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Abstract

Perseverative cognitions can provoke psychophysiological stress in the absence of an
actual stressor and are considered important transdiagnostic vulnerability factors for several
(mental) health issues. These stress-related cognitive processes are reflected by both
cognitive (assessed by self-reports) and autonomic inflexibility (assessed by heart rate
variability; HRV), with a key role attributed to the vagus nerve. Interestingly, modulation of the
afferent branches of the vagus can be achieved with transcutaneous auricular vagus nerve
stimulation (taVNS), a non-invasive technique that employs a low-intensity electrical current
applied to the ear. In a sample of healthy individuals, we investigated the effects of taVNS of
the left concha, compared to sham (earlobe) stimulation, on the cognitive and autonomic
correlates of perseverative cognition following a psychosocial stress task. Interestingly, taVNS
significantly reduced cognitive rigidity, reflected by reduced subjective perseverative thinking
after psychosocial stress. Although there were no direct effects on autonomic correlates of
perseverative cognition, individual differences in perseverative thinking after the stressor
significantly affected the effects of taVNS on HRV. Specifically, more autonomic inflexibility
during the stress task (i.e., reduced HRV) was associated with increases in perseverative
thinking afterward for the sham, but not the active taVNS condition. Additional exploratory
analyses revealed no significant moderation of stimulation intensity. Overall, the study findings

endorse the association between perseverative cognitions and vagus nerve functioning.
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1. Introduction

Every time we perceive something as stressful, our bodies respond with a well-
coordinated stress response eliciting a cascade of psychological and physiological changes
(Chrousos, 2009). The natural stress-induced physiological action tendency, promoting
adaptation and energy mobilization, has been postulated to be a default response to
uncertainty, novelty and threat (Brosschot et al., 2017), which is under continuous inhibition
by the ventromedial prefrontal cortex (vmPFC; Motzkin et al., 2015). When this default stress
response becomes disinhibited, and prefrontal inhibition of amygdalar activity decreases
(Motzkin et al., 2015; Thayer & Lane, 2000), changes in autonomic nervous system activity
arise (Thayer & Lane, 2000). As such, parasympathetic activation swiftly decreases (i.e.,
parasympathetic withdrawal) and, relatively slower, sympathetic activity increases (i.e.,
sympathetic arousal) resulting in, for instance, increased heart rate and skin conductance (i.e.,
fight-flight response, Gaab et al., 2003; Kemeny, 2003). Crucially, however, as soon as the
source of stress has disappeared, and the situation is perceived as safe, we should be able
to inhibit this response allowing for physiological stress recovery (Brosschot et al., 2017;
Thayer, 2006). Yet, stressful events might trigger perseverative cognitions, referring to
negative thoughts that mentally represent such event and that are difficult to suppress
(Brosschot et al.,, 2005, 2006). Such cognitions promote a prolongation of the
psychophysiological stress response - and thereby feelings of stress - in the absence of the
actual stressor (Verkuil et al., 2010). Importantly, perseverative cognitions, such as ruminating
about past stressful events or worrying about feared future events, keep the psychological,
but also the physiological stress response sustained (Brosschot et al., 2005, 2006) and, are
considered important transdiagnostic vulnerability factors for several psychological (Ehring &
Watkins, 2008; Spinhoven et al., 2018) and somatic (Ottaviani et al., 2016; Verkuil et al., 2010)
health issues. Indeed, several longitudinal studies have linked perseverative cognition with

the maintenance and recurrence of psychopathological conditions (Spinhoven et al., 2018) as



well as with an increased likelihood of developing cardiovascular disease (e.g., Kubzansky et
al., 1997). Hence, research investigating ways to reduce perseverative cognition is pivotal.
The vagus nerve, one of the major nerves of the parasympathetic division of the
autonomic nervous system, has been suggested to play an important role in perseverative
cognition (Ottaviani, 2018; Thayer & Lane, 2002). It is indeed plausible that peripheral
processes (physiological states of the body) that are monitored by the sensory pathways of
the vagus nerve interact with central processes related to perseverative cognition, making it
an embodied process. In support of this idea, several studies have demonstrated associations
between vagally-mediated heart rate variability (HRV), defined as the variability of time periods
between two successive heart beats caused by an energetic interaction between inputs from
the sympathetic and parasympathetic branches of the autonomic nervous system (Malik et al.,
1996), and neurocognitive processes intrinsic to perseverative cognition (Ottaviani, 2018).
Such processes include cognitive control (Beckwé et al., 2014; Gillie & Thayer, 2014; Nasso
et al., 2019), intrusive thoughts (Gillie et al., 2015; Rombold-Bruehl et al., 2019) and emotional
and cognitive flexibility (Alba et al., 2019; Grol & De Raedt, 2020; Vanderhasselt et al., 2015).
Moreover, HRV, a potential non-invasive biomarker of vagus nerve activity (Burger et al.,
2020; Laborde et al., 2017; Wolf et al., 2021), has been proposed as a marker of prefrontal
cortex-mediated regulatory strength (Holzman & Bridgett, 2017; Thayer & Lane, 2009) and
the autonomic inflexibility underlying perseverative cognition (Ottaviani, 2018). High (as
compared to low) HRV reflects robust parasympathetic, efferent vagal inhibitory control on the
heart, and is considered a substrate of autonomic flexibility, high adaptability and self-
regulatory responses to meet perceived stress (Thayer & Lane, 2000). In contrast, low HRV
is reflective of parasympathetic (i.e., vagal) withdrawal, and consequently the inability of the
system to inhibit sympathetic arousal, and thus reflects autonomic rigidity and incapability to
adapt to changing environmental demands (Appelhans & Luecken, 2006; Thayer & Lane,
2000). Moreover, an impaired HRV recovery following stress is suggested to indicate poor
inhibitory control and sustained representation of the stressor (i.e., perseverative cognition;

Ottaviani, 2018; Thayer, 2006). Hence, vagal modulation, indexed with HRV, reflects the



association between cognitive and autonomic inflexibility during perseverative cognition
(Ottaviani, 2018; Ottaviani et al., 2016; Thayer, 2006).

Interestingly, modulation of vagal nerve activation can be achieved with
transcutaneous auricular vagus nerve stimulation (taVNS; Farmer et al., 2021). taVNS is a
safe, non-invasive stimulation technique that employs electrical stimulation of the auricular
branches of the vagus nerve via the tragus or cymba conchae of the outer ear (Butt et al.,
2019; Peuker & Filler, 2002), thereby generating an afferent signal that propagates from the
peripheral vagal nerves towards the brainstem and cerebral cortex (i.e., bottom-up modulation
of brain activity; Dietrich et al., 2008; Frangos et al., 2015; Shiozawa et al., 2014).
Neuroimaging studies have shown that the causal stimulation of the afferent branch of the
vagus nerve is associated with altered activity in the nucleus tractus solitarii (NTS),
hypothalamus, amygdala, hippocampus, anterior cingulate cortex (ACC), insula, and nucleus
accumbens (Frangos et al., 2015; Kong et al., 2018; Kraus et al., 2007; Yakunina et al., 2017;
see also Burger & Verkuil, 2018). These neural networks are implicated in the ability to inhibit
ongoing physiological and psychosocial stress reactivity, which results in reduced
perseverative cognitions. In turn, this neural functional activity has been found to influence the
efferent branch of the vagal nerve to innervate peripheral organs, such as the heart, to enable
adaptive responding to acute stressors. Overall, taVNS promotes activity in brain areas that
modulate perseverative cognitions, including the prefrontal and the anterior cingulate cortices
(Makovac et al., 2020 for a meta-analysis; Yakunina et al., 2017 for a review). Furthermore,
taVNS increases the functional connectivity between the amygdala and the prefrontal cortex
in depressed patients (Liu et al., 2016), neural networks that are also found to be implicated
in the cognitive regulation of stress. Crucially, several studies have shown that taVNS
enhances core processes related to perseverative cognition, such as inhibitory control (Beste
et al., 2016; Fischer et al., 2018) and cognitive flexibility (Borges et al., 2020), hence,
suggesting that taVNS might be a promising technique to reduce perseverative cognition. In
fact, in a study with chronic worriers, Burger and colleagues (2019) found positive effects of

taVNS on negative thought intrusions (i.e., worrying). Specifically, in their study, the authors



assessed spontaneous and induced worries, using a breathing focus task (see also Hirsch et
al., 2009), in high worriers during a single-session of taVNS applied to the left concha or
earlobe (i.e., sham stimulation). Their results showed that taVNS, as compared to sham
(earlobe) stimulation, was able to significantly reduce the occurrence of spontaneous (but not
induced) intrusive thoughts (Burger et al., 2019). Contrarily, Burger and colleagues (2019)
found no evidence for the modulatory effects of taVNS on the autonomic rigidity that
characterized participants’ worrying behaviour, reflected by a reduced HRV during the worry
and post-worry period. Although more research is required, the authors postulated that the
lack of cardiac effects could possibly be explained by, among others, an insufficient stimulation
intensity (0.5 mA) to adequately stimulate the nerve fibers primarily responsible for vagal
cardiac effects (Burger et al., 2019; Yoo et al., 2013; although see also Borges et al., 2019).
Indeed, more recent work also suggests that higher taVNS intensities might be required to
cause robust neuromodulatory effects (Mertens et al., 2021). Moreover, although evidence is
mixed (e.g., Borges et al., 2019), there is some preliminary evidence for a positive linear
relationship between taVNS intensity and various indices of HRV (although not for RMSSD;
see Machetanz et al., 2021a). To conclude, notwithstanding the preliminary evidence that
taVNS may reduce perseverative cognition, the modulatory effects of taVNS on perseverative
cognition, and the autonomic and cognitive inflexibility that characterizes perseverative
cognition, especially after psychosocial stressors, are still poorly studied.

In this randomized, single-blind, sham-controlled study with healthy individuals, the
primary research aim was to investigate the effects of taVNS on the cognitive and autonomic
inflexibility that characterizes perseverative cognition following a psychosocial stressor. The
perseverative thinking questionnaire (PTQ), a self-report questionnaire assessing an
individuals’ lack of ability to inhibit or disengage from repetitive negative thoughts, was used
as a subjective measure of perseverative cognition and its cognitive rigidity and vagally-
mediated heart rate variability (HRV) served as a physiological marker of autonomic inflexibility
when recovering from psychosocial stress. Given that taVNS modulates the activity of the

afferent vagus nerve, which plays an important role in perseverative cognition, we expect



taVNS of the concha, as compared to sham (earlobe) stimulation, to decrease cognitive (i.e.,
reduced subjective perseverative cognition) and autonomic (i.e., increased HRV) inflexibility
following psychosocial stress. In addition, we further explored the effects of taVNS on the
association between cognitive and autonomic inflexibility, by examining changes in subjective
perseverative cognition (i.e., cognitive inflexibility) to be associated with changes in HRV
following taVNS. Finally, given 1) the use of an individualized method to set the stimulation
intensity based on participants’ subjective pain thresholds and 2) the rising number of studies
describing a possible association between stimulation intensity and taVNS effects (Borges et
al., 2019; Machetanz et al., 2021; Mertens et al., 2021), we investigated the possible influence
of stimulation intensity on all physiological and psychological outcome measures using an

exploratory approach.

2. Material and method
The study is carried-out in accordance with the declaration of Helsinki (2018) and
approved by the medical ethical committee of the Ghent University Hospital (UZGent). All
participants gave written informed consent. This study was part of a larger project investigating
the effects of taVNS on cognitive reappraisal as well as perseverative cognition in healthy
individuals. TaVNS effects on cognitive reappraisal exceed the scope of this manuscript and

are described in De Smet et al. (2021).

2.1. Study sample

Eighty-five healthy participants between 18 and 35 years old were recruited via the
Sona research participation system of the Ghent University and via flyers that were spread
across social media platforms. Participants were screened before participation for past or
current mental disorders using the semi-structured Mini International Neuropsychiatric
Interview (MINI screening version 7.0.2; Sheehan, 2016). For an overview of all inclusion

criteria, we refer to the supplementary materials.



Based on power analyses (see data plan), 85 participants were recruited for the study.
Two participants did not complete the entire study protocol and were therefore removed from
the final sample, resulting in a total study sample of 83 participants (79% female, mean age =
21.10, SD = 3.11). Participants were randomly assigned to an active stimulation condition (n
= 42) or sham stimulation condition (n = 41; see results for an overview of the sample

characteristics) resulting in a between-subjects study design.

2.2. Procedure

All experimental sessions took place in a well-controlled laboratory environment at the
Ghent University Hospital. Participants were asked to sleep sufficiently, restrain from intense
physical activity and alcohol the day before the session. In addition, participants were asked
to abstain from strenuous exercise and not to consume any caffeinated beverages, alcohol
nor nicotine 2 hours prior to the session. During the entire session, participants remained
seated on a chair positioning their knees at a 90 degree angle. At the start of the experimental
session, some questionnaires were administered and the physiological lab equipment, to
record cardiac and electrodermal activity, was set-up. Next, there was a 10-minute rest period
during which participants had the time to habituate to the laboratory while their cardiac and
electrodermal activity was recorded (i.e., baseline, see Figure 1 for an overview of the
experimental procedure). Afterward, the taVNS equipment was set-up and stimulation was
applied. All participants — naive to the stimulation condition — received 20 minutes of active
taVNS or sham stimulation. After a 15-minute rest period during stimulation (i.e., taVNS-rest),
that allowed for a build-up of the neuromodulatory effects of taVNS (e.g., Burger et al., 2018;
Frangos et al., 2015), participants performed a surprise 5-minute arithmetic task (i.e., taVNS-
task) that was used to experimentally induce psychosocial stress. Following this psychosocial
stressor (and stimulation), there was a rest period of 10 minutes (i.e., recovery). For each rest
period, participants were instructed to relax and keep their eyes open. During the experimental
session, psychological measures (i.e., subjective perseverative cognition and negative affect)

were assessed at baseline and after the 10-minute recovery period. Besides HRV



assessments (i.e., to index autonomic inflexibility during perseverative cognition), heart rate
and skin conductance were measured throughout the session, to assess physiological
changes in response to the psychosocial stressor. At the end of the session, participants were
asked about possible adverse effects of the stimulation and, as a manipulation check,
participants were asked whether they believed they received sham or active stimulation.
Participants were debriefed about the purpose of the study and received monetary

compensation for their participation.

2.3. Transcutaneous Vagus Nerve Stimulation (tVNS)

Stimulation was performed using a NEMOS® tVNS device (Cerbomed, Erlangen,
Germany; CE-certified for treatment-resistant epilepsy, Yap et al., 2020) that provided
electrical stimulation through two titanium ball-point electrodes (positioned on top of an
adjustable silicon earpiece) that were connected to the stimulator with a wire. The following
stimulation parameters were used: monophasic square wave pulses with a pulse width of 250
us and frequency set at 25 Hz and, on and off duty cycles of 30 seconds for 20 minutes. To
reduce impedance and warrant optimal electrical conductivity (Yap et al., 2020), the skin at
the stimulation sites was prepared beforehand with abrasive gel (Nuprep™ abrasive skin gel;
Weaver and Company, Aurora, CO, USA) and isopropyl alcohol. For active taVNS, the
stimulation was applied to the cymba concha of the left ear, an area known to be innervated
by the afferent auricular branch of the vagus nerve (Frangos et al., 2015; Peuker & Filler,
2002). Stimulation of this area is suggested to result in the strongest activation of afferent
vagal pathways as compared to other taVNS stimulation locations (Yakunina et al., 2017). For
sham stimulation, the electrodes were placed at the center of the left ear lobe, an area that is
free of cutaneous vagal innervation (Kraus et al., 2013; Peuker & Filler, 2002), and fixated with
medical tape. To ensure activation of the afferent vagal nerve fibers, stimulation intensity was

set above the individual detection level and just below the individual pain threshold (i.e., the

pain threshold minus 0.1 mA, see also Ellrich, 2011, Mactive= 1.37, SDactive = 0.81, Msham=



1.89, SDsham = 0.89, (79.98) = 2.75, p = 0.007, d = 0.60). Adverse events resulting from the

stimulation were systematically evaluated using 6 self-report items addressing feelings of
headache, neck pain, nausea, muscle contractions, prickling sensations under the electrodes

and burning sensations (responses ranging from “1 = not at all” to “5 = very much”).

2.4. Psychosocial stressor

To induce stress in the participants, we used an arithmetic task adapted from the Trier
Social Stress Test (TSST; Kirschbaum et al., 1993). During the task, participants were asked
to count backwards from 2083 in steps of 13 as fast as possible. When a mistake was made,
participants had to restart from 2083. Without being informed about the duration of the task,
participants were asked to stop after 5 minutes. To maximize the aspect of social evaluation
and psychosocial stress elicited by the negative event, the experimenter was seated in front
of the participants to provide them with direct negative feedback during incorrect responses.
In addition, a video camera recorded the arithmetic session. As a cover story, participants
were informed that an external panel would analyze their performance during the arithmetic

task and that the task gave a strong indication of their overall intelligence.

2.5. Psychological measures

2.5.1. Baseline questionnaires
To ensure that there were no prior differences between taVNS conditions in depressive
symptoms, ruminative tendencies and stress resilience, variables known to be associated with
cognitive and autonomic flexibility (e.g., An et al., 2020; Carnevali et al., 2018; Grol & De
Raedt, 2020), we collected participants’ responses to the Beck Depression Inventory (BDI-II;
Beck et al., 2011; Dutch translation by Van der Does, 2002), Ruminative Response Scale
(RRS; Nolen-Hoeksema & Morrow, 1991; Dutch version by Raes et al., 2003) and Connor-

Davidson Resilience Scale (CD-RISC; Connor & Davidson, 2003), respectively.



2.5.2. Negative affect

Throughout the session, participants were repeatedly asked to rate their current
emotional state using Visual Analogue Scales (VAS). Each scale consisted of a 100
millimeters straight line with captions at both sides of the continuum indicating the extremes
of an emotional experience (e.g., “I do not feel angry at all”’, “I feel very angry”). Participants
had to mark the point of the continuum that corresponded to their current affective state. VAS
were used to detect changes in feelings of anger, tension, sadness, happiness, stress and
anxiety (McCormack et al., 1988). From these scales, a compounded negative affect score

was calculated (i.e., the sum of all VAS scores divided by the number of VAS, with the VAS

scores for ‘happy’ being reversed). Higher scores indicate higher levels of negative affect.

2.5.3. Perseverative Thinking Questionnaire

Repetitive negative thinking, a form of perseverative cognition, was assessed using
the Dutch version of the Perseverative Thinking Questionnaire (PTQ-NL; Ehring et al., 2011,
2012). The PTQ is a content independent measure of repetitive negative thinking and consists
of 15 self-report items that assess participants’ preservative thoughts about negative
experiences or problems (e.g., ‘my thoughts consumed me’, ‘the same thoughts kept going
through my mind again and again’). Given that this study focuses on temporal changes in
perseverative cognition following a psychosocial stressor, the original instructions of the PTQ
(“in this questionnaire you are asked to indicate how you normally think about negative
experiences or problems”) were adapted to assess changes in state perseverative cognition
during the experimental session (“in this questionnaire you are asked to indicate how you have
thought in the past rest period about negative experiences or problems”, see also Allaert et
al., 2019). Responses were made on a 5-point Likert-like scale, ranging from “0 = not at all” to
“4 = very much”. As recommended (Ehring et al., 2011), a total PTQ score was calculated by
summing all individual items, with higher scores indicating higher levels of subjective
perseverative cognition and cognitive rigidity. With the current study sample, the state PTQ

measure showed an internal consistency of alpha = 0.95.



2.6. Psychophysiological measures

All physiological measures were acquired using the Biopac MP150 and Biopac
Acgknowledge software 4.3 (Biopac Systems Inc., USA). The Biopac ECG100C and
EDA100C-MRI amplifiers were used to measure cardiac and electrodermal activity,
respectively. For the ECG amplifier, the gain was set at 5000, a high pass filter of 0.05 Hz and
a low pass filter of 35 Hz was used. The EDA parameters included: gain set to 5 pO/V, no high
pass filter and a low pass filter of 10 Hz. For both amplifiers, the sampling rate was set at 1000

Hz.

2.6.1. Heart rate and heart rate variability.

The electrocardiogram (ECG) was set-up using a lead | ECG configuration (Francis,
2016), with two Ag/Agcl electrodes attached below the left and right clavicle and a third
reference electrode placed under the ribs. The ECG data were analyzed with PhysioData
Toolbox version 0.5 (Sjak-Shie, 2019) which allows for automated R-peak detection and inter-
beat-interval (IBI) extraction. Misidentified R-peaks were manually corrected after a visual
inspection of the data. Missing or incorrect IBls were corrected using a cubic spline
interpolation (Lippman et al., 1994). Mean heart rate (HR; beats per minute) was computed
through shape-preserving piecewise cubic interpolation of the IBls. Heart rate variability (HRV;
milliseconds) was assessed by calculating the Root Mean Squared of Successive Differences
(RMSSD) of the detrended IBI data (Shaffer & Ginsberg, 2017; Tarvainen et al., 2002).
RMSSD is ought to reflect vagally-mediated changes in HRV (Laborde et al., 2017; Shaffer &
Ginsberg, 2017) and, compared to other HRV indices, is less sensitive to movement artefacts
or respiratory influences (Laborde et al., 2017; Penttila et al., 2001). As recommended,
RMSSD was calculated for time epochs of 5 minutes (Malik et al., 1996). Consistent with HRV,
mean HR was computed for epochs of 5 minutes. In line with prior work, the HRV and mean
HR epochs, with expectation of the taVNS-task measurement, were averaged resulting in one

measure per period per participant (e.g., the baseline and recovery period both resulted in 2



epochs of 5 minutes that were averaged resulting in one mean value per period, see also De

Smet et al., 2021; Pulopulos et al., 2020).

2.6.2. Electrodermal activity.

Throughout the experimental session, skin conductance (US) was measured using two
14elcro finger electrodes (prepped with Biopac GEL101, an isotonic electrode gel) strapped
around the distal phalanges of the index and middle finger of the non-dominant hand. All EDA
data was processed using Ledalab, a MATLAB toolbox (version 3.4.9, www.ledalab.be). The
data was down sampled to 50 Hz. In addition, adaptive smoothing and a Butterworth filter was
applied to remove any noise from the data before it was manually corrected for artefacts
(Boucsein, 2012). Feature extraction was performed using Continuous Decomposition
Analysis (CDA; Benedek & Kaernbach, 2010) with a detection threshold of 0.03 uS (Boucsein,
2012; Braithwaite et al., 2013). In line with the cardiac data, skin conductance levels (SCL)
were calculated for epochs of 5 minutes and averaged resulting in one SCL value per
participant for each of the different time periods (i.e., baseline, taVNS-rest, taVNS-task,

recovery).

2.7. Data plan

Sample size calculation using G*Power 3.1 software (Faul et al., 2009) resulted in a
required sample size of 75 participants to obtain a power of 0.80 to detect a low to medium
effect size (F-test for repeated measures with 2 groups and 2 measurements with a correlation
of 0.5, f=0.165, alpha error probability = 0.05). Considering possible data losses or dropouts
of 10 to 15%, 85 participants were recruited. However, 2 participants did not complete the full
study protocol and were therefore removed from the sample, resulting in a final sample of 83
participants. Due to technical issues with the physiological recording equipment, less
participants were included in the analyses of HRV (n = 79), mean HR (n = 79) and SCL (n =

76).



All statistical analyses were performed with R version 4.1.2 (R Core Team, 2021). The
‘ImerTest’ (Kuznetsova et al., 2017) and ‘Ime4’ (Bates et al., 2015) packages were used for
fitting models within the linear mixed effects framework. In all reported models, we employed
gaussian error distributions and allowed for intercepts to vary randomly over subjects whereas
other independent variables (such as condition and time) and their interactions were included
as fixed effects. Continuous predictors (i.e., changes in perseverative thinking and stimulation
intensity) were centered and model contrasts were set using sum (i.e., effect) coding schemes.
X2 goodness-of-fit tests showed that adding random slopes to the random intercept models
did not significantly improve the model fit and were therefore not included in the final models.
Hence, all reported models were built as follows: values of the dependent variable ~ fixed
effects + (1 | subject). Due to skewed residual distributions, natural logarithmic transformations
were performed for all physiological measures and self-reported negative affect. The F-
statistics and p-values were reported using the Kenward-Roger degrees of freedom
approximation and, where applicable, the Tukey correction was used for multiple comparisons.
Post-hoc tests for interaction effects consisted of pairwise comparisons of the estimated
marginal means of factors or pairwise comparisons of the estimated marginal means of linear
trends (i.e., comparisons of the slopes of the continuous variable for each factor level) that
were obtained from the mixed effects models, using the ‘emmeans’ and ‘emtrends’ functions
of the ‘emmeans’ package (Lenth, 2021), respectively. Partial eta squared (i.e., ny?) and
Cohen’s d were used to report effect sizes of F and t test statistics, respectively, using the
‘effectsize’ package that allows for effect size calculations of linear mixed models (Ben-

Shachar et al., 2020). The significance level was set at alpha = 0.05.

First, independent sample t-tests, chi-squared and exact binomial tests were used to
examine differences between the two conditions in age, sex, baseline questionnaires, belief
in the manipulation, self-reported adverse events to the stimulation and performance on the
task. Additionally, Pearson’s product-moment correlations were used to examine if task

performance was associated with perseverative thinking.



To evaluate the effectiveness of the psychosocial stressor (i.e., changes in
physiological arousal following the arithmetic task), depending on the stimulation condition, 4
(time: baseline, taVNS-rest, taVNS-task, recovery) by 2 (condition: sham versus active
stimulation) linear mixed models were used for the mean HR and SCL data. In addition, to
investigate changes in negative affect during the session, and effects of taVNS on negative
affect, a 2 (time: baseline, recovery) by 2 (condition: sham versus active stimulation) linear

mixed model was fitted with negative affect as outcome measure.

To examine the effects of taVNS on subjective levels of perseverative cognition
following stress, a 2 (time: baseline, recovery) by 2 (condition: sham versus active stimulation)
linear mixed model was fitted with the PTQ scores as outcome measure. With regard to
autonomic inflexibility, a 4 (time: baseline, taVNS-rest, taVNS-task, recovery) by 2 (condition:
sham versus active stimulation) linear mixed model was fitted to investigate the direct effects

of taVNS on HRV.

Considering the association between cognitive and autonomic inflexibility during stress
recovery and, the significant effect of taVNS on subjective perseverative cognition (i.e., PTQ
scores) but lack of evidence for direct effects of taVNS on HRV (see below in the results
section), an additional exploratory analysis was performed to investigate the relation between
changes in subjective perseverative cognition (i.e., changes in PTQ scores, APTQ = PTQr2 —
PTQr1, see also figure 1) and HRV following taVNS. As such, the APTQ scores were added as

a continuous predictor to the HRV model.

Given the use of individualized stimulation intensities based on subjective pain
thresholds (see Ellrich, 2011), exploratory analyses were performed to investigate possible
influences of stimulation intensity on the different psychological and physiological measures.
Thus, using an exploratory approach, stimulation intensity was included as a continuous
predictor in all above mentioned models. Moreover, to exclude for alternative explanations of

stimulation intensity effects, we performed additional Pearson’s product-moment correlations



to examine the association between stimulation intensity and (i) burning sensations, (ii) task
performance and (iii) trait characteristics of the participants (i.e., BDI-Il, RRS and CD-RISC

scores) in both stimulation conditions.

3. Reslults

3.1. Descriptive statistics

Table 1 gives an overview of the study characteristics, there were no significant
baseline differences between conditions. An exact binomial test showed that the success
probability of participants guessing the correct stimulation condition was not significantly
different from chance level (p = 0.741). Hence, participant blinding was considered successful

as they were not able to discriminate between the active taVNS and sham condition.

3.2. Adverse effects

Table 2 gives an overview of the mean responses to the 6 self-report items examining
adverse events following sham or active taVNS. With exception of higher levels of reported
burning sensations under the electrodes following active taVNS, there were no significant
differences in reported adverse events between the two types of stimulation (i.e., active vs

sham stimulation).

3.3. Task performance

There were no significant differences in task performance between the sham (M =
5.27, SD = 2.29) and active taVNS condition (M = 4.57, SD = 2.24), t(80.83) = 1.40, p = 0.165,
d = 0.31. In the sham condition, there was a significant positive association between task
performance and perseverative thinking, with participants performing worse (i.e., making more
mistakes) showing higher levels of subjective perseverative cognition afterward, #(39) = 2.52,
p =0.016, r = 0.37. No such association was found for active taVNS, #(39) = 0.01, p = 0.992,

r<0.01.



3.4. Stress-induced physiological arousal
3.41. Mean Heart Rate

The results of the analysis revealed a significant main effect of time for the linear mixed
model with mean HR, F(3, 229.06) = 88.17, p < 0.001, n,? = 0.54. Post-hoc analyses showed
a significantly higher mean HR during the confrontation with the psychosocial stressor (M =
89.23, SD = 13.37) as compared to baseline (M =81.53, SD = 12.98), {(229) = 9.76, p < 0.001,
d = 1.55. After the stress test (i.e., during the recovery period), mean HR was significantly
lower (M =77.53, SD = 10.88) compared to during the arithmetic task (i.e., taVNS-task), {(229)
=14.42, p < 0.001, d = 2.31, and compared to baseline, {(229) = 4.70, p < 0.001, d = 0.75.
There was no effect of stimulation condition, F(1, 77) = 0.25, p = 0.616, n,°> < 0.01, nor
significant interaction between time and condition, F(3, 229.06) = 0.53, p = 0.659, n,? < 0.01.

The exploratory analysis showed no significant effects of taVNS stimulation intensity
on mean heart rate during the different phases of the experimental session, F's < 1.14, p’s >

0.332, ny?’s < 0.02.

3.4.2. Skin Conductance Levels

The results of the linear mixed effects analysis revealed a significant main effect of
time for the SCL data, F(3, 221.02) = 113.66, p < 0.001, n,? = 0.61. During the stress task,
SCL was significantly higher (M = 11.83, SD = 4.22) compared to baseline (M = 8.06, SD =
3.96), #(221) = 17.79, p < 0.001, d = 2.89. During the recovery period, as compared to during
the stress task, SCL was significantly reduced (M = 10.41, SD = 3.90), {(221) = 5.08, p < 0.001,
d = 0.83. The SCL level during the recovery was significantly higher than baseline, #221) =
12.64, p < 0.001, d = 2.06. There was no effect of condition, F(1, 74) = 0.02, p = 0.982, n,? <
0.01, nor significant interaction between time and condition, F(3, 221.01) = 1.30, p = 0.276,
np? = 0.02.

We found no evidence for any effects of stimulation intensity on skin conductance

levels, Fs < 1.72, p’s > 0.185, n,?s < 0.03.



3.5. Negative affect

Results showed a significant main effect of time, with overall higher levels of negative
affect post recovery (M = 17.41, SD = 8.84) compared to baseline (M = 15.42, SD = 6.71),
F(1, 80.28) = 6.40, p = 0.013, n,? = 0.07. There was no significant main effect of condition,
F(1, 80.97) = 0.19, p = 0.661, n,? < 0.01. Although the levels of negative affect at the end of
the recovery period were higher for the sham condition (M = 18.27, SD = 10.27) compared to
the active taVNS condition (M = 16.56, SD = 7.16), there was no significant interaction
between time and condition, F(1, 80.28) = 0.49, p = 0.486, ny> < 0.01.

Exploratory analysis did not reveal any significant effects of stimulation intensity on

negative affect levels during the session, F's < 2.02, p’s > 0.159, n,”s < 0.03.

3.6. Effects of taVNS on perseverative cognition
3.6.1. Perseverative Thinking Questionnaire
For the subjective measure of perseverative cognition, the linear mixed effects

analyses showed a significant interaction between time and condition, F(1, 80.14) = 5.59, p =
0.021, I7p2 = 0.07. For the sham condition, there were no significant changes in PTQ scores

during the session, #80) = 0.10, p = 0.920, d = 0.02. In the active taVNS condition, however,
PTQ levels were significantly decreased at the end of the recovery period, #(80.3) = 3.24, p =

0.002, d = 0.72, as compared to baseline (see Figure 2). Results also showed a lower-order

significant main effect of time, F(1, 80.14) = 4.94, p = 0.030, np2 = 0.06, but no main effect of

condition, F(1, 80.99) = 0.19, p = 0.666, np2 <0.01.
Results of the exploratory analysis revealed no significant effects of stimulation

intensity on subjective perseverative cognition, F's < 0.81, p’s > 0.370, np?s < 0.01.

3.6.2.  Heart rate variability



Results of the linear mixed effects analyses evaluating the direct effects of taVNS on
HRV revealed no significant interaction between time and condition (see Figure 3), F(3,
229.11) = 0.33, p = 0.806, n,? < 0.01, nor a significant main effect of condition, F(1, 76.99) =
0.06, p = 0.810, n,? < 0.01. There was a significant main effect of time, F(1, 229.11) = 3.94, p
= 0.009, n,? = 0.05. During the recovery period, HRV was significantly higher as compared to
baseline, #(229) = 3.09, p = 0.012, d = 0.49. In addition, there was a marginal statistical
difference between the HRV levels during the tVNS-rest and baseline period, {(229) = 2.60, p
= 0.049, d = 0.42, with an overall higher HRV during tVNS-rest compared to baseline. The
HRV levels during the arithmetic task (i.e., taVNS-task) were not significantly different from
the HRYV levels during the taVNS-rest, #(229) = 1.41, p = 0.493, d = 0.23, or recovery period,
#(229) = 1.91, p = 0.227, d = 0.31.

Results of the exploratory analysis showed no significant effects on stimulation

intensity on HRV, F's <0.91, p’s > 0.344, n,?s < 0.01.

3.6.3. Influence of individual differences in cognitive inflexibility on the
effects of taVNS on HRV

Considering the association between cognitive and autonomic inflexibility and, the
significant effect of taVNS on subjective perseverative cognition (i.e., PTQ scores) but lack of
evidence for direct effects of taVNS on HRV, we further explored how individual differences in
PTQ scores are related to the effects of taVNS on HRV.

Specifically, when investigating the role of changes in subjective perseverative
cognition (i.e., changes in PTQ scores, APTQ) on the effects of taVNS on HRV, results showed
a significant three-way interaction between time, condition and APTQ scores, F(3, 221) = 4.04,
p = 0.008, n,? = 0.05. Specifically, in the sham taVNS condition, there was a marginally
significant interaction between time and APTQ scores, F(3, 107.00) = 2.70, p = 0.049, n,’ =
0.07, whereas no such effect was found in the active stimulation condition, F(3, 114) = 2.38,

p = 0.073, ny? = 0.06. In particular, in the sham taVNS condition, lower HRV levels during the



arithmetic task (i.e., taVNS-task), as compared to baseline, were significantly associated with
increases in PTQ scores after the recovery period (i.e., higher APTQ scores), {(107) = 2.66, p
= 0.044, d = 0.23. Although not statistically significant, an opposite pattern was present in the
active taVNS condition (i.e., a positive association between HRV levels during the task, as
compared to baseline, and APTQ scores, see Figure 4), {(114) = 2.53, p = 0.060, d = 0.06.
Besides this higher-order significant interaction, the model also showed a significant main
effect of time, F(3, 221.05) = 4.54, p = 0.004, n,? = 0.06.

The additional exploratory analysis with stimulation intensity revealed no significant

moderation of stimulation intensity, Fs < 1.18, p’s > 0.282, n,?s < 0.02.

4. Discussion

Despite its role in perseverative cognition (Ottaviani, 2018; Thayer & Lane, 2002),
research investigating the causal modulation of the vagus nerve, using non-invasive vagal
nerve stimulation techniques such as taVNS, to affect perseverative cognition is scarce. To fill
this gap, this study investigated the effects of taVNS of the left concha, compared to sham
(earlobe) stimulation, on the cognitive (i.e., self-reported perseverative thinking) and
autonomic (i.e., vagally-mediated HRV) inflexibility that characterizes perseverative cognition
following psychosocial stress in a sample of healthy individuals.

The stressor caused, in both stimulation conditions, a significant peak in heart rate and
skin conductance, indicative of an acute physiological stress response during the arithmetic
task adapted from the TSST. In terms of subjective levels of negative affect, independent of
the stimulation (intensity) they received, participants reported higher levels of negative affect
at the end of the stress recovery period compared to the baseline assessment. Whereas the
electrodermal activity remained significantly higher during stress recovery compared to

baseline, no such sustained activation was found for the cardiac measures. These results



show that our manipulation induced stress, measured with psychological and physiological
indices, indicative of sympathetic reactivity throughout the experiment.

The effects of the activation of the auricular branch of the vagus nerve (versus sham)
will be described separately for the psychological (subjective self-reports) and physiological
(e.g., HRV) measures. With regard to the subjective measurements of perseverative cognition,
the study results showed that taVNS significantly affected preservative thinking after
psychosocial stress. Specifically, in this sample, taVNS of the left concha, as compared to
sham (earlobe) stimulation, led to a significant reduction of perseverative thinking following
stress recovery. This is in line with past research showing a reduction of spontaneous worrying
behaviour during taVNS of the left cymba concha (Burger et al., 2019), and endorses the
causal role of the vagus nerve in perseverative cognition (Ottaviani et al., 2018).

With regard to HRV, the study results showed no direct effects of taVNS on this
autonomic correlate of perseverative cognition, which, though in contrast to our a priori
hypotheses, is in line with the findings of Burger and colleagues (2019) on the autonomic
correlates of negative thought intrusions in high worriers. Moreover, although positive taVNS
effects have been reported (e.g., Hoper et al., 2022, Keute et al., 2021, Machetanz et al.,
2021a, 2021b), the current study results in a well-powered sample are in accordance with the
findings of the interactive Bayesian random effects meta-analysis by Wolf and colleagues
(2021), which provides strong evidence for the lack of effects of active taVNS, compared to
sham, on vagally-mediated HRV. Interestingly, however, individual differences in the
subjective changes in perseverative cognition before versus after the stressor significantly
affected the effects of taVNS on HRV. In particular, for the sham condition, a significant
association was found between self-reported perseverative thinking and HRV levels during
the arithmetic task as compared to baseline. In line with previous research demonstrating a
negative relationship between cognitive rigidity and HRV (Ottaviani et al., 2016), the current
results demonstrate that higher autonomic inflexibility during the stressor was linked with
increases in perseverative thinking after the recovery period. A trending but non-significant

finding, and therefore interpreted with caution, was that for the active taVNS condition an



opposite pattern was found in which higher levels of HRV during the task as compared to
baseline (i.e., indicating more autonomic flexibility) were associated with more cognitive
rigidity. To speculate, this contrary trend could possibly result from a dissociation between
psychological and physiological changes following taVNS. Hence, although participants might
show more physiological flexibility following taVNS, compared to sham, they might not
experience reduced perseverative cognition on a subjective level. Indeed, a dissociation
between cognitive, behavioral and physiological measures has also been reported in previous
work investigating perseverative cognitions following inhibitory neurostimulation of the
prefrontal cortex (Era et al., 2021). Notably, although some studies have reported taVNS-
induced decreases in heart rate (e.g., Hoper et al., 2022, Keute et al., 2021, Yokota et al.,
2022) and electrodermal activity (e.g., Lamb et al., 2017; although see also Burger et al., 2017,
Burger et al., 2018), no such effects were found in the current study. Notwithstanding, present
findings are in line with previous work using similar stimulation parameters (De Smet et al.,
2021).

Overall, the exploratory analyses revealed no significant effects of taVNS intensity,
individually determined based on the subjective pain threshold, on the psychological and
physiological measures used in this study. This is in contrast with past research demonstrating
a positive association between stimulation intensity and various outcome measures including
cortical excitability (Mertens et al., 2021) and HRV (Machetanz et al., 2021a). Interestingly,
Mertens and colleagues (2021a), report relatively higher mean stimulation currents (3.35mA)
as compared to the current study (mean taVNS intensity = 1.37 mA), suggesting that higher
intensities might be required to facilitate neuromodulatory effects. However, Machetanz and
colleagues (2021a) used stimulation intensities that were relatively lower than the above-
mentioned studies (max 0.4, 0.77 and 2 mA), contradicting this idea. Moreover, in a series of
experiments in which Borges and colleagues (2019) systematically evaluated the effects of
stimulation intensity on vagally-mediated HRV (i.e., RMSSD), the authors found an overall
positive association between taVNS intensity and HRV in the second experiment. Yet, this

effect could not be replicated in a later experiment in which the taVNS intensity was



significantly higher (mean intensity taVNS of 2.50 and 1.78 mA, respectively, Borges et al.,
2019). Hence, more research systematically investigating the effects of taVNS stimulation
intensity, and which intensities might result in the most optimal results, on cognitive, affective
and psychophysiological processes is warranted (see also Burger et al., 2020; Farmer et al.,
2021). Notably, although Wolf and colleagues (2021) made use of a Shiny web app that is
frequently updated with newly published findings to keep the evidence of their interactive
Bayesian random effects meta-analysis up to date, the moderating role of stimulation intensity
(e.g., using meta regressions with stimulation intensity as a continuous predictor) has not yet
been explored. However, it is important to note that this type of analysis requires participant-
level data which is often not shared or publicly available. Hence, past and future studies are
highly encouraged to share participant-level data which facilitates the process for future meta-
analyses to investigate the moderating role of stimulation intensity.

Given that stimulation was applied during the task, but not during the 10-minute
recovery period thereafter, the significant taVNS effects on correlates of perseverative
cognition provide evidence for the continuation of taVNS effects beyond the period of
stimulation. Although replication in (non-)clinical samples is warranted, these findings provide
promising implications for the use of taVNS in clinical settings, in which the duration of effects
is pivotal. Indeed, as our findings suggest that a single session of taVNS can reduce
perseverative thinking in healthy individuals, taVNS might hold potential as a (adjuvant)
intervention in psychopathologies characterized by perseverative cognition. For instance, the
tendency to engage in repetitive negative thinking about past events (i.e., rumination) is
suggested to be one of the most important risk factors for the development, maintenance and
recurrence of stress-related disorders such as major depressive disorder (MDD; Ehring &
Watkins, 2008; Nolen-Hoeksema et al., 2008). Interestingly, studies have revealed positive
effects of taVNS on depressive symptoms in patients suffering from MDD (Hein et al., 2013;
Kong et al., 2018; Rong et al., 2016). Hence, the effects of taVNS on perseverative cognition
might serve as one of the underlying working mechanisms of the antidepressant effects of

taVNS. Though, well-powered randomized controlled trials, including neuroimaging



assessments, are warranted to further gain insights into taVNS working mechanisms and to
optimize its therapeutic potential.

Although this study has several methodological strengths, such as its rigorous set-up
and sham controlled design, some important limitations need to be discussed. First, given the
lack of subjective stress measure directly after the task (we only measured negative affect at
baseline and after the recovery period), it is unclear whether the physiological changes during
the arithmetic task (i.e., the peak in heart rate and skin conductance during the task) were
accompanied by an acute subjective (i.e., psychological) stress response. Hence, future
studies are endorsed to assess such measures directly following the stressor, as these can
inform us on the acute psychological changes associated with stress-induced physiological
responses. Second, although the data showed a slight drop in HRV during the actual
confrontation with the stressor, compared to the time period before the task, such reduction in
HRV was not significant. Hence, this indicates that the manipulation (i.e., arithmetic task) was
not effective in decreasing HRV. A reduction in HRV, however, is ought to represent
parasympathetic (i.e., vagal) withdrawal when confronted with a stressor (Ottaviani, 2018).
Due to the lack of a control task, it remains unclear whether or not this is due to the specific
type of task used in this study. In the literature, different methods have been described to
induce perseverative cognition including more direct induction methods, asking participants to
directly engage in perseverative cognitions (e.g., Borkovec et al., 1983), but also stressful
tasks that provoke ruminative thinking (Ottaviani et al., 2016). Moreover, in terms of heart rate
responses, a meta-analysis in healthy individuals showed that only studies employing stressful
tasks, compared to other induction methods, showed significant effects of perseverative
cognition (Ottaviani et al., 2016). With regard to HRV, however, meta-analytic findings showed
an association between perseverative cognition and reduced HRV, but no significant
moderation effects of the type of induction (Ottaviani et al., 2016). Crucially though, only
studies employing within-subjects designs, compared to between-subjects designs, showed
significant HRV responses to perseverative cognition. Hence, implementing a within-subjects

design, and control task, might be crucial for future taVNS studies to detect robust changes in



HRV responses to perseverative cognition. Third, given our interest in physiological changes
over the different phases of the experiment (e.g., stress reactivity and recovery), and not in
the temporal changes within a phase, we a priori decided to average HRV over phases.
However, the aggregation of data results in a loss of information. Hence, future studies may
instead consider binning the data by time. Last, solely HRV was used as a physiological
marker of vagal activation. Due to the inconsistency of reported findings (Wolf et al., 2021),
the reliability of HRV as taVNS biomarker has been questioned. Although no robust
biomarkers have yet been identified (Burger et al., 2020), several potentials candidates have
been put forward, including pupil dilation and salivary alpha-amylase (Burger et al., 2020;
although evidence is mixed e.g., D’Agostini et al., 2021; Warren et al., 2019), which are
advised to be implemented in future research investigating taVNS effects.

To conclude, this study in healthy individuals investigated the effects of a single
session of taVNS on cognitive and autonomic correlates of perseverative cognition following
a psychosocial stressor. Our results demonstrated that taVNS significantly reduced cognitive
rigidity, as reflected by lower levels of subjective perseverative cognition after a stressor.
Vagally-mediated HRV was not directly affected by taVNS. However, individual differences in
perseverative thinking modulated the effects of taVNS on HRV, with a negative association
between autonomic and cognitive inflexibility for the sham but not for the active taVNS
condition. In addition, although more systematic research is warranted, exploratory analyses
presented no evidence for a relationship between taVNS intensity and the psychophysiological
measures used in this study, including HRV and perseverative thinking. Overall, our findings
provide evidence for the association between the vagus nerve and preservative cognitions,
which might be important information for the treatment of stress-related mental health

problems (Verkuil et al., 2010).

Acknowledgments
The authors would like to thank Jozefien Tilleman and Nina Seminck for their help with data

collection, and Hanne September for her help with the data visualization. Stefanie De Smet is



funded by a FWO-Flanders PhD fellowship (Grant Number: 11J7521N). Marie-Anne
Vanderhasselt received funding from the special research funds (BOF), grant number

BOF17/STA/030.

Data Availability Statement
The data and R script that support the findings of this study are openly available via the Open

Science Framework at https://doi.org/10.17605/OSF.IO/NKDFQ.

5. References

Alba, G., Vila, J., Rey, B., Montoya, P., & Mufioz, M. A. (2019). The Relationship Between Heart Rate
Variability and Electroencephalography Functional Connectivity Variability Is Associated With
Cognitive Flexibility. Frontiers in Human Neuroscience, 13, 64.
https://doi.org/10.3389/fnhum.2019.00064

Allaert, J., De Raedt, R., & Vanderhasselt, M.-A. (2019). When choosing means losing: Regret
enhances repetitive negative thinking in high brooders. Journal of Experimental Social
Psychology, 85, 103850. https://doi.org/10.1016/j.jesp.2019.103850

An, E., Nolty, A. A. T., Amano, S. S., Rizzo, A. A., Buckwalter, J. G., & Rensberger, J. (2020). Heart
Rate Variability as an Index of Resilience. Military Medicine, 185(3—4), 363—369.
https://doi.org/10.1093/milmed/usz325

Appelhans, B. M., & Luecken, L. J. (2006). Heart Rate Variability as an Index of Regulated Emotional
Responding. Review of General Psychology, 10(3), 229—-240. https://doi.org/10.1037/1089-
2680.10.3.229

Bates, D., Machler, M., Bolker, B., & Walker, S. (2015). Fitting Linear Mixed-Effects Models Using
Ime4. Journal of Statistical Software, 67(1). https://doi.org/10.18637/jss.v067.i01

Beck, A. T., Steer, R. A., & Brown, G. (2011). Beck Depression Inventory—Il [Data set]. American
Psychological Association. https://doi.org/10.1037/t00742-000

Beckwé, M., Deroost, N., Koster, E. H. W., De Lissnyder, E., & De Raedt, R. (2014). Worrying and

rumination are both associated with reduced cognitive control. Psychological Research, 78(5),



651-660. https://doi.org/10.1007/s00426-013-0517-5

Benedek, M., & Kaernbach, C. (2010). Decomposition of skin conductance data by means of
nonnegative deconvolution. Psychophysiology. https://doi.org/10.1111/j.1469-
8986.2009.00972.x

Ben-Shachar, M., Lidecke, D., & Makowski, D. (2020). Effectsize: Estimation of Effect Size Indices
and Standardized Parameters. Journal of Open Source Software, 5(56), 2815.
https://doi.org/10.21105/joss.02815

Beste, C., Steenbergen, L., Sellaro, R., Grigoriadou, S., Zhang, R., Chmielewski, W., Stock, A.-K., &
Colzato, L. (2016). Effects of Concomitant Stimulation of the GABAergic and Norepinephrine
System on Inhibitory Control — A Study Using Transcutaneous Vagus Nerve Stimulation.
Brain Stimulation, 9(6), 811-818. https://doi.org/10.1016/j.brs.2016.07.004

Borges, U., Knops, L., Laborde, S., Klatt, S., & Raab, M. (2020). Transcutaneous Vagus Nerve
Stimulation May Enhance Only Specific Aspects of the Core Executive Functions. A
Randomized Crossover Trial. Frontiers in Neuroscience, 14, 523.
https://doi.org/10.3389/fnins.2020.00523

Borges, U., Laborde, S., & Raab, M. (2019). Influence of transcutaneous vagus nerve stimulation on
cardiac vagal activity: Not different from sham stimulation and no effect of stimulation
intensity. PLOS ONE, 14(10), e0223848. https://doi.org/10.1371/journal.pone.0223848

Borkovec, T. D., Robinson, E., Pruzinsky, T., & DePree, J. A. (1983). Preliminary exploration of worry:
Some characteristics and processes. Behaviour Research and Therapy, 21(1), 9—16.
https://doi.org/10.1016/0005-7967(83)90121-3

Borland, M. S., Vrana, W. A., Moreno, N. A., Fogarty, E. A, Buell, E. P., Sharma, P., Engineer, C. T.,
& Kilgard, M. P. (2016). Cortical Map Plasticity as a Function of Vagus Nerve Stimulation
Intensity. Brain Stimulation, 9(1), 117—-123. https://doi.org/10.1016/j.brs.2015.08.018

Boucsein, W. (2012). Electrodermal activity (2. Ed). Springer.

Braithwaite, J. J., Watson, D. G., Jones, R., & Rowe, M. (2013). A guide for analysing electrodermal
activity (EDA) & skin conductance responses (SCRs) for psychological experiments. 49(1),
1017-1034.

Brosschot, J. F., Gerin, W., & Thayer, J. F. (2006). The perseverative cognition hypothesis: A review

of worry, prolonged stress-related physiological activation, and health. Journal of



Psychosomatic Research, 60(2), 113—124. https://doi.org/10.1016/j.jpsychores.2005.06.074

Brosschot, J. F., Pieper, S., & Thayer, J. F. (2005). Expanding stress theory: Prolonged activation and
perseverative cognition. Psychoneuroendocrinology, 30(10), 1043—1049.
https://doi.org/10.1016/j.psyneuen.2005.04.008

Burger, A. M., D’Agostini, M., Verkuil, B., & Van Diest, I. (2020). Moving beyond belief: A narrative
review of potential biomarkers for transcutaneous vagus nerve stimulation. Psychophysiology,
e13571. https://doi.org/10.1111/psyp.13571

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., Van Diest, |., van der Does, W., Hysaj, M., Thayer, J. F., Brosschot, J. F., & Verkuil, B.
(2018). Transcutaneous vagus nerve stimulation and extinction of prepared fear: A
conceptual non-replication. Scientific Reports, 8(1), 11471. https://doi.org/10.1038/s41598-
018-29561-w

Burger, A. M., & Verkuil, B. (2018). Transcutaneous nerve stimulation via the tragus: are we really
stimulating the vagus nerve?. Brain Stimulation: Basic, Translational, and Clinical Research in
Neuromodulation, 11(4), 945-946. https://doi.org/10.1016/j.brs.2018.03.018

Burger, A. M., Verkuil, B., Fenlon, H., Thijs, L., Cools, L., Miller, H. C., Vervliet, B. & Van Diest, I.
(2017). Mixed evidence for the potential of non-invasive transcutaneous vagal nerve
stimulation to improve the extinction and retention of fear. Behaviour Research and
Therapy, 97, 64-74. https://doi.org/10.1016/j.brat.2017.07.005

Butt, M. F., Albusoda, A., Farmer, A. D., & Aziz, Q. (2019). The anatomical basis for transcutaneous
auricular vagus nerve stimulation. Journal of Anatomy, joa.13122.
https://doi.org/10.1111/joa.13122

Carnevali, L., Thayer, J. F., Brosschot, J. F., & Ottaviani, C. (2018). Heart rate variability mediates the
link between rumination and depressive symptoms: A longitudinal study. International Journal
of Psychophysiology, 131, 131-138. https://doi.org/10.1016/j.ijpsycho.2017.11.002

Chrousos, G. P. (2009). Stress and disorders of the stress system. Nature Reviews Endocrinology,

5(7), 374—381. https://doi.org/10.1038/nrendo.2009.106



Clark, K. B., Krahl, S. E., Smith, D. C., & Jensen, R. A. (1995). Post-training Unilateral Vagal
Stimulation Enhances Retention Performance in the Rat. Neurobiology of Learning and
Memory, 63(3), 213—-216. https://doi.org/10.1006/nIme.1995.1024

Clark, K. B., Naritoku, D. K., Smith, D. C., Browning, R. A., & Jensen, R. A. (1999). Enhanced
recognition memory following vagus nerve stimulation in human subjects. Nature
Neuroscience, 2(1), 94—98. https://doi.org/10.1038/4600

Clark, K. B., Smith, D. C., Hassert, D. L., Browning, R. A., Naritoku, D. K., & Jensen, R. A. (1998).
Posttraining Electrical Stimulation of Vagal Afferents with Concomitant Vagal Efferent
Inactivation Enhances Memory Storage Processes in the Rat. Neurobiology of Learning and
Memory, 70(3), 364-373. https://doi.org/10.1006/nime.1998.3863

Connor, K. M., & Davidson, J. R. T. (2003). Development of a new resilience scale: The Connor-
Davidson Resilience Scale (CD-RISC). Depression and Anxiety, 18(2), 76-82.
https://doi.org/10.1002/da.10113

D’Agostini, M., Burger, A. M., Franssen, M., Claes, N., Weymar, M., Leupoldt, A., & Van Diest, I.
(2021). Effects of transcutaneous auricular vagus nerve stimulation on reversal learning, tonic
pupil size, salivary alpha-amylase, and cortisol. Psychophysiology.
https://doi.org/10.1111/psyp.13885

De Smet, S., Baeken, C., De Raedt, R., Pulopulos, M. M., Razza, L. B., Van Damme, S., De Witte, S.,
Brunoni, A. R., & Vanderhasselt, M.-A. (2021). Effects of combined theta burst stimulation
and transcranial direct current stimulation of the dorsolateral prefrontal cortex on stress.
Clinical Neurophysiology, 132(5), 1116—1125. https://doi.org/10.1016/j.clinph.2021.01.025

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, 103933. https://doi.org/10.1016/j.brat.2021.103933

Dietrich, S., Smith, J., Scherzinger, C., Hofmann-Preil3, K., Freitag, T., Eisenkolb, A., & Ringler, R.
(2008). A novel transcutaneous vagus nerve stimulation leads to brainstem and cerebral
activations measured by functional MRI / Funktionelle Magnetresonanztomographie zeigt
Aktivierungen des Hirnstamms und weiterer zerebraler Strukturen unter transkutaner

Vagusnervstimulation. Biomedizinische Technik/Biomedical Engineering, 53(3), 104—111.

https://doi.org/10.1515/BMT.2008.022



Ehring, T., Raes, F., Weidacker, K., & Emmelkamp, P. M. G. (2012). Validation of the Dutch Version
of the Perseverative Thinking Questionnaire (PTQ-NL). European Journal of Psychological
Assessment, 28(2), 102—108. https://doi.org/10.1027/1015-5759/a000097

Ehring, T., & Watkins, E. R. (2008). Repetitive Negative Thinking as a Transdiagnostic Process.
International Journal of Cognitive Therapy, 1(3), 192—205.
https://doi.org/10.1521/ijct.2008.1.3.192

Ehring, T., Zetsche, U., Weidacker, K., Wahl, K., Schonfeld, S., & Ehlers, A. (2011). The
Perseverative Thinking Questionnaire (PTQ): Validation of a content-independent measure of
repetitive negative thinking. Journal of Behavior Therapy and Experimental Psychiatry, 42(2),
225-232. https://doi.org/10.1016/j.jbtep.2010.12.003

Ellrich, J. (2011). Transcutaneous Vagus Nerve Stimulation. European Neurological Review, 6(4),
254. https://doi.org/10.17925/ENR.2011.06.04.254

Era, V., Carnevali, L., Thayer, J. F., Candidi, M., & Ottaviani, C. (2021). Dissociating cognitive,
behavioral and physiological stress-related responses through dorsolateral prefrontal cortex
inhibition. Psychoneuroendocrinology, 124, 105070.
https://doi.org/10.1016/j.psyneuen.2020.105070

Farmer, A. D., Strzelczyk, A., Finisguerra, A., Gourine, A. V., Gharabaghi, A., Hasan, A., Burger, A.
M., Jaramillo, A. M., Mertens, A., Majid, A., Verkuil, B., Badran, B. W., Ventura-Bort, C., Gaul,
C., Beste, C., Warren, C. M., Quintana, D. S., Hdmmerer, D., Freri, E., ... 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, 568051. https://doi.org/10.3389/fnhum.2020.568051

Faul, F., Erdfelder, E., Buchner, A., & Lang, A.-G. (2009). Statistical power analyses using G*Power
3.1: Tests for correlation and regression analyses. Behavior Research Methods, 41(4), 1149—
1160. https://doi.org/10.3758/BRM.41.4.1149

Fischer, R., Ventura-Bort, C., Hamm, A., & Weymar, M. (2018). Transcutaneous vagus nerve
stimulation (tVNS) enhances conflict-triggered adjustment of cognitive control. Cognitive,
Affective, & Behavioral Neuroscience, 18(4), 680—693. https://doi.org/10.3758/s13415-018-
0596-2

Frangos, E., Ellrich, J., & Komisaruk, B. R. (2015). Non-invasive Access to the Vagus Nerve Central



Projections via Electrical Stimulation of the External Ear: FMRI Evidence in Humans. Brain
Stimulation, 8(3), 624-636. https://doi.org/10.1016/j.brs.2014.11.018

Gaab, J., Blattler, N., Menzi, T., Pabst, B., Stoyer, S., & Ehlert, U. (2003). Randomized controlled
evaluation of the effects of cognitive—behavioral stress management on cortisol responses to
acute stress in healthy subjects. Psychoneuroendocrinology, 28(6), 767-779.

https://doi.org/10.1016/S0306-4530(02)00069-0

Gillie, B. L., & Thayer, J. F. (2014). Individual differences in resting heart rate variability and cognitive
control in posttraumatic stress disorder. Frontiers in Psychology, 5.
https://doi.org/10.3389/fpsyg.2014.00758

Gillie, B. L., Vasey, M. W., & Thayer, J. F. (2015). Individual differences in resting heart rate variability
moderate thought suppression success: HRV and thought suppression. Psychophysiology,

52(9), 1149-1160. https://doi.org/10.1111/psyp.12443

Grol, M., & De Raedt, R. (2020). The link between resting heart rate variability and affective flexibility.
Cognitive, Affective, & Behavioral Neuroscience, 20(4), 746—756.
https://doi.org/10.3758/s13415-020-00800-w

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(5), 821-827.
https://doi.org/10.1007/s00702-012-0908-6

Holzman, J. B., & Bridgett, D. J. (2017). Heart rate variability indices as bio-markers of top-down self-
regulatory mechanisms: A meta-analytic review. Neuroscience & Biobehavioral Reviews, 74,
233-255. https://doi.org/10.1016/j.neubiorev.2016.12.032

Hoper, S., Kaess, M., & Koenig, J. (2022). Prefrontal cortex oxygenation and autonomic nervous
system activity under transcutaneous auricular vagus nerve stimulation in
adolescents. Autonomic neuroscience, 103008. https://doi.org/10.1016/j.autneu.2022.103008

Kemeny, M. E. (2003). The Psychobiology of Stress. Current Directions in Psychological Science,
12(4), 124-129. https://doi.org/10.1111/1467-8721.01246

Keute, M., Machetanz, K., Berelidze, L., Guggenberger, R., & Gharabaghi, A. (2021). Neuro-cardiac
coupling predicts transcutaneous auricular vagus nerve stimulation effects. Brain

stimulation, 14(2), 209-216. https://doi.org/10.1016/j.brs.2021.01.001



Kirschbaum, C., Pirke, K.-M., & Hellhammer, D. H. (1993). The ‘Trier Social Stress Test' — A Tool for
Investigating Psychobiological Stress Responses in a Laboratory Setting.
Neuropsychobiology, 28(1-2), 76—81. https://doi.org/10.1159/000119004

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

Kraus, T., HOsl, K., Kiess, O., Schanze, A., Kornhuber, J., & Forster, C. B. O. L. D. (2007). BOLD
fMRI deactivation of limbic and temporal brain structures and mood enhancing effect by
transcutaneous vagus nerve stimulation. Journal of neural transmission, 114(11), 1485-1493.
https://doi.org/10.1007/s00702-007-0755-z

Kraus, T., Kiess, O., Hosl, K., Terekhin, P., Kornhuber, J., & Forster, C. (2013). CNS BOLD fMRI
Effects of Sham-Controlled Transcutaneous Electrical Nerve Stimulation in the Left Outer
Auditory Canal — A Pilot Study. Brain Stimulation, 6(5), 798—804.
https://doi.org/10.1016/j.brs.2013.01.011

Kubzansky, L. D., Kawachi, I., Spiro, A., Weiss, S. T., Vokonas, P. S., & Sparrow, D. (1997). Is
Worrying Bad for Your Heart?: A Prospective Study of Worry and Coronary Heart Disease in
the Normative Aging Study. Circulation, 95(4), 818-824.
https://doi.org/10.1161/01.CIR.95.4.818

Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2017). ImerTest Package: Tests in Linear
Mixed Effects Models. Journal of Statistical Software, 82(13).
https://doi.org/10.18637/jss.v082.i13

Laborde, S., Mosley, E., & Thayer, J. F. (2017). Heart Rate Variability and Cardiac Vagal Tone in
Psychophysiological Research — Recommendations for Experiment Planning, Data Analysis,
and Data Reporting. Frontiers in Psychology, 08. https://doi.org/10.3389/fpsyg.2017.00213

Lamb, D. G., Porges, E. C., Lewis, G. F., & Williamson, J. B. (2017). Non-invasive vagal nerve
stimulation effects on hyperarousal and autonomic state in patients with posttraumatic stress
disorder and history of mild traumatic brain injury: Preliminary evidence. Frontiers in Medicine,
4, 124. hitps://doi.org/10.3389/fmed.2017.00124

Lenth, R. V. (2021). Emmeans: estimated marginal means, aka least-squares means. R package

version 1.6. 1. https://CRAN.R-project.org/package=emmeans



Lippman, N., Stein, K. M., & Lerman, B. B. (1994). Comparison of methods for removal of ectopy in
measurement of heart rate variability. American Journal of Physiology-Heart and Circulatory
Physiology, 267(1), H411-H418. https://doi.org/10.1152/ajpheart.1994.267.1.H411

Liu, J., Fang, J., Wang, Z., Rong, P., Hong, Y., Fan, Y., Wang, X., Park, J., Liu, C., Zhu, B. & Kong, J.
(2016). Transcutaneous vagus nerve stimulation modulates amygdala functional connectivity
in patients with depression. Journal of Affective Disorders, 205, 319-326.
https://doi.org/10.1016/j.jad.2016.08.003

Llanos, F., McHaney, J. R., Schuerman, W. L., Yi, H. G., Leonard, M. K., & Chandrasekaran, B.
(2020). Non-invasive peripheral nerve stimulation selectively enhances speech category
learning in adults. Npj Science of Learning, 5(1), 12. https://doi.org/10.1038/s41539-020-
0070-0

Loerwald, K. W., Borland, M. S., Rennaker, R. L., Hays, S. A., & Kilgard, M. P. (2018). The interaction
of pulse width and current intensity on the extent of cortical plasticity evoked by vagus nerve
stimulation. Brain Stimulation, 11(2), 271-277. https://doi.org/10.1016/j.brs.2017.11.007

Machetanz, K., Berelidze, L., Guggenberger, R., & Gharabaghi, A. (2021a). Transcutaneous auricular
vagus nerve stimulation and heart rate variability: Analysis of parameters and targets.
Autonomic Neuroscience, 236, 102894. https://doi.org/10.1016/j.autneu.2021.102894

Machetanz, K., Berelidze, L., Guggenberger, R., & Gharabaghi, A. (2021b). Brain—Heart Interaction
During Transcutaneous Auricular Vagus Nerve Stimulation. Frontiers in neuroscience, 15,
632697. https://doi.org/10.3389%2Ffnins.2021.632697

Makovac, E., Fagioli, S., Rae, C. L., Critchley, H. D., & Ottaviani, C. (2020). Can't get it off my brain:
Meta-analysis of neuroimaging studies on perseverative cognition. Psychiatry Research.
Neuroimaging, 295, 111020. https://doi.org/10.1016/j.pscychresns.2019.111020

Malik, M., Bigger, J. T., Camm, A. J., Kleiger, R. E., Malliani, A., Moss, A. J., & Schwartz, P. J. (1996).
Heart rate variability: Standards of measurement, physiological interpretation, and clinical
use. European Heart Journal, 17(3), 354-381.
https://doi.org/10.1093/oxfordjournals.eurheartj.a014868

McCormack, H. M., de L. Horne, D. J., & Sheather, S. (1988). Clinical applications of visual analogue
scales: A critical review. Psychological Medicine, 18(4), 1007—1019.

https://doi.org/10.1017/S0033291700009934



Mertens, A., Carrette, S., Klooster, D., Lescrauwaet, E., Delbeke, J., Wadman, W. J., Carrette, E.,
Raedt, R., Boon, P., & Vonck, K. (2021). Investigating the Effect of Transcutaneous Auricular
Vagus Nerve Stimulation on Cortical Excitability in Healthy Males. Neuromodulation:
Technology at the Neural Interface, ner.13488. https://doi.org/10.1111/ner.13488

Morrison, R. A., Danaphongse, T. T., Pruitt, D. T., Adcock, K. S., Mathew, J. K., Abe, S. T., Abdulla,
D. M., Rennaker, R. L., Kilgard, M. P., & Hays, S. A. (2020). A limited range of vagus nerve
stimulation intensities produce motor cortex reorganization when delivered during training.
Behavioural Brain Research, 391, 112705. https://doi.org/10.1016/j.bbr.2020.112705

Morrison, R. A., Hulsey, D. R., Adcock, K. S., Rennaker, R. L., Kilgard, M. P., & Hays, S. A. (2019).
Vagus nerve stimulation intensity influences motor cortex plasticity. Brain Stimulation, 12(2),
256-262. https://doi.org/10.1016/j.brs.2018.10.017

Motzkin, J. C., Philippi, C. L., Wolf, R. C., Baskaya, M. K., & Koenigs, M. (2015). Ventromedial
Prefrontal Cortex Is Critical for the Regulation of Amygdala Activity in Humans. Biological
Psychiatry, 77(3), 276—-284. https://doi.org/10.1016/j.biopsych.2014.02.014

Nasso, S., Vanderhasselt, M.-A., Demeyer, I., & De Raedt, R. (2019). Autonomic regulation in
response to stress: The influence of anticipatory emotion regulation strategies and trait
rumination. Emotion, 19(3), 443—454. https://doi.org/10.1037/emo0000448

Nolen-Hoeksema, S., & Morrow, J. (1991). A prospective study of depression and posttraumatic
stress symptoms after a natural disaster: The 1989 Loma Prieta earthquake. Journal of
Personality and Social Psychology, 61(1), 115-121. https://doi.org/10.1037/0022-
3514.61.1.115

Nolen-Hoeksema, S., Wisco, B. E., & Lyubomirsky, S. (2008). Rethinking Rumination. Perspectives
on Psychological Science, 3(5), 400—424. https://doi.org/10.1111/j.1745-6924.2008.00088.x

Ottaviani, C. (2018). Brain-heart interaction in perseverative cognition. Psychophysiology, 55(7),
€13082. https://doi.org/10.1111/psyp.13082

Ottaviani, C., Thayer, J. F., Verkuil, B., Lonigro, A., Medea, B., Couyoumdjian, A., & Brosschot, J. F.
(2016). Physiological concomitants of perseverative cognition: A systematic review and meta-
analysis. Psychological Bulletin, 142(3), 231-259. https://doi.org/10.1037/bul0000036

Penttila, J., Helminen, A., Jartti, T., Kuusela, T., Huikuri, H. V., Tulppo, M. P., Coffeng, R., & Scheinin,

H. (2001). Time domain, geometrical and frequency domain analysis of cardiac vagal outflow:



Effects of various respiratory patterns. Clinical Physiology, 21(3), 365—-376.
https://doi.org/10.1046/j.1365-2281.2001.00337.x

Peuker, E. T., & Filler, T. J. (2002). The nerve supply of the human auricle. Clinical Anatomy, 15(1),
35-37. https://doi.org/10.1002/ca.1089

Pulopulos, M. M., Schmausser, M., De Smet, S., Vanderhasselt, M.-A., Baliyan, S., Venero, C.,
Baeken, C., & De Raedt, R. (2020). The effect of HF-rTMS over the left DLPFC on stress
regulation as measured by cortisol and heart rate variability. Hormones and Behavior, 124,
104803. https://doi.org/10.1016/j.yhbeh.2020.104803

Raes, F., Hermans, D., & Eelen, P. (2003). De Nederlandstalige versie van de Ruminative Response
Scale en de Rumination on Sadness Scale (The Dutch version of the Rumination Response
Scale and the Rumination on Sadness Scale). 36, 97-104.

Rombold-Bruehl, F., Otte, C., Renneberg, B., Schmied, A., Zimmermann-Viehoff, F., Wingenfeld, K.,
& Roepke, S. (2019). Lower heart rate variability at baseline is associated with more
consecutive intrusive memories in an experimental distressing film paradigm. The World
Journal of Biological Psychiatry, 20(8), 662—-667.
https://doi.org/10.1080/15622975.2017.1372628

Rong, P., Liu, J., Wang, L., Liu, R., Fang, J., Zhao, J., Zhao, Y., Wang, H., Vangel, M., Sun, S., Ben,
H., Park, J., Li, S., Meng, H., Zhu, B., & 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

Shaffer, F., & Ginsberg, J. P. (2017). An Overview of Heart Rate Variability Metrics and Norms.
Frontiers in Public Health, 5, 258. https://doi.org/10.3389/fpubh.2017.00258

Sheehan, D. V. (2016). Mini International Neuropsychiatric Interview 7.0.2. Jacksonville, FL: Medical
outcomes systems.

Shiozawa, P., Silva, M. E. da, Carvalho, T. C. de, Cordeiro, Q., Brunoni, A. R., & Fregni, F. (2014).
Transcutaneous vagus and trigeminal nerve stimulation for neuropsychiatric disorders: A
systematic review. Arquivos de Neuro-Psiquiatria, 72(7), 542—-547.
https://doi.org/10.1590/0004-282X20140061

Sjak-Shie, E. E. (2019). PhysioData Toolbox (Version 0.5) [Computer software]. Retrieved from

https://PhysioDataToolbox.leidenuniv.nl.



Souza, R. R., Robertson, N. M., Mcintyre, C. K., Rennaker, R. L., Hays, S. A., & Kilgard, M. P. (2021).
Vagus nerve stimulation enhances fear extinction as an inverted-U function of stimulation
intensity. Experimental Neurology, 341, 113718.
https://doi.org/10.1016/j.expneurol.2021.113718

Spinhoven, P., van Hemert, A. M., & Penninx, B. W. (2018). Repetitive negative thinking as a
predictor of depression and anxiety: A longitudinal cohort study. Journal of Affective
Disorders, 241, 216-225. https://doi.org/10.1016/j.jad.2018.08.037

Tarvainen, M. P., Ranta-aho, P. O., & Karjalainen, P. A. (2002). An advanced detrending method with
application to HRV analysis. IEEE Transactions on Biomedical Engineering, 49(2), 172-175.
https://doi.org/10.1109/10.979357

Thayer, J. F. (2006). On the Importance of Inhibition: Central and Peripheral Manifestations of
Nonlinear Inhibitory Processes in Neural Systems. Dose-Response, 4(1), dose-response.0.
https://doi.org/10.2203/dose-response.004.01.002. Thayer

Thayer, J. F., & Lane, R. D. (2000). A model of neurovisceral integration in emotion regulation and
dysregulation. Journal of Affective Disorders, 61(3), 201-216. https://doi.org/10.1016/S0165-
0327(00)00338-4

Thayer, J. F., & Lane, R. D. (2002). Perseverative Thinking and Health: Neurovisceral Concomitants.
Psychology & Health, 17(5), 685-695. https://doi.org/10.1080/08870440290025867

Thayer, J. F., & Lane, R. D. (2009). Claude Bernard and the heart—brain connection: Further
elaboration of a model of neurovisceral integration. Neuroscience & Biobehavioral Reviews,
33(2), 81-88. https://doi.org/10.1016/j.neubiorev.2008.08.004

Van der Does, A. J. W. (2002). BDI-II-NL. Handleiding. De Nederlandse versie van de Beck
depression inventory.

Van Leusden, J. W. R., Sellaro, R., & Colzato, L. S. (2015). Transcutaneous Vagal Nerve Stimulation
(tVNS): A new neuromodulation tool in healthy humans? Frontiers in Psychology, 6.
https://doi.org/10.3389/fpsyg.2015.00102

Vanderhasselt, M.-A., Remue, J., Ng, K. K., Mueller, S. C., & De Raedt, R. (2015). The regulation of
positive and negative social feedback: A psychophysiological study. Cognitive, Affective, &
Behavioral Neuroscience, 15(3), 553—-563. https://doi.org/10.3758/s13415-015-0345-8

Verkuil, B., Brosschot, J. F., Gebhardt, W. A., & Thayer, J. F. (2010). When Worries Make you Sick: A



Review of Perseverative Cognition, the Default Stress Response and Somatic Health. Journal
of Experimental Psychopathology, 1(1), jep.009110. https://doi.org/10.5127/jep.009110

Warren, C. M., Tona, K. D., Ouwerkerk, L., van Paridon, J., Poletiek, F., van Steenbergen, H., Bosch,
J. A., & Nieuwenhuis, S. (2019). The neuromodulatory and hormonal effects of
transcutaneous vagus nerve stimulation as evidenced by salivary alpha amylase, salivary
cortisol, pupil diameter, and the P3 event-related potential. Brain Stimulation, 12(3), 635—-642.
https://doi.org/10.1016/j.brs.2018.12.224

Wolf, V., Kiihnel, A., Teckentrup, V., Koenig, J., & Kroemer, N. B. (2021). Does non-invasive vagus
nerve stimulation affect heart rate variability? A living and interactive Bayesian meta-analysis.
Psychophysiology, 58(11), e13933. https://doi.org/10.1111/psyp.13933

Yakunina, N., Kim, S. S., & Nam, E.-C. (2017). Optimization of Transcutaneous Vagus Nerve
Stimulation Using Functional MRl: TRANSCUTANEOUS VNS OPTIMIZATION USING fMRI.
Neuromodulation: Technology at the Neural Interface, 20(3), 290-300.
https://doi.org/10.1111/ner.12541

Yap, J. Y. Y., Keatch, C., Lambert, E., Woods, W., Stoddart, P. R., & Kameneva, T. (2020). Critical
Review of Transcutaneous Vagus Nerve Stimulation: Challenges for Translation to Clinical
Practice. Frontiers in Neuroscience, 14, 284. https://doi.org/10.3389/fnins.2020.00284

Yokota, H., Edama, M., Hirabayashi, R., Sekine, C., Otsuru, N., Saito, K., Kojima, S., Miyaguchi, S. &
Onishi, H. (2022). Effects of Stimulus Frequency, Intensity, and Sex on the Autonomic
Response to Transcutaneous Vagus Nerve Stimulation. Brain sciences, 12(8), 1038.
https://doi.org/10.3390/brainsci12081038

Yoo, P. B., Lubock, N. B., Hincapie, J. G., Ruble, S. B., Hamann, J. J., & Grill, W. M. (2013). High-
resolution measurement of electrically-evoked vagus nerve activity in the anesthetized dog.

Journal of Neural Engineering, 10(2), 026003. https://doi.org/10.1088/1741-2560/10/2/026003

Figures



Baseline taVNS - rest taVNS - task Recovery

10 minutes l 15 minutes ' 5 minutes 10 minutes
v
PTQ, PTQ;
VAS4 VAS2

ECG + EDA

v

Figure 1. Experimental procedure. Participants received 20 minutes of active taVNS or sham
stimulation. Physiological recordings, to measure cardiac and electrodermal activity, were taken
throughout the session. At the end of baseline and after the recovery, participants’ subjective
perseverative cognition and negative affect levels were assessed using the perseverative thinking
questionnaire (PTQ) and Visual Analogue Scales (VAS), respectively. Abbrev.. ECG,
electrocardiogram; EDA, electrodermal activity; taVNS, transcutaneous auricular vagus nerve

stimulation.
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Figure 2. Violin plots representing the subjective perseverative cognition values during the session for

the active taVNS and sham stimulation condition. Abbrev.: taVNS, transcutaneous auricular vagus
nerve stimulation.
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Figure 3. Log-transformed vagally-mediated HRV (i.e., RMSSD) values across participants throughout
the experimental session for the active taVNS and sham condition. Error bars depict standard error to
the mean. Abbrev.: HRV, heart rate variability; RMSSD, Root Mean Square of Successive Differences;

taVNS, transcutaneous auricular vagus nerve stimulation.
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Figure 4. Scatterplot representing the relationship between participants’ HRV (i.e., log-transformed
RMSSD) values during the taVNS task as compared to baseline (i.e., taVNS task minus baseline) and
changes in perseverative thinking (APTQ scores) for the active taVNS and sham condition. Lower HRV
levels during the stress task as compared to baseline (i.e., smaller RMSSDtayNstask-baseline Values)
indicate higher autonomic inflexibility and, more perseverative thinking after stress recovery (i.e., larger
APTQ scores) reflect higher cognitive inflexibility. Confidence interval bands are set at a 95%
confidence level. Abbrev.: HRV, heart rate variability; PTQ, Perseverative Thinking Questionnaire;
RMSSD, Root Mean Square of Successive Differences; taVNS, transcutaneous auricular vagus nerve

stimulation.



