
https://doi.org/10.1088/1741-2552/ad5d16


Page 19 of 20Debnath et al. Bioelectronic Medicine           (2026) 12:16 

Kemmerer SK, Sack AT, de Graaf TA, et al. Frequency-specific transcranial neuro-
modulation of alpha power alters visuospatial attention performance. Brain 
Res. 2022;1782:147834.

Keute M, Machetanz K, Berelidze L, et al. Neuro-cardiac coupling predicts 
transcutaneous auricular vagus nerve stimulation effects. Brain Stimul. 
2021;14:209–16.

Khalfallah K, Ayoub H, Calvet JH, et al. Noninvasive galvanic skin sensor for early 
diagnosis of sudomotor dysfunction: application to diabetes. IEEE Sens J. 
2012;12:456–63.

Kishi T. Heart failure as an autonomic nervous system dysfunction. J Cardiol. 
2012;59(2):117–22. https:/​/doi.or​g/10.10​16/j​.jjcc.2011.12.006.

Konakoğlu G, Özden AV, Solmaz H, et al. The effect of auricular vagus nerve stimu-
lation on electroencephalography and electromyography measurements in 
healthy persons. Front Physiol; 2023;14. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​p​h​y​s​.​2​0​2​3​.​1​2​
1​5​7​5​7​​​​​. Epub ahead of print 17.

Konjusha A, Colzato L, Mückschel M, et al. Auricular transcutaneous Vagus nerve 
stimulation diminishes alpha-band–related inhibitory gating processes 
during conflict monitoring in frontal cortices. Int J Neuropsychopharmacol. 
2022;25:457–67.

Koopman FA, Tang MW, Vermeij J, de Hair MJ, Choi IY, Vervoordeldonk MJ, et al. 
Autonomic dysfunction precedes development of rheumatoid arthritis: a 
prospective cohort study. EBioMedicine. 2016;6:231–7. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​
6​/​j​.​e​b​i​o​m​.​2​0​1​6​.​0​2​.​0​2​9​​​​​.​​​

Krassioukov A, Biering-Sorensen F, Donovan W, Kennelly M, Kirshblum S, Krogh K, 
et al. International standards to document remaining autonomic function 
after spinal cord injury. Spinal Cord. 2012;47(1):36–43. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​3​
8​/​s​c​.​2​0​0​8​.​1​2​1​​​​​.​​​

Kreuzer PM, Landgrebe M, Resch M, Husser O, Schecklmann M, Geisreiter F, et al. 
Feasibility, safety and efficacy of transcutaneous vagus nerve stimulation in 
chronic tinnitus: an open pilot study. Brain Stimul. 2014;7:740–7. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​
r​g​/​1​0​.​1​0​1​6​/​j​.​b​r​s​.​2​0​1​4​.​0​5​.​0​0​3​​​​​.​​​

Laborde S, Mosley E, Thayer JF. Heart rate variability and cardiac vagal tone in 
psychophysiological research – recommendations for experiment planning, 
data analysis, and data reporting. Front Psychol. 2017;8:213.

Lerman I, Hauger R, Sorkin L, Proudfoot J, Davis B, Huang A, et al. Noninvasive 
transcutaneous vagus nerve stimulation decreases whole blood culture-
derived cytokines and chemokines: a randomized, blinded, healthy control 
pilot trial. Neuromodulation. 2016;19(3):283–90. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​1​1​/​n​e​
r​.​1​2​3​9​8​​​​​.​​​

Lockard JS, Congdon WC, DuCharme LL. Feasibility and safety of vagal stimulation 
in monkey model. Epilepsia. 1990;31:S20–6.

Lopez-Gordo MA, Sanchez-Morillo D, Valle FP. Dry EEG electrodes. Sensors (Basel). 
2014;14:12847–70.

Lyu J, Yeh CH, Shi W, et al. Dynamic brain-heart interaction in sleep character-
ized by variational phase-amplitude coupling framework. Commun Biol. 
2025;8:1235.

Madhani SI, Abbasi M, Liu Y, et al. Electroencephalogram and heart rate vari-
ability features as predictors of responsiveness to vagus nerve stimula-
tion in patients with epilepsy: a systematic review. Childs Nerv Syst. 
2022;38:2083–90.

Magosso E, Ricci G, Ursino M. Modulation of brain alpha rhythm and heart rate 
variability by attention-related mechanisms. AIMS Neurosci. 2019;6:1–24.

Manca C, Coa R, Murru E, et al. Identification of metabolic biomarkers of chronic 
vagus nerve stimulation (VNS) in subjects with drug-resistant epilepsy (DRE). 
Epilepsia Open. 2023;9:432–8.

Masi EB, et al. Identification of hypoglycemia-specific neural signals by decoding 
murine vagus nerve activity. Bioelectron Med. 2019;5:9.

Melo E, Fiel J, Milhomens R, et al. Dynamic coupling between the central and 
autonomic cardiac nervous systems in patients with refractory epilepsy: a 
pilot study. Front Neurol. 2022;13:904052.

Merrill CA, Jonsson MA, Minthon L, Ejnell H, C-son Silander H, Blennow K, et 
al. Vagus nerve stimulation in patients with alzheimer’s disease: addi-
tional follow-up results of a pilot study through 1 year. J Clin Psychiatry. 
2006;67:1171–8. https:/​/doi.or​g/10.40​88/j​cp.v67n0801.

Michael S, Graham KS, Davis GM. Cardiac autonomic responses during exercise 
and postexercise recovery using heart rate variability and systolic time 
intervals-a review. Front Physiol. 2017;8:301.

Miron J-P, Sheen J, Panzarella T, et al. The relationship between pre-treatment 
heart rate variability and response to low-frequency accelerated repetitive 
transcranial magnetic stimulation in major depression. J Affect Disord Rep. 
2021;6:100270.

Mondal B, Choudhury S, Banerjee R, et al. Effects of non-invasive vagus nerve 
stimulation on clinical symptoms and molecular biomarkers in Parkinson’s 
disease. Front Aging Neurosci. 2024. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​n​a​g​i​.​2​0​2​3​.​1​3​3​
1​5​7​5​​​​​.​​​

Mu Q, Bohning DE, Nahas Z, Walker J, Anderson B, Johnson KA, et al. Acute vagus 
nerve stimulation using different pulse widths produces varying brain effects. 
Biol Psychiatry. 2004;:55816-825. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​b​i​o​p​s​y​c​h​.​2​0​0​3​.​1​2​.​
0​0​4​1​5​0​5​0​8​6​3​​​​​​​

Nasi-Er BG, Wenhui Z, HuaXin S, Xianhui Z, Yaodong L, Yanmei L, et al. Vagus nerve 
stimulation reduces ventricular arrhythmias and increases ventricular electri-
cal stability. Pacing Clin Electrophysiol. 2019;42:247–56. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​
1​1​/​p​a​c​e​.​1​3​5​8​5​​​​​.​​​

Navas M, Navarrete EG, Pascual JM, Carrasco R, Núñez JA, Shakur SF, et al. Treat-
ment of refractory epilepsy in adult patients with right-sided vagus nerve 
stimulation. Epilepsy Res. 2010;2010(90):1–7. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​e​p​l​e​p​
s​y​r​e​s​.​2​0​1​0​.​0​4​.​0​0​7​​​​​.​​​

Ntiloudi D, Qanud K, Tomaio JN, Giannakoulas G, Al-Abed Y, Zanos S. Pulmonary 
arterial hypertension: the case for a bioelectronic treatment. Bioelectron Med. 
2019;5:20. https:/​/doi.or​g/10.11​86/s​42234-019-0036-9.

Nunan D, Sandercock GRH, Brodie DA. A quantitative systematic review of normal 
values for short-term heart rate variability in healthy adults. Pacing Clin 
Electrophysiol. 2010;33:1407–17.

Olsen LK, Moore RJ, Bechmann NA, Ethridge VT, Gargas NM, Cunningham SD, et 
al. Vagus nerve stimulation-induced cognitive enhancement: hippocampal 
neuroplasticity in healthy male rats. Brain Stimul. 2022;15:1101–10. ​h​t​t​​p​s​:​/​​/​d​o​​
i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​b​r​s​.​2​0​2​2​.​0​8​.​0​0​1​​​​​.​​​

Olshansky B, Sabbah HN, Hauptman PJ, Colucci WS. Parasympathetic nervous 
system and heart failure: pathophysiology and potential implications for 
therapy. Circulation. 2008;118:863–71. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​6​1​/​C​I​R​C​U​L​A​T​I​O​N​
A​H​A​.​1​0​7​.​7​6​0​4​0​5​​​​​.​​​

Ottaviani MM, Vallone F, Micera S, Recchia FA. Closed-loop vagus nerve stimulation 
for the treatment of cardiovascular diseases: state of the art and future direc-
tions. Front Cardiovasc Med. 2022;9:866957, 866957. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​
f​c​v​m​.​2​0​2​2​.​8​6​6​9​5​7​​​​​.​​​

Pavlov VA, Chavan SS, Tracey KJ. Molecular and functional neuroscience in immu-
nity. Annu Rev Immunol. 2018;36(1):783–812. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​4​6​/​a​n​n​u​r​e​
v​-​i​m​m​u​n​o​l​-​0​4​2​6​1​7​-​0​5​3​1​5​8​​​​​.​​​

Pellissier S, Dantzer C, Mondillon L, et al. Relationship between Vagal Tone, Cortisol, 
TNF-Alpha, epinephrine and negative affects in crohn’s disease and irritable 
bowel syndrome. PLoS ONE. 2014;9:e105328.

Petrofsky JS, McLellan K. Galvanic skin resistance—a marker for endothelial dam-
age in diabetes. Diabetes Technol Ther. 2009;11:461–7.

Pikkujämsä SM, Mäkikallio TH, Airaksinen KEJ, et al. Determinants and interindi-
vidual variation of R-R interval dynamics in healthy middle-aged subjects. Am 
J Physiol Heart Circ Physiol. 2001;280:H1400–6.

Pole N. The psychophysiology of posttraumatic stress disorder: A meta-analysis. 
Psychol Bull. 2007;133:725–46.

Porges SW. Cardiac vagal tone: A physiological index of stress. Neurosci Biobehav 
Rev. 1995;19:225–33.

Rajan J, Gaur GS, Shanmugavel K, et al. Relation between heart rate variability 
and spectral analysis of electroencephalogram in chronic neuropathic pain 
patients. Korean J Physiol Pharmacol. 2024;28:253–64.

Rho G, Callara AL, Bernardi G, Scilingo EP, Greco A. EEG cortical activity and con-
nectivity correlates of early sympathetic response during cold pressor test. 
Sci Rep. 2023;13:1338. https:/​/doi.or​g/10.10​38/s​41598-023-27480-z.

Rodenkirch C, Carmel JB, Wang Q. Rapid efects of vagus nerve stimulation on 
sensory processing through activation of neuromodulatory systems. Front 
Neurosci. 2022. https:/​/doi.or​g/10.33​89/f​nins.2022.922424.

Rong P, Liu J, Wang L, Liu R, Fang J, Zhao J, et al. Effect of transcutaneous auricular 
vagus nerve stimulation on major depressive disorder: a nonrandomized 
controlled pilot study. J Affect Disord. 2016;195:172–9. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​
6​/​j​.​j​a​d​.​2​0​1​6​.​0​2​.​0​3​1​​​​​.​​​

Rush AJ, George MS, Sackeim HA, Marangell LB, Husain MM, Giller C, et al. Vagus 
nerve stimulation (VNS) for treatment-resistant depressions: a multi-
center study∗∗See accompanying Editorial, in this issue. Biol Psychiatry. 
2000;47:276–86. https:/​/doi.or​g/10.10​16/s​0006-3223(99)00304-2.

Salahuddin L, Cho J, Jeong MG, Kim D. Ultra short term analysis of heart rate vari-
ability for monitoring mental stress in mobile settings. Annu Int Conf IEEE 
Eng Med Biol Soc. 2007;2007:4656–9. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​0​9​/​I​E​M​B​S​.​2​0​0​7​.​4​
3​5​3​3​7​8​​​​​.​​​

https://doi.org/10.1016/j.jjcc.2011.12.006
https://doi.org/10.3389/fphys.2023.1215757
https://doi.org/10.3389/fphys.2023.1215757
https://doi.org/10.1016/j.ebiom.2016.02.029
https://doi.org/10.1016/j.ebiom.2016.02.029
https://doi.org/10.1038/sc.2008.121
https://doi.org/10.1038/sc.2008.121
https://doi.org/10.1016/j.brs.2014.05.003
https://doi.org/10.1016/j.brs.2014.05.003
https://doi.org/10.1111/ner.12398
https://doi.org/10.1111/ner.12398
https://doi.org/10.4088/jcp.v67n0801
https://doi.org/10.3389/fnagi.2023.1331575
https://doi.org/10.3389/fnagi.2023.1331575
https://doi.org/10.1016/j.biopsych.2003.12.00415050863
https://doi.org/10.1016/j.biopsych.2003.12.00415050863
https://doi.org/10.1111/pace.13585
https://doi.org/10.1111/pace.13585
https://doi.org/10.1016/j.eplepsyres.2010.04.007
https://doi.org/10.1016/j.eplepsyres.2010.04.007
https://doi.org/10.1186/s42234-019-0036-9
https://doi.org/10.1016/j.brs.2022.08.001
https://doi.org/10.1016/j.brs.2022.08.001
https://doi.org/10.1161/CIRCULATIONAHA.107.760405
https://doi.org/10.1161/CIRCULATIONAHA.107.760405
https://doi.org/10.3389/fcvm.2022.866957
https://doi.org/10.3389/fcvm.2022.866957
https://doi.org/10.1146/annurev-immunol-042617-053158
https://doi.org/10.1146/annurev-immunol-042617-053158
https://doi.org/10.1038/s41598-023-27480-z
https://doi.org/10.3389/fnins.2022.922424
https://doi.org/10.1016/j.jad.2016.02.031
https://doi.org/10.1016/j.jad.2016.02.031
https://doi.org/10.1016/s0006-3223(99)00304-2
https://doi.org/10.1109/IEMBS.2007.4353378
https://doi.org/10.1109/IEMBS.2007.4353378


Page 20 of 20Debnath et al. Bioelectronic Medicine           (2026) 12:16 

Schneider M, Schwerdtfeger A. Autonomic dysfunction in posttraumatic stress 
disorder indexed by heart rate variability: a meta-analysis. Psychol Med. 
2020;50(12):1937–48. https:/​/doi.or​g/10.10​17/S​003329172000207X.

Schwartz RM, Shaam P, Williams MS, et al. Understanding mental health needs and 
gathering feedback on transcutaneous auricular Vagus Nerve Stimulation 
as a Potential PTSD Treatment among 9/11 Responders Living with PTSD 
Symptoms 20 Years later: a qualitative approach. Int J Environ Res Public 
Health. 2022;19:4847.

Serhiyenko VA, Serhiyenko AA. Cardiac autonomic neuropathy: Risk factors, 
diagnosis and treatment. World J Diabetes. 2018;9(1):1–24. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​
.​4​2​3​9​/​w​j​d​.​v​9​.​i​1​.​1​​​​​.​​​

Shaffer F, Ginsberg JP. An overview of heart rate variability metrics and norms. 
Front Public Health. 2017. https:/​/doi.or​g/10.33​89/f​pubh.2017.00258.

Sharma B, Jones KA, Lober RM, Hatcher-Solis CN. Left and right vagus nerve 
stimulation: historical perspectives, clinical efficacy, and future directions. 
Front Hum Neurosci. 2025;19:1609654. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​3​3​8​9​/​f​n​h​u​m​.​2​0​2​5​
.​1​6​0​9​6​5​4​​​​​.​​​

Shen MJ, Zipes DP. Role of the autonomic nervous system in modulating cardiac 
arrhythmias. Circ Res. 2014;114(6):1004–21. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​6​1​/​C​I​R​C​R​E​S​
A​H​A​.​1​1​3​.​3​0​2​5​4​9​​​​​.​​​

Sloan RP, McCreath H, Tracey KJ, et al. RR interval variability is inversely related to 
inflammatory markers: The CARDIA Study. Mol Med. 2007;13:178–84.

Souza R, Souza IC de, Andrade SMM do S, et al. Neuromodulation of heart rate vari-
ability: A systematic review. Autonomic Neuroscience 2026; 263: 103379.

Stavrakis S, Humphrey MB, Scherlag BJ, et al. Low-level transcutaneous electrical 
vagus nerve stimulation suppresses atrial fibrillation. J Am Coll Cardiol. 
2015;65:867–75.

Straube A, Ellrich J, Eren O, Blum B, Ruscheweyh R. Treatment of chronic migraine 
with transcutaneous stimulation of the auricular branch of the vagal nerve 
(auricular t-VNS): a randomized, monocentric clinical trial. J Headache Pain. 
2015;16:543.

Tarn J, Legg S, Mitchell S, Simon B, Ng WF. The effects of noninvasive vagus nerve 
stimulation on fatigue and immune responses in patients with primary 
sjögren’s syndrome. Neuromodulation. 2019;22(5):580–5.

Thayer JF. Vagal tone and the inflammatory reflex. CCJM. 2009;76:S23–6.
Thayer JF, Sternberg E. Beyond heart rate variability: vagal regulation of allostatic 

systems. Ann N Y Acad Sci. 2006;1088:361–72.
The Vagus Nerve Stimulation Study Group. A randomized controlled trial of 

chronic vagus nerve stimulation for treatment of medically intractable sei-
zures. Neurology. 1995;45:224–30. https:/​/doi.or​g/10.12​12/w​nl.45.2.224.

Thomas BL, Claassen N, Becker P, et al. Validity of commonly used heart rate vari-
ability markers of autonomic nervous system function. Neuropsychobiology. 
2019;78:14–26.

Thompson SL, O’Leary GH, Austelle CW, Gruber E, Kahn AT, Manett AJ, et al. A 
review of parameter settings for invasive and non-invasive vagus nerve 
stimulation (VNS) applied in neurological and psychiatric disorders. Front 
Neurosci. 2021;15:709436, 709436. https:/​/doi.or​g/10.33​89/f​nins.2021.709436.

Tripathi KK. Very low frequency oscillations in the power spectra of heart rate vari-
ability during dry supine immersion and exposure to non-hypoxic hypobaria. 
Physiol Meas. 2011;32:717–29.

Tu Y, Fang J, Cao J, Wang Z, Park J, Jorgenson K, et al. A distinct biomarker of 
continuous transcutaneous vagus nerve stimulation treatment in major 
depressive disorder. Brain Stimul. 2018;11:501–8. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​j​.​b​r​
s​.​2​0​1​8​.​0​1​.​0​0​6​​​​​.​​​

Tyler R, Cacace A, Stocking C, Tarver B, Engineer N, Martin J, et al. Vagus nerve 
stimulation paired with tones for the treatment of tinnitus: a prospec-
tive randomized double-blind controlled pilot study in humans. Sci Rep. 
2017;7:11960, 11960. https:/​/doi.or​g/10.10​38/s​41598-017-12178-w.

Verma N, Mudge JD, Kasole M, et al. Auricular vagus neuromodulation—a system-
atic review on quality of evidence and clinical effects. Front Neurosci. 2021. 
https:/​/doi.or​g/10.33​89/f​nins.2021.664740.

Verrotti A, Prezioso G, Scattoni R, Chiarelli F. Autonomic neuropathy in diabetes 
mellitus. Front Endocrinol. 2014;5. https:/​/doi.or​g/10.33​89/f​endo.2014.00205

Vinik AI, Erbas T, Casellini CM. Diabetic cardiac autonomic neuropathy, inflamma-
tion and cardiovascular disease. J Diabetes Investig. 2013;4(1):4–18. ​h​t​t​​p​s​:​/​​/​d​
o​​i​.​​o​r​g​/​1​0​.​1​1​1​1​/​j​d​i​.​1​2​0​4​2​​​​​.​​​

Vonck K, Boon P, D’Havé M, Vandekerckhove T, O’Connor S, De Reuck J. Long-term 
results of vagus nerve stimulation in refractory epilepsy. Seizure. 1999;8:328–
34. https:/​/doi.or​g/10.10​53/s​eiz.1999.0299.

Weber CS, Thayer JF, Rudat M, et al. Low vagal tone is associated with impaired 
post stress recovery of cardiovascular, endocrine, and immune markers. Eur J 
Appl Physiol. 2010;109:201–11.

Weimer LH. Autonomic testing: common techniques and clinical applications. 
Neurologist.2010;16(4):215–22. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​9​7​/​N​R​L​.​0​b​0​1​3​e​3​1​8​1​c​f​
8​6​a​b​​​​​.​​​

Werner GG, Ford BQ, Mauss IB, et al. High cardiac vagal control is related to better 
subjective and objective sleep quality. Biol Psychol. 2015;106:79–85.

Wittbrodt MT, Gurel NZ, Nye JA, Ladd S, Shandhi MM, Huang M, et al. Non-invasive 
vagal nerve stimulation decreases brain activity during trauma scripts. Brain 
Stimul. 2020;13(5):1333–48. https:/​/doi.or​g/10.10​16/j​.brs.2020.07.002.

Workewych AM, Arski ON, Mithani K, et al. Biomarkers of seizure response to vagus 
nerve stimulation: a scoping review. Epilepsia. 2020;61:2069–85.

Yakunina N, Kim SS, Nam EC. Optimization of transcutaneous vagus nerve stimula-
tion using functional MRI. Neuromodulation. 2017;20:290–300. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​
g​/​1​0​.​1​1​1​1​/​n​e​r​.​1​2​5​4​1​​​​​.​​​

Yamaguchi N, Yamakawa K, Rajendran PS, Takamiya T, Vaseghi M. Antiarrhythmic 
effects of vagal nerve stimulation after cardiac sympathetic denervation in 
the setting of chronic myocardial infarction. Heart Rhythm. 2018;15:1214–22. 
https:/​/doi.or​g/10.10​16/j​.hrthm.2018.03.012.

Yang X, Wei M, Jiao Y, et al. Site-specific stimulation imperative: Lessons from a 
failed auricular-cervical transcutaneous vagus nerve stimulation comparison 
using closely matched parameters. Brain Stimul. 2026;19:103022.

Yap JY et al., Critical review of transcutaneous vagus nerve stimulation: challenges 
for translation to clinical practice. Front Neurosci, 2020;14.

Ylikoski J, Markkanen M, Pirvola U, Lehtimäki JA, Ylikoski M, Jing Z, et al. Stress 
and tinnitus; transcutaneous auricular vagal nerve stimulation attenuates 
tinnitus-triggered stress reaction. Front Psychol. 2020;17(11):570196, 570196. 
https:/​/doi.or​g/10.33​89/f​psyg.2020.570196.

Yoshida K, Saku K, Kamada K, Abe K, Tanaka-Ishikawa M, Tohyama T, et al. Electrical 
vagal nerve stimulation ameliorates pulmonary vascular remodeling and 
improves survival in rats with severe pulmonary arterial hypertension. JACC 
Basic Transl Sci. 2018;3:657–71. https:/​/doi.or​g/10.10​16/j​.jacbts.2018.07.007.

Yoshimura N, White G, Weight FF, de Groat WC. Patch-clamp recordings from sub-
populations of autonomic and afferent neurons identified by axonal tracing 
techniques. J Auton Nerv Syst. 1994;49(1):85–92. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​0​1​6​/​0​1​6​
5​-​1​8​3​8​(​9​4​)​9​0​0​2​4​-​8​​​​​.​​​

Yuan H, Silberstein SD. Vagus nerve and vagus nerve stimulation, a comprehensive 
review: Part II. Headache. 2016;56:259–66. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​1​1​1​/​h​e​a​d​.​1​2​
6​5​0​​​​​.​​​

Zabara J. Inhibition of experimental seizures in canines by repetitive vagal stimula-
tion. Epilepsia. 1992;33:331005–12. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​​/​1​0​.​​1​1​1​​1​/​​j​.​1​5​2​8​-​1​1​5​7​.​1​9​9​2​
.​t​b​0​1​7​5​1​.​x​1​4​6​4​2​5​6​​​​​.​​​

Zanos TP, Silverman HA, Levy T, Tsaava T, Battinelli E, Lorraine PW, et al. Identifica-
tion of cytokine-specific sensory neural signals by decoding murine vagus 
nerve activity. Proc Natl Acad Sci. 2018;115(21):E4843–52. ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​g​/​1​0​.​1​
0​7​3​/​p​n​a​s​.​1​7​1​9​0​8​3​1​1​5​​​​​.​​​

Zanos TP. Recording and decoding of vagal neural signals related to changes 
in physiological parameters and biomarkers of disease. Cold Spring Harb 
Perspect Med. 2019. https:​​​//d​oi.​or​g/10​.11​01/cshpe​rspect.a034157.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1017/S003329172000207X
https://doi.org/10.4239/wjd.v9.i1.1
https://doi.org/10.4239/wjd.v9.i1.1
https://doi.org/10.3389/fpubh.2017.00258
https://doi.org/10.3389/fnhum.2025.1609654
https://doi.org/10.3389/fnhum.2025.1609654
https://doi.org/10.1161/CIRCRESAHA.113.302549
https://doi.org/10.1161/CIRCRESAHA.113.302549
https://doi.org/10.1212/wnl.45.2.224
https://doi.org/10.3389/fnins.2021.709436
https://doi.org/10.1016/j.brs.2018.01.006
https://doi.org/10.1016/j.brs.2018.01.006
https://doi.org/10.1038/s41598-017-12178-w
https://doi.org/10.3389/fnins.2021.664740
https://doi.org/10.3389/fendo.2014.00205
https://doi.org/10.1111/jdi.12042
https://doi.org/10.1111/jdi.12042
https://doi.org/10.1053/seiz.1999.0299
https://doi.org/10.1097/NRL.0b013e3181cf86ab
https://doi.org/10.1097/NRL.0b013e3181cf86ab
https://doi.org/10.1016/j.brs.2020.07.002
https://doi.org/10.1111/ner.12541
https://doi.org/10.1111/ner.12541
https://doi.org/10.1016/j.hrthm.2018.03.012
https://doi.org/10.3389/fpsyg.2020.570196
https://doi.org/10.1016/j.jacbts.2018.07.007
https://doi.org/10.1016/0165-1838(94)90024-8
https://doi.org/10.1016/0165-1838(94)90024-8
https://doi.org/10.1111/head.12650
https://doi.org/10.1111/head.12650
https://doi.org/10.1111/j.1528-1157.1992.tb01751.x1464256
https://doi.org/10.1111/j.1528-1157.1992.tb01751.x1464256
https://doi.org/10.1073/pnas.1719083115
https://doi.org/10.1073/pnas.1719083115
https://doi.org/10.1101/cshperspect.a034157

	﻿Autonomic and neural responses to varying transcutaneous cervical electrical stimulation parameters
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Human participants
	﻿Autonomic testing stimulation and sessions
	﻿Physiological recording
	﻿Stimulation
	﻿Signal processing

	﻿Results
	﻿Frequency analysis
	﻿Current intensity analysis
	﻿Laterality and electrode montage analysis
	﻿Re-personalizing stimulation frequency
	﻿Duration analysis

	﻿Discussion
	﻿Conclusion
	﻿References




