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Abstract

Transcutaneous auricular vagus nerve stimulation (taVNS) is a relatively new stimulation
method that holds promising potential as a non-invasive way to modulate brain activity. In this
technique, small electrodes are attached to regions of the auricle innervated by a branch of the
vagus nerve and weak electric pulses are applied to stimulate the underlying nerve fibers. Via
the vagus nerve, the stimulation then reaches the brain where it can modulate activity in
different cortical and subcortical areas. Despite extensive research in the last years, the exact
working mechanism is still not fully understood. One likely target system is the Locus coeruleus
— Noradrenaline (LC-NA) system. Much research has been conducted to investigate taVNS
effects on markers of LC-NA activity. Unfortunately, many studies failed to induce observable
effects, which threatens the potential of taVVNS as an easy-to-use, non-invasive tool to modulate
brain activity. Therefore, this thesis investigated (1) new variables that could serve as indicators
of taVNS effects and (1) the potential of new stimulation paradigms to systematically modulate

known markers of LC-NA activity.

This thesis contains one review article and three empirical studies. In the review article,
| describe the current challenges facing the field of taVNS as well as possible ways that could,
in my eyes, help to overcome these challenges. One of these challenges that could explain the
large number of heterogeneous results is probably the widespread use of non-validated
stimulation parameters that seem to be ineffective in modulating LC activity in experimental
scenarios. The article discusses the use of phasic, event-related stimulation in contrast to the
more often used tonic stimulation. The first empirical study investigated the effects of taVNS
on cortical oscillations related to y-aminobutyric acid (GABA), namely beta oscillations in the
motor cortex and gamma oscillations in the visual cortex. Here, no effects of taVNS on either
of these oscillatory parameters could be observed. The second empirical study investigated the
effects of taVNS on markers of primary auditory perception. Previous animal research has
shown that the repeated combination of short sine tones and phasic, event-related vagus nerve
stimulation led to plastic changes in the animal’s primary auditory cortex. Therefore, this study
used a similar paradigm in humans where short sine tones where either paired with taVNS or
sham stimulation. In a third condition, tones of random frequencies were presented to control
for adaptation effects due to repeated presentation of the same tones. TaVNS specifically
inhibited the reduction of the N1 event related potential after repeated stimulus presentation.
The third empirical study investigated effects of phasic, event-related taVNS on pupillary and
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oscillatory parameters during a cognitive task and during the pupil light reflex. During the
cognitive task, | observed improved performance during taVNS, a stimulation specific increase
in pupil diameter, as well as increased frontal theta and reduced occipital alpha oscillations.
Furthermore, taVNS reduced the amplitude and delayed the onset of the pupil light reflex,

showing that this parameter can be used as a proxy of LC-NA activity in future studies.

In conclusion, I present in this thesis important insights that help to advance the field of
taVNS. | present results that show the effectiveness of phasic taVNS in modulating
physiological parameters in experimental settings as well as a new and so far overlooked
parameter that can be used in future studies to further elucidate the exact working mechanism

of taVNS and to improve current stimulation paradigms.



German Abstract (Zusammenfassung)

Transkutane  aurikuldare ~ Vagusnervstimulation  (taVNS) ist eine relativ  neue
Stimulationsmethode, die vielversprechendes Potenzial als nicht-invasive Moglichkeit zur
Modulation der Gehirnaktivitat bietet. Bei dieser Technik werden kleine Elektroden an
Regionen der Ohrmuschel befestigt, die von einem Ast des Vagusnervs versorgt werden.
Schwache elektrische Impulse werden dann appliziert um die darunterliegenden Nervenfasern
zu stimulieren. Uber den Vagusnerv erreicht die Stimulation das Gehirn, wo sie die Aktivitat in
verschiedenen kortikalen und subkortikalen Bereichen modulieren kann. Trotz umfangreicher
Forschung in den letzten Jahren ist der genaue Wirkmechanismus immer noch nicht vollstandig
verstanden. Ein wahrscheinliches Zielsystem ist das Locus coeruleus - Noradrenalin (LC-NA)
System. Es wurde viel Forschung betrieben, um die Auswirkungen von taVNS auf Marker der
LC-NA-AKktivitat zu untersuchen. Leider konnten viele Studien keine beobachtbaren Effekte
erzielen, was das Potenzial von taVNS als einfach zu verwendendes, nicht-invasives Werkzeug
zur Modulation der Gehirnaktivitat in Frage stellt. Daher untersuchte diese Arbeit (I) neue
Variablen, die als Indikatoren fur taVNS-Effekte dienen konnten, und (11) das Potenzial neuer

Stimulationsparameter zur systematischen Modulation bekannter Marker der LC-NA-AKktivitat.

Diese Arbeit enthalt einen Ubersichtsartikel sowie drei empirische Studien. Im
Ubersichtsartikel beschreibe ich die aktuellen Herausforderungen, denen das Gebiet der taVNS
gegeniibersteht, sowie mogliche Wege, die meiner Meinung nach dazu beitragen kdénnten, diese
Herausforderungen zu bewaéltigen. Eine dieser Herausforderungen, die die grofle Anzahl
heterogener Ergebnisse erklaren konnte, ist wahrscheinlich die weit verbreitete Verwendung
von nicht validierten Stimulationsparametern, die in experimentellen Szenarien offenbar
unwirksam zu sein scheinen. Der Artikel diskutiert die Verwendung von phasischer,
ereigniskorrelierter Stimulation im Gegensatz zur haufiger verwendeten tonischen Stimulation.
Die erste empirische Studie untersuchte die Auswirkungen von taVNS auf kortikale
Oszillationen in Bezug auf y-Aminobuttersaure (GABA), ndmlich Beta-Oszillationen im
motorischen Cortex und Gamma-Oszillationen im visuellen Cortex. Hier konnten keine Effekte
von taVNS auf diese oszillatorischen Parameter beobachtet werden. Die zweite empirische
Studie untersuchte die Auswirkungen von taVNS auf Marker der priméren auditorischen
Wahrnehmung. Friihere Tierforschung hat gezeigt, dass die wiederholte Kombination von
kurzen Sinustdnen und phasischer, ereigniskorrelierter VVagusnervstimulation zu plastischen
Verénderungen im primaren auditorischen Cortex der Tiere fiihrte. Daher verwendete diese
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Studie ein dhnliches Paradigma bei Menschen, bei dem kurze Sinustone entweder mit taVNS
oder Placebo-Stimulation gekoppelt wurden. Eine dritte Bedingung mit Toénen zufélliger
Frequenzen wurde verwendet, um fur Adaptationseffekte aufgrund wiederholter Prasentation
der gleichen Tone zu kontrollieren. TaVNS hemmte spezifisch die Reduktion des N1
ereigniskorrelierten Potenzials nach wiederholter Reizprasentation. Die dritte empirische
Studie untersuchte die Auswirkungen phasischer, ereigniskorrelierter taVNS auf pupillare und
oszillatorische Parameter wahrend einer kognitiven Aufgabe und wéhrend des Pupillen-
Lichtreflexes. Wahrend der kognitiven Aufgabe beobachtete ich eine verbesserte Leistung
wéhrend der taVNS, eine stimulationsspezifische Zunahme des Pupillendurchmessers sowie
erhdhte frontale Theta- und reduzierte okzipitale Alpha-Oszillationen. Darlber hinaus
reduzierte taVNS die Amplitude und verzdgerte das Einsetzen des Pupillen-Lichtreflexes, was
zeigt, dass dieser Parameter in zukunftigen Studien als Indikator fir die LC-NA-AKktivitat

verwendet werden kann.

Zusammenfassend présentiere ich in dieser Arbeit wichtige Erkenntnisse, die dazu
beitragen, das Gebiet der taVNS voranzubringen. Ich zeige Ergebnisse, die die Wirksamkeit
phasischer taVNS bei der Modulation physiologischer Parameter in experimentellen
Situationen zeigt sowie einen neuen und bisher Ubersehenen Parameter, der in zukinftigen
Studien zur weiteren Aufklarung des genauen Wirkmechanismus von taVNS und zur

Verbesserung aktueller Stimulationsparadigmen verwendet werden kann.
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1 General Introduction

1.1 Basics of vagus nerve stimulation

The vagus nerve (VN; 10" cranial nerve) is a major part of the parasympathetic nervous system.
Vagal afferent and efferent fibers innervate multiple thoracic and abdominal organs, where they
play an important role in maintaining homeostasis (Butt et al., 2020). Its afferent fibers enter
the brain primarily via the Nucleus tractus solitarius (NTS) of the brainstem. The NTS, in turn,
projects to several different other nuclei, including the serotonergic raphe nuclei and the
noradrenergic Locus coeruleus (LC) (Dolphin et al., 2022). Via these structures, vagally
transmitted information then reaches large parts of the brain.

Clinical and physiological effects of vagus nerve stimulation have been investigated
throughout the 20™ century mainly using invasive vagus nerve stimulation (iVNS) (Badran &
Austelle, 2022). Bailey and Bremer (1938) first recorded changes in orbitofrontal potentials in
anesthetized cats after direct stimulation of the isolated VVN. Later, a similar feline model was
used to demonstrate that vagus nerve stimulation reduced chemically induced epileptic brain
activity (Zanchetti et al., 1952). Main contributions were provided in the 1980s and 1990s by
the group around Jacob Zabara, who showed the anti-epileptic effects of iVNS in canine models
(Zabara, 1985, 1992). During this time also, Penry and Dean (1990) implanted the first four
human patients, suffering from intractable epilepsy, with iVNS devices. This resulted in a
complete seizure control in two patients and a 40% seizure reduction in a third patient, proving
the anti-epileptic potential of vagus nerve stimulation also in humans (Penry & Dean, 1990). In
humans, iIVNS entails the surgical implantation of a cuff electrode, typically around the left
cervical VN, as well as an implantable stimulator with battery under the collarbone. The left
VN is targeted to avoid cardiac side effects like bradycardia (Goggins et al., 2022). Weak
electric currents in the form of short, rectangular pulses are then delivered directly to VN (Yap
et al., 2020). Further research was conducted that also demonstrated the anti-depressive effects
of iVNS, leading to the approval of iVNS by the US Food and Drug Administration (FDA) as
an adjunctive treatment option for pharmacoresistant epilepsy in 1997 (Morris et al., 2013) and
treatment resistant major depression disorder in 2005 (Cristancho et al., 2011).



1.2 Transcutaneous auricular vagus nerve
stimulation as an alternative

Although iVNS has been proven to be feasible and effective in a number of conditions (Goggins
et al., 2022), the surgical procedure necessary to implant the iVNS devices comes with certain
risks for the patients. This includes nerve damage, post-operative infection or failure of single
components (Butt et al., 2020). In addition to the relatively high costs, these are strong
incentives to develop an equivalent, non-invasive procedure. Ventureya (2000) was the first to
suggest transcutaneous vagus nerve stimulation as an alternative approach to circumvent these
drawbacks. This suggestion was based on the knowledge that cutaneous information from areas
of the inner auricle is transmitted to the brain via the VN. Following the seminal paper by
Peuker & Filler (2002), which investigated the precise innervation of the auricle in seven body
donors, interest in this technique grew. The authors showed that the cymba conchae, a region
of the auricle close to the ear canal, is solely innervated by the auricular branch of the vagus
nerve (ABVN), whereas other parts, such as the tragus, are at least largely innervated by the
ABVN. Due to this distinct distribution of vagal fibers, the cymba conchae and the tragus are
popular locations, targeted for non-invasive stimulation of the VN (Butt et al., 2020). At
present, various expressions exist that describe the same technique, i.e., stimulating the ABVN
via the auricle. The most common ones are transcutaneous vagus nerve stimulation or
transcutaneous auricular vagus nerve stimulation (Wang et al., 2022). Because of the more
precise anatomical description, | will use the term transcutaneous auricular vagus nerve
stimulation (taVNS) for the rest of this thesis.

In taVNS, small surface electrodes are attached to the cymba concha or tragus region of
the auricle. As with iVNS, the left auricle is commonly used to avoid cardiac side effects
(Farmer et al., 2021). Although one study showed no cardiac effects after stimulation of the
right ear (De Couck et al., 2017), a systematic investigation of cardiac side effects following
left or right ear stimulation is still lacking (Farmer et al., 2021). Via the electrodes, weak electric
pulses in the form of brief, rectangular, mono- or biphasic pulses are delivered to stimulate the
underlying fibers of the ABVN (Farmer et al., 2021). The electric pulses are characterized by a
combination of different parameters: pulse width, frequency and intensity. Additional
parameters are the duty cycle and the duration of the stimulation (Thompson et al., 2021). Pulse

width refers to the temporal duration of the individual stimulation pulses, typically in the range
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of a few hundred microseconds (ls). Intensity measures the amplitude of each pulse in units of
milliamperes (mA). Frequency indicates the number of pulses per seconds in Hertz (Hz).
Additionally, many studies apply stimulation with a specific duty cycle, which is a time where
stimulation is actually applied (ON period) followed by a time of non-stimulation (OFF period).
A common duty cycles is 30 s ON followed by 30 s OFF, rhythmically changing. Finally, the
duration describes the total time of stimulation (i.e., the summation of each ON period)
(Thompson et al., 2021).

Next to taVNS, also transcutaneous cervical vagus nerve stimulation (tcVNS) was
developed. In this procedure, a small hand-held stimulator is pressed against the neck over the
path of the cervical VN. The stimulator then applies a weak sinusoidal current to stimulate the
underlying VN (Farmer et al., 2021). However, as this thesis focusses on taVNS, tcVNS is only

mentioned here for the sake of completeness.

1.3 The working mechanism of taVNS

Despite its widespread use and numerous conducted studies, the exact working mechanisms of
taVNS are still not completely understood (Farmer et al., 2021). Unlike other noninvasive
neuromodulation techniques like transcranial alternating current stimulation (tACS) or
transcranial direct current stimulation (tDCS), taVNS does not rely on the direct modulation of
neuronal reactivity (Ruhnau & Zaehle, 2021). Rather, it likely results in an increased activity
in the Locus coeruleus — Noradrenaline (LC-NA) system (Burger, D’ Agostini, et al., 2020; Butt
etal., 2020; Farmer etal., 2021). The LC is a small, bilateral, pontine nucleus and its widespread
cortical, subcortical and cerebellar projections are the main source of the brain for NA, a
neuromodulatory transmitter (Sara, 2009). The LC-NA system is involved in a large number of
cognitive and physiological processes (Samuels & Szabadi, 2008a, 2008b) and a loss of
noradrenergic neurons in the LC is common in neurodegenerative diseases like Alzheimer’s or
Parkinson’s disease (Holland et al., 2021). NA exerts its effects through ai-, ar-, and f-
adrenoreceptors with ai1- and [-adrenoreceptors causing excitatory effects while oap-
adrenoreceptors have an inhibitory effect on the neuron (Samuels & Szabadi, 2008a).
Activation of the LC by taVNS is anatomically plausible given the large amount of input
it receives from the NTS, the major relay station for the VN in the brain stem (Dolphin et al.,

2022). Indeed, studies using functional magnetic resonance imaging (fMRI) have shown



increased activity along the vagal afferent pathway, including the NTS (Badran, Dowdle, et al.,
2018; Frangos et al., 2015; Yakunina et al., 2017).

However, NA is likely not the only transmitter system modulated in response to taVNS.
The inhibitory neurotransmitter y — aminobutyric acid (GABA) seems to play a part in the
working mechanism of taVNS as well. It has been shown, for example, that long term iVNS
increased the concentration of GABA in the cerebrospinal fluid (CSF) of patients (Ben-
Menachem et al., 1995; Carpenter et al., 2004) as well as the density of GABA-A receptors
(Marrosu et al., 2003). Nevertheless, these connections lack sufficient investigation in taVNS,

as many studies focus on NA as the main contributor of its effects.

1.4 The challenges in taVNS

As described in the previous section, modulation of the LC-NA system is one prospective target
mechanism through which taVNS exerts its effects. For this reason, many studies have
investigated effects of taVNS on indirect markers of LC-NA activity in humans. These include,
for example, the pupil diameter (PD), the P3 event related potential (ERP) or the enzyme
salivary alpha amylase (Burger, D’ Agostini, et al., 2020). The most promising of these markers
is probably the PD due to it close relation to the LC-NA system. The rationale to use the PD as
indicator of LC-NA activity and taVNS effects is as follows: Two antagonizing muscles in the
iris regulate the PD. A sympathetically innervated dilator muscle causes pupil dilation and a
parasympathetically innervated sphincter muscle causes the pupil to constrict. Under constant
light conditions, both systems are in balance, allowing the PD to remain stable (Eckstein et al.,
2017). As light exposure increases, higher activity in the Edinger-Westphal Nucleus (EWN),
located in the midbrain, shifts this balance towards the parasympathetic side, leading to pupil
constriction (Eckstein et al., 2017; Hall & Chilcott, 2018). Importantly, activity in the EWN
can be inhibited via ap-adrenoreceptors (Hall & Chilcott, 2018; Samuels & Szabadi, 2008a,
2008b). Therefore, an increase in LC-NA activity should inhibit activity in EWN, causing a
shift towards a relatively stronger activation of the sympathetically innervated dilator muscle,
which results in a dilation of the pupil even under constant lighting conditions. Results,
however, are heterogeneous. Despite this clear anatomical pathway, many studies failed to
show modulating effects of taVNS on PD (e.g., Burger, Van der Does, et al., 2020; D’ Agostini
etal., 2022; Keute et al., 2019).



One challenge that factors into this could be the lack of validated stimulation parameters. The
most commonly used parameter combinations are 200 — 250 ps pulse width, frequencies
between 20 and 30 Hz and duty cycles of 30 to 60 s ON (Ludwig et al., 2021; Thompson et al.,
2021; Yap et al., 2020). However, previous studies using this setup often failed to achieve
observable modulations in the outcome measure. Originally, these parameter combinations
stem from experience with iVNS. There, frequencies between 20 and 30 Hz where arbitrarily
chosen to avoid nerve damage that can occur in excess of 50 Hz. Duty cycles of around 30 s
followed by an OFF period were chosen to prolong battery life and the stimulation intensity
was adjusted based on patients comfort (Thompson et al., 2021). Systematic investigations of
optimal parameter settings for taVNS, however, are lacking (Ludwig et al., 2021). Although
individual studies modulated one (Capone et al., 2021) or two parameters (Badran, Mithoefer,
et al., 2018; Urbin et al., 2021), their methodologies differ and their results are far from
conclusive.

Especially the timing in form of these long and stimulus-independent stimulations seems
to be a major issue in previous studies. For instance, animal research has shown that short,
phasic trains of stimulation systematically increased LC firing rates (Collins et al., 2021; Hulsey
et al., 2017; Mridha et al., 2021; Rembado et al., 2021) and caused plastic changes in the rats
auditory cortices when combined with acoustic stimuli (Borland et al., 2016; C. T. Engineer et
al., 2015; N. D. Engineer et al., 2011; Shetake et al., 2012). In line with this, recent taVNS
studies in humans have also shown promising results in response to short trains of stimulation
(D’Agostini et al., 2023; Sharon et al., 2021; Urbin et al., 2021; Villani et al., 2022). These
studies used stimulation durations between 600 and 5000 ms and observed systematic
modulation of the PD, showing the promising connection between taVNS and modulated LC-
NA activity. However, stimulation was largely applied in the absence of a specific task
(D’Agostini et al., 2023; Sharon et al., 2021; Urbin et al., 2021) or started before the onset of a
relevant stimulus (Villani et al., 2022). Therefore, the question remains how phasic taVNS
affects noradrenergic outcome measures in an event-related fashion (i.e., coinciding with a
relevant stimulus).

Furthermore, studies have so far focused on the PD in response to stimulation itself. The
pupil light reflex (PLR), however, has not been considered as proxy of noradrenergic activity
event though it is also modulated by the NA concentration (Bitsios et al., 1999; Hysek &
Liechti, 2012). Previous studies have shown that increased NA concentrations, e.g. after

pharmacological intervention (Bitsios et al., 1999; Hysek & Liechti, 2012) or in subjects with
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high arousal due to anxiety (Bakes et al., 1990) or threat of electric shock (Bitsios et al., 1996)
led to a reduction in the physiological PLR. In light of these observations, it is reasonable to
investigate the PLR as a further marker of LC-NA activation in taVNS studies.

1.5 Aim of this thesis

This thesis aggregates four separate studies. Following the challenges outlined in chapter 1.4,
the aim of this thesis was to (I) validate phasic, event-related taVNS as a non-invasive tool to
modulate LC-NA activity in experimental settings, (I) transfer a paradigm from animal
research onto human subjects and (I1l) investigate the effects of taVNS on so far under-

appreciated parameters like GABA-associated cortical oscillations or the PLR.

In study 1 (Ludwig / Wienke et al., 2021), | reviewed the previous literature on taVNS and
summarized the challenges facing the field of taVNS. Furthermore, | aimed to present possible

ways how to conquer these.

In study 2 (Keute et al., 2020), | investigated the effects of taVNS on GABA associated brain
oscillations. As mentioned above, the effects of taVNS on markers of GABAergic activation
lack investigation. However, certain oscillatory frequency ranges in the motor and visual cortex
are tightly linked to GABAergic activity (Edden et al., 2009; Muthukumaraswamy et al., 2013)
and could thus possibly be used to index taVNS effects. In concrete, we hypothesized that
taVNS would modulate movement-associated oscillations in the beta range and gamma

oscillations in the primary visual cortex related to visual processing.

In Study 3 (Rufener / Wienke et al., 2023), | aimed to transfer a paradigm with known effects
in the animal model onto humans. NA plays a crucial role in plastic adaptation processes in the
brain. Studies combining iVNS in rodents with the repeated presentation of pure sine tones
were able to show plastic changes in the primary auditory cortex of these animals (Adcock et
al., 2020; Borland et al., 2016; Shetake et al., 2012) and were even able to reverse pathological
activity induced by tinnitus (N. D. Engineer et al., 2011). Therefore, | investigated whether
similar effects can be induced in humans using non-invasive, phasic taVNS. Sham stimulation
or taVNS were combined with the repeated presentation of pure sine tones in a sample of
healthy, adult subjects. Brain activity in response to these tones was recorded to analyze cortical
6



response patterns. | hypothesized that taVNS would reduce the typically observed reduction in

the N1 amplitude, an ERP marker of primary auditory processing (Naatdnen & Picton, 1987) .

Finally, in study 4 (Wienke et al., 2023), | aimed to investigate the effects of phasic taVNS on
electrophysiological, pupillary and behavioral parameters of LC-NA activity. As mentioned
above, many previous studies failed to induce modulations in PD via taVNS despite the clear
anatomical connection (e.g., Burger, Van der Does, et al., 2020; D’ Agostini et al., 2022; Keute
et al., 2019). Given the aforementioned effects induced by short-term, phasic stimulation in
animals (e.g., C. T. Engineer et al., 2015; N. D. Engineer et al., 2011) and humans (D’ Agostini
et al., 2023; Sharon et al., 2021) and the results from our own study (Rufener et al., 2023), |
hypothesized that the event-related application of short-term taVNS (500 ms) would
systematically modulate behavioral, pupillary, and electrophysiological parameters in a
cognitive processing task. In concrete, | hypothesized that the stimulation would improve
accuracy and reaction time. For the pupil, | expected increased PD during cognitive processing
and a reduced amplitude of the PLR. For the electrophysiological parameters, | hypothesized

increased frontal-midline theta power as well as reduced occipital alpha power.



2 General Discussion

2.1 Summary

The first study in this thesis (Ludwig / Wienke et al., 2021) provided a review of recent taVNS
literature with the aim to identify current challenges facing the field. We discussed how the use
of suboptimal stimulation parameters might be limiting current research, particularly in
identifying adequate biomarkers of LC-NA activity and improving stimulation parameters. To
address this issue, we proposed the use of phasic stimulation, a method that has shown
promising results in animal research, recent human taVNS studies, and the research presented
in this thesis. Furthermore, we outline the potential of animal research to investigate effects of
vagus nerve stimulation in translational, cross species approaches.

The second study (Keute et al., 2020) aimed to investigate modulating effects of taVNS
on cortical, GABA associated oscillations. Much research over the last few years has focused
on NA associated effects but the role of GABA in taVNS remains under-explored. Following a
30 minute stimulation period, subjects performed cued button presses with either the left or
right index finger and passively viewed simple Gabor gratings. We hypothesized that taVNS
would modulate resting beta power, peri- and post-movement related beta power as well as
visual gamma power. Against our hypotheses, we observed no stimulation specific effects on
beta or gamma as well as no lateralization effect.

The third study (Rufener / Wienke et al., 2023) aimed to transfer a paradigm with known
results in animal research onto human subjects using taVNS. Animal research has shown that
the repeated combination of phasic iVNS with pure sine tones led to plastic changes in the Al
of these animals. We adapted this paradigm for a single session in humans where we recorded
brain activity using EEG before and after pairing pure sine tones with taVNS or sham
stimulation. According to our hypotheses, we observed that phasic taVNS, coinciding with tone
presentation, inhibited the known reduction of the N1 ERP after repeated tone presentation.

Finally, the fourth study (Wienke et al., 2023) aimed to further investigate the potential
of phasic, event related taVNS on electrophysiological, pupillary, and behavioral parameters
during a cognitive task. Additionally, this study investigated the potential of the PLR as an
indirect marker of taVNS effects. According to my hypotheses, phasic, event related taVNS

improved behavioral accuracy during the cognitive task and led to increased PD. Regarding
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cortical oscillations, the stimulation increased frontal theta and alpha oscillations and reduced
occipital alpha power. During the PLRT, also in accordance with my hypothesis, phasic event
related taVNS reduced the amplitude of the PLR. Further analyses revealed that also the onset
of the PLR was delayed. Importantly, these results are in agreement with an increased activity
in the LC-NA system.

In summary, | have demonstrated in this thesis the potential of event-related, phasic
taVNS to modulate activity in the LC-NA system in experimental settings. This was shown in
two separate studies with different parameters under investigation. Further, | was able to show
that the PLR can be used as a valid parameter to investigate the modulation of the LC-NA
system by taVNS. On the other hand, no effects of taVNS on GABA associated oscillations

could be observed.

2.2 Phasic versus tonic taVNS

As described above, one problem in current taVNS research is the usage of largely unverified
and potentially suboptimal stimulation parameters (Ludwig et al., 2021; Thompson et al., 2021).
Many studies rely on commercially available stimulation devices with a predefined set of
stimulation parameters (Yap et al., 2020). Although this provides an easy-to-use and economic
way to apply stimulation, it often restricts researchers to the stimulation parameters set by the
manufacturers.

One aim of this thesis is to argue, that this approach needs to be reconsidered. Especially
the temporal duration of the stimulation seems to be a crucial parameter. Research on animals
(Borland et al., 2018; C. T. Engineer et al., 2015; N. D. Engineer et al., 2011; Shetake et al.,
2012) and humans (D’Agostini et al., 2023; Sharon et al., 2021; Urbin et al., 2021) has shown
the potential of shorter stimulation durations to modulate activity in the LC-NA system. The
reason for this could lie in the different activity modes of the LC. In general, the LC shows two
patterns of activity: First, a tonic baseline activity and second, a phasic burst-like activity mode
in response to salient or behaviorally relevant stimuli (Aston-Jones & Bloom, 1981; Aston-
Jones & Cohen, 2005; Berridge & Waterhouse, 2003). Regarding the PD, for example, the tonic
baseline activity is more related to baseline PD while the phasic activation is reflected in
transient increases in PD (Aston-Jones & Cohen, 2005). Furthermore, animal research has
shown that especially the phasic activity mode was associated with an increase in NA
concentration (Florin-Lechner et al., 1996). Therefore, | argue that the phasic stimulation

9



applied in this and other recent work (D’ Agostini et al., 2023; Sharon et al., 2021; Urbin et al.,
2021) was better able to enhance the activity in the LC and thus lead to stimulation specific
effects. Especially the event related, phasic stimulation used in study three and four of this
thesis might have been able to enhance the naturally occurring phasic activity in the LC in
response to the stimuli. This would then lead to transiently increased levels of NA that, in turn,
led to the observed results in these studies. This seems plausible as the nearly identical
stimulation regime led to distinct, stimulation specific effects in different target regions, i.e.,
primary auditory processing, PD or frontal theta power.

Tonic LC activity on the other hand is strongly correlated with the current vigilance
level (Rajkowski et al., 1994) and forms an inverted-U function between activity and task
performance when selective attention is required (Aston-Jones & Cohen, 2005). In monkeys,
low tonic LC activity corresponds to inattentiveness while high tonic LC-activity leads to
heightened distractibility, which also impairs performance. During intermediate tonic LC
activity, however, performance is optimal (Aston-Jones et al., 1999; Aston-Jones & Cohen,
2005). In humans, higher tonic LC activity, indexed by baseline pupil diameter, was related to

measures of attention-deficit / hyperactivity disorder (Kim et al., 2022).

2.3 Acute taVNS biomarkers

As described above, much of taVNS research has focused on indirect markers of NA activity.
This includes electrophysiological parameters like the P3 ERP, enzymatic ones like salivary
alpha amylase or the PD (Burger, D’ Agostini, et al., 2020; Farmer et al., 2021). For all these
parameters, previous study results are highly heterogeneous, with some studies showing
modulating effects, while others failed to observe stimulation specific effects (Burger,
D’Agostini, et al., 2020; Farmer et al., 2021). Based on anatomical considerations, the PD
seems to be the most valid proxy of LC-NA activity but these heterogeneous results threatened
the validity of taVNS to systematically modulate activity in the LC. This thesis, as well as other
recent publications (D’Agostini et al., 2023; Sharon et al., 2021; Urbin et al., 2021; Villani et
al., 2022), have shown evidence that this problem might be rooted in the use of suboptimal
stimulation parameters. Using phasic, event-related stimulation, | was able to systematically
modulate the PD in the expected manner. That is, an increase in PD as sign for an increased LC
activity. This shows that phasic taVNS is indeed able to modulate brain activity in experimental
settings and that the PD remains a valid readout of short-term stimulation effects.
10



Furthermore, | was able to show that the PLR is a similarly good indicator of stimulation effects.
Surprisingly, this was not investigated earlier as pharmacological studies already showed a
connection between the PLR and increased LC-NA activity (Bakes et al., 1990; Bitsios et al.,
1996, 1999; Hysek & Liechti, 2012). The use of the PLR could give future studies an easy-to-
use tool to check whether their stimulation setup works, as it is relatively easy and fast to
measure. This can also be used in clinical settings when taVNS is supposed to be used as an
adjunctive therapy option. Here also, proper function in the stimulation setup could be tested in
advance. Altogether, the PLR could provide for a new proxy in taVNS studies as it is easy to
measure and provides a stereotypical response where systematic modulations are easy to
observe.

Apart from pupillary parameters, cortical low-frequency oscillations have been
considered as indicators of LC activity. One recent taVNS study reported decreased power in
the alpha range at parieto-occipital electrodes (Sharon et al., 2021) which is in line with
observations from previous iVNS studies (Bodin et al., 2015; Lewine et al., 2019). Note
however, that a more recent study failed to replicate the alpha effect from the Sharon et al.
(2021) paper (Lloyd et al., 2023). Study four in this thesis also observed an effect of taVNS on
occipital alpha during both the EST as well as the PLRT. We also observed an effect on FM-
theta oscillations during the EST. FM-theta power is also associated with the LC-NA system
(Dippel et al., 2017) and has been successfully modulated in a previous taVNS study during
cognitive processing (Keute et al., 2020). These results further underlie the potential of phasic
taVNS to modulate low-frequency cortical oscillations and the use of these oscillations as

markers of noradrenergic activity.

2.4 Limitations

Of course, this work is not free of limitations. Like many other studies, | dedicated large parts
of this thesis to effects associated with the LC-NA system. However, as with most things, reality
is likely far more complex and includes more than just this one neurotransmitter. The NTS, the
major relay station for the VN in the brain stem, exhibits widespread connections to other nuclei
like the serotonergic Raphe nuclei or to basal and forebrain areas (Frangos et al., 2015; Krahl
& Clark, 2012). It is also known that cholinergic projections from the basal forebrain play a

role in modulating PD (Mridha et al., 2021; Reimer et al., 2016). Hence, a cholinergic
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interaction cannot be ruled out. However, as with GABA, the involvement of these other
transmitter systems is currently not studied well enough to make any definitive conclusions.

Although study two in this thesis (Keute et al., 2021) aimed to investigate taVVNS effects
on GABA associated oscillations, we did not observe any stimulation specific effect of taVNS.
There are several possible explanations for this. For instance, based on the success of the phasic
stimulation in study three and four, it is possible that the tonic stimulation of 60 s, unrelated to
any stimulus or movement was insufficient to systematically increase GABA concentrations.
Whether a phasic stimulation paradigm can lead to observable effects on these parameters
remains to be investigated. On the other hand, it is possible that the stimulation was still not
long enough. This means that increased NA and GABA concentrations may occur on different
temporal scales. Evidence for the involvement of GABA in the effects of vagus nerve
stimulation stems from studies using iVNS in humans that received this form of stimulation
over a prolonged period of time (Ben-Menachem et al., 1995; Carpenter et al., 2004; Marrosu
etal., 2003). It is thus possible that an increased level of GABA can only be achieved by longer
stimulation paradigms.

Another limitation is also mentioned in study four (Wienke et al., 2023) and stems from
the stimulation itself. When using concurrent electrical stimulation and electrophysiological
recordings of brain activity, one is confronted with an enormous stimulation artifact that
contaminates the data. Therefore, the number of studies that used this approach is limited
(Hyvarinen et al., 2015; Keatch et al., 2022; Lehtimaki et al., 2013). Although the approach
used in study four to clean the artifact from the data has been used elsewhere (Keatch et al.,
2022, 2023), results have to be interpreted with care as all interpolation bears the risk of data
alterations. To reliably estimate online effects of taVNS on brain activity, more sophisticated

methods are required to clean the data from the stimulation artefact.

2.5 Future research

In the introduction of this thesis, I mentioned that the largely unverified stimulation parameters

might be a major reason why so many studies have failed to observe stimulation-specific effects

of taVNS. Although this thesis and other studies (D’ Agostini et al., 2023; Sharon et al., 2021;

Urbin et al., 2021; Villani et al., 2022) have shown the potential of shorter stimulation duration,

this does not mean that the search for optimal stimulation parameters is at or near its ending. In

my opinion, this was just the first step in this endeavor. More research is needed to improve
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stimulation settings in order to maximize its potential for future clinical and research oriented
approaches. One way to achieve this might be the use of more sophisticate statistical approaches
to deduce optimal stimulation parameters. For instance, Bayesian optimization techniques have
been used in tACS research to improve stimulation outcomes (Lorenz et al., 2019). As described
above, the combination of several stimulation parameters like intensity, pulse width, frequency,
and stimulation duration spans a multidimensional parameter space from which researchers
have to choose. Picking parameters at random is thus unlikely to produce meaningful results
and exhaustively testing all parameter combinations is not feasible. In Bayesian optimization
approaches, existing data from previous studies or trials with different parameter settings can
be used in an iterative process to model the objective function, i.e. the relationship between the
stimulation parameters and the outcome under scrutiny. This surrogate model is then used to
make prediction about the models behavior and to choose stimulation parameters for the next
block or subject (Lorenz et al., 2019). The drawback of this technique is that it requires large
amounts of data to estimate the most optimal parameters. This means that for the first iterations,
random parameter combinations can be used until the surrogate model can be estimated. The
advantage on the other hand is that already existing data from e.g. previous studies can be used
to expedite this process. Furthermore, the accuracy of the model improves with each new
iteration. This can help researches to optimize their stimulation paradigm and to investigate
whether the different outcomes require different optimal stimulation parameter settings.

Another important aspect that requires further investigation are the long term effects of
phasic taVNS. The studies conducted in this thesis, as many other studies, focus only on the
effects of short term stimulation. In the animal research that formed the basis for study three,
iIVNS and auditory stimuli were repeatedly combined multiple times a day over a 20 day period
and led to longer lasting effects of at least three weeks (N. D. Engineer et al., 2011). As we
have seen observable results after already 1 stimulation session, it seems plausible to assume
that longer lasting effects could be achieved by repeating this procedure over several days.
Based on the relative simplicity of the task and the fact that taVNS has already been used in
self-administered at home treatments (Badran et al., 2022), this assumption could easily be
tested.

Furthermore, future research should try to incorporate inter-individual differences in
parameter settings. As mentioned, most studies use very similar frequency and pulse width
settings (Thompson et al., 2021; Yap et al., 2020). Regarding the stimulation intensity, there

are currently two different approaches: (1) Using the same intensity for all subjects (e.g., Hoper
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et al., 2022; Keute et al., 2020; Warren et al., 2019) or (I1) individually adjusting the intensity
for each subjects to the same subjective perception (e.g., Giraudier et al., 2020; Kuhnel et al.,
2020; Neuser et al., 2020). The first approach poses the risk of different perceptions between
subjects based on inter-individual differences in e.g., skin thickness that could influence the
perception of the stimulation. The second approach, on the other hand, poses the risk of widely
differing stimulation intensities among subjects. Badran et al. (2019) proposed a standardized
procedure to individually adjust stimulation intensities based on subjective ratings. However,
as of now there is no clear consensus which of the two approaches is preferable.

Finally, the role of other transmitter systems in the effects of taVNS requires further
investigation. As mentioned before other transmitter systems are likely involved due to the
widespread connections from the NTS. Some animal studies exist that show an involvement of
the cholinergic system (Hulsey et al., 2016; Lu et al., 2017) but this aspect lacks investigation

in human studies.

2.6 Conclusion

Taken together, | have shown in this thesis that taVNS remains a valid stimulation technique
with promising potential for experimental and clinical settings. | presented two compelling
studies showing the potential of phasic, event related stimulation to modulate activity in the
LC-NA system in experimental settings. As a result, this thesis helps to further our
understanding of the working mechanisms of taVNS and the LC-NA system in general. Future
research can exploit these results to further investigate the working mechanisms of taVNS and
to improve the experimental and therapeutic potential of taVNS. Considering the high potential
of taVNS as a non-invasive, easy-to-use treatment additive, this work contributes to the ever
growing literature that emphasizes the use of new stimulation paradigms. | am optimistic that
this work can play its part in encouraging new studies that will further improve this exciting

technology and make it accessible to a larger group of people.
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Transcutaneous auricular vagus nerve stimulation (taVNS), as a non-invasive brain stimulation technique may
influence the locus coeruleus-norepinephrine system (LC-NE system) via modulation of the Vagus Nerve (VN)
which projects to the LC. Few human studies exist examining the effects of taVNS on the LC-NE system and
studies to date assessing the ability of taVNS to target the LC yield heterogeneous results. The aim of this review
is to present an overview of the current challenges in assessing effects of taVNS on LC function and how
translational approaches spanning animal and human research can help in this regard. A particular emphasis of
the review discusses how the effects of taVNS may be influenced by changes in structure and function of the LC-

NE system across the human lifespan and in disease.

1. Introduction

The locus coeruleus (LC) in the brainstem is one of our main sources of
noradrenaline (also referred to as norepinephrine, NE) in the brain. It
exhibits particular vulnerability in a wide range of neurological and
clinical conditions that pose an increasing economic and societal
burden. Changes to the LC-NE system in such conditions include an in-
crease in NE modulation, e.g., in chronic pain (Llorca-Torralba et al.,
2016), stress and anxiety (Berridge and Waterhouse, 2003; Bremner
et al., 1996), but also a decrease in NE production and degeneration of
NE-producing cells in the LC, e.g., in depression (Bernard et al., 2011),
post-traumatic stress disorder (Berridge and Waterhouse, 2003; Pietrzak
et al., 2013) and aging (Mather and Harley, 2016). Moreover, for the
two most prominent neurodegenerative diseases, Parkinson disease (PD)
and Alzheimer disease (AD), LC abnormalities can be observed before
typical pathologies in substantia nigra (SN) and transentorhinal/ento-
rhinal cortex respectively, occur (Braak et al., 2011; Braak et al., 2003).
A number of these neurodegenerative and psychiatric diseases are
currently being treated or investigated to be treated with

pharmacological interventions that also target the noradrenergic system
(e.g., sNRIs - selective norepinephrine reuptake inhibitors). However,
pharmacological interventions are accompanied with the downside of a
lack of anatomical specificity and thus increase the possibility of
generating side effects that can have a negative impact on quality of life.
Studies in rodents were able to show how to increase LC firing associated
with NE release in the hippocampus and cortical target areas over the
course of minutes to hours using an invasive vagus nerve stimulation
(iVNS) approach (Follesa et al., 2007; Hulsey et al., 2017; Hulsey et al.,
2019; Manta et al., 2009). IVNS is used in humans as an adjunctive
therapy to treat refractory epilepsy (see Englot et al., 2011 for meta-
analysis & Panebianco et al., 2016 for review) as well as depression
(see Farmer et al., 2020 for review).

A promising technique to circumvent the caveats of pharmacological
or invasive stimulation in humans is transcutaneous auricular vagus
nerve stimulation (taVNS) applied mainly to the cymba conchae or, in
some studies, to the tragus of the external ear (cf. Fig. 1). Peuker and
Filler (2002) showed in an anatomical study that the cymba conchae was
innervated solely by the Auricular Branch of the Vagus Nerve (ABVN),
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whereby the tragus was also innervated by the Great Auricular Nerve
and the Auricolutemporal Nerve. The ABVN, together with the
remaining nerve fibre bundles of the vagus nerve, reaches the brainstem
at the nucleus tractus solitarius (NTS) which has prominent projections
to the LC-NE system (cf. Fig. 1), (Butt et al., 2020; Ruffoli et al., 2011).
Stimulation at these auricular sites has been shown to activate structures
along the vagal afferent pathway in humans (Badran et al., 2018;
Yakunina et al., 2017). Therefore taVNS holds great promise as a more
anatomically precise and potentially rehabilitating NE therapeutic
compared to pharmacological interventions (Collins et al., 2021; Hulsey
et al., 2017; Mridha et al., 2021; Sharon et al., 2021). Moreover, it may
also offer the possibility for more varied interventions as stimulation
interventions are able to modulate local neuronal activity in a particular
frequency and for an explicit duration and can thus attempt to mimic
naturally occurring firing patterns of the stimulated brain structure

Autonomic Neuroscience: Basic and Clinical 236 (2021) 102900

depression are plagued by their lack of reliability (Martin and Martin-
Sanchez, 2012). To improve the reliability of taVNS interventions, the
link between taVNS and the LC-NE system in humans needs to be better
understood. This review summarizes the main challenges in this
endeavour (see also Fig. 1 for an overview of the main challenges). We
draw attention to the still limited understanding of the mechanisms of
actions of taVNS and control of mediating factors in humans. Further-
more, we outline how a translational approach might help to understand
how interindividual differences in the integrity of the brain, and in
particular the LC, might alter taVNS effects.

2. Current outcome measurements of taVNS

The vast majority of taVNS intervention studies in humans lack
appropriately validated physiological as well as cognitive outcome

(Polania et al., 2018). Despite these promising properties, current
studies using taVNS as a substitute for pharmacological interventions in

measures to monitor temporal and spatial specificity of intervention
effects on the LC-NE system. The most commonly used taVNS outcome
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Fig. 1. Challenges in scrutinizing the link between taVNS and the LC-NE System.

Center: TaVNS is applied to regions in the left ear innervated by the ABVN. The stimulation is relayed via the ABVN to the NTS which projects to the LC from where
NE is released into various projection areas. Top right: Currently, taVNS in humans is characterized by heterogeneous stimulation protocols. Phasic as well as tonic
mono- or biphasic stimulation approaches are based on different stimulation parameters (intensity, frequency, pulse width, cycle, duration), which are tested on
different stimulation locations. Most commonly used for real stimulation is cymba conchae and for sham stimulation earlobes (top right: white circles = 2x anode/
cathode), which is currently under debate. Interindividual differences in nerve fibre density as well as lack of proper skin cleaning might be a cause for heterogeneous
results from previous studies. Bottom right: Cross-species translational approaches can be used to investigate new applications for taVNS in humans and to improve
current stimulation methods. Animal research using i/taVNS or optogenetic stimulation can help to improve our understanding of how VNS affects the LC-NE system
and how its effects depend on changes in the LC-NE system (see also top left). Bottom left: Suitable outcome measures for taVNS are needed to study taVNS effects in
an optimal manner. As of now only indirect measures of LC or noradrenergic function are available such as fMRI, pupillary changes, HRV indices (RMSSD, pNN50),
gastric-frequency, P300 and potential NE metabolites. Of these, fMRI offers the most direct way to visualize LC-NE activity. Top left: Alterations in brain physiology,
such as the integrity of the LC and adaptation to an altered LC-NE system might account for heterogeneous outcomes and need to be considered especially in clinical
populations to adjust the stimulation parameters accordingly. Blue columns indicate the bilateral structure of the LC and the decrease in saturation symbolizes a
decline of LC integrity.

Abbreviations: ABVN Auricular Branch of the Vagus Nerve, ERP Event related potential, fMRI functional magnetic resonance imaging, HRV Heart Rate Variability,
iVNS invasive Vagus Nerve Stimulation, LC locus coeruleus, LC-NE system locus coeruleus norepinephrinergic system, NE Norepinephrine, NTS nucleus tractus
solitarius, taVNS transcutaneous auricular vagus nerve stimulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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measures are indirect measures of LC activity (cf. Fig. 1) such as heart
rate variability (HRV) indices, pupil dilation, or the P300 event related
potential (ERP) which have been discussed in their respective usefulness
to indicate LC-NE activation in recent reviews (Burger et al., 2020;
Farmer et al., 2020).

Briefly, HRV is a collective term for several indices derived from
electrocardiography, whereby the Root Mean Square of Successive Dif-
ferences (RMSSD) and percentage of consecutive normal sinus RR in-
tervals spaced more than 50 ms apart (pNN50), are thought to reflect
vagal activity (see (Burger et al., 2020) for review). However, the extent
to which HRV actually reflects vagal nerve engagement is difficult to
determine due to the differences in stimulation protocols and HRV
indices assessed in previous studies (Burger et al., 2020). For this pur-
pose, Wolf et al. (2021) have developed a Shiny web app that frequently
incorporates new results into a Bayesian meta-analysis (termed ‘living
Bayesian meta-analysis’) to investigate the extent to which HRV may be
an indirect biomarker for taVNS. Likewise, it is important to critically
investigate whether HRV is related to vagal activity at all, as a recent
iVNS animal study showed that tonic vagal activity during respiration
does not correlate with HRV metrics (Marmerstein et al., 2021).

Pupil dilation can be an easy-to-acquire proxy measure for LC firing.
Anatomically, LC projections inhibit the Edinger-Westphal nucleus
resulting in a relaxation of the iris sphincter muscle that can be
measurable as a change in pupil dilation (Hall and Chilcott, 2018;
Samuels and Szabadi, 2008a, 2008b). Functionally, stimulating the LC
in monkeys has been shown to result in dilated pupils (Joshi et al.,
2016). Still, the link between LC activity and pupil dilation is not
exclusive. Other structures such as the hypothalamus or superior colli-
culus also target the Edinger-Westphal nucleus (Mathot, 2018), and
stimulating in the superior colliculus, for instance, also resulted in
increased pupil dilations (Joshi et al., 2016). It is also important to note
that not only noradrenergic but also cholinergic axons are involved in
dilating the pupil (Reimer et al., 2016).

The P300 ERP, (short P3), occurs around 300 ms after the onset of
behaviourally relevant or rare stimuli and especially the P3b subcom-
ponent has been related to parietal noradrenergic pathways involved in
decision making and memory (see (Polich, 2007) for a review). Never-
theless, event-related potentials are difficult to source-localize in the
brain, especially when it is related to the brainstem structures, so there is
currently no conclusive evidence how specifically LC activity and NE
release is reflected in P300 ERPs (Farmer et al., 2020). Besides the P3,
multiple studies investigated effects of vagus nerve stimulation on
cortical oscillations. Results from three studies analysing power in
different frequency ranges indicate that invasive and non-invasive VNS
might be able to increase cortical arousal. This was observed as a
decrease of power in lower frequencies (Bodin et al., 2015; Lewine et al.,
2019; Sharon et al., 2021) and an increase of power in higher frequency
ranges (Lewine et al., 2019). Of note, only the study from Sharon et al.
(2021) used taVNS in a sample of 25 healthy adults. Bodin et al. (2015)
used iVNS in 19 epilepsy patients and Lewine et al. (2019) used neck
VNS in 8 healthy subjects. However, these results await replication in
higher sampled studies. Other studies focused on oscillations related to
different aspects of cortical processing. Keute et al. (2019a) observed
increased frontal-midline theta power, related to executive function, in
trials that elicited go/stop response conflicts during a cued go/no-go
change task. In a different study, the authors observed a decrease in
power in the theta range (4-8 Hz) over the course of the experiment, but
this effect was observed after taVNS as well as after sham stimulation.
Additionally, no taVNS effect on motor related beta oscillations or
gamma oscillations related to early visual processing could be observed
(Keute et al., 2021b). Thus, the use of different cortical oscillations as a
proxy for LC-NE activation awaits further investigation in future studies.

Another possibility to evaluate the effect of taVNS would be to
examine the concentration of NE and other neurotransmitters and their
respective metabolites in blood and cerebrospinal fluid (CSF) following
stimulation. The principal metabolite of NE is 3-methoxy-4-
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hydroxyphenylglycol (MHPG), which also serves as an indicator of
noradrenergic activity (Elsworth et al., 1982; Kanda et al., 1991). In
animal models, two weeks of iVNS increased the concentration of NE in
prefrontal areas (Manta et al., 2013; Roosevelt et al., 2006). Neuro-
chemical studies in humans, however, are sparse and until now limited
to iVNS. Only one study directly assessed NE and MHPG in depressed
patients (N = 21) implanted with iVNS (Carpenter et al., 2004). No ef-
fects on NE and MHPG concentrations were found in CSF taken from
lumbar punctures, although an increase in homovanillic acid (HVA), a
dopamine metabolite, was observed. However, all subjects were under
constant pharmacological therapy, hence the authors could not deter-
mine the extent to which the psychotropic medication affected this in-
crease in HVA (Carpenter et al., 2004). As of now more research is
needed to determine how CSF metabolites may be used as an indirect
biomarker of taVNS. Salivary Alpha-Amylase has also been considered
as a proxy for LC-NE activation (e.g., Warren et al., 2019). However, the
amount of studies using this proxy is low and their results are incon-
sistent with regards to how well they reflect an engagement of the LC
(see Burger et al., 2020 & Farmer et al., 2020 for detailed reviews).

The VN does not only have a key role in the central nervous system
(CNS) and in the autonomic nervous system (ANS), but also in the
enteric nervous system (ENS) by signalling from gastrointestinal
microbiota to the brain and vice versa (see (Cryan et al., 2019) for re-
view) (see also Section 5). Previous work suggests that the VN may exert
anti-inflammatory effects via hypothalamic-pituitary-adrenal (vagal af-
ferents) or via cholinergic anti-inflammatory (vagal efferents) pathways
(e.g., Bonaz et al., 2013, 2017; Tracey, 2002). Furthermore, LC-NE
stimulation may also exert anti-inflammatory and neuroprotective ef-
fects by increasing the expression of neurotrophic substances such as
brain-derived neurotrophic factor (BDNF) (Braun et al., 2014; Furmaga
et al.,, 2012) and by attenuating the release of cytokines such as TNF
alpha, IL-1b, IL-6, IL-18 (Borovikova et al., 2000; Meregnani et al., 2011;
Subramanian et al., 2020). Of note, it is difficult to determine whether
differences identified in blood or CSF reflect peripheral or central effects
respectively (Molinuevo et al., 2018), so whilst fluid biomarkers may
provide a more direct measure of NE levels compared to pupillometry or
HRYV, the origin of these effects cannot be exclusively determined.

Compared to Pupillometry, ERPs or HRV, functional magnetic reso-
nance imaging (fMRI) can be a more direct tool to visualize LC responses.
Although fMRI is not a direct measure of, for example, LC firing as it
reflects changes in blood flow in the LC area which serves as a proxy of
LC activation (e.g., Jacobs et al., 2020; Yi et al., 2021), it is arguably
currently our best measure for visualizing LC activation in humans.
FMRI studies in combination with taVNS in humans corroborate an
involvement of the LC-NE system (see Table 1 for an overview of tVNS-
fMRI studies), evident by taVNS-induced functional activation from NTS
in LC-NE projection areas such as the amygdala and hippocampus
(Sclocco et al., 2019; Yakunina et al., 2017). An overview and recom-
mendations on how to proceed best during combined fMRI and taVNS
studies (e.g., imaging resolution 1-2 mm voxel size) have recently been
published (see section ‘Functional Neuroimaging’ (Farmer et al., 2020)).
Furthermore, many current studies lack sufficient sample sizes, spatial
resolution or postprocessing methods to reliably identify activation in
the LC (Vi et al., 2021). Additionally, it should be noted whether the
reported increased or decreased functional activation is based purely on
real i/taVNS stimulation or on the comparison between real and sham
stimulation, with the latter being preferred as a more optimal experi-
mental control.

3. Insufficiently validated stimulation protocols

An important current challenge in evaluating taVNS in human
research are the heterogeneous and often poorly-validated stimulation
protocols (cf. Fig. 1 - ‘Optimal stimulation protocol’). A recent
consensus paper provides an overview of this issue (Farmer et al., 2020).
The combination of different parameters such as stimulation intensity



Table 1

Studies reporting fMRI activation in LC and its projection areas following taVNS.

Scanner Author/year N Design Head coil Structural fMRI sequence Smoothing fMRI results
parameters parameters
15T
Dietrich et al., 2008 4 healthy male 50 s ON vs 100 s OFF, 250 Not reported MPRAGE EPI Not reported Comparison left tragus
subjects s, 25 Hz, 4-8mA 176 sagittal slices 36 axial slices vs earlobe stimulation
Activation
fMRI for 700 s
- four alternating ON and TR: 110 ms — left LC, thalamus,
OFF sequences were TE: 60 ms prefrontal cortex,
performed FA: 90° posterior cingulated
gyrus, insula
—bilateral postcentral
gyrus
Thickness: Thickness: Deactivations
1 mm 3 mm — right nucleus
Matrix: Matrix: accumbens, cerebella
256 x 256 64x64 pixel hemisphere
FOV: FOV:
224 x 224 mm?> 224224 mm?
Kraus et al., 2007 36 healthy 30 s ON vs 120 s OFF, Not reported MPRAGE EPI Not reported Comparison anterior
subjects in 3 160 sagittal slices 20 slices wall vs. earlobe
stimulation (N = 6)
studies 20 ps, 8 Hz, Activation
4 mA in low condition/5 TR = 3000 ms — unspecific patterns
mA in high condition TE = 60 ms
Study 1: N = 22 FA = 90° Deactivation
130 blocks; 200 in case of — paracentral lobe
Study 2: N =38 alternating low-high Thickness: Thickness: — right parahippocampal
stimulation 1 mm 4 mm gyrus
Study 3: N =6 - four alternating ON and
OFF sequences were Matrix: Matrix:
performed 256 x 256 128 x 128
- stimulation during blocks
11-20, 41-50, 71-80, 101—
110 FOV: FOV:
220 x 220 mm?> 220 x 220 mm?
In plane resolution:
0.98 x 0.98 mm*
Kraus et al., 2013 16 healthy 30 s ON vs 60 s OFF, Not reported MPRAGE EPI Not reported Comparison anterior
subjects 160 sagittal slices 20 slices wall vs. earlobe
stimulation (N = 8)
20 ps, 8 Hz, 32.6 V£ 13.4 Activation
V for taVNS, 30.0V + — left insula, medial
8 subjects per 13.5V for sham TR: 3000 ms frontal gyrus
stimulation TE: 60 ms
location FA: 90° Deactivation
130 blocks — left parahippocampal
- four alternating ON and Thickness: Thickness: gyrus
OFF sequences were 1 mm 4 mm — LG, solitary tract
performed
Matrix: Matrix:
- stimulation during blocks 256 x 256 128 x 128
11-20, 41-50, 71-80, 101—
110 FOV: FOV:

220 x 220 mm?

220 x 220 mm?

(continued on next page)
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Table 1 (continued)

Scanner Author/year N Design Head coil Structural fMRI sequence Smoothing fMRI results
parameters parameters
In plane resolution:
0.98 x 0.98 mm>
3T
Badran et al., 2018 17 healthy 60 s ON vs 60 s OFF, 32-channel MPRAGE EPI 8mm Comparison tragus vs
subjects 208 slices 47 slices FWHM Gaussian earlobe stimulation
500 ps, 25 Hz, smoothing kernel Increased activation
3.14 mA + 0.99 mA TR:1900 ms TR: 2800 ms — right caudate
for taVNS, TE: 2.26 ms TE: 35 ms — bilateral anterior
2.43 + 1.16 mA FA: 9° FA: 76° cingulate, cerebellum
for sham — left prefrontal cortex
— mid-cingulate
two scanning sessions for Voxel size: Voxel size:
30 min 1 mm?® 3.0 mm®
- 6min each stimulation
scan
Frangos et al., 2015 12 healthy Scan 1 as control 12-channel MPRAGE EPI S5mm Comparison cymba
subjects 2 min rest — 7 min earlobe 176 sagittal slices 33 axial slices FWHM Gaussian conchae vs earlobe
stimulation
stimulation — 5 min rest smoothing kernel Group brainstem analysis
Scan 2 as experimental 1mm isotropic 3mm isotropic — activation of the
2min rest — 7 min left voxels voxels Vs ipsilateral NTS, STN, LC
(contralateral),
parabrachial area
(contralateral)
cymba conchae stimulation TR: 1900 ms TR: 2000 ms no spatial
- TE: 2.52 ms TE: 30ms smoothing — bilateral activation in
11 min rest FA: 9° FA: 90° forebrain regions
— bilateral deactivations
in hypothalamus,
hippocampal
formation
250 ps, 25 Hz, Matrix: Matrix:
0.43 £ 0.14 mA 256 x 256 64 x 64 — spatial smoothing
for taVNS, (5mm):
activation throughout
medulla,
0.58 &+ 0.19 mA FOV: FOV: pons, midbrain, but
for sham 256 x 256 mm?> 192 x 192 mm? not regional specific
50% distance factor Interslice gap: 1.5
mm
Garcia et al., 2017 16 migraine 360 s stimulation duration, 12-Channel MPRAGE T2* pulse sequence Smm Comparison cymba

patients and 16
healthy controls

14 s ON 20 s OFF,

450 ps, 30H z,
0.85 + 1.07 mA -
1.22 £+ 1.33 mA
for tVNS,

no stimulation
during sham

Two stimulation scan runs

176 axial slices

TR: 2530 ms
TE: 1.64 ms
FA: 7°

43 axial slices

TR:2500 ms
TE: 30 ms
FA: 90°

Matrix:
84x84

FWHM Gaussian
smoothing kernel

conchae vs cymba
conchae

(no current)

Increased activation during
eRAVANS

- NTS

- anterior insula, mid-
cingulate cortex

Post stimulation effects

- increased activation in
nucleus raphe centralis,
LC

(continued on next page)

0 32 3mpnT W

006201 (IZ0Z) 9EZ [PIND PUD J1SDY 2IUIISOMIN IUOUOINY



Table 1 (continued)

Scanner Author/year N Design Head coil Structural fMRI sequence Smoothing fMRI results
parameters parameters
Thickness:
- 11 repetitions with air- 2.62 mm
puffs gap: 0.5 mm
FOV: FOV:
256 %256 mm> 220%220 mm?*
Voxel size: Voxel size:
1x1x1 mm?® 2.62x2.62x3.12
mm?
Peng et al., 2018 24 healthy 30 s ON vs 60 s OFF, Not reported Not reported FSPGR 6mm Comparison cymba
subjects NEX =1 FWHM Gaussian conchae vs. earlobe
stimulation
(N =16)
250 ps, 20 Hz, between smoothing kernel
4 and 8 mA TR: 6.6ms Activation:
TE: 2.8ms — bilateral amygdala,
prefrontal cortex
fMRI for 420 s FA: 60° — left caudate, posterior
- baseline for 60 s cingulum cortex,
parahippocampal
gyrus, putamen
- four alternating Thickness:
stimulation ON and OFF 1mm
sequences were performed
Matrix:
256x256
FOV:
16cm/image
Sclocco et al., 2020 30 healthy Five 8.5-min duration fMRI 64 -channel MPRAGE EPI Comparison cymba
subjects scan runs 176 axial slices multi-band factor conchae vs. no current
575

1x sham stimulation run
4x active RAVANS scans

using different frequencies

at
2 Hz (7.18 £ 0.95 mA),

10 Hz (6.46 & 1.30 mA),
25 Hz (5.93 + 1.21 mA),
100 Hz (5.57 + 1.18 mA)

TR: 2530 ms
TE1/TE2/TE3/TE4:
1.69/3.55/5.41/7.27 ms
FA: 7°

axial slices
axial slices

2 mm isotropic
voxel

TR: 1250 ms
TE: 33 ms

FA: 65 °

Greater activation for 100
Hz RAVANS vs. sham
- bilateral LC, dorsal and
medial raphe nuclei,

Greater activation for 2 Hz
RAVANS vs. sham

- right LC, dorsal raphe
nuclei

Greater activation for 100
Hz RAVANS vs.

Greater activation for 2 Hz
Vs.

(continued on next page)
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Table 1 (continued)

Scanner Author/year Design Head coil Structural fMRI sequence Smoothing fMRI results
parameters parameters
10 Hz and 25 Hz
- right LC, dorsal raphe
nuclei
300 ps, a) 10 Hz RAVANS: right
1.5 sec phasic bursts Thickness: LC
2 mm b) 25 Hz RAVANS: right
LC, dorsal raphe nuclei
sig. correlation between 2
and 100 Hz
FOV: FOV: - right LC, dorsal raphe
256 x 256 mm?* 220 x 220 mm? nuclei
Yakunina et al., 2017 30 s ON vs 60 s OFF, 32-Channel T1 EPI 8mm Comparison cymba
SENSE coronal 3D 30 oblique coronal FWHM Gaussian conchae vs. earlobe
stimulation
500 ps, 25 Hz, (Philips) slices smoothing kernel Activation
0.77 + 0.42 mA — unsmoothed data:
bilateral LC and NTS
at inner tragus, TR: 9.8 ms TR:2000 ms Vs
0.81 £+ 0.48 mA TE: 4.8 ms TE: 35 ms
at ear canal, FA: 8° FA: 90° no spatial
0.91 + 0.47 mA smoothing
at cymba, and 0.81 + 0.38 mA
for sham
at cymba, and Thickness:
0.81 + 0.38 mA 1.0 mm
for sham
- repeated for four times in Matrix: Matrix:
arun 256 x 256 x 195 80 x 80
- each subject eight FOV: FOV:
6-min fMRI runs with up 220 x 220 mm? 220 x 220 mm?
to 90 s rest in between runs Voxel size: Voxel size:
0.94 x 0.94 mm 2.75 x 2.75 mm
Zhang et al., 2019 200 ps, 1 Hz, 24-channel MPRAGE EPI 6mm Comparison cymba
1.5-3 mA 31 slices, 150 phases FWHM Gaussian conchae vs. tail of the
helix stimulation
smoothing kernel Deactivation based on ROI
analysis
- each scan consisted of six TR: 1900 ms TR: 2000 ms —in the bilateral LC
20 - s ON conditions TE: 2.27 ms TE: 30 ms
separated by 20- or 30-s FA: 9°
‘OFF’ periods
Thickness: Thickness:
- 5 min real or sham 1.0 mm 3.5 mm
taVNS fMRI scan
- 8 min continuous real or Matrix: Matrix:
sham 256 x 256 64 x 64

taVNS without fMRI

(continued on next page)
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Table 1 (continued)

fMRI results

Smoothing

fMRI sequence
parameters

Structural

Head coil

Design

Author/year

Scanner

parameters

224 x 224 mm?

FOV:

256 x 256 mm>

FOV:

7T

Comparison cymba
conchae vs. earlobe

stimulation

smoothing kernel

EPI
multi-band factor 2

32-channel

Four 8-min duration fMRI

16 healthy

Sclocco et al., 2019

scan runs

subjects

Greater activation for

eRAVANS

smoothing kernel

38 coronal slices

- LC, dorsal and medial

raphe nuclei

15 ‘ON’, 450 ps,

1.2mm isotropic

voxel size

25 Hz,
1.6 + 2.3 mA (eRAVANS)

1.7 £ 24 mA

(iRAVANS)

TR: 0.99 s

for taVNS,
1.4 £ 1.1 mA

TE: 23 ms
FA: 58°

for sham
- passive

control scan
- two active stimulation

FOV:

192 x 192 mm?
band width:

1562 Hz pix™-1

scans
- one active control

echo spacing: 0.76

scan run

4 in-plane

(GRAPPA)

R
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(mA), stimulation frequency (Hz), pulse width (pus) and duty cycle
(stimulation on / stimulation off) provide a large parameter space from
which researchers have to choose optimal stimulation protocols with for
the most part unknown efficacy in humans. Moreover, many taVNS
studies in humans use commercially available and certified devices with
predefined stimulation parameters, e.g., a stimulation frequency of 25
Hz, pulse width between 200-300 ps and a duty cycle of 30 son and 30 s
off (Yap et al., 2020). Researchers are then only able to adjust the
stimulation intensity to their individual needs (e.g., Bauer et al., 2016;
Beste et al., 2016; Borges et al., 2019; Ferstl et al., 2021; Frangos et al.,
2015; Warren et al., 2019). This already limits possible study designs,
where often a more flexible manipulation of parameters is desirable.
Indeed, 30 s stimulation with 25 Hz has been shown to increase LC firing
and NE release in iVNS studies with rats (Dorr and Debonnel, 2006;
Manta et al., 2009, 2013). Pulse width and the off-period in these studies
however differed from the parameters pre-set in many taVNS devices.
Using predefined stimulation parameters may simplify comparisons
between human studies, however it is difficult to compare effects with
animal studies where parameters often vary (Colzato and Beste, 2020).

Regarding the stimulation intensity, iVNS in rats has shown a dose-
dependent relationship with higher intensities leading to increased LC
firing and NE release. Driven activity in the LC increased monotonically
with the tested stimulation intensities from 0.2 mA to 2.5 mA (Hulsey
etal., 2017). However, a higher LC firing rate does not always appear to
be beneficial. Animal studies on cortical plasticity using iVNS in rats
suggest that the relationship between stimulation intensity and stimu-
lation effects may not always increase monotonically. Plasticity was
more pronounced at moderate intensities around 0.8 mA whilst at
higher stimulation intensities (1.2-1.6 mA), iVNS disrupted cortical
plasticity and behavioral benefits (Borland et al., 2016; Morrison et al.,
2021; Souza et al., 2021). Currently, human studies which systemati-
cally investigate the effect of different stimulation intensities for taVNS
are lacking. In human taVNS studies, two different approaches are used:
(i) using a fixed stimulation intensity across all subjects and (ii) indi-
vidual adjustment of intensity. In the second case, researchers can
choose to stimulate below or above the individual perceptual threshold.
Whilst the first approach assures uniform stimulation parameters across
participants, the latter method gives the advantage of avoiding un-
comfortable or even painful stimulation. Both options (fixed and indi-
vidualized intensities) are viable given that the current intensity is high
enough to activate myelinated A-fibres, which contribute a large part of
the ABVN (Safi et al., 2016). From a theoretical point of view, it seems
reasonable that stimulation intensities for taVNS should not fall below
0.75 mA to recruit A-fibres of the ABVN. Using computational models,
Helmers and colleagues estimated stimulation intensities between 0.75
and 1.75 mA are sufficient to cause vagal activation with pulse widths
between 200 and 500 ps. However, their model was restricted to the
cervical VN and based on the histological examination of the VN from
only one subject (Helmers et al., 2012). In practice, ‘moderate’, non-
invasive stimulation intensities with regard to taVNS effect are likely
to be higher, since skin impedance and properties of subcutaneous tis-
sues affect the current flow (Keller and Kuhn, 2009). Inadequate skin
cleaning and degreasing before stimulation can easily increase imped-
ance at the skin level and thus may reduce the current that reaches the
nerve fibres (Badran et al., 2019; Burger et al., 2020).

The most commonly applied frequency in human studies at present is
25 Hz (see Table 2 in (Farmer et al., 2020)), but conclusive evidence
about the effectiveness of this frequency in humans is lacking. The ef-
fects of varying frequency (0, 7.5, 15, 30, 60, 120 Hz) keeping the other
parameters constant, were shown with iVNS in rats (Hulsey et al., 2017).
Specifically, they showed that higher stimulation frequencies lead to
greater maximal discharge rates over a shorter duration. Varying the
iVNS frequency thus influenced the timing but not the total amount of
LC activity (Hulsey et al., 2017). A first more systematic approach in
human studies based on perceptual thresholds was reported by Sclocco
et al. (2020). They were able to show that perceptual ratings of
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stimulation intensity did not differ between conditions when higher
stimulation intensities were combined with lower frequencies (7.18 +
0.95mA (2 Hz) > 6.46 + 1.30 mA (10 Hz) > 5.93 4+ 1.21 mA (25 Hz) >
5.57 +1.18 mA (100 Hz)) and interestingly the perceptual rating did not
differ between the conditions (Sclocco et al., 2020). Moreover, a wider
cluster of fMRI activation in respiratory-gated taVNS (RAVANS) at 100
Hz was found in serotonergic (dorsal (DR) and median (MR) raphe
nuclei) and noradrenergic (LC) nuclei, whilst lower 2 HZ RAVANS also
lead to DR and right LC activation (Sclocco et al., 2020). These results
also illuminate that high responders to 2 Hz RAVANS were also high
responders to 100 HZ RAVANS and that due to the differentially
perceived sensory stimulation the influence of sensory pathways on LC
activations cannot be excluded (Sclocco et al., 2020). Based on these
results, a high stimulation frequency (e.g. 25 Hz) should be tested in
comparison to lower frequencies (e.g. 10, 15 Hz) in taVNS studies,
keeping the other stimulation parameters constant, in order to be able to
give conclusive evidence regarding the influence of stimulation fre-
quency on the LC-NE system.

Besides stimulation intensity and frequency, the pulse width also
affects iVNS efficacy in a dose-dependent manner. In rodent studies
using iVNS, higher pulse width lead to increased LC firing rates (0, 30,
100, 500 ps (Hulsey et al., 2017)), pupil dilation (100, 200, 400 or 800
ps (Mridha et al., 2021)) and behavioral as well cortical arousal states
(100, 500 or 800 ps (Collins et al., 2021)). In human taVNS studies, pulse
width typically varies between 200 and 1000 ps (Redgrave et al., 2018)
and needs to be further systematically investigated. Likewise, the rele-
vance of changes in stimulus cycle requires further investigation in both
animal and human research. A current trend towards investigating the
effects of phasic (Sharon et al., 2021), event-related stimulation rather
than tonic stimulation with particular stimulus cycles is interesting in
this regard (summarized below in Section 3). Badran et al. (2019) were
able to show that the perceptual threshold decreases with increased
pulse width (real stimulation at tragus, N = 15), which suggests that
parameter manipulations should be assessed in the context of manipu-
lations of other parameters. However, at this point it is unclear how
perceived intensity correlates with taVNS outcome measures.

Considering all stimulation parameters, it is evident that their
optimal settings and interdependency is insufficiently studied in
humans. The lack of studies systematically investigating stimulation
parameters in humans is compounded by a frequent use of insufficiently
validated outcome measures (see Section 1). Moreover, it is currently
unclear to what extent perceptual ratings of stimulation intensity relate
to stimulation effects on the VN, and result in additional LC engagement
via sensory pathways. Another often neglected aspect, which Wolf et al.
(2021) rigorously discussed based on neurobiological pathways, is the
stimulation side of the ear, i.e., left vs. right (e.g., stronger HRV indices
for right sided taVNS reported by De Couck et al. (2017)). In this regard,
animal research suggests that the right nodose ganglia (NG) have better
access to dopaminergic structures such as the SN (Han et al., 2018) and
stimulation of the left ear in humans has a stronger effect on invigoration
when food reward is involved (Neuser et al., 2020). These results suggest
lateralisation effects and motivate further systematic studies in this
respect. Currently, however, it seems likely that the stimulation side has
no systematic impact on taVNS effects as measured based on HRV
indices (Keute et al., 2021a) or mood changes (Ferstl et al., 2021).

One outstanding and non-trivial question remains, namely the sys-
tematic testing of the location for real vs. sham stimulation. Electrical
stimulation above the sensory threshold induces an easily recognizable
somatosensory percept that could explain potential stimulation effects.
Thus, a proper sham stimulation is necessary to assure that observed
effects are based on LC stimulation and not merely on the somatosensory
perception of the stimulation (Keute et al., 2018). Most study designs are
based on the results of Peuker and Filler (2002) and even if Yakunina
et al. (2017) already tested various locations for real stimulation using a
taVNS-fMRI approach, sham stimulation locations in humans are not
systematically tested yet. Typically, sham stimulation is applied to the
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left ear lobe (Burger et al., 2020; Butt et al., 2020) since it is considered
to be relatively free of ABVN fibres (Peuker and Filler, 2002). However,
this location has been challenged as an appropriate target for sham
stimulation because of the inhomogeneous density of sympathetic
nerves in the human ear (Borges et al., 2021; Cakmak, 2019; Rangon,
2018). Cakmak et al. (2018) recommend upper parts of the ear instead of
the earlobe for sham stimulation, since they observed that perivascular,
sympathetic neurotransmitters are denser in the upper rather than lower
auricular areas adjacent to the cymba concha for real stimulation. A
previous study with patients suffering from PD (N = 14) showed that
stimulation of the anti-tragicus muscle zone located at the top of the ear
lobe led to improved motor functions (Cakmak et al., 2017). Another
proposed control method is to use real taVNS sites but without stimu-
lation (Garcia et al., 2017) or with a drastically reduced stimulation
frequency (e.g., 1 Hz) (Bauer et al., 2016). However, these approaches
are rarely ever used and still need to be validated. Especially stimulation
with 1 Hz at intensities above the perceptual threshold is easily recog-
nized as different from and thus no longer indistinguishable from ‘real’
taVNS (Colzato and Beste, 2020). These results show that more research
is needed to delineate proper targets for active sham stimulation.
Stimulation protocols that differ in (subjective) intensity or stimulation
patterns between real and sham control have to further consider placebo
or expectancy-related confounds when comparing real and sham stim-
ulation (Farmer et al., 2020). As of now, there is no sham stimulation
that fulfils the criteria proposed by Butt et al. (2020), i.e., no innervation
of ABNV fibres while being indistinguishable from taVNS.

4. Potential of phasic stimulation to illuminate the link between
taVNS and LC-NE activation

LC neurons are thought to generally display two distinct firing modes
with different discharge patterns and NE releasing properties (Aston-
Jones and Cohen, 2005; Berridge and Waterhouse, 2003; Florin-Lechner
et al., 1996): (i) a tonic activity mode (long-lasting, constant activity with
0.5-5 Hz) and (ii) a phasic activity mode (short bursts of activity with
10-20 Hz) (Aston-Jones and Bloom, 1981; Aston-Jones and Cohen,
2005; Clayton et al., 2004). A study in rats suggests that higher levels of
NE release can be achieved by phasic stimulation compared to tonic
stimulation (Florin-Lechner et al., 1996). Moreover, animal studies
show that phasic bursts of NE release (through experimental in-
terventions like electric foot shocks) support memory encoding by
fostering LTPs (long term potentiation) in hippocampal projection areas
(Luo et al., 2015) and are able to support inhibitory control in prefrontal
areas by increasing the signal to noise ratio (Aston-Jones and Cohen,
2005; Berridge and Waterhouse, 2003). Pupil dilation has emerged as an
increasingly used indirect measure of phasic LC activity (see Section 1) in
human and animal studies (Gilzenrat et al., 2010; Murphy et al., 2014).
Both, animal and human research has already shown that an increased
pupil dilation is associated with phasic LC activation, although there is no
exclusive link between LC firing and pupil dilation (Aston-Jones and
Cohen, 2005; Eckstein et al., 2017; Joshi et al., 2016; Murphy et al.,
2014; Samuels and Szabadi, 2008a).

Animal research has explored the influence of different stimulation
parameters on the LC-NE system more systematically, in particular the
effects of phasic stimulation. For instance a recent iVNS study in mon-
keys showed that phasic bursts of more than 30-50 Hz lead to stronger
vagus evoked potentials compared with low frequency bursts of 5 Hz
(Rembado et al., 2021). Hulsey et al. (2017) verified that short bursts of
0.5 s of iVNS drives phasic LC activity even at 0.2 mA and that increased
VNS amplitude leads to increased LC firing. This relationship is consis-
tent with recent findings by Mridha et al. (2021) who adjusted various
stimulation parameters (amplitude, frequency, pulse width) in a study in
mice and observed the strongest effects of VNS on pupil dilation, at 0.9
mA, 20 Hz and 800 ps with short bursts of 10 s (Mridha et al., 2021).
Collins et al. (2021) confirmed a dose dependent effect of VNS on the LC-
NE system, whereby a higher stimulation intensity and longer
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stimulation duration (0.8 mA and 5 s instead of 0.5 s of short bursts)
induced larger pupil dilation. Furthermore, Mridha et al. (2021) found
that VNS stimulation intensity was correlated with the extent of
cholinergic axon activation. This specific timing response of cortical
activation due to VNS was also addressed by Collins et al. (2021),
showing that after VNS onset, both NE and ACh cortical activation was
observed, followed by whisking and locomotion approx. 1 s thereafter as
well as pupil dilation about 1.5 s afterwards in awake as well as anes-
thetized rats. Additionally, Hulsey et al. (2019) also showed an
involvement of the motor cortex during iVNS stimulation (0.8 mA, short
bursts of 0.5 s). Effects of phasic iVNS on stimulus-specific plasticity
were also observed in rat auditory cortex (see Section 5), where previ-
ously induced tinnitus pathology could be eliminated with a short burst
of 0.5 s of iVNS at 0.8 mA (N. D. Engineer et al., 2011).

In human research, Sharon et al. (2021) were able to show a robust
pupil dilation based on short bursts of 3.4 s taVNS (2.20 + 0.24 mA).
Similar short bursts of 4 s taVNS (2 mA) (Keute et al., 2021a) or 1 s
taVNS (Sclocco et al., 2019) in humans, resulted in changes in HR and
HRV indices (Keute et al., 2021a) as well as changed HRV indices during
the exhalation phase of the respiratory cycle (eRAVANS) (Sclocco et al.,
2019). Moreover, the LC activation observed by Sclocco et al. (2020)
already reported in Section 2, was also based on short bursts, in this case
1.5 s taVNS. However, it should be noted that Keute et al. (2021a,
2021b) and Sclocco et al. (2020, 2019) did not choose an active sham
control stimulation location (no current at all) in comparison to Sharon
et al. (2021) (see Section 2 for sham-controlled designs). In summary,
phasic stimulation approaches might be more useful than tonic ap-
proaches when investigating the direct effects of different stimulation
parameters and can prove a useful tool for understanding how i/taVNS
affects the LC-NE system. Studies with longer stimulation bursts found
no immediate effects of taVNS, neither with respect to pupil dilation (e.
g., 60 s of taVNS (Keute et al., 2019a, 2019b)) or HRV indices (e.g., 30 s
of taVNS (Borges et al., 2019; De Couck et al., 2017), see (Burger et al.,
2020) for review). Moreover, as the majority of findings reporting
optimal stimulation parameters were from animal studies focusing on
phasic or burst-like stimulations, phasic stimulation approaches may be
more preferable for determining whether these optimal stimulation
parameters translate to comparable taVNS stimulation effects in
humans.

5. Potential factors influencing stimulation effects between
individuals

Apart from open questions in the stimulation protocols and outcome
measures, interindividual differences in ABVN properties and the status
of the LC-NE system itself may influence taVNS effects (cf. Fig. 1 —
‘Relevance of altered brain physiology’). This is mainly relevant when
studying clinical subpopulations which are often the target for taVNS
interventions. Regarding the ABVN, only one study so far, by Safi et al.
(2016), counted the amount of myelinated nerve fibres in the ABVN and
observed considerable variability between subjects (for review see (Yap
et al., 2020)). It should be noted here, that the subjects had different
histories of medical conditions, so healthy populations might show
lower variability (Safi et al., 2016). Moreover, the density of nerve fibres
of the cavum conchae (recess auricle), which is part of the ABVN, varies
as well (Bermejo et al., 2017). This variability might already play an
important role in explaining why some individuals benefit from taVNS
whilst others do not (Butt et al., 2020). Moreover, many of the condi-
tions where taVNS can be usefully applied will involve a decline or
alteration in LC-NE function. For instance in AD and PD, alterations in
LC function may occur before clinical symptoms manifest (Braak et al.,
2003, 2011). For AD, post-mortem studies have shown that, although
the number of NE neurons is reduced, certain NE metabolites were not.
This was taken as evidence for some compensatory upregulation in NE
production in reaction to the loss of LC-NE neurons by which the
remaining LC neurons increase their firing rate (Herrmann et al., 2004).
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Furthermore, there is evidence that, at least in early stages of LC decline,
increased adrenoreceptor density in hippocampus and amygdala might
compensate for reduced LC-NE signalling (Andrés-Benito et al., 2017;
Szot et al., 2006). This means that adaptive mechanisms in the brain
aimed at compensating altered LC function may influence the effects of
externally applied stimulation by, e.g., increasing the response of indi-
vidual LC neurons or the sensitivity of target areas through increased
receptor levels. Similarly, a post-mortem study examining the expres-
sion of signalling genes and growth factors revealed a decline in LC
function in individuals suffering from depression (Bernard et al., 2011),
which might underlie the use of sNRIs in the treatment of depression
(Moret and Briley, 2011). A meta-analysis has shown that the effects of
depression treatment, one of the main areas of i/taVNS application,
were only apparent after controlling for depression severity, which
revealed stronger effects in more severely affected individuals (Martin
and Martin-Sanchez, 2012). Correspondingly, Ferstl et al. (2021) were
able to show that lower baseline levels of positive mood in healthy
subjects were associated with greater taVNS (30 s on/off stimulation
cycle) induced improvements in motivation. At present, it is unknown
whether clinical and cognitive assessments of disease severity are
associated with greater LC-NE system decline. Nonetheless, existing
studies suggest variability in taVNS effects are also observed in cogni-
tively normal populations as well. Stimulation studies should thus focus
more on taking into account interindividual differences in the integrity
of the stimulated LC-NE system when interpreting taVNS effects to
reduce unreliable and heterogeneous results. Reduced LC integrity has
been observed in several clinical populations such as PD and AD as well
as major depression (see (Liu et al., 2017) for an extensive review).
Using this approach, interindividual differences in LC integrity can
however also be observed in older healthy adults (Betts et al., 2017;
Hammerer et al., 2018; Liu et al., 2019). Interindividual differences in
LC integrity in humans can be determined in terms of signal intensity
using neuromelanin-sensitive MRI (Betts et al., 2019), a technique
developed in 2006 (Sasaki et al., 2006). A combination of ultra-high-
field MRI and histological analyses on post-mortem brain tissues
confirmed that the localization of the neuromelanin contrast in MRI
corresponds to NE-neurons in the LC (Keren et al., 2015). Related to this,
advances in our understanding of the relevance of an altered function-
ality of the LC-NE system can motivate different interventional avenues
with different types of stimulation approaches, which have been as of
yet insufficiently explored. Specifically, high-frequency stimulation
might carry potential for inhibiting overcompensated (overactive) LC
neurons which are thought to contribute to chronic pain (Bernard et al.,
2011) and aggressive behavior in conditions of declining LC-NE integ-
rity possibly related to excessive LC activity (Liu et al., 2018). However,
the interactions among brain areas when investigating different stimu-
lation protocols will also have to be considered. For instance, high-
frequency (100 Hz) optogenetic burst stimulation of basolateral amyg-
dala neurons was recently reported to drive excitatory neurons in the
medial prefrontal cortex into a blocked state with reduced activity
(Klavir et al., 2017). In another rat model, it was shown that an over-
activation of the LC - BLA pathway provoked pain and that blocking this
pathway led to a reduction in pain-induced anxiety (Llorca-Torralba
et al., 2019). Therefore, high-frequency stimulation might carry poten-
tial for inhibiting overcompensated (overactive) LC neurons which are
thought to contribute to chronic pain. Similarly, aggressive behavior in
conditions of declining LC-NE integrity is possibly related to excessive
LC activity (Liu et al., 2018). Due to a long-standing lack of appropriate
imaging measures for the LC-NE system and a still developing under-
standing of the role of the LC-NE system in higher cognitive functions
(Sara and Bouret, 2012), current commercially available taVNS devices
might not take full advantage of the therapeutic potential of taVNS in-
terventions in humans.
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6. Potential of translational cross-species approaches to
illuminate the link between taVNS and LC-NE activation

Before a new therapy or treatment is applied to humans, they are
usually tested in animal models. The potential of iVNS to treat epilepsy,
for instance, was first demonstrated in canine models (Zabara, 1985,
1992) before it was investigated in the first human trials (Penry and
Dean, 1990). Animal research is now helping us to further our knowl-
edge about the functional mechanisms of iVNS and provides new hy-
potheses for potential applications of taVNS in humans (cf. Fig. 1 —
‘Cross-species translational approach’). One example for this, among
others, is the evolution from studies investigating NE-related plasticity
in the primary auditory cortex (A1) of rats towards the development of
potential, non-invasive tinnitus interventions in humans. Tinnitus, the
perception of sounds without corresponding stimuli, is thought to be
based largely on maladaptive A1 map reorganizations leading to an
increased number of neurons responding to certain frequencies
(Eggermont, 2015; Eggermont and Roberts, 2015; N. D. Engineer et al.,
2011; Wu et al., 2016). In recent years, i/taVNS approaches were
investigated as adjunctive treatment options for tinnitus due to its
potentially neuromodulating effect (Stegeman et al., 2021). Early work
investigating NE effects on auditory cortical plasticity used ionophoretic
infusion of NE directly into rat auditory cortex paired with tone stimuli
and observed frequency specific modulation in neuronal tuning curves
(Manunta and Edeline, 2004). In a subsequent study, also in rats, direct,
phasic stimulation of the LC paired with pure tones altered response
characteristics of A1 neurons, corroborating the role of the LC-NE sys-
tem for neural plasticity. Of note, frequency-specific increases in spike
rates were observed already after 100 pairings, persisting up to 15 min
after stimulation (Edeline et al., 2011). These observations were then
used to generate hypotheses that iVNS in rats could yield similar results.
Indeed, pairing pure tones with iVNS (performed 300 times a day for 20
days) increased the number of recording sites that preferably responded
to the paired frequency compared with an unpaired control group (N. D.
Engineer et al., 2011). Similar results were observed when speech
sounds were used as stimuli (C. T. Engineer et al., 2015), which is in line
with increased temporal flexibility of Al neurons due to VNS-tone
pairing (Shetake et al., 2012). These results generated new ideas to
use iVNS and potentially taVNS to modulate cortical plasticity in a tar-
geted manner in therapeutic settings to treat tinnitus. N. D. Engineer
et al. (2011) used iVNS to reverse tinnitus in a rat model. Stimulation
was applied as phasic bursts of 0.5 s, beginning 150 ms before tone onset
and these pairings were repeated 300 times a day for 18 days. In rats
receiving iVNS-tone pairings, behavioral correlates of tinnitus were
eliminated after the therapy, whereas animals from the three control
groups (iVNS without tones, tones without iVNS or no therapy) showed
consistent impairments. Three weeks after the therapy, neural re-
cordings from Al revealed that pathological changes in the treated
group but not in the control groups returned to normal levels (N. D.
Engineer et al., 2011). Following these results, pilot studies in humans
with implanted VNS electrodes emerged, using iVNS-tone pairing par-
adigms to treat tinnitus (De Ridder et al., 2014 (N = 10); Tyler et al.,
2017 (N = 30); Vanneste et al., 2017 (N = 18)). Random tones were
presented together with 0.5 s phasic (Tyler et al., 2017; Vanneste et al.,
2017) or 30 s tonic (De Ridder et al., 2014) iVNS in order to reduce
pathological, neuroplastic changes in auditory cortex regions. Subjects
reported a reduction in subjective tinnitus symptoms (Tyler et al., 2017;
Vanneste et al., 2017). Likewise, electrophysiological recordings per-
formed before and after the therapy revealed that iVNS-tone pairing
reduced gamma band activity (30-44 Hz) in left auditory cortex and
phase coherence between auditory cortex and other brain areas associ-
ated with the tinnitus perception including the cingulate cortex (Van-
neste et al., 2017). Hypersynchronous activity in the gamma band of the
auditory cortex is an electrophysiological marker of tinnitus (Langguth
et al., 2013; Weisz et al., 2007) while the cingulate cortex is associated
with its affective components (e.g., distress) (Vanneste et al., 2010). In
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parallel, researchers aimed to establish taVNS as a non-invasive pro-
cedure to circumvent the invasiveness and high costs of iVNS. Lehtimaki
et al. (2013) used a tailored sound therapy (ST) combined with
continuously applied taVNS (25 Hz, 45-60 min) at the left tragus.
Additional subjects (N = 8) were presented with pure tones centred at
their tinnitus frequency while their brain activity was recorded via
magnetencephalography (MEG) either during taVNS or no stimulation.
The ST group not only showed decreases in subjective tinnitus symptoms
after ST paired with taVNS but also a mood improvement while the MEG
group showed a reduced amplitude of the N1m during taVNS (Lehtimaki
et al., 2013). The N1m, the magnetic equivalent of the N1 ERP, reflects
early auditory processing in A1l (Naatanen and Picton, 1987) and an
increased N1m amplitude has been observed in many tinnitus patients,
indicating hyperactivity in the Al (Lehtimaki et al., 2013). A major
drawback of this study, however, is that both results could have been
obtained based on ST alone (e.g., Pantev et al., 2012). Hyvdrinen et al.
(2015) recorded brain activity via MEG while presenting tinnitus pa-
tients (N = 7) with tones matched to their individual tinnitus frequency
either during continuous taVNS (25 Hz) on the left tragus or no stimu-
lation. Additional control subjects (N = 8) without tinnitus were pre-
sented with 1 kHz tones and sham-stimulation at the left earlobe. They
showed that taVNS in tinnitus patients' modulated tone evoked syn-
chronicity in the beta- and gamma-band (Hyvarinen et al., 2015).
Hypersynchronous activity in the auditory beta range has also been
observed in patients suffering from tinnitus and auditory hallucinations
(Vanneste et al., 2013).Yet, it is imperative to notify that these results
have to be interpreted with caution as highlighted in detail by two
recent reviews (Stegeman et al., 2021; Yakunina and Nam, 2021). Both,
studies that used taVNS alone as well as studies that used taVNS in
combination with ST, have severe methodological flaws. They lack
sufficient sample sizes and appropriate blinding, are not designed as
randomized controlled trials and results and methods are often reported
with low quality (Stegeman et al., 2021). Furthermore, they rely on the
assumption that cortical reorganization in the tonotopic map of Al is a
major cause for tinnitus, which is highly debated (Yakunina and Nam,
2021). With these caveats in mind, no clear statement for the effec-
tiveness of taVNS in the treatment of tinnitus and more research using
randomized controlled trials is needed (Stegeman et al., 2021; Yakunina
and Nam, 2021). Nevertheless, animal research is still valuable to
further delineate the exact cortical and neuronal causes of tinnitus and
potential ways to reverse these. If properly conducted (i.e., sham
controlled, blinded, sufficiently powered), human studies can then use
non-invasive electrophysiological markers to improve the usefulness of
taVNS in the remedy of tinnitus.

Apart from the auditory system, Hulsey et al. (2019) showed an
involvement of the motor cortex during iVNS indicating stimulus-
specific cortical plasticity of iVNS. Specifically, iVNS in rats paired
with proximal forelimb movements increased the cortical representation
of these movements (Hulsey et al., 2019). Similar, iVNS in rats paired
with rehabilitative training after spinal cord injury improved forelimb
strength compared to rehabilitative training without iVNS (Darrow
etal., 2020). In line with the cortical plasticity potential of iVNS, Capone
et al. (2017) were able to demonstrate that taVNS at the inner side of the
tragus (2.0-4.5 mean mA, 20 Hz, 300 ps, 30 s every 5th min for 60 min)
combined with robotic rehabilitation can improve arm functionality in
patients with ischemic (N = 5) or haemorrhagic (N = 2) chronic stroke.
However, this study also has a weakness in power, as only 7 subjects
received real stimulation and 5 subjects (ischemic: N = 3) sham stimu-
lation. As mentioned above, there is currently an increasing interest in
understanding how taVNS might affect the gut-brain axis. Animal as
well as human studies indicate an i/ta VNS induced reduction of food
intake accompanied by weight loss and reduction of gastric frequency
via vagal afferents (for review see (Farmer et al., 2020)). Additionally,
Gil et al. (2009) were able to show not only that long-term iVNS with a
low stimulation frequency (0.05 Hz), but also by applying a higher
stimulation frequency (10 Hz, 10 ms, 200 mV, 12 h per day for 42 days)
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(Gil et al., 2011) can lead to reduced food intake and body weight in rats
on a high-fat diet. Similarly, at 1 Hz, stimulation of the afferent fibres
was shown to reduce food intake in rats by influencing the response to
stomach peristalsis within 100 days (Yao et al., 2018). Gil et al. (2011)
further observed neuronal responses in NTS, decreased levels of leptin
and increased levels of ghrelin after iVNS in rats on a high-fat diet. Both
hormones are important because leptin contributes to inhibiting food
intake and ghrelin to stimulating appetite (see (Klok et al., 2007) for
review). An imbalance of this hormone release can promote obesity
(Cryan et al., 2019), which is associated with health problems not only
in animals but also in humans. Teckentrup et al. (2020) investigated the
potential role of taVNS on gastric frequency in healthy adults (N = 21).
Specifically, it was shown that afferent stimulation (25 Hz, 30 s on/off
stimulation cycle) had an effect on metabolic efferents and resulted in
reduced myoelectric frequency, but did not affect resting energy
expenditure (Teckentrup et al., 2020). This effect might be driven by
dopamine release in the brainstem (Teckentrup et al., 2020) which
highlights once again that the VN is involved in the regulation of the
activity of a variety of brain structures and internal organs. Yet, the
extent to which taVNS can really contribute positively as an additional
treatment option for obesity still needs to be investigated in more detail.
In the future, translational approaches could try to establish iVNS and
taVNS in the same animal models using outcome measures that have
been shown to be indicative of LC-NE activity in both animals and
humans. Different parameter combinations could then be systematically
investigated in their respective effectiveness and compared between
iVNS and taVNS. If based on this, an effect of similar magnitude can be
shown in animals, one could show (i) to what extent the parameters for
iVNS differ from taVNS in the animal itself and (ii) in comparison to
common taVNS parameters used in humans. Thus, it would then also be
possible to adapt the stimulation parameters used in animal research
more specifically for taVNS in humans.

7. Summary and conclusion

A dysregulation of the LC-NE system characterizes a wide range of
clinical and neurological conditions, including depression, chronic pain,
post-traumatic stress disorder, neurodegenerative diseases, as well as
cognitive decline in aging (Betts et al., 2019; Hammerer et al., 2018; Liu
et al., 2017). Compared to pharmacological therapies, taVNS has the
potential for a more anatomically and functionally targeted intervention
which can provide a valuable tool if properly validated. Here we
reviewed the current challenges in evaluating the effectiveness of taVNS
in reaching the LC-NE system in humans and outline experimental ap-
proaches that may help to overcome them. Challenges in assessing the
effects of taVNS on the LC-NE system in humans (cf. Fig. 1) include most
importantly difficulties in (i) identifying adequate biomarkers that index
taVNS efficacy on the level of an engagement of the LC-NE system as
well as (ii) identifying optimal stimulation protocols.

We outline how both of these shortcomings can be overcome by
moving towards phasic i/taVNS protocols as well as investigating i/
taVNS effects in cross-species translational approaches. In comparison to
tonic stimulation interventions, phasic stimulations have the advantage
of allowing for an immediate and repeated assessment of stimulation
effects on the LC-NE system. Moreover, the ability to elicit LC firing and
NE release by phasic or burst-like interventions has been well validated
in animal studies that investigate NE and LC function using event-related
interventions such as foot shocks or direct stimulation interventions to
the LC (Chen and Sara, 2007). Indeed, phasic i/taVNS has been shown to
modulate LC-NE activity in animal studies (Collins et al., 2021; Hulsey
et al., 2017, 2019; Mridha et al., 2021) as well as human studies (Keute
etal., 2019a; Sclocco et al., 2019, 2020; Sharon et al., 2021). In contrast,
human taVNS studies using tonic stimulation (e.g. Borges et al., 2019;
De Couck et al., 2017; Keute et al., 2019a, 2019b) have not always
yielded reliable effects on the LC-NE system.

Secondly, cross-species translational research is of great importance
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to increase our understanding of how taVNS in humans affects the LC-NE
system. Considerable knowledge regarding optimal stimulation param-
eters (e.g., Hulsey et al., 2017) or outcome measures (e.g., Collins et al.,
2021; Mridha et al., 2021) has already been gained from iVNS in ro-
dents. Such results can form the starting points for testing similar effects
using taVNS in humans. TaVNS has emerged as a potential treatment
option for tinnitus via modulating cortical plasticity in Al. However,
results from human studies are few and inconclusive at best due to
methodological shortcomings. Additional studies that are better
controlled (e.g., sham controlled, randomized, balanced and properly
blinded designs) with sufficient power are required to delineate how
VNS findings in rodents can be translated to further understand how
taVNS can be used as a reliable intervention for human tinnitus. Simi-
larly, first approaches that show how i/taVNS can influence the reha-
bilitation of motor areas in the brain or regulate gastric frequency as
well as weight loss and food intake await a more thorough validation in
humans. In particular, fMRI offers great potential as an outcome mea-
sure as it provides the advantage that taVNS induced changes can be
observed in the LC more directly with high spatial acuity compared to
more peripheral outcome measures of LC activity such as pupillometry
or HRV. Additional electrophysiological recordings with high temporal
resolution such as EEG could then provide information about the timing
of these effects. Not only the different stimulation sites (left vs. right ear)
and locations (real vs. sham stimulation), but also stimulation parame-
ters and their influence on the LC-NE system could be addressed using
taVNS-fMRI. In addition, taVNS-fMRI might also help identify how the
interaction of different stimulation parameters influences LC activation.
At present, we do not know how the different stimulation parameters
have to be combined in order to optimise taVNS effects on the LC-NE
system.

Future stimulation devices used for basic research, individual at-
home treatments as well as to study different clinical conditions
should thus have the potential to let practitioners manipulate all stim-
ulation parameters such as intensity, frequency, pulse width and duty
cycle to adjust to their individual needs. Although taVNS can be
assumed to stimulate VN and LC via the ABVN, the involvement of
sensory pathways cannot be completely excluded due to for instance
somatosensory reactions to the sensation of being stimulated. Studies
assessing the painfulness or discomfort of taVNS applications should
consider these as covariates when assessing interindividual differences.
It remains to be systematically investigated to what extent an engage-
ment of the LC via sensory stimulation effects, complicates the assess-
ment of differences between real and sham stimulation.

A further reason for the heterogeneous results of taVNS interventions
in humans, might be interindividual variability in the LC-NE system and
the ABVN. The integrity of the LC is especially important when taVNS is
considered as adjunctive treatment in clinical populations that may be
affected by reduced NE modulation such as depression or neurodegen-
erative diseases. However, some evidence points towards an adaptation
in the LC-NE system in response to a reduced NE supply in form of an
upregulated NE release of the remaining LC neurons or an increase in NE
receptors in target areas (Andrés-Benito et al., 2017; Herrmann et al.,
2004; Szot et al., 2006). Such changes in the impact of NE release would
then have to be taken into account when externally modulating NE
release via taVNS. It is therefore important to add measures that allow to
characterize interindividual differences in the LC-NE system in partic-
ular in the evaluation of taVNS in clinical populations. Measures such as
neuromelanin-sensitive MRI sequences which help to assess the role of
LC integrity can for instance prove relevance in this regard.
Neuromelanin-sensitive MRI has already provided insight about the
interindividual variability in LC integrity in healthy, older adults (Betts
et al., 2017; Hammerer et al., 2017; Liu et al., 2017). Additional mea-
sures that inform about interindividual differences in LC-NE function or
responsiveness might then ultimately also inform the choice of indi-
vidualized stimulation parameters. Stimulation parameters derived
from studies with healthy subjects may prove less effective when applied
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to patients with pathological changes in the LC-NE system. Establishing
a tailored stimulation intervention, which takes into account interindi-
vidual differences in the reactivity of an altered LC-NE system as well as
establishing suitable physiological and cognitive outcome measures for
evaluating its success are therefore crucial to use the full potential taVNS
offers as a valuable therapeutic approach in any of the above mentioned
conditions characterized by a dysregulation of the LC-NE system.
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Physiological and behavioral effects induced through transcutaneous vagus nerve stimu-
lation (tVNS) are under scrutiny in a growing number of studies, yet its mechanisms of
action remain poorly understood. One candidate mechanism is a modulation of y-ami-
nobutyric acid (GABA) transmission through tVNS. Two recent behavioral studies suggest
that such a GABAergic effect might occur in a lateralized fashion, i.e., the GABA modulation
might be stronger in the left than in the right brain hemisphere after tVNS applied to the
left ear. Using magnetoencephalography (MEG), we tested for GABA-associated modula-
tions in resting and event-related brain oscillations and for a lateralization of those effects
in a sample of 41 healthy young adults. Our data provide substantial evidence against all
hypotheses, i.e., we neither find effects of tVNS on oscillatory power nor a lateralization of
effects.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

stimulation (iVNS) (Ventureyra, 2000). Clinically, it is effective
as an adjunct therapy for pharmacoresistant epilepsy (Bauer
et al,, 2016; He et al., 2013; Stefan et al., 2012) and depression

Transcutaneous vagus nerve stimulation (tVNS) is a non-
invasive brain stimulation technique that has received
increasing attention in recent years. It has been introduced as
a non-invasive alternative to direct or invasive vagus nerve

(Fang et al., 2016; Trevizol et al., 2015). Furthermore, it has
been suggested as a prospective treatment for a variety of
conditions, including chronic headache (Barbanti et al., 2015;
Magis, Gérard, & Schoenen, 2013, p. P198), tinnitus (Lehtimaki
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et al., 2013), post-operative cognitive dysfunction (Xiong et al.,
2009), cerebral ischemia (Lu et al.,, 2017), and Alzheimer's
disease (Kaczmarczyk, Tejera, Simon, & Heneka, 2018). (see
Fig. 4)

So far, the mechanisms of action of tVNS are not fully
understood, and an improved understanding of these
mechanisms will be highly relevant and necessary for
future research, highlighting how patients can benefit from
tVNS as well as for therapy development and improvement.
It is consistently found that the locus coeruleus-
norepinephrine (LC-NE) system is activated through both
iVNS and tVNS. This activation is mediated by the nucleus
of the solitary tract (NTS), the principal brain projection area
of the afferent branches of the vagus nerve (Ruffoli et al.,
2011). LC activation is considered the core mechanism of
tVNS (Assenza et al.,, 2017; Badran et al., 2018; Raedt et al.,,
2011; Ventura-Bort et al., 2018; Warren et al., 2019). One of
several other candidate mechanisms of action is an increase
in y-aminobutyric acid (GABA) transmission in the brain
(Ruffoli et al., 2011; Walker, Easton, & Gale, 1999; Woodbury
& Woodbury, 1991), mediated through activation of the NTS
and LC (Berridge & Waterhouse, 2003; Toussay, Basu,
Lacoste, & Hamel, 2013). The research literature on
GABAergic neuromodulation by tVNS is sparse, compared to
the amount of studies investigating effects of tVNS on LC-
NE activity. Given that GABA transmission has a role in
the pathophysiology of epilepsy (Baulac et al., 2001),
depression (Mohler, 2012), tinnitus (Brozoski, Spires, &
Bauer, 2007), and other neurological and psychiatric condi-
tions, it is of high relevance to better understand GABAergic
actions of tVNS in order to predict and understand its
therapeutic effects.

In support of a GABAergic mechanism of tVNS, it has been
found that GABA, receptor density was increased in patients
after receiving long-term iVNS (Marrosu et al., 2003). More-
over, GABA concentration in the cerebrospinal fluid of pa-
tients receiving iVNS was increased (Ben-Menachem et al.,
1995; Carpenter et al., 2004). The number of studies specif-
ically investigating the relationship between tVNS and GABA
transmission, however, is limited. Short-term (~1 h) tVNS in
healthy subjects modulated cortical excitability (Capone
et al., 2015) as well as automatic motor inhibition (Keute,
Ruhnau, Heinze, & Zaehle, 2018), both of which are highly
correlated to GABA concentration in the motor cortex as
measured by magnetic resonance spectroscopy (Boy et al.,
2010; Stagg et al., 2011).

Interestingly, both studies (Capone et al., 2015; Keute et al,,
2018) suggest a possible lateralization of the tVNS effect, in
that GABA-associated parameters were modulated in the
right, but not in the left brain hemisphere. Similarly, effects of
iVNS on the electroencephalogram (EEG) spectrum have been
found that were stronger in the right hemisphere (Marrosu
et al., 2005). Since both iVNS and tVNS are almost exclu-
sively administered to the left ear/vagus nerve, these findings
are compatible with a selective or stronger GABAergic effect of
t-/iVNS in the contralateral hemisphere. Even though we are
not aware of any anatomical or physiological evidence that
could account for a lateralization of tVNS effects, the potential

occurrence of such a lateralization in three independent
studies warrants further investigation.

Brain oscillations as measured by EEG or magnetoen-
cephalography (MEG) often have specific relationships to local
GABA concentrations and can therefore be used as bio-
markers: Pharmacological increases of systemic GABA levels
are consistently associated to increases in beta power at rest
(Greenblatt et al., 1989; Hall, Barnes, Furlong, Seri, &
Hillebrand, 2010; Nutt et al., 2015; van Lier, Drinkenburg, van
Eeten, & Coenen, 2004). Furthermore, GABA concentration in
the motor cortex is related to peri-movement beta and gamma
power modulations (Gaetz, Edgar, Wang, & Roberts, 2011;
Muthukumaraswamy et al., 2013), and GABA concentration in
the visual cortex is related to gamma power responses to vi-
sual stimulation (R. A. E. Edden, Muthukumaraswamy,
Freeman, & Singh, 2009; Muthukumaraswamy, Edden, Jones,
Swettenham, & Singh, 2009).

This study will use MEG to capture brain oscillations
associated to GABA transmission. Using brain oscillations as a
marker for GABA has several advantages: the combination of
resting and event-related oscillations outlined above has a
very specific relationship to GABA. MEG allows to record from
the whole brain simultaneously at a good temporal resolution,
and to spatially reconstruct sources of specific signals in the
brain, which will be helpful to capture a possible lateralization
of tVNS effects.

In fact, a recent study found that cervical tVNS increased
beta and gamma power and decreased theta and alpha power
(Lewine, Paulson, Bangera, & Simon, 2018). Moreover, invasive
stimulation of the nucleus of the solitary tract (NTS) in cats
increased beta power (Martinez-Vargas, Valdés-Cruz,
Magdaleno-Madrigal, Fernandez-Mas, & ). The NTS is one of
the neural targets of vagus nerve stimulation (Clancy,
Deuchars, & Deuchars, 2013).

We hypothesize that tVNS will increase GABA concentra-
tion, leading to GABA-associated MEG alterations. Specifically,
our first set of hypotheses relate to overall GABAergic modu-
lation through tVNS:

Hi: global resting-state beta power is increased during
tVNS compared to sham.

H,a: peri-movement beta desynchronization (PMBD) in the
motor cortex is stronger during tVNS compared to sham.
H,p: post-movement beta rebound (PMBR) in the motor
cortex is weaker during tVNS compared to sham.

H;: gamma power response to visual stimulation in the
visual cortex is stronger during tVNS.

Furthermore, we hypothesize that the effects from H; and
H, are lateralized, i.e., stronger in the brain hemisphere
contralateral to the stimulation.

Hy: The tVNS effect on resting-state beta power will be
stronger in the right (contralateral) hemisphere.

Hsa: The tVNS effect on PMBD will be stronger in the right
(contralateral) hemisphere for left-hand responses
compared to PMBD in the left motor cortex for right-hand
responses.
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Hsg: The tVNS effect on PMBR will be stronger in the right
(contralateral) hemisphere for left-hand responses
compared to PMBR in the left motor cortex for right-hand
responses.

2. Methods
2.1. General procedure

Upon arrival, written informed consent was obtained from
each participant. Participants were reimbursed with money (8
€/hr) or course credit. Head landmarks and head shape were
digitized using a Polhemus Fastrak digitizer (Polhemus, VT,
USA). The stimulation electrodes were attached (see below),
and the participant was seated inside the MEG device. The
following procedure is sketched in Fig. 1: A 3-min baseline MEG
measurement was carried out, with the instruction for the
participant to relax, not to think about anything in particular,
keep the eyes open and blink, cough, and move only during
stimulation, as far as possible. Subsequently, electrical stimu-
lation was administered for 30 min with a 60s ON/60s OFF cycle,
during which the participant had no specific instruction. After
pre-stimulation, two blocks of resting MEG were obtained, each
with a duration of 3 min, with 1 min of stimulation between
both blocks. All resting and on-task MEG recordings were car-
ried out while the electrical stimulation is turned off to avoid
contamination of the data with stimulation artifacts. After the
resting blocks, two blocks (180s each) of the motor task and two
blocks (180 sec each) of visual stimulation were carried out,
with 60s of stimulation between all blocks. The order of the
tasks was counterbalanced across participants, but kept con-
stant within each participant (i.e., in the sham and tVNS ses-
sion). The procedure was identical for sham and tVNS sessions,
with the only difference being the stimulation site (cymba
conchae/tVNS vs scapha/sham). All experimental procedures
were carried out in accordance with the declaration of Helsinki
and have been approved by the ethics committee of the med-
ical faculty at the University of Magdeburg.

2.2. Participants

The experiment was carried out with 41 healthy young par-
ticipants (29 females). Mean age was 23.8 years (SD 3.4, range
19-30). Each participant underwent sham and tVNS stimula-
tion in pseudo-randomized order on separate days. Sham and
tVNS measurements for each participant were scheduled at
least 48 h apart and at the same daytime (+1 h). All partici-
pants were free from any current or past neurological or
psychiatric diseases and regular drug intake (both medical
and recreational, except for oral contraceptives), They had
normal or corrected-to-normal vision and were eligible for
tVNS, MEG and MRI (in particular, no cardiac pacemakers or
metal implants in or close to the head).

2.3. Motor task

Peri-movement beta power was assessed using a cued finger
movement task. Participants were instructed to press a button

with their left or right index finger, according to the direction
of an arrow displayed centrally on the screen (displayed in
black on a grey background, width 1°, height .5 degree of visual
angle). During each 180 sec block, 24 left-pointing and 24 right-
pointing arrows were presented in pseudo-randomized order,
with stimulus durations of 200 msec and a randomly jittered
inter-stimulus interval between 3 and 3.5 sec. A red fixation
point was visible on the center of the screen throughout the
task to prevent eye movements.

2.4. Visual stimulation

Visual stimuli were stationary, vertical circular gratings with a
spatial frequency of 3 cycles per degree and maximum
contrast. Throughout the experiment, a central fixation dot
was visible. The screen background had the average lumi-
nance of the gratings. Stimuli were presented centrally on the
screen and subtended 2 degrees of visual angle. In each
180 sec block, 48 gratings were presented for 1 sec, followed by
a jittered inter-stimulus interval between 2 and 2.5 sec. This
stimulus design is similar to the one wused by
Muthukumaraswamy et al. (2009).

2.5. Electrical stimulation

TVNS was administered to the cymba conchae, sham stimu-
lation to the scapha of the left ear. Two medical Ag/AgCl
stimulation electrodes (4 x 4 mm) were mounted on a piece of
silicone at a center-to-center distance of 1 cm. The electrodes
were attached to the ear using a small amount of adhesive
electrode cream (Natus Neurology, www.natus.com) and
medical adhesive tape, if necessary. Direct current pulses
were delivered using a medical stimulation device (Digitimer
DS7, www.digitimer.com). Current intensity was set to 1 mA,
delivered in 200 ps pulses at 25 Hz. Stimulation was admin-
istered in blocks of 60 sec, each followed by a 30 sec break
(during pre-task stimulation) or by a 180 sec MEG recording
block. These parameters are within the range of standard
parameters used in other tVNS studies (Badran et al., 2018;
Frangos, Ellrich, & Komisaruk, 2015).

2.6. MEG measurement and analysis

MEG was recorded from 306 sensors (102 magnetometers and
204 planar gradiometers) from 102 head positions using a
Neuromag Triux device (Elekta AB') at a sampling rate of
1000 Hz and an online band-pass filter (.01-330 Hz). Offline
data analysis was carried out using the FieldTrip toolbox
(Oostenveld, Fries, Maris, & Schoffelen, 2011) in Matlab 2018
(MathWorks?). Bad sensors (high noise level or flat) were
identified by visual inspection, removed from the data and, for
data visualization only, reconstructed using spline interpola-
tion. Severely artifact-laden epochs were excluded from
further analysis, based on visual inspection. Ocular and heart
beat related artifacts were removed by means of independent
component analysis (ICA). Data were visually inspected again,
and segments with remaining gross artifacts were excluded.

1 www.elekta.com.

2 www.mathworks.com.
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Fig. 1 — Experimental procedure. The order of the motor task and visual stimulation were counterbalanced across
participants. Panels below: Illustration of experimental stimuli (not true to scale).

Participants were excluded from further analyses if more than
half of the epochs in the motor task or more than half of the
visual stimulation epochs or half of the resting-state recording
time have to be excluded, or if they have no clear PMBD, PMBR,
or visual gamma response, based on visual inspection and
running t-tests against baseline, in one or both sessions. We
excluded three participants from analysis of the motor task
data, and five participants from analysis of the visual stimu-
lation data.

Subsequently, MEG data were transformed to source
space using linearly constrained minimum variance (LCMV)
beamforming, resulting in source level epochs (Lithari,
Sanchez-Garcia, Ruhnau, & Weisz, 2016; Neuling et al.,
2015). Briefly, individual structural magnetic resonance im-
ages where obtainable were aligned to the MEG space with
the information from the head shapes. In case the individual
MRI was not available we used the template MRI available in
the Fieldtrip toolbox and morphed it to the individual head
shapes using affine transformation. Then an equally spaced
1 cm grid in MNI space was warped to the individual brain
volume. Using this MNI space grid (~3000 voxels) allowed for
direct statistical comparisons of activity across participants.
The aligned brain volumes were further used to create
single-sphere head models and lead field matrices (Nolte,
2003). Together with the head model, the lead field matrix
and the average covariance matrix beamformer filters for
each grid point were calculated. These filters were subse-
quently multiplied with the sensor level epochs resulting in
source level epochs.

Atime-frequency analysis of source level data was carried
out using Morlet wavelets. Center frequencies were loga-
rithmically spaced between 1 and 64 Hz in steps of .125 oc-
taves at a frequency resolution f/of = 6, moving along the
signal in steps of 50 msec. Resulting power estimates were
baseline-normalized and converted to dB [10*log;o(Power/
POWeTbaseline)]- FOT the resting-state measurement, the 3 min
measurement prior to electrical stimulation served as base-
line. For the motor task, pre-movement beta desynchroni-
zation (PMBD) and post-movement beta rebound (PMBR)

were assessed by subtracting log;o-transformed source-
space power in the contralateral motor cortex (virtual
sensor at MNI coordinates [-48,-8,50] and [48,-8,50] for left
and right primary motor cortex, respectively) across the beta
band (15—30 Hz) and over a time window between —1.25 —
.5 secrelative to the button press (for PMBD) or between 1 and
1.75 sec (for PMBR) from time-averaged log-power over the
entire trial (—1.25 — 1.75 sec). For the visual stimulation, we
used a baseline of -1 — 0 sec relative to stimulus onset and
compared it to the presentation time of the stimuli (0—1 sec).
For analysis of visual stimulation data, we created virtual
sensors at MNI coordinates [-2,-80,34], [-28,-96,-6] and [28,-
96,-6] for central, left, and right primary visual cortex,
respectively, and analyzed gamma power averaged across
the three virtual sensors. For the analysis of resting and
movement-related beta power, we averaged the baseline-
corrected log-power values over beta frequencies
(15—30 Hz), for the analysis of gamma power, we averaged
over gamma frequencies (30—60 Hz). For event-related data
from the motor task and visual stimulation, we additionally
averaged over time bins and trials. To test for lateralization
of tVNS effects, we computed lateralization indices as dif-
ferences between resting beta log-power in the left and right
hemisphere, and between PMBD and PMBR to left- and right-
hand movements in the contralateral motor cortex, respec-
tively. We calculated all lateralization indices such that hy-
potheses Hy4, Hsp and Hsg predict higher values for tVNS
compared to sham (i.e., subtracting right hemisphere values
from left hemisphere values for PMBD and PMBR, and vice
versa for resting beta power).*

Resulting session-wise values for resting beta power,
PMBD, PMBR, visual gamma response, and lateralization
indices were compared between sham and tVNS sessions by

? The MNI coordinates for the virtual sensors were not included
in the stage 1 protocol. They were specified for increased
transparency.

* We further specified calculation of lat. indices compared to
the stage 1 protocol.
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means of paired-sample one tailed Bayesian t-tests using R
and the BayesFactor package (Morey, Rouder, & Jamil, 2015).
Based on previous literature, we expected log;o-transformed
spectral power values to have approximately normal distri-
butions (Kiebel, Tallon-Baudry, & Friston, 2005), rendering the
use of t-tests appropriate.”

2.7. Design analysis and interpretation plan

A recent study, though in a small sample, found that cervical
tVNS increased beta and gamma power and decreased theta
and alpha power (Lewine et al., 2018). This study reports, for
the comparison between baseline-normalized beta power in
the tVNS versus sham condition, a t-value of 2.64, which,
given a sample size of 8 subjects in a within-subjects design,
corresponds to an effect size of d, ~.93. Effects of similar
magnitude have been found for peri-movement beta oscilla-
tions 3 h after administration of 15 mg tiagabine (d, ~ .81,
Muthukumaraswamy et al., 2013), and for alpha power
following transcranial alternating current stimulation
(d, ~ .86, Zaehle, Rach, & Herrmann, 2010). Given a possible
publication bias, we had a more conservative expectation to
find effect sizes d, ~.5 for all our hypotheses. A simulation-
based Bayes factor design analysis (Schonbrodt &
Wagenmakers, 2018) found that given d, = .5 and n = 40,
Bayes factors conclusively favored the working hypothesis
(BF > 6) 76.5% of the time for the simulated data. If necessary,
sample size would have been increased until Bayes factors
clearly favor either the null or working hypothesis for all hy-
potheses, up to a total sample size of 60 participants (120
experimental sessions), which we consider the maximum
number of participants that is technically and economically
feasible.

All hypotheses were tested by paired-sample Bayesian t-
tests, as described above. The specific variables of interest for
each hypothesis can be found in Table 1. If all of hypotheses
H;—H; were confirmed, we would interpret this as a confir-
mation for an overall increase in GABAergic activity induced
through tVNS. Conversely, if all respective null hypotheses
were confirmed, we would conclude that tVNS has no effect
on GABAergic activity in healthy individuals. If only some of
the hypotheses were confirmed, we would conclude that tVNS
has regionally or functionally selective effects on GABAergic
activity. The strength of this conclusion would depend on
whether or not tests for the non-confirmed hypotheses would
have conclusive results (in favor of the respective null
hypotheses).

Likewise, confirmation of hypotheses Hy—Hs would lead us
to the conclusion that GABAergic modulation through tVNS
occurs in a lateralized fashion, and a partial confirmation to
the conclusion that lateralization is functionally specific.

This study was pre-registered with the Open Science
Framework. The original proposal, including a design analysis
and pilot data, can be found at https://osf.io/xn47t/.

> In the stage 1 protocol, we had stated that we would use
Gaussian priors for the t-tests. We were unaware, however, that
the Bayesian t-test method has pre-defined (Jeffreys/Cauchy)
priors, so that we were not at liberty to define our own. We have
corrected this error.

Table 1 — Overview of variables to be tested for each hypothesis.

Variable of interest

Hypothesis

Global beta power

global resting-state beta power is increased during tVNS compared to sham.

H1

PMBD (averaged over left- and right-hand responses, from the contralateral motor cortices)

peri-movement beta desynchronization (PMBD) in the motor cortex is stronger during

tVNS compared to sham.

H2A

PMBR (averaged over left- and right-hand responses, from the contralateral motor cortices)

post-movement beta rebound (PMBR) in the motor cortex is weaker during tVNS

compared to sham.

H2B

Gamma power response from the visual cortex

gamma power response to visual stimulation in the visual cortex is stronger during

tVNS.

H3

Lateralization index for global beta power

The tVNS effect on resting-state beta power will be stronger in the right (contralateral)

hemisphere.

H4

Lateralization index for PMBD

The tVNS effect on PMBD will be stronger in the right (contralateral) hemisphere for left-

H5A

hand responses compared to PMBD in the left motor cortex for right-hand responses.

Lateralization index for PMBR

The tVNS effect on PMBR will be stronger in the right (contralateral) hemisphere for left-
hand responses compared to PMBR in the left motor cortex for right-hand responses.

H5B
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The Matlab and R code used for data analysis will be made
available on Github (https://github.com/mkeute/tVNS-
oscillations). MEG data will be made available on Harvard
Dataverse (https://doi.org/10.7910/DVN/ODOSUO).

3. Results

Resting spectral power in the theta band (~8 Hz) and in the
high beta band (~25 Hz) was reduced pre-to-post-stimulation,
across sham and tVNS sessions (Confidence interval does not
overlap zero, see Fig. 2B). Mean beta power was numerically
lower in tVNS compared to sham sessions, contrary to our
hypothesis. Accordingly, we found substantial evidence
against Hy (tyo = —1.98, BF, = 16.4). Furthermore, lateraliza-
tion of beta power, i.e., power difference between left- and
right-hemisphere sensors, was numerically lower in tVNS
sessions, therefore, we found substantial evidence against Hy
(tso = —.60, BFo1 = 8.6).

Mean PMBD across response hands was —.37 dB in tVNS as
well as sham sessions (see Fig. 3). We found substantial evi-
dence against Hya (ts7 = .24, BF; = 6.8). Furthermore, we found
no effect of tVNS on PMBD lateralization, i.e., substantial ev-
idence against Hsp (t37 = —.53, BFp; = 8.2).

Mean PMBR across response hands was .38 dB in tVNS and
.36 dB in sham sessions. We found substantial evidence
against Hop (t3; = .24, BFo; = 8.7). Furthermore, we found no
effect of tVNS on PMBR lateralization, i.e., substantial evi-
dence against Hsp (t37 = —.68, BFg; = 8.9).

Mean gamma response was .1 dB in tVNS as well as sham
sessions (see Fig. 4). We found substantial evidence against Hs
(tss = —.42, BFo; = 7.6).

4, Discussion

In this study, our goal was to better understand the cortical
dynamics induced by tVNS. Even though the neuromodulatory
effects of VNS have been shown by a range of animal studies,
especially with respect to the locus coeruleus and NE
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transmission, and, to a lesser extent, inhibitory GABAergic
transmission, the human VNS literature has remained rather
inconsistent. For instance, no robust effect of tVNS on nonin-
vasive markers of NEergic neuromodulation (e.g., pupil dilation;
Keute, Demirezen, Graf, Mueller, & Zaehle, 2019; Warren et al.,
2019; Burger, Van der Does, Brosschot, & Verkuil, 2020; Sharon,
Fahoum, & Nir, 2021) and peripheral vagus-associated activa-
tion (e.g., heart rate variability; Clancy et al., 2014; De Couck
et al., 2017; Borges, Laborde, & Raab, 2019) has been shown,
even though the anatomical and physiological underpinnings
of VNS would predict such effects. In our study, we tested for
effects of tVNS on oscillatory markers for cortical GABAergic
activity. We hypothesized that tVNS would impact resting beta
power, movement-related beta power deflections, and visual
gamma responses. Furthermore, based on tentative evidence
from previous studies, we predicted the beta effects to be lat-
eralized, i.e., stronger in the contralateral hemisphere relative
to the stimulated ear. Our data provide substantial evidence
against all hypotheses: we found that tVNS did not modulate
the beta and gamma power markers, nor was there a lateral-
ized effect of tVNS.

To the best of our knowledge, only one previous study has
examined effects of non-invasive (cervical) VNS on spectral
power of brain oscillations at rest across several frequency
bands (Lewine et al., 2018). This study reported diminished
theta and alpha power as well as increased beta and gamma
power at selected EEG electrodes, both compared to sham and
baseline. With respect to the theta band, our data show some
compatibility with these findings in that we found resting
theta power to be diminished pre-to-post-stimulation, albeit
not between tVNS and sham. However, none of the other
findings are in line with our data, which may be partially
accounted for by methodical differences between both studies
(cervical vs auricular stimulation; EEG vs MEG; resting power
from single electrodes vs global resting power).

Besides oscillatory power at rest, we investigated charac-
teristic oscillations of the active primary motor and primary
visual cortex at source level. We predicted specific, GABA-
associated changes in beta and gamma power deflections by
tVNS, respectively, but did not find any.
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Fig. 2 — A: Log-transformed mean resting spectra pre- and post-sham/tVNS stimulation. Spectra were calculated for each
sensor and averaged across sensors and subjects. B: Difference between pre- and post-stimulation spectra with
bootstrapped 95% CI. C: Subject-wise pre-post beta (15—30 Hz) power difference. D: Beta power lateralization.
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Fig. 3 — A: Time course of beta power around left-hand responses in the motor task. Dashed lines: Power averaged across all
sensors; solid lines: Power from virtual sensor in the contralateral primary motor cortex. For visualization, data were
baseline corrected to a period from —2 to —1 sec. B: Same for right-hand responses. C: Subject-wise extracted PMBD and
PMBR values for left-hand responses, baseline-corrected for the time windows specified in the Methods section, and
bootstrapped 95% CI. D: Same for right-hand responses. E: PMBD and PMBR lateralization with bootstrapped 95% CI.

gamma power [dB]

- - -sensor/sham

gamma power [dB]

tVNS-sham difference

C

Gamma response
0.5

o

5
peri-stimulus time [s]

o

5
peri-stimulus time [s]

1.5

2 -3
tVNS sham

Fig. 4 — A. Time course of gamma power around visual stimulation. Dashed lines: Power averaged across all sensors; solid
lines: Power from virtual sensors in the primary visual cortex. Grey horizontal bar indicates time of stimulus presentation.
B: tVNS-sham difference with bootstrapped 95% CI. C: Subject-wise mean gamma response during stimulus presentation.
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Overall, our findings do not support any short-term effect
of tVNS on GABAergic cortical activity in healthy subjects.
Previous studies had reported increases in extrasynaptic
GABA concentration and GABA receptor density following
invasive VNS in epilepsy patients (Ben-Menachem et al., 1995;
Marrosu et al., 2003). Our findings suggest that these changes
probably reflect a neuroplastic adaptation triggered by long-
term VNS rather than a fast upregulation of cortical GABA
levels following VNS treatment onset. Furthermore, the role of
GABA transmission in epileptogenesis is more complex than
could be described in terms of ‘too much’ or ‘not enough’: the
postsynaptic effect of GABAergic interneurons is partially
reversed in epileptic brains, i.e., excitatory rather than inhib-
itory, so that an increase in GABA transmission, without
further synaptic reorganization, could even promote, rather
than alleviate, seizures (Kaila, Ruusuvuori, Seja, Voipio, &
Puskarjov, 2014). In light of this, it appears plausible that
VNS helps the epileptic brain initiate a specific, plastic process
to revert pathological GABA signaling, rather than just acting
by a global GABA increase.

On the other hand, two previous studies (Capone et al.,,
2015; Keute et al., 2018) reported behavioral and electrophys-
iological effects of tVNS that could be accounted for by a
modulation in GABA transmission in the motor cortex. Both
studies also provided tentative evidence for a lateralized tVNS
effect, but did not formally test for such an effect. Neither the
GABAergic mechanism nor the lateralized effect was
confirmed by the present study. Importantly, the assumed
GABAergic mechanisms of both studies had opposite signs
(Keute et al., 2018 was more compatible with a GABA decrease;
Capone et al.,, 2015 was more compatible with a GABA in-
crease), so it appears likely that other, possibly GABA-
unrelated mechanisms underlie the findings of both studies.
Furthermore, our findings do not confirm any lateralization of
effects. Of note, stimulation parameters in both previous
studies differed from those in the present study. Specifically,
in the previous studies, a higher stimulation intensity (8 mA)
was used, and stimulation was intermittent rather than
continuous. Therefore, comparability between the studies
might be limited, even though there is no apparent reason to
expect a systematic bias with respect to GABAergic neuro-
modulatory effects.

Itis currently one of the central challenges in VNS research
to understand why treatment responses are so variable be-
tween studies, subjects, and within subjects, and to identify
short-term biomarkers that allow for a reliable prediction of
long-term treatment response and titration of stimulation
parameters. GABA-associated brain oscillations appeared to
be a promising marker, especially because of the GABAergic
mediation of anti-epileptic VNS effects (Ben-Menachem et al.,
1995; Marrosu et al., 2003), but this prediction did not hold
true. This is not to say, however, that readouts from ongoing
MEG or EEG are altogether unsuitable as VNS biomarkers. A
growing number of studies have shown behavioral, cognitive
and neurological VNS effects, and it appears likely that these
effects are systematically reflected in altered brain activity
patterns. This might require using more involved methods,
e.g., connectivity or network metrics, as some first studies
have done to predict long-term clinical outcomes of invasive
VNS (Babajani-Feremi, Noorizadeh, Mudigoudar, & Wheless,

2018; Mithani et al.,, 2019). It is important to note that in
order to qualify as a predictive biomarker, a physiological
readout would not only have to be systematically changed by
the stimulation, but the readout (or its change) would also
need to be reliably correlated to a clinical, physiological, or
behavioral outcome of the stimulation (Burger, D’Agostini,
Verkuil, & Van Diest, 2020; Keute, Machetanz, Berelidze,
Guggenberger, & Gharabaghi, 2021). Furthermore, specific
patterns of brain oscillations in clinical populations will have
to be taken into account, as they might interact with oscilla-
tory VNS markers (cf. Marrosu et al., 2005). Overall, we are
confident that predictive markers will also be identifiable for
short-term tVNS, and we encourage the use of our data, which
will be made available for download, for further exploration.
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Background: Transcutaneous auricular vagus nerve stimulation (taVNS) has been introduced as a non-invasive
alternative to invasive vagus nerve stimulation (iVNS). While iVNS paired with tones has been highlighted as
a potential effective therapy for the treatment of auditory disorders such as tinnitus, there is still scarce data
available confirming the efficacy of non-invasive taVNS. Here, we assessed the effect of taVNS paired with
acoustic stimuli on sensory-related electrophysiological responses.

Methods: A total of 22 healthy participants were investigated with a taVNS tone-pairing paradigm using a within-
subjects design. In a single session pure tones paired with either active taVNS or sham taVNS were repeatedly
presented. Novel tones without electrical stimulation served as control condition. Auditory event related po-
tentials and auditory cortex oscillations were compared before and after the tone pairing procedure between
stimulation conditions.

Results: From pre to post pairing, we observed a decrease in the N1 amplitude and in theta power to tones paired
with sham taVNS while these electrophysiological measures remained stable for tones paired with active taVNS a
pattern mirroring auditory sensory processing of novel, unpaired control tones.

Conclusion: Our results demonstrate the efficacy of a short-term application of non-invasive taVNS to modulate
auditory processing in healthy individuals and, thereby, have potential implications for interventions in auditory
processing deficits.

1. Introduction

Electrical stimulation of the vagus nerve applied in pharmaco-
resistant epilepsy and depression has been demonstrated to reduce the
disease-related symptoms [1]. Although the precise neurophysiological
mechanisms underlying these therapeutic effects are still not fully un-
derstood, it is suggested that vagus nerve stimulation (VNS) acts via
afferent projections to the nucleus of the solitary tract from which there
are projections to subcortical structures including the nucleus basalis,
the locus coeruleus, and the dorsal raphe nuclei [2]. Thereby, VNS af-
fects excitatory neurotransmitter systems related to these subcortical
structures and, finally, the release of mainly norepinephrine and sero-
tonin to various brain structures including the thalamus, the cerebellum,

and the neocortex [3,4]. Additionally, VNS may also activate inhibitory
mechanisms via gamma-aminobutyric acid (GABA) release [5,6]. Since
the availability of neurotransmitters in the neocortex is critical in sen-
sory perception and cognition VNS has also been shown to affect
behavior in the animal model [7] and in human patients [8-11]. The
main drawback of VNS is, however, its inherently invasive nature as well
as the risks and costs associated with the necessary surgical implantation
[12,13].

Transcutaneous auricular vagus nerve stimulation (taVNS) has been
introduced as a non-invasive alternative to VNS [14,15]. TaVNS applies
electrical pulses to the aurical branch of the vagus nerve via electrodes
placed at the outer ear, i.e. the cymba concha or the tragus [4,16].
Functional magnetic resonance imaging (fMRI) has demonstrated that
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taVNS can stimulate the “classical” central vagal projections in humans
[15] and that taVNS-evoked effects on perception and cognition are
most likely caused by increased norepinephrine-availability in the
neocortex [17]. However, despite its sparse, easy, and straight forward
characteristic there is only scarce evidence on the efficacy of taVNS to
modulate sensory perception in human subjects, and, accordingly, its
efficacy is still under debate.

An established paradigm to assess the impact of a neuromodulator on
functional properties of sensory cortex areas relies on the temporal
coupling of a sensory stimulus and a neuromodulator [18]. In rodents,
pairing acoustic stimuli with VNS resulted in structural and functional
changes in the auditory system and, on the behavioral level, in related
sensory perception [12,13,19-22]. In order to shed more light on the
efficacy of taVNS in healthy human participants we here investigated its
effect on objective electrophysiological markers of auditory sensory
perception, i.e. the N1 amplitude. In concrete, we adapted a VNS
tone-pairing paradigm established in the animal research [19] but using
non-invasive taVNS and examined the changes in auditory event-related
potentials from pre tone-pairing to post tone-pairing with active taVNS
or sham taVNS. In addition, we assessed taVNS-induced changes in
oscillatory activity. Since previous work reported a decrease in the
auditory N1 amplitude after repetitive stimulus presentation [23,24] we
hypothesized that the N1 amplitude and the power in oscillatory activity
in the auditory cortex will decrease to tones paired with sham taVNS
from pre tone-pairing to post tone-pairing. Based on previous work
performed in the animal model demonstrating that pairing a pure tone
with VNS is sufficient to generate frequency-specific changes in cortical
map organization in the auditory cortex [19-21] we furthermore hy-
pothesized that pairing tones with active taVNS would differentially
modulate the N1 amplitude and oscillatory activity as compared to sham
taVNS.
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2. Material and methods
2.1. Participants

For this study 22 healthy participants (10 female) at the age of 19-30
years (M: 23.91, SD: 3.04) were recruited via advertisements at the Otto-
von-Guericke University Magdeburg. Sample size was determined based
on previous studies assessing the effect of transauricular vagus nerve
stimulation in humans [25-27]. All participants were native German
speakers with normal or corrected-to-normal vision. Further inclusion
criteria were: age 18-30 years, normal hearing performance. Exclusion
criteria were: a history of neurologic and psychiatric disorders, brain
surgery, CNS-influencing medication, pregnancy, history of migraine or
epilepsy, metal pieces in the body (e.g., shunts, pacemaker), and active
implants in the ear (e.g., cochlear implant). After information about the
study procedure, participants gave their written informed consent.
Participants received a monetary reimbursement (€ 8 per hour.). The
study was approved by the local ethics committee of the Medical Fac-
ulty, University of Magdeburg and was conducted in accordance with
the Declaration of Helsinki.

2.2. Experimental procedure

The current study represents a single-blinded, sham-controlled
within-subject design. The order in which sham taVNS and active taVNS
was applied was randomized between participants. Fig. 1 gives an
overview of the experimental procedure. The experiment consisted of a
baseline block followed by a stimulation block and an evaluation block.
All participants completed all three blocks consecutively.

In the baseline block (pre tone-pairing) brain responses to pure tones
were measured. We presented 60 tones with a frequency of 500 Hz, 60
tones with a frequency of 5000 Hz, and 60 tones with random fre-
quencies chosen between 1000 and 4000 Hz (control tones) in random-
ized order at an interstimulus interval (ISI) of 2500 4 75 ms. In order to
assure that participants remained focused and actively listened to the

0.5 kHz 0.5kHz/ 5 kHz 0.5 kHz
5 kHz : — 5 kHz
1 -4 kHz L = 0.5kHz/ 5 kHz 1-4kHz
Baseline 8.5 Stimulation 45.5 Evaluation tmin]
(pre) (pairing) (post)
active
o f-é' taVNS g
e e 1111 ‘
-— 0 100 200 300 400 500 600 700 t'[ms]

Fig. 1. Experimental procedure. Upper row: Initial brain responses to pure tones were assessed in a baseline measurement (pre). Subsequently, these pure tones
were paired with either active taVNS or sham taVNS. In the evaluation block (post) brain responses were again measured to quantify stimulation specific effects of the
pairing procedure. Lower row, left: Electrode positions used for taVNS (red rectangles) and sham stimulation (blue rectangles). Note that each participant received
both the taVNS-pairing and the sham-pairing procedure within a single session. Lower row, right: The electrical stimulation consisted of 15 pulses (200 ps) delivered
at 30 Hz. The pulse series started 150 ms prior to the onset of the to-be paired pure tone (dashed line). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)
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tones, they had to respond to intermittently presented white noise target
tones (n 24) by pressing a button with their right index finger
(auditory vigilance task). The baseline block took about 8.5 min.

In the stimulation block, 500 Hz and 5000 Hz pure tones were paired
with active taVNS and sham taVNS. The assignment of the tones to the
stimulation condition was counterbalanced between participants so that
in 50% of participants the 500 Hz tones were paired with active taVNS
while the 5000 Hz tones were paired with sham taVNS, and vice versa.
222 tone pairings were performed (111 tones paired with active taVNS,
111 tones paired with sham taVNS). Note that tones paired with sham
taVNS and tones paired with active taVNS were presented in random-
ized order (i.e. not in a block design that would result in carry over ef-
fects) with an ISI of 8000 ms + 125 ms while the participants watched a
silent movie. The stimulation block took about 37 min. The subsequent
evaluation block (post tone-pairing) was identical to the baseline block.

All acoustic stimuli had a duration of 500 ms including a 5 ms rise/
fall and were presented at 65 dB SPL binaurally via headphones
(Sennheiser HD 65 TV). Stimulus presentation as well as control of the
electrical stimulation (see below) was achieved using the Presentation
software, Version 18.1 (Neurobehavioral Systems, Inc., Berkeley, CA,
https://www.neurobs.com/). The total duration of the experiment was
about 60 min.

2.3. taVNS parameters and tone pairing procedure

We used two Digitimer Constant Current Stimulators DS7A (Welwyn
Garden City, UK) to apply active taVNS and sham taVNS. For active
taVNS, two 0.5 cm? Ag/AgCl-electrodes (Neuroline 700) were fixated at
the cymba conchae region and medial of the tragus at the entry of the
meatus of the left ear (Fig. 1) using a small amount of conductive and
adhesive paste (Grass EC2). Sham taVNS was achieved by placing two
additional electrodes at the left ear lobe, which is free of vagal fibers [3,
20] and verified not to activate cortical and brain stem regions [21]. We
used monophasic square wave pulses with a duration of 200 ps. The
frequency was set to 30 Hz as it allowed us to apply an integer number of
pulses (i.e. 15) in a 500 ms time window. The stimulation intensity was
set to 4 mA. The electrical stimulation in the active taVNS and the sham
taVNS condition started 150 ms before tone onset [21,28] (Fig. 1, bot-
tom). Participants were blinded to the hypothesized differential mech-
anisms of the electrodes. Debriefing after performing the last block
revealed that participants were not able to correctly indicate which
electrode served as active taVNS and sham taVNS.

2.4. Electroencephalogram (EEG)

During the baseline and the evaluation blocks, we continuously
recorded EEG data with a sampling rate of 1000 Hz using 25 Ag/AgCl-
electrodes equally distributed over the scalp. We used a BrainAmp DC-
amplifier (BrainVision Recorder 1.21, Brainproducts, Munich, Ger-
many). The reference electrode was positioned on the right mastoid, the
ground electrode at position AFz. To monitor eye movements, one
electrode was positioned lateral and one below the right eye. The further
electrodes were placed at Fpl, Fp2, F7, F3, Fz, F4, F8, FC5, FC6, T7, C3,
Cz, C4, T8, Tp9, CP5, CP6, Tpl0, P7, P3, Pz, P4, P8, O1, O2 and at the
left mastoid according to the international 10-20 system of electrode
placement. The impedance of all electrodes was kept below 10 kQ.

2.5. Data analysis

Data preprocessing and analyses were performed using Matlab
R2018b (MATLAB and Statistics Toolbox release, 2018, The Mathworks
Inc., Natick, Massachusetts, US) and custom made scripts using the
Fieldtrip toolbox [29]. Offline, continuous EEG data were high pass
filtered at 1 Hz and low pass filtered at 60 Hz. A band stop filter between
48.5 and 51.5 Hz was used to remove line noise. Bidirectional IIR But-
terworth filters were used. The filtered EEG time series were then cut
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into epochs from + 2 s relative to sound onset. Epochs were visually
inspected and trials containing gross artifacts (e.g., electrode saturation,
extensive muscle contractions) were removed before applying an inde-
pendent component analysis (logistic infomax algorithm). For each
subject 4-7 components reflecting eye blinks, eye movements, cardiac
artifacts or stimulation artifacts were removed. Epochs were then
re-referenced to the linked mastoids. A second visual inspection was
performed in which trials exceeding + 100 pV as well as remaining ar-
tifacts were removed.

Subsequently, in order to investigate taVNS-induced effects on
electrophysiological brain response patterns, event related potentials
(ERPs) at electrode Cz were computed for each of the three stimulation
conditions (active taVNS, sham taVNS, control condition) and for both
the baseline and the evaluation block, separately. ERPs were baseline
corrected relative to the 100 ms before tone onset. We extracted the
mean component amplitudes as they are less susceptible to noise and
latency variability [30]. We therefore computed the individual ERP
averaged across all six conditions (active taVNS, sham taVNS, control
condition, separate for baseline and evaluation block). Based on this
waveform, we determined the local peak for the P50 (maximum positive
amplitude value between 0 and 100 ms), the N1 (maximum negative
amplitude value between 50 and 150 ms), and the P2 (maximum posi-
tive amplitude value between 150 and 250 ms). Peak latencies were then
used to define an individual time window for each component (peak
latency + 5 ms for the P50; peak latency + 25 ms for the N1 and the P2).
Individual P50, N1 and P2 amplitudes were then quantified as mean
amplitude in the respective time windows for each of the six conditions.
Additionally, time-frequency representations (TFRs) of the six condi-
tions were obtained using complex Morlet wavelets between 2 and 45 Hz
in 1 Hz steps in 25 ms bins from —2 to 2s. Wavelet cycles increased
linearly from 3 cycles at 2 Hz to a maximum of 7 cycles at 40 Hz. Wavelet
analysis was applied to the single trials before averaging to obtain total
power. For the TFR data, a baseline correction using decibel trans-
formation was performed for the time window from —500 ms to —200
ms before tone onset, since the time-frequency decomposition can leak
trial related activity into the pre-trial period due to temporal smoothing
[31]. Finally, source reconstruction of the N1 ERP was performed using
linearly constrained minimum variance (LCMV) beamforming [25].
Beamforming was performed using the standard boundary element
forward model and the MNI brain template [32], both implemented in
Fieldtrip (see Ref. [31] for a detailed description of forward model
construction). EEG electrodes were aligned with the head model before
the lead field matrix was computed for each grid point (resolution: 1
cm). The regularization factor lambda was set to 15%. The covariance
matrix was computed from —500 to 500 ms. For each stimulation con-
dition (active taVNS, sham taVNS, control condition) a common spatial
filter was computed using the combined data from pre tone-pairing and
post tone-pairing. This filter was then applied to the pre tone-pairing and
post tone-pairing ERPs, separately. Dipole moments around individual
N1 peaks + 25 ms were averaged [28] before relative activity changes of
brain activity was computed by subtracting the post tone-pairing acti-

vation from the pre tone-pairing activation and dividing by the post

source(pre)—source(post)
source(post)

We used the Automated Anatomical Labeling (AAL) atlas [33] to
define left and right Heschl’s Gyrus, i.e. the primary auditory cortex (A1)
as region of interest (ROI). Average values of the relative activity dif-
ference (pre-to-post) were extracted from this ROI for each subject for
further analysis.

tone-pairing activation:

2.6. Statistical analyses

Statistical analyses were conducted using R 4.1.1 (R Core Team
2021) and R Studio 2021.9.0.351 (Rstudio Team 2021). To ensure that
participants paid adequate attention to the acoustic stimuli, we
employed non-parametric Wilcoxon test to compare accuracy in the
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auditory vigilance task between the baseline block and the evaluation
block.

In order to assess effects of taVNS tone-pairing on brain responses,
linear mixed models (LMMs) were used to analyze ERPs and source
amplitudes. LMMs were fitted using the Ime4-package [34]. Statistical
significance of predictors and their interaction was determined using the
ANOVA-function from the car-package [35], which calculates the Wald
chi-square statistic for each predictor. Stimulation (active taVNS, sham
taVNS, control) and block (baseline, evaluation) and their interaction
were treated as fixed effects. The random effect structures contained
random intercepts and slopes for stimulation and block across subjects. In
case of a significant interaction we performed pre-to-post comparisons
for each stimulation condition (active taVNS, sham taVNS, control
tones) separately using Bonferroni corrected Wilcoxon tests. Addition-
ally, subject-wise differences between baseline (pre tone-pairing) and
evaluation block (post tone-pairing) were computed for each stimula-
tion condition separately. These diffferences were then compared be-
tween the stimulation conditions. Finally, we controlled for potential
differences in the baseline block using separate LMMs.

For the TFR analysis, pre-to-post tone-pairing differences were
assessed using non-parametric cluster based permutation testing as
implemented in Fieldtrip [29]. Across all electrodes, power values from
pre tone-pairing and post tone-pairing were compared using a two-tailed
dependent sample t-test for each of the three stimulation conditions
(active taVNS, sham taVNS, control condition) separately. The relevant
time window was set from —200 to 500 ms relative to tone onset. A
Monte Carlo approach using cluster-based statistics was used to deter-
mine statistical significance and control for multiple comparisons. Test
statistic was the maximal sum per cluster, 5000 randomizations were
used and the significance level was set to @ = 5%. In case the cluster
based permutation testing revealed differences between pre tone-pairing
and post tone-pairing for one condition, average pre-to-post tone-pair-
ing power differences for each stimulation condition from this
time-frequency-electrode constellation were extracted for each subject
for further analysis.
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3. Results
3.1. Results of the auditory vigilance task

Participants paid sufficient and stable attention to the stimuli
throughout the experiment: Response accuracy for detecting the white
noise stimuli was 99.05% in the baseline block and 99.62% in the
evaluation block (V = 8.0, p = 0.3).

3.2. Results of the scalp N1 amplitude

The N1 amplitudes significantly decreased from the baseline block to
the evaluation block (X(zl) = 10.745, p = 0.001). Furthermore, N1 am-
plitudes were significantly modulated by the factor stimulation (X(Zz)) =
15.768, p < 0.001) driven by a significant stimulation x block interaction
(%) = 13.110, p = 0.001). Analyzing the N1 amplitudes for each
stimulation condition separately revealed a significant reduction of the
N1 amplitude to tones paired with sham taVNS from baseline (M: —7.95
pV, SD: 3.72) to evaluation (M: —5.41 pV, SD: 2.93, V = 26, peorr =
0.002, Fig. 2A, blue), while N1 amplitudes to tones paired with active
taVNS showed no significant difference from baseline (M: —7.49 pV, SD:
3.94) to evaluation (M: —6.48 uV, SD: 3.51, V = 92.0, pcorr = 0.827,
Fig. 2A, red). Similarly, no significant pre-to-post change was found for
control tones (baseline: M: —8.14 pV, SD: 3.10; evaluation M: —7.51pV,
SD: 2.84, V = 103.0, pcorr = 1, Fig. 2A, green).

Furthermore, the decrease in the N1 amplitude from pre tone-pairing
to post tone-pairing was stronger in the sham taVNS condition (M:
—2.54, SD: 2.94, Fig. 3A, blue) compared to the active taVNS condition
(M: —1.01, SD: 2.49; V = 46.0, pcorr = 0.022, Fig. 3A, red) and compared
to the control tones (M: —0.62, SD: 1.97; V = 208.0, pcorr = 0.02, Fig. 3A,
green). No significant difference was observed between N1 amplitude
differences to tones paired with active taVNS and to control tones (V =
132.0, peorr = 1). Thus, the differences from baseline to evaluation (i.e.
from pre tone-pairing to post tone-pairing) were significantly modulated
by the factor stimulation. Finally, no difference in the baseline N1 am-
plitudes were found between the stimulation conditions (Xé) =0.72,p
= 0.7). In sum, pairing tones with active taVNS systematically affected
the electrophysiological responses of the auditory system: The reduction
of the N1 amplitude in response to tones paired with active taVNS was
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Fig. 2. Stimulation-specific changes on the N1 amplitude. A) Boxplots showing the observed changes in N1 amplitude from pre tone-pairing (light colors) to post
tone-pairing procedure (darker colors) for the three stimulation conditions, separately. B) Event related potentials (ERP) in the pre (solid lines) and the post block
(dashed lines) depicted separately for the sham taVNS- condition (blue lines), the active taVNS condition (red lines), and the control condition (green lines). C)
Relative changes in Al-activity from pre to post tone-pairing for sham taVNS (upper panel), active taVNS (middle panel), and the control condition (lower panel).
Dots represent the subjects individual data. Error bars indicate standard deviation, Asterisks indicate statistically significant differences. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. N1 amplitude differences from baseline to evaluation. Pre-to-post pairing changes on the N1 amplitude recorded at the Cz-electrode (A) and in the
primary auditory cortex ROI (B). Blue boxplots represent data from the sham taVNS condition, red boxplots from the active taVNS condition, and green boxplots from
the control condition without any electrical stimulation. Dots represent the subjects individual data. Error bars indicate standard deviation. Asterisks indicate
statistically significant differences, numbers represent the corrected p-values. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

markedly attenuated compared to tones paired with sham taVNS and 3.3. Results of the scalp P50 and P2 amplitude

this attenuated pre-to-post reduction was comparable to the N1 ampli-

tude reduction in response to novel control tones. Neither the LMM for the P50 amplitude nor for the P2 amplitude
revealed a significant main effect or interaction (all p > 0.1).
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Fig. 4. taVNS-induced changes on TFR-data. In the sham taVNS condition (upper row), a significant electrodes cluster located over temporo-parietal areas was

found in the theta range (6-7 Hz) peaking at about 150-200 ms after tone onset: Here, power changes from pre-to-post pairing were significantly stronger in the sham
taVNS condition compared to the control condition (lower row). A numerical difference was evident between sham taVNS and active taVNS (middle row).
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3.4. Results of the N1 in the auditory cortex ROI

Relative changes in the N1 amplitude from baseline to evaluation
revealed activity peaks in bilateral Al-regions (Fig. 3C). The ROI anal-
ysis on N1l-source activity revealed no significant main effect of the
factors stimulation (X?Z) =0.041,p = 0.98) or block (X(zg) =3.33,p=0.07)
but a significant stimulation x block interaction (X(Zz) =11.25, p =0.004).
Analogues to the N1 amplitudes, analysis of N1-source data for each
stimulation condition separately showed a statistical trend towards a
reduction of the N1-source activity to tones paired with sham taVNS
from baseline (M: 0.66, SD: 0.27) to evaluation (M: 0.56, SD: 0.29, V =
196.0, pcorr = 0.069), while the N1-source activity to tones paired with
active taVNS showed no significant difference from baseline (M: 0.65,
SD: 0.33) to evaluation (M: 0.58, SD: 0.24, V = 186.0, pcorr = 0.16).
Similarly, no significant pre-to-post change was found to control tones
(baseline: M: 0.61, SD: 0.28; evaluation: M: 0.63, SD: 0.29, V = 109.0,
Pcorr = 1). Furthermore, the pre-to-post pairing decrease in the N1-
source activity to tones paired with sham taVNS (M: 0.59, SD: 0.79,
Fig. 3B, blue) was stronger compared to tones paired with active taVNS
(M: 0.24, SD: 0.38; V = 197.0, pcorr = 0.069, Fig. 3B, red) as well as
compared to the control tones (M: 0.15, SD: 0.77; V = 38.0, pcorr = 0.013,
Fig. 3B, green). No significant difference was observed between pre-to-
post chances in N1-source activity to tones paired with active taVNS and
to control tones (V = 59.0, pcorr = 0.089). Finally, no difference in the
baseline N1-source activity was evident between the stimulation con-
ditions (y%) = 2.01, p = 0.37).

3.5. Results of the TFR-data

Statistical analysis of the TFR-data revealed a significant electrode
cluster (Pcluster = 0.018) of six temporo-parietal electrodes over the left
hemisphere (Fig. 4, upper right panel, black rectangle). Pairing tones
with sham taVNS led to a significant power reduction specifically in the
theta band (6-7 Hz) peaking around 150-200 ms after onset of the pure
tones. This change in the theta power was significantly stronger in the
sham taVNS condition (M: 0.76, SD: 1.02, Fig. 4, upper row) compared
to the control condition (M: 0.15, SD: 0.89; t(21) = —2.3, pcorr = 0.048,
Fig. 4, lower row). A numerical difference was evident between sham
taVNS and active taVNS (M: 0.18, SD: 0.79). Here, however, statistical
analysis failed to reach significance after correcting for multiple com-
parisons (ti21) = —2.0, peorr = 0.087; p uncorrected = 0.029). No sig-
nificant difference in theta power was found between active taVNS and
the control condition (ti21) = 0.16, pcorr = 1). Results from the TFR-
analysis thus mirror the findings from the N1-data.

4. Discussion

Studies in the animal model have shown that pairing (invasive) VNS
with acoustic stimuli over extended time periods can elicit plasticity in
sound coding of the primary auditory cortex [19,20,36,37]. Building on
this, we investigated short-term effects of non-invasive taVNS on elec-
trophysiological markers of auditory sensory processing. We applied a
tone-pairing paradigm in which healthy adult participants were pre-
sented with acoustic stimuli paired with either active taVNS or sham
taVNS and compared stimulation-specific changes. As expected, we
found that the N1 amplitude and theta power decreased after repeatedly
pairing tones with sham taVNS. Importantly, these electrophysiological
measures remained stable for tones paired with active taVNS, a finding
that mirrored the auditory sensory processing of the novel, unpaired
control tones. These results indicate that also a short-term application of
non-invasive taVNS can have significant effects on auditory processing
in healthy individuals.

In the present study we observed that N1 amplitudes to tones paired
with sham taVNS decreased after repetitive presentation, a typical
finding generally interpreted as sensory adaptation [23,24]. Impor-
tantly, the N1 amplitude to tones paired with active taVNS remained
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stable after repetitive stimulus presentation. The auditory
N1-component, which is generated in the primary and secondary audi-
tory cortex region [38-40], is probably one of the most often investi-
gated auditory ERPs in humans. Typically, a decrease in the N1
amplitude is found when physically identical stimuli are repeatedly
presented. This pattern has been discussed as the consequence of sensory
adaptation due to refractoriness and/or latent inhibition [24,41,42].
Interestingly, after presenting tones repetitively at high frequency and
short interstimulus intervals, increased N1 amplitudes were found and
interpreted as a consequence of long-term potentiation (LTP)-driven
learning and cortical plasticity [43,44]. Besides the repeated occurrence
of external sensory stimuli, LTP-driven cortical plasticity requires acti-
vation of the norepinephrine (NE) system [45-48]. In the rodent audi-
tory system, disruption of NE supply caused a lack of plasticity [21-23]
whereas relative short periods of increased NE supply improved long
lasting neuroplastic changes [49]. A similar pattern as to the N1 was
found in oscillatory brain activity: Theta power to tones paired with
active taVNS remained stable from baseline to post-pairing while it
decreased to tones paired with sham taVNS. Theta oscillations are
typically observed during learning [50-52] and are associated with LTP
and experience-dependent neural plasticity as well [53-55].

There is compelling evidence that direct neuromodulation of the
noradrenergic and cholinergic path can drive plasticity in the auditory
cortex. In their seminal work on auditory plasticity, Kilgard et al. (2002)
[56] demonstrated that electrical stimulation of the cholinergic nucleus
basalis paired with sensory stimulation drives plasticity in the auditory
cortex that mimics neuroplastic changes induced by perceptual learning.
In the animal model, tone-pairing with invasive stimulation of the nu-
cleus basalis resulted in cortical map reorganization of the auditory
cortex that was specific to the frequencies of the paired tones [57]. Also
in the animal model, the pairing of sounds with invasive VNS has been
demonstrated to reverse tinnitus-related cortical maladaptation [19]. In
humans, invasive VNS paired with tones adjusted to the individual
tinnitus frequency improved tinnitus-related symptoms [12,58]. For
non-invasive taVNS, however, there is yet no data available on its effi-
cacy in combination with a tone pairing procedure in tinnitus patients
(see Refs. [59,60]).

Results of the present study extend these previous findings in that we
report taVNS-effects already after a single tone-pairing session and, most
importantly, via non-invasively stimulating vagus nerve projections.
Previous research in humans has shown that taVNS activates cerebral
afferents of the vagal pathway [14,61]. In addition, behavioral and
electrophysiological effects on auditory sensory processing have been
measured as a consequence of taVNS [62,63]. Since taVNS-induced ef-
fects on the availability of neurotransmitters is not limited to the audi-
tory cortex but occur in the entire neocortex [3,7,64-66] our findings
have implications for sensory processing in other cortical areas and
modalities. Awaiting data from studies pairing e.g. visual or tactile
stimuli with taVNS, we suggest in the meantime that results of the
present study can be replicated in other modalities and cortical sites.

In order to verify that our effects were actually caused by taVNS our
study design included two control conditions: The co-occurrence of pure
tones and sham taVNS applied to the ear lobe as well as pure tones of
varying frequencies without any electrical stimulation. While the aim of
the former condition was to control for potential sensory effects of the
electrical stimulation, the latter targeted on mere habituation effects due
to the repetitive exposure to the identical stimulus. Because the stimu-
lation intensity was above the subject’s perceptual threshold, a sham
taVNS (control) condition in which identical electrical pulses as in the
verum taVNS condition were applied but to an area without any vagal
projects was inevitable to allow for a successful blinding of the partici-
pants. Moreover, in that we used such an active sham taVNS condition,
effects caused by e.g. anticipating the pulse trains or potential unspecific
modulations of attention due to sensory perception of the electrical
stimulation can be excluded.

A limitation of our work is that no conclusions on the temporal
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stability of the observed effects can be drawn because our study design
did not include a follow-up measurement. In the animal model, how-
ever, using invasive stimulation of the vagus nerve together with a tone
pairing procedure over 20 days led to long-term effects up to three weeks
[19]. Since we found stimulation specific electrophysiological changes
already after a single session, it seems likely that the repetitive admin-
istration of (non-invasive) taVNS and a tone pairing paradigm can also
evoke longer lasting effects. However, future studies will shed more light
on this important aspect.

Furthermore, our study design did not include measures such as e.g.
accuracy in the detection or discrimination of acoustic stimuli that
would allow drawing conclusions on the behavioral consequences of a
taVNS tone-pairing procedure. Thus, although the results of the present
work emphasize that taVNS can influence sensory processing in the
auditory cortex, future studies are needed to investigate the behavioral
impact of this intervention to, ultimately, pave the way on the appli-
cability of taVNS in the clinical setting.

Finally, we used the same stimulation intensity for active taVNS and
sham taVNS to avoid potential confounding effects. Therefore, we
cannot fully rule out the fact that the stimulation conditions were
differently perceived by the participants and that this might have
contributed to the reported stimulation-specific effects.

5. Conclusion

Together, our results demonstrate that short-term periods of non-
invasive taVNS can have significant effects on auditory processing in
healthy individuals: Pairing acoustic stimuli with taVNS systematically
affected electrophysiological markers of auditory processing. Thereby,
we provide first evidence on the efficacy of taVNS to modulate sensory
perception in the in vivo human auditory cortex. Our findings provide
evidence that non-invasive, peripheral neuromodulation may be a useful
tool to enhance and restore sensory processing. Perspectively, taVNS
paired with sensory stimulation may allow to compensate for sensory
processing deficits by modulating neuroplasticity and related changes in
cortical structures.
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Phasic, Event-Related Transcutaneous Auricular Vagus
Nerve Stimulation Modifies Behavioral, Pupillary, and Low-
Frequency Oscillatory Power Responses

Christian Wienke,! Marcus Grueschow,’ Aiden Haghikia,"** and ““Tino Zaehle"*
'Otto-von-Guericke University, 39120 Magdeburg, Germany, *Zurich Center for Neuroeconomics, Departement of Economics, University of Zurich,
8006 Zurich, Switzerland, *Deusches Zentrum fiir Neurodegenrative Erkrankungen, 39120 Magdeburg, Germany, and *Center for Behavioral Brain
Sciences, Magdeburg, 39120, Germany

Transcutaneous auricular vagus nerve stimulation (taVNS) has been proposed to activate the locus ceruleus-noradrenaline
(LC-NA) system. However, previous studies failed to find consistent modulatory effects of taVNS on LC-NA biomarkers.
Previous studies suggest that phasic taVNS may be capable of modulating LC-NA biomarkers such as pupil dilation and alpha
oscillations. However, it is unclear whether these effects extend beyond pure sensory vagal nerve responses. Critically, the
potential of the pupillary light reflex as an additional taVNS biomarker has not been explored so far. Here, we applied
phasic active and sham taVNS in 29 subjects (16 female, 13 male) while they performed an emotional Stroop task (EST)
and a passive pupil light reflex task (PLRT). We recorded pupil size and brain activity dynamics using a combined
Magnetoencephalography (MEG) and pupillometry design. Our results show that phasic taVNS significantly increased pupil
dilation and performance during the EST. During the PLRT, active taVNS reduced and delayed pupil constriction. In the
MEG, taVNS increased frontal-midline theta and alpha power during the EST, whereas occipital alpha power was reduced
during both the EST and PLRT. Our findings provide evidence that phasic taVNS systematically modulates behavioral,
pupillary, and electrophysiological parameters of LC-NA activity during cognitive processing. Moreover, we demonstrate
for the first time that the pupillary light reflex can be used as a simple and effective proxy of taVNS efficacy. These find-
ings have important implications for the development of noninvasive neuromodulation interventions for various cognitive
and clinical applications.

Key words: EEG/MEG; noradrenalin; pupil; pupil light reflex; taVNS; transcutaneous vagus nerve stimulation

(s )

taVNS has gained increasing attention as a noninvasive neuromodulation technique and is widely used in clinical and non-
clinical research. Nevertheless, the exact mechanism of action of taVNS is not yet fully understood. By assessing physiology
and behavior in a response conflict task in healthy humans, we demonstrate the first successful application of a phasic, nonin-
vasive vagus nerve stimulation to improve cognitive control and to systematically modulate pupillary and electrophysiological
markers of the noradrenergic system. Understanding the mechanisms of action of taVNS could optimize future clinical appli-
cations and lead to better treatments for mental disorders associated with noradrenergic dysfunction. In addition, we present
a new taVNS-sensitive pupillary measure representing an easy-to-use biomarker for future taVNS studies. /
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ignificance Statement

Introduction
Transcutaneous auricular vagus nerve stimulation (taVNS) has
gained increasing attention as a noninvasive neuromodulation
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technique in recent years. Since the seminal work by Peuker and
Filler (2002) describing that areas of the human outer ear are
exclusively innervated by the auricular branch of the vagus nerve,
taVNS has been widely used in clinical and nonclinical research
settings (for review, see Burger et al., 2020b; Farmer et al., 2021),
but its exact working mechanisms are still not fully understood.
It has been suggested that taVNS modulates the locus cer-
uleus-noradrenaline (LC-NA) system, which is involved in
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various cognitive and emotional processes (Kurniawan et al.,
2021; Maier and Grueschow, 2021). The LC-NA system
receives indirect input from the VN through projections from
the brainstem nucleus tractus solitarius (NTS; Butt et al.,
2020). The LC is the main source of NA in the brain (Sara,
2009) and invasive VNS (iVNS) in animals modulated LC fir-
ing and cortical NA levels (Raedt et al., 2011; Hulsey et al.,
2017).

Pupil dilation (PD) has been identified as a promising indica-
tor of noradrenergic activity given its close relation to the LC-
NA system (Samuels and Szabadi, 2008a, 2008b; Joshi et al.,
2016). In humans, the LC signals behavioral response conflicts,
accompanied by an increase in PD (Grueschow et al., 2021).
Direct LC stimulation (Joshi et al., 2016) and iVNS in animals
(Mridha et al., 2021) and humans (Desbeaumes Jodoin et al.,
2015) also increased PD. It is important to note, however, that
NA is not the only transmitter involved in regulating PD
(Reimer et al., 2016; Mridha et al., 2021). In turn, taVNS likely
modulates other transmitter systems as well, given the various
projections from the NTS to other core areas (Krahl and Clark,
2012; Frangos et al, 2015). Although previous studies have
examined the effects of noninvasive taVNS on PD as well, the
results have been inconsistent (Keute et al., 2019; D’Agostini
etal., 2022), potentially because of nonoptimal stimulation pa-
rameters (Ludwig et al., 2021). These former studies often
applied tonic 30 s on/30 s off stimulation (Burger et al., 2020a;
D’Agostini et al., 2022), which might be ineffective in reliably
modulating the PD. However, more promising results were
demonstrated with short bursts (600-5000ms) of taVNS
(Sharon et al., 2021; Urbin et al., 2021; Villani et al., 2022;
D’Agostini et al., 2023), but these effects on PD have largely
been investigated in the absence of a specific behavioral task,
that is, in response to taVNS itself (Sharon et al., 2021; Urbin
et al., 2021; D’Agostini et al., 2023) or stimulation was applied
before stimulus onset (Villani et al., 2022). Furthermore, stud-
ies have largely ignored the pupil light reflex (PLR), which is
also influenced by NA activity (Bitsios et al., 1999; Hysek and
Liechti, 2012). The PLR is the rapid constriction of the pupil
in response to light and is controlled by the brainstem
Edinger-Westphal nucleus (EWN; Hall and Chilcott, 2018).

In addition to pupillometry, cortical oscillations have been
indicated as noradrenergic markers, including alpha oscilla-
tions as a marker for cortical arousal (Dahl et al., 2022) and
frontal-midline (FM) theta power (Dippel et al., 2017) as an
electrophysiological correlate of cognitive control (Cavanagh
and Frank, 2014). In line with this, taVNS has been shown to
decrease occipital alpha power at rest (Sharon et al., 2021) and
to increase FM theta power during a cognitive control task
(Keute et al., 2020).

In this study, we investigated how phasic, event-related
taVNS modulates pupillary and electrophysiological markers of
LC-NA activation during a response conflict task. We expected
increased PD and FM theta power, as well as reduced alpha
power during cognitive processing, and reduced pupil constric-
tion and alpha power during the PLR following taVNS.

Materials and Methods

Subjects

Twenty-nine subjects (16 female) ranging in age from 18 to 40 years
(mean = 26.5; SD = 6) participated in this study. All subjects pro-
vided written informed consent, reported no history of neurologic or
psychiatric disease, and reported normal or corrected-to-normal
vision using contact lenses. Recordings took place at Otto-von-
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Guericke University, Magdeburg, Germany, and were approved
by the Ethical Committee of the Otto-von-Guericke University
Magdeburg. For participation, subjects were reimbursed with money
or course credit.

Experimental procedure

After providing written informed consent, subjects were prepared for
the MEG recording. Electrodes for the vertical and horizontal EOG were
attached above and below the right eye as well as on both outer eye cor-
ners (canthus). Impedance for EOG electrodes was kept below 10 k().
Head shape was then digitized using a Polhemus Fastrak motion tracker.
The coordinates of three anatomic landmarks (nasion, left and right pre-
auricular point), the five head position indicator coils, and a minimum
of 200 additional points on the scalp were digitized. The stimulation
electrodes (see below) were then attached, and the subjects were com-
fortably seated in the MEG chamber.

We applied two different tasks during the same recording session:
The emotional Stroop task (EST) (Grueschow et al., 2020, 2021, 2022)
and a passive Pupillary Light Reflex Task (PLRT). Both tasks were per-
formed twice by each subject, once during active taVNS and once during
sham stimulation. The order of stimulation was counterbalanced across
subjects (i.e., half received taVNS in the first half of the experiment and
sham stimulation in the second half of the experiment or vice versa).
Subjects first performed six blocks of the EST during which they were
asked to categorize the emotional expression of faces (happy or fearful)
while ignoring an overlaid emotional word (happy or fear). Trials were
either congruent (word matches the facial expression) or incongruent
(word does not match the facial expression; Fig. 1A). The color of the
overlaid word was randomly chosen for each trial to avoid adaptation.
Each block consisted of 20 pictures (10 congruent, 10 incongruent).
Each trial started with the presentation of a gray fixation cross in the
center of the screen for 2 s. After that, the fixation cross disappeared and
the actual stimulus picture was presented for 1 s, after which only the fix-
ation cross was again visible for 5 s. The fixation cross then disappeared
for a variable interstimulus interval (ISI) between 1 and 4 s. Afterward, a
new trial started with the presentation of the fixation cross for 2 s.
Subjects were instructed to fixate the cross whenever visible on screen to
avoid eye movement and to avoid blinking as much as possible. They
were further instructed that they could blink during periods with no fix-
ation cross on screen, that is, during the ISI. Pictures subtended a visual
angle of ~8 x 11.4°, which does not warrant the use of saccades to iden-
tify the emotional content. The overlaid word was centered at the same x
and y coordinates as the fixation cross to further reduce the potential for
saccades. All face stimuli were equally distributed between congruent
and incongruent conditions. Hence, the net luminance for both condi-
tions was identical. Responses were given via button press with the left
or right index finger. The assignment of which finger had to be pressed
in response to which face was counterbalanced across subjects (i.e., half
the subjects had to press the left index finger following a happy face and
right index finger for fearful faces and vice versa in the other half of sub-
jects). Parallel with stimulus onset, subjects received either taVNS or
sham stimulation (see below). Following completion of the EST, subjects
performed the PLRT (Fig. 1B). This part consisted of one block of 20 tri-
als with passive bright light stimulation to elicit a PLR. Subjects were first
dark adapted for 2 min (~0.14 cd/m?) before the actual PLRT started.
Each trial started with the presentation of a gray fixation cross in the
center of the screen for 2 s, after which the screen turned white for
500ms (~179 cd/m?). Afterward, only the fixation cross remained on
screen for 20 s followed by a variable ISI between 8 and 12 s. Subjects
were again instructed to fixate the cross whenever visible on screen to
avoid eye movements and blinking as much as possible. No button
presses were required in this task. Again, parallel with stimulus onset,
subjects received either taVNS or sham stimulation. Subsequently, both
tasks were then completed again with the remaining stimulation condi-
tion. Subjects were instructed that they could take a self-paced break af-
ter each experimental block. All stimuli were presented from the
experimental computer running MATLAB R2018b (MathWorks) and
Psychtoolbox 3 (Brainard, 1997; Pelli, 1997; Kleiner et al., 2007).
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Figure 1.

Paradigm. A, Subjects performed the EST, that is, categorizing the emotional expression of faces while ignoring the overlaid word. Each trial was either congruent or incongruent.

B, Subjects also performed a PLRT, where they were exposed to short, bright light stimuli. €, Coinciding with each stimulus onset, either taVNS or sham stimulation was applied as 500 ms
trains at 30 Hz. Pulse width of the monophasic square wave pulses was 200 wus. Top, Horizontal bars show the stimulus duration during the EST and PLRT. D, taVNS was applied to the cymba

concha region of the left ear while sham stimulation was applied to the scapha.

Electrical stimulation

Stimulation was delivered as 500 ms long trains of monophasic square
wave pulses with a frequency of 30 Hz. Each pulse had a width of 200 us
(Fig. 1C). The stimulation amplitude was set to 2mA in line with previ-
ous studies (Capone et al., 2021; Sharon et al., 2021). We applied taVNS
and sham stimulation in the same session using two Digitimer DS7A
constant current stimulators outside the magnetically shielded room and
two pairs of medical Ag/AgCl electrodes (Ambu Neuroline 700) cut to a
size of 4 X 4 mm. Both Digitimers were connected to the experimental
computer via a DATAPixx processing unit (Vpixx Technology). For
taVNS, electrodes were attached to the cymba conchae and for sham
stimulation to the scapha of the left ear (Fig. 1D). Although most taVNS
studies use the ear lobe as the location for the sham stimulation, the sca-
pha has been proposed as more suitable for sham stimulation (Cakmak,
2019). In both cases, the anode was placed more rostrally. Before elec-
trode placement, both target regions were cleaned with disinfectant alco-
hol. A small amount of Ten20 paste (Weaver and Company) was used to
ensure proper conductance. Stimulation was tested before the start of
the experiment by applying single trains of 500 ms at 2mA to ensure
that stimulation worked properly and to determine whether stimulation
felt uncomfortable. If the subjects reported pain or an unpleasant sensa-
tion during this test, the stimulation intensity in the respective condition
was reduced in 0.1 mA steps until subjects no longer reported discomfort
during stimulation. This resulted in an average stimulation intensity of
1.91 mA for taVNS (SD = 0.23) and 1.87mA for sham (SD = 0.25).
There was no statistical difference between these conditions (¢(,5) = 0.87,
p = 0.39). Of the 29 subjects, 17 rated the 2 mA in both stimulation con-
ditions as not uncomfortable. Ten subjects rated the initial 2mA in one
stimulation condition as uncomfortable, and only two subjects rated
2mA in both conditions as uncomfortable.

Data acquisition

Pupil diameter was recorded monocularly from the left eye using a MEG
compatible EyeLink 1000 long-range mount (SR Research). The infrared
camera was fixated below the video screen inside the MEG chamber.
The sampling rate was set to 500 Hz. At the start of the experiment and
after the first half, the camera was calibrated using the built in five-point
calibration. The entire recording session lasted ~65 min.

Brain activity throughout the task was recorded in a sitting position
using a whole-head Elekta Neuromag TRIUX system in a magnetically
shielded room (VacuumSchmelze). The sampling rate was set to 1000 Hz.
An online bandpass filter was applied between 0.1 and 330 Hz. Visual
stimuli were presented via rear projection using an LCD projector (DLA-
G150CLE, JVC) outside the recording booth. The semitransparent screen

was placed 100 cm in front of the subjects. Responses were given using a
MEG-compatible LUMItouch response system (Photon Control).

Data preprocessing

Pupillometry

Off-line preprocessing of pupil data was performed using custom scripts
for MATLAB R2018b software following the recommendations from
Kret and Sjak-Shie (2019). Continuous data were cut into epochs from
—2 s to 5 s around stimulus onset for the EST and from —2 to 7 s for the
PLRT. Trials with >50% missing data points were rejected. Subjects
with >50% excluded trials in one condition were wholly excluded from
statistical analyses (N = 5). For the remaining trials, the normalized dilation
speed time series was computed to detect blinks and other artifacts. These
manifest as disproportionally large changes in pupil dilation relative to
the adjacent samples (Kret and Sjak-Shie, 2019). To detect dilation
speed outliers, the median absolute deviation (MAD) was calculated
from the normalized dilation speed time series. A threshold was then
calculated by multiplying the MAD with a constant and adding the me-
dian of the normalized dilation speed time series (Kret and Sjak-Shie,
2019). This constant was set to 2.5 (Leys et al., 2013). In the first step,
data points whose dilation speed exceeded this threshold were removed.
To detect remaining outliers that resisted this first rejection, a smoothed
trend line was then formed by linearly interpolating the resulting gaps in
the pupil time series and smoothing with a 100 ms moving average.
Remaining outliers in the pupil time series from this trend line were then
detected as in the first step. The missing data points in the cleaned time
series were then linearly interpolated. Pupil data were then z-scored,
baseline corrected to the average of the 200 ms before stimulus onset,
and downsampled to 100 Hz.

MEG

Off-line preprocessing of MEG data was performed using MATLAB
R2018b and the FieldTrip toolbox (Oostenveld et al., 2011). In the first
step, the stimulation artifact had to be cleaned from the data. Sole filter-
ing or independent component analysis (ICA) approaches are not suffi-
cient to sufficiently clean the stimulation artifact from the data because
of nonlinear effects caused by physiological processes such as respiration
and heartbeat. Thus, an autoregressive interpolation method as in
Keatch et al. (2022) was used. The DATAPixx processing unit provided
event markers each time a stimulation pulse was triggered. Ten millisec-
onds after each marker were excluded and replaced with NaNs (Not a
Number). Missing data were then interpolated using the built-in
MATLAB function fillgaps() with a prediction sequence length of 25 ms
before and after each gap to estimate the missing values. The data
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cleaned in this way were subsequently high-pass filtered at 1Hz and
low-pass filtered at 60 Hz. A band-stop filter (49-51 Hz) was applied to
suppress line noise. All filters used were bidirectional infinite impulse
response Butterworth filters. Continuous data were then segmented into
epochs from —2 s to 5 s relative to stimulus onset. Remaining artifacts
like blinks and heartbeats were removed by applying an ICA (Infomax
algorithm) to the data. Components reflecting remaining artifactual ac-
tivity were excluded after visual inspection. Epochs were then down-
sampled to 250 Hz and baseline corrected relative to the 200 ms before
stimulus onset. Average baseline values were retained for subsequent
analysis to check for potential baseline differences in brain activity
between conditions. Given the greater amount of interpolation neces-
sary, we calculated spectral power using fast Fourier transformation
(FFT) from a 500-ms-long Hanning tapered window directly after stim-
ulus onset. The rationale for choosing this time window was based on
the previous literature on cognitive control and theta activity, showing
that an effect of conflict processing on FM theta develops within the first
500 ms after stimulus presentation (Cavanagh and Frank, 2014). We fur-
ther decided to restrict this part of the analysis on the first 500 ms to
avoid comparing interpolated with noninterpolated data. The advantage
of the FFT approach is that it only uses the selected time window com-
pared with a moving window method like Morlet wavelets that would
incorporate activity from adjacent time points where no interpolation
was applied. Frequencies were set from 2 to 14 Hz in 0.5 Hz steps.

To further investigate the effects of taVNS on longer lasting effects in
the alpha range at occipital sites (Sharon et al., 2021), we also computed
time-frequency representations (TFR) of these sensors using Morlet
wavelets. TFRs were computed for the whole trial between —1000 and
5000 ms relative to stimulus onset in 40 ms time bins for frequencies
between 2 and 14 Hz in 0.5 Hz steps. The number of cycles for the wave-
let was set to five. A baseline correction using decibel transformation
was applied relative to the time period from —500 to —200 ms before
stimulus onset.

Statistical analyses

Statistical analyses were performed using R 4.1.2 software (https://www.
R-project.org/; http://www.rstudio.com/). Linear mixed effect models
(LMMs) were constructed using the Ime4 package (Bates et al., 2015)
in R and fitted using the restricted maximum likelihood method.
Significance values for the individual predictors were obtained with
the Anova() function from the car package (Fox and Weisberg, 2019)
performing likelihood-ratio chi-square tests. Significant interactions
between predictors were resolved by running additional LMMs with one
of the predictors nested within the other. This allowed us to calculate the
effect of one predictor at both levels of the other (Fromer et al., 2018).
As nested models are not supported by the Anova() function, signifi-
cance was determined by estimating the degrees of freedom for the ¢ val-
ues using the Satterthwaithe approximation performed in the ImerTest
package (Kuznetsova et al., 2017). Cluster-based permutation testing
(CBPT) was used to analyze time series and Fourier spectra between dif-
ferent conditions. CBPT is a standard, data driven approach to resolve
the multiple comparison problem (Maris and Oostenveld, 2007). In the
first step, statistical tests are performed at each time point. Adjacent time
points that exceed a (uncorrected) statistical threshold are clustered. Test
statistics are summed to form the empirical cluster size. In the second
step, a null hypothesis distribution is formed. For that, condition labels
are randomly shuffled, and the statistical tests are repeated at each time
point. Again, adjacent time points exceeding the threshold level are clus-
tered, and test statistics in the largest cluster are summed to obtain one
cluster size per iteration. This shuffling and calculating of test statistics is
repeated for a certain number of iterations. The empirical cluster size
from the first step is then thresholded against the distribution of ran-
domly permuted cluster sizes to obtain the p value of clusters. CBPT was
performed using the permutes package (https://CRAN.R-project.org/
package=permutes). In each permutation analysis 10,000 permutations
were used to form the null hypothesis distribution. We report average
and maximum effect size (Cohen’s d) from each significant cluster
(Meyer et al., 2021).
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Behavior

Because of technical difficulties, behavioral responses from three subjects
were not recorded, Thus, behavioral results are based on 26 subjects. A
mixed effect logistic regression on the single-trial level was used to deter-
mine whether stimulation (taVNS vs sham), congruency (congruent vs
incongruent trials), or the interaction between these two predictors
affected performance. Trials were coded as one when a correct response
was given in the respective trial and as zero otherwise (i.e., incorrect
answers and omissions). Similarly, sham stimulation was coded as zero
and taVNS as one. The face emotion (fearful vs happy) was included as
covariate in the model. The trial number was also included as predictor
to account for possible effects of time spent on task. Finally, to control
for the small difference in stimulation intensity between taVNS and
sham stimulation, we included stimulation intensity as a continuous
variable in the analysis. The random effect structure contained random
intercepts and slopes for stimulation and congruency across subjects as
follows:

hits~ trialnumber + face + intensity + stimulation * congruency +

(1 + stimulation + congruency|subjectID).

For the reaction times (RTs), an LMM was fitted on the single-trial
level with RT as outcome variable and stimulation, congruency and their
interaction as fixed effect. The trial number, face emotion-condition and
stimulation intensity were again included as covariates. The random
effect structure contained random intercepts and slopes for stimulation
and congruency across subjects as follows:

RT ~ trialnumber + face + intensity + stimulation * congruency

+ (1+stimulation + congruency|subjectID).

Pupillometry

Five subjects were excluded from the analysis of pupil data because of an
excessive number of excluded trials. In the remaining 24 subjects, an av-
erage of 3.57 trials were excluded (range: 0, 28; SD = 6). The number of
excluded trials did not differ between conditions (F369) = 0.42, p =
0.74). For the EST, average pupil time series between —500 and 5000 ms
were analyzed to determine whether pupil diameters differed between
conditions. LMMs were fitted at each time point with average pupil di-
ameter as outcome. Congruency (dummy coded, 0 = incongruent, 1 =
congruent), stimulation (dummy coded, 0 = sham, 1 = taVNS), and
their interaction were set as fixed effects. The continuous predictor stim-
ulation intensity was again included as a covariate. Random intercepts
and slopes for congruency and stimulation across subjects were set as
random effects as in the following:

pupil ~ intensity + stimulation * congruency +

(1+stimulation + congruency | subjectID )

For the PLRT we examined in a similar fashion the effect of the pre-
dictors stimulation (dummy coded, 0 = sham, 1 = taVNS) and stimula-
tion intensity as fixed effect on pupil diameter at each time point
between —500 and 7000 ms relative to stimulus onset. The random effect
structure contained random intercepts and slopes for stimulation across
subjects as follows:

pupil ~ intensity + stimulation+ (1 + stimulation [subjectID).

Apart from the pupil diameter at each time point, previous pharma-
cological studies have shown that other dynamics of the pupil light reflex
are also affected by an increase in NA, among others. These include the
onset latency of the pupil light reflex, the velocity with which the pupil
constricts and re-dilates, as well as the maximal constriction amplitude
(Theofilopoulos et al., 1995; Bitsios et al., 1999; Hysek and Liechti,


https://www.R-project.org/
https://www.R-project.org/
http://www.rstudio.com/
https://CRAN.R-project.org/package=permutes
https://CRAN.R-project.org/package=permutes

6310 - J. Neurosci., September 6, 2023 - 43(36):6306-6319

2012). To further elucidate the effect of taVNS on dynamics of the PLR,
we thus extracted the following parameters from the preprocessed and
averaged PLR time series for each subject from both stimulation condi-
tions: The peak constriction amplitude was determined as the maximal
negative value in the PLR time series after stimulus onset. To determine
velocity-based parameters of pupillary dynamics, we then computed the
first (velocity) and second (acceleration) derivative of the PLR time se-
ries. The onset of the pupil constriction was determined as the most neg-
ative acceleration in the first period of the second derivative (Bergamin
and Kardon, 2003). We then determined the peak and average constric-
tion velocity after stimulus onset as well as the peak and average redila-
tion velocity after the maximum of the pupil constriction. During
constriction of the pupil after light onset, when the velocity is negative,
the peak constriction velocity was determined as the peak negative veloc-
ity between onset of the PLR and the peak constriction amplitude.
Similarly, the average constriction velocity was determined as the mean
velocity between PLR onset and the maximal pupil constriction. Finally,
during redilation of the pupil, when velocity is positive, the peak dilation
velocity was determined as peak positive velocity after the maximal pupil
constriction. The average dilation velocity was calculated as mean veloc-
ity after the maximal pupil constriction. These parameters were again
analyzed using separate LMMs. The models for all dependent variables
(DV) contained the predictor stimulation as well as the stimulation in-
tensity as fixed effect and random intercepts across subjects as follows:

DV ~ intensity + stimulation + (1 | subjectID).

MEG

Seven subjects were excluded from analysis of the MEG data after visual
inspection of the data from each trial and sensor. Exclusion criteria were
flat or severely noise-corrupted sensors in the frontal-midline or occipi-
tal-midline region of interest (ROI). Average baseline brain activity from
frontal and occipital ROIs before stimulus onset was analyzed between
conditions (e.g., PLR during taVNS, congruent trials during taVNS, ...)
using two LMMs. Both models contained the predictor condition as
fixed effect as well as random intercepts across subjects as follows:

Baselinegoptaioccipital ~ condition +(1|subjectID).

Spectral power from the remaining 22 datasets was analyzed using
CBPT. For the EST, Fourier spectra from FM and occipital-midline
(OM) gradiometers were first averaged and then subjected to separate
permutation analysis. LMMs were fitted at each frequency point between
2 and 14 Hz with power as outcome and congruency, stimulation, and
their interaction as well stimulation intensity as fixed effects. The ran-
dom effect structure contained random intercepts and slopes for the
congruency and stimulation across subjects as follows:

PSDiontatjoccipital ~ intensity + stimulation * congruency +

(1 + congruency + stimulation|subjectID).

For the PLRT, spectra from OM and FM gradiometers were first
averaged and then analyzed in the same way with power as outcome and
stimulation intensity and stimulation as fixed effect. Random slopes and
intercepts for stimulation across subjects were sat as random effect as
follows:

PSDjiontatfoccipital ~ intensity + stimulation + (1 + stimulation|subjectID).

Differences between taVNS and sham stimulation in the TFRs of
OM gradiometers were also analyzed using CBPT. To avoid comparing
interpolated with noninterpolated time periods, we restricted the analy-
sis to time period from 600 to 5000 ms poststimulus, that is, after the oft-
set of stimulation where contamination from an electrical artifact can be
ruled out. The CBPT was then performed using dependent sample  tests
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as implemented in FieldTrip (Oostenveld et al., 2011) again with 10,000
permutations.

Relationship between parameters across tasks

We further investigated the relationship between taVNS-specific effects
on electrophysiological and pupillometric measures between the two
tasks. First, for the EST and PLRT we calculated stimulation-related
changes, that is, deltas (taVNS minus sham difference) in FM and OM
power spectra (APSDgontaty APSDoccipitat)> the pupil diameter time series
(APDggr, APDprry), the average power difference at FM and OM sen-
sors from significant clusters during the EST and PLRT (Afm.est, Aom.
est, Afm.plrt, Aom.plrtl, Aom.plrt2), and the average pupil diameter dif-
ference from significant clusters indicated by the CBPT (Apupil.est,
Apupil.plrtl, Apupil.plrt2). Second, we analyzed whether averaged FM
and OM power changes from clusters derived via CBPT in one task were
predictive of FM and OM power changes in the other task. That is, at
FM sensors during the EST, we analyzed whether APSDg a1 could be
predicted by Afm.plrt. Using CBPT we tested the following model at
each frequency between 2 and 14 Hz:

APSDyjyonia ~ Afm.plrt + (1|subjectID).

Vice versa at FM sensors during the PLRT, we analyzed whether the
respective APSDy;ona1 could be predicted by the average power difference
from the FM stimulation cluster during the EST using CBPT with the
following model at each frequency between 2 and 14 Hz:

APSDyyoia ~ Afm.est + (1|subjectID).

At OM sensors during the EST we tested whether APSDccipical could
be predicted by Aom.plrtl and Aom.plrt2 again using CBPT with the
following model at each time point between 2 and 14 Hz:

APSD,ccipital ~ Aom.plrtl + Aom.plrt2 + (1|subjectID).

Vice versa at OM sensors during the PLRT, we tested whether the re-
spective APSDocipitar could be predicted by Aom.est in the same way
with the following model at each frequency between 2 and 14 Hz:

APSD,ccipital ~ Aom.est + (1|subjectID).

We finally tested whether stimulation-specific changes in PD during
one task could be predicted by the averaged difference in PD from signif-
icant clusters in the other. That is, for EST we tested whether APDggr
could be predicted by Apupil.plrtl and Apupil.plrt2. CBPT was used to
test the following model at each time point between —200 and 5000 ms:

APDysr ~ Apupil plrtl + Apupil plrt2 + (1|subjectID).

Vice versa for the PLRT, we tested whether APDp;rt could be pre-
dicted by Apupilest with the following model at each time point
between —200 and 7000 ms:

APDp iy ~ Apupil.est + (1|subjectID).

Results

Behavior

Accuracy in the EST was systematically modulated by the con-
gruency of the stimuli and taVNS. The mixed effect logistic
regression revealed that the predictor congruency was a signifi-
cant indicator of accuracy (8 = 0.92, p <0.001, Fig. 2A). This
positive beta estimate corresponds to an odds ratio (OR) of 2.51,
indicating that in congruent trials subjects were ~2.51 times
more likely to give a correct response. Importantly, we also
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Behavior. 4, During the EST, subjects made fewer errors in congruent trials and during taVNS. B, Subjects responded faster during congruent trials compared with incongruent tri-

als, but no effect of stimulation and no stimulation-congruency-interaction was observed. Error bars in A represent SEM.

observed a significant effect of vagus nerve stimulation (8 =
0.44, p = 0.03) corresponding to an OR of 1.55. This indicates
that during taVNS, subjects were 1.55 times more likely to give a
correct response than in the sham stimulation. Furthermore, we
observed a significant effect of the predictor trial number (8 =
0.005, p <0.001), corresponding to an OR of 1.005, which indi-
cates that accuracy slowly improved over the duration of the
experiment. No significant effect was observed for the predictor
face emotion (8 = 0.06, p = 0.7), stimulation intensity (8 =
—0.24, p = 0.57), or the stimulation-by-congruency interaction
(B =0.02, p=0.95).

Reaction time during the EST was significantly modulated by
congruency. The LMM revealed a significant effect of the predic-
tor congruency (yuy° = 57.13, p<0.001; Fig. 2B). Subjects
responded faster during congruent trials (mean = 699.88 ms,
SD = 260.62ms) compared with incongruent trials (mean =
753.69 ms, SD = 254.43 ms). Further, the trial number was also a
significant indicator of RT (y1y> = 75.59, p < 0.001), indicating
that subjects responded faster over the duration of the experi-
ment (8 = —0.49, SE = 0.06, t = —8.6). No effects on RTs were
observed for the predictors stimulation (x(;)> = 0.37, p = 0.54),
face (X(l)z = 2.01, p = 0.16), stimulation intensity (X(1)2 = 0.43,
p = 0.51), or the stimulation-by-congruency interaction (x(,” =
1.36, p = 0.24).

Pupillometry

Figure 3 shows the PD and differences in pupil dilation sepa-
rately for each condition during the EST and PLRT. PD during
the EST was systematically modulated by congruency and stimu-
lation. For the factor congruency, regardless of stimulation,
CBPT indicated a significant difference between conditions. This
corresponded to a significant cluster in the observed data
between 770 and 2500 ms poststimulus (p sz = 0.0001; Fig. 3A,
B) with greater pupil dilation during incongruent trials (mean =
0.19 z score, SD = 1.37) compared with congruent trials (mean =
0.12 z score, SD = 1.38). Cohen’s d of the average pupil dilations
from that cluster (d,,g) was 0.43, the maximal Cohen’s d during
that cluster (d,,,,,) was 0.58 at 1280 ms poststimulus. Both congru-
ency conditions show the well-known light reflex to the face stim-
uli (Grueschow et al., 2021, 2022; Fig. 3A), which is absent when
both conditions are directly contrasted (Fig. 3B). The CBPT fur-
ther indicated a significant effect of the predictor stimulation, cor-
responding to a cluster between 400 and 3200 ms poststimulus
(Petuster = 0.0001; Fig. 3C,D) with greater pupil dilation during
taVNS (mean = 0.13 z score, SD = 1.35) compared with sham
stimulation (mean = —0.005 z score, SD = 1.37, d,e = —0.47,
Apax = —0.6 at 2150 ms poststimulus). Furthermore, the CBPT
also indicated a congruency-by-stimulation interaction correspond-
ing to five clusters between 60 and 190 ms, 720 and 1730 ms, 1970

and 2180 ms, 3120 and 3250 ms, and 3970 and 5000 ms poststimu-
lus (Fig. 3E,F). Figure 3F shows the difference between incongruent
and congruent trials for both, sham and taVNS. For all clusters,
nested LMMs were computed to resolve these interactions.
However, only the model with stimulation nested in congruency for
the cluster between 720 and 1730 ms indicated a trend toward a
taVNS effect only during congruent trials (8 = 0.13, SE = 0.07,
teo) = 1.9, p = 0.06) but not during incongruent trials (8 = 0.07,
SE = 0.07, ¢69) = 1, p = 0.33). No other nested model indicated sig-
nificant effects (all p values > 0.16). Finally, the CBPT indicated an
effect of the factor stimulation intensity corresponding to a cluster
between 860 and 5000 ms poststimulus (p szr = 0.0001). As stimu-
lation intensity is a continuous variable, we report the average beta
estimate from the significant cluster to provide an overview of the
size and direction of the effect. This resulted in an average beta of
0.236, indicating that higher stimulation intensities were associated
with higher PD.

Pupil constriction during the PLRT was also systematically
modulated by stimulation and stimulation intensity. The CBPT
indicated a significant effect of the continuous variable stimula-
tion intensity corresponding to a cluster between 300 and
6500 ms poststimulus (pjster = 0.0001). Here, the average beta
estimate was —0.299, indicating that an increase in stimulation
intensity reduced the pupil constriction. The CBPT also indicated
a difference between taVNS and sham stimulation corresponding
to two clusters, the first between 100 and 1200 ms and the second
between 1900 and 7000 ms poststimulus (both pyeer = 0.0001;
Fig. 3G,H). Average pupil diameter in both clusters was higher

(i.e., less constricted) during taVNS (cluster 1, mean = —1.85
z score, SD, = 1.32; cluster 2, mean = —0.59 z score, SD = 0.93)
compared with sham (cluster 1, mean = —2 z score, SD = 1.24,

davg = —0.51, dypar = —1.47 at 340 ms; cluster 2, mean = —0.66
z score, SD = 0.89, dge = —0.35, d,0c = —0.42 at 5180 ms). In
cluster 1, the peak constriction amplitude (x,)> = 7.56, p =
0.006), the peak constriction velocity ( ,\/(1)2 = 12.03, p = 0.0006),
and the average constriction velocity (y()” = 11.44, p = 0.0007)
were modulated by stimulation intensity but not by stimulation
(all p values > 0.09). Inspection of the corresponding beta esti-
mates indicated that higher stimulation intensities corresponded
to higher (i.e., more negative) peak constriction amplitudes (8 =
—0.59, SE = 0.21, t = —2.75), higher peak constriction velocities
(B = —1.52, SE = 0.44, t = —3.47), and higher average constric-
tion amplitudes (8 = —0.82, SE = 0.24, t = —3.38). The onset of
the PLR was significantly modulated by stimulation (y;)* = 9.92,
p = 0.002) but not by stimulation intensity (p = 0.15). The onset
of the PLR was delayed during taVNS (mean = 197.92ms, SD =
66.59) compared with sham stimulation (mean = 170.83 ms,
SD = 62.27, B = 25.3, SE = 8.03, t = 3.15). In the second cluster,
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Figure 3.  Pupil dilation separately for conditions (left) and difference waves (right). 4, B, Effect of congruency. Grand average PD from the EST during incongruent (dashed lines) and congru-
ent (solid lines) trials (). Difference between incongruent and congruent trials during the EST (B). Permutation testing indicated a significant difference between incongruent and congruent tri-
als corresponding to a cluster between 770 and 2500 ms poststimulus with higher PD during incongruent trials compared with congruent trials (gray shaded rectangle indicates the significant
cluster). €, D, Effect of stimulation. Grand average PD from the EST during taVNS (blue) and Sham stimulation (red; €). Difference between taVNS and Sham stimulation during the EST (D).
Permutation testing indicated a significant difference corresponding to cluster between 400 and 3200 ms poststimulus (gray shaded rectangle) with higher PD during taVNS. E, F, Stimulation-
by-congruency interaction. Grand average PD from the EST for both congruent (solid) and incongruent (dashed) trials during taVNS (blue) and Sham (red) stimulation (E). Difference between
incongruent and congruent trials during taVNS (blue) and Sham stimulation (red; F). Permutation testing indicated a significant stimulation-by-congruency interaction corresponding to five
clusters in our data (gray shaded rectangles; see Pupillometry Results for details). G, H, Effect of stimulation during the PLRT. Grand average PD from the PLRT during taVNS (blue) and Sham
stimulation (red; G). Difference between taVNS (blue) and Sham stimulation (red) during the PLRT (H). Permutation testing indicated a significant difference between taVNS and Sham stimula-
tion corresponding to two clusters between 100 and 1200 ms and 1900 and 7000 ms poststimulus (gray shaded rectangles). PD was higher (i.e., less constricted) during taVNS compared with
Sham stimulation in both clusters. Shaded areas around curves indicate SEM.
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neither average nor peak dilation velocity were affected by stimu-
lation (all p values > 0.35) or by intensity (all p values > 0.05).

MEG

Baseline brain activity at frontal and occipital sensors between
conditions was analyzed using separate LMMs. Neither model
revealed an effect of condition (frontal, y(s° = 6.8, p = 0.23;
occipital, y (s> = 0.51, p = 0.99) indicating there were no differ-
ences in baseline brain activity. Figure 4 shows the power at FM
and OM gradiometers during the EST for the different experi-
mental conditions and their respective difference. Power at FM
gradiometers during the EST was systematically modulated by
congruency, stimulation, and stimulation intensity. The CBPT
indicated a significant effect of the predictor stimulation inten-
sity corresponding to a cluster between 2 and 14 Hz (pojyseer =
0.0001). The average beta estimate from that cluster was —47%
indicating a reduction in power with increasing stimulation in-
tensity. The CBPT further indicated an effect of the predictor
congruency corresponding to a cluster between 2 and 10Hz
(Petuster = 0.0001; Fig. 4A,B). FM power within that frequency
range was higher during incongruent trials (mean = 0.59 pT?/
cm, SD = 0.4) compared with congruent trials (mean = 0.58
pT?/cm, SD = 0.39, dye = 047, dpa = 0.62 at 8.5Hz). The
CBPT also indicated an effect of the predictor stimulation corre-
sponding to a cluster between 4 and 14 Hz (p st = 0.0001; Fig.
4C,D). FM power within that frequency range was higher during
taVNS (mean = 0.522 pTz/cm, SD = 0.39) compared with sham
stimulation (mean = 0.508 pTZ/cm, SD = 0.38, dag = —04,
dpmax = 0.52 at 7.5Hz). Finally, the CBPT indicated a congru-
ency-by-stimulation interaction on FM power during the EST
corresponding to two clusters in our data, one between 2 and
4.5Hz (pyster = 0.0001) and the second between 8.5 and 10 Hz
(petuster = 0.0003). Nested linear mixed models were used to
resolve the interaction in both clusters. For the first cluster
between 2 and 4.5 Hz, neither the model with congruency nested
in stimulation nor the respective model with stimulation nested
in congruency revealed significant effects (all p values > 0.06). In
the second cluster between 8.5 and 10 Hz, the model with stimu-
lation nested in congruency revealed a significant effect of stimu-
lation only during incongruent trials (8 = 1.737%%, SE = 6.7 %/,
t = 2.6, p = 0.01) but not during congruent trials (8 = 1.18725,
SE = 6.7 %, t = 1.78, p = 0.07). During incongruent trials,
taVNS caused higher power (mean = 0.483 pT*/cm, SD = 0.3)
compared with sham (mean = 0.467 pT°/cm, SD = 0.28). The
corresponding model with congruency nested in stimulation
revealed no significant effects (all p values > 0.14). Furthermore,
no effects of stimulation intensity were observed in either of the
two clusters (both p values > 0.07).

Power at OM gradiometers during the EST was also system-
atically modulated by congruency, stimulation, and stimulation
intensity. The respective CBPT indicated an effect of the predic-
tor stimulation intensity corresponding to a cluster in our data
between 2 and 10.5Hz (p st = 0.0001). The average beta esti-
mate from that cluster was —9.43>® indicating a reduction in
power in that frequency range with increasing stimulation inten-
sity. The CBPT also indicated an effect of congruency corre-
sponding to three clusters in our data (Fig. 4E,F). The first
between 2 and 4.5Hz (pjser = 0.0001), the second between 8
and 9Hz (pgyser = 0.0085), and the third between 11 and
12.5Hz (pausier = 0.0001). In the first two clusters (between 2
and 4.5Hz and 8 and 9 Hz) power was higher during incongru-
ent trials (cluster 1, mean = 0.771 pT*/cm, SD = 0.57; cluster 2,
mean = 0.573 pT?/cm, SD = 0.44) compared with congruent

J. Neurosci., September 6, 2023 - 43(36):6306-6319 - 6313

trials (cluster 1, mean = 0.767 pTZ/cm, SD = 0.55, dayg = 0.18,
d,paxe = 0.18 at 4.5 Hz; cluster 2, mean = 0.57 pTz/cm, SD = 0.43,
dayg = 0.24, d,0c = 0.27 at 8.5Hz). In the third cluster between
11 and 12.5 Hz power was higher during congruent trials (mean =
0.513 pT*cm, SD = 0.39) compared with incongruent trials
(mean = 0.51 pT*/cm, SD = 0.38, dyyg = —0.11, d = —0.13 at
12 Hz). The CBPT further indicated a significant effect of stimula-
tion corresponding to a cluster between 2 and 14Hz (pser =
0.0001; Fig. 4G,H). Average OM power in that frequency range
was lower during taVNS (mean = 0.61 pT*/cm, SD = 0.47) com-
pared with sham stimulation (mean = 0.64 pT°/cm, SD = 0.55,
dayg = 0.3, dyyar = 0.48 at 10.5 Hz). Finally, the CBPT indicated an
effect of the congruency-by-stimulation interaction corresponding
to two clusters in our data, one between 2 and 4.5Hz (pyser =
0.0001) and one between 10.5 and 12.5Hz (pgyq.r = 0.0001).
Nested models were again used to resolve the interaction with
each predictor nested within the other and stimulation intensity as
fixed effects. Random intercepts across subjects were set as ran-
dom effects. In the first cluster neither the model with stimulation
nested in congruency nor the model with congruency nested in
stimulation revealed a significant effect (all p values > 0.46). In
the second cluster the model with simulation nested in congru-
ency revealed a significant effect of stimulation only during con-
gruent trials (8 = —3.427%%, SE = 1.4 %%, t = —2.45, p = 0.01)
but not during incongruent trials (8 = —2.5 %, SE = 1.4, t =
—1.8, p = 0.07). Power was lower during taVNS (mean = 0.54
pT?/cm, SD = 0.37) compared with sham stimulation (mean =
0.57 pT%/cm, SD = 0.47).

Figure 5 shows the power at FM and OM gradiometers dur-
ing the PLRT separately for the different stimulation conditions
and their respective difference. Power at FM gradiometers during
the PLRT was systematically modulated by stimulation. The re-
spective CBPT indicated a significant effect of the predictor stim-
ulation, corresponding to a cluster in our data between 3.5 and
7Hz (pouster = 0.0001; Fig. 5A,B). Power was higher during
taVNS (mean = 0.29 pT*/cm, SD = 0.2) compared with sham
stimulation (mean = 0.275 pT*/cm, SD = 0.19, d,,, = —0.37,
dpmax = —0.38 at 5Hz). No effect of stimulation intensity was
observed. Power at OM gradiometers during the PLRT was
modulated by stimulation and stimulation intensity. The respec-
tive CBPT indicated an effect of the predictor stimulation inten-
sity corresponding to a cluster between 2 and 14Hz (pjser =
0.0001). The average beta estimate from that cluster was
—3.26"* indicating a reduction in power in that frequency range
with increasing stimulation intensity. The CBPT further indi-
cated an effect of the predictor stimulation corresponding to two
clusters in our data, one between 5.5 and 6.5 Hz and one between
10 and 12.5Hz (Fig. 5C,D). Power in both clusters was lower
during taVNS (cluster 1, mean = 0.278 pT*/cm, SD = 0.18; clus-
ter 2, mean = 0.211 pT*/cm, SD = 0.13) compared with sham
stimulation. (cluster 1, mean = 0.291 pT®/cm, SD = 0.21, Aayg =
0.34, d,y, = 0.34 at 6 Hz; cluster 2, mean = 0.226 pT*/cm, SD =
0.17, dyyg = 0.38, dypa = 0.41 at 11.5 Hz).

Power at OM Gradiometers during the EST was also modu-
lated by taVNS after stimulation offset. The CBPT between 600
and 5000 ms poststimulus indicated a difference between taVNS
(Fig. 6A) and sham (Fig. 6B) corresponding to a cluster in the
alpha range between ~8.5 and 13 Hz, ~1000 ms after stimulus
onset and 500 ms after stimulation offset at parieto-occipital sen-
s01s (Peyster = 0.034). During taVNS, alpha power was lower
compared with sham (Fig. 6C). Figure 6D shows the time course
of the averaged alpha power between 8.5 and 13 Hz. Power val-
ues from the time period between 0 and 500 ms were cut from
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Figure 4.  Fourier spectra for conditions (left) and difference waves (right) during the EST. A, B, Effect of congruency on FM sensors. Inset, top right (4), Grand average FFT at FM sensors
from the EST during incongruent (dashed) and congruent (solid) trials. Difference between incongruent and congruent trials during the EST (B). Permutation testing indicated a significant dif-
ference between incongruent and congruent trials corresponding to a cluster between 2 and 10 Hz with higher power during incongruent trials compared with congruent trials (gray shaded
rectangle indicates the significant cluster). (, D, Effect of stimulation on FM sensors. Inset, top right (C), Grand average FFT at FM sensors from the EST during taVNS (blue) and Sham stimula-
tion (red). Difference between taVNS and Sham stimulation during the EST (D). Permutation testing indicated a significant difference corresponding to cluster between 4 and 14 Hz (gray shaded
rectangle) with higher power during taVNS. E, F, Effect of congruency on OM sensors in the EST. Inset, top right (E), Grand average FFT at OM sensors for both congruent (solid) and incongru-
ent (dashed) trials. Difference between incongruent and congruent trials during the EST (F). Permutation testing indicated a significant difference corresponding to three clusters (gray shaded
rectangles; see MEG Results for details). G, H, Effect of stimulation on OM sensors in the EST. Inset, top right (G), Grand average FFT at OM sensors from the EST during taVNS (blue) and Sham
stimulation (red). Difference between taVNS and Sham stimulation during the EST (H). Permutation testing indicated a significant difference corresponding to cluster between 2 and 14 Hz
(gray shaded rectangle) with lower power during taVNS. Shaded areas around curves indicate SEM.
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Fourier spectra for conditions (left) and difference waves (right) during the PLRT. A, B, Effect of stimulation at FM sensors during the PLRT. Inset, top right (4) Grand average FFT

at FM sensors from the PLRT for taVNS (blue) and sham (red). Difference between taVNS and sham trials during the PLRT (B). Permutation testing indicated a significant difference between
taVNS and sham corresponding to a cluster between 3.5 and 7 Hz (gray rectangle) with higher power during taVNS. C, D, Effect of stimulation at OM sensors during the PLRT. Inset, top right
(€), Grand average FFT at OM sensors for taVNS (blue) and sham (red). Difference between taVNS and sham trials during the PLRT (D). Permutation testing indicated a difference between
taVNS and sham corresponding to two clusters between 5.5 and 6.5 and between 10.5 and 12 Hz (gray shaded rectangle) with lower power during taVNS in both clusters. Shaded areas around

curves indicate the SEM.

the data for visualization to indicate that this period was not
included in this analysis. The CBPT on TFR data during the PLRT
indicated no significant difference.

Relationship between parameters across tasks

Finally, we examined whether electrophysiological and pupillo-
metric measures in one task could be predicted by the corre-
sponding measure in the other task. For the pupil differences
during the EST, CBPT indicated that neither Apupil.plrtl nor
Apupil.plrt2 were significant predictors for APDggr. For the pu-
pil differences during the PLRT, CBPT indicated also no signifi-
cant effect of Apupil.est.

For the FM power differences during the EST, CBPT indi-
cated that Afm.plrt was a significant predictor over the entire an-
alyzed frequency range between 2 and 14 Hz (pj,ser = 0.0001).
The average positive beta estimate from within that cluster of
1.37*° indicated that subjects with higher EM power differences
during the PLRT (i.e., more power during taVNS) also exhibited
higher FM power differences during the EST. Vice versa, for FM
power differences during the PLRT the CBPT indicated an effect
of Afm.est corresponding to a cluster between 2 and 14 Hz in
our data (py,ser = 0.0001). Again, the positive average beta esti-
mate of 4.7 > indicated that subjects with higher-power differ-
ences in the EST also exhibited higher-power differences in the
PLRT. For the OM power differences during the EST, the respec-
tive CBPT indicated an effect of Aom.plrtl corresponding to a
cluster between 2 and 14 Hz (p.ser = 0.0001) with an average
beta estimate of —1.127%°. This negative beta indicates that sub-
jects who showed lower OM power during the PLRT ~6 Hz also
exhibited lower OM power during the EST. Apart from that, the
CBPT indicated no effect of Aom.plrt2. Finally, the CBPT on

OM power differences during the PLR indicated an effect of Aom.
est corresponding to a cluster between 2 and 6.5Hz (p.ster =
0.0002). The average beta estimate was —6.2~ %, indicating again
that subjects with lower OM power in the EST also exhibited lower
OM power in the PLRT.

Discussion

In this study, we show for the first time that phasic event-related
taVNS systematically modulates behavioral, pupillary, and elec-
trophysiological parameters of LC-NA activity during cognitive
processing. We show that taVNS (1) increased pupil dilation and
improved performance in an EST, (2) reduced the amplitude
and delayed the onset of the pupil constriction of the PLR task,
and (3) increased task-related theta and alpha power while
reducing occipital alpha power. These results extend previous
work on taVNS that has solely used task-free settings (Sharon et
al,, 2021; Urbin et al., 2021; D’Agostini et al., 2023) and demon-
strate for the first time that taVNS systematically modulates the
pupil light reflex. Finally, we show that electrophysiological pa-
rameters were associated across tasks. Higher taVNS-induced
FM power in the EST was associated with higher taVNS-induced
FM power in the PLRT, and lower OM power in the EST during
taVNS was associated with lower OM power in the PLRT during
taVNS.

Despite the stimulation duration, our study matched former
taVNS studies in terms of stimulation amplitude, pulse width,
and frequency. It is thus likely that longer stimulation durations
like 30 s (Warren et al., 2019; Burger et al., 2020a) or continuous
stimulation (Keute et al., 2019; D’Agostini et al., 2021, 2022) only
modulate tonic LC firing without an effect on phasic LC activity.
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cates SEM.

Behavioral results during the EST show the expected Stroop
effect, that is, an increase in RT and a decrease in accuracy dur-
ing incongruent trials, indicating processing costs for conflict
resolution (Botvinick et al., 2001). More importantly, we addi-
tionally observed a stimulation-specific effect on accuracy during
the EST. During taVNS, subjects responded more accurately
compared with sham stimulation. Remarkably, this effect was
apparent despite the notable occurrence of numerous subjects
achieving or closely approaching ceiling levels, denoting perfect
accuracy (i.e., 100%). This might have attenuated the stimulation
effect on behavioral performance. Tasks that are more difficult,
or subject populations already exhibiting impaired cognitive con-
trol, might show stronger benefits on behavioral accuracy from
taVNS. Interestingly, this behavioral improvement was accompa-
nied by a stimulation-specific increase in FM theta and alpha
power. Reaction times, however, were not affected by taVNS.
This might be because of the fact that our sample consisted of
relatively young, healthy adults, who already performed at or
near optimal levels with little to no room for improvement in
reaction time. Again, subject groups with already impaired cog-
nitive control might show improved reaction times by taVNS.
However, this is only speculative and needs further investigation.

Our observations further underline the potential of FM theta
power as an electrophysiological marker of taVNS during cogni-
tive processing. The increase in FM alpha power, however, was
somewhat surprising, as recent studies suggest an overall reduc-
tion in cortical alpha power (Lewine et al., 2019; Sharon et al,,
2021). In these studies, alpha was viewed as an idling state of low
cortical arousal. However, this notion is debated (Cooper et al.,
2003), for instance, by studies showing increased alpha power
with increasing working memory load (Klimesch, 1999; Jensen et
al., 2002). Additionally, internally directed attention has been
associated with higher alpha power at frontal and central loca-
tions (Cooper et al., 2003). Thus, the observed increase in alpha

power following taVNS could be because of direct noradrenergic
modulation or reflect a shift toward more internally directed atten-
tion as an indirect effect of increased LC-NA activity. However, as
we did not ask participants about their focus of attention, this
notion warrants further investigation. Finally, we replicated the
decrease in occipital alpha power following taVNS (Sharon et al.,
2021) but now in an active cognitive task with visual stimulation.
We observed these taVNS-specific effects on occipital alpha power
during both the EST as well as the PLRT. In both tasks, power in
the alpha range at OM gradiometers was reduced following
taVNS compared with sham stimulation. Although the passive
PLRT might be more comparable to previous work that applied
taVNS in a task-free environment (Sharon et al., 2021), we extend
previous findings by the observation that a comparable decrease
can also be observed during cognitive processing. This provides
further evidence for the potential of occipital alpha power as an in-
dicator of taVNS efficacy. However, these results must be inter-
preted with care because of our correction of the stimulation
artifact. For that, we removed contaminated portions of the data
and interpolated these gaps using an autoregressive function. As
we used monophasic pulses, which seem to cause longer-lasting
artifacts compared with biphasic pulses (Keatch et al., 2022), we
had to remove larger chunks of the original data. This might have
decreased our signal-to-noise ratio, which could explain the small
effect sizes observed in the theta range for the congruency
effect. Our observations in the alpha range however are robust
and replicate recent findings (Sharon et al., 2021). Therefore,
we are optimistic that we did not overcompensate during our
artifact rejection approach.

Our pupil recordings during the EST show the well-known
incongruency effect, that is, stronger pupil dilation during incon-
gruent trials compared with congruent trials (Grueschow et al,,
2020, 2021), further supporting the involvement of the LC-NA
system in the resolution of response conflicts. Most importantly,
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however, we also observed a strong stimulation-specific effect on
pupil diameter. We observed increased pupil dilation following
taVNS, suggesting a stimulation-induced increased level of nor-
adrenergic tone. The LC shows two discernable activity patterns,
(1) a tonic baseline activation and (2) a phasic burst-like activa-
tion following salient or behaviorally relevant stimuli. Tonic LC
activity is related to baseline PD, whereas the phasic activation is
reflected in transient increases in PD (Aston-Jones and Cohen,
2005). One could argue that the phasic stimulation used in our
study, in contrast to the often used 30 s of taVNS, could better
mimic and thus amplify the phasic activation pattern of the LC.
This then leads to an amplification of phasic LC activations after
relevant stimuli, which then causes an observable, transient
increase in pupil diameter. The temporal dynamic of longer
stimulation intervals is closer in resemblance to the tonic activa-
tion pattern without the increased effect on transient pupil dy-
namics. The pupil diameter is controlled by the interplay of two
antagonistic muscles—the sympathetically innervated pupil dila-
tor muscle and the parasympathetically innervated pupil sphinc-
ter muscle. Sympathetic neurons innervating the dilator muscle
originate in the superior cervical ganglion. Parasympathetic
innervation stems from the ciliary ganglion, which in turn
receives input from the EWN (Eckstein et al., 2017; Hall and
Chilcott, 2018). NA plays a key role in both systems. It reduces
activity in the EWN through inhibitory alpha,-adrenoreceptor
and activates the pupil dilator muscle via excitatory alpha,-adre-
noreceptors (Samuels and Szabadi, 2008a, b; Hall and Chilcott,
2018). Thus, either activation of the sympathetic or inhibition of
the parasympathetic route can lead to pupil dilation. This leads
to three potential explanations for our results. First, through sole
central inhibition of the EWN. In this case, the pupil sphincter
muscle would receive less input from the EWN during taVNS.
The balance between both muscles would then shift towards rela-
tively stronger activity in the sympathetic dilator muscle. Second,
through sole excitation of the pupillary dilator muscle. In this
case, taVNS would only activate the sympathetic part of the
pupil's innervation. However, this is highly unlikely as NA would
have to be released directly at the pupil only and not in the brain.
The third possible explanation is the combination of both fac-
tors, that is, simultaneously increased activity in the sympathetic
and increased inhibition of the parasympathetic route. In our
eyes, the first explanation is the most plausible. A study in mice
investigated the pathways necessary for the pupil dilation
following direct phasic LC stimulation. After surgical removal
of the superior cervical ganglion and pharmacological block-
age of alpha,-adrenoreceptors in the EWN through yohimbine,
no pupil dilation in response to stimulation was observed.
Importantly, ~1 h after yohimbine application, the stimulation-
induced pupil dilation returned (Liu et al.,, 2017). This supports
the idea of increased noradrenergic EWN inhibition as cause for
the increased pupil dilation in our study. The same mechanism
holds for the observed reduction of the PLR. Following the influx
of light, activity in the EWN increases, which leads to a constriction
of the pupillary sphincter muscle. During taVNS, the increased NA
concentration likely inhibited activity in the EWN, which, in turn,
reduced pupil constriction. The observed increase in latency of
the PLR is also in line with a pharmacological study, showing
that NA reuptake inhibitors prolonged the latency of PLR
(Theofilopoulos et al., 1995).

Although our pupillometric results are consistent with an
increased LC activation, it is necessary to note that the LC-NA sys-
tem is possibly not the only neuromodulatory system involved.
The NTS is an important relay station in the brainstem, with
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widespread connections to, for example, the raphe nuclei or limbic
and forebrain areas (Krahl and Clark, 2012; Frangos et al., 2015).
Especially, cholinergic projections from the basal forebrain are
also known to mediate pupil dilation in rodents (Reimer et al.,
2016; Mridha et al., 2021). Hence, a cholinergic interaction cannot
completely be ruled out. Although these transmitter systems have
most likely only secondary effects, their potential influence war-
rants future investigation.

Another limitation may concern the stimulation itself.
Electrophysiological recordings during active stimulation suffer
from the presence of stimulation artifacts several orders of mag-
nitudes stronger than the actual brain activity, and MEG is espe-
cially susceptible to these artifacts. Thus, the number of studies
that apply stimulation while simultaneously recording brain ac-
tivity is limited, and only a handful of MEG studies that applied
taVNS during critical periods (e.g., onset of target stimuli) have
been conducted so far (Lehtimiki et al., 2013; Hyviérinen et al,,
2015; Keatch et al., 2022). Different artifact correction mecha-
nisms, like temporal signal space separation (Taulu and Simola,
2006), have been applied, but nonlinear components of the arti-
fact make it hard to capture. Although previous studies on simul-
taneous MEG and taVNS used temporal signal space separation
as an artifact cleaning method (Lehtimaki et al., 2013; Hyvérinen
et al, 2015), we had to realize that this method was not
adequately applicable for our data as it was unable to sufficiently
remove the artifact from our MEG recordings. Accordingly, we
implemented an artifact-cleaning approach as demonstrated in
Keatch et al. (2022), which involved the exclusion and subse-
quent interpolation of contaminated time points. This method
has been shown to retain a good amount of information in the
signal, especially at lower frequencies. However, as interpolation
bears the risk of altering the original data, this method has to be
used with caution. Hence, better methods are required to suffi-
ciently clean the electrical artifact to better estimate online
taVNS effects. Future work is also needed to determine, whether
phasic taVNS modulates other indirect LC-NA markers, for
instance salivary alpha-amylase (Giraudier et al., 2022).

In conclusion, we show compelling evidence that phasic
event-related taVNS modulates pupil dilation as well as theta
and alpha power likely through central noradrenergic modula-
tion. In contrast to previous work using task-free taVNS para-
digms (Sharon et al., 2021; Urbin et al., 2021; D’Agostini et al.,
2023), we show that these metrics can be obtained while being
engaged in a cognitive task. This has the added bonus of investi-
gating potential taVNS effects on behavioral performance as we
have done here during a cognitive control task. Finally, we also
show that the PLR can effectively be used to index taVNS effects,
providing an additional, easy-to-use biomarker for future taVNS
studies.
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