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ARTICLE INFO ABSTRACT

Keywords: Transcutaneous vagus nerve stimulation (tVNS) lowers depression and anxiety in clinical populations, but its

Anxiety preventive utility in alleviating subthreshold depression and anxiety symptoms or perceived stress in the general

SDtreSS ) population is uncertain. In this single-blinded randomized controlled trial 70 participants (28 men; Mage 49,33
epression

years, 18-75 age range) were allocated to four groups: early active or sham tVNS and late active or sham tVNS to
explore outcome changes between the preintervention and postintervention in active and sham groups, changes
after active and sham stimulation ended in the early groups, or outcomes during waiting time in the late groups.
Early intervention and sham groups received daily 4 h tVNS between Day 0 and 13, while late intervention and
sham groups received tVNS between day 14 and 28. Active tVNS was delivered via transcutaneous electrical
stimulation on the left tragus and sham tVNS was applied on the left earlobe. Affective symptoms and stress were
measured with questionnaires. Effects of active tVNS stimulation were superior to sham stimulation in early
phase groups, but not in late phase groups, for anxiety symptoms and perceived stress, with no superior effects of
tVNS against sham detected for depressive symptoms. Our study tentatively indicates that tVNS application could
be scaled-up to a population level to potentially mitigate stress vulnerability and higher anxiety, which are often
prevalent in older adults and increased in the ageing process.

Transcutaneous vagus nerve stimulation
Subthreshold symptoms

9 different specialists to perceive their depression treatment as helpful
(Harris et al., 2020). On the other hand, pharmacological treatment is

1. Introduction

Depression and anxiety are the most prevalent mental health disor-
ders that are a major contribution towards disability (Kyu et al., 2018),
reduced quality of life (Olatunji et al., 2007), as well as cardiovascular
outcomes and mortality (Silverman et al., 2019). Much progress has
been made in enhancing treatment by means of psychological and
pharmacological interventions of these disorders, but for some people
treatment still remains challenging. Cognitive behavioural therapy is
recommended as the first line of treatment for depression and anxiety,
but treatment effects are moderate at best, with less than half of patients
responding to a therapy in case of anxiety disorder (Hunot et al., 2007).
Moreover, analysis of WHO World Mental Health survey found that
people suffering from major depressive disorder (MDD) need to see up to

associated with less than optimal uptake for an initial course of anti-
depressant medication (Aznar-Lou et al., 2018), and those taking anti-
depressant medication often struggle with adherence that is reduced
markedly at 6 months (Ereshefsky et al., 2010). This is important as
longer duration of untreated mental health conditions/disorders has
negative implications for treatment outcomes (Bukh et al., 2013; Ghio
et al., 2014).

Given the substantial difficulties with treatment of mental ill health,
it is vital for those struggling with affective symptoms and society at
large to address avenues for prevention, alleviating sub-threshold
symptoms, thereby altering the trajectories of affective disorders and
disease progression over time. Meta-analytic evidence suggests that
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physical activity is moderately effective (effect sizes range from 0.10 to
0.81) in preventing depressive symptoms (but not depression onset) in
the general population, with benefits noted in all age groups (Hu et al.,
2020). Similarly, psychological interventions (e.g. resilience building
programs) delivered at schools, workplaces and online are also deemed
as effective preventive strategies (Hoare et al., 2021). However, given
the heterogeneity of affective disorders and of populations they affect, a
search for novel therapeutic interventions is warranted. In particular,
recent technological advances and growing knowledge of neural un-
derpinnings of affective disorders offer a possibility to focus on in-
terventions that are easily implementable, relatively inexpensive, and
thus potentially scalable.

One such a possibility is the therapeutic strategy targeting the vagal
pathway including vagus nerve stimulation (VNS). This is based on ev-
idence that diminished peripheral (cardiac) vagal modulation is present
in stress conditions, depressive symptoms or anxiety, and is also an in-
dicator of stress vulnerability and low capacity for parasympathetic
inhibition of autonomic arousal in emotion regulation (Thayer and
Sternberg, 2010). However, while conventional VNS has been approved
as treatment for drug-resistant depression in the US in 2005 (Cristancho
et al., 2011), it requires a surgical procedure, thus it can lead to com-
plications or side effects such as vocal cord dysfunction. Moreover, VNS
is only available to patients fulfilling strict eligibility criteria, and it is
associated with a considerable cost that may be prohibitive for many
(Yap et al., 2020).

Importantly, vagus nerve can also be stimulated transcutaneously
(tVNS) with stimulation applied to the ear, where the auricular branch
of the vagus nerve is located (Yap et al., 2020). The auricular branch of
the vagus nerve projects to the nucleus tractus solitarii (NTS) that is both
directly and indirectly connected to brain areas involved in affective
regulation, as well as stress responses including, among others, the locus
coeruleus, parabrachial nucleus, hypothalamus, thalamus, amygdala,
hippocampus, anterior cingulate cortex, anterior insula, and lateral
prefrontal cortex (Austelle et al., 2022; Kong et al., 2018; Yap et al.,
2020). The precise mechanisms via which tVNS reduces mood distur-
bances or the experience of stress are still uncertain, but increased vagal
activity boosts parasympathetic nervous system activity, which is
involved in emotion regulation (Stellar et al., 2015). Activity in frontal
brain circuits, essential for emotion regulation, responds to vagus
stimulation, and it is thought that mood may improve through modu-
lating brain activity, which is altered in those with depression
(Biermann et al., 2011). Furthermore, studies in animals and humans
suggest that stimulating the vagus nerve alters monoamine metabolism
subsequently increasing levels of neurotransmitters including serotonin,
dopamine, norepinephrine and GABA (Breit et al., 2018; Yap et al.,
2020).

To date, a number of studies addressed the effects of tVNS on
depression. Since the first study published by Hein et al. (2013, n=37),
who found that in patients with MDD, relative to a control group,
2-weeks of tVNS led to a reduction of depressive symptoms, two
meta-analytic reviews concluded that tVNS can ameliorate depressive
symptoms (Tan et al., 2023; Wu et al., 2018). There is also evidence that
tVNS leads to improvements among patients with milder depressive
symptoms suggesting therapeutic benefits of tVNS may extend beyond
those with diagnosed severe depression (Rong et al., 2016, n = 69).
However, while existing results are encouraging, caution is warranted
given methodological shortcomings of existing trials (Tan et al., 2023).

Studies on tVNS in depression showed secondary improvements in
anxiety. Fang et al. (2016, n = 49) found improvements in symptoms of
anxiety in the tVNS group, when compared to sham. More recently, Li
et al. (2022, n = 107) reported a reduction of anxiety symptoms in
depressed patients receiving tVNS, albeit these were evident as simple
time effects rather than as significant group-by-time interactions.
Beneficial effects of tVNS on symptoms of anxiety have also been re-
ported in n = 30 patients with Parkinson’s disease (Zhang et al., 2024).
There is also emerging evidence from non-clinical studies that tVNS may
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offer some promise in reducing symptoms of anxiety. A recent ran-
domized control trial in n = 42 university students with elevated anxious
symptoms demonstrated that 3 sessions of tVNS, applied over one week,
led to significant reductions in anxiety, in comparison with the sham
group (Ferreira at al., 2024). A 4-week course of tVNS led to a reduction
of anxiety, when compared to relaxation, in n = 42 older healthcare
workers during COVID-19 pandemic (Srinivasan et al., 2023), as well as
in n = 60 retired teachers (Srinivasan et al., 2024). Relatedly, a
lab-based study showed that acute tVNS, relative to sham stimulation,
was associated with less negative thought intrusion among n = 97
participants who were habitual worriers (Burger et al., 2019).

To date, virtually no research has been published showing tVNS ef-
fects on the experience of stress in a non-clinical population. However,
there is experimental evidence showing that tVNS, compared to sham,
may inhibit behavioral and inflammatory responses to a stress paradigm
in those with posttraumatic stress disorder (PTSD) (Bremner et al., 2020,
n = 30), or lower neurobiological stress response (indexed with pituitary
adenylate cyclase-activating peptide) in people with prior exposure to
psychological trauma (Gurel et al., 2020, n = 30).

2. The current study

Taken together, there is emerging evidence that in addition to
depressive symptoms tVNS may also reduce anxiety and modulate stress
responses, but very few studies tested the effects of tVNS on these psy-
chological measures in the general population. Therefore, given the
growing interest in non-invasive devices stimulating vagus nerve, and
the need to test novel techniques that could improve mental health
difficulties in community-dwelling adults, this study tested the hy-
pothesis that a two-week course of tVNS would lead to a reduction of
depressive and anxiety symptoms when compared with placebo stimu-
lation. We also hypothesized that two weeks of tVNS, relative to sham,
would be associated with lower perceived stress.

3. Method
3.1. Participants

Data for the present analyses come from a larger single-blinded
randomized control clinical trial (registered at https:// clinicaltrials.
gov; NCT04070547) designed to address the effect of a 2-week course of
tVNS on cognitive function, health-related variables (for more details
see Cibulcova et al., 2024; Jackowska et al., 2022), as well as psycho-
logical outcomes described here. n = 78 participants (n = 31 men) aged
18-75 years were recruited via advertisement from University of
Ostrava in Czech Republic and other places of work in the vicinity. The
study was advertised as a project exploring the role of the autonomic
nervous system in cognitive and emotional functioning, and whether
transcutaneous stimulation of part of the autonomic nervous system, i.
e., the vagus nerve, could modulate these functions. No therapeutic
intent was communicated to participants. The inclusion criteria
included: (1) self-declared healthy status, (2) age between 18 and 75
years, and (3) speaking Czech. Participants were excluded if they
endorsed any cardiovascular disease (e.g., arrhythmia, history of coro-
nary heart disease, history of stroke), severe mental illness (e.g., clinical
depression, schizophrenia, anxiety), severe neurological condition (e.g.,
epilepsy, significant migraine, brain tumors, traumatic brain injury),
severe inflammation, taking medication that may affect autonomic
pathways, brain surgery, and pregnancy (for more details visit https://
clinicaltrials.gov).

Given the complexity of our design, comprising four groups with two
different intervention periods (active vs. sham x early vs. late) and the
use of linear mixed-effects models, it was not feasible to conduct a
reliable sample size estimation. Thus, sample size was not determined
based on formal a priori power analysis, but in line with existing tVNS
research in non-clinical populations (e.g., Bretherton et al., 2019
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(n = 29); Burger et al., 2016 (n = 31); Jacobs et al., 2015 (n = 30); De
Smet et al., 2021 (n = 83). We aimed to enroll betweenn = 15 ton = 20
participants to each of the four study arms resulting in n = 78 partici-
pants that completed the study. The trial was approved by the Ethnical
Committee of University of Ostrava. All participants provided written
informed consent and were given 1000 CZK upon study completion.

3.2. Transcutaneous vagus nerve stimulation

A Parasym® PKO1 transcutaneous neurostimulation device was used
(Parasym Ltd., London, UK) with 2 electrodes on a clip. Both active and
sham stimulation lasted 14 days and was performed at home. All par-
ticipants were requested to use the device for 4 h (240 min) a day, and
the number of daily time segments was decided by participants. The left
tragus was targeted for active stimulation since it is innervated by the
auricular branch of the vagus nerve (Yakunina et al., 2017). Participants
in the sham group were instructed to wear the electrode clip on the left
earlobe, not innervated by the vagus nerve (Yakunina et al., 2017),
which has been proposed as a suitable location for sham stimulation
(Farmer et al., 2021). Participants were instructed to use the device with
constant stimulation (no on/off cycles), and set the intensity of stimu-
lation based on their individual sensory threshold of intensity, with a
pulse width of 250 ps at a frequency of 25 Hz. Before putting the device
on, participants were asked to spray a conductive liquid on the elec-
trodes. Importantly, reporting of settings of the tVNS device was set in
line with the recommendations of the recently established tVNS
consensus group (Farmer et al., 2021; Kamboj et al., 2023). (Refer to the
supplementary material for a table detailing stimulation parameters in
accordance with minimum reporting standards.) After completing the
active or sham stimulation period, all participants were required to
demonstrate to a member of a research team how they set the device
each day, and on which precise ear location the electrodes were applied.
This procedure indicated that one participant wore their device incor-
rectly, hence they were not invited to continue in the study. As briefly
outlined in the procedure section, over the 14-day period of the active
and sham stimulation, participants completed daily, online diaries as the
measure of adherence to the study protocol. In these diaries participants
entered information on a daily length of stimulation, and the number of
separate stimulation sessions. As an additional measure of adherence, at
the end of the stimulation (active or sham) period, participants provided
information on how many days of the trial they wore the tVNS device,
and over how many hours on average stimulation was applied on each
day. A cardboard box was used to collect this information, which
remained sealed until the end of the trial.

3.3. Randomization

A two-step randomization process was used and allocation of par-
ticipants into discrete study groups was undisclosed until their inclusion
in the study was confirmed. To determine group assignments, a simple
randomization, using a shuffled deck of cards, was employed. In the first
step randomization, participants were randomized into early or late
(waitlist) group (with a 1:1 allocation ratio). In the second step
randomization, using a 1:1 allocation ratio, participants in the early
group were randomized into tVNS (active/actual intervention) and a
control condition (sham tVNS), with stimulation initiating immediately
after baseline (day 0-13); two weeks later stimulation ended and par-
ticipants provided follow-up assessments (day 14-28). In the late
(waitlist) group, participants randomized into active and sham tVNS
groups (with a 1:1 allocation ratio), initiated stimulation two weeks
after baseline (day 14-28). Participants were unaware of their stimu-
lation group (active or sham). To achieve this, each tVNS stimulator had
hidden its name and identifying details, as to prevent participants from
searching information about the stimulator on the internet or elsewhere.
Double-blinding was not conducted because the laboratory staff, four
researchers with thorough knowledge of tVNS and prior stimulation
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protocols, were responsible for instructing participants on stimulator use
and providing written guidance. After the intervention, they verified
correct application by having participants demonstrate device place-
ment and settings. However, statistical analyses were performed inde-
pendently by two team members who were not, or only minimally,
involved in data collection.

3.4. Measures

3.4.1. Background information

Sex, age, education and employment status were collected among
sociodemographic data (see Table 1). Information on prescribed medi-
cation use (including antihypertensives, antidepressants, anxiolytics)
was assessed. Self-reported height and objectively measured weight
were used to calculate body mass index (BMI, kg/m?).

3.4.2. Depressive symptoms, anxiety symptoms and perceived stress
measures

All scales were answered with reference to the presence of symptoms
in the last two weeks. For the purpose of our trial a double back trans-
lation of all scales into Czech language was performed.

3.4.2.1. Depressive symptoms. The Center for Epidemiologic Studies
Depression Scale (CES-D) (Radloff, 1977) was used to assess depressive
symptoms. A shortened, 10-item scale that has been reported as valid

Table 1

Baseline characteristics of participants in the four experimental conditions.
Early group Late group
Active Sham tVNS  Active Sham tVNS
tVNS (n=17) tVNS (n =15)
(n =15) Means (n = 23) Means
Means (95 % C.L./ Means (95 % C.I./
(95 % C.I./ frequency (95 % C.L./ frequency
frequency (%) frequency (%)
(%) (%)

Age 48.4 52.8 51.6 44.5

(37.7-59.1) (43.4-62.1) (44.9-58.2) (33.4-55.5)

Sex (men) 8(53.3) 7 (41.2) 8(34.8) 5(33.3)

High educational 6 (40) 11 (64.7) 14 (60.9) 9 (60.0)
level (university
degree)

Employment 3(20) 2 (16.7) 2 (10.5) 4 (30.8)
status 7 (46.7) 8 (66.7) 16 (84.2) 7 (53.9)
Student 5(33.3) 2(16.7) 1(5.3) 2(15.4)
Employed
Unemployed,
retied, self-
employed

Body Mass Index 25.0 26.7 26.0 26.0

(22.3-27.6) (24.4-29.0) (24.2-27.9) (23.6-28.5)

Prescribed 5(33.3) 7 (41.2) 10 (43.5) 4(26.7)
medication use

Antihypertensives 1(6.7) 5(29.4) 5(21.7) 1(6.7)

Diabetes 1(6.7) 1(5.9 1449 0 (0.0)
medication

Depressive 3.9 4.2 6.2 8.4
symptoms, (1.6-6.2) (2.2-6.1) (4.3-8.1) (5.2-11.6)
CESD-10 (0—7)" (0—6)" (2—-6) 0-7) a1-7)

Depressive 1(6.7) 2(11.8) 5(22.7) 5 (38.5)
symptoms > 10

Anxiety 3.5 1.9 3.5 4.4
symptoms, GAD- (1.8-5.3) (0.7-3.0) (2.1-5.0) (1.2-7.5)
7 (0—8)" (0-5) (0-3) 0-7) (0-8)

Anxiety symptoms 1(6.7) 0(0.0) 1(4.6) 3(23.1)
>10

Perceived stress, 12.2 7.9 11.6 13.3
PSS-10 (2—29)° (8.4-16.0) (5.7-10.1) (8.9-14.3) (8.2-18.3)

(7—28) (3-18) (4-24) (2-29)

# Continuously distributed data including ranges;
b range of scores.
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and reliable in previous research, was selected (Andresen et al., 1994).
The 10-item CES-D (CESD-10) asks participants about their mood and
somatic symptoms that are rated on a 4-point rating scale ranging from
0 to 3. Items were summed with higher scores indicating greater
depressive symptoms. A cut-off point of > 10 was used as a marker of
elevated depressive symptoms in line with prior research (Fu et al.,
2022). At baseline the Cronbach alpha was 0.79.

3.4.2.2. Anxiety symptoms. Anxiety symptoms were indexed with the
brief measure of generalized anxiety disorder (GAD-7) (Spitzer et al.,
2006). In this questionnaire, items are rated on a 4-point rating scale
ranging from O to 3 with higher (summed) scores being indicative of
greater symptoms of anxiety. The cut-off point of > 10 was used as a
marker of elevated anxiety symptoms in line with prior research (Spitzer

Enrollment
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et al., 2006). At baseline the Cronbach alpha was 0.85.

3.4.2.3. Perceived stress. Perceived stress was measured with the 10-
item perceived stress scale (PSS-10) (Cohen & Williamson,1988),
asking participants to what extent they feel events in their life are
overloading, uncontrollable or unpredictable. Items are scored on a
5-point rating scale anchored from O to 4 with higher (calculated as a
sum) scores indicating greater perceived stress. At baseline the Cron-
bach alpha was 0.86.

3.5. Assessment protocol

In total, based on a combination of ethical, practical, and method-
ological considerations, participants in the four groups detailed above

Assessed for eligibility (n=78)

A 4

Randomized (n=78)

}

A 4

Allocated to EARLY phase (n=38)

v

A 4

Allocated to LATE phase (n=40)

At the end of Visit 1

Visit 1

b I

Allocated to ACTIVE
tVNS group (n=20)

Time 0
CES-D, GAD-7, PSS

Allocated to SHAM
tVNS group (n=18)

2 weeks of daily tVNS for 4 hours/day
(active/tragus or sham/earlobe)

a frequency of 25 Hz, a pulse width of
250 ps and an intensity based on an
individual sensitivity level

2 weeks of no intervention

At the end of Visit 2

Visit 2

Time 1
CES-D, GAD-7, PSS v A 4
Allocated to ACTIVE Allocated to SHAM
tVNS group (n=24) tVNS group (n=16)

2 weeks of daily tVNS for 4 hours/day
(active/tragus or sham/earlobe)

a frequency of 25 Hz, a pulse width of
250 ps and an intensity based on an
individual sensitivity level

2 weeks of no intervention

Visit 3
Time 2

CES-D, GAD-7, PSS

P

Analysed (n=32)

Excluded from analysis (n=6; ACTIVE tVNS n=5,
highly stressful event and missing data in pre- and
post- measurements, SHAM tVNS: n=1, unusual
lifestyle)

Analysed (n=38)

Excluded from analysis (n=2; ACTIVE tVNS and
SHAM tVNS, missing data in pre- and post-
measurements)

Fig. 1. Consort Flow diagram depicting the study’s design.
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remained in the study for four weeks. The intervention period lasted two
weeks and was chosen based on relevant tVNS literature (e.g., Hein
et al., 2013; Trevizol et al., 2016; Wu et al., 2018), and intended to
balance expected efficacy with participant burden and safety in a
non-clinical sample. Participants were randomized into early and late
groups to take advantage of within- and between-subject design, and to
test both between-subject and within-subject effects on outcomes of
interest, and within-individual changes in outcomes either as a result of
stimulation per se, no-stimulation follow-up for early (tVNS and sham)
groups, or waiting time before the stimulation period in late (tVNS and
sham) groups. Specifically, in addition to our hypotheses testing the
superiority of active tVNS against sham stimulation, this design allowed
us to explore potential carry over effects after active and sham stimu-
lation ended between day 14 and 28 in the early tVNS and early sham
groups, and to evaluate whether any changes occurred during the
waiting period without stimulation (days 0-13) in the late tVNS and late
sham groups. This created a unique waitlist-like control and included a
follow-up phase, both designed to enhance the internal validity of the
study while keeping the procedure practical and acceptable for partici-
pants. The trial is reported in accordance with the Consolidated Stan-
dards of Reporting Trials (i.e., CONSORT 2010 Statement by Moher
et al., 2010) (see Fig. 1).

3.6. Procedure

Following screening, prior to the first laboratory visit, participants
were randomly assigned by the study’s principal investigator to either
the early group (n = 38) or the late group (n = 40). During screening
sociodemographic data and information on health and medication were
obtained. At the initial laboratory visit, after providing written consent,
recordings of blood pressure, heart rate variability (HRV) (not described
here), height and weight were taken, as well as cognitive testing was
performed (not described here). Next, participants were randomized
into active (actual) tVNS or sham (placebo) tVNS conditions (at the end
of pre-intervention lab visit). Participants were instructed on the use of
the tVNS device, and provided with a written manual. All participants
filled in a daily online questionnaire including questions on duration
and intensity of stimulation, number of tVNS sessions per day, or reports
of pain. Participants were also requested to provide anonymous infor-
mation on adherence after the trial’s end (see section on randomization).
Psychological measures were collected via online questionnaires (e.g.,
measures of affect symptoms) filled in on the same day of the initial
research lab visit (day 0), repeated on day 14 (postintervention assess-
ment for active/sham early groups, baseline for active/sham stimulation
in late groups), and on day 28 (follow-up assessment for early groups,
postintervention for late groups). See Fig. 1 for Consort Flow diagram
depicting the study’s design.

3.7. Statistical analysis

In total n = 78 participants were enrolled into our study, but n = 2
were excluded: one because of a stressful event and another with an
unusual lifestyle. Additionally, we had to exclude participants who did
not provide data on depressive symptoms, symptoms of anxiety,
perceived stress pre- and poststimulation (n = 6). Of the n = 70 sub-
jected to statistical analyses (early groups: active tVNS (n = 15), sham
tVNS (n = 17); late groups: active tVNS (n = 23), sham tVNS (n = 15),
n = 66 had complete data on all three outcomes of interest. Participants’
characteristics are provided in Table 1.

Our hypotheses were tested with contrasts based on mixed linear
regression models that were carried out to explore the main effect of
time (TO (day 0), T1 (day 13), T2 (day 28), within each group (early,
late) and condition (active tVNS, sham tVNS); this was tested by a three-
way interaction term and contrasts were derived. (TO and T1 and T1 and
T2 were 14 days apart). All analyses were adjusted for age, sex and
prescribed medication use. Mixed linear models were used since they

Biological Psychology 202 (2025) 109169

consider all available data from the entire (or pre-specified) study
duration, taking into consideration the notion that repeated measures of
the same participant are dependent. In our statistical approach, the
intercept was fitted as a random effect based on participant IDs, allowing
the model to account for individual differences in baseline levels of
depressive symptoms, anxiety, or stress. The focus of the model is on
within-person change between the three timepoints, and on whether
these changes differ mainly between active tVNS and sham tVNS.

The basic models included the following terms: CESD-10, GAD-7, or
PSS-10 as outcome, time (T0,T1 and T2), group (active tVNS and sham
tVNS), phase (early and late), sex, age, prescribed medication, and a
two-way interaction term between Time x Group, Time x Phase and
Group x Phase; as well as a three-way interaction term between Time x
Group x Phase. In the first step of our analyses, contrasts were derived a
priori from the respective model, investigating significant changes be-
tween adjacent time points (TO vs. T1, T1 vs. T2) for each interaction of
group and condition. In statistical models such as the one fitted in our
analysis, performing contrasts is recommended to test a priori expecta-
tions. Indeed, planned comparisons between specific conditions
(groups) or clusters of conditions have been suggested to be used as
contrasts in the literature (Hays, 1973; Schad et al., 2020).

Hypotheses were tested with two priori pre-specified primary supe-
riority contrasts defined as linear combinations of within-group time
contrasts for early phase (TO vs. T1) and late phase (T1 vs. T2) (each
phase tested separately). To control for multiple comparisons in the six
main tests (two main contrasts by three outcomes), p-values were
adjusted using Holm step-down correction. These contrasts are the
between-subjects test of the hypotheses. We recognize that testing early
and late phases separately may reduce statistical power due to smaller
sample sizes. Therefore, as additional analyses, we also calculated two
combined contrasts for each outcome; first contrast across both phases
(i.e. early and late) to increase precision and strengthen inference, and
second combined contrast testing the change from TO to T1 vs. the
change from T1 to T2 within the active/late group, to the change from
TO to T1 vs. the change from T1 to T2 within the sham/late group.
Additionally, we calculated exploratory contrasts within each superi-
ority contrast of the main analyses presenting simple within-group time
comparisons between TO and T1 in early tVNS and early sham tVNS
groups, and between T1 and T2 in late tVNS and late sham tVNS groups.
For transparency these results are presented with nominal p-values, and
are not used to draw primary conclusions. Hedges g (preferred when
sample sizes are smaller) were calculated as measures of effect size
(Hedges, 1981).

In order to graphically visualize differences between pre- and post-
intervention values, we calculated changes in depression and anxiety
symptoms and perceived stress scores from TO to T1 for early phases,
and from T1 to T2 for late phases (for the early phase this meant sub-
tracting T1 from baseline/TO values and for the late phase it meant
subtracting T2 from T1 values). Linear regression and relevant contrasts,
controlled for age, sex and prescribed medication, tested the difference
in the calculated changes in outcome of interest between active and
sham in early and late phases. The model, which is used to visualize the
differences in change over the 2 weeks of intervention between active
and sham groups in each phase, included the following terms: pre- and
postintervention change in depression and anxiety symptoms and
perceived stress as outcome, group (active tVNS and sham tVNS), phase
(early and late), sex, age, prescribed medication and a two-way inter-
action term between Group x Phase. These data are shown in Fig. 5.

Sensitivity analyses were performed to test the robustness of our
findings and minimize the possibility of regression to the mean; analyses
we repeated controlling for three variables: baseline values, Baseline x
Change between TO and T1, and Baseline x Change between T1 and T2.
For these models we have deleted the random intercept.

All analyses were conducted using STATA 15.1. Results are presented
as Contrasts (C), 95 % Confidence Intervals (CI) and p-values (nominal
and corrected with Holm step-down correction, as appropriate).
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4. Results
4.1. Background characteristics

Table 1 indicates that at baseline participants did not differ across
the study variables except that depressive symptoms were higher in the
late active and late sham tVNS groups. However, there were no signif-
icant differences in depressive symptoms at baseline (T0) between early
tVNS and early sham tVNS groups (p = .86), which served as a pre-
intervention measurement, and also there were no significant differ-
ences between late tVNS and late sham tVNS groups (p =.08) at T1,
which served as a pre-intervention timepoint for late groups in our
study. In the tVNS groups, the length of average daily use of the device
was 3.8 h, and it was 3.9 h in the sham groups. Data from daily diaries
used to gather additional information on adherence confirmed that in
the active and sham groups daily use of the device was over 90 %.
Participants did not report adverse side effects except light pain local-
ized at the site of electrode contact due to wearing the simulator.

4.2. Hypotheses testing: superiority of active against sham tVNS

Analysis concerning depressive symptoms showed no superiority of
tVNS against sham in the early stimulation phase (C = 0.83, p = .44,
Hedgesg = 0.26), and the late stimulation phase (C = 2.14, p = .10,
Hedgesg = 0.67) (see Table 2). For symptoms of anxiety, tVNS was su-
perior to sham in the early stimulation phase (C = —1.67, p =.03,
Hedgesg = —0.85), but not in the late stimulation phase (C = 0.63,
p = .42, Hedgesg = 0.24) (see Table 3). For perceived stress, tVNS was
superior to sham in the early stimulation phase (C = —3.24, p = .02,
Hedgesg = —0.89), but not in the late stimulation phase (C = 2.45,
p = .12, Hedgesg = 0.49) (see Table 4). See also Figs. 2-4 that show the
means for each outcome at each timepoint for each group.

4.3. Additional analyses: combined contrasts Main 1 and Main 2

Overall combined effect of Main 1 and Main 2 contrasts were not
significant for depressive and anxiety symptoms or perceived stress
(shown as Combined 1 results in Tables 2-4, respectively). Likewise, the
combined contrast for late phase groups (shown as Combined 2 results in
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Tables 2-4, respectively) testing the change from TO to T1 vs. the change
from T1 to T2 within the active/late group, to the change from TO to T1
vs. the change from T1 to T2 within the sham/late group, was not sig-
nificant for any of the three outcome measures.

4.4. Additional analyses: simple within-group time comparisons

Tables 2-4 additionally show simple effects of the prespecified
contrasts of interest. Simple effects were observed mainly for active
tVNS (as shown for depressive and anxiety symptoms, and for perceived
stress), but also for sham tVNS time comparisons of interest. There was
also tentative evidence that the effect remained stable in the followed-up
period from T1 to T2 for perceived stress (C= —1.48, 95 % CI = —2.87 to
—0.09) (data not shown in table but see Fig. 4, solid blue line).

4.5. Visualization of differences in calculated change from pre- to
postintervention session between active and sham tVNS

Fig. 5 demonstrates the differences between active and sham tVNS
groups in either the early or the late phase of calculated changes be-
tween pre- and postintervention periods. Fig. 5A shows that there is no
difference in change in depressive symptoms from pre- to post-
intervention period between active tVNS and sham tVNS in both early
and late phases (early: p = .22 and late: p = .24). Fig. 5B demonstrates
that anxiety symptoms from pre- to postintervention period differed
between active and sham in the early but not the late phase (early:
p = .02 and late: p = .56). Fig. 5C shows that the change in perceived
stress from pre- to postintervention period is much greater in the early
active tVNS group than in the early sham tVNS group (early: p = .01),
while in the late phase there is no difference (p = .09).

4.6. Sensitivity analyses

Our main results were confirmed in the sensitivity analyses where we
controlled for baseline levels, interaction between baseline and change
between TO and T1, and interaction between baseline and change be-
tween T1 and T2. In particular, following Holm step-down correction,
the superiority of tVNS over sham tVNS remained significant for anxiety
symptoms (C = —1.67, p=.01) and perceived stress (C = —3.64,

Table 2
Main and exploratory contrasts for depressive symptoms (CESD-10).
Contrast Description Contrast 95%CI  P-value Adjusted P- Hedges
(Nominal) value (Holm) effect size
Hypotheses testing: superiority of active against sham tVNS
Main 1: Superiority of active against Difference of change from TO vs. T1" between active tVNS 0.83 -1.28 to .44 44 0.26
sham tVNS in early groups early and sham tVNS early 2.93
Main 2: Superiority of active against Difference of change from T1 vs. T2" between active tVNS 2.14 0.08 to .04 .10 0.67
sham tVNS in late groups late and sham tVNS late 4.21
Additional contrast analyses
Combined 1: Superiority of active Overall combined difference of change from TO vs. T1 1.20 -2.09 to .47 - 0.17
against sham tVNS in early and late between active tVNS early and sham tVNS early and 4.49
groups combined difference of change from T1 vs. T2 between active tVNS late
and sham tVNS late
Combined 2: Waiting period against Combined difference of change from TO vs. T1 and change -2.88 -7.67 to 24 - -0.28
stimulation period - superiority of from T1 vs. T2 between active tVNS late and sham tVNS late 1.92
active against sham tVNS in late
groups
Simple 1 TO vs. T1 active tVNS early 0.53 -0.70 to .40 - 0.83
1.77
Simple 2 TO vs. T1 sham tVNS early -0.29 -2.00 to 74 - -0.33
1.41
Simple 3 T1 vs. T2 active tVNS late -1.57 -2.55 to .002° - -3.14
-0.58
Simple 4 T1 vs. T2 sham tVNS late -3.67 -5.49 to <.001 - -3.95
-1.85

@ TO vs. T1 = change between day 0 vs. day 13;
b T1 vs. T2 = change between day 14 vs. day 28;
¢ For easier interpretation significant effects are marked in bold.
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Table 3
Main and exploratory contrasts for anxiety symptoms (GAD-7).
Contrast Description Contrast 95%CI  P-value Adjusted P- Hedges g
(Nominal) value (Holm) effect size
Hypotheses testing: superiority of active against sham tVNS
Main 1: Superiority of active against Difference of change from TO vs. T1" between active tVNS -1.67 -2.99 to .01 .03° -0.85
sham tVNS in early groups early and sham tVNS early -0.34
Main 2: Superiority of active against Difference of change from T1 vs. T2" between active tVNS 0.63 -0.10 to .45 42 0.24
sham tVNS in late groups late and sham tVNS late 2.25
Additional contrast analyses
Combined 1: Superiority of active Overall combined difference of change from TO vs. T1 2.31 -0.30 to .08 - 0.41
against sham tVNS in early and late between active tVNS early and sham tVNS early and 4.94
groups combined difference of change from T1 vs. T2 between active tVNS late
and sham tVNS late
Combined 2: Waiting period against Combined difference of change from TO vs. T1 and change 1.19 -2.28 to .50 - 0.16
stimulation period - superiority of from T1 vs. T2 between active tVNS late and sham tVNS late 4.65
active against sham tVNS in late
groups
Simple 1 TO vs. T1 active tVNS early -1.67 -2.63 to .001 - -3.37
-0.71
Simple 2 TO vs. T1 sham tVNS early 1.11 -0.91 to 1.00 - 2.33
0.91
Simple 3 T1 vs. T2 active tVNS late -1.13 -1.84 to .002 - -3.10
-0.42
Simple 4 T1 vs. T2 sham tVNS late -1.8 -3.26 to .02 - -2.41
-0.34
@ TO vs. T1 = change between day 0 vs. day 13;
b T1 vs. T2 = change between day 14 vs. day 28;
¢ For easier interpretation significant effects are marked in bold.
Table 4
Main and exploratory contrasts for perceived stress (PSS-10).
Contrast Description Contrast 95%CI  P-value Adjusted P- Hedges
(Nominal) value (Holm) effect size
Hypotheses testing: superiority of active against sham tVNS
Main 1: Superiority of active against Difference of change from TO vs. T1" between active tVNS -3.24 -571to .01 .02¢ -0.89
sham tVNS in early groups early and sham tVNS early -0.77
Main 2: Superiority of active against Difference of change from T1 vs. T2” between active tVNS 2.45 -0.64 to 12 12 0.49
sham tVNS in late groups late and sham tVNS late 5.55
Additional contrast analyses
Combined 1: Superiority of active Overall combined difference of change from TO vs. T1 2.78 -1.64 to .22 - 0.29
against sham tVNS in early and late between active tVNS early and sham tVNS early and 7.20
groups combined difference of change from T1 vs. T2 between active tVNS late
and sham tVNS late
Combined 2: Waiting period against Combined difference of change from TO vs. T1 and change -1.52 -2.28 to .44 - -0.18
stimulation period - superiority of from T1 vs. T2 between active tVNS late and sham tVNS late 4.65
active against sham tVNS in late
groups
Simple 1 TO vs. T1 active tVNS early -2.07 -3.67 to .01 - -2.50
-0.46
Simple 2 TO vs. T1 sham tVNS early 1.18 -0.70 to 22 - 1.22
3.05
Simple 3 T1 vs. T2 active tVNS late -1.52 -3.01 to .04 - -1.98
-0.04
Simple 4 T1 vs. T2 sham tVNS late -3.93 -6.63 to .004 - -2.84
-1.24

2 TO vs. T1 = change between day O vs. day 13;
b T1 vs. T2 = change between day 14 vs. day 28;
¢ For easier interpretation significant effects are marked in bold.

p = .004) in early phase groups, with no effects seen for late groups
(anxiety symptoms C = 1.03, p = .54, perceived stress symptoms C =
2.67, p=.38). There was no indication of superiority effects for
depressive symptoms either in early (C = 0.96, p = .54) or late groups (C
= 2.16, p=.13). The combined contrasts remained non-significant
(data not shown) with the exception of anxiety symptoms, which
became significant (p = .045) for the superiority of active against sham
tVNS in early and late groups combined contrast. Overall, these findings
indicate that our results are not due to regression to the mean.

5. Discussion

The study tested if a two-week course of tVNS would lead to a
reduction of affective symptoms (depression and anxiety) and stress,
when compared with sham stimulation. Analyses showed that the effects
of active tVNS stimulation were superior to sham stimulation in early
phase groups, but not in late phase groups, for anxiety symptoms and
perceived stress, with a large effect size. No superior effects of tVNS
against sham was detected for depressive symptoms. These results were
also confirmed in sensitivity analyses controlling for regression to the
mean, where for anxiety symptoms the combined overall effect of early
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Fig. 2. Change in depressive symptoms scores (CESD-10) in 4 intervention
groups over the course of the study. Predicted change in depressive symptoms
scores (CESD-10) with 95 % confidence intervals in n = 70 men and women
aged 18-75 years who underwent 14 days of daily active tVNS (solid blue and
red lines) or daily sham tVNS (dashed blue and red lines). Estimates for each
timepoint for each group were predictions from mixed model including
depressive symptoms, time, group, phase, age, gender, prescribed medication
and the following interaction terms: Time x Group; Time x Phase; Group x
Phase; Time x Group x Phase.
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Fig. 3. Change in anxiety symptoms scores (GAD-7) in 4 intervention groups
over the course of the study. Predicted change in anxiety symptoms scores
(GAD-7) with 95 % confidence intervals in n = 70 men and women aged 18-75
years who underwent 14 days of daily active tVNS (solid blue and red lines) or
daily sham tVNS (dashed blue and red lines). Estimates for each timepoint for
each group were predictions from mixed model including global sleep scores,
time, group, phase, age, gender, prescribed medication, and the following
interaction terms: Time x Group; Time x Phase; Group x Phase; Time x Group
x Phase.

and late active tVNS versus sham was found superior, rather than only in
the early group in the main analysis. Our subsequent explanatory simple
within-group time comparisons tests showed that depressive symptoms,
anxiety symptoms and perceived stress were mainly reduced following
tVNS, but improvements were also seen in placebo groups. These ana-
lyses also provided a tentative support that the effects of active tVNS on
perceived stress in the early group persisted over the follow-up period.
Overall, our research hypotheses were partially supported by the data,
and our findings suggest that 2 weeks of active tVNS may be effective in
improving anxiety and perceived stress, but not depressive symptoms.
The finding that tVNS can lower symptoms of anxiety in non-clinical
adults tentatively supports existing data in clinical populations (e.g.
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Fig. 4. Change in perceived stress scores (PSS-10) in 4 intervention groups over
the course of the study. Predicted change in perceived stress scores with 95 %
confidence intervals in n = 70 men and women aged 18-75 years who under-
went 14 days of daily active tVNS (solid blue and red lines) or daily sham tVNS
(dashed blue and red lines). Estimates for each timepoint for each group were
predictions from mixed model including global sleep scores, time, group, phase,
age, gender, prescribed medication, and the following interaction terms: Time x
Group; Time x Phase; Group x phase; Time x Group x Phase.

Fang et al., 2016; Li et al., 2022; Zhang et al., 2024). Our findings are in
line with recent non-clinical studies conducted in university students
with elevated anxiety levels (Ferreira et al., 2024), or retired teachers
(Srinivasan et al., 2024). With regards to the effectiveness of tVNS in
lowering perceived stress levels, to the best of our knowledge, this is a
first published study to demonstrate such an effect, especially in a
long-term setting. However, in an experimental study conducted in
PTSD patients, Bremner and colleagues (2020) found that following an
exposure to personalized traumatic scripts, tVNS lowered inflammatory
responses (i.e., interleukin-6 (IL-6) and interferon-y (IFN-y), and ratings
of subjective anger, when compared with sham tVNS. Relatedly, bene-
ficial effects of tVNS were also confirmed for neurobiological stress
response, whereby tVNS lowered levels of pituitary adenylate
cyclase-activating peptide in people with prior exposure to psychologi-
cal trauma and PTSD diagnosis (Gurel et al., 2020). Another experi-
mental study in healthy adults, albeit not directly related to the
experience of stress, showed that acute tVNS, relative to sham, led to
differences in cognitive reappraisals whereby those receiving an active
stimulation rated their response to emotion-eliciting pictures as less
intense (De Smet et al., 2021). Clearly, more naturalistic studies are
warranted to confirm the utility of tVNS in modulating the stress
experience.

In contrast to the effects seen for anxiety and perceived stress, we
failed to demonstrate that a 2-week course of tVNS decreases depressive
symptoms. In fact, as shown in simple contrasts analysis, in late groups
the effect of sham was slightly larger than the simple effect of active
tVNS, but the superiority effect was not statistically significant. One
possible explanation for the lack of superiority of active tVNS is due to
higher (though not statistically significant) baseline levels of depressive
symptoms in the late sham group (see Table 1), compared to the late
active tVNS group, suggesting that those presenting with greater
depressive symptoms responded to a larger degree to (sham) stimulation
preventing detection of stronger effect of active tVNS, compared to
sham. Likewise, in the early groups, the average depressive symptoms
scores were approximately 4, which is below average for community-
dwelling young or middle-aged populations (Vilagut et al., 2016), sug-
gesting that floor effects of low symptoms may have prevented the
scores to improve (i.e., decrease) following tVNS stimulation. Lastly, the
reason we did not observe a superior effect of active tVNS compared to
sham stimulation on depressive symptoms may be that depressive
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Fig. 5. Differences between the pre- and post-intervention values of depressive symptoms score (CESD-10) (A), anxiety symptoms score (GAD-7) (B) and perceived
stress score (PSS-10) (C) between T1 and TO (baseline) for early groups and between T2 and T1 for late groups. * p < 0.05.

symptoms are generally more stable and less reactive in everyday life,
whereas anxiety symptoms and perceived stress are more dynamic,
state-like, and easier to modulate (Hammen, 2005).

There is still no agreement between experts in the field relating po-
tential mechanisms responsible for improvements in affective wellbeing
following VNS or tVNS (Austelle et al., 2022). Moreover, while stimu-
lating vagus nerve has been found to reduce depression and (to some
extent) anxiety in clinical populations, it is still unclear which fibers of
the vagus nerve are responsible for these improvements, and how to
establish effective stimulus parameters to excite with precision these
and no other fibers (see Karemaker, 2022, for a review). Nonetheless,
based on the anatomical literature relating tVNS and its effects on the
brain, it may be speculated that the pathways through which tVNS may
reduce symptoms of anxiety likely include stimulation of the brain areas
of the central autonomic network implicated in both autonomic regu-
lation and anxiety, including the prefrontal cortex and the anterior
cingulate (Yakunina et al., 2017), as well as an enhanced connectivity
between the amygdala and the prefrontal cortex (Liu et al., 2015). The
pathways through which tVNS modulates stress are less understood, but
likely overlap with those involved in anxiety (as well as in PTSD) and
include the locus coeruleus, hypothalamus, the amygdala as well as the
medial prefrontal cortex and the anterior cingulate (Hardy, 1995).
While anxiety symptoms and stress experience involve emotional
regulation, anxiety is driven by fear and worry, and stress is more related
to the body’s acute responses to danger. tVNS may thus lower anxiety
and stress symptoms by influencing autonomic regulation and damp-
ening overactive responses in the amygdala and prefrontal cortex
(Austelle et al., 2022; Kong et al., 2018).

This study has limitations. A priori power analysis was not performed
due to the complexity of the studys design comprising four groups with
two different intervention periods (active vs. sham x early vs. late)
carried out in a non-clinical population; the use of linear mixed-effects
models additionally prevented us from conducting a reliable power es-
timate that was based on prior evidence relating expected effect sizes.
Instead, the sample size was aligned with previous experiments in non-
clinical samples (e.g., Bretherton et al., 2019; Burger et al., 2016; Jacobs
et al., 2015; De Smet et al., 2021), and additionally for all contrasts we
report Hedges g statistics as measures of effect sizes that is a preferred
approach when sample sizes are smaller. While in our main contrast
analysis we found superiority of active against sham tVNS for anxiety
symptoms and perceived stress scores in early groups, the combined

contrast was not significant except for anxiety symptoms, which in the
sensitivity analysis became significant for the superiority of active
against sham tVNS in early and late groups combined contrast. The lack
of blinding of laboratory staff is a potential limitation. While this was
common practice at the time, current research standards increasingly
emphasize double-blinding to reduce bias. Using the earlobe for sham
stimulation, although generally considered anatomically free of vagal
innervation (Peuker & Filler, 2002), can be seen as another shortcoming.
This choice has been questioned (Rangon, 2018), as the earlobe is also
used in other non-invasive brain stimulation methods, such as cranial
electrotherapy stimulation (Gianlorenco et al., 2022). Therefore, it may
not be entirely physiologically neutral and could produce effects similar
to auricular tVNS, potentially confounding results (Butt et al., 2020;
Yakunina et al., 2017), and explaining some of the effects in sham
groups. Despite this, the earlobe remains the standard sham site in
auricular stimulation studies (Urbin et al., 2021). It produces sensations
similar to active stimulation without activating vagal brainstem path-
ways (Colzato & Beste, 2020), which helps reduce bias due to unblinding
(Wolf et al., 2021). tVNS lasted 2 weeks, which is a relatively brief
period, and other protocols comprised stimulation over 4 weeks (e.g.,
Fang et al., 2016; Srinivasan et al., 2024). On the other hand, studies on
long-term tVNS in non-clinical populations are scarce, and most evi-
dence stems from acute single sessions of tVNS. Data on adherence were
obtained, but relied on self-reports. Finally, as there is no generally
agreed and accepted valid evidence-based biomarker of vagal activa-
tion, our research was limited in ability to confirm whether all partici-
pants responded to tVNS or not. This limitation made it difficult to
account for individual differences in our treatment response, which may
have influenced the observed outcomes.

Notwithstanding, the soundness of our results is enhanced by the
study’s strengths. In contrast to many studies that used tVNS, we
employed an active sham control. The design used allowed to explore
within-subject as well as between-subject effects. Additionally, in the
early stimulation group, we were able to monitor the persistence of the
stimulation effects over a 2-week follow-up period. Furthermore, to
model within-individual changes over the study’s duration, we
employed mixed-effects models that are robust. Importantly, the study
was conducted in a non-clinical sample tested in a naturalistic setting
(4 h of daily home-based stimulation), which remains scarce in the tVNS
research. Given that subclinical stress and mood disturbances are
widespread in the general population, the use of a non-clinical sample
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enabled us to assess the preventive potential of tVNS in everyday con-
texts, as well as its potential in mitigating emotion regulation difficulties
often present in the aging process, thereby enhancing ecological val-
idity. At the same time, this population allowed us to reduce potential
confounding associated with psychiatric diagnoses, pharmacological
treatment, or therapy history, which are often difficult to control in
clinical samples. However, we acknowledge that our participants were
likely healthier than the general population, which is a common feature
of studies involving non-clinical volunteers. Finally, our statistical
models were adjusted for factors relevant to vagal nerve function, in
particular, age, sex, and prescribed medication, and subjects endorsing
health conditions potentially impacting vagus nerve activity were not
recruited.

Taken together, our findings suggest that a two-week course of tVNS
may lower anxiety symptoms in a non-clinical sample. We additionally
demonstrate, for the very first time, that long-term tVNS may modulate
perceived stress, pointing to its potential as a low-risk, accessible
method to reduced stress perception and support psychological well-
being. Importantly, the significant effects seen on reported levels of
anxiety and perceived stress were superior to sham stimulation, but only
in early groups and not in late groups, suggesting the findings require
further replication. Our study failed to demonstrate that tVNS, relative
to sham stimulation, may reduce reported levels of subthreshold
depressive symptoms in a non-clinical setting. Notwithstanding, our
study adds to the growing evidence that tVNS application could be
scaled-up to a population level to improve mental health outcomes and
potentially mitigate stress vulnerability and higher anxiety, which are
often prevalent in older adults and increased in the ageing process. To
validate and extend these findings, future research should include larger
samples, apply longer than 2 weeks intervention periods, but similarly
as in our study, future studies should administer a 4 h daily stimulation,
include older participants and incorporate follow-up assessments to
evaluate the durability of effects. The use of stimulation devices with
adherence-monitoring capabilities will be valuable, particularly in
naturalistic settings. Although our study focused on a non-clinical
sample, these results may inform future trials in clinical populations
experiencing elevated level of perceived stress or anxiety. If replicated,
such findings could support the integration of tVNS into broader non-
pharmacological strategies for mental health promotion in both com-
munity and clinical contexts.

CRediT authorship contribution statement

Marta Jackowska: Writing — review & editing, Writing — original
draft, Validation, Methodology, Conceptualization. Julian Koenig:
Writing — review & editing, Methodology, Formal analysis, Conceptu-
alization. Veronika Cibulcova: Writing — review & editing, Writing —
original draft, Methodology, Data curation, Conceptualization. Vera K.
Jandackova: Writing — review & editing, Writing — original draft,
Validation, Methodology, Funding acquisition, Formal analysis, Data
curation, Conceptualization. Marta Jackowska and Vera K. Jandackova
contributed equally to this work. Vera K. Jandackova also served as a
principal investigator and project lead.

Declaration of Generative AI and Al-assisted technologies in the
writing process

The authors did not use generative Al technologies for preparation of
this work.

Declaration of Competing Interest

All authors of this article have no conflicting interest and nothing to
declare.

10

Biological Psychology 202 (2025) 109169
Acknowledgements and funding statement

This study was supported by the Czech Science Foundation (regis-
tration number: GACR17-22346Y). This article has been produced also
with the financial support of the of the European Union under the “Life
& Environment Research Center Ostrava” (LERCO) project
(CZ.10.03.01/00/22_.003/0000003) via the Operational Programme
Just Transition, and by the project “Research of Excellence on Digital
Technologies and Wellbeing CZ.02.01.01,/00/22_008/0004583" which
is co-financed by the European Union. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation
of the manuscript. The authors wish to thank all participants who
contributed towards this study.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.biopsycho.2025.109169.

Data availability
Data will be made available on request.

References

Andresen, E. M., Malmgren, J. A., Carter, W. B., & Patrick, D. L. (1994). Screening for
depression in well older adults: Evaluation of a short form of the CES-D (Center for
Epidemiologic Studies Depression Scale). American Journal of Preventive Medicine, 10,
77-84.

Austelle, C. W., O’Leary, G. H., Thompson, S., Gruber, E., Kahn, A., Manett, A. J., ...
Badran, B. W. (2022). A comprehensive review of vagus nerve stimulation for
depression. Neuromodulation, 25, 309-315. https://doi.org/10.1111/ner.13528

Aznar-Lou, 1., Iglesias-Gonzélez, M., Gil-Girbau, M., Serrano-Blanco, A., Fernandez, A.,
Penarrubia-Maria, M. T., & Rubio-Valera, M. (2018). Impact of initial medication
non-adherence to SSRIs on medical visits and sick leaves. Journal of Affective
Disorders, 226, 282-286. https://doi.org/10.1016/j.jad.2017.09.057

Biermann, T., Kreil, S., Groemer, T. W., Maihofner, C., Richter-Schmiedinger, T.,
Kornhuber, J., & Sperling, W. (2011). Time perception in patients with major
depressive disorder during vagus nerve stimulation. Pharmacopsychiatry, 44,
179-182. https://doi.org/10.1055/5-0031-1280815

Breit, S., Kupferberg, A., Rogler, G., & Hasler, G. (2018). Vagus nerve as modulator of the
brain-gut axis in psychiatric and inflammatory disorders. Frontiers in Psychiatry, 44.
https://doi.org/10.3389/fpsyt.2018.00044

Bremner, J. D., Gurel, N. Z., Jiao, Y., Wittbrodt, M. T., Levantsevych, O. M., Huang, M., &
Pearce, B. D. (2020). Transcutaneous vagal nerve stimulation blocks stress-induced
activation of interleukin-6 and interferon-y in posttraumatic stress disorder: A
double-blind, randomized, sham-controlled trial. Brain, Behavior, Immunity — Health,
9, Article 100138. https://doi.org/10.1016/1.bbih.2020.100138

Bretherton, B., Atkinson, L., Murray, A., Clancy, J., Deuchars, S., & Deuchars, J. (2019).
Effects of transcutaneous vagus nerve stimulation in individuals aged 55 years or
above: Potential benefits of daily stimulation. Aging, 11, 4836-4857. https://doi.
org/10.18632/aging.102074

Bukh, J. D., Bock, C., Vinberg, M., & Kessing, L. V. (2013). The effect of prolonged
duration of untreated depression on antidepressant treatment outcome. Journal of
Affective Disorders, 145, 42-48. https://doi.org/10.1016/j.jad.2012.07.008

Burger, A. M., Van der Does, W., Thayer, J. F., Brosschot, J. F., & Verkuil, B. (2019).
Transcutaneous vagus nerve stimulation reduces spontaneous but not induced
negative thought intrusions in high worriers. Biological Psychology, 142, 80-89.
https://doi.org/10.1016/j.biopsycho.2019.01.014

Burger, A. M., Verkuil, B., Van Diest, 1., Van der Does, W., Thayer, J. F., & Brosschot, J. F.
(2016). The effects of transcutaneous vagus nerve stimulation on conditioned fear
extinction in humans. Neurobiology of Learning and Memory, 132, 49-56. https://doi.
org/10.1016/j.nlm.2016.05.007

Butt, M. F., Albusoda, A., Farmer, A. D., & Aziz, Q. (2020). The anatomical basis for
transcutaneous auricular vagus nerve stimulation. Journal of Anatomy, 236,
588-611. https://doi.org/10.1111/joa.13122

Cibulcova, V., Koenig, J., Jackowska, M., & Jandackova, V. K. (2024). Influence of a 2-
week transcutaneous auricular vagus nerve stimulation on memory: Findings from a
randomized placebo controlled trial in non-clinical adults. Clinical Autonomic
Research, 34, 447-462. https://doi.org/10.1007/s10286-024-01053-0

Cohen, S., & Williamson, G. (1988). Perceived stress in a probability sample of the United
States. In W. S. Spacapan, & S. Oskamp (Red.) (Eds.), The social psychology of health:
Claremont symposium on applied social psychology (pp. 31-67). Sage.

Colzato, L., & Beste, C. (2020). A literature review on the neurophysiological
underpinnings and cognitive effects of transcutaneous vagus nerve stimulation:
Challenges and future directions. Journal of Neurophysiology, 123, 1739-1755.
https://doi.org/10.1152/jn.00057.2020


https://doi.org/10.1016/j.biopsycho.2025.109169
http://refhub.elsevier.com/S0301-0511(25)00187-5/sbref1
http://refhub.elsevier.com/S0301-0511(25)00187-5/sbref1
http://refhub.elsevier.com/S0301-0511(25)00187-5/sbref1
http://refhub.elsevier.com/S0301-0511(25)00187-5/sbref1
https://doi.org/10.1111/ner.13528
https://doi.org/10.1016/j.jad.2017.09.057
https://doi.org/10.1055/s-0031-1280815
https://doi.org/10.3389/fpsyt.2018.00044
https://doi.org/10.1016/j.bbih.2020.100138
https://doi.org/10.18632/aging.102074
https://doi.org/10.18632/aging.102074
https://doi.org/10.1016/j.jad.2012.07.008
https://doi.org/10.1016/j.biopsycho.2019.01.014
https://doi.org/10.1016/j.nlm.2016.05.007
https://doi.org/10.1016/j.nlm.2016.05.007
https://doi.org/10.1111/joa.13122
https://doi.org/10.1007/s10286-024-01053-0
http://refhub.elsevier.com/S0301-0511(25)00187-5/sbref13
http://refhub.elsevier.com/S0301-0511(25)00187-5/sbref13
http://refhub.elsevier.com/S0301-0511(25)00187-5/sbref13
https://doi.org/10.1152/jn.00057.2020

M. Jackowska et al.

Cristancho, P., Cristancho, M. A., Baltuch, G. H., Thase, M. E., & John, P. O. (2011).
Effectiveness and safety of vagus nerve stimulation for severe treatment-resistant
major depression in clinical practice after FDA approval: outcomes at 1 year. The
Journal of Clinical Psychiatry, 72, 5594. https://doi.org/10.4088/JCP.09m05888blu

De Smet, S., Baeken, C., Seminck, N., Tilleman, J., Carrette, E., Vonck, K., &
Vanderhasselt, M. A. (2021). Non-invasive vagal nerve stimulation enhances
cognitive emotion regulation. Behaviour Research and Therapy, 145, Article 103933.
https://doi.org/10.1016/j.brat.2021.103933

Ereshefsky, L., Saragoussi, D., Despiégel, N., Hansen, K., Francois, C., & Maman, K.
(2010). The 6-month persistence on SSRIs and associated economic burden. Journal
of Medical Economics, 13, 527-536. https://doi.org/10.3111/
13696998.2010.511050

Fang, J., Rong, P., Hong, Y., Fan, Y., Liu, J., Wang, H., & Kong, J. (2016). Transcutaneous
vagus nerve stimulation modulates default mode network in major depressive
disorder. Biological Psychiatry, 79, 266-273. https://doi.org/10.1016/j.
biopsych.2015.03.025

Farmer, A. D., Strzelczyk, A., Finisguerra, A., Gourine, A. V., Gharabaghi, A., Hasan, A., &
Koenig, J. (2021). International consensus based review and recommendations for
minimum reporting standards in research on transcutaneous vagus nerve stimulation
(version 2020). Frontiers in Human Neuroscience, 14, Article 568051. https://doi.org/
10.3389/fnhum.2020.568051

Ferreira, L. M. A., Brites, R., Fraiao, G., Pereira, G., Fernandes, H., de Brito, J. A. A., &
Silva, M. L. (2024). Transcutaneous auricular vagus nerve stimulation modulates
masseter muscle activity, pain perception, and anxiety levels in university students:
A double-blind, randomized, controlled clinical trial. Frontiers in Integrative
Neuroscience, 18, Article 1422312. https://doi.org/10.3389/fnint.2024.1422312

Fu, H., Si, L., & Guo, R. (2022). What is the optimal cut-off point of the 10-item center for
epidemiologic studies depression scale for screening depression among Chinese
individuals aged 45 and over? An exploration using latent profile analysis. Frontiers
in Psychiatry, 13, Article 820777. https://doi.org/10.3389/fpsyt.2022.820777

Ghio, L., Gotelli, S., Marcenaro, M., Amore, M., & Natta, W. (2014). Duration of
untreated illness and outcomes in unipolar depression: A systematic review and
meta-analysis. Journal of Affective Disorders, 152, 45-51. https://doi.org/10.1016/j.
jad.2013.10.002

Gianlorenco, A. C. L., de Melo, P. S., Marduy, A., Kim, A. Y., Kim, C. K., Choi, H.,
Song, J. J., & Fregni, F. (2022). Electroencephalographic patterns in taVNS: A
systematic review. Biomedicines, 10, 2208. https://doi.org/10.3390/
biomedicines10092208

Gurel, N. Z., Jiao, Y., Wittbrodt, M. T., Ko, Y. A., Hankus, A., Driggers, E. G., &
Pearce, B. D. (2020). Effect of transcutaneous cervical vagus nerve stimulation on the
pituitary adenylate cyclase-activating polypeptide (PACAP) response to stress: A
randomized, sham controlled, double blind pilot study. Comprehensive
Psychoneuroendocrinology, 4, Article 100012. https://doi.org/10.1016/j.
cpnec.2020.100012

Hammen, C. (2005). Stress and depression. Annual Review of Clinical Psychology, 1(1),
293-319. https://doi.org/10.1146/annurev.clinpsy.1.102803.143938

Hardy, S. P. (1995). Medullary projections to the vagus nerve and posterolateral
hypothalamus. Anatomical Record, 242, 251-258. https://doi.org/10.1002/
ar.1092420215

Harris, M. G., Kazdin, A. E., Chiu, W. T., Sampson, N. A., Aguilar-Gaxiola, S., Al-
Hamzawi, A., & WHO World Mental Health Survey Collaborators. (2020). Findings
from world mental health surveys of the perceived helpfulness of treatment for
patients with major depressive disorder. JAMA Psychiatry, 77, 830-841. https://doi.
org/10.1001/jamapsychiatry.2020.1107

Hays, W. L. (1973). Statistics for the social sciences (2nd ed.). Holt, Rinehart and Winston.

Hedges, L. V. (1981). Distribution theory for Glass’s estimator of effect size and related
estimators. Journal of Educational and Behavioral Statistics, 6(2), 107-128.

Hein, E., Nowak, M., Kiess, O., Biermann, T., Bayerlein, K., Kornhuber, J., & Kraus, T.
(2013). Auricular transcutaneous electrical nerve stimulation in depressed patients:
A randomized controlled pilot study. Journal of Neural Transmission, 120, 821-827.
https://doi.org/10.1007/s00702-012-0908-6

Hoare, E., Collins, S., Marx, W., Callaly, E., Moxham-Smith, R., Cuijpers, P., & Berk, M.
(2021). Universal depression prevention: An umbrella review of meta-analyses.
Journal of Psychiatric Research, 144, 483-493. https://doi.org/10.1016/j.
jpsychires.2021.10.006

Hu, M. X., Turner, D., Generaal, E., Bos, D., Ikram, M. K., Ikram, M. A., & Penninx, B. W.
(2020). Exercise interventions for the prevention of depression: A systematic review
of meta-analyses. BMC Public Health, 20, 1-11. https://doi.org/10.1186/s12889-
020-09323-y

Hunot, V., Churchill, R., Teixeira, V., & de Lima, M. S. (2007). Psychological therapies for
generalised anxiety disorder. Cochrane Database of Systematic Reviews, 1. https://doi.
org/10.1002/14651858.CD001848.pub4

Jackowska, M., Koenig, J., Vasendova, V., & Jandackova, V. K. (2022). A two-week
course of transcutaneous vagal nerve stimulation improves global sleep: Findings
from a randomised trial in community-dwelling adults. Autonomic Neuroscience, 240,
Article 102972. https://doi.org/10.1016/j.autneu.2022.102972

Jacobs, H. 1., Riphagen, J. M., Razat, C. M., Wiese, S., & Sack, A. T. (2015).
Transcutaneous vagus nerve stimulation boosts associative memory in older
individuals. Neurobiology of Aging, 36, 1860-1867. https://doi.org/10.1016/j.
neurobiolaging.2015.02.023

Kamboj, S. K., Peniket, M., & Simeonov, L. (2023). A bioelectronic route to compassion:
Rationale and study protocol for combining transcutaneous vagus nerve stimulation
(tVNS) with compassionate mental imagery. PLoS One, 18, Article e0282861.
https://doi.org/10.1371/journal.pone.0282861

11

Biological Psychology 202 (2025) 109169

Karemaker, J. M. (2022). The multibranched nerve: Vagal function beyond heart rate
variability. Biological Psychology, 172, Article 108378. https://doi.org/10.1016/j.
biopsycho.2022.108378

Kong, J., Fang, J., Park, J., Li, S., & Rong, P. (2018). Treating depression with
transcutaneous auricular vagus nerve stimulation: state of the art and future
perspectives. Frontiers in Psychiatry, 9, 20. https://doi.org/10.3389/
fpsyt.2018.00020

Kyu, H. H., Abate, D., Abate, K. H., Abay, S. M., Abbafati, C., Abbasi, N., &
Breitborde, N. J. (2018). Global, regional, and national disability-adjusted life-years
(DALYs) for 359 diseases and injuries and healthy life expectancy (HALE) for 195
countries and territories, 1990-2017: A systematic analysis for the Global Burden of
Disease Study 2017. Lancet, 392, 1859-1922. https://doi.org/10.1016/50140-6736
(18)32335-3

Li, S., Rong, P., Wang, Y., Jin, G., Hou, X,, Li, S., & Kong, J. (2022). Comparative
effectiveness of transcutaneous auricular vagus nerve stimulation vs citalopram for
major depressive disorder: A randomized trial. Neuromodulation, 25, 450-460.
https://doi.org/10.1016/j.neurom.2021.10.021

Liu, W, Yin, D., Cheng, W., Fan, M., You, M., Men, W., & Zhang, F. (2015). Abnormal
functional connectivity of the amygdala-based network in resting-state fMRI in
adolescents with generalized anxiety disorder. Medical Science Monitor, 21, 459-467.
https://doi.org/10.12659/MSM.893373

Moher, D., Hopewell, S., Schulz, K. F., Montori, V., Ggtzsche, P. C., Devereaux, P. J., &
Altman, D. G. (2010). CONSORT 2010 explanation and elaboration: Updated
guidelines for reporting parallel group randomised trials. British Medical Journal,
340. https://doi.org/10.1136/bmj.c869

Olatunji, B. O., Cisler, J. M., & Tolin, D. F. (2007). Quality of life in the anxiety disorders:
A meta-analytic review. Clinical Psychology Review, 27, 572-581. https://doi.org/
10.1016/j.cpr.2007.01.015

Peuker, E. T., & Filler, T. J. (2002). The nerve supply of the human auricle. Clinical
Anatomy, 15, 35-37. https://doi.org/10.1002/ca.1089

Radloff, L. S. (1977). The CES-D scale: A self-report depression scale for research in the
general population. Applied Psychological Measurement, 1, 385-401.

Rangon, C. M. (2018). Reconsidering sham in transcutaneous vagus nerve stimulation
studies. Clinical Neurophysiology, 129, 2501-2502. https://doi.org/10.1016/j.
clinph.2018.08.027

Rong, P., Liu, J., Wang, L., Liu, R., Fang, J., Zhao, J., & Kong, J. (2016). Effect of
transcutaneous auricular vagus nerve stimulation on major depressive disorder: A
nonrandomized controlled pilot study. Journal of Affective Disorders, 195, 172-179.
https://doi.org/10.1016/j.jad.2016.02.031

Schad, D. J., Vasishth, S., Hohenstein, S., & Kliegl, R. (2020). How to capitalize on a
priori contrasts in linear (mixed) models: A tutorial. Journal of Memory and Language,
110, Article 104038. https://doi.org/10.1016/j.jml.2019.104038

Silverman, A. L., Herzog, A. A., & Silverman, D. I. (2019). Hearts and minds: Stress,
anxiety, and depression: unsung risk factors for cardiovascular disease. Cardiology in
Review, 2, 202-207. https://doi.org/10.1097/CRD.0000000000000228

Spitzer, R. L., Kroenke, K., Williams, J. B., & Lowe, B. (2006). A brief measure for
assessing generalized anxiety disorder: The GAD-7. Archives of Internal Medicine, 166,
1092-1097. https://doi.org/10.1001/archinte.166.10.1092

Srinivasan, V., Abathsagayam, K., Suganthirababu, P., Alagesan, J., Vishnuram, S., &
Vasanthi, R. K. (2023). Effect of vagus nerve stimulation (taVNS) on anxiety and
sleep disturbances among elderly health care workers in post Covid19 pandemic.
Work, 78, 1149-1156. https://doi.org/10.3233/WOR-231362

Srinivasan, V., Ruthuvalan, V., Raja, S., Jayaraj, V., Sridhar, S., Kothandaraman, M., &
Vasanthi, R. K. (2024). Efficacy of Vagal nerve stimulation on anxiety among elderly
retired teachers during COVID-19 pandemic. Work, 1-8. https://doi.org/10.3233/
WOR-230356

Stellar, J. E., Cohen, A., Oveis, C., & Keltner, D. (2015). Affective and physiological
responses to the suffering of others: Compassion and vagal activity. Journal of
Personality and Social Psychology, 108, 572. https://doi.org/10.1037/pspi0000010

Tan, C., Qiao, M., Ma, Y., Luo, Y., Fang, J., & Yang, Y. (2023). The efficacy and safety of
transcutaneous auricular vagus nerve stimulation in the treatment of depressive
disorder: A systematic review and meta-analysis of randomized controlled trials.
Journal of Affective Disorders, 337, 37-49. https://doi.org/10.1016/j.
jad.2023.05.048

Thayer, J. F., & Sternberg, E. M. (2010). Neural aspects of immunomodulation: focus on
the vagus nerve. Brain, behavior, and immunity, 24(8), 1223-1228. https://doi.org/
10.1016/j.bbi.2010.07.247

Trevizol, A. P., Shiozawa, P., Taiar, 1., Soares, A., Gomes, J. S., Barros, M. D.,
Liquidato, B. M., & Cordeiro, Q. (2016). Transcutaneous vagus nerve stimulation
(taVNS) for major depressive disorder: An open label proof-of-concept trial. Brain
Stimulation, 9, 453-454. https://doi.org/10.1016/j.brs.2016.02.001

Urbin, M. A,, Lafe, C. W., Simpson, T. W., Wittenberg, G. F., Chandrasekaran, B., &
Weber, D. J. (2021). Electrical stimulation of the external ear acutely activates
noradrenergic mechanisms in humans. Brain Stimulation, 14, 990-1001. https://doi.
org/10.1016/j.brs.2021.06.002

Vilagut, G., Forero, C. G., Barbaglia, G., & Alonso, J. (2016). Screening for depression in
the general population with the Center for Epidemiologic Studies Depression (CES-
D): A systematic review with meta-analysis. PLoS One, 115, Article e0155431.
https://doi.org/10.1371/journal.pone.0155431

Wolf, V., Kiihnel, A., Teckentrup, V., Koenig, J., & Kroemer, N. B. (2021). Does
transcutaneous auricular vagus nerve stimulation affect vagally mediated heart rate
variability? A living and interactive Bayesian meta-analysis. Psychophysiology, 58,
Article €13933. https://doi.org/10.1111/psyp.13933

Wu, C,, Liu, P., Fu, H., Chen, W., Cui, S., Lu, L., & Tang, C. (2018). Transcutaneous
auricular vagus nerve stimulation in treating major depressive disorder: A systematic


https://doi.org/10.4088/JCP.09m05888blu
https://doi.org/10.1016/j.brat.2021.103933
https://doi.org/10.3111/13696998.2010.511050
https://doi.org/10.3111/13696998.2010.511050
https://doi.org/10.1016/j.biopsych.2015.03.025
https://doi.org/10.1016/j.biopsych.2015.03.025
https://doi.org/10.3389/fnhum.2020.568051
https://doi.org/10.3389/fnhum.2020.568051
https://doi.org/10.3389/fnint.2024.1422312
https://doi.org/10.3389/fpsyt.2022.820777
https://doi.org/10.1016/j.jad.2013.10.002
https://doi.org/10.1016/j.jad.2013.10.002
https://doi.org/10.3390/biomedicines10092208
https://doi.org/10.3390/biomedicines10092208
https://doi.org/10.1016/j.cpnec.2020.100012
https://doi.org/10.1016/j.cpnec.2020.100012
https://doi.org/10.1146/annurev.clinpsy.1.102803.143938
https://doi.org/10.1002/ar.1092420215
https://doi.org/10.1002/ar.1092420215
https://doi.org/10.1001/jamapsychiatry.2020.1107
https://doi.org/10.1001/jamapsychiatry.2020.1107
http://refhub.elsevier.com/S0301-0511(25)00187-5/sbref28
http://refhub.elsevier.com/S0301-0511(25)00187-5/sbref29
http://refhub.elsevier.com/S0301-0511(25)00187-5/sbref29
https://doi.org/10.1007/s00702-012-0908-6
https://doi.org/10.1016/j.jpsychires.2021.10.006
https://doi.org/10.1016/j.jpsychires.2021.10.006
https://doi.org/10.1186/s12889-020-09323-y
https://doi.org/10.1186/s12889-020-09323-y
https://doi.org/10.1002/14651858.CD001848.pub4
https://doi.org/10.1002/14651858.CD001848.pub4
https://doi.org/10.1016/j.autneu.2022.102972
https://doi.org/10.1016/j.neurobiolaging.2015.02.023
https://doi.org/10.1016/j.neurobiolaging.2015.02.023
https://doi.org/10.1371/journal.pone.0282861
https://doi.org/10.1016/j.biopsycho.2022.108378
https://doi.org/10.1016/j.biopsycho.2022.108378
https://doi.org/10.3389/fpsyt.2018.00020
https://doi.org/10.3389/fpsyt.2018.00020
https://doi.org/10.1016/S0140-6736(18)32335-3
https://doi.org/10.1016/S0140-6736(18)32335-3
https://doi.org/10.1016/j.neurom.2021.10.021
https://doi.org/10.12659/MSM.893373
https://doi.org/10.1136/bmj.c869
https://doi.org/10.1016/j.cpr.2007.01.015
https://doi.org/10.1016/j.cpr.2007.01.015
https://doi.org/10.1002/ca.1089
http://refhub.elsevier.com/S0301-0511(25)00187-5/sbref45
http://refhub.elsevier.com/S0301-0511(25)00187-5/sbref45
https://doi.org/10.1016/j.clinph.2018.08.027
https://doi.org/10.1016/j.clinph.2018.08.027
https://doi.org/10.1016/j.jad.2016.02.031
https://doi.org/10.1016/j.jml.2019.104038
https://doi.org/10.1097/CRD.0000000000000228
https://doi.org/10.1001/archinte.166.10.1092
https://doi.org/10.3233/WOR-231362
https://doi.org/10.3233/WOR-230356
https://doi.org/10.3233/WOR-230356
https://doi.org/10.1037/pspi0000010
https://doi.org/10.1016/j.jad.2023.05.048
https://doi.org/10.1016/j.jad.2023.05.048
https://doi.org/10.1016/j.bbi.2010.07.247
https://doi.org/10.1016/j.bbi.2010.07.247
https://doi.org/10.1016/j.brs.2016.02.001
https://doi.org/10.1016/j.brs.2021.06.002
https://doi.org/10.1016/j.brs.2021.06.002
https://doi.org/10.1371/journal.pone.0155431
https://doi.org/10.1111/psyp.13933

M. Jackowska et al.

review and meta-analysis. Medicine, 97, Article e13845. https://doi.org/10.1097/
MD.0000000000013845

Biological Psychology 202 (2025) 109169
to clinical practice. Frontiers in Neuroscience, 14, 284. https://doi.org/10.3389/
fnins.2020.00284

Yakunina, N., Kim, S. S., & Nam, E. C. (2017). Optimization of transcutaneous vagus Zhang, H., Wan, C. H., Cao, X. Y., Yuan, Y. S,, Ye, S. Y., Gao, M. X., & Zhang, K. Z. (2024).
nerve stimulation using functional MRI. Neuromodulation, 20, 290-300. https://doi. Transcutaneous auricular vagus nerve stimulation improves anxiety symptoms and
org/10.1111/ner.12541 cortical activity during verbal fluency task in Parkinson’s disease with anxiety.

Yap, J. Y., Keatch, C., Lambert, E., Woods, W., Stoddart, P. R., & Kameneva, T. (2020). Journal of Affective Disorders, 361, 556-563. https://doi.org/10.1016/j.
Critical review of transcutaneous vagus nerve stimulation: Challenges for translation jad.2024.06.083

12


https://doi.org/10.1097/MD.0000000000013845
https://doi.org/10.1097/MD.0000000000013845
https://doi.org/10.1111/ner.12541
https://doi.org/10.1111/ner.12541
https://doi.org/10.3389/fnins.2020.00284
https://doi.org/10.3389/fnins.2020.00284
https://doi.org/10.1016/j.jad.2024.06.083
https://doi.org/10.1016/j.jad.2024.06.083

	Effects of transcutaneous vagus nerve stimulation on subthreshold affective symptoms and perceived stress: Findings from a  ...
	1 Introduction
	2 The current study
	3 Method
	3.1 Participants
	3.2 Transcutaneous vagus nerve stimulation
	3.3 Randomization
	3.4 Measures
	3.4.1 Background information
	3.4.2 Depressive symptoms, anxiety symptoms and perceived stress measures
	3.4.2.1 Depressive symptoms
	3.4.2.2 Anxiety symptoms
	3.4.2.3 Perceived stress


	3.5 Assessment protocol
	3.6 Procedure
	3.7 Statistical analysis

	4 Results
	4.1 Background characteristics
	4.2 Hypotheses testing: superiority of active against sham tVNS
	4.3 Additional analyses: combined contrasts Main 1 and Main 2
	4.4 Additional analyses: simple within-group time comparisons
	4.5 Visualization of differences in calculated change from pre- to postintervention session between active and sham tVNS
	4.6 Sensitivity analyses

	5 Discussion
	CRediT authorship contribution statement
	Declaration of Generative AI and AI-assisted technologies in the writing process
	Declaration of Competing Interest
	Acknowledgements and funding statement
	Appendix A Supporting information
	Data availability
	References


