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Abstract

Numerous recent studies have demonstrated that transcutaneous vagus nerve
stimulation (tVNS), as a novel non-invasive neuromodulation technique, exerts
positive modulatory effects on individuals’ inhibitory control functions. Existing
research has found that the modulatory effects of tVNS on inhibitory control
may be achieved by regulating the activity of the locus coeruleus-norepinephrine
system (LC-NE) and the concentration of the neurotransmitter GABA. How-
ever, numerous questions regarding the neural mechanisms through which tVNS
modulates inhibitory control remain unclear. Future research, after further op-
timizing the stimulation parameters of tVNS, can conduct in-depth exploration
into the regulatory effects and mechanisms of tVNS on populations with im-
paired inhibitory control abilities, as well as how to achieve and enhance the
long-term positive effects of tVNS.
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Abstract

In recent years, numerous studies have demonstrated that transcutaneous vagus
nerve stimulation (tVNS), as a novel non-invasive neuromodulation technique,
exerts positive regulatory effects on individuals’ inhibitory control functions.

chinarxiv.org/items/chinaxiv-202203.00121 Machine Translation


https://chinarxiv.org/items/chinaxiv-202203.00121
https://chinarxiv.org/items/chinaxiv-202203.00121

ChinaRxiv [$X]

Existing research suggests that tVNS may modulate inhibitory control by regu-
lating activity in the locus coeruleus-norepinephrine system (LC-NE) and alter-
ing concentrations of the neurotransmitter GABA. However, many questions re-
garding the neural mechanisms through which tVNS regulates inhibitory control
remain unresolved. Future research should optimize tVNS stimulation parame-
ters and further investigate its regulatory effects and mechanisms in populations
with impaired inhibitory control abilities, as well as explore how to achieve and
enhance the long-term positive effects of tVNS.

Keywords: transcutaneous vagus nerve stimulation, inhibitory control, LC-NE
system, GABA, biomarkers

The vagus nerve, as the tenth cranial nerve and a crucial component of the
parasympathetic nervous system, primarily functions to transmit information
between the brain and various organs to maintain homeostasis (Butt et al.,
2020). Given its vital role in regulating physical and mental health, invasive
vagus nerve stimulation (iVNS) has been widely applied since the mid-1980s for
treating epilepsy, depression, primary headaches, and other conditions, demon-
strating favorable therapeutic outcomes (Aaronson et al., 2017; Henssen et al.,
2019; Toffa et al., 2020). However, because iVNS requires invasive surgical im-
plantation of stimulation devices, it entails high costs and often produces side
effects, limiting its large-scale application (Ellrich, 2019). Consequently, Ven-
tureyra proposed transcutaneous vagus nerve stimulation (tVNS) in 2000 as
a novel, safe, and non-invasive brain neuromodulation technique (Ventureyra,
2000). Its fundamental principle involves delivering intermittent pulsed electri-
cal stimulation to the auricular branch of the vagus nerve in the external ear,
allowing signals to be transmitted non-invasively to the brain via vagal path-
ways to induce changes in cortical activity and related neurochemical markers,
thereby achieving neuromodulatory effects (Badran et al., 2018; Borges et al.,
2020). Research has shown that tVNS activates the same neural pathways
as iIVNS (Assenza et al., 2017) while offering advantages of simpler operation,
greater cost-effectiveness, and enhanced safety (Redgrave et al., 2018). In recent
years, beyond its applications in regulating neurological, immune, and endocrine
systems for treating various physical and mental disorders, tVNS has also been
employed to modulate cognitive functions such as inhibitory control (Yap et al.,
2020).

Numerous studies have found that tVNS positively regulates individuals’ in-
hibitory functions (Beste et al., 2016; Fischer et al., 2018; Keute et al., 2020). In-
hibitory control, as a core component of executive functions, primarily serves to
suppress task-irrelevant endogenous and exogenous stimuli, enabling individuals
to make adaptive changes when facing complex and dynamic environmental chal-
lenges (Diamond, 2013). Neuroimaging evidence indicates that inhibitory con-
trol is associated with activation in the dorsolateral prefrontal cortex (DLPFC),
anterior cingulate cortex (ACC), posterior cingulate cortex (PCC), left ante-
rior insula, and locus coeruleus (LC) (Dores et al., 2017; Hung et al., 2018;
Tomassini et al., 2021). Laboratories typically employ Flanker, Stroop, Simon,
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Go/No-go, and Stop-signal tasks to investigate inhibitory control abilities and
mechanisms. The first three tasks require participants to suppress interference
from task-irrelevant information to successfully complete target tasks (cognitive
inhibition), while the latter two require response inhibition—participants must
withhold responses or suppress initiated response tendencies according to task
demands (Diamond, 2013). Notably, researchers have increasingly applied the
two-choice Oddball task to inhibitory control studies in recent years (Ventura-
Bort et al., 2018; Warren et al., 2020). Unlike traditional single-choice Oddball
tasks that require responses only to infrequent deviant stimuli, the two-choice
Oddball paradigm requires participants to make binary responses to both fre-
quent standard stimuli and infrequent deviant stimuli. Due to the different
probabilities of these stimuli, participants must suppress habitual response ten-
dencies toward dominant standard stimuli (Yuan et al., 2017). Consequently,
behavioral indices and event-related potential (ERP) N2 and P3 component
changes evoked by the two-choice Oddball paradigm can effectively reflect alter-
ations in individuals’ inhibitory control abilities (Wang & Dai, 2020; Zhao et
al., 2018).

Investigating tVNS regulation of inhibitory control not only enhances our com-
prehensive understanding of its underlying neural mechanisms but also posi-
tions tVNS as a promising intervention for restoring or enhancing inhibitory
function in populations with impaired or declining control abilities. There-
fore, this review first summarizes behavioral and physiological manifestations of
tVNS regulation of inhibitory control, elaborates on the associated neurochem-
ical mechanisms, identifies existing research limitations, and finally discusses
future research directions and approaches to address current shortcomings.

2. Behavioral and Physiological Manifestations of tVINS
Regulation of Inhibitory Control

Existing research has demonstrated that tVNS produces significant modulatory
effects on inhibitory control. Beste et al. (2016) found that compared to sham
tVNS, participants receiving verum stimulation showed lower false alarm rates
on high-difficulty No-go trials in a mental rotation Go/No-go task. Studies using
cued Go/No-go tasks have similarly found that tVNS improved task accuracy
across all experimental conditions compared to sham stimulation (Keute et al.,
2020). These findings indicate that tVNS enhances response inhibition capabil-
ities. Fischer et al. (2018) recorded physiological and behavioral data including
heart rate and blood pressure while participants performed a Simon task under
different tVNS conditions (verum vs. sham) and time phases (pre- vs. post-
stimulation). Although no significant differences in heart rate or blood pres-
sure were observed between verum and sham groups across time, participants
in the verum condition demonstrated better conflict adaptation performance,
suggesting that t VNS enhances the ability to suppress irrelevant information in-
terference and thereby facilitates conflict resolution. However, it is noteworthy
that one study employing Flanker and spatial Stroop tasks found no behavioral
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effects of tVNS on inhibitory control (Borges et al., 2020).

These inconsistent results may stem from two factors. First, previous research
has typically examined only one aspect of inhibitory control without systemati-
cally investigating different subtypes, yet inhibitory control comprises cognitive
inhibition and response inhibition (Diamond, 2013), and tVNS effects may dif-
fer across these subfunctions. Second, due to limited sensitivity of behavioral
measures, t VNS modulatory effects may be weakly expressed behaviorally. This
is supported by ERP studies using more sensitive measures that have precisely
captured tVNS effects on inhibitory control. For example, Pihlaja et al. (2020)
examined EEG changes in healthy participants during a Go/No-go task with
tVNS and found smaller N2 amplitudes on No-go trials in the verum stimula-
tion group compared to sham. Another study investigating tVNS effects on
inhibitory control using the Simon task similarly found reduced N2 amplitudes
in incongruent (conflict) trials with verum tVNS compared to sham (Fischer
et al., 2018). These ERP studies provide direct evidence that tVNS enhances
individuals’ inhibitory control abilities.

3. Neural and Biochemical Mechanisms of tVINS Regula-
tion of Inhibitory Control

Current theories propose two primary mechanisms through which tVNS regu-
lates inhibitory control: one suggests that tVNS modulates the locus coeruleus-
norepinephrine (LC-NE) system, whose activity directly regulates task perfor-
mance (Tomassini et al., 2021); the other posits that tVNS promotes release of
the neurotransmitter gamma-aminobutyric acid (GABA), whose concentration
changes importantly regulate inhibitory function (Beste et al., 2016).

3.1 LC-NE System-Mediated tVINS Regulation of Inhibitory Control

Neuroimaging studies have revealed that LC-NE system activity can regulate
functional connectivity among nodes in the prefrontal inhibitory control net-
work, thereby influencing inhibitory control abilities (O’ Callaghan et al., 2021;
Passamonti et al., 2018; Tomassini et al., 2021). Additionally, neuroimag-
ing research has demonstrated that tVNS activates the LC region (Sclocco
et al., 2020). Therefore, tVNS regulation of inhibitory control may occur
through activation of the LC (the primary source of NE), promoting NE re-
lease (George & Aston-Jones, 2010; Sellaro et al., 2015) and subsequently mod-
ulating inhibitory control (Beste et al., 2016; Fischer et al., 2018). Studies have
shown that compared to pre-treatment baseline, adult ADHD patients receiving
methylphenidate (which promotes NE release) exhibited significantly reduced
stop-signal reaction times (SSRT) in the Stop-signal task (Aron et al., 2003).
O’ Callaghan et al. (2021) found that treatment with atomoxetine (a drug that
restores NE levels) significantly reduced SSRT and improved behavioral perfor-
mance in Parkinson’ s patients with low LC integrity. Tomassini et al. (2021)
used magnetization transfer magnetic resonance imaging to demonstrate that
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LC integrity is closely associated with better inhibitory control performance in
older adults. These findings indicate that inhibitory control abilities are directly
regulated by LC-NE system activity. Furthermore, studies on iVNS regulation
of inhibitory control have found significant differences between iVNS and con-
trol groups in SSRT and Stop-P3 amplitudes (Schevernels et al., 2016), and
event-related potential P3 changes can serve as indirect indicators of LC-NE
system activity (Pineda et al., 1989; Warren et al., 2020), supporting the notion
that the LC-NE system plays an important role in inhibitory control processing.

Currently, two methods exist for evaluating tVNS regulation of LC-NE system
activity: direct measurement via implanted devices, which may cause pain or
injury, and indirect measurement through observation of biomarkers including
pupil size, salivary alpha-amylase, and event-related potential P300 (Burger et
al., 2020; Farmer et al., 2021).

3.1.1 Pupil Size Changes Initial animal studies established a link between
pupil size and LC-NE system activity (Rajkowski et al., 1994), subsequently
confirmed in humans by Murphy et al. (2014) who demonstrated that pupil di-
ameter changes correlate with LC activation. These findings indicate that pupil
size changes not only reflect differences in cognitive processing but also indi-
rectly mirror LC-NE system activity (Montefinese et al., 2018). Consequently,
pupil size changes can serve as an explicit, observable measure in t VNS research,
indirectly assessing tVNS effects on the LC-NE system. Capone et al. (2021) in-
vestigated t VNS effects on pupil size under different lighting conditions and stim-
ulation intensities, finding that stimulation at 2mA under 0.4Lux illumination
induced pupil dilation compared to baseline and control stimulation. Another
study similarly found that tVNS affected pupil size changes, demonstrating
pupil dilation at rest that peaked 4.25 seconds after stimulation onset (Sharon
et al., 2021). However, some studies have failed to find tVNS effects on pupil
size. Borges et al. (2021) examined tVNS cognitive effects using the Flanker
task with pupil size as an LC-NE system activity probe and found no effect of
tVNS on pupil changes. Similarly, a study investigating tVNS effects on pupil
size during facial emotion recognition eye-tracking tasks found no significant
differences in resting-state pupil size between verum and sham stimulation in
healthy university students (Zhu et al., 2021).

These discrepant results may relate to tVNS stimulation parameters. For in-
stance, Sharon et al. (2021) used short tVNS stimulation (3.4 seconds), whereas
other studies employed on/off cycles of 30s/30s or continuous stimulation. This
suggests that parameter settings may influence pupil size changes, with short-
duration transcutaneous vagus nerve stimulation potentially being more effec-
tive at inducing pupil dilation. Additionally, pupil size changes have been associ-
ated with multiple neuromodulatory systems (e.g., LC-NE, cholinergic systems)
(Larsen & Waters, 2018). Future research should conduct comparative studies
of different tVNS stimulation modes while employing more advanced techniques
to disentangle the independent role of the LC-NE system in pupil size changes.
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3.1.2 Salivary Alpha-Amylase Salivary alpha-amylase (sAA) is a digestive
enzyme secreted by salivary glands that reflects autonomic nervous system func-
tion changes (Nater & Rohleder, 2009). Previous research has validated sAA as
an indicator of NE level changes (Chatterton et al., 1996; Nielsen et al., 2013).
One study examining tVNS effects on response conflict in healthy university
students collected saliva samples before and after Simon task performance un-
der verum and sham conditions. Analysis revealed significantly increased sAA
concentrations compared to baseline in the tVNS condition, with no significant
changes observed in the sham group (Fischer et al., 2018). Similar results were
obtained in another study using a two-choice Oddball task to investigate tVINS
effects on the LC-NE system (Ventura-Bort et al., 2018).

These findings suggest that sSAA may be a reliable target indicator for assessing
LC-NE system activity through tracking its concentration changes. However,
limitations exist: observed tVNS effects on sAA concentration were based solely
on comparisons with baseline, without direct confirmation of tVNS effects com-
pared to sham stimulation. Therefore, conclusions should be interpreted cau-
tiously and require more rigorous investigation in future studies.

3.1.3 Event-Related Potential P300 The event-related potential P300
component, occurring approximately 300ms post-stimulus, comprises P3a
and P3b subcomponents, both closely related to inhibitory control functions
(Nguyen et al., 2016; Waller et al., 2021). Pharmacological studies have shown
that clonidine (a drug that modulates NE levels) affects P300 amplitudes
(Brown et al., 2016), indicating that LC-NE system activity can induce
corresponding changes in the P300 component. Based on these findings,
researchers have begun using P300 as an EEG indicator of tVNS regulation
of the LC-NE system. Ventura-Bort et al. (2018) employed a two-choice
visual Oddball task to investigate the tVNS-LC-NE relationship, using P300
as an evaluation metric for neurophysiological changes. Results showed that
although P3a amplitude differences between verum and sham conditions were
not significant, P3b amplitudes in the easy task condition (requiring no mental
rotation) were significantly increased in the tVNS group. Other studies have
also observed tVNS effects on P3b amplitudes. Warren et al. (2020) examined
P3b changes in healthy participants performing a two-choice visual Bayesian
Oddball task and found that tVNS enhanced P3b amplitudes. However,
Pihlaja et al. (2020) found no significant P3b amplitude differences between
verum and sham conditions in their ERP study using a Go/No-go task to
examine tVNS effects on cognitive control in healthy university students. These
inconsistencies may relate to tVNS parameter settings or differential effects
on distinct cognitive processing mechanisms. Researchers generally agree that
information processing involves both top-down and bottom-up mechanisms,
with P3a primarily related to bottom-up attentional processing and P3b
reflecting top-down memory processing (Bachiller et al., 2015; Polich, 2007).
Most studies support positive tVNS effects on the P3b component, suggesting
that tVNS may primarily influence proactive control processes in inhibitory

chinarxiv.org/items/chinaxiv-202203.00121 Machine Translation


https://chinarxiv.org/items/chinaxiv-202203.00121

ChinaRxiv [$X]

control. Future research should adopt a dual cognitive control framework
to evaluate tVNS effects on both proactive control (related to top-down
processing) and reactive control (related to bottom-up processing) to further
elucidate relationships among tVNS, inhibitory control, and P300 components.

In summary, although evidence suggests tVNS modulates the LC-NE system,
inconsistent findings exist. These discrepancies may arise from two sources: first,
the type and difficulty of inhibitory control tasks used, as different paradigms
assess different inhibitory subtypes and differentially affect the LC-NE system.
For example, Beste et al. (2016) found that tVNS did not affect backward inhibi-
tion but significantly influenced response inhibition under high working memory
load. Second, differences in tVNS devices and stimulation parameters—including
stimulation location, current intensity, frequency, pulse width, and duty cycle
—may importantly affect results (Farmer et al., 2021). Future research should
investigate effects of different tVNS stimulation modes on physiological, behav-
ioral, and electrophysiological activity to identify effective biochemical markers
of the tVNS-LC-NE relationship and provide robust support for understanding
tVNS mechanisms in regulating inhibitory control.

3.2 GABA-Mediated tVNS Regulation of Inhibitory Control

Research has shown that the vagal neural network is associated not only with
the LC-NE system but also with the neurotransmitter GABA, and both im-
portantly influence cortical excitability and neuroplasticity (Colzato & Beste,
2020; Ziemann et al., 2015). Studies using magnetic resonance spectroscopy
(MRS) have investigated GABAergic relationships with inhibitory control, find-
ing that older adults with lower GABA levels exhibited longer SSRT in the
Stop-signal task (Hermans et al., 2018). Murley et al. (2020) demonstrated that
individuals’ SSRT decreased as GABA levels in the inferior frontal gyrus in-
creased. These findings indicate that GABA, as an inhibitory neurotransmitter
that enhances cortical inhibitory control functions, directly affects inhibitory
performance. Di Lazzaro et al. (2004) found that six months of iVNS clinical
intervention in epilepsy patients not only reduced seizure frequency but also
modulated GABA-mediated neural inhibition, increasing short-interval intra-
cortical inhibition (SICI), an effective indicator for tracking GABA-A receptor
inhibitory circuit activity in motor cortex (Ziemann et al., 2015). Empirical
studies have also revealed potential or direct positive effects of tVNS on GABA.
Capone et al. (2015) used transcranial magnetic stimulation (TMS) to assess
tVNS effects on cortical excitability and found that tVNS induced inhibition
in the right motor cortex (stimulation was applied to the left inner tragus).
Specifically, participants exhibited higher SICI under tVNS compared to sham
stimulation. Additionally, research has shown that compared to sham tVNS,
verum stimulation significantly shortened reaction times during motor imagery
tasks (high-difficulty condition), indicating enhanced action planning ability. By
suppressing responses irrelevant to the target, tVNS facilitated target behavior
execution and action plan completion (Chen et al., 2021). Since GABA levels
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are associated with individuals’ ability to suppress irrelevant stimulus interfer-
ence (Sumner et al., 2010), tVNS may regulate inhibitory control by enhancing
GABAergic system function in the cerebral cortex.

In summary, although most studies support that tVNS positively regulates in-
hibitory control via modulation of the LC-NE system and neurotransmitter
GABA, the mechanisms are complex and several issues remain incompletely
understood, warranting further in-depth investigation.

4.1 Further Optimization of tVNS Parameter Settings

Although previous studies have preliminarily investigated mechanisms through
which tVNS regulates inhibitory control, inconsistent results and difficulties in
cross-study comparison have arisen from variations in experimental tasks, stim-
ulation modes, and participant populations. Future research should standardize
tVNS operational procedures and systematically investigate stimulation param-
eter settings.

First, stimulation location differs across studies, with some placing electrodes
on the left cymba conchae (Keute et al., 2020; Keute et al., 2019) and others on
the left inner tragus (Capone et al., 2015; Pihlaja et al., 2020). Neuroanatomical
research indicates that although both the cymba conchae and tragus are inner-
vated by the auricular branch of the vagus nerve (ABVN), the tragus receives
only 45% ABVN innervation whereas the cymba conchae receives 100% (Ellrich,
2019; Peuker & Filler, 2002). Furthermore, Yakunina et al. (2017) compared
brainstem activation across different tVNS locations and found that electrical
stimulation of the cymba conchae, but not the tragus, produced statistically
significant LC activation. These findings suggest that the cymba conchae may
be the more ideal stimulation target for transcutaneous vagus nerve stimulation.
Future research should further identify optimal stimulation sites to provide ef-
fective guidance for tVNS research and interventions.

Second, stimulation intensity varies considerably, with some studies employ-
ing low-intensity tVNS (e.g., 0.5mA) (Chen et al., 2021; Sellaro et al., 2015)
while others have safely used intensities up to 3mA or 8mA without adverse
effects (Capone et al., 2015; Keute et al., 2019), demonstrating that higher-
intensity tVNS can maintain good safety profiles. Moreover, intensity settings
differ not only numerically but also across participants. Some studies use fixed-
intensity modes where all participants receive identical stimulation (Chen et
al., 2021; Keute et al., 2019), whereas others employ flexible settings where
individual tolerance is assessed before formal experiments, and stimulation in-
tensity is selected based on each participant’ s tolerance under safety constraints
(Borges et al., 2020; Sharon et al., 2021). Because different inhibitory control
tasks may vary in their stimulation intensity requirements and sensitivity, in-
sufficient intensity that fails to reach response thresholds may produce ceiling
effects. Therefore, future research should investigate optimal stimulation inten-
sity settings across different participant populations and experimental tasks to
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ensure both safety and efficacy.

Third, regarding other parameter settings, most previous studies have employed
pulse widths of 0.2-1ms, frequencies of 20Hz or 25Hz, and duty cycles of 30s
on/30s off, though some have used alternative parameter configurations (Yap et
al., 2020). S. Li et al. (2020) used animal experiments to investigate antidepres-
sant effects of different tVINS frequencies and found that after 28 days of inter-
vention, 20Hz tVNS produced more pronounced improvements in depressive-like
behaviors compared to 5Hz and 100Hz stimulation. Another fMRI study exam-
ining effects of 2Hz, 10Hz, 25Hz, and 100Hz tVNS on brainstem activity in
healthy participants found that 100Hz tVNS induced more robust LC-NE activ-
ity (Sclocco et al., 2020). These results suggest that different tVNS parameter
settings may influence research outcomes, and future studies should conduct
comparative experiments to examine effects of different parameter configura-
tions.

In summary, future research should conduct comparative studies using different
parameter settings while ensuring participant safety. Researchers should also
provide detailed descriptions of study designs and procedures to standardize and
normalize reporting, facilitating cross-study comparisons and helping to identify
optimal tVNS stimulation protocols.

4.2 Investigating t VNS Effects on Inhibitory Control Across
Different Populations

Current research on tVNS effects on inhibitory control has primarily focused on
healthy populations, with relatively few studies examining populations with im-
paired or declining inhibitory control. Research has shown that major depressive
disorder (MDD) impairs inhibitory control function (Hoffmann et al., 2019), and
tVNS, as a non-invasive, non-pharmacological intervention, demonstrates good
efficacy for MDD (Kong et al., 2018). However, most assessments of its effects
have focused on emotional and somatic symptoms, with few studies addressing
cognitive symptom improvement. As tVNS has become a novel clinical interven-
tion for depression, supplementing traditional behavioral and pharmacological
treatments, it holds considerable potential for alleviating MDD cognitive symp-
toms. Therefore, investigating tVNS effects on restoring impaired inhibitory
function carries significant clinical importance.

Additionally, numerous studies have found that inhibitory control levels corre-
late with age, with task performance gradually declining as individuals age (T.
Li et al., 2020). However, no studies have directly examined tVNS effects on
inhibitory control function in older adults. Future research should therefore
investigate tVNS effects on inhibitory function across different populations.
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4.3 Attention to Long-Term Positive Effects of tVNS

As both a scientific research tool and a promising intervention technique, in-
vestigating the long-term positive effects of tVNS on inhibitory control holds
important clinical value for delaying cognitive aging, promoting cognitive devel-
opment, and intervening in neurological and psychiatric disorders. Although
research has shown that the LC-NE system and neurotransmitter GABA en-
hance neural activity (Lee et al., 2018), most existing studies have focused on
short-term tVNS effects, with few investigating long-term effects. We can hy-
pothesize that tVNS achieves its long-term effects by influencing LC-NE system
activity and GABA concentration (Colzato & Beste, 2020). Future research
should emphasize long-term positive effects of tVNS on inhibitory function and
investigate influencing factors and methods for maintaining or enhancing these
effects.

As a novel brain neuromodulation technique, tVNS positively influences indi-
viduals’ inhibitory control function. Although most studies support that tVNS
regulates inhibitory control via effects on LC-NE system activity and GABA
concentration, differences in stimulation parameters, experimental tasks, and
participant populations across studies have left many questions about tVNS
regulatory mechanisms incompletely resolved. Therefore, future research should
conduct comparative studies to optimize tVNS stimulation parameters, further
clarify tVNS regulatory effects and mechanisms on inhibitory control, and pro-
vide reliable theoretical foundations and data support for both basic research
and clinical applications of tVINS.
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