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Editorial on the Research Topic
 New Frontiers in Noninvasive Brain Stimulation: Cognitive, Affective and Neurobiological Effects of Transcutaneous Vagus Nerve Stimulation



Since its first introduction two decades ago, transcutaneous vagus nerve stimulation (tVNS) has drawn tremendous attention as a promising non-invasive tool to stimulate the vagus nerve in the brain. Through the putative activation of afferent vagal projections to distinct brainstem, subcortical and cortical regions, and associated neurotransmitter systems (e.g., noradrenaline, GABA), tVNS was originally used as an alternative treatment option for epilepsy, depression, and other clinical conditions. More recently, it has been used in non-clinical populations to modulate affective and cognitive functions. However, despite the undisputed potential and accumulating evidence for tVNS-related improvements in corresponding domains, such as emotion recognition, fear extinction, cognitive control, and attention, there is also uncertainty in the field with respect to tVNS research settings, e.g. stimulation parameters, duration of stimulation (also concurrent to a certain task or not), mechanisms of action, and related biomarkers for effective stimulation, which is reflected at some point by an even number of non-replicable or mere subtle findings.

The aim of this Frontiers Research Topic on “Non-invasive Brain Stimulation: Cognitive, Affective and Neurobiological Effects of Transcutaneous Vagus Nerve Stimulation” is to present recent advances in the application of tVNS as a useful neuromodulation tool for the systematic study of cognition and emotion as well as its underlying neurobiological processes, to address new trends and emerging neuromodulation technologies, and ultimately foster fruitful discussion and interaction among researchers.

The articles in this Frontiers Research Topic perfectly reflect the current status of the field by encompassing articles that span from the novel but also mixed findings in the newly emerging fields of tVNS (mainly referring to auricular stimulation) application in basic and clinical research to reviews that highlight important anatomical considerations, strategies, and recommendations to overcome current challenges when applying tVNS in future research.

The submissions from basic research include behavioral findings on the impact of tVNS on episodic memory. Mertens et al. showed that auricular tVNS, compared to sham and control stimulation, had no improving effect on immediate free recall and recognition memory for attended verbal material when applied directly after encoding. Giraudier et al. partly replicated this finding; however, they demonstrated that tVNS during a lexical decision task can improve delayed recognition memory performance for emotional and neutral words when memory quality was taken into account (i.e., tVNS effects on high confidence memory reflecting recollection). Contrary to other studies, in this article, tVNS did not affect a putative indirect marker for central noradrenergic activity (salivary alpha amylase). Two other studies emphasized the role of tVNS in food processing, hedonic assessment, and ingestive behavior (Obst et al., Öztürk et al.). Pre-task tVNS in food deprived individuals showed no effect on the processing of food as revealed by event-related brain potentials (ERP), compared to sham, but found overall ERP differences in components related to visual attention and conflict processing (Obst et al.). Preliminary evidence by Öztürk et al. however, emphasized that concurrent tVNS stimulation increased food related hedonic responses, such as liking of low-fat food during a food sample task, also pointing toward a plausible triggering of dopaminergic reward circuits in the brain by tVNS (although spontaneous eye blink rate as a potential biomarker of dopamine functioning was not modulated by tVNS). Food consumption, however, was not influenced by vagal stimulation in both studies (Obst et al.; Öztürk et al.). Submissions from application in clinical settings further suggest that motivated behavior (such as oral intake) can be improved by tVNS by facilitating oromotor learning over a period of 2 weeks in premature or brain injured infants with oral feeding difficulties when vagal stimulation was paired with bottle-feeding (Badran et al.). Further evidence suggests that tVNS may also be effective as adjunct treatment of symptoms of acute opioid withdrawal, as shown in a study by Jenkins et al., in which auricular nerve stimulation (which also includes vagal branch) resulted in alleviation of withdrawal symptoms and duration of opioid replacement therapy in infants suffering from opioid toxification, which may be explained by the involvement of dopaminergic circuits as an extended vagal system (c.f., Öztürk et al.; Badran et al.). Finally, Ylikoski et al. present outcome data from a treatment program showing that tVNS may be a useful long-term therapeutic adjunct reducing distress in patients suffering from tinnitus. It is also assumed by the authors that tVNS may exert its anti-stress effects via a (parasympathetic) efferent pathway based on treatment baseline data showing short-term improvements in heart rate variability by tVNS (see also Badran et al. for reporting increased heart rate deceleration). It should be noted though that all clinical studies in this Research Topic did not include a control or sham condition, which needs to be considered when interpreting the potential impact of tVNS in these studies.

The current Research Topic on tVNS also includes critical reviews and a perspective paper. Paciorek and Skora emphasize an important link between vagus nerve stimulation and interoception, which also guides various cognitive and affective functions at different levels of processing, encouraging elaborate tVNS research in the future. Cakmak points to important anatomical pathways that modulate central vagal and non-vagal structures depending on the activation of specific auricular zones, helping researchers in the field to improve study designs (in terms of optimal electrode location) and to sharpen the interpretability of results (with respect to the mechanism of action). Finally, as an effort to increase knowledge and reproducibility in the field this Research Topic includes a much needed tVNS consensus paper (Farmer et al.) by Julian Koenig—with the cooperation of a large group of tVNS researchers—on guidelines and recommendations for future tVNS studies in basic research and clinical practice based on the existing tVNS literature.

In conclusion, the Research Topic shows new exciting fields of application for tVNS in basic and clinical settings. However, as reflected by the original research papers and reviews, it is clear that more research is needed to identify the exact mechanism of action including reliable biomarkers, and optimal stimulation parameters and contexts for tVNS to meet the high expectations as effective neuromodulation and treatment tool.
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Auricular vagal nerve stimulation (AVNS) is an evolving neuromodulation technology that has a wide range of therapeutic applications across multiple disciplines of medical science. To date, AVNS results had been interpreted in the context of a monolog concept of the auricular branch of the vagus nerve (ABVN): that this is the sole network of the mechanism of action and/or structure in the auricular area of the stimulation in the context of activations in the brainstem nuclei, including the nucleus tractus solitarius (NTS), locus coeruleus (LC), trigeminal brainstem nuclei, and the nucleus cuneatus. This review considers the overlooked aspects of neural networks, connections, hijacking axons from cranial nerves and cervical sympathetic ganglions, the inhomogeneous distribution of perivascular sympathetic nerves, and intrinsic/extrinsic auricular muscles in the auricular zone that can explain the vagal and non-vagal nucleus activations in AVNS. In addition, the unique cortical representation of the human ear and interspecies differences in the auricula are discussed. The detailed auricular anatomy of the AVNS zone explored in the present study references structural and functional neural network information to overcome default designs and misinterpretations of existing research on AVNS to provide a better foundation for future investigations that use this modality.

Keywords: auricular, vagus, electrostimulation, nVNS, facial nerve, neuromodulation, network, neuroanatomy


INTRODUCTION

The number of auricular vagal nerve stimulation (AVNS) studies in the literature has increased logarithmically over the last two decades (Cakmak, 2006; Badran et al., 2018a,b; Burger et al., 2019; Hong et al., 2019; Zhao et al., 2019). A broad range of clinical conditions across multiple disciplines—from neurology to immunology—have been investigated for a potential clinical therapeutic response to AVNS. However, most of these studies are designed and interpreted according to the same neuroanatomical model defined by retrograde neuronal tract tracing research, which is limited in terms of denervation levels as well as in the selection of the anatomical structures to be examined. In addition, functional magnetic resonance imaging (fMRI) studies designed to demonstrate the AVNS activations of the influenced networks and structures in response to non-invasive vagal nerve stimulation are also based on the same concept of AVNS neural connectivity and might therefore have overlooked other neural connections and structures in the zone of the AVNS. Multiple lines of evidence in the literature indicate that anatomical structures in the anatomical zone of AVNS can modulate the same neural vagal and non-vagal structures in the brainstem via alternative pathways. The inhomogeneous distribution of the nerves, including the perivascular sympathetic nerves, were not considered by these studies. It is also worth noting that the field electrical stimulation used in studies of the auricular branch of the vagus nerve (ABVN) cannot target a specific axon or nerve bundle in the stimulation zone and instead may modulate all the nerves and structures beneath and between the electrodes. In addition, the potential neural networks that can be manipulated as a result of such stimulation are beyond the monosynaptic anatomical connectivity that is described by neural tract tracing studies; multi-synaptic influences should always be considered to gain a more complete understanding of the potential of AVNS.

The aim of this article is to identify and highlight the anatomical aspects of auricular vagal stimulation zones overlooked by prior studies to yield an improved proxy to inform future research design and the interpretation of AVNS studies.



THE PATH: CONNECTIVITY AND HIJACKER (HITCHHIKER) AXONS


Jugular Foramen to Mastoid

The ABVN pathway is quite complex on account the contribution of multiple axons to this branch along its path (Figure 1). The ABVN is known to originate in the superior (also referred to as the jugular) ganglion of the vagus nerve. However, from a functional anatomical perspective, it is more correct to take the sensory content of the axons into consideration and state vice versa. In this context, it is worth noting that only a portion of ABVN axons join with the superior vagal ganglion at the level of the jugular foramen; there are other non-vagal axons that leave the main branch of the ABVN at this same level. In other words, the ABVN axons split into three main bundles at the level of the jugular foramen (after it leaves the mastoid foramen-temporal bone and before terminating in the superior ganglion of the vagus nerve): (1) one bundle joins the glossopharyngeal nerve (Ozveren et al., 2003; Tubbs et al., 2005; Watanabe et al., 2016); (2) another axonal bundle (sympathetic nerves) joins the cervical sympathetic ganglions (that project through the internal carotid nerve, Matthews and Robinson, 2014); and (3) other axons terminate in the superior vagal ganglion. It is worth noting that the non-vagal bundles (1 and 2) branch off after the ABVN leaves the mastoid canaliculus and before the ABVN terminates in the superior vagal ganglion (Figure 1).
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FIGURE 1. Axonal connections and contibutions to/from the auricular branch of the vagus nerve (ABVN), Non-vagal pathways to nucleus tractus solitarius (NTS), locus coeruleus (LC). TGN, Trigeminal sensory nuclei; nPGI, NucleusParagigantocellularis; VN, Vestibular Nuclei; GG, Geniculate ganglion of Facial Nerve; PPG, Pterygopalatine ganglion of the Facial Nerve; SMG, Submandibular ganglion of the Facial Nerve; OAM, Oblique auricular muscle; TAM, Transverse Auricular Muscle; PAM, Posterior Auricular Muscle; JV, Jugular Vein; IG (magenta), Inferior ganglion of the Glossopharyngeus nerve; SG (magenta), Superior ganglion of the glossopharyngeal nerve; SG (green), Superior Ganglion of the Vagus nerve; IG (Green), Inferior ganglion of the Vagus Nerve.



The most proximal ABVN injections in neural tract-tracing studies of the ABVN have been performed with injections of horseradish peroxidase (HRV) into the cut end (proximal to the facial nerve connection) of the ABVN before it splits into the non-vagal branches of the glossopharyngeal nerve and cervical sympathetic ganglions. Neural labeling has been demonstrated in the superior vagal ganglion, but not in the other cranial nerve ganglia, including the superior/inferior ganglion of the glossopharyngeal nerve, geniculate ganglion of the facial nerve, inferior (nodose) ganglion of the vagus nerve, and trigeminal ganglion (Nomura and Mizuno, 1984). In this context, the superior vagal ganglion has been proposed as the terminal for ABVN axons. On the other hand, the same study labeled fibers in the spinal trigeminal tract and the principal trigeminal nucleus, nucleus tractus solitarius (NTS), cuneate nucleus, and C1–3 dorsal horn segments after the same HRV injection (Nomura and Mizuno, 1984). Considering that most of these anatomical regions are non-vagal centers, a significant implication of this 1984 report has been overlooked: the authors failed to investigate the sympathetic cervical ganglions for potential labeling, and the cervical sympathetic ganglions are likely to be labeled with retrograde tracer injections into the same ABVN segment. In addition, all the reported labeling achieved by this same study, including the spinal trigeminal tract, principal trigeminal nucleus, NTS, cuneate nucleus, and C1–3 dorsal horns of the cervical spinal nerves after HRP injection into the ABVN segment situated distal to the non-vagal contributions to ABVN, cannot be explained by vagal axons. These are likely to be the axons that do not synapse in the superior vagal ganglia but exist in or hitchhike the ABVN. The auricular muscles are modulated along with the neck and shoulder muscles by neurons in the cuneate nucleus (Maslany et al., 1991); hence, the cuneate nucleus is likely to be excited with intrinsic auricular muscle stimulation in the ABVN stimulation zone. The labeled neurons of the cuneate nucleus in a 1984 report are potentially related to the facial nerve fiber contributions that hitchhike the vagus nerve; this will be considered in the following section. The sympathetic axons of the C1–3 spinal nerves also contribute to the superior cervical ganglion since they do not receive direct sympathetic contributions from the spinal cord like the other spinal nerves at T1 and below (Netter, 1999; von Lanz and Wachsmuth, 2003). In addition, the ABVN does not have its own somatosensory sensory nucleus nor any somatosensory fibers. Regardless of whether these somatosensory axons of the ABVN join to the glossopharyngeus or the vagus nerves, they terminate in the trigeminal nucleus in the brainstem (Rhoton et al., 1966; Heimer, 1995) and so should actually be considered trigeminal nerve axons; this will be discussed in the following sections.



In the Mastoid (Temporal Bone)

Before splitting into the three main bundles described in the previous section, the ABVN passes through the mastoid (Tekdemir et al., 1998). In the human mastoid, the ABVN crosses the fallopian canal, where it forms two main branches (Gasser, 1957; Schuknecht, 1974; Lang, 1983; May, 2000; Nageris et al., 2000; Diamond et al., 2011; Watanabe et al., 2016; Mulazimoglu et al., 2017).

The first branch of the ABVN reportedly connects to the chorda tympani branch of the facial nerve and also receives innervation from the posterior dura mater of the cranial fossa. The other division of the first branch of the ABVN contributes to the external auditory meatus and concha zone of the auricular skin, where AVNS is performed (Gasser, 1957; Schuknecht, 1974; Lang, 1983; May, 2000; Nageris et al., 2000; Diamond et al., 2011; Watanabe et al., 2016; Mulazimoglu et al., 2017; Figure 1).

The second branch of the ABVN also joins to the facial nerve via the posterior auricular nerve of the facial nerve before leaving the skull via the stylomastoid foramen and contributes to the posterior aspect of the auricula and the adjacent skull region (Gasser, 1957; Schuknecht, 1974; Lang, 1983; May, 2000; Nageris et al., 2000; Diamond et al., 2011; Watanabe et al., 2016; Mulazimoglu et al., 2017; Figure 1).

The type of axons that project from the facial nerve to the ABVN and vice versa remain obscure. The contributing axons from the facial nerve may have a motor, general sensory, special sensory, or even a parasympathetic origin, as the parasympathetic component of the facial nerve (the intermediate nerve, nervus intermedius) also enters the facial canal. Additionally, the sympathetic axons that join to the ABVN at the level of the jugular foramen can distribute to the external ear canal, the concha zone of the auricular skin, and the posterior aspect of the ear via the ABVN branch that contributes to the posterior auricular branch of the facial nerve. If we consider the retrograde pathway of the ABVN branch that contributes to the posterior branch of the facial nerve, a particular bundle of the posterior auricular branch of facial nerve axons joins the ABVN after it enters the skull via the stylomastoid foramen. In this scenario, which cannot be excluded in the context of the existing literature, these axons may also elongate up to the nucleus cuneatus, which corresponds to the center of the neck and potentially the auricular muscles, labeled and activated after ABVN HRV injections or stimulations in fMRI studies (Tekdemir et al., 1998;Frangos et al., 2015).

Finally, facial and vestibulocochlear nerves also exchange axons with the facial canal: another factor that confounds the elucidation of the origins and content of the axons that join to the ABVN in the facial canal (Nageris et al., 2000; Özdoğmuş et al., 2004; Diamond et al., 2011).

In the context of these extensive connections, before exiting the stylomastoid foramen or distributing to the external ear canal and auricula, the complexity of the ABVN is already established on account of its numerous axonal origins. No data in the literature has hitherto revealed the extent to which axons are distributed to each of the ABVN branches. Hence, AVNS studies cannot exclude these neural networks and should consider these potential neural contributions in their designs and interpretations of outcomes.



Out of the Stylomastoid Foramen and the External Ear

The detailed territory of the ABVN in the posterior aspect of the auricula has not been mapped in the literature. The potential territory of ABVN axons in the posterior auricular branch of the facial nerve might distribute to the auricular muscle zones stimulated by the posterior auricular branch of the facial nerve. If we consider retrograde transmission in the ABVN, the posterior auricular nerve of the facial nerve that innervates the intrinsic and extrinsic auricular muscles would be hijacking the ABVN after it enters the skull via the stylomastoid foramen. As stated in the previous section, this model can account for the previously described HRP of the cuneate nucleus following HRP injections into the ABVN.

The existence of sympathetic axons that contribute to both the ABVN at the level of the jugular foramen and the posterior auricular branch of the facial nerve cannot be dismissed by current data. In this case, these sympathetic axons can distribute to the posterior aspect of the auricular skin via the posterior ABVN. In contrast, this distribution complicates interpretations of the AVNS because the sympathetic nerves also contribute to the perivascular innervation of the auricular arteries (Cakmak et al., 2018), and these auricular arteries have perforating branches that pierce the posterior aspect of the auricular cartilage (Figures 2C,D). These pass through to the internal aspect of the auricula and auricular skin, including the concha area where AVNS is performed (Park and Roh, 2002; Zilinsky et al., 2017; Cakmak et al., 2018). This perforating pathway provides not only a route for the sympathetic nerves to pass from the posterior surface of the ear to its anterior/interior surface but also a path for the parasympathetic axons from which the ABVN may originate. Our group recently demonstrated that the perivascular auricular innervation comprises sympathetic and cholinergic components in the human ear (Cakmak et al., 2018). The significance of this contribution and the inhomogeneity of these axons will be discussed in relation to the design and interpretations of ABVN studies in the following sections.
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FIGURE 2. (A) Rat/Mouse Auricular Anatomy. (B) Rat/Mouse Auricular Muscle Zones. (C) Perforator artery zones of the human ear. (D) Inhomogeneous distribution of the perivascular sympathetic nerves on the human ear. Red gradient represents the density of perivascular innervation: Dark red: High density, Light red: Low density. OAM, Oblique auricular muscle; TAM, Transverse Auricular Muscle; PAM, Posterior Auricular Muscle; HMj, Helicis major muscle; Tg, Tragicus muscle; Hm, Helicis minor muscle; ATg, Anti-tragicus muscle. Adapted from Kiernan and Mitchell (1974), Chiu et al. (1979), Park and Roh (2002), Liugan et al. (2018), Cakmak et al. (2018) and Hong et al. (2019).






VAGAL BRAINSTEM NUCLEI ACTIVATION BY NON-VAGAL AURICULAR STRUCTURES

In addition to the complexity of the axonal origins and contributions of ABVN, which must be considered in any analysis of ABVN stimulation, the interpretations of ABVN results in electrostimulation studies, including those that employ fMRI and neural tracing, feature unresolved ambiguities concerning auricular anatomy. This section will focus on the overlooked anatomical structures and non-vagal neural networks that can modulate vagal-related brainstem nuclei.


Facial Nerve, Intrinsic Auricular Muscles, and Nucleus Cuneatus

The intrinsic auricular muscles of the human auricula and their innervation by the facial nerve axons are major anatomical and neural confounding factors of ABVN stimulation zones (Figure 2D). The helicis minor muscle, which is innervated by the facial nerve, is localized at the center of the ABVN zone used in numerous AVNS studies (Frangos et al., 2015). Similarly, the tragicus muscle is situated in the zone of the tragus, which is also used for AVNS investigations (Badran et al., 2018a,b). The other intrinsic muscles also constitute conflicting factors for the sham zones chosen in multiple studies. To date, none of the AVNS studies have considered the potential contribution of the intrinsic auricular muscles in the ABVN stimulation zones of the auricular muscles. Furthermore, the sham or control stimulation sites are also determined without this information (Frangos et al., 2015); consequently, while the active stimulation sites are muscle-free zones, the sham/control zones contain intrinsic auricular muscles and vice versa, preventing the proper interpretation of study results. Our group recently demonstrated that the stimulation of intrinsic auricular muscle zones improved the motor functions of patients with Parkinson’s disease (Cakmak et al., 2017). A recent study that placed active electrodes on the tragicus muscle zone claimed that the improvement of oromotor function occurs via the auricular vagus nerve (Badran et al., 2018b). Unfortunately, this unquestioned, biased approach is widespread among studies of the AVNS; indeed, investigations commonly reapply previous conceptions of the AVNS neural pathways that lack a basis in concise, accurate auricular anatomical knowledge.

Additionally, transcutaneous electrical stimulation features a parabolic electrical field that can induce the deeper stimulation of areas between electrodes. Median nerve stimulation of the wrist is a clear example of such a parabolic field effect: the median nerve situated at the core of the carpal tunnel zone of the wrist can be stimulated by transcutaneous electrical nerve stimulation electrodes placed 3 cm apart on the wrist (Urasaki et al., 1998; Ferretti et al., 2007; Maharjan et al., 2019). The structures, including intrinsic muscles and nerves located in the posterior aspect of the auricular muscles, can also potentially be stimulated by electrodes placed on the anterior surface of the auricula. To date, no study has investigated such a potential contribution, and it therefore cannot be ruled out.

The stimulation of the intrinsic muscles may influence multiple zones in the brainstem, including the nucleus cuneatus, cerebellum, and cortex. Selective muscle afferent nerve stimulation reportedly causes significant activation in motor-related areas relative to that induced by cutaneous stimuli (Wardman et al., 2014). Muscle afferent stimulation evokes more widespread cortical, subcortical, and cerebellar activations than do cutaneous afferents (Wardman et al., 2014). Separate pre- and post-central excitation foci were observed with muscle afferent stimulation, underscoring the importance of muscle afferent nerve stimulation in the modulation of cortical motor areas (Wardman et al., 2014).

Any ABVN stimulation should thus consider muscle-free zones in the ear to interpret the results related to the ABVN if the electrodes are placed on intrinsic auricular muscle zones. The nucleus cuneatus is a hub for neck muscles. As aforementioned, the posterior auricular branch of the facial nerve likely functions as the pathway to the nucleus cuneatus. A recent fMRI study also supported such a connection: stimulation of the antitragicus muscle zone (without considering the fact that this zone contains intrinsic auricular muscles) activated the nucleus cuneatus, whereas no activation in the nucleus cuneatus was observed when a non-muscular area of the ear was stimulated (Frangos et al., 2015). The nucleus cuneatus is also labeled when neurotracers are injected into the ABVN (Maslany et al., 1991). In another fMRI study (Badran et al., 2018a), the researchers also used the tragicus muscle zone as the AVNS zone, and the control zone was a muscle-free zone in the ear lobe. It was found that the supplementary motor area was only activated in the tragicus muscle zone stimulation, and this was postulated to be an outcome of AVNS. Any theories that explain the activation of the cortical and subcortical motor areas including nucleus cuneatus with auricular stimulation cannot exclude the intrinsic auricular muscle; moreover, these muscles can account for the activation of the nucleus cuneatus rather than that of the vagus nerve.



Trigeminal Brainstem Nuclei

The nucleus ambiguus and the dorsal motor nucleus of the vagus are the two motor brainstem nuclei of the vagus nerve that contribute to striated and cardiac muscle rhythm and smooth and cardiac muscle contractibility, respectively (Geis and Wurster, 1980; Wang et al., 2001; Farmer et al., 2016), while the NTS is the viscerosensory nucleus. As stated in the Introduction, the vagus itself does not receive projections from or terminate in the somatosensory brainstem nuclei and instead conveys its somatosensory information to the brainstem nuclei of the trigeminal nerve (Rhoton et al., 1966; Heimer, 1995). The classification of the nuclei of the brainstem cranial nerve and the axonal bundles that compose cranial nerves is complex and likely inaccurate in many respects. The vagus conveys somatosensory information to the trigeminal nuclei via the ABVN, and this bundle is still considered the vagus nerve. In contrast, numerous hijacking axonal bundles in the cranial nerve system have not been classified in the same manner. The parasympathetic axons of the glossopharyngeal nerve hijack the auriculotemporal branch of the trigeminal nerve, and the parasympathetic fibers of the facial nerve also hijack the lingual, zygomatic, and lacrimal branches of the trigeminal nerve; however, these are still classified as being components of the glossopharyngeus and the facial nerves, respectively, because these axons terminate at, or their cell bodies are located in, the parasympathetic brainstem nuclei of the facial and glossopharyngeus nerves but not in the trigeminal brainstem nuclei. Similarly in terms of organization, the facial, glossopharyngeus, and vagus nerves do not have their own sensory brainstem nuclei but convey their somatosensory information to the brainstem nuclei of the trigeminal nerve—i.e., their somatosensory axons terminate in the trigeminal brainstem nuclei. However, these sensory axons are not classified under the trigeminal nerve system but are instead attributed to the ABVN. It can therefore be argued that the facial, glossopharygeus, and vagus nerves are actually hijacked by trigeminal nerve sensory fibers, which actually belong to the trigeminal nerve and not to the facial, glossopharyngeus, or vagus nerves. This line of reasoning indicates that they have traditionally been misclassified. Hence, ABVN stimulation can activate sensory nuclei of the trigeminal nerve not because of the axons of the ABVN itself, but rather because the trigeminal nerve axons hijack the ABVN.

Even in the case of a conventional, conservative argument that insists on the traditional but conflicting classification of these sensory fibers of the ABVN without considering their axonal origins, there is also another distinct neural route of trigeminal nerve sensory axons that project to the ABVN zone in the auricula that is independent of the ABVN route. The auriculotemporal nerve of the mandibular division of the trigeminal nerve contributes to the anterosuperior aspect of the auricula and supplies the skin over the tragus and helical crus regions of the auricula. This area also comprises the non-invasive auricular stimulation zone in numerous studies (Badran et al., 2018a,b; Niamtu, 2018). Further, the auriculotemporal nerve was reportedly found in 80% of the crus helicis. Interestingly, a gross auricular surface dissection study of 14 cadavers observed that 20% of the ABVN branches contribute to this zone (Peuker and Filler, 2002). Stimulation of these zones can also stimulate the trigeminal nuclei and the NTS via the auriculotemporal nerve as a distinct pathway independent from the ABVN (Figure 1).

It is also worth noting the limitations of Peuker and Filler (2002) in the context of overlooked neural networks because the study has been used as an auricular vagal nerve territory guide in numerous AVNS studies. In this gross dissection of 14 cadavers, the authors did not consider the ABVN division that contributes to the posterior auricular branch of the facial nerve. Moreover, no immunohistochemical mapping of the distal nerve territories was performed, but dissection-based recognition of the nerve bundles was considered for the proposed territories (Peuker and Filler, 2002). In addition, their investigation did not consider the perivascular cholinergic innervation of the human ear (Cakmak et al., 2018). In summary, the results concerning the vagus nerve territory are relatively incomplete and should not therefore be used as an absolute proxy for AVNS study design or interpretations.



Problems With Taking NTS Activation as Proof of ABVN Stimulation

Labeling or activation in the viscerosensory nucleus of the NTS was advanced as a proof-of-concept for previous ABVN stimulation studies (Frangos et al., 2015). However, there are numerous issues and controversies regarding this monolog perspective. Numerous studies have clearly documented that the NTS can be directly and indirectly activated by multiple neural areas, most of which are present in the ABVN zone; this indicates that it is part of a brainstem reflex arc independent of the vagus nerve. In this section, we will focus on non-vagal pathways that can stimulate the NTS via AVNS zones.

Trigeminal nerve stimulation is one of the alternative pathways (DeGiorgio et al., 2003; Jean, 2008; Schrader et al., 2011) that can stimulate the NTS via its sensory nuclei. Stimulation of the ABVN zone, which overlaps with the trigeminal nerve, can also excite the trigeminal nerve (sensory axons within the ABVN or independent pathways). This may result in the activation of the trigeminal sensory nuclei of the brainstem, and then, as a reflex arc, the NTS can be stimulated (DeGiorgio et al., 2003; Jean, 2008; Schrader et al., 2011; Figure 1).

The facial nerve innervates the submandibular and sublingual glands with its parasympathetic component, which is carried by the chorda tympani branch of the facial nerve (Segal et al., 1996; Figure 1). The chorda tympani not only carries the parasympathetic axons of the facial nerve but also special sensory fibers with taste information from the anterior third aspect of the tongue. This special taste sensation relays to the rostral pole of the NTS, which also includes viscerotopography that represents visceral organs at its middle and lower poles (Altschuler et al., 1989, 1991; Broussard and Altschuler, 2000; Lemon and Di Lorenzo, 2002; Reddaway et al., 2012). While the axonal connections between the chorda tympani and the ABVN have also been demonstrated (Gasser, 1957; Schuknecht, 1974; Lang, 1983; May, 2000; Nageris et al., 2000; Diamond et al., 2011; Watanabe et al., 2016; Mulazimoglu et al., 2017), the origin and end terminals of these axons in the brainstem nuclei have yet to be investigated. As the facial nerve axons contribute to the ABVN in the facial canal, a portion of the ABVN axons might relay to the NTS via the facial nerve or axons of the facial nerve that hijack the ABVN in the temporal bone. In this context, the elucidation of the viscerotopical representation of the activated zones in the NTS is warranted to clarify the neural route to NTS and identify the axons that play a role in NTS stimulation in AVNS studies.

As emphasized previously, the facial and vestibular nerves exchange axons in the facial canal, and considering the axon exchange between the ABVN and the facial nerve, the exchanged axons between the facial and vestibular nerves might originate in the ABVN. Interestingly, it has been shown that the vestibular nerve can also stimulate the NTS (Yates et al., 1994; Figure 1).

Finally, several independent studies have shown that the stimulation of the peripheral spinal nerves in the hindlimb and forelimb modulates NTS activity (Noguchi and Hayashi, 1996; Tada et al., 2003; Imai et al., 2008; Wang et al., 2015). The underlying neural networks for this activation have yet to be elucidated, but the two spinal nerves (C2–C3) in the ABVN zone that innervate auricular skin feature well-known neural networks that can interact with the NTS (Figure 1). This neural network will be discussed together with sympathetic pathways in the next section.

In conclusion, NTS activation itself cannot be used as absolute proof of ABVN stimulation, and studies considering the clinical or physiological outputs of auricular stimulation should consider the trigeminal, facial, and other spinal nerves (including C2/C3 and their sympathetic nerves) in this zone to ascertain their sole or combined mechanisms of action in the auricular stimulation zone known as the ABVN.

As a final consideration in this discussion regarding the facial nerve and ABVN axonal exchanges, the motor nuclei of the cranial nerves have also been shown to contain cholinergic neurons, and the facial nerve motor nucleus has been reported to be one of the densest concentrations of cholinergic neurons of all the cranial nerve motor nuclei (Li et al., 2018).



Locus Coeruleus (LC) Activation and Sympathetic Nerves in the Auricula

In addition to the aforementioned neural pathways that may be implicated in the mechanism of action of AVNS, the sympathetic nerves in the ABVN zone can also stimulate the NTS. Activity in the bilateral locus coeruleus (LC) observed with c-fos labeling or fMRI is also attributed to the stimulation of the ABVN and to NTS projections to the LC (Frangos et al., 2015). However, the LC also projects to the NTS, indicating an alternative or opposing mechanism of action. A major input to the LC originates from the nucleus paragigantocellularis (nPGi) in the reticular formation (Ennis and Aston-Jones, 1988; Kessel et al., 2008; Figure 1), which receives direct inputs from sympathetic neurons (Ennis and Aston-Jones, 1988; Berntson et al., 1998; Aston-Jones et al., 1996). This pathway is involved in transmitting sympathetic control and status information between the nPGi and the LC (Garcia-Rill, 1991; Limousin et al., 1997; Figure 1).

The sympathetic nerves distribute to the AVNS zone of the ABVN from at least three different neural routes: (1) the perivascular sympathetic nerves situated in the human ear (Cakmak et al., 2018); (2) the C2–3 spinal nerves that receive sympathetic axons from the superior cervical ganglion (Netter, 1999; von Lanz and Wachsmuth, 2003; Lingford-Hughes and Kalk, 2012); and (3) sympathetic axons that hijack the ABVN in the jugular foramen (Matthews and Robinson, 2014). All these sympathetic pathways can be stimulated within the zones of ABVN stimulation and may potentially stimulate the NTS via the LC. In the context of the described neural networks, the ABVN-NTS-LC axis cannot be postulated as the only explanation for the bilateral LC c-fos labeling after the stimulation of the cavum concha via AVNS. The cervical sympathetic ganglia should always be considered in the design and interpretation of AVNS studies as a potential labeling and/or a potential contributor of LC and NTS activation.

Therefore, the possible role of auricular sympathetic nerves and, consequently, their possible effects on AVNS study results cannot be excluded without the denervation of sympathetic nerves. It is worthwhile to note that the study by Shu et al. (2005) demonstrated that the antiepileptic effects of the auricular electrostimulation disappeared if the great auricular nerve (C2–C3) of a rat model of seizure was severed before electrical stimulation of the auricula.

A contrary argument is that activations of neither the LC or the NTS have been supported by control/sham region stimulations in AVNS studies (including human), and, hence, only stimulations in the active ABVN zone that includes the cymba concha may be postulated. This argument is addressed in the following section through discussion of the inhomogeneous distribution of the sympathetic nerves in the auricula.




AURICULAR ANATOMY: INHOMOGENEITY, UNIQUE CORTICAL REPRESENTATION, AND INTERSPECIES DIFFERENCES


Significant Confounding Effects of Inhomogeneity Problems

To date, the homogeneous distribution of sympathetic axons on the auricular skin has not been comprehensively investigated. Only a recent study on human ears has considered this topic. In a detailed histological and immunohistochemical labeling study, we demonstrated that perivascular sympathetic neurotransmitters are denser in the upper auricular zones adjacent to the cymba concha (Cakmak et al., 2018). This dense sympathetic labeling was not observed in the lower sections of the human auricula (Cakmak et al., 2018), and such an inhomogeneity should be considered in the design and interpretation of AVNS studies because most control/sham electrodes are placed in the lower aspects of the auricula. Therefore, if the control/sham stimulation is applied to the lower aspects of the auricula distant from the cymba concha, the potential confounding or otherwise significant role of auricular sympathetic nerves on AVNS study results cannot be excluded.

This problem may be overcome by preferring the upper levels of the auricula when applying electrodes in the sham/control groups and keeping the electrodes in the same auricular density zone of the sympathetic fibers, as in the case of vagal stimulation electrodes.

In addition to the inhomogeneous distribution of the sympathetic nerves in the human ear (Cakmak et al., 2018), perforating auricular arteries are also worth considering when placing electrodes in sham/control groups. Two independent group studies demonstrated that the posterior auricular artery—i.e., the periarterial sympathetic and cholinergic nerves—perforates the auricular cartilage in up to five locations (Figure 2C) to emerge from the posterior auricular surface at the anterior auricular surface, where they anastomose with branches of the superior temporal artery (Park and Roh, 2002; Zilinsky et al., 2017); four of the five perforated zones are reported in both of these studies (the perforating artery location in the triangular fossa was documented in only of the studies; Park and Roh, 2002; Zilinsky et al., 2017).

The auricular skin zones, which house these perforating arteries, likely contain a higher density of perivascular sympathetic axon bundles. The perforating arteries also distribute to the auricular skin areas that include the AVNS zones (Figure 2C), including the zone in the cymba concha where most AVNS studies place their active electrodes. It has also been reported that the perforator at the root of the helix consistently supplies the cymba and cavum of the concha as well as the posterior wall of the external auditory meatus, which fits perfectly with the AVNS zone (Park and Roh, 2002; Zilinsky et al., 2017). Hence, arteries—as well as perivascular sympathetic and cholinergic innervation—should be considered when determining the sham/placebo zones in the human ear. The concha zone, which corresponds with the perforating auricular artery (Figure 2C), as been demonstrated in two independent anatomical studies (Park and Roh, 2002; Zilinsky et al., 2017), is also postulated as the most effective zone in the context of fMRI activations. The confounding factor of the perforating artery in this zone of the ear is also underestimated and is not mentioned in the study report (Yakunina et al., 2017). In addition, all of the control stimulation zones in the same fMRI study were located lower to the concha stimulation zone, which cannot exclude the fact that a higher density of perivascular autonomic innervation exists in the upper sections of the human auricula (Cakmak et al., 2018; Figure 2D). To the best of our knowledge, our recent auricular stimulation study in patients with Parkinson’s disease is the only human study to uses a sham zone located in the high-density perivascular sympathetic auricular skin area, outside the perforation zone of the arteries and a zone without auricular muscles (Cakmak et al., 2017).

In addition to the documented inhomogeneous distribution of sympathetic fibers in the human ear, the territories of the great auricular nerve, which for the most part originates in C3 with contributions from C2 (Becelli et al., 2014), and of the lesser occipital nerve, which mainly originates in C2 with contributions from C3 (Waxenbaum and Bordoni, 2019), reportedly distributes differentially across the cymba concha area (the AVNS zone) among humans. It has further been demonstrated that the cymba concha is innervated by the lesser occipital nerve in a quarter (26%) of participants, which indicates that the same proportion of the experimental groups of AVNS studies may exhibit inhomogeneity (Pantaloni and Sullivan, 2000).

In summary, the active/sham/control AVNS zones should be carefully chosen according to documented sympathetic inhomogeneity, which is denser in upper zones, and perforating arteries in the human ear to overcome the potential influence of sympathetic nerves on study findings. In addition, within-study designs should be preferred to overcome documented anatomical variations of C2/C3 in the cymba concha area, which can influence a quarter of the results.



The Unique Cortical Representation of the Auricula (External Ear)

In the final section, I would like to underscore the unique representation of the human ear in the cortex, which should be considered when interpreting cortical activations induced by auricular stimulation.

The representation of the human skin in the somatosensorial cortex is organized such that each region corresponds to one specific part of the human body (e.g., one zone of the somatosensorial cortex represents the hand only, while another zone represents the arm, and so on). In contrast, imaging studies have revealed that the cortical representation of the auricula is not as aligned as for the other parts of the human body. The auricula is represented by numerous different cortical zones that are distributed over the face, head, and neck representation areas (Nihashi et al., 2001) in the somatosensory cortex. Each of these areas belonging to auricular representation is segregated from the others, which means that they are not continuous across the somatosensorial cortex. It has been demonstrated that peripheral nerve stimulation can normalize the distortion of somatotopical representation in the cortex induced by pain conditions, including carpal tunnel and osteoarthritis, when it is applied through the nerves around the pathological condition zone (e.g., the forearm and wrist in carpal tunnel; Chen et al., 2003; Dhond et al., 2008). In this context, any study that performs AVNS for head and neck pain should also consider the unique cortical representation of the ear and other contributions of the sensory pathways that indicated in previous sections to explain the mechanism of action as well as the potential plasticity (normalization) of the somatosensorial representation of the head and neck via somatosensory stimulation.



Interspecies Differences of the Auricula: Rat vs. Human

Furthermore, rat and human AVNS studies cannot be comparable in the context of the auricular muscle anatomy. While the rat auricula exhibits skin, cartilage, and auricular muscles, the muscle tissue is present only in the proximal segments, not in the distal third (Figures 2A,B). In the proximal two-thirds of the pinna, the dorsal auricular surface overlies muscular tissue, and in the proximal one-third, the external auricular muscles contribute to the dorsal aspect of the auricula, while the intrinsic muscles distribute at both surfaces of the auricular cartilage. In addition, the intrinsic muscles of the rat ear do not correspond with the intrinsic auricular muscles in humans (Figures 2B,D; Kiernan and Mitchell, 1974). In this context, any AVNS study of humans or rats should consider interspecies differences in the locations of intrinsic and extrinsic auricular muscles before choosing sham and control zones of the AVNS as well as when interpreting the results. Moreover, the localization of the perforating branches and inhomogeneity of the sympathetic distribution in the rat ear also require clarification in future research.

Some researchers use heart rate variability (HRV) to obtain evidence and/or monitor the AVNS (Badran et al., 2018b). The HRV can be altered by the modulation of the NTS and LC (Ellis and Thayer, 2010), and these brainstem nuclei are easily stimulated by other non-vagal neural networks—as explained in detail in the previous sections and Figure 1—in the AVNS zone. In addition, HRV alterations with auricular stimulation cannot be postulated as the mechanism of action of improved functioning/symptoms without excluding the contribution of other neural pathways. The auricula has extensive neural contributions, and it is not unusual for AVNS studies to stimulate multiple neural networks that can all function as key players in the mechanism of action.

In conclusion, AVNS studies (or better to refer to it as auricular electrical stimulation) are a promising avenue by which to explore numerous medical conditions; however, the lack of anatomical knowledge and inadequate study design in the context of a monolog anatomical concept impose clear limitations that may result in the misinterpretation of the mechanism of action. The present article helps to elucidate obscure neuroanatomical aspects of the ABVN and provide a deeper understanding of the auricular anatomy and the multiple neural networks that may influence its mechanism of action, thus helping to inform improved design of AVNS studies and the interpretations of their findings by considering all aspects of the auricular anatomy.
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Neonates born premature or who suffer brain injury at birth often have oral feeding dysfunction and do not meet oral intake requirements needed for discharge. Low oral intake volumes result in extended stays in the hospital (>2 months) and can lead to surgical implant and explant of a gastrostomy tube (G-tube). Prior work suggests pairing vagus nerve stimulation (VNS) with motor activity accelerates functional improvements after stroke, and transcutaneous auricular VNS (taVNS) has emerged as promising noninvasive form of VNS. Pairing taVNS with bottle-feeding rehabilitation may improve oromotor coordination and lead to improved oral intake volumes, ultimately avoiding the need for G-tube placement. We investigated whether taVNS paired with oromotor rehabilitation is tolerable and safe and facilitates motor learning in infants who have failed oral feeding. We enrolled 14 infants [11 premature and 3 hypoxic–ischemic encephalopathy (HIE)] who were slated for G-tube placement in a prospective, open-label study of taVNS-paired rehabilitation to increase feeding volumes. Once-daily taVNS was delivered to the left tragus during bottle feeding for 2 weeks, with optional extension. The primary outcome was attainment of oral feeding volumes and weight gain adequate for discharge without G-tube while also monitoring discomfort and heart rate (HR) as safety outcomes. We observed no adverse events related to stimulation, and stimulation-induced HR reductions were transient and safe and likely confirmed vagal engagement. Eight of 14 participants (57%) achieved adequate feeding volumes for discharge without G-tube (mean treatment length: 16 ± 6 days). We observed significant increases in feeding volume trajectories in responders compared with pre-stimulation (p < 0.05). taVNS-paired feeding rehabilitation appears safe and may improve oral feeding in infants with oromotor dyscoordination, increasing the rate of discharge without G-tube, warranting larger controlled trials.

Keywords: transcutaneous auricular vagus nerve stimulation, transcutaneous vagus nerve stimulation, vagus nerve stimulation, vagus nerve stimulation, feeding, pediatric rehabilitation, hypoxic–ischemic encephalopathy


INTRODUCTION

In the motor task of feeding, neonates are required to coordinate a complex and rapid sequence of sucking, swallowing, and breathing, all integrated with a typical respiratory rate of 40 breaths per minute. This requires advanced sensorimotor integration of muscles of the face, head, and neck with the myelinated vagal regulation of breathing and heart rate (HR; Porges, 1992; Portales et al., 1997; Suess et al., 2000; Porges and Furman, 2011). Feeding difficulty is the primary reason for delayed hospital discharge in preterm infants with brain dysmaturation or near-term/term infants with hypoxic–ischemic encephalopathy (HIE) who are otherwise clinically stable and ready for discharge (Adamkin, 2006; Lau et al., 2015; Jackson et al., 2016). This increases hospital costs and is associated with a negative impact on long-term neurodevelopment, particularly with receptive and expressive language deficits (Adams-Chapman et al., 2013; Malas et al., 2015). The current standard of treatment for infant oromotor dysfunction consists of occupational or speech therapists feeding infants by mouth (PO) once a day to encourage safe feeding while learning this motor skill. However, many infants do not show improvement by term equivalent age, even after many weeks of rehabilitation with therapists, and have a gastrostomy tube (G-tube) placed for adequate nutrition.

Difficulty learning the motor sequence for oral feeding may be due to brain injury from infection, ischemia, and dysmaturity (Huang et al., 2015; Ismail et al., 2017). This diffuse injury results in less myelination and fewer brainstem–cortical connections (Duerden et al., 2015; Rocha-Ferreira and Hristova, 2016) and may lead to reduced corticobulbar regulation of both vagal activity and the striated muscles of the face, head, and neck (Suess et al., 2000). Atypical neural maturation with prematurity or brain injury also leads to overactive sympathetic inputs into the autonomic nervous system combined with lower parasympathetic vagal tone and persistent brainstem dysmaturity (Heilman et al., 2012; Rocha-Ferreira and Hristova, 2016). Such reactivity and neural dysmaturation make coordinating and learning a complex motor task even more difficult, explaining why the feeding mechanism must be taught through feeding rehabilitation, when it should be a normal reflex.

With improved survival rates of more critically ill neonates, the national rate of G-tube placement has doubled from 2000 to 2012 (Hatch et al., 2018). Complications of G-tube placement and removal often lead to subsequent hospitalizations or procedures after discharge from the nursery (McSweeney et al., 2015; Khalil et al., 2017; Hatch et al., 2018). At the Medical University of South Carolina (MUSC), preterm infants who have not reached full PO feeds by 40-week gestational age (GA) and/or after 40 days of attempting PO feeds have a >90% chance of eventually needing G-tube implantation to achieve full enteral feeds (Ryan and Gehle, 2019). Any therapy that facilitates motor learning and enhances feeding skills would have a significant impact for infants who fail feeding rehabilitation.

Vagus nerve stimulation (VNS) paired with motor activity enhances neuroplasticity, facilitates cortical reorganization and neurogenesis, and improves motor function post stroke (Porter et al., 2012; Engineer et al., 2015; Dawson et al., 2016). Recently, a noninvasive form of VNS known as transcutaneous auricular VNS (taVNS) targeting the auricular branch of the vagus nerve (ABVN) has demonstrated activation of the vagal afferent and efferent networks (Kraus et al., 2013; Garcia et al., 2017; Yakunina et al., 2017; Badran et al., 2018a,c). In patients with limb impairment post stroke or brain injury, pairing taVNS with motor activation can enhance plasticity and improve functional motor recovery (Dawson et al., 2016; Pruitt et al., 2016; Redgrave et al., 2018). This human work extends the large animal literature that demonstrates pairing VNS with a behavioral intervention restores brain function (Hays et al., 2014a,b; Khodaparast et al., 2014, 2016). Therefore, both animal and adult human data support the likely efficacy of VNS-paired with motor rehabilitation.

We applied this model of taVNS paired with a motor behavior to neonates who have failed to learn the oromotor skill of feeding. We conducted a prospective, open-label trial exploring the use of once-daily taVNS-paired rehabilitation training to enhance oral feeding behavior in neonates with oromotor dyscoordination. We hypothesized that taVNS paired with bottle feeding may function in a similar mechanism by enhancing cortical plasticity in neonates with oromotor deficits, resulting in improved acquisition of the sensorimotor skill of feeding. With a favorable safety profile in adults and the ability to treat noninvasively at the bedside, taVNS is an attractive therapeutic option for neuromodulation therapies in this vulnerable population.



MATERIALS AND METHODS


Study Overview

This study was conducted at the MUSC and was approved by the MUSC Institutional Review Board. After obtaining parental consent, we enrolled 14 participants who were consulted for G-tube placement in a prospective, open-label phase 0 trial to determine the feasibility, safety, and potential clinical benefit of a novel taVNS-paired oromotor rehabilitation paradigm in neonates with oromotor dyscoordination. We reported on five of the participants in this trial in an earlier brief communication (Badran et al., 2018b). Our primary clinical outcomes were improved PO feeding volumes and attaining full PO feeds adequate for discharge, thereby avoiding G-tube implantation (Figure 1).
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FIGURE 1. Experimental overview.





Participants

We included infants who were born premature at ≤33 weeks’ gestation at birth (n = 11) or suffered global HIE (n = 3) and who failed to make progress in PO volumes. Importantly, all enrolled participants were clinically determined to require a G-tube due to failure to achieve oral feeds sufficient for discharge from the hospital. Parents of all 14 infants had been approached about G-tube placement by the clinical teams prior to enrollment. Historically at MUSC, these infants would have <10% chance of avoiding a G-tube. We excluded infants who were clinically unstable, were unable to attempt every feed PO, were on significant respiratory support with frequent bradycardia or apnea events, or had cardiomyopathy.



Transcutaneous Auricular Vagus Nerve Stimulation-Paired Feeding Protocol

We delivered taVNS once a day during a bottle feed, timed with observed sucking and swallowing for 30 min or the duration of the feed. Stimulation was paired with nutritive sucking and swallowing and was paused during rest or burping. The treatment period was 2 weeks, with the possibility to continue for an additional 2 weeks if substantial progress was made. If PO feeds had not progressed after 2 weeks of taVNS treatment, the parents and the clinical team made decisions about timing of G-tube placement.


Transcutaneous Auricular Vagus Nerve Stimulation Setup and Technique Refinement

We delivered taVNS using a constant current electrical nerve stimulator (Digitimer DS7AH, Digitimer LTD) connected to custom-designed neonatal ear electrodes (Figure 2). Electrodes targeted the anterior wall of the ear canal (anode) and the tragus (cathode). Stimulation was triggered manually for participants 1–7 or via a novel closed-loop electromyography (EMG) triggering system for participants 8–14 (Cook et al., 2020 under review, Brain Stimulation). The closed-loop trigger system was developed to more accurately pair stimulation trains with coordinated suck–swallow oromotor activation, to increase ease of use and to decrease operator tasks. Real-time EMG recordings were used to trigger taVNS stimulation based on masseter activation during suck–swallow. EMG leads were placed on the masseter muscle (recording), frontal eminence (reference), and center of the forehead (common).
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FIGURE 2. (A) Auricular vagus nerve fibers (He et al., 2012). (B) Close-up photo of the left ear with attached custom, 3D-printed transcutaneous auricular vagus nerve stimulation (taVNS) electrodes attached. (C) Photo of the taVNS-paired feeding session with stimulation delivered concurrently with bottle feeding (written informed consent was obtained from the legal guardians for the publication of this image).



We also refined the EMG-triggered pulse train for optimal pairing of stimulation with the sensorimotor sequence required for efficient feeding. This includes the pre-motor stage of sensing the nipple in the mouth, expressing and sensing milk on the tongue, and subsequent activation of multiple pharyngeal and hyoid muscles that effect swallowing. Many of these muscles are innervated by branches of the vagus nerve. With a 3-s pulse train following the EMG trigger, sucks that occurred at the end of the taVNS train did not receive stimulation (n = 4 participants). By lengthening the pulse train to 10 s, we achieved better pairing of stimulation with suck bursts (n = 3 participants).



Transcutaneous Auricular Vagus Nerve Stimulation Dosing

Stimulation parameters were as follows: frequency −25 Hz, pulse width −500 μs, and current intensity −0.1 mA below perceptual threshold (PT). We determined PT by increasing the stimulation current in 0.1-mA increments while monitoring for indication that the infant perceived the stimulation, indicated by shrugging, change in facial expression, or fidgety movements. A neonatologist and a technician performed the stimulation. During treatment, infants were fed by occupational or speech therapists, staff, or parents. A custom MATLAB program recorded pulses and current intensity delivered during each session. We recorded PO volume intake during taVNS feed, total daily PO volume, and any adverse events.


Safety Monitoring and Target Engagement

The neonatal and infant pain scale (NIPS) scores (Lawrence et al., 1993; Witt et al., 2016) were recorded at initiation, midway, end, and 5 min after each treatment session. If NIPS scores increased greater than three points or the infant appeared to be sensing the stimulation, we decreased the current intensity by 0.1 mA. We monitored redness and skin irritation at electrode site and HR on bedside monitors for bradycardia, defined per nursery protocol as <80 bpm for 5 s. For target attainment, we recorded the lowest HR within the first 60 s of stimulation, the time to the lowest HR, and the rebound HR, to verify target engagement of vagus nerve using the parasympathetic response as an indicator (Badran et al., 2018c). We also recorded HR in 60-s epochs during taVNS-paired feeds and non-stimulation (control) feeds.



Primary Outcome Measures

The primary safety outcomes were bradycardia events and NIPS score increase of greater than or equal to 3 points due to taVNS stimulation. The primary clinical outcome of this study was a binary endpoint of full oral feeds or G-tube implantation. Responders were participants who were able to increase and maintain full daily PO intake for 4 days (>120 ml/kg/day) and weight gain adequate for discharge (>20 g/day). Infants who received G-tubes for inadequate intake after taVNS treatment were classified as non-responders. Other outcomes were rate of increase of daily oral feeding volumes and length of time to achieve full oral feeds.



Statistical Analyses

We analyzed group HR effects that compared HR measured before taVNS (or control) feed, the lowest HR at onset of taVNS (or control) feed, and during taVNS-paired feeding (or control) feeds using a one-way ANOVA. We then investigated the within-individual changes in HR using a paired t-test to compare each participant’s baseline and the lowest HR prior to feed to the lowest HR during PT within taVNS or control feeds, and unpaired t-tests for HR differences across taVNS or control feeds. Behavioral feeding data were analyzed by comparing the slopes of the linear regression generated from the rate of daily PO volume in two different time periods: (1) the 30 days before taVNS; and (2) taVNS-paired feeding period. We compared both between- and within-group subjects in a 2 × 2 design (pre/post taVNS and responder/non-responder). Videofluoroscopic swallow study (VFSS) scores prior to taVNS treatment initiation were compared with treatment period according to response group via unpaired t-test.






RESULTS


Demographics

We enrolled 11 preterm and 3 near-term/term HIE infants. Clinical characteristics are noted in Table 1. Central nervous system (CNS) insults were prevalent (11/14) and consisted of intraventricular hemorrhage (IVH) or cerebellar hemorrhage, white matter infarction or periventricular leukomalacia (PVL), lenticulostriate vasculopathy (LSV), and acute moderate-to-severe HIE. A majority of infants (9/14) had sepsis complicating their neonatal course, which is associated with white matter neuroinflammation and infarction, and worse neurodevelopmental outcomes (Alshaikh et al., 2013; Bakhuizen et al., 2014; Bright et al., 2017; Dubner et al., 2019).

TABLE 1. Infant demographics.
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PO feeds were attempted for a mean (SD) of 49 ± 24.3 days before study enrollment in these 14 preterm and HIE infants. At study entry, most preterm infants were more than 44-week GA, well past term equivalent age, and had been trying to learn to feed for more than 40 days, at which point >90% of preterm infants at MUSC have attained full PO feeds (Ryan and Gehle, 2019). Prior to enrollment in this research trial, the clinical team had approached all parents about the need for a G-tube (Figure 1).

Thirteen out of 14 infants had clinical studies of videofluoroscopic barium swallow (VFSS, n = 11) or an impedance probe (n = 2) prior to enrollment. Six infants also had upper gastrointestinal (UGI) contrast studies. Eight infants had gastroesophageal reflux documented on one or more of these studies and were treated with histamine or proton pump antagonists. The VFSSs were performed and scored by three pediatric speech language pathologists using the Rosenbek scale (Rosenbek et al., 1996). Mean (SD) penetration and aspiration scores were 6 ± 3 with thin liquids (range 1–8). Six infants had maximum scores of 8, indicating aspiration below vocal folds with no attempt to eject liquid: three of these infants were trialed with thickened feeds prior to beginning the study; two infants continued to attempt with thin maternal breast milk, which could not be adequately thickened during the taVNS treatments; one infant showed dramatic improvement in oral feeding volumes to 100 ml/kg/day after 2 weeks of taVNS treatments but had persistent coughing during feeds and was transitioned to thickened feeds near the end of the treatment course.



Safety

We monitored for bradycardia during both PT and during the stimulation-paired feed. There was only one bradycardia adverse event during a taVNS-paired feeding, likely unrelated to the stimulation as it was associated with choking and emesis, and readily rebounded with pausing the bottle feed.

There were no episodes of tragus irritation or redness at the electrode site. Discomfort with stimulation remained low, with the median NIPS scores [interquartile range (IQR)] of 0 (0, 1.0) before, during, and after the taVNS-paired feeding. Out of a total of 228 taVNS-paired feeding sessions, there were 10 sessions (4.3%) during which NIPS scores increased greater than or equal to 3 points from pre-stimulation to during taVNS-paired feeding. In seven instances, the fussiness resolved quickly, and in three instances (1.3%), stimulation current intensity was decreased for a persistent NIPS score increase. In 16 instances (7%), we decreased stimulation when we believed it was possible that the infant was feeling stimulation but did not demonstrate a change in NIPS score. Four feeds were stopped in one infant for excessive fussiness that did not resolve after stopping stimulation, related to reflux (pH probe was in place for one instance).



Heart Rate as a Putative Biomarker of Vagus Target Engagement

We performed a detailed analysis of HR changes in seven consecutive participants (#8–14), averaging 60-s HR data over the 5 min prior to PT and for the first 5 min of treatment. The mean HR before taVNS, compared with the onset of taVNS, revealed non-significant differences in physiology resulting from stimulation. The mean HR during the first 5 min before taVNS-paired feeding was 161 ± 11.7 bpm, compared with 159.6 ± 11.22 bpm during feeding (n = 39 feedings, seven participants, Figure 3A). For control feeds without stimulation, mean HR similarly does not change as a function of feeding. The mean HR was 156.7 ± 15.27 bpm for 5 min before the feed and 162.5 ± 15.98 bpm for the first 5 min during the feed, both non-significantly different from taVNS feeds.
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FIGURE 3. Box and whisker plots for heart rate (HR) data collected during taVNS and control feeds (min to max). (A) taVNS with these parameters induces immediate, safe reductions in HR that recover during feeding (n = 7, 39 total feedings in seven participants). For the 5-min epochs prior to perceptual threshold (PT) and during taVNS-paired feeding, HR was averaged in 60-s intervals for a total of 5 min. (B) The mean lowest HR during PT was calculated from real-time HR monitor recorded during onset of stimulation to determine the PT. taVNS induced significant reductions in HR compared with those in pre-stimulation baseline (p < 0.0001); however, these reductions recovered to baseline levels immediately during the taVNS-paired feeding. There was no significant reduction in HR during control feeds (feeding HR recorded without taVNS administered, n = 7, 19 feeds).



The lowest HR was inspected as an indicator of safety profile. We compared the lowest HR before feed and the lowest HR during feeds. For the seven patients during taVNS feeds, the lowest HR before feed was 151.3 ± 15.1, and the lowest HR during onset of taVNS was 142.3 ± 16.9 (p = 0.0005). For control feeds, the lowest HR prior to feed was mean (SD) of 146.2 ± 14.6, and the lowest HR during feed was mean (SD) = 152.5 ± 15.7, and we found no significant difference between timepoints (Figure 3B).

When determining the PT, we consistently observed a decrease in HR with onset of stimulation. The transient HR drop was so common and predictable that we checked impedance and the earlobe contact, and electrode position if no HR decrease was observed. During determination of PT, HR decreased a mean of 20.5 ± 10.6 bpm or 12.6 ± 6.5% of the pre-taVNS HR (n = 105 taVNS sessions). In contrast, during control feeds, the HR decreased from before feed to the lowest HR during feed by a mean of 3.9 ± 6.4 bpm (n = 19 feeds, n = 7 subjects). The HR decrease with onset of taVNS stimulation was significantly greater than the HR change with control feeds (p < 0.00001). The comparison of the lowest HR before feed and with the lowest HR with taVNS onset vs. control feeds yielded similar results (Table 3).

TABLE 2. Clinical condition and treatment characteristics by responders and non-responders.
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TABLE 3. Lowest HR for 5 min prior to and during onset of taVNS vs. control feeds (n = 7 subjects).
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We observed this HR decrease as a rapid effect after taVNS onset. To determine the time frame of the HR changes, we recorded the time to the lowest HR and HR every 12 s during entire taVNS-paired feeds in three participants (n = 48 sessions). In these three participants, the mean HR decreased 16 ± 9 bpm or 10 ± 3% baseline HR within 26 ± 8 s of stimulation onset, followed by an HR rebound to or above baseline within 60 s from stimulation onset, which was maintained during the taVNS-paired feeding. These measurements were reproducible within and between individuals (Figures 4A–C), replicating our group’s prior HR findings in an adult human taVNS study (Badran et al., 2018c).
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FIGURE 4. Reproducibility and reliability of individual HR change. (A) Individual HR change from baseline with onset of stimulation and during taVNS -paired feeding by individual subject. HR is averaged over all taVNS-paired feedings for each individual subject. (B,C) HR data from individual treatment sessions in two representative participants. HR changes are shown for each individual taVNS-paired feeding session over 5 min before and during taVNS-paired feedings and the lowest HR recorded during onset of stimulation with PT determination.



The HR decrease was likely due to vagus target engagement, as it was significantly different than the change in HR before and during control feedings without stimulation. During non-stimulation control feedings, the HR changed by a mean of −2.3 ± 14.0 bpm from HR before feed to the lowest HR during feed (n = 23, ns), compared with the rapid, transient mean HR decrease upon stimulation with taVNS (−20.5 ± 10.6 bpm, n = 104 feeds, p < 0.00001, t-test).



Feeding Outcomes

Of the 14 participants enrolled, who had all failed to attain feeding after an average of 49 days trying (Table 1), eight infants attained full oral feeds with weight gain adequate for discharge from the hospital after a course of taVNS-feeding paired rehabilitation (responders), and six did not receive a G-tube (non-responders). This 57% response rate is higher than our institutional historical controls and published rates for preterm infants (Howe et al., 2007a,b; Jackson et al., 2016; Ryan and Gehle, 2019).

We examined whether the responders were starting to improve oral feeds prior to enrolling in the trial. Although there is day-to-day variability in feeding volumes, the baseline rate of change of daily PO volume, averaged over 5 days immediately prior to taVNS treatment, was not significantly different between responders and non-responders (p = 0.15, Figure 5). With taVNS treatment, the rate of change of daily PO volume increased significantly in responders when compared with that in pre-treatment (p = 0.035). In non-responders, the mean rate of change of daily PO feeding volumes did not change from pre-treatment to during treatment (p = 0.29). Responders and non-responders did not differ in the number of taVNS treatments, average current intensity, or total pulses over all treatments (Table 2).
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FIGURE 5. Daily PO intake feeding volumes in ml/kg/day for both responders (full PO feeds without G-tube) and non-responders (G-tube placement). The data demonstrate no significant difference in feeding trajectories between groups in the pre-stimulation phase but significant differences in trajectories between responders and non-responders upon initiation of taVNS-paired feeding.



The VFSS scores prior to taVNS treatment were not different between response groups (p = 0.3). Among the six infants who demonstrated aspiration below the vocal cords without effort to eject the liquid, five were responders. Of the responders with aspiration, three were taking thickened feeds prior to starting the study, two continued on thin maternal breast milk feeds with pacing, and one infant on breast milk feeds was transitioned to thickened feeds during the taVNS treatment period, after making significant progress to 100 ml/kg/day but demonstrating persistent coughing.




DISCUSSION

In this phase 0 pilot trial, one taVNS-paired feeding per day was safe and well tolerated in infants who had failed to achieve full PO feeds and were referred for G-tube placement. Fifty-seven percent of treated infants were able to take all feeds by mouth within a mean of 16 days of treatment. taVNS-paired oral rehabilitation increased the likelihood of discharge without the need for G-tube implantation than did a historical retrospective comparison cohort who received standard feeding rehabilitation (Ryan and Gehle, 2019). A retrospective study of neonatal feeding outcomes at our institution built a predictive model that shows a minimal chance of reaching the required PO intake for discharge if the neonate has not reached 80 ml/kg/day by the 20th day attempting PO (Ryan and Gehle, 2019). Our cohort attempted PO for a mean of 49 ± 24.3 days prior to taVNS treatment, for which the in-house model predicts a spontaneous recovery rate of less than 10%.

Comparable published data indicate that preterm infants born at 25–32 weeks’ gestation, with respiratory complications of bronchopulmonary dysplasia, attained full oral feeds at 38.5 ± 2.8 weeks’ gestation, whereas those without BPD did so at 35.5 ± 1.7 weeks’ gestation (Howe et al., 2007b). In one large retrospective study of 560 preterm infants born at 32–36 week’s gestation, the median time to achieve full oral feeds was 12 days overall (Jackson et al., 2016). Although our taVNS-paired feeding study was non-randomized, our rate of successful attainment of full oral feeds is promising when compared with our historical control data as well as those from other observational studies.

Infants must develop oromotor skills of “suck–swallow” coordination in a particular sequence in order to feed effectively (Lau et al., 2003). Postmature infants (>41-week GA) who were born preterm and are not able to take full feeds by mouth may not be able to start oral feeds during a critical developmental window of oromotor neuroplasticity for learning feeding motor skills (Huang et al., 2015; Ismail et al., 2017). Sick newborns of term age (37- to 41-week GA) who have had critical illnesses frequently do not exhibit a suck–swallow reflex for feeding and may also have to learn this motor sequence, similar to preterm infants.

Both preterm and HIE infants suffer brain injury, triggering excessive stimulation of inflammatory pathways, impairing normal developmental functions of directing neuronal integration and foundational brain circuitry. After birth, the cortex and basal ganglia (BG) undergo significant integrative connectivity associated with shaping of central motor pathways. Disturbance of these processes leads to abnormal connections (Rocha-Ferreira and Hristova, 2016), and along with decreased populations of myelinating cells and inter-neurons, results in brain dysmaturity in preterm infants (Duerden et al., 2015) or overt brain injury in term HIE infants and subsequent motor, cognitive, and neurobehavioral impairments (Rocha-Ferreira and Hristova, 2016). Although postnatally the developing brain is more plastic than the adult brain and thus might be expected to have better recovery following injury, we engage the developing brain to a very limited extent with clinical rehabilitation therapy while infants are still in the nursery.

The data in both animals and adult humans are convincing in that VNS paired with a stimulus improves functioning (Porter et al., 2012; Khodaparast et al., 2013, 2014, 2016; Dawson et al., 2016; Capone et al., 2017; Meyers et al., 2018). In our neonates with brain dysmaturity or overt brain injury, neuromodulation of abnormal circuits may positively influence neuronal connectivity and neuroplasticity (Kilgard, 2012; Meyers et al., 2018). If we can influence the circuitry early, before motor patterns are fixed, we may improve the developmental deficits that these children experience, starting with feeding delays in the nursery. With approximately 380,000 preterm infants and 4,000 term infants with HIE born in the USA per year, this therapy may translate to a large number of infants and have major impact on their outcomes.

Decreasing G-tube placement and length of stay due to feeding delays is a significant, longer-term goal of these studies. The time to attain full feeds accounted for 90% of variance in length of stay in two reports (Adamkin, 2006; Jackson et al., 2016). Earlier discharge without a G-tube may reduce medical complications for the patients and decrease costs, while offering substantial benefit to families waiting to bring their children home. Beyond feeding and earlier discharge, reinforced plasticity of oromotor function may impact short- and long-term neurodevelopment, particularly language skills.

Even late preterm infants can have difficulty learning to feed. In one retrospective study, one third of 35–36 weeks’ gestation infants had feeding problems, and 76% of these had delayed discharge due to poor oromotor coordination (Wang et al., 2004). Also, males may have more difficulty as they have been shown to have later emergence of oral–lingual movements and pharyngeal activity than do females (Miller et al., 2006). In our study, we limited inclusion to preterm infants less than or equal to 33-week GA at birth or near-term to term infants with HIE. In the future, we need to enroll infants of wider GAs, conduct randomized controlled trials with sham stimulation, and enroll sufficient numbers for evaluation of sex differences.

Moreover, if taVNS is successful in the targeted motor behavior of feeding, we will extend investigation of early neuromodulatory therapy in high-risk infants to prevent or mitigate other life-long motor problems, such as cerebral palsy. This taVNS pilot trial, the first in human neonates, may provide a foundation for application of these therapies to infants at high risk for motor problems who have few alternative treatments.

Our HR data suggest that taVNS engages the vagal parasympathetic system. A rapid, transient HR decrease of 12% from baseline at the onset of taVNS stimulation was reproducible and reliable. The observed HR change suggests vagus nerve target engagement by taVNS-paired feeding in neonates and may be useful in multi-day trials.

Vagal efferent HR change is useful as a stimulation indicator if it is not harmful. Safety is the foremost consideration for treatments in vulnerable infants who are premature or have suffered HIE, who have often recovered from significant respiratory, cardiovascular, or CNS conditions. We did not observe adverse effects of bradycardia or rebound tachycardia that were solely related to stimulation, or any other adverse effects. Mean neonatal discomfort scores measured with the NIPS did not significantly increase during stimulation in over 200 treatment sessions, and we decreased current intensity in only three instances for possible stimulation-induced increase in NIPS scores. No parent withdrew their infant from the study, and parents and staff accepted the treatment as well as tolerated by the infants.

It is unclear why some participants did not respond. Systemic and neuro-inflammation or medications that inhibit synaptic plasticity and learning (e.g., mineralocorticoid receptor inhibitors) may impair learning this motor skill (Favrais et al., 2011; Kuban et al., 2014; Leviton et al., 2016; Kelley et al., 2017). Alternatively, other negative sensory inputs of reflux or esophagitis may counteract positive sensorimotor circuit stimulation (Wingenfeld and Otte, 2019). Half of the non-responders (3/6) and only one of eight responders were infants of diabetic mothers with poor glucose control during pregnancy, which induces a pro-oxidative state for the mother and fetus known to be associated with immune activation, endothelial cell injury, and worse fetal and neonatal outcomes (Teodoro et al., 2013; Durga et al., 2018). A larger sample size may identify specific predictors for responder status leading to a decrease in variance in treatment response.

Further investigation and refinement of treatment parameters will likely also improve treatment response. Although these stimulation parameters were partially optimized in adults and to some extent in this trial, the potential responsiveness of specific circuits is likely determined by the sum as well as timing of stimulatory and inhibitory impulses. For example, we initially tested a pulse-train length of 3 s with the EMG closed-loop system, which proved too short for rhythmic suck–swallow sequences in some infants. We then increased to a 10-s train with each EMG-driven stimulation.



LIMITATIONS

The taVNS methodology was adjusted over the course of this study to more closely pair stimulation with feeding (Cook et al., 2020 in press Brain Stimulation). In participants 1–7, researchers activated taVNS manually when the infant was seen to be actively feeding; in participants 8–14, an EMG triggered taVNS-paired stimulation to sucking motor function. The latter would be expected to have better feeding outcomes, if learning depends on the precision of timing the stimulation with the motor activity. Over the study, we also developed several different ear electrodes to maximize contact and minimize the need for readjustment during feeds. All were confirmed by HR and resistance tests to deliver current to the tragus. We did not perform VFSS on every baby and did not explore the physiologic impairments in swallowing or causes of penetration/aspiration in this pilot trial. In future studies, we intend to document specific changes in swallowing function before and after taVNS-paired feeding treatment using a more precise scale adapted for infants (Martin-Harris et al., 2019). We also did not perform sham stimulation, to compare the lowest HR during sham and active taVNS stimulation. However, the HR changes with feeds in the control group indicate that HR usually increases during feeding, compared with the rapid decrease seen with PT in the taVNS feeds.



CONCLUSION

This is the first study investigating taVNS paired with the motor sequence of suck, swallow, and breath to potentially enhance oromotor learning in neonates and infants. In infants who had failed oromotor rehabilitative feeding techniques by therapists, taVNS treatments resulted in 57% achieving full oral feeds adequate for discharge without needing a G-tube. Further, taVNS appeared safe in neonates and infants with no adverse effects. Target engagement may be determined at each session by a brief HR decrease. Further investigations and a randomized trial are needed to confirm our promising results of improved feeding outcomes in infants treated with taVNS.
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Introduction: Invasive vagus nerve stimulation (VNS) improves word recognition memory in patients with epilepsy. Recent studies with transcutaneous VNS (tVNS) have also shown positive effects on various subdomains of cognitive functioning in healthy volunteers. In this randomized, controlled, crossover study, we investigated the effect of tVNS on a word recognition memory paradigm in healthy volunteers to further investigate the potential of tVNS in the treatment of cognitive disorders.

Methods: We included 41 healthy participants aged between 18 and 30 years (young age group) and 24 healthy participants aged between 45 and 80 years (older age group). Each participant completed a word recognition memory paradigm during three different conditions: true tVNS, sham, and control. During true tVNS, stimulation was delivered at the cymba conchae. Sham stimulation was delivered by stimulating the earlobe. In the control condition, no stimulation was given. In each condition, participants were asked to remember highlighted words from three test paragraphs. Accuracy scores were calculated for immediate recall after each test paragraph and for delayed recognition at the end of the paradigm. We hypothesized that highlighted words from paragraphs in the true tVNS condition would be more accurately recalled and/or recognized compared to highlighted words from paragraphs in the sham or control condition.

Results: In this randomized study, tVNS did not affect the accuracy scores for immediate recall or delayed recognition in both age groups. The younger group showed significantly higher accuracy scores than the older group. The accuracy scores improved over time, and the most recently learned words were better recognized. Participants rated true tVNS as significantly more painful; however, pain was not found to affect accuracy scores.

Conclusion: In this study, tVNS did not affect verbal memory performance in healthy volunteers. Our results could not replicate the positive effects of invasive VNS on word recognition memory in epilepsy patients. Future research with the aim of improving cognitive function should focus on the rational identification of optimized and individualized stimulation settings primarily in patients with cognitive deficits.

Keywords: transcutaneous vagus nerve stimulation, verbal memory performance, word recognition memory paradigm, cognition, immediate recall, delayed recognition


INTRODUCTION

There is an ever-increasing scientific interest in the vagus nerve as a potential target for memory modulation. Age-related declines are seen in short-term memory functioning and in free recall (retrieval) probably due to general slowing, reduced processing resources, loss of inhibitory functions, and lack of cognitive control (Luo and Craik, 2008). However, the brain is able to reorganize itself during aging, learning, and following damage, a process defined as neural plasticity. This concept has stimulated the development of new treatment options for cognitive decline, aiming to enhance this plastic potential (Duffau, 2006). The formation of declarative or explicit memory requires three essential processes: learning-encoding, consolidation-storage, and retrieval (Tulving, 1983). After information is perceived, it enters the memory system through the short-term memory function (Baddeley and Hitch, 1974) in which a small amount of information can be held active, as long as attention to the stimulus is maintained. Subsequently, information is stored in the long-term memory system, depending on the depth and elaboration of processing of the information. Retrieval of the stored information refers to the activation of the correct information from the long-term memory into the short-term memory, while suppressing the incorrect information (Shiffrin and Steyvers, 1997). It has been well documented that arousal shortly following a learning experience, during the process of memory consolidation, can modulate the storage of information (Cahill and McGaugh, 1996; McGaugh, 1966; McGaugh, 2015). Although this process has not been fully elucidated, preclinical research suggests that the vagus nerve plays a crucial role in transmitting the signals of peripheral neuromodulators associated with arousal to brain structures involved in memory storage (Williams and McGaugh, 1993; Nogueira et al., 1994; Hassert et al., 2004).

In 1999, Clark et al. (1999) demonstrated that stimulation of the vagus nerve, by means of an implanted device to treat drug-resistant epilepsy patients, was able to significantly enhance verbal memory performance when stimulation was delivered during the consolidation phase of a memory task. In 2006, Ghacibeh et al. (2006) found that VNS improved the retention of information by enhancing consolidation rather than by affecting memory retrieval, concluding that VNS specifically interacts with the processes underlying memory consolidation.

The vagus nerve projects to the nucleus of the solitary tract and consequently activates the noradrenergic neurons in the locus coeruleus and cholinergic neurons in the nucleus basalis, resulting in the release of norepinephrine (NE) and acetylcholine in wide areas of the cortex (Gu, 2002; Hassert et al., 2004; Roosevelt et al., 2006; Follesa et al., 2007; Nichols et al., 2011; Raedt et al., 2011). NE subsequently causes a release of serotonin by activating alpha-1-adrenergic receptors in the dorsal raphe nucleus (Manta et al., 2009). These neurotransmitters are known to facilitate neural plasticity, a key mechanism in many behavioral and cognitive processes (Gu, 2002; Duffau, 2006). Other neurotransmitters presumably involved in the mechanism of action of VNS are gamma-aminobutyric acid (GABA) and aspartate (Hammond et al., 1992; Ben-Menachem et al., 1995). Long-term potentiation is considered the major cellular mechanism of memory formation. As NE is known to facilitate this early long-term potentiation through the activation of beta-noradrenergic receptors, the VNS-induced NE release has been proposed as a possible mechanism of modulating memory performance (Harley, 2007; Mueller et al., 2008). These findings have given rise to an increasing interest in neuromodulation as a potential treatment for cognitive disorders. Currently available treatment options for cognitive dysfunction, including pharmacotherapy and psychosocial interventions, have shown limited effects on cognition (Perng et al., 2018). Based on the potential of VNS to modulate memory formation and the positive effects seen in epilepsy patients, VNS has been investigated as a potential treatment option for conditions associated with cognitive decline with promising results (Sjogren et al., 2002; Merrill et al., 2006).

Recently, noninvasive treatment options have gained interest, aiming to achieve the same effects as invasive VNS without the need for an invasive procedure. Transcutaneous vagus nerve stimulation (tVNS) represents a noninvasive neurostimulation modality that targets the receptive field of the auricular branch of the vagus nerve, located at the outer part of the ear (Ellrich, 2019). Functional imaging studies have shown that tVNS leads to activation of intracranial structures similar to the ones activated by invasive VNS, suggesting potential for evoking similar effects in a less invasive manner (Yakunina et al., 2017). Seeking to replicate the cognitive effects of invasive VNS seen in patients, several clinical studies have investigated the modulatory effect of tVNS on cognitive functioning in healthy volunteers (Jacobs et al., 2015; Sellaro et al., 2015, 2018; Steenbergen et al., 2015; Beste et al., 2016; Colzato et al., 2017, 2018a,b; Jongkees et al., 2018). Recent studies demonstrated that tVNS affected post-error slowing (Sellaro et al., 2015), response selection functions (Steenbergen et al., 2015; Jongkees et al., 2018), response speed when two actions were executed in succession (Steenbergen et al., 2015), divergent thinking (Colzato et al., 2018a), and emotion recognition (Colzato et al., 2017; Sellaro et al., 2018). tVNS also significantly influenced inhibitory control processes (Beste et al., 2016) and decreased flow experience during a task (Colzato et al., 2018b). A study by Jacobs et al. (2015) was the first study to investigate the effect of tVNS on memory performance. They demonstrated that a single session of tVNS enhanced associative memory performance in older healthy volunteers, measured by means of an associative face–name memory task.

In this study, we aimed to replicate the positive effect of invasive VNS on verbal memory performance seen in epilepsy patients. Therefore, we investigated whether tVNS is able to improve verbal memory in younger as well as older healthy participants by applying stimulation during the consolidation phase of a word recognition memory paradigm. We hypothesized that tVNS, as compared to sham stimulation and control, would enhance verbal memory performance.



MATERIALS AND METHODS


Participants

The effect of tVNS on memory function was investigated in healthy volunteers belonging to two different age groups: young individuals between 18 and 30 years and older individuals between 45 and 80 years. Forty-one participants were included in the young age group and 24 participants in the older age group. Participants were recruited through flyers and an online recruitment system. Subjects were excluded in case of a history of cardiac disease, substance abuse or dependence, treatment with psychoactive drugs, a history of neurological or psychiatric disorders, pregnancy, and presence of an active implanted device (e.g., pacemaker, VNS, cochlear implant) or cerebral shunt. In the older age group, cognitive status was examined with the Montreal Cognitive Assessment (MoCA) test battery. Participants with a MoCA score lower than 24 were also excluded. Written informed consent was obtained from each participant before the beginning of the experimental session. Participants were instructed to have a light breakfast or lunch on the day of the experimental session and to avoid caffeine 2 h before. During the experimental session, the participant was not allowed to eat. Drinks were limited to water. Before conducting the experimental session, each participant was asked to fill out a demographic questionnaire. At the end of the experimental session, subjects received a gift certificate with a value of 20 euro for participating.

The study protocol was reviewed and approved by the ethics committee of Ghent University Hospital and conformed to the ethical standards of the Declaration of Helsinki.



Procedure

This (sham-)controlled, randomized, crossover, within-subjects study investigated the effect of tVNS on verbal memory performance in healthy volunteers. An overview of the study protocol is presented in Figure 1. First, the investigator and participant went through the inclusion criteria and informed consent form. Participants were included in the study after signing the informed consent form. Second, demographic data were collected through a questionnaire. For the participants in the older age group, cognitive functioning was also evaluated by administering the MoCA. After the appropriate tVNS amplitude was chosen (according to the threshold method or set to 0.5 mA), each subject conducted the word recognition memory paradigm in three different conditions: true stimulation, sham stimulation (active control), and no stimulation (control). At the end of the paradigm, a word recognition task was performed. A washout period of 30 min was implemented between experimental conditions and before the recognition task. During these breaks, participants were asked to perform a relaxing activity. The order of experimental conditions was randomized across subjects. All the experimental sessions were conducted at the Neurology Department at Ghent University Hospital in a neutral examination room. The experimental session lasted 3 h including breaks and could take place in the morning or in the afternoon, depending on the availability of the participant.
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FIGURE 1. Overview of the study. After preparation of the experimental session and one practice paragraph, the word recognition memory paradigm is conducted. Three experimental conditions are used, separated by a washout period of 30 min. Stimulation ([image: image]) is delivered 2 min after reading a paragraph and followed by two questions and a free recall task. This is repeated three times per condition. At the end of the paradigm, participants perform a recognition test.




Transcutaneous Vagus Nerve Stimulation

Stimulation was delivered by means of the NEMOS® tVNS device (Cerbomed, Erlangen, Germany) which targets the cutaneous receptive field of the auricular branch of the vagus nerve at the outer ear. This external device consists of an auricular electrode connected to a control unit. The electrode is attached to an earplug to ensure that the electrode is placed on the cymba conchae. Sham stimulation was delivered by inverting the earplug and placing the electrode on the earlobe. Stimulation at this location will cause the same tingling sensation but will not activate the vagus nerve (Peuker and Filler, 2002; Kraus et al., 2013).

Based on previously published tVNS protocols (Steenbergen et al., 2015; Colzato et al., 2018a, b), stimulation intensity was set to 0.5 mA in 16 participants. As perceived and tolerated stimulation intensity varies across participants, we decided to set the stimulation intensity to the maximum tolerated output in the other 49 participants by using the threshold method. Before the beginning of the memory task, stimulation was increased in steps of 0.10 mA until the participant felt a tingling sensation. Stimulation was then further increased until the participant reported pain and finally decreased 0.10 mA below the pain threshold. This stimulation output was noted and used throughout the experimental session for both the sham and true tVNS conditions. Stimulation was delivered for 30 s during the consolidation phase of the memory task. Frequency was set to 25 Hz and pulse width to 250 μs.

The participants were informed that stimulation would be given during the experimental session by means of the tVNS device. Possible side effects of stimulation were discussed (e.g., pain, redness of the skin, itching) (Mertens et al., 2018). The participants were not informed about the type of stimulation (sham versus true) and expected outcome.



Word Recognition Memory Paradigm

The memory task in this study (Figure 1) was based on the word recognition memory paradigm in the study by Clark et al. (1999). It was designed with E-prime software (Psychology Software Tools Inc., Pittsburgh, PA, United States) and conducted on a laptop with a 14-inch screen (Dell, Windows 7). A short introduction was given by the investigator before starting the memory task. Written instructions were displayed on the laptop during the experimental session. Participants were instructed to silently read fragments of text paragraphs displayed on the screen. A practice paragraph was given before the beginning of the memory task to familiarize the participant with the testing procedures. The paragraphs were chosen from the “wablieft krant,” an online journal known for its low difficulty level. One paragraph was divided into five to six fragments, displayed separately on the computer screen. Participants could continue to the next fragment by pressing the space bar. In each paragraph, seven words were highlighted. Participants were asked to read the paragraph thoroughly and memorize the highlighted words. Two minutes after finishing reading a paragraph, stimulation was delivered during 30 s. No stimulation was delivered in the control condition. In accordance to the study by Clark et al. (1999), stimulation was delivered after 2 min in order to stimulate during the consolidation phase of memory formation. Immediately after stimulation, participants were asked to answer two questions on the content of the paragraph and to write down as many of the highlighted words as possible (immediate free recall). Afterwards, participants were asked to rate pain during the stimulation. In the first 25 participants, a Likert scale from 1 to 9 was used. However, as participants reported difficulties in using this scale, the Wong–Baker FACES Pain Rating Scale ranging from 0 to 10 was used for the remaining 40 participants. The pain ratings of the first 25 participants were converted to fit the new scale. Three consecutive paragraphs with associated questions were merged into one text file. For each experimental condition, one text file was used, leading to a total of 21 highlighted words to be remembered and six questions to be answered per condition. Each subject conducted the paradigm sequentially in three conditions: true tVNS, sham, and control (no stimulation), summing up to nine paragraphs, 63 highlighted words, and 18 questions throughout the experimental session. Both the order of text files and conditions were randomized across subjects. A 30-min break was added after each condition to ensure washout between the different conditions. After completing all three conditions and adding a last break of 30 min, the recognition task was performed. During this final task, all 63 highlighted words as well as 63 related words and 63 non-related words were displayed on the computer screen in a randomized order. Each participant was asked to recognize target words and distinguish them from non-target words by pressing a green button when a target word was displayed and pressing a red button for a non-target word.



Outcome Measures

Primary outcome measures were accuracy scores on the immediate recall tests (after each test paragraph) and accuracy scores on the delayed recognition test (at the end of the paradigm). Regarding delayed recognition accuracy scores, only correct categorization of the highlighted words (hits) was compared. The categorization of related and unrelated novel words was not considered. We hypothesized that highlighted words from paragraphs in the true tVNS condition would be more accurately recalled and/or recognized compared to highlighted words from paragraphs in the sham or control condition.



Data Analysis

For each participant, immediate recall scores were calculated by the investigator based on the number of correct words the participant noted after each paragraph. This resulted in a mean accuracy score (percentage) for each stimulation condition. Delayed recognition scores were calculated using R statistical software (R Core Team, 2017), resulting in accuracy scores for correct categorization of the highlighted words (hit or miss) on a single trial level.

The data analysis was conducted using R with lme4 (Bates et al., 2015) to perform generalized linear mixed effects (GLMEs) analyses. In case the dependent variable was dichotomous (categorization accuracy for delayed recognition test), we used logistic regression analyses. Both for the fixed and random effects, the chi-square statistics and the corresponding p-values were acquired by the likelihood ratio test. The dependent variable was the accuracy on the immediate recall and delayed recognition test. The independent variable was the stimulation condition (tVNS, sham, and control). The study order (block 1, block 2, block 3), the text file (file1, file2, file3), the stimulation intensity, pain score, gender, age, and years of education were also taken into account, as well as the MoCA score for the older group. As our dataset is relatively small, R failed to converge when making a full model with all the fixed and random effects. Therefore, we chose to start from the null model with a random intercept for subject and compare it with the model with the effect at test. This was done for all variables of interest for both the fixed effects and the random effects. Hereby, we can test if a variable is an important predictor in its own right, independent of the presence of any other variables. A significance level of p < 0.05 was adopted for all statistical tests.

Data analysis was conducted for both age groups separately as well as for all participants together.



RESULTS


Demographics

Forty-one participants (20 males) were included in the young age group with a mean age of 22.20 years (+1.97) and mean years of education of 15.44 years (+2.12). In the older age group, 24 participants were included, of whom seven were males. The mean age was 55.13 years (+6.59), and the mean years of education were 15.21 years (+2.05). The younger and the older age groups did not significantly differ from each other on gender [χ2 (1, N = 65) = 1.66, p = 0.20] and years of education [Welch’s t(49.21) = 0.43, p = 0.67].



Stimulation and Pain Report

The mean stimulation intensity was 0.54 mA (±0.21) in the younger group and 0.57 mA (±0.12) in the older group. Both groups did not significantly differ in stimulation intensity [Welch’s t(62.99) = 0.35, p = 0.72]. Stimulation intensity had a significant effect on reported pain level [χ2 (1, N = 65) = 7.82, p = 0.0051], with significantly higher pain scores after lower stimulation. There was a trend for higher reported pain levels in the younger group (1.08 ± 1.71) compared to the older group (0.57 ± 1.10), but this difference was not significant [χ2 (1, N = 65) = 3.70, p = 0.055]. A significant effect of experimental condition on pain reports [χ2 (1, N = 65) = 10.31, p = 0.0013] was found, showing that true tVNS led to a significantly higher pain score than sham [Welch’s t(123.22) = 2.68, p = 0.0083], and sham led to a significantly higher pain score than the control condition [Welch’s t(113.13) = 2.83, p = 0.0055].



Immediate Recall

We hypothesized to find an effect of experimental condition on immediate recall scores, more specifically, higher immediate recall accuracy scores for the true tVNS condition compared to the sham and control conditions. We first analyzed the data of the younger and older groups separately and then compared both groups.


Young Age Group

The mean accuracy score on the immediate recall test was 85.64% (±11.81%). We found no main effect of experimental condition [χ2 (1, N = 41) = 0.37, p = 0.83] (Figure 2). There was also no main effect of order [χ2 (1, N = 41) = 0.011, p = 0.92] (Figure 3). There was a significant main effect for the specific text they had to memorize, with highest accuracy scores for text file 2 [χ2 (1, N = 41) = 14.27, p = 0.0008]. There were no significant random effects. There was no effect of pain report, stimulation intensity (Figure 4), age, gender, or education level on accuracy.
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FIGURE 2. Immediate recall (left) and delayed recognition (right) accuracy scores in percentage for the three experimental conditions for the young and old age group. There was no significant effect of experimental condition on immediate recall and delayed recognition scores in both age groups. Line plots represent mean scores. Error bars represent standard error.
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FIGURE 3. Immediate recall (left) and delayed recognition (right) accuracy scores in percentage during the three blocks of the experimental session for the young and the old group. A significant effect of order was seen on immediate recall scores in the old age group and on delayed recognition scores in both age groups, showing significantly higher scores toward the end of the paradigm. Line plots represent mean scores. Error bars represent standard error.
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FIGURE 4. (A) Correlation between immediate recall scores and stimulation intensity for the young group (left) and the old group (right). There was no correlation between stimulation intensity and immediate recall scores in both age groups. (B) Correlation between delayed recognition scores and stimulation intensity for the young group (left) and the old group (right). There was no correlation between stimulation intensity and delayed recognition scores in both age groups.




Old Age Group

The mean accuracy score on the immediate recall test was 77.31% (±16.43%). We found no main effect of experimental condition [χ2 (1, N = 24) = 2.56, p = 0.11] (Figure 2). There was a significant main effect of order [χ2 (1, N = 24) = 14.76, p = 0.00012], showing that the accuracy improved over time (Figure 3). Similar to the younger group, a significant main effect was found for the specific text they had to memorize, with highest accuracy scores for text file 2 [χ2 (1, N = 24) = 21.07, p < 0.001]. There was an effect of age on accuracy [χ2 (1, N = 24) = 24.35, p < 0.0001], showing higher accuracy scores for younger participants. There was also a significant effect of MoCA score on accuracy [χ2 (1, N = 24) = 4.88, p = 0.027], showing that participants with a higher MoCA score obtained higher recall scores. There were no significant random effects. There was no effect of pain reports, stimulation intensity (Figure 4), gender, or years of education on the immediate recall score.



Both Age Groups

The mean accuracy score on the immediate recall test when combining both datasets was 82.56% (±14.24%). Age group (young versus old) had a significant main effect on recall accuracy, with significantly higher scores in the young age group [χ2 (1, N = 65) = 8.55, p = 0.0034]. Regarding the effects of experimental condition on accuracy, we found no main effect of condition [χ2 (1, N = 65) = 1.16, p = 0.28]. A significant main effect of order was found [χ2 (1, N = 65) = 4.66, p = 0.031], showing that the accuracy improved over time. There was also a significant main effect for the specific text they had to memorize, with highest accuracy scores for text file 2 [χ2 (1, N = 65) = 32.62, p < 0.0001]. There were no significant random effects. There was no effect of pain report, stimulation intensity, gender, or education level on accuracy.



Delayed Recognition

During the recognition task, delayed recognition accuracy scores were obtained for correct categorization of the highlighted words. The categorization of related and unrelated novel words was not considered. We hypothesized that higher accuracy scores on the delayed recognition task would be associated with the true tVNS condition as compared to the sham and control conditions. We first analyzed the data of the younger and older groups separately and then compared both groups.


Young Age Group

The mean accuracy score on the delayed recognition test was 73.17% (±11.26%). No significant main effect of experimental condition was found [χ2 (1, N = 41) = 0.01, p = 0.90] (Figure 2). There was a significant main effect of order [χ2 (1, N = 41) = 12.72, p = 0.00036], showing a recency effect where the most recent learned words are better recognized (Figure 3). There was also a significant random effect of order, showing that the strength of this recency effect differed across participants [χ2 (1, N = 41) = 7.18, p = 0.028]. There was no significant effect of text. We also found no effect of stimulation intensity (Figure 4), pain report, age, gender, or educational level on accuracy scores.



Old Age Group

The mean accuracy score on the delayed recognition test was 65.67% (±13.29%). No significant main effect of experimental condition was found (χ2 (1, N = 24) = 0.99, p = 0.32) (Figure 2). There was a significant main effect of order [χ2 (1, N = 24) = 25.79, p < 0.0001], showing again a recency effect (Figure 3) as well as a significant random effect of order [χ2 (1, N = 24) = 13.75, p = 0.0010]. No significant effect of text was found. A trend was seen toward an effect of age on accuracy scores showing that the younger participants are, the higher their score is [χ2 (1, N = 24) = 2.86, p = 0.091]. There was no effect of stimulation intensity (Figure 4), pain report, gender, educational level, or MoCA score on accuracy scores.



Both Age Groups

The mean accuracy score on the delayed recognition test was 70.40% (±12.49%). No significant main effect of experimental condition was found [χ2 (1, N = 65) = 0.18, p = 0.67]. Also for both groups combined, a significant main effect of order [χ2 (1, N = 65) = 34.12, p < 0.0001] as well as a significant random effect of order [χ2 (1, N = 65) = 16.86, p = 0.00022] was found, showing a recency effect that differed across participants. There was a significant effect of text on accuracy scores [χ2 (1, N = 65) = 7.41, p = 0.025] with significantly lower scores on text file 1. A significant effect of group [χ2 (1, N = 65) = 13.21, p = 0.00028] was seen, showing that the younger group scored significantly higher on the delayed recognition test than the older group. No effect of stimulation intensity, pain report, gender, or educational level on accuracy scores was seen.



Power Analysis

A post hoc power analysis was conducted as the effect size could not be established before the beginning of the clinical study. The effect size (tVNS compared to control) was d = 0.19 for the immediate recall and d = 0.03 for the delayed recognition. By means of the package WebPower (Zhang and Yuan, 2018) in R, we used a function specifically for regression models to determine the sample size with a power of 0.8 and alpha set to 0.05. Regarding the immediate recall, a sample size of 43 participants was required to obtain a power of 80%. For the delayed recognition, a sample size of 263 participants was required to obtain a power of 80%.



DISCUSSION

While VNS was previously shown to improve performance on memory paradigms, we did not find a significant effect of tVNS on verbal memory performance in young and older healthy participants. Differences in the study methodology may underlie the different outcomes with regard to the effects of VNS on memory function (see also Table 1).


TABLE 1. Overview of study characteristics of this clinical study and previous research investigating the effect of VNS on memory performance.

[image: Table 1]We investigated healthy participants, while in the study by Clark et al. (1999), the effect of VNS on memory performance was evaluated in epilepsy patients. It has been shown that epilepsy is associated with cognitive comorbidities including memory impairment (Butler and Zeman, 2008; Helmstaedter and Witt, 2017). A lower baseline performance in epilepsy patients may be more prone to improvement as compared to healthy volunteers, in whom the verbal memory performance test cannot be further improved, a feature described as “the ceiling effect.” The study by Jacobs et al. (2015) also included only healthy volunteers, but inclusion was restricted to older individuals with a higher mean age compared to our participants in the old age group (60.57 years ± 2.54 versus 55.13 years ± 6.59), with potentially lower baseline memory scores again more susceptible to improvement.

In our study, a noninvasive device for targeting the vagus nerve was used. However, more effective stimulation of the vagal afferent pathway may be achieved when the vagus nerve is targeted directly by means of an implanted device. The optimal stimulation location and parameters of tVNS have not been elucidated. We chose to target the cymba conchae as this region is exclusively innervated by the auricular branch of the vagus nerve (Peuker and Filler, 2002), and stimulation at this location produced a significant activation of intracranial structures similarly affected by invasive VNS (Yakunina et al., 2017).

Previous research has shown that moderate levels of stimulation were most efficient for improving memory performance, whereas low and high levels of stimulation caused no improvement or even deterioration, visualized by an inverted U-curve (Clark et al., 1999). In this study, we did not find a significant correlation between stimulation intensity and accuracy scores on immediate recall and delayed recognition (Figure 4). Participants who could tolerate higher output currents did not perform better than participants receiving a lower stimulation intensity. The previously described inverted U-curve could also not be confirmed by our results. However, we do emphasize that we did not investigate the effect of different stimulation intensities within subjects as was conducted in the study by Clark et al. (1999). The optimal stimulation intensity of tVNS for improving memory performance remains to be elucidated. Therefore, it is possible that subjects in this study were not stimulated at individually optimized levels of intensity.

Stimulation was delivered for only 30 s during the consolidation phase of a memory task, analogous to the invasive VNS protocol in Clark et al. (1999). However, 30 s of tVNS may be insufficient for a noninvasive device to effectively stimulate the vagal afferent pathway. As long-term potentiation is considered the most important mechanism of memory formation, longer and more repetitive stimulation of the vagus nerve might be required to effectively modulate hippocampal processes. In addition, some participants only tolerated very low output currents which could have been too low to sufficiently activate vagal afferent fibers. In the study by Jacobs et al. (2015), a significant effect on associative memory was found with a different tVNS device that continuously stimulated the inner side of the tragus during 17 min. The longer stimulation duration used in the Jacobs et al. (2015) study may prove more effective at modulating memory performance. However, it could also be possible that tVNS only interacts with specific memory functions, such as associative memory, and is not able to improve immediate recall or delayed recognition. In 2016, Burger et al. investigated the effect of tVNS on fear extinction, a process that is also highly dependent on memory formation (Burger et al., 2016, 2017, 2018; Verkuil et al., 2017). A significant acceleration of fear extinction learning was seen after tVNS; however, this did not lead to better retention of extinction memory. By further investigating the mechanism of action of (t)VNS, potential targets of memory function and optimal conditions for intervention could be identified.

In this study, we used a relatively short interval between the conditions. Thirty minutes may have been too short to ensure complete washout. Due to the setup of the word recognition memory paradigm, all conditions had to be conducted in one experimental session on the same day. To date, studies investigating the enduring effects of invasive VNS on NE show inconsistent results; some authors describe completely transient effects (Roosevelt et al., 2006), while others demonstrated elevated NE levels up to 2 h after stimulation (Hassert et al., 2004). To our knowledge, the enduring effect of tVNS has not been studied.

In contrast to previous research, we compared true tVNS to both a sham stimulation and control condition. The use of sham stimulation by means of stimulating the earlobe is under discussion (Keute et al., 2018; Rangon, 2018). Not including a sham stimulation would lead to blinding issues as participants can clearly distinguish the true condition from the control. A sham stimulation is also necessary to ensure that effects are caused by activating the vagal trajectory and not merely by the sensation of electrical current through the trigeminal nerve (Keute et al., 2018). As true tVNS did not significantly alter verbal memory performance compared to both a sham and control condition, we concluded that these results were not confounded by insufficient blinding or by sham-induced activation. Participants did report higher pain scores during true tVNS than sham, which could possibly impact their performance. However, we did not find a significant effect of pain on accuracy scores in both age groups.

A limitation of this study is the sample size. A post hoc power analysis indicated that the sample size of this study was sufficient to reliably investigate the effect of tVNS on immediate recall but should be extended to 263 participants for delayed recognition. This should be considered when interpreting the results for delayed recognition.

Although no effect of stimulation was found in this study, several experimental and demographic factors were identified that significantly affected verbal memory performance.

In the older age group, a practice effect was found with a significant increase in immediate recall accuracy scores throughout the paradigm. This practice effect was not seen in the younger age group. In all volunteers, highlighted words that were presented at the last condition of the paradigm were more easily recognized than highlighted words at the beginning, demonstrating a recency effect. A significant effect of text file was also found in both age groups, indicating that the highlighted words in some paragraphs could be more easily remembered than others. This effect was unexpected as all paragraphs were chosen from the same online journal involving health-related topics, and the highlighted words were controlled for frequency and concreteness ratings (Fliessbach et al., 2006; Keuleers et al., 2010; Lohnas and Kahana, 2013; Brysbaert et al., 2014). As we counterbalanced the order of intervention (active tVNS was randomly delivered as first, second, or third intervention) and text files across participants, these practice, recency, and text effects should not have interfered with our results. These findings emphasize the difficulties in designing a reliable neuropsychological study and the importance of counterbalancing conditions and test versions across participants.

Gender and years of education did not have an effect on memory performance. In the older age group, a higher MoCA score improved accuracy scores on immediate recall. Delayed recognition scores also seemed to increase with higher MoCA score, but this effect was not significant. Only in the older age group was a significant correlation between age and accuracy score on immediate recall found, with lower test scores as age increased. When comparing both age groups, we found significantly higher accuracy scores on immediate recall as well as delayed recognition in the young age group compared to the older age group. These findings demonstrate that aging above 45 years significantly reduces verbal memory performance.

This study does not find evidence that noninvasive targeting of the vagus nerve improves verbal memory performance in young and older healthy volunteers. Methodological issues potentially underlying the absence of effects have been discussed. Further research to investigate the potential of targeting vagus nerve fibers noninvasively to improve cognitive function is required. As optimal stimulation parameters have not been elucidated, future research should focus on the effect of different stimulation settings in an individualized way in order to define the most efficient stimulation parameters.
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Background: The vagus nerve plays an important role in the regulation of food intake. Modulating vagal activity via electrical stimulation (VNS) in patients and animal studies caused changes in food intake, energy metabolism, and body weight. However, the moderating impact of cognitive processes on VNS effects on eating behavior has not been investigated so far.

Hypothesis: We hypothesized that transcutaneous VNS (tVNS) affects food intake by altering cognitive functions relevant to the processing of food-related information.

Methods: Using a repeated-measurement design, we applied tVNS and a sham stimulation for 2 h on two different days in normal-weight subjects. We recorded standard scalp EEG while subjects watched food and object pictures presented in an oddball task. We analyzed the event-related potentials (ERPs) P1, P2, N2, and LPP and also examined the amount of consumed food and eating duration in a free-choice test meal.

Results: Significant differences between stimulations were observed for the P1, P2, and N2 amplitudes. However, we found no tVNS-dependent modulation of food intake nor a specific food-related stimulation effect on the ERPs. Further analyses revealed a negative relationship between P2 amplitude and food intake for the sham stimulation. Significant effects are additionally confirmed by Bayesian statistics.

Conclusion: Our study demonstrates tVNS’ impact on visual processing. Since the effects were similar between food and object stimuli, a general effect on visual perceptual processing can be assumed. More detailed investigations of these effects and their relationship with food intake and metabolism seem reasonable for future studies.

Keywords: tVNS, food, ERP, P2 and N2, brain stimulation, human, healthy, Bayesian


INTRODUCTION

The obesity epidemic in developed countries is one of the most pressing health problems. Between 1975 and 2016, the worldwide prevalence of obesity almost tripled in adults, whereas in children and adolescents (5–19 years), it increased nearly five-fold [World Health Organization (WHO), 2020]. In contrast, current treatment approaches, such as behavioral interventions, pharmacological treatments, and bariatric surgery, show limited effectiveness, are costly, or are burdened with side effects (Butryn et al., 2011; Kakkar and Dahiya, 2015; Al-Najim et al., 2018). Effective treatment options for the management of body weight are relevant because increased body weight is associated with various diseases (Afshin et al., 2017). Therefore, additional treatment modalities are urgently needed.

Brain stimulation techniques might represent such an alternative. Possible procedures currently include invasive approaches such as deep brain stimulation (DBS) and vagus nerve stimulation (VNS) and non-invasive options like transcranial magnetic stimulation (TMS), transcranial DC stimulation (tDCS), and transcutaneous VNS (tVNS). The scarce evidence on these techniques in the treatment of obesity has been reviewed recently (McClelland et al., 2013; Gorgulho et al., 2014; Val-Laillet et al., 2015; Göbel et al., 2017; Johnson and Wilson, 2018). Remarkable effects on food intake and body weight were shown by DBS of the hypothalamus and nucleus accumbens, regions associated with energy homeostasis and reward processing, respectively (albeit in single cases or small case series). Yet, the TMS and tDCS affected food craving, but no evidence exists so far that these two techniques also influence food intake and/or body weight. VNS also showed promising effects in animal studies, but the results of human (replication) studies are inconsistent so far (Pelot and Grill, 2018).

However, the modulation of vagal nerve afferents using brain stimulation techniques appears to be promising for a variety of reasons. De Lartigue (2016) reviewed evidence that vagal afferent neurons provide a satiety signal to the brain but lose sensitivity to peripheral signals in obesity, leading to further ingestion of palatable food. Disrupting vagal afferent neurons can lead to hyperphagia and weight gain. Several studies which used invasive vagal nerve stimulation to modulate these processes reported effects on body weight, metabolism, and fat tissue activity in animal models (Roslin and Kurian, 2001; Sobocki et al., 2002, 2006; Bugajski et al., 2007; Gil et al., 2011; Banni et al., 2012; Han et al., 2015). In human patient studies targeting refractory epilepsy and treatment-resistant depression, weight loss has been reported (Burneo et al., 2002; Bodenlos et al., 2007; Pardo et al., 2007; Abubakr and Wambacq, 2008; Vijgen et al., 2013; Ghani et al., 2015).

Using functional MRI, it has been shown that VNS leads to widespread activation in several brainstem regions (ipsilateral NTS, bilateral spinal trigeminal nucleus, dorsal raphe, locus coeruleus, and contralateral parabrachial area, Chae et al., 2003). In particular, the parabrachial area projects to a variety of structures comprising the hypothalamus, the insular cortex, the limbic system, and frontal regions such as the lateral prefrontal cortex (Van Bockstaele et al., 1999). Those regions have been shown to be activated by VNS as well (Lomarev et al., 2002; Chae et al., 2003). Since the insular cortex and hypothalamus are known for their involvement in the regulation of ingestive behavior (Sainsbury and Zhang, 2012; De Silva et al., 2012), both structures are candidates for the mediation of the potential effect of VNS on body weight and food intake. Moreover, it is assumed that VNS induces brain satiety signals by mimicking anorexigenic hormonal signals transmitted by vagal afferents; this ultimately leads to decreased food consumption (animal: Val-Laillet et al., 2010; Banni et al., 2012; human: Bodenlos et al., 2007). In addition, it was shown that the satiety status modulates various cognitive functions which occur in the cognitive processing of food information (Carbine et al., 2018). However, it is still unclear whether VNS also affects these cognitive functions in addition to metabolic and neuronal effects.

A recent development is tVNS that operates via electrodes placed in the outer ear (cymba conchae) that stimulate the auricular branch of the vagus nerve which projects to the nucleus tractus solitarii (NTS, Ellrich, 2011). Just like VNS, tVNS showed a similar activation pattern in the aforementioned brainstem and (sub)cortical brain regions (Frangos et al., 2015), leading to the assumption that tVNS could carry the same potential for modulating body weight and food intake behavior.

As tVNS has been shown to impact cognitive functions (Jacobs et al., 2015; Colzato et al., 2018; Sellaro et al., 2018) including action selection (Jongkees et al., 2018) and cognitive control (Fischer et al., 2018), this technique appears to be suitable to study the relevance of alterations in the cognitive processing of food information and the impact on food intake.

Cognitive functions are an essential part of the regulation of food consumption. They constantly integrate metabolic signals indicating homeostatic requirements, motivational needs, and external information by neurocognitive processes (Ferrario et al., 2016). Using event-related potentials (ERPs), it has been shown that being in a hungry state already affects early attentional functions during visual processing of food-related information resulting in higher P1 and N1 amplitudes (Plihal et al., 2001; Schacht et al., 2016). Indicated by varying P2, P3, and late positive potential (LPP) amplitudes, the homeostatic status also impacts selective and higher-order attentional processes to food-related information (Carbine et al., 2018). Based on the known tendency of organisms to approach food, an increase in the food-associated Nogo-N2 amplitude can be seen as an indicator for inhibiting the immanent approach tendencies toward food items (Watson and Garvey, 2013; Kong et al., 2015; Carbine et al., 2017). In some studies, the cognitive control-related N2 component correlates negatively with the body mass index (BMI) and food consumption (Carbine et al., 2018). This suggests that a decline in inhibitory control may lead to increased food consumption and, accordingly, to increased body weight. Similarly, a positive correlation between BMI and P2 has been found which points to an increased allocation of attentional resources to food items in people with a high BMI (Carbine et al., 2018). However, only one out of ten studies reported a relationship between increased LPP and elevated BMI (Versace et al., 2016) indicating that cognitive processes are just one of many factors which influence ingestive behavior.

To gain a first insight into a potential effect of tVNS on food-related cognition and ingestive behavior, we conducted the current study in healthy participants receiving stimulation of the cymba conchae or sham stimulation at the outer upper ear for about 120 min. This was done in a blinded crossover design after having fasted from 6 pm the day before. During sham and verum stimulation, the varying processing of food and object pictures (control visual stimuli) was assessed using event-related potentials (ERPs).

Based on previous findings, we were expecting a differential effect of tVNS on ERPs to food vs. object pictures. We tested effects on different ERP components (N1, P1, N2, P2, P3, and LPP), as in the absence of previous similar tVNS studies we could not formulate a more specific hypothesis. Furthermore, food intake was assessed after the ERP session to test whether tVNS leads to a reduction in calorie intake. Statistical analyses were performed in terms of frequential and Bayesian statistics to get a reliable estimate of the effects.



MATERIALS AND METHODS


Subjects

The procedures were approved by the local ethics committee prior to the study. Thirty-one healthy, right-handed subjects (15 women) were recruited via mailing lists from the university community and gave written informed consent to participate. All participants were compensated for their effort. Thirty participants exercised regularly between 1 and 7 h per week. Five participants indicated that they had been dieting at one point, but none of the participants was currently on a diet. Five participants were smokers (all <10 cigarettes per day). As visible in Table 1, the BMI for all subjects was within the normal range. It turned out that the women were distributed evenly across the cycle ruling this out as a nuisance factor in our results. Exclusion criteria were the presence of any psychological (e.g., depressive episode, eating disorders), neurological (e.g., seizure, migraine), and/or somatic (e.g., cardiac arrhythmia, diabetes) disorders; a BMI greater than 30 kg/m2; an age above 40 years; and any kind of irregular sleep cycle (sleeping disorder, shift-working) and/or diet style (low-carb, vegetarian/vegan, weight reduction diet). All subjects had a normal or corrected-to-normal vision.

TABLE 1. Descriptive sample statistics with mean (M) and standard deviation (SD) as well as statistical significance (p).
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Procedure

Participants took part in two sessions (experimental stimulation, control stimulation) which were spaced 1 week apart. The order of the sessions was counterbalanced across participants. The participants were required to abstain from eating beginning at 18:00 h on the evening before the experimental sessions. They appeared either at 8:00 h or at 10:00 h in the laboratory. Participants indicated their subjective hungriness on a visual analog scale of 15 cm length. As visible in Table 1, there was no difference in the stated hungriness rating between each session (within-subject) as well as in terms of the measurements starting time (8 am vs. 10 am; between-subject). Also, the starting time point did not influence the eating duration in the final test meal.



Transcutaneous Vagal Nerve Stimulation

Before the application of the EEG cap and ECG electrodes, a titanium/titanium–iridium ear electrode (Nemos®, Cerbomed, Germany) was applied to the cymba conchae of the left ear to stimulate the auricular branch of the vagus nerve transcutaneously (experimental condition, Figure 1A). As a control stimulation, the outer upper ear was targeted (Figure 1B). This region does not contain vagal afferents (Berthoud and Neuhuber, 2000). In both conditions, stimulation was performed with 0.6 mA and a frequency of 25 Hz and a biphasic impulse interval (30 s stimulation, 30 s pause). This stimulation leads to a tingling sensation at the ear. To enhance the contact between skin and electrode, a contact spray was used (TIGA-TRONIC, Tiga-med, Ronneburg, Germany). The total duration of the stimulation was 1.9 h (SD 0.2) in both conditions.


[image: image]

FIGURE 1. Positions of the ear-electrode (NEMOS®, Cerbomed Erlangen-Germany). (A) Transcutaneous stimulation of the auricular branch of the vagus nerve (tVNS), (B) stimulation of the auricular scaphoid fossa (sham). Stimulation parameters: 25 Hz, biphasic, 30 s ON and 30 s OFF interval, current intensity of 0.6 mA so that a tingly was perceptible.





Visual Stimuli and Procedure

After the application of all electrodes, participants were seated in a comfortable chair in front of a video monitor (viewing distance 90 cm). They viewed a sequence of 140 pictures (duration 1,000 ms, intertrial interval 2,400–2,700 ms), subtending 20 (height) by 20 (width) degrees of visual angle. The picture set comprised 70 different food (sweet and savory, high and low caloric) and 70 different object pictures (e.g., household objects, items from nature) that were repeated seven times in a random order in seven blocks of approximately 8 min in duration (Figure 2). Between blocks, short breaks were given to allow the participants to stretch and move. Each block contained 10 pictures (both object and food items) that contained a small green square (1 × 1 cm) that could appear anywhere within the picture. The participant’s task was to screen each picture for the presence of the green square and to press a button whenever a square was detected. This ensured attentive processing of all pictures.


[image: image]

FIGURE 2. EEG Oddball-Paradigm. During the EEG-Measurements pictures of food with high and low caloric content as well as unexceptional objects (control) were presented to the subjects. If the presented picture contained a green square, participants had to press the right mouse button with the index finger of the right hand as fast as possible.





Food Intake/Standardized Meal

After removing EEG and ear electrodes, the participants received a standardized breakfast containing a variety of foods typical for a continental breakfast (no meat; Supplementary Table S1). They were instructed to eat as much and as long as they wanted until they were satiated. To calculate the consumed amount of food, we calculated the difference between the food’s weight before and after breakfast. Also, the duration of food consumption was documented. For the analysis, the energy density of the consumed food was calculated using the fddb database1.



EEG Recording and Analysis

The electroencephalogram was recorded from 29 scalp channels (FP1, FP2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T7, T8, P7, P8, FZ, CZ, PZ, FC1, FC2, CP1, CP2, PO3, PO4, FC5, FC6, CP5, CP6) referenced to the nose tip (bandpass of 0.01–50 Hz, 500 samples/s). Ocular fixation was verified by recordings of the horizontal EOG. Trials which were contaminated by eye blinks were detected by vertical electrooculogram.

EEG data were processed using EEGlab (Delorme and Makeig, 2004) and ERPlab (Lopez-Calderon and Luck, 2014) implemented in MatLab R2017a (MathWorks Inc.). First, frequencies below 0.1 Hz and above 48 Hz were filtered out. Next, the data were divided into 3,000-ms epochs starting 1,000 ms before the onset of the picture presentation. Independent component analysis (ICA) was used to remove ocular and muscle artifacts from the data. Briefly summarized, ICA separates the signal into different statistically independent sources. Sources identified as artifactual were removed (Bell and Sejnowski, 1995; Makeig et al., 1996). Additionally, artifact-contaminated epochs were rejected based on the identification of peak-to-peak amplitudes exceeding 130 μV and visual inspection. Less than 20% of the epochs were rejected per participant. The remaining epochs were used to calculate an average ERP per subject and condition.

For statistical testing, mean amplitudes with a baseline of −100 to 0 ms were calculated using component-specific time windows for early (P1 100–140 ms, N1 140–180 ms), middle (P2 210–260 ms, N2 260–360 ms), and late components (LPP 400–600 ms). P1 and P2 mean amplitudes were calculated for the occipital–parietal scalp regions (P3, P4, PO3, PO4, O1, O2), N1 and N2 mean amplitudes for midline electrode positions (FZ, CZ, PZ), and the mean amplitudes LPP at the electrode sites C3, C4, P3, P4, O1, and O2.

Each component was analyzed separately. For P1, P2, and LPP, a 3 (gradient: parietal, occipital–parietal, occipital) × 2 (hemisphere: left vs. right) × 2 (stimulation: tVNS vs. sham) × 2 (picture: food vs. object) repeated-measures ANOVA and for the N1 and N2 components a 3 (electrode: FZ, CZ, PZ) × 2 (stimulation: tVNS vs. Sham) × 2 (picture: food vs. object) repeated-measures ANOVA were calculated using IBM SPSS (Version 22). All tests were conducted two-sided at the 5% significance level and adjusted for multiple comparisons using Bonferroni correction. Effect sizes were reported as partial η2 for ANOVAs and Hedges g for post hoc paired-sample t-tests. To assess stimulation effects on food consumption, two-sided paired-sample t-tests on a 0.05 alpha level were conducted in SPSS and effects sizes are reported (Hedges g).

Following Colzato et al. (2018) and Warren et al. (2019), we additionally used Bayesian statistics (Kennedy, 2015; Wagenmakers et al., 2016, 2018) to further evaluate the significance of effects. In contrast to frequential statistics, one benefit of Bayesian statistics is the calculation of the Bayes factor (BF) representing the strength of evidence for the null (H0) and the alternative hypothesis (H1) given by the empirical data. Bayesian statistics is also known to be more conservative when testing for the alternative hypothesis (Gelman et al., 2012; Wagenmakers et al., 2018) and can accordingly be seen as a lower limit of the effect’s strength, providing further evidence for the validity of the reported findings.

Bayesian paired-sample t-tests for post hoc analysis of the ANOVA effects were calculated using the JASP software package (JASP v0.8.6.0).2 For these statistics, the prior probability was defined by a Cauchy distribution (default setting) and the BF (H1|H0) is reported. The BF(H1|H0) is the ratio that quantifies the likelihood of H1 over H0; i.e., a BF(10) of three means that H1 is three times more likely (based on the empirical data) than H0. According to Kass and Raftery (1995), a BF between one and three indicates anecdotal, between three and ten moderate, between 10 and 30 strong, and between 30 and 100 very strong evidence for H1. Potential interrelations between electrophysiological effects and food consumption were tested using Pearson correlation and Bayesian correlation pairs, respectively.




RESULTS


Electrophysiological Results

Descriptive statistics (mean, standard error, and 95% confidence interval values) are reported in Table 2.

TABLE 2. Descriptive statistic for component analysis.
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The visual inspection of the ERPs (Figure 3A) reveals the most pronounced effect for the P1 amplitudes at occipital electrode sites. The main effect stimulation reached significance (F(1,30) = 5.36, p = 0.028, [image: image] = 0.15) revealing lower amplitudes in the tVNS condition. The corresponding BF(10) for this effect is 1.91 (Figure 4A). Food pictures evoked higher P1 amplitudes than object pictures did, although this difference reached only a statistical trend level (F(1,30) = 3.98, p = 0.055, [image: image] = 0.12). There was no significant interaction between the stimulation and picture factor (F(1,30) = 0.12, p = 0.732, [image: image] < 0.01) or any other factor.


[image: image]

FIGURE 3. Effects of tVNS on ERPs calculated with frequential statistics. Channel (A) shows positive potentials (P1 and P2), channel (B) negative potentials (N1 and N2) and channel (C) LPP potential. Line plots: mean change in electrical potentials (μV) in relation to a baseline (−100 to stimulus onset) over the time (x-axis) are shown for the conditions (lines). Bar plots: mean potential for each task condition pooled across electrodes. Abbreviations describe task conditions (stimulation and picture type; VF = tVNS Food, SF = Sham Food, VO = tVNS Object, SO = Sham Object). Horizontal lines signify statistical main effects. tp < 0.10, *p < 0.05, ***p < 0.001.
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FIGURE 4. Effects of tVNS on ERPs calculated with Bayesian statistics. Graphics show the prior and posterior probability density for the stimulation main effect on (A,B) early latency phase components P1 and N1, (C,D) on middle latency phase components P2 and N2 and (E) on late latency phase component LPP. Cl describes the Bayesian credible interval. BF(10) is the Bayes factor in favour to the alternative hypothesis (H1) and BF(01) in favor of the null hypothesis. *Result of exploratory analysis.



Regarding the N1 component (Figure 3B), visual inspection suggested lower N1 amplitudes in response to food compared to object pictures and likewise higher amplitudes after tVNS compared to the control condition. Statistical analysis revealed, however, that the main effects for the factors picture and stimulation and their interaction were not significant. There was a trend effect for the interaction between the factors electrode × picture × stimulation (F(2,29) = 3.22, p = 0.054, [image: image] = 0.10). Exploratory post hoc ANOVA showed a significant stimulation main effect only at PZ electrode (F(1,30) = 4.93, p = 0.034, [image: image] = 0.14) with larger N1 amplitudes in the tVNS (M = 3.30, SD = 0.70) compared to the sham condition (M = 3.73, SD = 0.63). Inspected with Bayesian statistics, this main stimulation effect reached a BF(10) of 1.6 (Figure 4B).

Analyzing the later components P2 and N2 both ANOVAs revealed a significant stimulation main effect indicating smaller P2 amplitudes (Figure 3A) but higher N2 amplitudes (Figure 3B) for tVNS (P2: F(1,30) = 6.21, p = 0.018, [image: image] = 0.17; N2: F(1,30) = 7.20, p = 0.012, [image: image] = 0.19). Post hoc testing of these stimulation main effects showed small (P2, BF(10) = 2.66) to moderate (N2, BF(10) = 3.88) effect sizes (Figures 4C,D). Moreover, food pictures evoked higher P2 but smaller N2 amplitudes compared to object pictures (P2: F(1,30) = 57.05, p < 0.001, [image: image] = 0.66; N2: F(1,30) = 384.32 p < 0.001, [image: image] = 0.93). The interaction between the stimulation and any other factor was not significant for the P2, nor the N2-component (P2: F(1,30) = 0.22, p = 0.643, [image: image] = 0.01; N2: F(1,30) = 0.22, p = 0.644, [image: image] = 0.01).

Larger LPPs (Figure 3C) were observed in response to food compared to object pictures (F(1,30) = 37.52 p ≤ 0.001, [image: image] = 0.56). In the tVNS condition, LPP amplitudes were smaller than in the sham condition but the difference reached only a statistically trend level (F(1,30) = 3.87 p = 0.059, [image: image] = 0.11). The uncertainty is also reflected by a BF(01) of 0.91 for the null and BF(10) of 1.04 for the alternative hypothesis (see Figure 4E). No further significant interactions between the stimulation and any other factor were observed.



Results on Food Consumption

The total food intake (in kcal); the consumption of protein, fat, and carbohydrates; and the duration of food consumption are given in Table 3. No stimulation effects were found, neither for the general food consumption nor the eaten amount of protein, fat, or carbohydrates.

TABLE 3. Descriptive food consumption statistics.

[image: image]



Correlation of Electrophysiological Stimulation Effects With Food Consumption

As expected, the number of consumed kilocalories correlated positively with the BMI in the control condition, but only as a statistical trend effect (r = 0.35, p = 0.057, see Figure 5A). Interestingly, this correlation was even weaker in the tVNS condition (r = 0.29, p = 0.112). As displayed in Figure 5B, P2 amplitudes (pooled across task conditions) and BMI correlated negatively in both stimulation conditions (tVNS: r = −0.40, p = 0.028; sham: r = −0.41, p = 0.021) while the amount of food intake (see Figure 5C and Supplementary Figure S1) correlated with the P2 amplitudes in the sham (r = −0.38 p = 0.035) but not in the tVNS condition (r = −0.291, p = 0.112). Corrected for multiple testing (0.05/5 = 0.01), all correlations missed statistical significance. However, the found relations are supported by the corresponding BFs (food intake and BMI: tVNS = 0.75, sham = 1.27; BMI and P2: tVNS = 2.27, sham = 2.85; food intake and P2: tVNS = 0.7, sham = 2.27).


[image: image]

FIGURE 5. Correlation of P2-amplitude and behavioral outcomes. P2 amplitudes are pooled across electrodes and task conditions. Significant relations were found for (A) only sham condition. (B) Both conditions. (C) Only sham condition.






DISCUSSION

The present study used event-related potentials to test tVNS’ impact on food-related cognitive functions and whether these changes mediate food intake.

As hypothesized, our study shows that tVNS indeed has an impact on EEG components related to the processing of visual stimuli. TVNS significantly decreased P1 and P2 amplitudes and increased N2 amplitudes compared to sham stimulation. A similar trend was also seen for the LPP component. Against our assumptions, stimulation effects were food-stimulus-unspecific given that none of the expected interactions between stimulation condition and picture type reached significance. We also could not find any effects of tVNS on food intake. However, we did find a significant relationship between P2 amplitudes and the food consumption in sham but not with tVNS.

The reliability of our results is supported by the previously reported differential processing of food and object items (Plihal et al., 2001; Schacht et al., 2016; Carbine et al., 2018). The significant stimulation main effects are additionally confirmed by the results of Bayesian statistics. However, while large effect sizes were calculated using frequential statistics ([image: image] range: 0.14–0.19), the results of Bayesian statistics indicated small to medium effect sizes (BF(10) range: 1.6–3.88). It can therefore be assumed that the actual effect sizes are in the middle, since the results of Bayesian statistics can be regarded as the lower limit.

Stimulation effects on P1 and N1 suggest that tVNS already modulates initial sensory and visual attentional functions (Hillyard and Anllo-Vento, 1998; Bernat et al., 2001). More specifically, the reduced P1 and increased N1 potentials can be speculated to represent improved flexibility in attentional directing and/or allocation by reducing the costs of disengaging (P1) and an increased benefit in guiding attention (N1; Luck et al., 1990). This is corroborated by a study in which cervical VNS increased N1 amplitude in a working memory task in epilepsy patients (Sun et al., 2017).

P2 has been reported to be elevated in obese subjects (Nijs et al., 2010; Carbine et al., 2018), as well as in restraint-eaters in a hungry state (Plihal et al., 2001; Hachl et al., 2003), and to be decreased in the latter group after food intake. Thus, P2 was interpreted to indicate the arousing value of food (Sänger, 2019). Considering these findings, the decreased P2 amplitudes in the tVNS condition might indicate that tVNS reduces the processing of external stimuli unspecifically.

However, in our study, we also found a negative correlation between P2 amplitudes and food intake but only in the control group. This correlation is interesting because it implies a second factor by which the P2 component can be modulated—the blood glucose level. Previous research described reduced P2 amplitudes during hypoglycemic states in a food-unrelated cognitive task (Schultes et al., 2005; Svaldi et al., 2010). Presuming that the (preceding) blood glucose level influences the amount of food intake (during homeostatic eating), it is justified to infer (from our correlation) that the higher food intake after the examination indicates lower blood glucose levels (reflected by the P2 amplitudes) at the beginning of our examination. Importantly, that relation was not significant in the tVNS condition (see Figure 5), pointing to the discussed impact of tVNS on food metabolism and the modulation of satiety signaling (Banni et al., 2012; Malbert et al., 2017). This interpretation is in line with the increased P2 amplitudes observed in obese individuals since obesity is known to manifest higher blood glucose levels (Spiegelman et al., 1992). Taken together, our results imply that the P2 amplitudes are not only moderated by arousal—a fast switching reaction toward stimuli—but also by basic metabolic states. Unfortunately, we did not examine further somatic state variables as well as food intake-related behavior (hungriness, craving, wanting, liking; Berridge and Robinson, 1998) more closely.

The increased N2 amplitudes in the tVNS condition might tentatively suggest that tVNS enhances inhibitory processes and/or conflict monitoring (Carretié et al., 2004; Jonkman et al., 2007; Folstein and Van Petten, 2008) given prior findings on this component. This is in line with prior assumptions that (t)VNS modulates the NE-hormone release in the brain that is associated with neural inhibition (Henry, 2002; Fornai et al., 2011). Moreover, effects on conflict processing have already been reported by Fischer et al. (2018). This interpretation should be tested further in dedicated studies.

While visual inspection suggested a less pronounced LPP in the tVNS condition, this effect was neither robust with conventional statistics (p = 0.059) nor with Bayes statistics (BF(01) = 1; BF(10) = 1).

Finally, the fact that we did not find any effects on food intake can be explained by at least three reasons. First, in the present study normal-weight individuals were tested. However, Pardo et al. (2007) suggested that the VNS effects could be weight-dependent; the higher the initial body weight, the stronger the VNS effect on body weight. Second, we applied tVNS for approximately 2 h but studies showing effects on food intake (and body weight) stimulated much longer (weeks or months). Therefore, the time of stimulation could have been too short to reveal behavioral effects and we recommend long-term trials. Third, despite hunger, food intake is driven by a variety of reasons for example by habits or as a strategy for emotion regulation (Davidson et al., 2019). While habits should be constant in each participant, the personal stress level could have been varied. However, both could have overlaid possible effects on food intake—while the top-down regulated habits (“I always eat only a croissant in the morning”) overwrite bottom-up salience allocation and/or hunger feelings and therefore the assumed tVNS effects, the evaluation of the stress level before the test meal could have been a valuable covariate. Therefore, food intake behavior and the states of participants should be surveyed more precisely.

To summarize, while our study failed to reveal an effect of short-term tVNS on food consumption and differential processing of food pictures (i.e., no interaction between tVNS and picture type), a general effect on several ERP components was found that indicates a possible influence on attentional and inhibitory aspects in visual perception processes. We, therefore, suggest two lines of research for future studies. First, given the reported effects on weight in long-term invasive VNS, a longer-term intervention study seems to be justified. Second, the potential effects of tVNS on attentional and inhibitory cognitive functions need to be examined using dedicated paradigms. This information might also be important to judge potential side effects of this method of non-invasive brain stimulation.
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Previous clinical research found that invasive vagus nerve stimulation (VNS) enhanced word recognition memory in epileptic patients, an effect assumed to be related to the activation of brainstem arousal systems. In this study, we applied non-invasive transcutaneous auricular VNS (tVNS) to replicate and extend the previous work. Using a single-blind, randomized, between-subject design, 60 healthy volunteers received active or sham stimulation during a lexical decision task, in which emotional and neutral stimuli were classified as words or non-words. In a subsequent recognition memory task (1 day after stimulation), participants' memory performance on these words and their subjective memory confidence were tested. Salivary alpha-amylase (sAA) levels, a putative indirect measure of central noradrenergic activation, were also measured before and after stimulation. During encoding, pleasant words were more accurately detected than neutral and unpleasant words. However, no tVNS effects were observed on task performance or on overall sAA level changes. tVNS also did not modulate overall recognition memory, which was particularly enhanced for pleasant emotional words. However, when hit rates were split based on confidence ratings reflecting familiarity- and recollection-based memory, higher recollection-based memory performance (irrespective of emotional category) was observed during active stimulation than during sham stimulation. To summarize, we replicated prior findings of enhanced processing and memory for emotional (pleasant) words. Whereas tVNS showed no effects on word processing, subtle effects on recollection-based memory performance emerged, which may indicate that tVNS facilitates hippocampus-mediated consolidation processes.

Keywords: transcutaneous vagus nerve stimulation, salivary alpha-amylase, emotion, words, episodic memory, recognition, recollection, confidence


1. INTRODUCTION

One of the core aspects of adaptive behavior is the detection and remembrance of emotionally salient information. Ample evidence suggests that emotional content impacts various stages of processing, from initial encoding to later long-term retrieval (Dolcos et al., 2017, 2020b). For instance, emotionally salient events capture more attentional resources and are detected more efficiently than their neutral counterparts (Dolan, 2002). This effect has been demonstrated across a range of paradigms, including visual search (Fox et al., 2000), spatial cueing (Armony and Dolan, 2002), dot-probe (Mogg et al., 1997), and passive viewing tasks (Schupp et al., 2006), and using a variety of stimuli, such as emotional facial expressions (Fox et al., 2000; Schupp et al., 2004), images (Öhman et al., 2001; Armony and Dolan, 2002; Weymar et al., 2011), and non-verbal vocalizations (Sauter and Eimer, 2010). Similarly, for lexical material, an overall advantage for emotional (pleasant and unpleasant) words is consistently reported in lexical decision and reading tasks (Eviatar and Zaidel, 1991; Ortigue et al., 2004; Kanske and Kotz, 2007; Herbert et al., 2008; Schacht and Sommer, 2009; Scott et al., 2009; for a review see Kissler et al., 2009). These emotional benefits in attention may further influence memory formation and consolidation (Dolcos and Cabeza, 2002; Kensinger, 2009; Lang and Bradley, 2010), particularly during sleep (Wagner et al., 2006; Payne et al., 2008; Nishida et al., 2009), leading to increased memory retrieval for emotionally relevant compared with neutral information (Bradley et al., 1992; Weymar and Hamm, 2013; Dolcos et al., 2020b). Previous studies demonstrated a memory advantage for emotional images (Hamann et al., 1999), even 1 year after encoding, as evidenced by higher recall rates (Bradley et al., 1992) and recognition rates (Dolcos et al., 2005; Weymar et al., 2011), but also better memory for other material, including stories (Cahill and McGaugh, 1995), faces (Righi et al., 2012), and words (Phelps et al., 1997; Doerksen and Shimamura, 2001; Kensinger and Corkin, 2003). In addition to enhanced memory accuracy, emotional events are also retrieved more vividly, with more subjective confidence, and with enhanced recollective experience (i.e., recollection, the conscious retrieval of specific contextual details of the encoding episode) than for neutral events (Ochsner, 2000; Sharot et al., 2004; Dolcos et al., 2005; Weymar et al., 2009, 2010; Rimmele et al., 2012), which are often remembered with less confidence and less contextual information (i.e., familiarity) (D'Argembeau and Van der Linden, 2004; Sharot et al., 2007). A particular characteristic of the mnemonic advantage for emotionally relevant material is that it seems to be particularly sensitive to arousal (exciting vs. calming) rather than valence (pleasant vs. unpleasant), leading to prioritized perception and memory of emotionally (pleasant and unpleasant) arousing information at the expense of neutral, less-relevant information (Mather and Sutherland, 2011; Mather et al., 2016).

An influential neuroscientific theory (McGaugh, 2015) derived from animal and human studies suggests that better memory for unpleasant and pleasant events is related to the interaction between emotion-specific regions (e.g., amygdala) and memory-related regions (e.g., hippocampus) and is mediated by the afferent influence of stress hormones (epinephrine and glucocorticoids from adrenal glands) released during and after emotionally arousing experiences (Cahill and McGaugh, 1998; McIntyre et al., 2012; McGaugh, 2015). Critically, one of the pathways by means of which the stress hormones project to the amygdala consists of the afferent fibers of the vagus nerve (McIntyre et al., 2012). Specifically, the release of epinephrine in the adrenal gland modulates the activity of the vagus nerve, which consequently exerts influence on the locus coeruleus (LC) via the nucleus of the solitary tract (Van Bockstaele et al., 1999; McIntyre et al., 2012). The LC is the main source of noradrenergic neurons in the brain, and its activation favors the release of norepinephrine (NE) in a variety of cortical and subcortical brain areas, including the amygdala and hippocampus. In turn, activity of the LC may facilitate the formation, consolidation, and retrieval of emotional memories (Sterpenich et al., 2006; Groch et al., 2011; McIntyre et al., 2012; Clewett et al., 2018). Giving support to this assumption, prior research in animals and humans using implanted vagus nerve stimulation (VNS) found that invasive vagus nerve activation enhances long-term memory for inhibitory avoidance in rats (Clark et al., 1998) and modulates word recognition memory in humans (Clark et al., 1999), an effect assumed to be modulated by the LC-NE system (Hassert et al., 2004).

Recently, transcutaneous vagus nerve stimulation (tVNS) has been introduced as a novel brain stimulation tool that can activate the vagus nerve—in a non-invasive fashion—via the auricular branch (Van Leusden et al., 2015). Indeed, recent brain imaging studies have shown that tVNS modulates activity in the LC and areas innervated by this region, including the insula, amygdala, hippocampus, and thalamus (Dietrich et al., 2008; Kraus et al., 2013; Yakunina et al., 2017); tVNS also increased P300b amplitudes (Rufener et al., 2018; Ventura-Bort et al., 2018; Lewine et al., 2019; but see also Warren et al., 2019), an attention-related event-related potential (ERP) component putatively associated with phasic activity of the LC-NE system (Nieuwenhuis et al., 2005), and salivary alpha-amylase (sAA) levels (Ventura-Bort et al., 2018; Warren et al., 2019; but see also Koenig et al., 2019), an indirect marker of endogenous noradrenergic activation in the brain (Chatterton et al., 1996; Warren et al., 2017). Additionally, tVNS was found to modulate a variety of other cognitive and affective processes, such as cognitive control (Sellaro et al., 2015, 2018; Steenbergen et al., 2015; Fischer et al., 2018; Keute et al., 2019), associative memory (Jacobs et al., 2015), fear extinction (Burger et al., 2016; Szeska et al., 2020), and emotion recognition (Colzato et al., 2017), which may be related to the activation of LC-mediated NE following tVNS.

In the current study, we continued this line of research on the impact of non-invasive vagal stimulation on cognitive and affective functions by directly focusing on its effect on emotional encoding and memory. To extend the work of Clark et al. (1999), who found enhanced word recognition memory following VNS, we used emotional and neutral words as stimulus material. In a single-blind, randomized, between-subject design, healthy participants received either tVNS or sham stimulation while performing a lexical decision task with words and non-words. As in prior studies (Ventura-Bort et al., 2018; Warren et al., 2019), we measured sAA levels before and after stimulation to assess changes in noradrenergic activation following tVNS. One day later, participants performed a surprise recognition memory task in which previously encoded words and new words were presented. In the lexical decision task, we expected to replicate the advantage of lexical access for emotionally relevant information (e.g., Schacht and Sommer, 2009; Scott et al., 2009) as indicated by enhanced accuracy rates and reduced response times for emotional (unpleasant and pleasant) words than for neutral words. Given that emotional words undergo prioritized processing over neutral words as indicated by previous ERP studies (e.g., Schacht and Sommer, 2009), and assuming that tVNS increases the arousal level, which may enhance perception and memory for salient emotional information (at the expense of less-relevant neutral information) (Mather and Sutherland, 2011; Mather et al., 2016), we expected that tVNS would lead to higher rates of accuracy and reduced response times particularly for emotional words. In the recognition memory task, we predicted enhanced recognition performance for emotional compared to neutral words, reflected in greater discrimination accuracy and shorter response times. Because emotional stimuli are often associated with (hippocampus-driven) recollection-based memory processes (e.g., Doerksen and Shimamura, 2001 and Kensinger and Corkin, 2003 for words, and Ochsner, 2000, Dolcos et al., 2005, Weymar et al., 2009, Weymar et al., 2010, and Dolcos et al., 2020a for scenes), we speculated that tVNS, compared to sham stimulation, would particularly increase memory for emotional words that were retrieved with high subjective confidence (Yonelinas, 2001; Wixted and Stretch, 2004; Weymar et al., 2009). As a marker of endogenous noradrenergic activation, increased sAA levels were expected after tVNS compared to sham stimulation.



2. MATERIALS AND METHODS


2.1. Participants

Sixty-one healthy psychology students (47 female; Mage = 23.39 years, SDage = 4.67 years) from the University of Potsdam participated in the study for course credits. All participants provided informed written consent for the experimental protocol, which was approved by the ethics committee of the University of Potsdam and in accordance with the Declaration of Helsinki. All participants were native German speakers with normal or corrected-to-normal vision (54 right-handed). Prior to the first session, participants were phone-screened and invited to participate upon passing the following exclusion criteria: neurological or psychiatric disorders, brain surgery, use of medication or drugs, pregnancy, history of migraine or epilepsy, cardiac diseases, metal pieces in the body (e.g., pacemaker), and active implants or physical alterations in the ear (e.g., cochlear implant). One participant was excluded from the analyses for medical reasons, leaving a final sample of sixty participants (46 female; Mage = 23.45 years, SDage = 4.87 years; 53 right-handed).



2.2. Procedure


2.2.1. Stimulus Materials

Overall, 400 German words were selected from the Berlin Affective Word List Reloaded (BAWL-R) database (Võ et al., 2009). Based on their normative ratings, which ranged from −3 (very unpleasant; e.g. Grab/coffin) to 3 (very pleasant; e.g. Geschenk/gift) for valence and from 1 (low arousal; e.g. Eimer/bucket) to 5 (high arousal; e.g. Irrsinn/insanity) for arousal, we selected three different categories (Mvalence = −1.50, SDvalence = 0.55, Marousal = 3.59, SDarousal = 0.38), neutral (Mvalence = 0.11, SDvalence = 0.29, Marousal = 2.23, SDarousal = 0.29), and pleasant (Mvalence = 1.32, SDvalence = 0.55, Marousal = 3.33, SDarousal = 0.27). The collection of all 400 words was divided into two sets of 200 stimuli each. The sets were matched on the basis of hedonic valence, arousal, and various lexical and sublexical variables, including word imageability, word length (numbers of letters, phonemes, syllables), word frequency, and orthographic neighborhood density (ps > 0.13). One set of words (100 emotional and 100 neutral) was presented in a lexical decision task and served as the basis for generating 200 non-words by randomly substituting one letter at a random position in each of the given words (e.g., Eimer → Eimej; Grab → Grkb). The same set of old words was presented in an explicit recognition memory task together with the set of 200 new words.



2.2.2. Encoding Session: Lexical Decision Task

The study consisted of two experimental sessions (lexical decision task and recognition memory task), which took place on two consecutive days (see Figure 1). During encoding, participants received either active stimulation or sham stimulation for 23 min while performing a lexical decision task in a sound-attenuated, dimly lit room. Subjects were familiarized with the experimental protocols (though no mention of a memory task was made) and randomly assigned to one of the two experimental groups (active stimulation or sham stimulation). Before undergoing stimulation, participants' heart rate, blood pressure (systolic and diastolic), and sAA levels were measured. Subjects were familiarized with the stimulator device, and an individual stimulation intensity was determined for each participant to ensure a maximum strong stimulation without pain (for the procedure see Ventura-Bort et al., 2018). Participants were stimulated before (5 min), during (13 min), and after (5 min) the lexical decision task.


[image: Figure 1]
FIGURE 1. Schema illustrating the encoding and recognition procedures. In the encoding session, participants received either active stimulation to the cymba conchae (left) or sham stimulation to the earlobe (right) before, during, and after a lexical decision task. In the lexical decision task, participants indicated if the presented string was a German word by pressing a response button, or if it was a non-word by not responding. In the recognition session one day after encoding, participants indicated whether or not the presented string was a word that they had seen during the lexical decision task and were asked to indicate their recognition confidence on a scale from 0 (not confident) to 5 (absolutely confident).


Each trial began with a fixation cross presented in the middle of the screen for an interval that varied randomly between 770 and 1,770 ms. Thereafter, a letter string (i.e., a word or non-word) was presented until a response was given or until a time-out of 1 s. Participants were asked to indicate as quickly and accurately as possible if the presented string was a German word by pressing a response button with their index finger of the dominant hand; if a non-word was presented, participants were instructed not to respond. The strings were presented in two blocks of 200 trials each in a pseudorandomized order to control for confounding effects of word order. The order of blocks was randomized across participants, and the sequence of trials in each block was pseudorandomized under the constraints that words with identical arousal levels and valence levels were not presented more than two times in a row. The same word type (word or non-word) was not presented more than three times in a row. After stimulation, participants' sAA levels, heart rate, and blood pressure were measured a second time and they completed a tVNS adverse effects questionnaire in which they had to indicate, on a 7-point scale (1 being not at all and 7 being very much), how much they had experienced headache, nausea, dizziness, neck pain, muscle contractions in the neck, stinging sensations under the electrodes, skin irritation in the ear, fluctuations in mental concentration or feelings, and other unpleasant feelings or adverse effects.



2.2.3. Recognition Session: Explicit Recognition Memory Task

One day after encoding, participants performed an old/new recognition task with self-paced response and a rating-based recognition confidence task on a 6-point scale (see Figure 1). Each trial began with a fixation cross presented in the middle of the screen for an interval that varied randomly between 770 and 1,770 ms, followed by a string that was presented until a response was given. The words were presented in two blocks of 200 trials each in a pseudorandomized order to control for confounding effects of word order. Participants were presented one word at a time and were asked to decide whether they had previously seen the word during encoding (old word) or not (new word) by pressing the corresponding response button on a keyboard. Hand assignment for the response buttons for old and new words was counterbalanced across participants. Following the old/new judgment, participants were asked to rate their confidence in memory by pressing the corresponding key in a Likert scale ranging from 0 (not confident) to 5 (absolutely confident) in order to assess the contribution of recollection and familiarity-based memory.




2.3. Transcutaneous Vagus Nerve Stimulation

In the current study, a single-blind, active stimulation-sham stimulation, randomized between-subject design was employed. Transcutaneous VNS was applied by stimulating the auricular branch of the vagus nerve using a recently engineered and non-invasive device (Cerbomed GmbH, Erlangen, Germany). The tVNS stimulator consists of two electrodes connected to a wired neurostimulating device; for the active stimulation it was placed in the left cymba conchae, an area innervated by the auricular branch of the vagus nerve, and for the sham stimulation it was placed on the left earlobe, an area that has been found to be free of cutaneous vagal innervation (Peuker and Filler, 2002; Ellrich et al., 2011) (see Figure 1). Stimulation alternated between on and off phases every 30 s and was delivered with a pulse width of 200–300 ms at 25 Hz. The stimulation intensity was determined individually for each participant by applying increasing and decreasing sequences of 10 s stimulation trials. Participants were asked to give direct feedback on how they perceived each stimulation intensity on a 10-point scale ranging from no perception (1) and light tingling (3) to strong tingling (6) and pain (10). The increasing sequence started from an intensity of 0.1 mA and increased stepwise in 0.1 mA increments until the subject reported a slight feeling of pain (corresponding to a subjective sensation of 9 on the scale). Before starting the decreasing series, the same intensity was repeated and then decreased stepwise in 0.1 mA increments until a subjective sensation of 6 or below was experienced (cf. Ventura-Bort et al., 2018). This protocol was repeated twice and the average of the intensities rated as 8 was used as the stimulation threshold. The individual stimulation intensities varied from 0.5 to 2.5 mA for the sham (earlobe) stimulation group (Msham = 1.31, SDsham = 0.50) and from 0.5 to 3.5 mA for the active (cymba conchae) stimulation group (Mactive = 1.48, SDactive = 0.59). Stimulation intensities did not differ significantly between the groups [t(1, 58) = 1.08, p = 0.28, d = 0.28].



2.4. Autonomic Measures

To investigate the effects of tVNS on autonomic reactivity, subjects' heart rate and blood pressure (diastolic and systolic) were measured using the Intelli Wrap Manschette M500 device (Omron Healthcare, Medizintechnik Handelsgesellschaft mbH, Mannheim, Germany). In addition, their sAA levels were measured as a potential marker of endogenous noradrenergic activity (Warren et al., 2017). This was done by collecting saliva samples using cotton Salivette sampling devices (Sarstedt, Nümbrecht, Germany). Participants were asked to chew the swab from the Salivette for 60 s to activate salivation. The samples were stored frozen and later sent to the Dresden LabService GmbH for sAA analysis (Thoma et al., 2012).



2.5. Statistical Analyses

To investigate the tolerability and adverse effects of tVNS, separate t-tests comparing active stimulation and sham stimulation were conducted. To evaluate the effects of tVNS on heart rate, blood pressure, and sAA levels, separate analysis of variance (ANOVA) tests were carried out using the factors Time (pre, post) and Stimulation (active, sham). The log transformation was applied to the right-skewed sAA data to achieve a normal distribution. Repeated-measures ANOVA tests including the within-subject factor Valence (unpleasant, neutral, pleasant) and the between-subject factor Stimulation (active, sham) were used to investigate the effects of tVNS on the accuracy and response time of the lexical decision task. Non-words were not included in the analyses as they are of little theoretical importance. Post hoc analyses were conducted using the Bonferroni correction (Wright, 1992). Similarly, to assess the effects of tVNS on recognition memory, 3 (Valence) × 2 (Stimulation) repeated-measures ANOVA tests were used for the discrimination index Pr = p(hit) − p(false alarm) (Snodgrass and Corwin, 1988) and the bias index [image: image] (with Br > 0.5 indicating liberal response bias and Br < 0.5 conservative response bias). For the assessment of confidence in memory, analysis of the distribution of the confidence ratings revealed that a confidence rating of 5 occurred most frequently for correctly identified old words (hits) (40.73%). Evidence suggests that familiarity-based memory judgments increase gradually as a function of recognition confidence, whereas recollection-based memory judgments are generally associated with high-confidence memory judgments (Wixted and Stretch, 2004). Therefore, the proportion of hit rates based on their confidence ratings was calculated to assess the roles of recollection and familiarity in memory (Weymar et al., 2009; Rimmele et al., 2012). Those words that were correctly identified as old words and that received confidence ratings of 5 were classified into a high-confidence hit rate category, whereas all remaining words that were correctly identified as old words and that received lower confidence ratings were put into a low-confidence hit rate category. Recognition memory based on confidence ratings was analyzed using a three-way ANOVA with the within-subject factors Response Type (high-confidence hit rate, low-confidence hit rate) and Valence (unpleasant, neutral pleasant) and the between-subject factor Stimulation (active, sham).




3. RESULTS


3.1. Side Effects of tVNS

Overall, subjective ratings indicated that the side effects of stimulation were low (N = 60, M = 2.02, SD = 0.88); see Table 1. Statistical analyses of subjective ratings indicated no significant differences between the active stimulation condition and the sham stimulation condition in any of the symptoms assessed (ps > 0.09), suggesting that side effects were minimal and comparable for the two types of stimulation.


Table 1. Mean subjective ratings (with standard errors in parentheses) for the stimulation side effects in the active stimulation condition and the sham stimulation condition.
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3.2. Autonomic Results

Table 2 provides an overview of the outcomes for the autonomic measures and salivary data during encoding. Statistical analyses revealed a main effect of Time for systolic blood pressure [F(1, 114) = 6.23, p = 0.01, [image: image]], which suggests a decrease during encoding. This effect was not observed for diastolic blood pressure [F(1, 114) = 2.23, p = 0.14, [image: image]] or for heart rate (F < 1). No main effect of Stimulation was observed for either systolic blood pressure (F < 1), diastolic blood pressure (F < 1), or heart rate (F < 1). No interaction effect of Time and Stimulation was found for either systolic blood pressure (F < 1), diastolic blood pressure (F < 1), or heart rate (F < 1), suggesting that stimulation had no significant impact on the autonomic measures over time. For sAA levels, no significant main effect of Time [F(1, 58) = 2.1, p = 0.14, [image: image]], Stimulation (F < 1), or interaction between Time and Stimulation (F < 1) was found.


Table 2. Means (with standard deviations in parentheses) of the autonomic and salivary measures before and after active stimulation and sham stimulation in the encoding session (lexical decision task).
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3.3. Behavioral Results


3.3.1. Lexical Decision Task

Behavioral results from the lexical decision task are presented in Table 3. Detection accuracy was modulated by the emotional content of words [F(2, 116) = 12.62, p < 0.001, [image: image]] and was higher for pleasant words than for unpleasant words [t(59) = −3.38, p < 0.001, d = −0.29] and neutral words [t(59) = 5.13, p < 0.001, d = 0.5]. No differences were observed between unpleasant and neutral words [t(59) = 0.63, p = 0.53, d = 0.03]; see Figure 2A. No main effect of Stimulation (F < 1) or interaction with Valence (F < 1) was observed. For response times, a significant main effect of Valence [[image: image]] revealed longer response times for unpleasant words than for pleasant words [t(59) = 8.04, p < 0.001, d = 0.57] and neutral words [t(59) = 8.34, p < 0.001, d = 0.55]; no difference in response times was found between pleasant and neutral words [t(59) = −0.32, p = 0.75, d = −0.02; see Figure 2B]. No main effect of Stimulation (F < 1) or interaction (F < 1) was observed.


Table 3. Means (with standard deviations in parentheses) of the performance in the lexical decision task as a function of valence and stimulation.
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FIGURE 2. Lexical decision task: (A) accuracy rate (AR) and (B) response time (RT) for unpleasant, neutral, and pleasant words under the active and sham stimulation conditions. Recognition memory: (C) discrimination index (Pr) and (D) hit rate based on valence for the active and sham stimulation conditions. (E) Recognition confidence: hit rate based on confidence responses for the active and sham stimulation conditions. (F) Recognition memory based on confidence ratings: hit rate based on high-confidence category (words that received confidence ratings of 5) and low-confidence category (words that received confidence ratings from 0 to 4) for the active and sham stimulation conditions; note that the low-confidence hit rate category is the cumulative hit rate for ratings 0–4. Two asterisks indicate a p-value smaller than 0.01 and three asterisks indicate a p-value smaller than 0.001.




3.3.2. Recognition Memory

Results from the behavioral performance in the explicit recognition task are presented in Table 4. Memory accuracy, as measured by the discrimination index Pr, was modulated by the emotional content of words [[image: image]]. Pleasant words were better discriminated than unpleasant [t(59) = −3.95, p < 0.001, d = −0.5] and neutral words [t(59) = 4.39, p < 0.001, d = 0.45]; no difference in Pr was observed between unpleasant and neutral words [t(59) = −0.35, p = 0.73, d = −0.04; see Figure 2C]. No main effect of Stimulation (F < 1) or interaction (F < 1) was found, however. For the bias index Br, a main effect of Valence was observed [[image: image]], indicating a more liberal response bias for emotional than for neutral words (ps < 0.001). No main effect of Stimulation or interaction (F < 1) was observed. A main effect of Valence was also observed for hit rates [[image: image]], revealing increased hit rates for both unpleasant [t(59) = 6.41, p < 0.001, d = 0.56] and pleasant words [t(59) = 9.25, p < 0.001, d = 0.72] compared to neutral words (see Figure 2D).


Table 4. Means (with standard deviations in parentheses) of the recognition memory performance and hit rate confidence ratings as a function of valence and stimulation.
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3.3.3. Recognition Memory Based on Confidence Ratings

When the proportion of hit rates based on subjects' confidence ratings were taken into account, a main effect of Response Type [[image: image]] and a significant interaction between Response Type and Stimulation [[image: image]] were observed, showing that active stimulation increased hit rates for words that were remembered with higher subjective confidence, as opposed to sham stimulation [t(58) = 2.03, p = 0.046, d = 0.52]. The reverse effect was observed for trials with low recognition confidence [t(58) = −2.03, p = 0.046, d = −0.52]; see Figures 2E,F. The results revealed a significant interaction of Response Type and Valence [[image: image]], indicating increased high-confidence hit rates for both unpleasant words [t(59) = −7.36, p < 0.001, d = −0.48] and pleasant words [t(59) = −11.03, p < 0.001, d = −0.59] compared to neutral words. The reverse effect was observed for trials with low recognition confidence, which showed increased hit rates for neutral words remembered with low confidence than for unpleasant [t(59) = 7.36, p < 0.001, d = 0.48] or pleasant words [t(59) = 11.03, p < 0.001, d = 0.59].





4. DISCUSSION

In the present study, we investigated the impact of tVNS on emotional word processing (lexical decision task) and later recognition memory (old/new task). As an indirect marker of noradrenergic activation, sAA levels were measured before and after tVNS. As expected, emotion modulated word processing and memory. Pleasant words were better identified and remembered than neutral and unpleasant ones. However, tVNS showed no effects on word processing and overall emotional recognition memory performance. In addition, tVNS did not produce the expected sAA level increase, compared to sham stimulation. However, when high and low confidence ratings were considered, tVNS, compared to sham stimulation, increased the proportion of hit rates for words that were remembered with high confidence, irrespective of emotional category, suggesting an effect of tVNS on recollection-based memory performance.


4.1. Effects of Emotion on Word Processing and Recognition Memory but No Effect of tVNS

Replicating prior studies using lexical decision tasks (Kanske and Kotz, 2007; Schacht and Sommer, 2009; Scott et al., 2009; Kousta et al., 2011), we found that emotional word contents were better accessed than neutral ones. In the current study, however, we found an advantage for pleasant words, reflected in higher detection accuracy and shorter response times than for unpleasant words. Valence differences in word processing have also been reported in previous studies employing similar tasks (Herbert et al., 2006; Estes and Adelman, 2008; Nasrallah et al., 2009; Kissler and Koessler, 2011; Citron et al., 2014). It has been proposed that word frequency (Kahan and Hely, 2008; Scott et al., 2009) is one of the most important factors influencing emotional effects on word recognition, which may explain the amount of variance in word recognition latencies and accuracies across studies (for a review see Kuperman et al., 2014). Some authors argue that although emotional (both pleasant and unpleasant) words convey emotionally salient information, particularly unpleasant stimuli capture and hold attention in early processing because of their potentially threatening nature and relevance to survival (see the automatic vigilance hypothesis of Pratto and John, 1991). Therefore it could be that, in comparison with pleasant and neutral material, unpleasant words engage more attentional resources, thereby reducing the amount of resources available for lexical decision processes. Alternatively, however, because detection accuracy and response times were observed to be faster for pleasant than for unpleasant material (in line with Herbert et al., 2006; Estes and Adelman, 2008; Kissler et al., 2009; Kissler and Koessler, 2011; Citron et al., 2014), this could also indicate facilitated processing for positive compared to neutral concepts, either owing to higher interconnectivity in the mental lexicon (i.e., mental dictionary that contains information such as word meaning and syntactic characteristics, among other aspects) (Ashby et al., 1999) or, which may be more likely, because pleasant words are perceived as being more motivationally relevant than unpleasant ones (Citron et al., 2014). Particularly during low levels of emotional activation or arousal (see the theory of Cacioppo et al., 1999), there seems to be a preference for positive information that mediates approach motivation (in contrast to a preference for negative information that leads to defense motivation at high levels of arousal). This latter theoretical view seems reasonable for explaining the present results, since induced arousal is often lower for words than for faces or scenes (see also the recent ERP evidence in Bayer and Schacht, 2014, showing early positivity bias for words as compared to faces and scenes).

We also found better long-term memory discrimination for pleasant words than for the other semantic categories. Given the results from the lexical decision task, this indicates that prioritized processing during encoding for pleasant contents may have promoted deeper consolidation processes, which produced enhanced long-term memory performance (Weymar et al., 2012; for a review see Cross et al., 2018). As for the encoding data, previous research on recognition memory also found a memory advantage for pleasant words (Herbert et al., 2008). However, it should be noted that arousal-specific effects or even unpleasant enhancing effects have also been reported (Kensinger and Corkin, 2003; Weymar and Hamm, 2013; Weymar et al., 2014). The inconsistent effects of arousal and valence on recognition memory across studies may, however, be a result of differences in arousal and valence levels of the stimuli used in experiments and may also be related to differences in lexico-semantic variables, such as the frequency, concreteness, imageability, age of acquisition, and familiarity of words (Scott et al., 2009; Kousta et al., 2011), which also likely lead to differences in word processing studies. Interestingly, though, besides valence-specific effects in overall memory, we found enhanced memory for both pleasant and unpleasant words when high-confidence responses were taken into account, which replicates many studies showing that the memory-enhancing effect of emotion is mediated by the process of recollection rather than familiarity (Ochsner, 2000; Kensinger and Corkin, 2003; Dolcos et al., 2004, 2005; Sharot et al., 2004, 2007; Weymar et al., 2009; Rimmele et al., 2012). The results of the present study also show that qualitative memory retrieval does not necessarily depend on the level of word processing during encoding (lexical decision task).

Critically, and relevant to the main research question, active tVNS, as compared to sham stimulation, did not affect lexical decision performance and recognition memory performance for emotional and neutral words, which is contrary to our expectations. From animal models it has been suggested that stimulation of vagal afferents leads to activation of the LC-NE system, which increases arousal levels in the brain. Arousal, in turn, was expected to directly facilitate amygdala function, by promoting on the one hand the processing of highly relevant information but also by influencing regions that support memory consolidation, such as the hippocampus (Mather and Sutherland, 2011; Mather et al., 2016). In contrast to prior studies (Ventura-Bort et al., 2018; Warren et al., 2019), however, we found no evidence in the overall analysis of enhanced sAA levels after tVNS, compared to sham stimulation (Koenig et al., 2019). Assuming that changes in sAA levels reflect changes in central noradrenergic levels (Chatterton et al., 1996; Warren et al., 2017), the lack of an increase in the sAA level may point toward an insufficient activation of the arousal-modulated LC-NE system in the present study that made enhanced emotional word processing and subsequent memory storage unlikely. Similarly, although our material was emotionally laden, as indicated by the ratings and the expected enhancement observed in the lexical decision and recognition memory tasks, arousal levels are usually lower for words and faces than for affective scenes (Lang et al., 1998; Bradley, 2000). Thus, emotional words themselves may not have sufficiently triggered arousal to produce a significant impact of tVNS on processing and memory. This argument is also substantiated by preliminary data from our lab (Weymar et al., 2019) showing that tVNS can indeed facilitate recognition memory when emotional scenes are used, which was also found to be related to an increase in sAA levels. Another potentially important factor that may have led to no changes in sAA levels relates to the stimulation duration and protocol of the current study. Prior studies showing an increase in sAA levels after tVNS used continuous stimulation or stimulated for longer periods of time (more than the 23 min in the current study) (Ventura-Bort et al., 2018; Warren et al., 2019). It could therefore be that the stimulation protocol used in the current study was not optimal for increasing arousal as reflected in changes of sAA levels. It should be noted, however, that, irrespective of a potential central noradrenergic activation by tVNS, the reliability of elevated alpha-amylase levels as a biomarker (for recent findings see Warren et al., 2017) has not yet been sufficiently proven (e.g., Nater and Rohleder, 2009; Bosch et al., 2011). Therefore, additional variables are clearly needed to study the involvement of NE in emotion-cognition interactions.



4.2. Effects of tVNS on Recollection-Based Memory

Despite finding no tVNS effects on overall memory, tVNS modulated recognition confidence. When the proportion of hit rates based on low and high confidence ratings were considered, reflecting familiarity- and recollection-based memory (Wixted and Stretch, 2004), respectively, higher recollection performance was observed during tVNS compared to sham stimulation, partly supporting our a priori hypothesis. This result may indicate that tVNS facilitates memory consolidation, resulting in a greater recollective experience of past memories irrespective of their emotional category. This finding is partially in line with the clinical study of Clark et al. (1999) using invasive VNS in epileptic patients, which showed better memory for words, suggesting that vagus nerve activation modulates word memory formation in humans.

Previous studies have shown that the hippocampus plays an important role in recollection (for a review see Brown and Aggleton, 2001, or Eichenbaum et al., 2007). For instance, patients with selective hippocampal damage exhibit more pronounced deficits on tasks related to recollection processes, such as associative and source memory tasks (Holdstock et al., 2005; Gold et al., 2006; for a review see Yonelinas et al., 2010). Further evidence comes from animal studies showing that selective hippocampal damage impaired recollection but spared familiarity-based odor recognition in rats (Fortin et al., 2004; Sauvage et al., 2008; for a review see Rugg and Vilberg, 2013) and from fMRI studies showing hippocampal involvement primarily in recollection processes in healthy humans (Brown and Aggleton, 2001; Ranganath and Ritchey, 2012; for a review see Eichenbaum et al., 2007). The enhanced recollection-based memory for items encoded under tVNS may therefore indicate that tVNS modulates, to some extent, hippocampal activation (Roosevelt et al., 2006; Raedt et al., 2011). Although the underlying neural circuitry is not well-understood, previous research has shown that tVNS most likely activates NE secretion in the LC, which projects to a wide variety of cortical and subcortical regions, including not only the amygdala but also the hippocampus (Van Bockstaele et al., 1999; McIntyre et al., 2012). Giving support to this assumption, prior research in animals using implanted vagus nerve stimulators found that invasive VNS increases LC firing rates in rats (Dorr and Debonnel, 2006), hippocampal activity (Roosevelt et al., 2006; Raedt et al., 2011), and long-term memory for inhibitory avoidance (Clark et al., 1998). Similarly, Jacobs et al. (2015) found that tVNS, compared to sham simulation, increases associative memory in older humans. Although the noradrenergic activation of the amygdala is fundamental for memory-enhancing effects of emotion, recent studies indicate that the LC can facilitate memory processes through an amygdala-independent path, projecting directly to the hippocampus (Mello-Carpes and Izquierdo, 2013). It might therefore be that the non-specific effects of tVNS on word recollection memory are due to a lesser involvement of the amygdala in the hippocampus-mediated memory consolidation process (which may partly be driven by the nature of the stimulus material; see Kensinger and Schachter, 2006). Altogether, the current results indicate that tVNS can facilitate hippocampus-mediated, recollection-based memory.



4.3. Conclusion

To summarize, the present study has replicated prior research showing enhanced processing and memory for emotional (pleasant) words (particularly when based on high subjective confidence). Although tVNS showed no effects on word processing, subtle effects on recollection-based memory (high-confidence memory) were found, which may indicate that tVNS facilitates hippocampus-mediated consolidation processes. The potential of tVNS to improve memory in individuals (cf. Jacobs et al., 2015) supports its relevance for future research. For example, tVNS may be used to enhance memory consolidation during sleep, which is also related to hippocampus (Moroni et al., 2007) and LC activity (Eschenko et al., 2012). Furthermore, tVNS may be relevant in clinical applications, for instance as a therapeutic tool (and in combination with emerging neuroscientific approaches; see e.g., Dennis and Thompson, 2014 and Vecchio et al., 2015) in cognitive aging and for the treatment of a number of neuropsychiatric disorders associated with cognitive impairment, such as depression or Alzheimer's disease (Broncel et al., 2020).
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The last two decades have seen a growing interest in the study of interoception. Interoception can be understood as a hierarchical phenomenon, referring to the body-to-brain communication of internal signals, their sensing, encoding, and representation in the brain, influence on other cognitive and affective processes, and their conscious perception. Interoceptive signals have been notoriously challenging to manipulate in experimental settings. Here, we propose that this can be achieved through electrical stimulation of the vagus nerve (either in an invasive or non-invasive fashion). The vagus nerve is the main pathway for conveying information about the internal condition of the body to the brain. Despite its intrinsic involvement in interoception, surprisingly little research in the field has used Vagus Nerve Stimulation to explicitly modulate bodily signals. Here, we review a range of cognitive, affective and clinical research using Vagus Nerve Stimulation, showing that it can be applied to the study of interoception at each level of its hierarchy. This could have considerable implications for our understanding of the interoceptive dimension of cognition and affect in both health and disease, and lead to development of new therapeutic tools.
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INTRODUCTION

Interoception pertains to receiving, encoding, and representation of internal bodily signals in the brain, as well as their perception (Cameron, 2001; Craig, 2002; Critchley et al., 2004). Through interoception we know when our heart is beating fast, when we need to take a deep breath, and when we are hungry, thirsty, hot, cold, nauseous, tired, or alert. It encompasses both the non-conscious bodily signals themselves and our conscious perception of them. Growing research has shown interoception not only to be crucial for homeostasis and allostasis (acute change to achieve homeostasis), but also central in a range of cognitive and emotional processes, including memory, decision-making, emotional processing, social interactions, and even consciousness, body ownership and a sense of self (Critchley et al., 2001; Dunn et al., 2010; Shah et al., 2017; Berntson et al., 2018; Critchley and Garfinkel, 2018). By their nature, internal bodily processes are notoriously difficult to manipulate in experimental settings. The vagus nerve, the main cranial nerve in the human body known to be central in relaying visceral signals to the brain, is naturally implicated in interoception (Critchley and Harrison, 2013; Quadt et al., 2019; Yoris et al., 2019). Yet surprisingly little research in this area has used vagus nerve stimulation (VNS) to modulate bodily signaling. So far, to the best of our knowledge, only one recent study has explicitly related VNS to interoception (Villani et al., 2019). Here, we review the accumulated cognitive and clinical research on VNS and propose that this technique can indeed be used to modulate a wide range of interoception-related processes.

The vagus nerve (cranial nerve X) is the longest and one of the most widely distributed nerves in the body (vagus in Latin means “wandering”). As part of the parasympathetic division of the autonomic nervous system, the vagus nerve conveys information between visceral organs (i.e., organs located in the thoracic and abdominal cavities, including the heart) and the brain (Berthoud and Neuhuber, 2000; Craig, 2002; Critchley and Harrison, 2013). About 80% of the vagus nerve is composed of afferent fibers, projecting to the nucleus tractus solitarii (NTS) in the medulla, before being relayed further to other brainstem nuclei (broadly implicated in homeostatic control) and higher-order structures, including the thalamus, hippocampus, amygdala, and insula (Goehler et al., 2000; Saper, 2002). VNS involves electrical stimulation of the afferent fibers of the vagus nerve, either in an invasive variant (where the stimulator is implanted in the patient’s body) or a non-invasive variant where the stimulation is delivered transcutaneously through the auricular branch of the vagus nerve (tVNS, aVNS, or taVNS). Both VNS and tVNS reliably induce activation in the same brain areas (Narayanan et al., 2002; Frangos et al., 2015; Badran et al., 2018a). These areas, and their projections, and especially the insula, have been shown to be implicated in interoception (Craig, 2002).

Interoception has been conceptually divided into hierarchical levels (Garfinkel et al., 2015; Quadt et al., 2018), from low-level visceral afferents and their preconscious effects on cognitive or affective processes to psychological dimensions and metacognitive awareness of internal bodily processes. Because the vagus nerve is the main pathway relaying visceral signals into the brain, we propose that (t)VNS could affect interoception at each of those levels. Recent years have also seen a growing interest in the role of interoception in mental illness, proposing that interoceptive dysfunction can contribute to impairments in social, cognitive, behavioral, affective, and somatic processes associated with certain psychopathologies such as anxiety, depression, eating disorders, addiction, or post-traumatic stress disorder (PTSD) (Paulus and Stein, 2010; Harshaw, 2015; Khalsa et al., 2018). Those dysfunctions can occur at any level of interoceptive processing. Proposed mechanisms include aberrant processing of the afferent signal (e.g., noisy inputs) or weight given to its representations (e.g., overweighted interoceptive signal affecting subsequent evaluation of affective stimuli), abnormal expectations about bodily states, attentional or cognitive biases (e.g., hypervigilance to bodily states), or psychological biases (e.g., weak insight into one’s bodily state and its relevance to environmental context) (Khalsa et al., 2018; Petzschner et al., 2017; Gu et al., 2019).

This paper provides an overview of the research on the effects of VNS on interoception-related processes (both cognitive and clinical), from the lowest to highest level, and relates those findings to embodied models of brain function.



LOW-LEVEL AFFERENT INTEROCEPTIVE SIGNAL

The low-level visceral signal, such as baroreceptor activity or blood oxygenation, is not consciously perceived unless there is a problem. However, according to embodied, interoception-based accounts of the conscious self, access to and evaluation of the signal from the physical body is necessary for the conscious “self” to arise in the first place (Seth et al., 2012; Seth, 2013; Cleeremans et al., 2020). Stimulated NTS, the projection area of the vagus nerve, activates the dorsal raphe and other areas known to control alertness (George et al., 2000). For this reason, VNS was proposed as a fruitful therapy for disorders of sleep or even consciousness (George et al., 2000; Naritoku et al., 2003), and was subsequently shown to promote improved sleep in rats (Rong et al., 2019) and human adults (Bretherton et al., 2019). Impressively Corazzol et al. (2017), in a single case study, demonstrated that long-term VNS may improve patient condition even after years in persistent unresponsive wakefulness (vegetative state), warranting future research in this area. This finding corroborates the proposal that a sense of conscious self is embodied – the experience of owning and identifying with one’s own body, and the experience of first-person perspective, are directly associated with multi-level representations of physiological condition of the body (Seth et al., 2012; Seth, 2013; Cleeremans et al., 2020). As such, (t)VNS may play a pivotal role in helping to restore this conscious, embodied sensation. This hypothesis could be further reinforced if classical paradigms exploring the sense of self, such as the rubber-hand or full-body illusion or sense of agency, proved to be modulated by (t)VNS.

In the cognitive literature, a demonstration that VNS directly manipulates the read-outs of basic visceral afferent signals has yet to be given. The most promising candidate is the modulation of Heartbeat Evoked Potential (HEP) amplitude. The cardiac signal is one of the most widely explored low-level afferent signals, reflected in electroencephalography as an event-related potential synchronized with cardiac R-peaks. HEP has been shown to predict individual heartbeat perception (Pollatos et al., 2005; Terhaar et al., 2012), and was proposed to reflect interoceptive belief updating (Ainley et al., 2016) and affective predictions (Gentsch et al., 2018; Marshall et al., 2018). It has also been shown to be modulated by internal (vs. external) attentional focus, proposed to reflect interoceptive precision (Petzschner et al., 2019). The HEP has been shown to originate in the insula, the brain region assumed to be key for interoception (Park et al., 2017), and activated through (t)VNS (e.g., Badran et al., 2018a). Interestingly, Park et al. (2017) confirmed the HEP’s functional role in self-consciousness by demonstrating HEP modulations as a response to an experimentally-induced altered sense of self-identification (full-body illusion). This result supports the proposal that interoceptive information is a crucial substrate of the sense of self and body ownership (Sierra and David, 2011; Critchley and Harrison, 2013; Crucianelli et al., 2018). Additionally, the sense of body ownership has been shown to be impaired after insula lesions (Karnath, 2005; Gandola et al., 2012; Moro et al., 2016). Given that (t)VNS reliably activates the interoceptive network (including the insula), it could constitute a tool for manipulating low-level interoceptive signals and their read-outs, such as the HEP, for research into consciousness, sense of self and body ownership.



PRECONSCIOUS IMPACTS ON COGNITIVE PROCESSES

While the previous, lowest level of the interoceptive hierarchy was concerned with the mere communication and detection of bodily afferents, the second, preconscious level refers to the early stages of central processing and pertains to the impact the afferent visceral signals have on cognitive and affective processing. The cardiac signal in particular has been shown to play a part in emotion processing (Bechara and Naqvi, 2004). There is evidence that processing of emotional faces is enhanced at systole compared to diastole (Garfinkel and Critchley, 2016), and the learning of fearful face-name pairs is better at systole than at diastole (interestingly, just in people with heightened interoceptive ability, and not for happy or neutral faces; Pfeifer et al., 2017). Higher interoceptive ability (encompassing perception and confidence in one’s perception of bodily signals; see next section) correlates with recognition memory for emotional pictures (Pollatos and Schandry, 2008) and words (Werner et al., 2010). “Gut feeling” is commonly used to mean intuition, pointing to a popular sensation of visceral signals influencing decisions. Adaptive behavior and optimal decision-making have indeed been proposed to be supported, or even guided, by visceral signals, where the physiological state of the body provides a reference frame for homeostatic or motivational value of given choice options (Damasio, 1994; Bechara, 2004; Gu and FitzGerald, 2014; Maniscalco and Rinaman, 2018). Although the (t)VNS literature has not focused on interoception, studies have shown that this technique modulates similar interoceptive processes to those mentioned above. Emerging evidence suggests that tVNS can improve facial emotion recognition (Colzato et al., 2017a), though, interestingly, not from entire bodies (Sellaro et al., 2018). Elsewhere, preliminary experimental evidence suggests that VNS can improve decision-making on the Iowa Gambling Task (Martin et al., 2004).

Another example of a physical state influencing cognitive function is the phenomenon of memory enhancement during somatosensory arousal. Traumatic memories are remembered particularly vividly. This phenomenon is crucially reliant on vagal transmission of various neuromodulators (Flood and Morley, 1988; Williams and Jensen, 1993; Nogueira et al., 1994; Talley et al., 2002). VNS may induce a state similar to arousal, most likely linked to secretion of noradrenaline and acetylcholine in the brain, neurotransmitters known to mediate attention (Martino et al., 2007; Klinkenberg et al., 2011). Studies have shown that (t)VNS may improve declarative memory retention (Clark et al., 1999; Ghacibeh et al., 2006; Jacobs et al., 2015; Broncel et al., 2020; Giraudier et al., 2020), even in patients with Alzheimer’s Disease (Clark et al., 1999; Sjogren et al., 2002; Merrill et al., 2006). Other authors have found mixed results in single-session studies (see Vonck et al., 2014 for review), depending on the stimulation settings (0.5 mA being optimal). Clinical interventions have capitalized on this memory-enhancing effect of (t)VNS to strengthen the formation of adaptive memories and behaviors after brain damage, e.g., “targeted plasticity” interventions (Hays et al., 2013). Interestingly, there is mixed evidence whether long-term VNS may lead to general memory improvement, which was not observed in those undergoing chronic VNS treatment for epilepsy, but was in depression (Aaronson et al., 2013; Vonck et al., 2014). Vonck et al. (2014) point out that cognitive dysfunctions are inherent to clinical depression and known to improve with improvement of depressive symptoms. This ties in with accounts of depression linking it to malfunctioning interoceptive evaluation of bodily signals (Barrett and Simmons, 2015; Quadt et al., 2018). Chronic aberrant interoceptive processing has maladaptive allostatic consequences for dealing with stress and, in particular, inflammation, which frequently cooccurs with depression. Indeed (Howland, 2014) points that the relationship between depression and inflammation may be mediated by the vagus nerve.

Malfunctioning interoceptive evaluation of bodily signals is also implicated in anxiety and panic. It may result from distorted interoceptive learning, when a benign sensation is experienced in the context of an initial panic attack, resulting in rapid conditioning. Overriding such strongly conditioned responses remains a challenge for most therapies. Fear extinction, a removal of conditioned response, is a gold standard therapy for PTSD (Genheimer et al., 2017), yet for many it remains not entirely effective, calling for its enhancement, potentially with VNS or tVNS. So far, however, the results are mixed, with promising results of VNS on fear extinction in rats (Peña et al., 2013, 2014; Noble et al., 2017; Souza et al., 2019, 2020), and with varied success of tVNS in humans (Burger et al., 2016, 2017; Genheimer et al., 2017; Szeska et al., 2020), which may depend on particular stimulation parameters (Hansen, 2019).



PSYCHOLOGICAL DIMENSIONS: INTEROCEPTIVE ACCURACY, SENSIBILITY, AND AWARENESS

Psychological dimensions of interception refer to the conscious perception of bodily signals (Garfinkel et al., 2015). These dimensions have been conceptualized across three levels: interoceptive accuracy (referring to objective accuracy in perceiving a bodily signal, e.g., one’s own heartbeat), sensibility (subjective beliefs about the ability to perceive own bodily sensations), and awareness (the correspondence between accuracy and confidence, i.e., a metacognitive aspect of interoceptive ability). Interoceptive accuracy and awareness are typically quantified with performance on bodily signal perception tasks, such as heartbeat counting or detection tasks (e.g., Schandry, 1981). Those who perform well on heartbeat detection tasks also tend to experience greater arousal and higher HEP amplitudes for emotional pictures (Herbert et al., 2007). Performance on such tasks is shown to correlate with the intensity of one’s own emotions (Wiens et al., 2000), perception of others’ emotions (Terasawa et al., 2014), and decision-making (Werner et al., 2009; Kandasamy et al., 2016), although the causal relations are still unclear.

The role of tVNS on the psychological dimensions of interoception was directly tested by Villani et al. (2019). They found tVNS to improve participants’ ability to correctly identify (but not count) their own heartbeats (interoceptive accuracy). Furthermore, participants reported higher confidence in their decisions under tVNS, but this did not lead to enhanced interoceptive awareness. This promising result, in light of the range of phenomena shown to be improved in individuals with higher interoceptive accuracy outlined above, offers an avenue for further research.

Deficits in interoceptive processing at this level are related to poor processing or evaluation of own bodily signals (e.g., impaired insight into one’s internal state and its relevance to environmental context; e.g., Paulus and Stein, 2010; Petzschner et al., 2017), and can predict emotional and affective psychopathology. Individuals with alexithymia, an impairment in recognizing one’s emotions which often cooccurs with autism (ASC), show reduced interoceptive accuracy (Ernst et al., 2013), as well as reduced brain activation in the insular cortex (Bird et al., 2010). Evidence for a reduction in interoceptive accuracy in the autistic population is mixed (Quadt et al., 2018), and correlated with co-existing alexithymia (Shah et al., 2016). Interestingly, autistic individuals tend to have elevated confidence (sensibility) relative to their performance accuracy (Garfinkel et al., 2016). A similar discrepancy, termed “interoceptive trait prediction error,” has been found in anxiety disorders (Paulus and Stein, 2006). Direct interventions with tVNS have been proposed for autism (Engineer et al., 2017) and anxiety (George et al., 2008). tVNS has been shown to alleviate some symptoms of ASC in epileptic patients with this comorbidity (see Levy et al., 2010; Jin and Kong, 2017 for review), which we hypothesize to be modulated by improvement in their interpretative processing. More research is needed to correlate treatment-induced change in ASC symptomatology and interoceptive accuracy, sensibility, and awareness.

Aberrant performance on interoceptive tasks (usually lower accuracy) has been shown in eating disorders (ED), such as anorexia nervosa (Pollatos et al., 2008; Van den Bergh et al., 2017), along with impaired ability to differentiate hunger and satiety, and reduced response to emotional states (Fassino et al., 2004). Together these characteristics suggest weakened interoceptive processing. Vagus nerve stimulation is slowly being recognized as a potential treatment to regulate food craving (Wernicke et al., 1993; Boveja and Widhany, 2003) proposed that vagal signal suppression could be helpful in treating obesity, signal stimulation in anorexia, and intermittent stimulation in bulimia, though experimental research is still needed. Further work might also identify whether the regulation of food cravings leads to changes in performance on interoceptive tasks.

Finally, pain has also been described in terms of interoceptive processing (Craig, 2003; Khalsa et al., 2009), with the vagus nerve crucial in relaying somatosensory sensations. Pain is usually caused by the activation of nociceptors and nociceptive pathways (Meyer et al., 2006), but it is also known to occur without corresponding activity, and nociceptors can be active without the sensation of pain (e.g., lack of reported pain by soldiers during battle, despite severe injuries), and be modulated by psychological state (Melzack et al., 1982; Mariana von Mohr, 2019). Deficits in interoceptive accuracy have been reported in patients with fibromyalgia (Duschek et al., 2015), lower back pain (Mehling et al., 2013) and migraines (see (Lernia et al., 2016) for review). VNS has been shown to modulate the sensation of pain in fibromyalgia (Lange et al., 2011) and migraines (Barbanti et al., 2015). Pain perception has been also reported to be reduced in patients treated with VNS for depression (Borckardt et al., 2005). This points toward the conclusion that vagus nerve stimulation affects interoceptive processing of pain, though more research is needed to elucidate the causes of individual differences in response to treatment.



METACOGNITIVE LEVEL

The final, metacognitive level represents an executive dimension. It refers to one’s ability to flexibly switch between attending to and utilizing interoceptive and exteroceptive information in an adaptive manner. Though direct tests on such tasks are yet to be done, there is promising evidence that tVNS facilitates attentional switching in conflict situations, such as a number version of the Simon task (Fischer et al., 2018), allows rapid attentional adaptation (Colzato et al., 2017b), and improves response selection in sequential action (Jongkees et al., 2018). In the clinical domain, tVNS has been shown to reduce temper outbursts in Prader-Willi Syndrome (Manning et al., 2019), further reinforcing the notion that it improves interoceptive processing at the high level implicated in executive control.

A VNS influence on metacognition may also account for the rare adverse side effect observed in 4 epilepsy patients, namely hallucinations and psychosis (De Herdt et al., 2003), most likely caused by acutely increased alertness and decreased sedation through VNS. Patients with mild or severe intellectual disability may be specifically prone to the development of these symptoms. We suggest that in cases where cognitive resources for the appraisal of peripheral, somatosensory information are impaired, augmenting the signal strength can lead to systemic overload and malfunction.



DISCUSSION

The range of processes which can be affected by stimulating the vagus nerve points to the sheer scale of visceral influence. The presented literature can be unified under the theoretical frameworks which posit that affective and cognitive states are continuously interpreted through, and biased by, the body’s internal states. While the primary function of interoceptive signals is to feed the brain a continuous stream of information on the internal state of the organism so as to ensure survival, there is increasing consensus that they also fundamentally inform motivational states, adaptive behavior and emotion (Damasio, 2010; Critchley and Harrison, 2013; Seth, 2013; Barrett and Simmons, 2015; Critchley and Garfinkel, 2018; Seth and Tsakiris, 2018). According to this view, the brain interprets its current environmental challenges in light of the concurrent state of the body. The evidence of VNS influence on higher-order processes can thus lend support to models of brain function that assume a causal visceral dimension.

The successful application of VNS in clinical settings, briefly outlined here in the context of interoception, also corroborates the idea that a number of clinical conditions may have an interoceptive dimension. The visceral contribution has been noted for anxiety, depression, and PTSD, and many of the conditions discussed above have overlapping symptoms (Khalsa et al., 2018). For example, (Howland, 2014) pointed out that the relationship between depression, inflammation, metabolic syndrome, and heart disease may be mediated by the vagus nerve. VNS research can lead to greater understanding of the interoceptive dimension in clinical conditions, giving rise to future treatments.

While VNS has been enjoying increasing clinical success and is a promising tool for interoceptive manipulation, it is noteworthy that the optimal experimental protocols are still a work in progress, and should be carefully considered on an individual basis. Considerations under ongoing debate include optimal stimulation locations on the ear (Burger and Verkuil, 2018), potential differences in signal paths between VNS and tVNS, and the longevity of the effect after stimulation ceases. It seems that although cognitive effects of VNS may be detectable after short periods of stimulation, even 20 min (e.g., Colzato et al., 2017b), attenuation of certain clinical symptoms may require much longer stimulation durations (e.g., Manning et al., 2019) point to reduction in number and severity of temper outbursts in Prader-Willi Syndrome with 4 h/daily stimulation (as recommended for epilepsy), applied for 6–9 months, but a prompt return of the symptoms in all 5 participants when the stimulation was subsequently reduced to 2 h. Researchers should also consider making age related adjustments, e.g., (Koo et al., 2001) point out that in children younger than 12 stimulation settings may require a higher stimulus current or longer pulse along with lower stimulus frequency than adults (e.g., stimulation at 20 Hz or lower instead of e.g., 30 Hz), as a child’s vagus nerve has slower conduction velocity. The effects of VNS on heart rate need to be considered as well. (Badran et al., 2018b) have shown that certain settings (pulse width 500 μs and frequency 10 Hz) are likely to lower the heart rate.

As for limitations of using VNS to modulate interoception, VNS cannot afford selective targeting of aspects of the interoceptive signal which may be of specific interest (e.g., heart, stomach, breath). As such, protocols should be designed to capitalize on VNS’s capacity to manipulate the strength of the afferent signal. Functional neuroimaging studies could be particularly amenable to this. For a thorough treatment of the limitations, see Kaniusas et al. (2019).

To conclude, vagus nerve stimulation affords a novel experimental approach to studying interoception and its role in cognitive and emotional processes and disorders at increasing levels of complexity. With developments in the method and optimal protocols gaining momentum, vagus nerve stimulation may prove a fruitful new gateway to interoception.



AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual contribution to the work, and approved it for publication.



FUNDING

AP gratefully acknowledged the funding from the National Science Centre in Poland (Grant No. 2016/21/D/HS2/02493) as well as the contribution from the Faculty of Psychology, University of Warsaw. LS gratefully acknowledged the funding from the Dr. Mortimer and Theresa Sackler Foundation, which funds the Sackler Centre for Consciousness Science, as well as funding from School of Psychology at the University of Sussex.



ACKNOWLEDGMENTS

We thank the community of implicit learning researchers, especially the organizers of the 8th Implicit Learning Seminar in Tromso in 2019 (Elisabeth Norman & Axel Cleeremans). We met and began discussing these ideas there.



REFERENCES

Aaronson, S. T., Carpenter, L. L., Conway, C. R., Reimherr, F. W., Lisanby, S. H., Schwartz, T. L., et al. (2013). Vagus nerve stimulation therapy randomized to different amounts of electrical charge for treatment-resistant depression: acute and chronic effects. Brain Stimul. 6, 631–640. doi: 10.1016/j.brs.2012.09.013

Ainley, V., Apps, M. A. J., Fotopoulou, A., and Tsakiris, M. (2016). ‘Bodily precision’: a predictive coding account of individual differences in interoceptive accuracy. Philos. Trans. R. Soc. B Biol. Sci. 371:20160003. doi: 10.1098/rstb.2016.0003

Badran, B. W., Dowdle, L. T., Mithoefer, O. J., LaBate, N. T., Coatsworth, J., Brown, J. C., et al. (2018a). Neurophysiologic effects of transcutaneous auricular vagus nerve stimulation (taVNS) via electrical stimulation of the tragus: a concurrent taVNS/fMRI study and review. Brain Stimul. 11, 492–500. doi: 10.1016/j.brs.2017.12.009

Badran, B. W., Mithoefer, O. J., Summer, C. E., LaBate, N. T., Glusman, C. E., Badran, A. W., et al. (2018b). Short trains of transcutaneous auricular vagus nerve stimulation (taVNS) have parameter-specific effects on heart rate. Brain Stimul. 11, 699–708. doi: 10.1016/j.brs.2018.04.004

Barbanti, P., Grazzi, L., Egeo, G., Padovan, A. M., Liebler, E., and Bussone, G. (2015). Non-invasive vagus nerve stimulation for acute treatment of high-frequency and chronic migraine: an open-label study. J. Headache Pain 16, 61. doi: 10.1186/s10194-015-0542-4

Barrett, L. F., and Simmons, W. K. (2015). Interoceptive predictions in the brain. Nat. Rev. Neurosci. 16, 419–429. doi: 10.1038/nrn3950

Bechara, A. (2004). The role of emotion in decision-making: Evidence from neurological patients with orbitofrontal damage. Brain Cogn. 55, 30–40. doi: 10.1016/j.bandc.2003.04.001

Bechara, A., and Naqvi, N. (2004). Listening to your heart: interoceptive awareness as a gateway to feeling. Nat. Neurosci. 7, 102–103. doi: 10.1038/nn0204-102

Berntson, G., Gianaros, P. J., and Tsakiris, M. (2018). “Interoception and the autonomic nervous system: bottom-up meets top-down,” in Interoceptive Mind: From Homeostasis to Awareness, eds M. Tsakiris and H. De Preester (Oxford: Oxford University Press), 3–25.

Berthoud, H.-R., and Neuhuber, W. L. (2000). Functional and chemical anatomy of the afferent vagal system. Auton. Neurosci. 85, 1–17. doi: 10.1016/s1566-0702(00)00215-0

Bird, G., Silani, G., Brindley, R., White, S., Frith, U., and Singer, T. (2010). Empathic brain responses in insula are modulated by levels of alexithymia but not autism. Brain 133, 1515–1525. doi: 10.1093/brain/awq060

Borckardt, J. J., Kozel, F. A., Anderson, B., Walker, A., and George, M. S. (2005). Vagus nerve stimulation affects pain perception in depressed adults. Pain Res. Manag. 10, 9–14. doi: 10.1155/2005/256472

Boveja, B. R., and Widhany, A. (2003). Method and System for Providing Therapy for bulimia/Eating Disorders by Providing Electrical Pulses to Vagus nerve(s). Washington, DC: U.S. Patent and Trademark Office. U.S. Patent No US 2005/0192644 A1. Available online at: https://patents.google.com/patent/US20050192644

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

Broncel, A., Bocian, R., Kłos-Wojtczak, P., Kulbat-Warycha, K., and Konopacki, J. (2020). Vagal nerve stimulation as a promising tool in the improvement of cognitive disorders. Brain Res. Bull. 155, 37–47. doi: 10.1016/j.brainresbull.2019.11.011

Burger, A. M., and Verkuil, B. (2018). Transcutaneous nerve stimulation via the tragus: are we really stimulating the vagus nerve? Brain Stimula. 11, 945–946. doi: 10.1016/j.brs.2018.03.018

Burger, A. M., Verkuil, B., Diest, I. V., der Does, W. V., Thayer, J. F., and Brosschot, J. F. (2016). The effects of transcutaneous vagus nerve stimulation on conditioned fear extinction in humans. Neurobiol. Learn. Mem. 132, 49–56. doi: 10.1016/j.nlm.2016.05.007

Burger, A. M., Verkuil, B., Fenlon, H., Thijs, L., Cools, L., Miller, H. C., et al. (2017). Mixed evidence for the potential of non-invasive transcutaneous vagal nerve stimulation to improve the extinction and retention of fear. Behav. Res. Ther. 97, 64–74. doi: 10.1016/j.brat.2017.07.005

Cameron, O. G. (2001). Interoception: the inside StoryA model for psychosomatic processes. Psychosom. Med. 63, 697–710. doi: 10.1097/00006842-200109000-00001

Clark, K. B., Naritoku, D. K., Smith, D. C., Browning, R. A., and Jensen, R. A. (1999). Enhanced recognition memory following vagus nerve stimulation in human subjects. Nat. Neurosci. 2, 94–98. doi: 10.1038/4600

Cleeremans, A., Achoui, D., Beauny, A., Keuninckx, L., Martin, J.-R., Muñoz-Moldes, S., et al. (2020). Learning to be conscious. Trends Cogn. Sci. 24, 112–123. doi: 10.1016/j.tics.2019.11.011

Colzato, L. S., Sellaro, R., and Beste, C. (2017a). Darwin revisited: the vagus nerve is a causal element in controlling recognition of others emotions. Cortex 92, 95–102. doi: 10.1016/j.cortex.2017.03.017

Colzato, L. S., Wolters, G., and Peifer, C. (2017b). Transcutaneous vagus nerve stimulation (tVNS) modulates flow experience. Exp. Brain Res. 236, 253–257. doi: 10.1007/s00221-017-5123-0

Corazzol, M., Lio, G., Lefevre, A., Deiana, G., Tell, L., André-Obadia, N., et al. (2017). Restoring consciousness with vagus nerve stimulation. Curr. Biol. 27, R994–R996. doi: 10.1016/j.cub.2017.07.060

Craig, A. D. B. (2003). Interoception: the sense of the physiological condition of the body. Curr. Opin. iNeurobiol. 13, 500–505. doi: 10.1016/s0959-4388(03)00090-4

Craig, B. (2002). How do you feel? Interoception: the sense of the physiological condition of the body. Nat. Rev. Neurosci. 3, 655–666. doi: 10.1038/nrn894

Critchley, H. D., and Garfinkel, S. N. (2018). The influence of physiological signals on cognition. Curr. Opin. Behav. Sci. 19, 13–18. doi: 10.1016/j.cobeha.2017.08.014

Critchley, H. D., and Harrison, N. A. (2013). Visceral Influences on Brain and Behavior. Neuron 77, 624–638. doi: 10.1016/j.neuron.2013.02.008

Critchley, H. D., Mathias, C. J., and Dolan, R. J. (2001). Neuroanatomical basis for first- and second-order representations of bodily states. Nat. Neurosci. 4, 207–212. doi: 10.1038/84048

Critchley, H. D., Wiens, S., Rotshtein, P., Öhman, A., and Dolan, R. J. (2004). Neural systems supporting interoceptive awareness. Nat. Neurosci. 7, 189–195. doi: 10.1038/nn1176

Crucianelli, L., Krahe, C., Jenkinson, P. M., and Fotopoulou, A. K. (2018). Interoceptive ingredients of body ownership: affective touch and cardiac awareness in the rubber hand illusion. Cortex 104, 180–192. doi: 10.1016/j.cortex.2017.04.018

Damasio, A. (1994). Descartes’ Error. New York, NY: Vintage.

Damasio, A. (2010). Self Comes to Mind: Constructing the Conscious Self. New York, NY: Random House.

De Herdt, V., Boon, P., Vonck, K., Goossens, L., Nieuwenhuis, L., Paemeleire, K., et al. (2003). Are psychotic symptoms related to vagus nerve stimulation in epilepsy patients? Acta Neurol. Belg. 103, 170–175.

Dunn, B. D., Galton, H. C., Morgan, R., Evans, D., Oliver, C., Meyer, M., et al. (2010). Listening to your heart. Psychol. Sci. 21, 1835–1844. doi: 10.1177/0956797610389191

Duschek, S., Montoro, C. I., and del Paso, G. A. R. (2015). Diminished interoceptive awareness in fibromyalgia syndrome. Behav. Med. 43, 100–107. doi: 10.1080/08964289.2015.1094442

Engineer, C. T., Hays, S. A., and Kilgard, M. P. (2017). Vagus nerve stimulation as a potential adjuvant to behavioral therapy for autism and other neurodevelopmental disorders. J. Neurodev. Disord. 9:20. doi: 10.1186/s11689-017-9203-z

Ernst, J., Böker, H., Hättenschwiler, J., Schüpbach, D., Northoff, G., Seifritz, E., et al. (2013). The association of interoceptive awareness and alexithymia with neurotransmitter concentrations in insula and anterior cingulate. Soc. Cogn. Affect. Neurosci. 9, 857–863. doi: 10.1093/scan/nst058

Fassino, S., Pierò, A., Gramaglia, C., and Abbate-Daga, G. (2004). Clinical psychopathological and personality correlates of interoceptive awareness in anorexia nervosa. Bulimia nervosa and Obesity. Psychopathology 37, 168–174. doi: 10.1159/000079420

Fischer, R., Ventura-Bort, C., Hamm, A., and Weymar, M. (2018). Transcutaneous vagus nerve stimulation (tVNS) enhances conflict-triggered adjustment of cognitive control. Cogn. Affect. Behavi. Neurosci. 18, 680–693. doi: 10.3758/s13415-018-0596-2

Flood, J. F., and Morley, J. E. (1988). Effects of bombesin and gastrin-releasing peptide on memory processing. Brain Res. 460, 314–322. doi: 10.1016/0006-8993(88)90375-7

Frangos, E., Ellrich, J., and Komisaruk, B. R. (2015). Non-invasive access to the vagus nerve central projections via electrical stimulation of the external Ear: fMRI Evidence in humans. Brain Stimul. 8, 624–636. doi: 10.1016/j.brs.2014.11.018

Gandola, M., Invernizzi, P., Sedda, A., Ferrè, E. R., Sterzi, R., Sberna, M., et al. (2012). An anatomical account of somatoparaphrenia. Cortex 48, 1165–1178. doi: 10.1016/j.cortex.2011.06.012

Garfinkel, S. N., and Critchley, H. D. (2016). Threat and the body: how the heart supports fear processing. Trends Cogn. Sci. 20, 34–46. doi: 10.1016/j.tics.2015.10.005

Garfinkel, S. N., Seth, A. K., Barrett, A. B., Suzuki, K., and Critchley, H. D. (2015). Knowing your own heart: distinguishing interoceptive accuracy from interoceptive awareness. Biolo. Psychol. 104, 65–74. doi: 10.1016/j.biopsycho.2014.11.004

Garfinkel, S. N., Tiley, C., OKeeffe, S., Harrison, N. A., Seth, A. K., and Critchley, H. D. (2016). Discrepancies between dimensions of interoception in autism: implications for emotion and anxiety. Biol. Psychol. 114, 117–126. doi: 10.1016/j.biopsycho.2015.12.003

Genheimer, H., Andreatta, M., Asan, E., and Pauli, P. (2017). Reinstatement of contextual conditioned anxiety in virtual reality and the effects of transcutaneous vagus nerve stimulation in humans. Scie. Rep. 7:17886. doi: 10.1038/s41598-017-18183-3

Gentsch, A., Sel, A., Marshall, A. C., and Schütz-Bosbach, S. (2018). Affective interoceptive inference: evidence from heart-beat evoked brain potentials. Hum. Brain Mapp. 40, 20–33. doi: 10.1002/hbm.24352

George, M. S., Sackeim, H. A., Rush, A. J., Marangell, L. B., Nahas, Z., Husain, M. M., et al. (2000). Vagus nerve stimulation: a new tool for brain research and therapy. Biol. Psychiatry 47, 287–295. doi: 10.1016/s0006-3223(99)00308-x

George, M. S., Ward, H. E., Ninan, P. T., Pollack, M., Nahas, Z., Anderson, B., et al. (2008). A pilot study of vagus nerve stimulation (VNS) for treatment-resistant anxiety disorders. Brain Stimul. 1, 112–121. doi: 10.1016/j.brs.2008.02.001

Ghacibeh, G. A., Shenker, J. I., Shenal, B., Uthman, B. M., and Heilman, K. M. (2006). Effect of vagus nerve stimulation on creativity and cognitive flexibility. Epilepsy Behav. 8, 720–725. doi: 10.1016/j.yebeh.2006.03.008

Giraudier, M., Ventura-Bort, C., and Weymar, M. (2020). Transcutaneous vagus nerve stimulation improves high confidence recognition memory but not emotional word processing. Front. Psychol. 11:1276. doi: 10.3389/fpsyg.2020.01276

Goehler, L. E., Gaykema, R. P. A., Hansen, M. K., Anderson, K., Maier, S. F., and Watkins, L. R. (2000). Vagal immune-to-brain communication: a visceral chemosensory pathway. Auton. Neurosci. 85, 49–59. doi: 10.1016/s1566-0702(00)00219-8

Gu, X., and FitzGerald, T. H. B. (2014). Interoceptive inference: homeostasis and decision making. Trends Cogni. Sci. 18, 269–270. doi: 10.1016/j.tics.2014.02.001

Gu, X., FitzGerald, T. H. B., and Friston, K. (2019). Modelling subjective belief states in computational psychiatry: interoceptive inference as candidate framework. Psychopharmacology 236, 2405–2412. doi: 10.1007/s00213-019-05300-5

Hansen, N. (2019). Memory reinforcement and attenuation by activating the human locus coeruleus via transcutaneous vagus nerve stimulation. Front. Neurosci. 12:955. doi: 10.3389/fnins.2018.00955

Harshaw, C. (2015). Interoceptive dysfunction: toward an integrated framework for understanding somatic and affective disturbance in depression. Psychol. Bull. 141, 311–363. doi: 10.1037/a0038101

Hays, S. A., Rennaker, R. L., and Kilgard, M. P. (2013). “Targeting Plasticity with vagus nerve stimulation to treat neurological disease,” in Changing Brains - Applying Brain Plasticity to Advance and Recover Human Ability, eds M. Nahum, M. Merzenich, and T. van Vleet (Amsterdam: Elsevier), 275–299. doi: 10.1016/b978-0-444-63327-9.00010-2

Herbert, B. M., Pollatos, O., and Schandry, R. (2007). Interoceptive sensitivity and emotion processing: an EEG study. Int. J. Psychophysiol. 65, 214–227. doi: 10.1016/j.ijpsycho.2007.04.007

Howland, R. H. (2014). Vagus nerve stimulation. Curr. Behav. Neurosci. Rep. 1, 64–73. doi: 10.1007/s40473-014-0010-5

Jacobs, H. I. L., Riphagen, J. M., Razat, C. M., Wiese, S., and Sack, A. T. (2015). Transcutaneous vagus nerve stimulation boosts associative memory in older individuals. Neurobiol. Aging 36, 1860–1867. doi: 10.1016/j.neurobiolaging.2015.02.023

Jin, Y., and Kong, J. (2017). Transcutaneous vagus nerve stimulation: a promising method for treatment of autism spectrum disorders. Front. Neurosci. 10:609. doi: 10.3389/fnins.2016.00609

Jongkees, B. J., Immink, M. A., Finisguerra, A., and Colzato, L. S. (2018). Transcutaneous vagus nerve stimulation (tVNS) enhances response selection during sequential action. Front. Psychol. 9:1159. doi: 10.3389/fpsyg.2018.01159

Kandasamy, N., Garfinkel, S. N., Page, L., Hardy, B., Critchley, H. D., Gurnell, M., et al. (2016). Interoceptive ability predicts survival on a london trading floor. Sci. Rep. 6:32986. doi: 10.1038/srep32986

Kaniusas, E., Kampusch, S., Tittgemeyer, M., Panetsos, F., Gines, R. F., Papa, M., et al. (2019). Current directions in the auricular vagus nerve stimulation i a physiological perspective. Front. Neurosci. 13:854. doi: 10.3389/fnins.2019.00854

Karnath, H.-O. (2005). Awareness of the functioning of ones own limbs mediated by the insular cortex? J. Neurosci. 25, 7134–7138. doi: 10.1523/jneurosci.1590-05.2005

Khalsa, S. S., Adolphs, R., Cameron, O. G., Critchley, H. D., Davenport, P. W., Feinstein, J. S., et al. (2018). Interoception and mental health: a roadmap. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 3, 501–513. doi: 10.1016/j.bpsc.2017.12.004

Khalsa, S. S., Rudrauf, D., Feinstein, J. S., and Tranel, D. (2009). The pathways of interoceptive awareness. Nat. Neurosci. 12, 1494–1496. doi: 10.1038/nn.2411

Klinkenberg, I., Sambeth, A., and Blokland, A. (2011). Acetylcholine and attention. Behav. Brain Res. 221, 430–442. doi: 10.1016/j.bbr.2010.11.033

Koo, B., Ham, S. D., Sood, S., and Tarver, B. (2001). Human vagus nerve electrophysiology. J. Clin. Neurophysiol. 18, 429–433. doi: 10.1097/00004691-200109000-00007

Lange, G., Janal, M. N., Maniker, A., FitzGibbons, J., Fobler, M., Cook, D., et al. (2011). Safety and efficacy of vagus nerve stimulation in fibromyalgia: a phase I/II proof of concept trial. Pain Med. 12, 1406–1413. doi: 10.1111/j.1526-4637.2011.01203.x

Lernia, D. D., Serino, S., Cipresso, P., and Riva, G. (2016). Ghosts in the machine. interoceptive modeling for chronic pain treatment. Front. Neurosci. 10:314. doi: 10.3389/fnins.2016.00314

Levy, M. L., Levy, K. M., Hoff, D., Amar, A. P., Park, M. S., Conklin, J. M., et al. (2010). Vagus nerve stimulation therapy in patients with autism spectrum disorder and intractable epilepsy: results from the vagus nerve stimulation therapy patient outcome registry. J. Neurosurg. Pediatr. 5, 595–602. doi: 10.3171/2010.3.peds09153

Maniscalco, J. W., and Rinaman, L. (2018). Vagal interoceptive modulation of motivated behavior. Physiology 33, 151–167. doi: 10.1152/physiol.00036.2017

Manning, K. E., Beresford-Webb, J. A., Aman, L. C. S., Ring, H. A., Watson, P. C., Porges, S. W., et al. (2019). Transcutaneous vagus nerve stimulation (t-VNS): a novel effective treatment for temper outbursts in adults with Prader-Willi Syndrome indicated by results from a non-blind study. PLoS One 14:e0223750. doi: 10.1371/journal.pone.0223750

Mariana von Mohr, A. F. (2019). “The cutaneous borders of interoception: active and social inference of pain and pleasure on the skin,” in The Interoceptive Mind: From Homeostasis to Awareness, eds M. Tsakiris and H. De Preester (Oxford: Oxford University Press).

Marshall, A. C., Gentsch, A., Schröder, L., and Schütz-Bosbach, S. (2018). Cardiac interoceptive learning is modulated by emotional valence perceived from facial expressions. Soc. Cogn. Affect. Neurosci. 13, 677–686. doi: 10.1093/scan/nsy042

Martin, C. O., Denburg, N. L., Tranel, D., Granner, M. A., and Bechara, A. (2004). The effects of vagus nerve stimulation on decision-making. Cortex 40, 605–612. doi: 10.1016/s0010-9452(08)70156-4

Martino, B. D., Strange, B. A., and Dolan, R. J. (2007). Noradrenergic neuromodulation of human attention for emotional and neutral stimuli. Psychopharmacology 197, 127–136. doi: 10.1007/s00213-007-1015-5

Mehling, W., Daubenmier, J., Price, C., and Acree, M. (2013). Self-reported interoceptive awareness in primary care patients with past or current low back pain. J. Pain Res. 6, 403–418. doi: 10.2147/jpr.s42418

Melzack, R., Wall, P. D., and Ty, T. C. (1982). Acute pain in an emergency clinic: latency of onset and descriptor patterns related to different injuries. Pain 14, 33–43. doi: 10.1016/0304-3959(82)90078-1

Merrill, C. A., Jonsson, M. A. G., Minthon, L., Ejnell, H., Silander, H., C-son Silander, H., et al. (2006). Vagus nerve stimulation in patients with Alzheimers Disease. J. Clin. Psychiatry 67, 1171–1178. doi: 10.4088/jcp.v67n0801

Meyer, R. A., Ringkamp, M., Campbell, J. N., and Raja, S. N. (2006). “Peripheral mechanisms of cutaneous nociception,” in Wall and Melzacks Textbook of Pain, eds S. B. McMahon, M. Koltzenburg, I. Tracey, and D. Turk (Amsterdam: Elsevier), 3–34. doi: 10.1016/b0-443-07287-6/50006-0

Moro, V., Pernigo, S., Tsakiris, M., Avesani, R., Edelstyn, N. M. J., Jenkinson, P. M., et al. (2016). Motor versus body awareness: voxel-based lesion analysis in anosognosia for hemiplegia and somatoparaphrenia following right hemisphere stroke. Cortex 83, 62–77. doi: 10.1016/j.cortex.2016.07.001

Narayanan, J. T., Watts, R., Haddad, N., Labar, D. R., Li, P. M., and Filippi, C. G. (2002). Cerebral activation during vagus nerve stimulation: a functional MR Study. Epilepsia 43, 1509–1514. doi: 10.1046/j.1528-1157.2002.16102.x

Naritoku, D. K., Jensen, R. A., Browning, R. A., Clark, K. B., Smith, D. C., and Terry, R. S. Jr., et al. (2003). Methods for Improving Learning or Memory by Vagus Nerve Stimulation. Washington, DC: U.S. Patent and Trademark Office. US Patent No: US 6,556,868 B2. Available online at: https://patents.google.com/patent/US6556868

Noble, L. J., Gonzalez, I. J., Meruva, V. B., Callahan, K. A., Belfort, B. D., Ramanathan, K. R., et al. (2017). Effects of vagus nerve stimulation on extinction of conditioned fear and post-traumatic stress disorder symptoms in rats. Transl. Psychiatry 7:e1217. doi: 10.1038/tp.2017.191

Nogueira, P. J. C., Tomaz, C., and Williams, C. L. (1994). Contribution of the vagus nerve in mediating the memory-facilitating effects of substance P. Behav. Brain Res. 62, 165–169. doi: 10.1016/0166-4328(94)90024-8

Park, H.-D., Bernasconi, F., Salomon, R., Tallon-Baudry, C., Spinelli, L., Seeck, M., et al. (2017). Neural sources and underlying mechanisms of neural responses to heartbeats and their role in bodily self-consciousness: an intracranial EEG Study. Cereb. Cortex 28, 2351–2364. doi: 10.1093/cercor/bhx136

Paulus, M. P., and Stein, M. B. (2006). An insular view of anxiety. Biol. Psychiatry 60, 383–387. doi: 10.1016/j.biopsych.2006.03.042

Paulus, M. P., and Stein, M. B. (2010). Interoception in anxiety and depression. Brain Struct. Funct. 214, 451–463. doi: 10.1007/s00429-010-0258-9

Peña, D. F., Childs, J. E., Willett, S., Vital, A., McIntyre, C. K., and Kroener, S. (2014). Vagus nerve stimulation enhances extinction of conditioned fear and modulates plasticity in the pathway from the ventromedial prefrontal cortex to the amygdala. Front. Behav. Neurosci. 8:327. doi: 10.3389/fnbeh.2014.00327

Peña, D. F., Engineer, N. D., and McIntyre, C. K. (2013). Rapid remission of conditioned fear expression with extinction training paired with vagus nerve stimulation. Biol. Psychiatry 73, 1071–1077. doi: 10.1016/j.biopsych.2012.10.021

Petzschner, F. H., Weber, L. A., Gard, T., and Stephan, K. E. (2017). Computational psychosomatics and computational psychiatry: toward a joint framework for differential diagnosis. Biol. Psychiatry 82, 421–430. doi: 10.1016/j.biopsych.2017.05.012

Petzschner, F. H., Weber, L. A., Wellstein, K. V., Paolini, G., Do, C. T., and Stephan, K. E. (2019). Focus of attention modulates the heartbeat evoked potential. NeuroImage 186, 595–606. doi: 10.1016/j.neuroimage.2018.11.037

Pfeifer, G., Garfinkel, S. N., van Praag, C. D. G., Sahota, K., Betka, S., and Critchley, H. D. (2017). Feedback from the heart: emotional learning and memory is controlled by cardiac cycle interoceptive accuracy and personality. Biol. Psychol. 126, 19–29. doi: 10.1016/j.biopsycho.2017.04.001

Pollatos, O., Kirsch, W., and Schandry, R. (2005). On the relationship between interoceptive awareness emotional experience, and brain processes. Cogn. Brain Res. 25, 948–962. doi: 10.1016/j.cogbrainres.2005.09.019

Pollatos, O., Kurz, A.-L., Albrecht, J., Schreder, T., Kleemann, A. M., Schöpf, V., et al. (2008). Reduced perception of bodily signals in anorexia nervosa. Eat. Behav. 9, 381–388. doi: 10.1016/j.eatbeh.2008.02.001

Pollatos, O., and Schandry, R. (2008). Emotional processing and emotional memory are modulated by interoceptive awareness. Cogn. Emot. 22, 272–287. doi: 10.1080/02699930701357535

Quadt, L., Critchley, H. D., and Garfinkel, S. N. (2018). The neurobiology of interoception in health and disease. Ann. N. Y. Acad. Sci. 1428, 112–128. doi: 10.1111/nyas.13915

Quadt, L., Critchley, H. D., and Garfinkel, S. N. (2019). “Interoception and emotion: Shared mechanisms and clinical implications,” in The Interoceptive Mind. From Homeostasis to Awareness, eds M. Tsakaris and H. De Preester (Oxford: Oxford University Press), 123–143.

Rong, P., Luo, M., Li, L., Zhang, J., Guo, X., Zhao, B., et al. (2019). Sleep electroencephalography power spectral response to transcutaneous auricular vagus nerve stimulation on insomnia rats. Heart Mind 3, 55–62. doi: 10.4103/hm.hm_51_19

Saper, C. B. (2002). The central autonomic nervous system: conscious visceral perception and autonomic pattern generation. Annu. Rev. Neurosci. 25, 433–469. doi: 10.1146/annurev.neuro.25.032502.111311

Schandry, R. (1981). Heart beat perception and emotional experience. Psychophysiology 18, 483–488. doi: 10.1111/j.1469-8986.1981.tb02486.x

Sellaro, R., de Gelder, B., Finisguerra, A., and Colzato, L. S. (2018). Transcutaneous vagus nerve stimulation (tVNS) enhances recognition of emotions in faces but not bodies. Cortex 99, 213–223. doi: 10.1016/j.cortex.2017.11.007

Seth, A. K. (2013). Interoceptive inference emotion, and the embodied self. Trends Cogn. Sci. 17, 565–573. doi: 10.1016/j.tics.2013.09.007

Seth, A. K., Suzuki, K., and Critchley, H. D. (2012). An interoceptive predictive coding model of conscious presence. Front. Psychol. 2:395. doi: 10.3389/fpsyg.2011.00395

Seth, A. K., and Tsakiris, M. (2018). Being a beast machine: the somatic basis of selfhood. Trends Cogn. Sci. 22, 969–981. doi: 10.1016/j.tics.2018.08.008

Shah, P., Catmur, C., and Bird, G. (2017). From heart to mind: linking interoception emotion, and theory of mind. Cortex 93, 220–223. doi: 10.1016/j.cortex.2017.02.010

Shah, P., Hall, R., Catmur, C., and Bird, G. (2016). Alexithymia not autism, is associated with impaired interoception. Cortex 81, 215–220. doi: 10.1016/j.cortex.2016.03.021

Sierra, M., and David, A. S. (2011). Depersonalization: a selective impairment of self-awareness. Conscious. Cogn. 20, 99–108. doi: 10.1016/j.concog.2010.10.018

Sjogren, M. J. C., Hellstrom, P. T. O., Jonsson, M. A. G., Runnerstam, M., Silander, H. C., and Ben-Menachem, E. (2002). Cognition-enhancing effect of vagus nerve stimulation in patients with Alzheimer’s Disease. J. Clin. Psychiatry 63, 972–980. doi: 10.4088/jcp.v63n1103

Souza, R. R., Robertson, N. M., Mathew, E., Tabet, M. N., Bucksot, J. E., Pruitt, D. T., et al. (2020). Efficient parameters of vagus nerve stimulation to enhance extinction learning in an extinction-resistant rat model of PTSD. Prog. Neuro Psychopharmacol. Biol. Psychiatry 99:109848. doi: 10.1016/j.pnpbp.2019.109848

Souza, R. R., Robertson, N. M., Pruitt, D. T., Gonzales, P. A., Hays, S. A., Rennaker, R. L., et al. (2019). Vagus nerve stimulation reverses the extinction impairments in a model of PTSD with prolonged and repeated trauma. Stress 22, 509–520. doi: 10.1080/10253890.2019.1602604

Szeska, C., Richter, J., Wendt, J., Weymar, M., and Hamm, A. O. (2020). Promoting long-term inhibition of human fear responses by non-invasive transcutaneous vagus nerve stimulation during extinction training. Sci. Rep. 10:1529. doi: 10.1038/s41598-020-58412-w

Talley, C. P., Clayborn, H., Jewel, E., McCarty, R., and Gold, P. E. (2002). Vagotomy attenuates effects of l-glucose but not of d-glucose on spontaneous alternation performance. Physiol. Behav. 77, 243–249. doi: 10.1016/s0031-9384(02)00850-8

Terasawa, Y., Moriguchi, Y., Tochizawa, S., and Umeda, S. (2014). Interoceptive sensitivity predicts sensitivity to the emotions of others. Cogn. Emot. 28, 1435–1448. doi: 10.1080/02699931.2014.888988

Terhaar, J., Viola, F. C., Bär, K.-J., and Debener, S. (2012). Heartbeat evoked potentials mirror altered body perception in depressed patients. Clin. Neurophysiol. 123, 1950–1957. doi: 10.1016/j.clinph.2012.02.086

Van den Bergh, O. V., Witthöft, M., Petersen, S., and Brown, R. J. (2017). Symptoms and the body: taking the inferential leap. Neurosci. Biobehav. Rev. 74, 185–203. doi: 10.1016/j.neubiorev.2017.01.015

Villani, V., Tsakiris, M., and Azevedo, R. T. (2019). Transcutaneous vagus nerve stimulation improves interoceptive accuracy. Neuropsychologia 134:107201. doi: 10.1016/j.neuropsychologia.2019.107201

Vonck, K., Raedt, R., Naulaerts, J., Vogelaere, F. D., Thiery, E., Roost, D. V., et al. (2014). Vagus nerve stimulation…25 years later! What do we know about the effects on cognition? Neurosci. Biobehav. Rev. 45, 63–71. doi: 10.1016/j.neubiorev.2014.05.005

Werner, N. S., Jung, K., Duschek, S., and Schandry, R. (2009). Enhanced cardiac perception is associated with benefits in decision-making. Psychophysiology 46, 1123–1129. doi: 10.1111/j.1469-8986.2009.00855.x

Werner, N. S., Peres, I., Duschek, S., and Schandry, R. (2010). Implicit memory for emotional words is modulated by cardiac perception. Biol. Psychol. 85, 370–376. doi: 10.1016/j.biopsycho.2010.08.008

Wernicke, J. F., Terry, R. S. Jr., and Baker, R. G. (1993). Treatment of Eating Disorders by Nerve Stimulation. Washington, DC: U.S. Patent and Trademark Office. US Patent No 5, 104. Available online at: https://patents.google.com/patent/US5263480A/en

Wiens, S., Mezzacappa, E. S., and Katkin, E. S. (2000). Heartbeat detection and the experience of emotions. Cogn. Emot. 14, 417–427. doi: 10.1080/026999300378905

Williams, C. L., and Jensen, R. A. (1993). Effects of vagotomy on leu-enkephalin-induced changes in memory storage processes. Physiol. Behav. 54, 659–663. doi: 10.1016/0031-9384(93)90073-o

Yoris, A., García, A. M., Salamone, P. C., Sedeño, L., García-Cordero, I., and Ibáñez, A. (2019). “Cardiac interoception in neurological conditions and its relevance for dimensional approaches,” in Interoceptive Mind: From Homeostasis to Awareness, eds M. Tsakaris and H. De Preester (Oxford: Oxford University Press), 197–211.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Paciorek and Skora. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 17 September 2020
doi: 10.3389/fpsyg.2020.570196





[image: image]

Stress and Tinnitus; Transcutaneous Auricular Vagal Nerve Stimulation Attenuates Tinnitus-Triggered Stress Reaction

Jukka Ylikoski1,2,3, Marika Markkanen4*, Ulla Pirvola5, Jarmo Antero Lehtimäki1,2, Matti Ylikoski1,2, Zou Jing6, Saku T. Sinkkonen3 and Antti Mäkitie3

1Helsinki Ear Institute, Helsinki, Finland

2Salustim Group Inc., Kempele, Finland

3Department of Otolaryngology-Head & Neck Surgery, University of Helsinki and Helsinki University Hospital, Helsinki, Finland

4Department of Anatomy, University of Helsinki, Helsinki, Finland

5Molecular and Integrative Biosciences Research Program, University of Helsinki, Helsinki, Finland

6Department of Otolaryngology-Head and Neck Surgery, Center for Otolaryngology-Head & Neck Surgery of Chinese PLA, Changhai Hospital, Second Military Medical University, Shanghai, China

Edited by:
Tino Zaehle, Otto von Guericke University Magdeburg, Germany

Reviewed by:
Marcus Heldmann, Department of Neurology, University of Lübeck, Germany
Derrick L. Hassert, Trinity Christian College, United States

*Correspondence: Marika Markkanen, marika.markkanen@helsinki.fi

Specialty section: This article was submitted to Cognition, a section of the journal Frontiers in Psychology

Received: 06 June 2020
Accepted: 26 August 2020
Published: 17 September 2020

Citation: Ylikoski J, Markkanen M, Pirvola U, Lehtimäki JA, Ylikoski M, Jing Z, Sinkkonen ST and Mäkitie A (2020) Stress and Tinnitus; Transcutaneous Auricular Vagal Nerve Stimulation Attenuates Tinnitus-Triggered Stress Reaction. Front. Psychol. 11:570196. doi: 10.3389/fpsyg.2020.570196

Introduction: Tinnitus can become a strong stressor for some individuals, leading to imbalance of the autonomous nervous system with reduction of parasympathetic activity. It can manifest itself as sleep disturbances, anxiety and even depression. This condition can be reversed by bioelectrical vagal nerve stimulation (VNS). Conventional invasive VNS is an approved treatment for epilepsy and depression. Transcutaneous VNS (taVNS) stimulating the auricular branch of the vagus nerve has been shown to activate the vagal pathways similarly as an implanted VNS. Therefore, taVNS might also be a therapeutic alternative in health conditions such as tinnitus-related mental stress (TRMS). This retrospective study in 171 TRMS patients reports the clinical features, psychophysiological characteristics, and results of the heart rate variability (HRV) tests before and after test-taVNS. This study also reports the therapy outcomes of 113 TRMS patients treated with taVNS, in combination with standard tinnitus therapy.

Methods: Diagnostic tinnitus and hearing profiles were defined. To detect possible cardiac adverse effects, test-taVNS with heart rate monitoring as well as pre- and post-stimulation HRV tests were performed. Daily taVNS home therapy was prescribed thereafter. To assess therapeutic usefulness of taVNS, 1-year follow-up outcome was studied. Results of HRV tests were retrospectively analyzed and correlated to diagnostic data.

Results: The large majority of patients with TRMS suffer from associated symptoms such as sleep disturbances and anxiety. Baseline HRV data showed that more than three quarters of the 171 patients had increased sympathetic activity before test-taVNS. Test-taVNS shifted mean values of different HRV parameters toward increased parasympathetic activity in about 80% of patients. Test-taVNS did not cause any cardiac or other side effects. No significant adverse effects were reported in follow-up questionnaires.

Conclusion: TRMS is an example of a stress condition in which patients may benefit from taVNS. As revealed by HRV, test-taVNS improved parasympathetic function, most efficiently in patients with a low starting HRV level. Our tinnitus treatment program, including taVNS, effectively alleviated tinnitus stress and handicap. For wider clinical use, there is a great need for more knowledge about the optimal methodology and parameters of taVNS.

Keywords: stress, tinnitus, patients, parasympathetic, vagus, neuromodulation


INTRODUCTION

All our unconscious bodily functions are controlled by the autonomic nervous system (ANS), particularly by the CAN (Benarroch, 1993). The most common cause for the dysfunction of CAN is stress, the major cause of deteriorating health conditions and illnesses. CAN initially reacts to stressor effects with sympathetic fight/flight response that is restored back to normal by the parasympathetic nervous systemś relax/digest response (Selye, 1950). Many illnesses result from the inability of the parasympathetic activity to restore the ANS balance (for review see McEwen, 2000; McEwen and Akil, 2020). These two circuits, sympathetic and parasympathetic systems, are constantly interacting. This interaction is reflected by HRV that, hence, is a read out of ANS balance. HRV may consequently serve as a measure of stress (Akselrod et al., 1981; Thayer et al., 2012). As the vagal system with the vagus nerve in front is responsible for parasympathetic activity, neuromodulation via VNS can serve as targeted treatment in stressful conditions. VNS has been conventionally performed for more than two decades to treat severe epilepsy and depression by applying an electrode surgically implanted to the cervical trunk of the vagus nerve. More recently, it has been shown by electrophysiological and neuroimaging studies that taVNS of the ABVN activates central vagal pathways similarly as VNS with an implanted electrode (Kraus et al., 2007; Dietrich et al., 2008; Frangos et al., 2015; Yakunina et al., 2017; Badran et al., 2018a).

ANS imbalance is most often a result of the individual’s exposure to concurrent stressors. Therefore, the stress-triggered clinical picture is often very heterogeneous. On the contrary, tinnitus (ringing in the ears) as a stressor usually results in a relatively regular SR in otherwise healthy individuals. Therefore, individuals with TRMS seem to be an optimal target group for investigations of the effects of taVNS on stress in patients.

Tinnitus is considered to be generated in the auditory periphery (cochlea-cochlear nerve), detected in the subcortical centers according to the lines of pattern recognition principles, and perceived and evaluated in the auditory cortex with significant participation of the limbic system and prefrontal and other cortical areas (Jastreboff, 1990). Tinnitus sound itself usually constitutes only minor symptoms. However, tinnitus connected with fear (that it is maintained or even growing worse) and threat (that it is a sign of a serious illness) leads to automatic negative thoughts, developing a SR (arousal) that may potentiate sleep problems, anxiety and depression. The end result all of this is a vicious cycle, SR worsening tinnitus and increased tinnitus worsening stress.

This was taken into consideration in the neurophysiological tinnitus model by Jastreboff (1990) and it formed the basis for the development of the TRT program (Jastreboff and Hazell, 1993). The target of TRT therapy is the stress-arousal caused by tinnitus and it leads to distress that prevents habituation. The goal of TRT is to remove the negative perception of tinnitus from patient’s consciousness, thereby facilitating habituation. Furthermore, the rationale of TRT is to attenuate the conditioned stress-response (arousal) with associated sympathovagal imbalance by stimulating the parasympathetic system (Jastreboff and Hazell, 1993). TRT is a program consisting of diagnostics, instructive counseling and sound therapy, each acting in concert with the aim to stimulate the parasympathetic system.

Plans for this study were started after Engineer et al. (2011) reported that maladaptive neuronal plasticity of the central auditory system, thought to be behind tinnitus in an animal tinnitus model, can be reversed through (invasive) VNS. It was clear that conventional (invasive) VNS would not be the optimal treatment for patients with tinnitus. Therefore, we first had to develop a method and device for noninvasive VNS (taVNS). When the device development was completed, we had to start to test-use it particularly for cardiac safety.

This retrospective study reports the clinical, audiological and psychophysical diagnostic results in a historical group of 171 patients managed for TMRS. The study also reports the results of the 1-year follow-up outcome study with patients treated with taVNS. Because stress levels of patients needed to be measured and because of the novelty of taVNS and the potential cardiac complications reported by VNS, the HRV test and test-taVNS with HR monitoring were considered obligatory. We performed HRV test both before and after test-taVNS. Our data show that taVNS is safe and improves parasympathetic activity and, in conjunction with TRT, attenuates tinnitus severity based on results of symptom questionnaires.



PATIENTS AND METHODS

The present series consists of 171 consecutive patients (67 female, 104 male, mean age 49 years, range 17–84) who visited the Tinnitus Clinic of Helsinki Ear Institute between November 2014 and December 2017 due to annoying tinnitus. We have developed our own modification of TRT that is named TCPT. Its main constituents include diagnostic profiling of tinnitus and hearing, counseling, sound therapy, and a sleep module. In order to strengthen parasympathetic activation, taVNS was added to the program in 2014. In addition to other diagnostics, HRV tests and a 15–60 min test-taVNS were performed and, as adjunctive to other TCPT therapy, a taVNS device was prescribed as home-therapy if tinnitus had been defined as moderate or severe (THI, questionnaire score higher than 34/100). Some patients with lower THI scores were also instructed for taVNS treatment if they showed special interest in the device or complained of being particularly stressed. At the initial office visit, extensive otological and audiological examinations with profiling of tinnitus and hearing were done using different structured diagnostic forms and questionnaires. For clinical evaluation of the subjective severity of tinnitus annoyance and associated symptoms such as sleep disturbance and anxiety levels were quantified based on VAS questions.

Each patient’s stress level was evaluated by HRV testing. The patient was then (for safety reason) test-stimulated with the Salustim taVNS device (Helsinki Ear Institute) continuously for 15–60 min after which a new HRV test was performed. We have earlier shown by magnetoencephalography that the amplitudes of auditory N1m responses in the auditory cortex are reduced by using this taVNS method (Lehtimäki et al., 2013). As there were no adverse effects related to the test-taVNS, all tested patients were then instructed to use the taVNS device at home 60–90 min per day. The long-term therapeutic outcomes of our first 113 patients were studied with structured questionnaires about 1 year after the first visit. Such follow-up data was possible to obtain during office visits scheduled according to the TCPT program or by telephone interviews in 78 patients (69%) (54 males and 59 females; age range from 18 to 84 years).


HRV Test and Heart Rate Monitoring During Test-taVNS

The main aim of HR monitoring was to detect possible cardiac side-effects during the first 15–60 min of taVNS stimulation. Other reasons were to measure the mental stress level of patients and to collect HRV data for later analyses to study whether HRV could be used for selection of presumably taVNS-responding patients. In this study, we report the results of HRV analyses and specifically correlate HRV results to clinical data in a total of 171 patients. We have previously described in detail our HRV testing procedure (Ylikoski et al., 2017). Briefly, for analyzing the dynamics of HRV signals (R-R intervals), the eMotion HRV measurement system (Mega Electronics Ltd., Kuopio, Finland) was used. Stress test with a HRV scan was performed with the patient breathing with a parasympathetic stimulating respiratory rate during which the R-R interval variability was registered by wrist electrodes with a one-lead ECG. In the eMotion HRV measurement, artifacts and interruptions were eliminated with high-end technology (and disposable surface electrodes) (Malik, 1996; Tarvainen et al., 2009). Only tests with 100% measurement quality in ECG monitoring were used for evaluation. The following HRV parameters were measured during the 1-min deep-breathing test (one-min DBT): mean HR, amplitude and ratio of HR oscillation (E-I difference, E/I ratio) (E-I = difference between the highest and the lowest HR within a breathing cycle), RMSSD (root mean square of the successive differences), SDNN (standard deviation of the R-R intervals), and Power LF (LF = low frequency; 0.04–0.15 Hz). One-min DBT was followed by 5-min short-term HRV (s-HRV) where the HRV parameters HR, SD1 (width of the Poincare plot, reflecting short-term variability), SD2 (length of the Poincare plot, reflecting short-term variability), SDNN, Stress Index, Power HF (HF = high frequency; 0.15–0.4 Hz), Power LF, Power VLF (very low frequency), and Total Power were determined as well. Parameters were compared through correlation analysis and agreement analysis by Bland-Altman plots. The results of HRV tests were evaluated on the basis of eMotion tests performed in normal individuals (Camm et al., 1996; Tarvainen et al., 2009; Weinschenk et al., 2016).



Vagal Somatosensory Evoked Potential Test

In order to biomonitor the electrical stimulation of ABVN, we measured the VSEP response (Fallgatter et al., 2003). We used EGI GTEN 100 EEG system with 8 kHz collection rate (256 electrodes) (Palva and Palva, 2018) and with different stimulation parameters. We used uni- or bipolar pulses, pulse width 100–560 microseconds, frequencies 1, 2, 4, 8, 15, 20, 25, 30 Hz, amplitude at or just below the pain threshold, and delivered 200–500 epochs at each setting.



taVNS

We used the taVNS instrument consisting of one ear clip electrode connected to a wired TENS-neurostimulating device (Salustim, Helsinki Ear Institute). The clip-electrode was placed on the tragus of the left ear. The clinical efficacy of taVNS requires activation of the thick myelinated afferent fibers of the vagus nerve. Fibers of a sensory peripheral nerve, such as the ABVN, mediate touch sensation. Consequently, the stimulus intensity of taVNS will be adjusted to a level above the individual’s detection threshold and clearly below the individual’s pain threshold. The taVNS device offers a stimulus intensity between 0.1 and 30 mA with a stimulation frequency of 25 Hz and pulse duration of 250 μs. After the individual adjustments the level of stimulation in patients ranged from 0.3 to 3.0 mA. The 15–60 min continuous test stimulation was performed under medical supervision in the office, with continuous HR monitoring. After the initial test stimulation, patients were instructed to use the taVNS device at home for 60–90 min daily, 5 days a week.



Statistical Analyses

Statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, La Jolla, CA, United States). Normality of data was tested with D’Agostino & Pearson test. The non-parametric Wilcoxon’s matched pairs signed rank test was used to estimate the p-values between pre/post -taVNS data, as all data did not follow a normal distribution. Comparison between age groups was also done using the non-parametric Kolmogorov–Smirnov test. Comparison between super-responders vs. non -responders was done using unpaired two-tailed Student’s t-test as the data followed a normal distribution. Data is presented as mean ± standard deviation (SD). Statistical significance was set up at P < 0.05. Bonferroni adjustment were performed for multiple comparisons by dividing the initial significance level of 0.05 by the number of tests to obtain a modified significance level. Treatment effect sizes were calculated by Cohen’s d as the difference in means, divided by the pooled standard deviation of the two means (Cohen’s, 1988). The magnitude of Cohen’s d can be expressed as small (0.2), moderate (0.5), and large (0.8).



RESULTS


Baseline Values

All the patients had clinically relevant tinnitus; chronic in two thirds, subchronic in about 20% and acute (tinnitus duration less than 3 months) in about 15%. In acute cases, most patients had visited our tinnitus clinic one to 6 weeks after the start or worsening of tinnitus. The most common cause of tinnitus was acoustic overstimulation (“NIT”, 47%), usually of a result of exposure to loud music in a festival or restaurant. About one third of NIT cases was defined as music-induced tinnitus (MIT). The MIT patients were usually professional or hobby musicians. Other causes were self-reported stress (6%), otitis media (4%) and other causes such as flight travel (2%). The cause of tinnitus was unknown in 40% of cases (Figure 1A).
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FIGURE 1. (A) The most common cause of tinnitus was acoustic overstimulation (noise-induced tinnitus, NIT; 47%), followed by self-reported stress (6%), otitis media (4%) and other causes (2%). The cause was unknown in 40%. (B) The most common tinnitus frequency was between 7 and 9 kHz (27%), (marked as 8), followed by 11–14 kHz (19%), (marked as 12), 9–11 kHz (14%), (marked as 10), 5–7 kHz (13%), (marked as 6). In 9 patients (5%) tinnitus frequency was >14.0 kHz, in 17 patients (10 %) between 3 and 5 kHz (marked as 4), in 11 patients (7 %) between 1 and 3 kHz (marked as 2) and in seven patients (4%) < 1.0 kHz.


Otological examinations were normal and there were no audiometrically detectable acute hearing impairment, except in five patients that had been exposed to shooting noise. They had a mild (10–25 dB) dip-type hearing loss either at 4 or 6 kHz. Two thirds of patients showed normal or age-related hearing loss in pure tone audiometry. Tinnitus was high-pitched (8 kHz or higher) in two thirds (66%) and >4 kHz in about 85% of cases. The most common tinnitus frequency was detected between 7 and 9 kHz (27%), followed by 11–14 kHz (19%), 9–11 kHz (14%) and 5–7 kHz (13%) (Figure 1B).

The mean THI was 55, and it was between 34 and 100 in 81% of patients indicating moderate or severe tinnitus (Figure 2). Tinnitus was frequently associated with sleep disturbances (92%) and anxiety (96%) (Figure 2). Both sleep disturbances and anxiety were severe or very severe (above 50/100 in VAS in more than half of the patients (57% and 54%, respectively). It may be noteworthy that the patients were typically stressed because, prior to visiting us, they had visited general practitioners or ENT specialists and had received negative counseling (“nothing can be done”, “you just have to learn to live with it”). One third of patients had a history or ongoing therapy of depression, ranging from mild (12%) to moderate (18%) to severe (3%).
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FIGURE 2. THI was between 34 and 100 in 81% of patients. The mean THI value was 55 and the mean VAS-scaled (0–100) values of both loudness and annoyance were 55. Tinnitus was associated with sleep disturbances in 92% and with anxiety in 96%, both being severe or very severe (>50/100 in VAS scale) in 57% and 54% of patients, respectively.




HRV Tests and Results of Test-taVNS

The main aim of the initial test-taVNS was to ascertain the cardiac safety of the method. We found no cardiac adverse effects in our 171 patients. This applies actually to more than 250 taVNS patients treated so far by us: none of them reported cardiac or other serious side-effects during the first test-taVNS or during home treatment. Several of our patients have used the taVNS device regularly, practically daily for 2–3 years, some up to 5 years.

Baseline data from 1-min DBT-HRV and 5-min short-term HRV (s-HRV) showed that more than three quarters of TRMS patients had increased sympathetic activity before test-taVNS. This was deduced from the stress index (data not shown) and the HRV age, which was in this patient population approximately 16 years higher than the mean chronological age. Table 1 shows the mean values of different HRV parameters, considered to describe the vasovagal tone and the changes of HRV parameters immediately after the 15–60 min test-taVNS. The taVNS significantly increased all HRV parameters: the mean R-R interval in 81%, Flexibility = E-I (difference between the highest and the lowest heart rate within a breathing cycle) in 63%, Dynamics = RMSSD, (root of the mean square of successive differences) in 69%, Tone = mean HR in DBT in 68% of patients, and decreased the HRV age by 9 years (Table 1).


TABLE 1. Mean HRV test data of 171 patients with TRMS.

[image: Table 1]From our previous experience (Ylikoski et al., 2017) and from the results of the current study, we deduced that R-R interval, HRV age and RMSSD are the most useful markers for stimulation changes in HRV (Table 1). RMSSD is mainly related to beat-to-beat variations reflecting parasympathetic output (Faber et al., 1996). In practice, the change in vasovagal tone is best illustrated by the HRV age that was determined by algorithms based on values of HRV parameter values, as described by Weinschenk et al. (2016).

If in cases where R-R interval was decreased (in 19%) after test-taVNS, the results of HRV age were taken into consideration, either the HRV age or R-R interval showed increased parasympathetic activity in more than 95% of cases.

To compare the changes in R-R interval, RMSSD and HRV age with the age of patients, we selected the youngest patients (age < 41 years) for one group (n = 41) and the oldest patients (age > 63 years) for another group (n = 21) (Table 2, Figure 3). Test-taVNS increased all the three HRV parameters much more often in patients of the older group: R-R interval in 86% in >63 group, 73% in < 41 group, RMSSD in 81% in >63 group, 66% in < 41 group and HRV age in 81% in >63 group, 58% in < 41 group (Table 2). The taVNS-induced numerical increases of the three HRV parameters were also greater in the older patients. However, only the RMSSD changes reached statistical significance (Table 2, Figure 3). This indicates that taVNS is more efficient in older patients, a result that could be explained by lower starting levels of HRV in this group due to age-related decline in parasympathetic activity. The magnitude of taVNS-induced changes has been shown to be higher in individuals with lower starting HRV level (Bretherton et al., 2019).


TABLE 2. Correlations between HRV parameters and scores of sleep and anxiety between age groups.
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FIGURE 3. Correlations between HRV parameters between Group A (below 41 years) and Group B (above 63 years) shown in Table 2. The taVNS-induced numerical increases of these three HRV parameters were greater in the older group. However, only the RMSSD changes reached statistical significance.


To compare taVNS responses to questionnaire-based clinical data, we selected two patient groups, based on the magnitude of taVNS responses. Group A (21 patients) consisted of super-responders showing a post-taVNS RMSSD increase of 400–2000%. Group B (43 patients) consisted of non-responders showing unchanged or decreased post-taVNS RMSSD. Comparison of the values of THI, sleep disturbance and anxiety showed that group A comprized of more patients with mean THI scores > 60/100 and with sleep disturbance and anxiety scores > 60/100. However, the differences were not statistically significant (Table 3, Figure 4). Super-responders had also higher average tinnitus pitch (8.4 kHz) than non-responders (6.6 kHz) (Table 3, Figure 4).


TABLE 3. Comparison between taVNS responses and questionnaire-based clinical data in super-responders and non-responders.
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FIGURE 4. Comparison between taVNS responses and questionnaire-based clinical data and tinnitus frequency in groups A (super-responders) and B (non-responders), shown in Table 3. The mean values of THI, sleep disturbance, anxiety and tinnitus frequency were all greater in group A, but the differences were not statistically significant. Error bars represent standard deviations. THI = tinnitus handicap inventory.




Results of VSEP Testing

There was a strong stimulation artifact (0 ms) after which oscillations were registered at about 3 ms. These have been earlier described to be of brainstem origin (VSEP) (Fallgatter et al., 2003). This response, however, was interpreted and presumed to be of local origin, arising from muscles in the ear region, not in the brainstem, in accordance to Leutzow et al. (2013). Therefore, we have not used VSEP as a biomarker for taVNS.



Results of the 1-Year Follow-Up Outcome Questionnaires

One-year follow-up therapeutic outcome data was possible to receive from 78 out of 113 patients (69%). Both the loudness and annoyance of tinnitus had decreased in about two thirds and, importantly, stress had decreased in more than 80% of patients (Figure 5A). About 76% of patients reported that they had benefited from the TCPT (including taVNS) treatment. When asked whether they would recommend similar treatment for a friend or near relative with similar health problems, 90% answered yes or probably yes (Figure 5B). When asked what constituent of the TCPT therapy regimen was most efficient in 1 to 5 scale, counseling showed an efficacy of 3.4, followed by taVNS (3.1) and sound therapy (2.8) (Figure 5C). Thus, it seems that taVNS is a useful addition to tinnitus treatments. We stress, however, that the most important constituent of tinnitus therapy is directive counseling. That has been our opinion for decades and it was also supported by the results of this follow-up study.
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FIGURE 5. (A) Results of 1-year-follow-up outcome of 113 patients of which 78 (69%) data was received. Tinnitus annoyance had decreased in 72% and tinnitus-triggered stress in 82%. Symptoms had increased in 2%. (B) 76% of patients reported that they had benefited from TCPT treatment, including taVNS; 41% would recommend and 52% possibly recommend TCPT plus taVNS t for a friend or relative if suffering from similar health problems. (C) Of the components of treatment, counseling was reported most helpful (score 3.4 from the range 1–5), followed by taVNS (3.1) and sound therapy (2.8).




DISCUSSION

The main aim of this study is to share our experience of the usage of taVNS in the treatment of distressing tinnitus. Therefore, we discuss only matters that we feel important in clinical practice. Our study shows that taVNS is safe. Baseline HRV data of 171 patients showed that more than three quarters of TRMS patients had increased sympathetic prevalence (preponderance) before the first test-taVNS. The mean values of different HRV parameters changed toward increased parasympathetic activity by test-taVNS in about 80% of patients. These changes were more pronounced in patients showing greater tinnitus handicap, more severe associated symptoms, higher stress levels and higher age before the test stimulation. No significant adverse effects were reported in follow-up questionnaires. Our conclusion is that our tinnitus treatment program, including taVNS, alleviates stress and handicap caused by tinnitus.

The main problem of patients with disturbing moderate or severe tinnitus is usually TRMS (Andersson and Hesser, 2013) and associated imbalance of the ANS, leading to sympathetic prevalence and correspondingly reduced parasympathetic activity (Thayer et al., 2012; Chalmers et al., 2014). Therefore, the optimal TRMS treatment would be by trophotropic (parasympathetic activity enhancing) means. This could be achieved by behavioral methods such as cervical vagal massage, Valsalva maneuver or respiratory VNS (Gerritsen and Band, 2018) or by general relaxation generating methods such as yoga, mindfulness, biofeedback and cognitive behavioral therapy. The present study, in agreement with our previous results (Ylikoski et al., 2017), suggests that the therapeutic trophotropic effect can be accentuated by taVNS in TRMS and, thereby, tinnitus handicap can be attenuated. This would be in accordance with recent studies reporting that (implanted) VNS paired with tones as well as taVNS constitute promising novel treatments for tinnitus (Lehtimäki et al., 2013; Tyler et al., 2017; Yakunina et al., 2018). On the other hand, another clinical study did not report improvement of tinnitus with taVNS alone, although the therapy was found to be safe (Kreuzer et al., 2014).

The vagus nerve provides a unique therapeutical entrance to the CNS. Although VNS has become an established intervention therapy for therapy resistant epilepsy and depression, the exact mechanisms remain unsolved. Preclinical studies have shown that VNS therapy results in intermittently increased release of multiple neuromodulators, including norepinephrine, acetylcholine, serotonin and brain-derived neurotrophic factor (BDNF) (Hassert et al., 2004; Dorr and Debonnel, 2006). BDNF is a key player in the CNS neuronal plasticity. Maladaptive plasticity is thought to be involved in many medical entities, particularly in illnesses such as phantom pain, dystonias and tinnitus (Flor et al., 2001; Engineer et al., 2011; Kilgard, 2012). In addition, enhancement of neuronal plasticity through VNS has been shown to improve functional recovery in animal models and patients with stroke-induced upper limb paresis (Dawson et al., 2016; Engineer et al., 2019) and in animal models of spinal cord injury (Ganzer et al., 2018). BDNF, norepinephrine and serotonin have been suggested to play a key role in this enhanced plasticity (Hulsey et al., 2017). BDNF is an activity-dependent neurotrophic factor (Barde et al., 1982). Therefore, therapeutic sessions have consisted of VNS combined with simultaneous activities such as physical therapeutic movements in upper limb paresis or pairing with tones in tinnitus (Engineer et al., 2011; Dawson et al., 2016). In depression, the activity part is thought to consist of psychotherapy.

We emphasize that taVNS should not be applied as a solo but an adjunctive therapy. In our study the treatment of patients with distressing tinnitus was always started with a 1.5 h office visit during which patient‘s complaints were dealt with our TRT modification, the TCPT program. This consists of careful diagnostics with hearing and tinnitus profiling, counseling and instructions for sound therapy. The taVNS has been the fourth component of TCPT, initiated at the office visit and continued, together with sound therapy (the activity component), as home therapy. Our inquiries (Figure 5) indicate that counseling is the most important therapy constituent for this kind of distressed patients. During counseling, which takes about 1 h, we try to demystify tinnitus by explaining what tinnitus is all about and how one should behave in order to diminish its annoyance; not to be afraid that it worsens or never disappears. It has been shown that uncertainties and fears constitute a potent stressor and can easily cause diseases (Peters et al., 2017). Specifically, fear and anxiety can be significant co-factors, possibly modulated by amygdala, in triggering TRMS (Andersson et al., 1999; Cima et al., 2012). This type of counseling should be applied also to the therapeutic regimen of anxious and depressive patients.


Mechanisms of TRMS

The prominent feature of our patients was the SR (arousal) caused by tinnitus. SR is such a personal experience that it is not possible to ascertain – or even speculate- why most of the patients had developed a severe SR. Also, the reliability of our main markers for SR, the questionnaires and HRV tests, are not accurate and often even debatable. However, there are some general clinical and test-based characteristics, which allow to suggest speculative stress pathways at least in the patients in which tinnitus was initially triggered by exposure to excessively loud sounds. These patients had contracted NIHD that is now known to be the most common consequence of noise trauma. Its most common symptoms are tinnitus and hyperacusis, the audiometrically measurable hearing impairment being a much less common feature (Kähäri et al., 2001; Szibor et al., 2018). Usually, the intensity of the exposing sound (mostly music) is relatively low in NIHD and its action on the cochlea is thought to be cellular stress/damage that does not lead to significant hair cell loss. Low-level noise exposure is known to cause synaptopathy, the damage of the synapses between inner hair cells and auditory nerve fibers (Kujawa and Liberman, 2009). It is generally accepted that tinnitus frequency and the predicted location of the lesion along the tonotopic axis of the cochlear are closely related. In the present study, tinnitus frequency tended to be very high, higher than 6 kHz in more than 85% of cases, indicating that the presumable cellular stress response was localized to the extreme basal coil of the cochlea. Most researchers agree that tinnitus can be linked to changes at one or more relays along the peripheral and central auditory pathways including auditory cortex (Jastreboff, 1990; Lockwood et al., 1998; Giraud et al., 1999; Møller, 2003; Eggermont and Roberts, 2004; Rauschecker et al., 2010). Although it is generally accepted that the dysfunction of the auditory system is necessary for tinnitus to occur, it is unclear whether this defect alone is sufficient to cause chronic tinnitus or whether additional mechanisms outside the auditory-sensory regions are involved. Clinically, there is a clear relationship between tinnitus and the emotional state (Sullivan et al., 1988; Dobie, 2003) and it has led to the suggestion that the limbic system plays a role in modulating or perpetuating tinnitus (Jastreboff, 1990; Rauschecker et al., 2010). Indeed, the lifetime incidence of clinical depression in tinnitus patients is estimated to be more than twice of the national average (∼35% vs. 15%, respectively, Folmer et al., 1999). Treatment regimens that include forms of cognitive-behavioral therapy have been shown to be effective for many tinnitus patients (Jastreboff, 2007; Robinson et al., 2008). Although the exact nature of the involvement of the limbic system in chronic tinnitus remains to be shown, there is substantial – mainly neuroimaging – evidence indicating that networks such as the corticostriatal circuit and the amygdala-anterior cingulate cortex axis are involved (Leaver et al., 2011; Chen et al., 2017; Xu et al., 2019). It has been shown that the corticostriatal circuit, which includes the nucleus accumbens and ventromedial posterior frontal cortex, does indeed differ in the brains of individuals with tinnitus (Leaver et al., 2011). The corticostriatal circuit is part of the general “appraisal network”, determining which sensations are important and ultimately affecting how (or whether) those sensations are experienced (Simmons et al., 2020). Our theory of the pathogenetic mechanism of NIHD is schematically summarized in Figure 6.
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FIGURE 6. (A) Summary of the hypothesis. Noise exposure (most commonly music) causes dysfunction/damage in the high-frequency (>6.0 kHz) region of the cochlea) in >85% of patients. This leads to high-pitched tinnitus, most commonly at about 8.0 kHz. Bioelectrical impulse flow from the damaged cochlear region toward auditory cortex diminishes or ceases (”dead” region). This leads to reduced (inhibitory) regulation with subsequent neuronal hyperactivity in the central auditory pathway, first in the auditory nuclei of brainstem, later in the auditory cortex. The normal (spontaneous) alpha activity (in EEG) changes to gamma activity. The central auditory pathway is intimately connected to the limbic system (that controls emotions). Tinnitus is experienced as an emotionally negative sensation including uncertainties and fears (”what is this all about?”; “does it ever go away?”). Thereby, the perceptive (hearing) network is connected to the distress network (stress). The stressor leads to imbalance of the central autonomous network (CAN) with hyperactivity of the sympathetic nervous system (flight or fight or freeze response) and, correspondingly reduced activity of the parasympathetic nervous system (PNS) (relax, calm down). (B) Vagus nerve is the main player of the PNS. Therefore, activation of the vagal system increases PNS activity. For taVNS we have used a specially designed Salustim device that uses an ear-clip electrode inserted to the tragus and electrically stimulates ABVN. The taVNS reverses sympathetic hyperactivity in the limbic system and the CAN imbalance toward parasympathetic direction. Reduction of distress also facilitates the reversal of gamma-hyperactivity back to normal alpha-activity in the auditory central pathway.




The Inflammatory Reflex or Neuroinflammation in the Pathogenesis of Stress and Tinnitus, and Possible Attenuation by taVNS

Although the common pathways between stress exposure and pathophysiological processes leading to tissue damage are still debatable, several results indicate that stress can activate an inflammatory response in the brain and in the periphery (Calcia et al., 2016, for review). In this damaging process, stress-induced pro-inflammatory factors including C-reactive protein, IL-6, TNFα, IL-1β and NF-κB, have an important role (Miller et al., 2008). In common, over-activated immune system, increased sympathetic nervous system activity and reduced glucocorticoid (GC) responsiveness may work tandemly in the activation of inflammatory responses during stress. GCs, catecholamines, cytokines and other mediators are thought to be the main mediators of the stress-induced pro-inflammatory effect. Correspondingly, when the auditory system in a rodent model was exposed to acoustic overstimulation causing hearing impairment and tinnitus, neuroinflammation in the central auditory system was found to be importantly involved (Wang et al., 2019).

After exposure to acoustic overstimulation from loud noise or music, the resulting tinnitus is high-pitched (Szibor et al., 2018). It can be very difficult to tolerate and habituate this tinnitus and, therefore, it may lead to sleep disturbances, anxiety and finally to SR. Tinnitus can be regarded as the consequence of multisensory interactions between the auditory and limbic systems. This is because extensive functional networks and tinnitus distress strongly correlate with enhanced effective connectivity that is directed from the amygdala to the auditory cortex (Rauschecker et al., 2010; Chen et al., 2017). When the stimulation patterns and dynamics of functional networks during VNS were examined by fMRI, the vagus nerve was found to convey signals to the brain through the polysynaptic neuronal pathways, by projecting to the brainstem nuclei (NTS, locus coeruleus), subcortical areas and lastly to the cortex (Henry, 2002; Ressler and Mayberg, 2007), thus covering the entire CAN. fMRI and a spatially independent component analysis were utilized in a recent experimental study (Cao et al., 2017). That study demonstrated that VNS activated 15 out of 20 brain networks and that the activated regions covered > 75% of the brain volume.

Very soon after the acoustic trauma, which means during ongoing inflammatory response or neuroinflammation, patients usually seek medical assistance because of uncertainty (and fear) with questions regarding possible consequences and management. If no appropriate treatment or even counseling are available and only negative counseling is offered (“nothing can be done”), a complete SR with self-perpetuating cycle develops: distress worsens tinnitus and worsening tinnitus accentuates SR. This is about the clinical picture characterizing most of the patients included in the present study. Therefore, it is not surprising that our TCPT therapeutic regimen, including taVNS as the adjunctive treatment, significantly benefited the great majority of patients. In this type of condition, taVNS may be especially effective, perhaps due to a dual action: it may attenuate the underlying neuroinflammation or inflammatory process in parallel or subsequent to SR.

Of special interest are our findings indicating that aged patients are more responsive to acute taVNS than younger ones, as revealed by HRV tests. Our results are preliminary and appropriate controls are missing, but if age-related differences in HRV responses hold true also in controlled studies, it may open new avenues for the treatment of hearing disorders, particularly the two most common disorders, presbyacusis and NIHD. There is no effective treatment available for them today. Targeting neuroinflammation with taVNS might be a novel therapeutic possibility for NIHD with tinnitus. There is strong preclinical scientific evidence of the beneficial role of VNS in the treatment of immunologic reflex-associated disorders, particularly rheumatoid arthritis [reviewed by Tracey (2018)]. As a method taVNS is safer than VNS, because ABVN has no efferent neurons.

In the pathogenesis of AF, another common medical entity, accumulating evidence indicates that the inflammatory pathways play a significant role (Aviles et al., 2003; Hu et al., 2015). In a recent clinical trial, chronic, intermittent taVNS (with the Salustim device used in this study as well) resulted in lower AF burden in about 50% of patients compared to sham control stimulation. These results support the use of taVNS to treat paroxysmal AF in selected patients (Stavrakis et al., 2020).



How to Improve the Efficacy of taVNS?

The stimulation of ABVN is an easy and non-invasive method to obtain the beneficial effects of vagal system activation. However, there are still uncertainties concerning the modes of stimulation, including the optimal stimulation site and parameters. These can be defined only after the appropriate biomonitoring tests become available. While clinical taVNS applications have been widely noted in the literature, the physiological mechanisms supporting such clinical effects are poorly understood, particularly in humans.

May be the most important proof of the usefulness of taVNS has so far been obtained from clinical studies. taVNS has been employed for patients suffering from various disorders, including epilepsy (Stefan et al., 2012), tinnitus (Lehtimäki et al., 2013; Yakunina et al., 2018), depression (Rong et al., 2012; Hein et al., 2013), pain (Napadow et al., 2012; Laqua et al., 2014; Janner et al., 2018) and migraine (Straube et al., 2015; Garcia et al., 2017). Clinical studies do not, however, directly show that the beneficial effects are due to ABVN stimulation. This is because the outer ear has an innervation not only from the cranial nerve X, but also from the cranial nerves VII and V as well as the cervical plexus.

Much of our present understanding of the mechanisms and presumed efficacy of taVNS comes from fMRI studies. These studies have shown that taVNS produces significant cortical effects in the vagal afferent pathway. Thus, outer ear stimulation in the regions innervated by ABVN activates afferent vagal networks (Kraus et al., 2007; Dietrich et al., 2008; Frangos et al., 2015; Yakunina et al., 2017; Badran et al., 2018a). These studies have, however, failed to convincingly demonstrate that taVNS activates the crucial brainstem nuclei such as NTS. This has now changed when it was recently demonstrated using a ultrahigh-field (7T) fMRI that taVNS evokes activation in the ipsilateral NTS and upstream monoaminergic source nuclei of the brainstem (Sclocco et al., 2019). This finding supports the idea that the selective stimulation of ABVN is responsible for NTS activation. Corresponding selective NTS activation, comparable to tragal ABVN stimulation, may be possible by using percutaneous ABVN stimulation (Kaniusas et al., 2019). Percutaneous stimulation must, however, be considered as a mini-invasive procedure, because the skin is penetrated. It may be appropriate for the treatment of diseases in medical offices, but not for continuous home-therapy.

Importantly, NTS activity is known to be modulated by respiration, both through the bottom-up afferent pathway from pulmonary stretch receptors and aortic baroreceptors and through the top-down effects from respiratory nuclei in the medulla (Sclocco et al., 2019). Specifically, NTS receives inhibitory influence during inhalation and facilitatory influence during exhalation (Miyazaki et al., 1999; Baekey et al., 2010). Therefore, it has been proposed that NTS targeted by taVNS can be enhanced by gating stimulation to the exhalation phase of the respiratory cycle via respiration-gated auricular vagal afferent nerve stimulation (RAVANS) (Napadow et al., 2012; Garcia et al., 2017). Our taVNS treatment protocol includes instructions for slow breathing (“Respiratory VNS”) (Gerritsen and Band, 2018), but electrical stimulation in our device was not synchronized to give electrical stimuli specifically during exhalation.



HRV

Because HRV is a biomonitor for ANS function, we also analyzed HRV changes before and immediately after acute test-taVNS. HRV as well as HR have been found to be useful in monitoring the effects of taVNS (Clancy et al., 2014; Antonino et al., 2017; De Couck et al., 2017; Ylikoski et al., 2017; Badran et al., 2018b; Bretherton et al., 2019). Clancy et al. (2014) demonstrated that 15 min of taVNS administered to the tragus significantly increased HRV, at least partly through reduction of sympathetic nerve activity. In addition, the acute taVNS has been demonstrated to improve spontaneous baroreflex sensitivity (BRS) that may be the most sensitive measure of ANS function and thereby the parasympathetic activity (Antonino et al., 2017; Bretherton et al., 2019). Normal aging is associated with increase in sympathetic prevalence and/or decreases in the vagal tone and overall variability, which is reflected in HRV (Stein et al., 1997; Kuo et al., 1999). There is a general consensus that we all have our own dominant parasympathetic and sympathetic regulation that gradually decreases with advancing age due to a significant reduction of nocturnal parasympathetic activity. Hence, the preservation of parasympathetic function may serve as a biomarker related to the healthy longevity and vitality in late life span (Zulfiqar et al., 2010). In addition to normal aging, a shift toward sympathetic prevalence may contribute to age-related conditions, such as hypertension, heart failure and AF. Evidence suggests that taVNS could play a role in ameliorating these conditions. Bretherton et al. (2019) have suggested that age-related autonomic dysfunction (decrease of HRV and BRS), QoL, mood and sleep changes improve with taVNS administered daily for 2 weeks. This is in line with our previous study (Ylikoski et al., 2017) and also with the observations in the present study showing that the HRV improvement after acute test-taVNS was greater in elderly individuals (with TRMS) than in younger ones. The findings of Bretherton et al. (2019) also point to the influence of initial values in determining the magnitude and direction of change following taVNS: high initial sympathetic prevalence, tension, anger, depression as well as low energy and sleep quality were associated with greater improvements of HRV and BRS. This is also in line with our findings of HRV changes after acute test-taVNS: when the HRV-RMSSD values were correlated to clinical data, patients with high scores in THI, tinnitus annoyance, sleep disturbances and anxiety showed largest changes in RMSSD. Overall, our findings support the idea of Bretherton et al. (2019), when they state: “considering the ease of application and affordability of taVNS, there is significant potential in attenuating symptoms associated with age-related conditions and prolonging the period of healthy ageing.”



VSEP

Different physiological and neurophysiological tests have been used to biomonitor the effects of taVNS. According to the literature, VSEP is the most useful online biomonitor. Therefore, we investigated whether VSEP could be used for our biomonitoring purposes. In order to reveal the anatomic site where VSEP arises (hypothetically NTS of the brainstem), we registered VSEP responses using EGI GTEN 100 EEG system with 256 electrodes (Palva and Palva, 2018) and with multiple stimulation parameters. We found a strong stimulation artifact (0 ms) and thereafter oscillations at about 3 ms, previously described to originate from the brainstem. We interpreted that this response has a local origin, presumably arising from muscles in the ear region, not in the brainstem, in accordance to Leutzow et al. (2013). Therefore, we had to abandon VSEP as a biomarker for taVNS. VSEP seemed to be unrelevant also because of the low numbers (50–100) of epochs reported in prior VSEP studies (Fallgatter et al., 2003; Polak et al., 2007). It is well known that in the most commonly employed brainstem response test, auditory brainstem response (ABR), the minimal number of epochs needed for reliable results vary between 500 and 1000. We are currently investigating whether other features of EEG could be used as online biomonitoring methods for taVNS.



Limitations

The results of the present study should be interpreted with caution because they only represent a retrospective clinical cohort study. However, all our clinical data are based on structured diagnostic forms and questionnaires that were used in the management of the patient population. Furthermore, the consistent improvement of HRV -a seemingly useful marker for mental stress- in 80–90% of our patients suggests that taVNS is a useful (adjunctive) therapeutic means in severe tinnitus. This study encourages future controlled clinical studies on the usefulness of taVNS in tinnitus. The major defect in our retrospective study is the lack of appropriate controls and sham procedures, which are the crucial components of prospective randomized controlled trials (RCTs). Our patient population consists of nonselective series in contrast to that of RTCs in which participants are recruited through various procedures enhancing the selection factor. This aspect is particularly important when the target of investigation is such a common symptom as mental stress.



CONCLUSION

TRMS is an example of a tinnitus-triggered stress condition in which patients may benefit from taVNS. Our clinical data and HRV results before and after test-taVNS suggest that patients with TRMS have ANS imbalance with increased sympathetic activity and, correspondingly, reduced parasympathetic function. Acute test-taVNS increased parasympathetic activity, more in elderly and patients with more severe stress symptoms. Although our follow-up outcome study primarily aimed to study the TCPT therapeutic efficacy in patients with TRMS, showing that this therapeutic program alleviated tinnitus severity, the results can also be interpreted such that the majority of stressed tinnitus patients get additional benefit from taVNS as an adjunct therapy. HRV seems to serve as an easy and rapid method for assessment of SR and thereby ANS balance. Combining clinical data to HRV results may be useful in selecting patients for taVNS. We have now clinical experience on the long-term use of taVNS by several of our patients. They have used taVNS daily for more than 4 years without any adverse effects. They continue to use the device because of subjective benefits. Currently, at the same setting where the present study was performed, we offer taVNS treatment for all our patients who show THI scores of 34 or over. We regard this as an alternative to a possible need for e.g., tranquilizers. However, taVNS should not be used as a solo therapy but as an adjunct to a treatment program in which all the constituents are aimed to restore the sympathovagal imbalance through parasympathetic activation. Generally, this study offers additional support to the idea that taVNS might offer a new, targeted therapeutic tool for patients in whom sympathovagal imbalance is involved. Furthermore, taVNS is patient-friendly and of low-cost. However, as there are not (yet) appropriate online biomarkers available for taVNS, there is still a great need for additional research to find optimal therapeutic regimen as well as better stimulating devices.
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Recently a role for the vagus nerve in conditioning food preferences was established in rodents. In a prospective controlled clinical trial in humans, invasive vagus nerve stimulation shifted food choice toward lower fat content. Here we explored whether hedonic aspects of an orally sampled food stimulus can be modulated by non-invasive transcutaneous vagus nerve stimulation (tVNS) in humans. In healthy participants (n = 10, five women, 20–32 years old, no obesity) we tested liking and wanting ratings of food samples with varying fat or sugar content with or without tVNS in a sham-controlled within-participants design. To determine effects of tVNS on food intake, we also measured voluntary consumption of milkshake. Spontaneous eye blink rate was measured as a proxy for dopamine tone. Liking of low-fat, but not high-fat puddings, was higher for tVNS relative to sham stimulation. Other outcomes showed no differences. These findings support a role for the vagus nerve promoting post-ingestive reward signals. Our results suggest that tVNS may be used to increase liking of low-calorie foods, which may support healthier food choices.

Keywords: vagus nerve (VN) stimulation, food reward, food preferences, obesity, healthy food choice


INTRODUCTION

The vagus nerve (VN) carries signals about food from gut to brain (Berthoud, 2008; Lartigue, 2016; Yuan and Silberstein, 2016a). The role of the VN in food consumption is classically thought to mostly entail establishing satiety by transducing signals from mechanoreceptors in the stomach and the release of anorexigenic hormones into the blood (Berthoud, 2008). Recently several pre-clinical studies have dissected a role for vagus nerve signals beyond satiety. Williams et al. (2016) show that vagal sensory neurons are capable of sensing a range of metabolic stimuli from the gut, including macronutrients (Williams et al., 2016). Opto- and chemogenetic experiments showed that nodose vagal sensory neurons are necessary for post-ingestive fat mediated reward (Han et al., 2018). A population of neurons in brainstem that receive sugar signals from the vagus were chemogenetically activated to create preferences to otherwise less-preferred sweet stimuli (Tan et al., 2020). Together, these pre-clinical findings reveal a gut-to-brain post-ingestive fat and sugar-sensing pathway critical for the development of food preference. If these data translate to humans, these findings would support targeting the VN to modulate food preferences.

Vagal nerve stimulation (VNS) involves implanting electrodes on the vagus nerve and using electrical pulses to generate firing potentials (Yuan and Silberstein, 2016b). Interestingly, implantation of a VN stimulation device for treatment of epilepsy or depression is in some retrospective studies accompanied by significant weight loss in humans (Burneo et al., 2002; Ogbonnaya and Kaliaperumal, 2013), and in a prospective study decreased preference of sweet food images (Bodenlos et al., 2007). Non-invasive VNS via the auricular branch (transcutaneous VNS, tVNS) (Ellrich, 2011) is effective in treating depression in clinical studies (Kong et al., 2018), and has enabled experimental studies in healthy human participants (Frangos et al., 2015; Yakunina et al., 2017).

Recent work using tVNS modulation of responses to food stimuli in humans have shown mixed results. tVNS had no effect on electro-encephalogram responses to visual food stimuli relative to other objects, as well as no effect on food intake when tVNS was applied immediately prior to the test session (Obst et al., 2020). However, in an effort allocation task, concurrent tVNS increased participants' drive to obtain less-wanted prospective food rewards (Neuser et al., 2020). Two weeks of tVNS concurrent with bottle-feeding improved oral intake in about half of premature or brain injured infants who had failed oral feeding until that time (Badran et al., 2020). These results suggest that concurrent tVNS may affect hedonic responses to orally sampled foods and food intake, which has not been examined to our awareness.

Our first aim was to test the feasibility of using non-invasive VNS via the auricular branch during food consumption. Our second aim was to explore the ability of VNS to change hedonic responses to food. More specifically we asked: does tVNS (relative to sham stimulation) affect liking and wanting of orally sampled fatty and sweet foods, spontaneous eye blink rate (SEBR), and ad libitum milkshake consumption? These outcome variables were chosen to cover a range of assays that are thought to reflect food reward responses, including consciously experienced pleasantness (liking ratings) and motivation (wanting ratings), a physiological proxy for dopamine tone (SEBR), and a behavioral measure of motivation (ad libitum consumption). If VN responses to food induce dopamine mediated reward responses, we predict that tVNS relative to sham stimulation will increase hedonic responses.



METHODS


Participants

Eleven healthy, non-smoking participants [six women, five men] with a mean (± standard deviation) age of 27.0 (± 4.0) years [range: 20–32], with a mean body mass index (BMI) of 23.2 ± 3.8 kg/m2 [range: 18.9–28] participated in the study. Participants were recruited through advertisements around Yale University and the city of New Haven. The Yale University School of Medicine Human Investigation Committee approved the informed consent form, which was subsequently obtained from all study participants. All participants reported having no known taste, smell, neurological, psychiatric (including eating disorders), or other pathological disorders. One of the participants was excluded because they reported not feeling any stimulation during one of the two sessions and a loose electrode was observed by the experimenter after the session. The remaining ten participants (five women and five men) were 27.5 ± 4.0 years old with a BMI of 23.1 ± 3.9 kg/m2.



Design and Procedure

We used a within-participants design in which all participants were exposed to the tVNS and sham conditions on separate days, in a counterbalanced order. Participants were scheduled for the same time of day for each session. Upon arrival to the laboratory, breath alcohol levels (Alcohawk Elite Breathalyzer), urine toxicology for opiates, cocaine, THC, PCP, and barbiturates (Integrated E-Z Split Key Cup II, Innovacon Inc., San Diego, CA) and aurine pregnancy test were measured (no participants excluded). Participants were asked to arrive neither hungry nor full and were asked to rate their hunger level upon arrival using a visual analog scale (VAS; 0 = “I am not hungry at all” and 100 = “I have never been more hungry”). VAS's were also used to rate fullness and thirst. These “internal state” ratings are analyzed and reported in the Supplementary Table 1 and Supplementary Figure 1.

Each session included the same events in the same order (Figure 1). First participants were outfitted with the electrodes for electro-oculogram (EOG) measurement and tVNS stimulation. Next, the participant completed a baseline spontaneous eye blink rate (SEBR) measurement. Then we adjusted tVNS stimulation intensity for each participant individually (see tVNS section below for details). Then we started a second SEBR measurement concurrent with tVNS stimulation. We then asked participants to rate their hunger, fullness and thirst a second time. Then the participants completed the fat and sweet food sampling task, and afterward rated hunger, fullness and thirst a third time. Last, they were asked to ad libitum consume a milkshake. All tasks were completed concurrent with tVNS stimulation. We used a single-blind design; the participant was not informed of the goal of stimulating the vagus nerve or differential innervation of the ear by the vagus nerve, while the experimenter and data-analyst were not blinded. We did not assess whether participants were aware of the association between ear location and vagus nerve innervation upon debriefing at the end of the study, thus success of the single-blind procedure was not explicitly confirmed.


[image: Figure 1]
FIGURE 1. Order of tasks in a test session and approximate timing in minutes. Upon arrival at the laboratory, participants rated their hunger, fullness and thirst (“internal state”). Then a baseline spontaneous eye blink rate (SEBR) was assessed, then the stimulation device was turned on and the intensity for sham or tVNS stimulation was adjusted. Next VNS stimulation perception was assessed. Then the rest of the tasks were performed concurrent with stimulation: another SEBR measurement, internal state ratings, rating of food samples, internal state ratings and last ad libitum milkshake consumption. This entire procedure was repeated on two testing days, one session using sham stimulation on the earlobe, and one session using tVNS stimulation on the cymba conchae (order of sessions counterbalanced over participants).



SEBR Task

We used the EOG Pod (ADInstruments) for eye blink rate measurement. The EOG Pod utilizes the steady corneal-retinal electrical potential to detect eye movement and position. This task has been associated with DA signaling using PET (Groman et al., 2014) and with DA-dependent cognitive functions, including reinforcement learning (Jongkees and Colzato, 2016). To measure electrooculography (EOG), three Ag/AgCl self-adhesive electrodes were placed: (1) one above and another below the eye to record the vertical movements; and (2) one over a neutral point (vertebrae on the back of the neck), which is acting as a reference electrode. Participants were asked to look at a printed black fixation cross on a white poster board at 75 cm distance in an artificially lit room (blinds closed) with controlled humidity (50%) and room temperature (23°C). Participants were not instructed in any manner about blinking. Eye blink rate was taken as the mean number of blinks per minute during a 5 min measurement period.



tVNS/Sham Stimulation

Mild transcutaneous electrical stimulation was applied counterbalanced to either the cymba conchae of the left ear (tVNS) or the left ear lobe (sham) on separate visits using a commercially available TENS unit (transcutaneous electrical nerve stimulator, Twin Stim® Plus 3rd edition, Roscoe Medical Inc.) attached to a pair of silver electrodes. The electrodes are mounted on a round plastic stabilizer that fits into the cavum with adjustable distance between stabilizer and electrodes (similar to the Cerbomed Nemos® device). For the tVNS condition, the electrodes are positioned into the cymba conchae with electrode gel on each of the electrodes and a piece of medical tape was used to secure the electrode mount. For the sham condition, the entire earpiece was turned 180° to place the electrode on the ear lobe, and again taped into place. Both sham and tVNS stimulation used the following parameters: a biphasic square wave pulse at 25 Hz and a pulse width of 250 μs, with a duty cycle of 30 s on, 30 s off. The total stimulation duration was ~45 min, the time needed to complete the tasks from second SEBR measurement through ad libitum consumption. Stimulation was applied with constant voltage. These parameters are reported in agreement with proposed reporting guidelines (Farmer et al., 2020). The amplitude of stimulation was calibrated for each session (stimulation location) and participant individually with a procedure commonly used (Kaniusas et al., 2019; Farmer et al., 2020), intended to adjust the amplitude to the highest stimulation level that can be reached without causing pain or discomfort. Since there are tissue and innervation differences in the sham and tVNS locations, the resulting stimulation amplitudes may differ between sites, but the calibration ensures that the sensation between sites remains comparable, thus controlling for perception-related placebo effects. While the stimulation was gradually increased, the participant was asked to report when a “pricking, stinging or burning” sensation was felt, which indicated their pain threshold. The stimulus intensity was then immediately decreased gradually until the participant reported an innocuous, comfortable “tingling, vibrating or drumming” sensation. The intensity of the stimulus remained at that selected level for the duration of the session unless the participant reported discomfort, in which case, the stimulus intensity was decreased in the same manner as during calibration to relieve discomfort. For one participant we reduced the intensity of the sham stimulation, which was requested after tasting the puddings and before tasting the Jell-O's. To confirm iso-intense stimulation, participants rated the intensity of the sensation on a General Labeled Magnitude Scale (described in detail in the next section). This type of stimulation is safe and well-tolerated (Redgrave et al., 2018).



Fat and Sweet Food Samples Task

Participant were asked to sample and rate flavor stimuli with varying fat content (puddings) and varying sugar content (Jell-O's). All stimuli were made from commercially available ingredients. Pudding samples were prepared with 0, 3.1, 6.9, and 15.6% fat weight by weight (w/w). The samples were prepared by mixing instant pudding (vanilla or chocolate flavored, Kraft Foods) in varying proportions of milk and heavy cream (Guida's Dairy, Connecticut) to varying fat content. The sugar content was held constant between the four stimuli at 4.6% (w/w). Jell-O samples were prepared by mixing unflavored gelatin powder (Jell-O, Kraft Foods) with Kool-Aid orange or strawberry unsweetened powdered flavor with 0, 0.1, 0.56, and 1 molar (M) sucrose (Sigma-Aldrich) concentration solutions. Each participant was asked which flavors they preferred to receive during scheduling of their appointment. Each stimulus was presented three times. First the puddings were presented in a randomized order within a block of 12 stimuli. Then the Jell-O samples were presented in a randomized order in a second block of 12 stimuli. A trial started with the experimenter cueing the participant to close their eyes (to eliminate color cues signaling content). The participant held out their hand and the experimenter placed a small ice-cream sampling spoon with a volume of about half a teaspoon of the food sample on it. The participant then placed the entire sample in their mouth and swallowed the sample. Then they opened their eyes and made ratings of the following attributes in this order: overall intensity, (dis)liking, sweetness, saltiness, fattiness, creaminess, oiliness and wanting. Each participant had previously been trained to use the General Labeled Magnitude Scale (gLMS) to rate overall intensity, saltiness and sweetness, the Labeled Hedonic Scale (LHS) to rate liking or disliking, and the VAS to rate oiliness, fattiness, creaminess, and wanting of the food samples. The gLMS is a computerized psychophysical tool that requires subjects to rate the perceived intensity of a stimulus along a vertical axis lined with adjectives that are spaced quasi-logarithmically on the basis of experimentally determined intervals to yield ratio quality data (Green et al., 1996). The LHS was derived using similar methods as the gLMS but asks subjects to rate hedonic liking or disliking (Lim et al., 2009). The wanting VAS was presented with the question “how much do you want to eat this at the end of the experiment?.” The left anchor was labeled with “I would never want to eat this” and the right anchor with “I would want to eat this more than anything.” Here the hedonic (dis)liking ratings and wanting ratings were of primary interest and the other scales were included to prevent “dumping,” bias effects that occur when participants are not asked to rate important attributes that are clearly present in a stimulus. For completeness we visualize the ratings on all other scales in the Supplementary Figures 2, 3, but we include only liking and wanting ratings of the puddings and Jell-Os in the statistical analyses, given our predictions. After making these ratings, the participant rinsed their mouth with demineralized water, expectorated the water into a sink, and then the experimenter initiated a timer for a 30-s interval until the start of the next trial. This task took about 25–30 min.



Ad Libitum Milkshake Consumption

Finally, while the experimenter left the room to retrieve a participation-fee receipt to sign, the participant was given a carton milkshake cup (with lid and straw) with ~700 g of chocolate milkshake and the instruction “to consume as much as you want”. The experimenter returned to the testing room after 5 min. This milkshake was mixed from 1,000 ml of whole (full fat) milk (Guida's Dairy, Connecticut), 200 ml heavy cream (Guida's Dairy, Connecticut) and six tablespoons of “Chocolate Moo-usse” hot chocolate dry powder mix (Silly Cow Farms, Vermont). This mixture was stored in a refrigerator for up to 2 days and served cold (~4°C). The resulting milkshake had an approximate fat content of 8.27% (w/w) and a caloric density of ~1.2 kcal/g. The milkshake cup was weighed before and after consumption on a 1,000 g scale (Ohaus) with a precision of 1 g.




Data Analysis

EOG signal was analyzed in LabChart8.1.13 (ADInstruments). We applied a high frequency filter and counted each excursion from a threshold determined per participant per min. Events triggered by this calculation were verified with visual inspection. The frequency of blinks per min was averaged across the duration of the 5 min of the baseline and the stimulation period. The frequency during the stimulation period was normalized per participant to their own baseline and expressed as % baseline.

Ratings for puddings and Jell-Os were averaged across three replications for each variation and then averaged across the two lower concentrations and the two higher fat and sweet concentrations.

For the ad libitum consumption task we subtracted the post from the pre-consumption weight and expressed as % of the pre-consumption weight.

We then used JASP 0.12.2 to compare the effect of stimulation condition (tVNS vs. sham) on the dependent variables (stimulation amplitude, perceived stimulation intensity, liking and wanting of low and high fat/sweet food samples, SEBR, and consumption) with Bayesian paired t-tests (Rouder et al., 2009) and Student's paired t-tests. Since prior information is absent, we used the default Cauchy prior width of 0.707 (Ly et al., 2016). To examine the extent to which our conclusions depend on that prior, we report BF robustness using a wide and ultrawide prior, as well as the prior associated with the maximum BF (Carlsson et al., 2017). We tested the hypothesis that tVNS ≠ sham (H1) vs. tVNS = sham (H0) and examined Bayes Factor (BF). A BF below 1 would be interpreted as evidence in favor of H0 relative to H1, while a BF above 1 is interpreted as evidence in favor of H1 relative to H0 (Lee and Wagenmakers, 2014). Further BF interpretations are illustrated in Figure 2. and Table 1. Here we regard any relative evidence greater than “anecdotal” in favor of H1 (BF > 3) or in favor of H0 (BF < 1/3) as meaningful. These procedures follow the JASP guidelines for conducting and reporting a Bayesian analysis (van Doorn et al., 2020). For Student's paired t-tests, we used an alpha of 0.05. The data, JASP analysis files and results files are available online (https://osf.io/njvw5/).
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FIGURE 2. Hedonic ratings of puddings and Jell-Os during sham vs. tVNS. (A) Liking ratings on LHS under sham (dark green) vs. tVNS (light green), plotted for the low fat puddings (upper left panel) and high fat puddings (upper right panel) separately. The boxplots indicate central tendencies and spread of the ratings, as follows: median (middle bar in box), first and third quartiles (lower and upper hinge), 1.5 × the interquartile range (top and bottom whiskers) and outlying points (separate solid black dots outside the whiskers). We overlaid individual data points on the boxplots (transparent gray dots) and connected the dots of an individual participant between the sham and tVNS bars to make it easier to inspect the difference within a single participant. Robustness check illustrating the effects of assigning more conservative Cauchy priors (wide and ultrawide, black and white circles, respectively) relative to the default user prior (gray circle) on Bayes factor values for the effect of sham vs. tVNS for liking ratings, plotted for the low fat puddings (lower left panel) and high fat puddings (lower right panel). (B) Wanting ratings for puddings on VAS under sham vs. tVNS and robustness checks for effect of sham vs. tNVS on wanting ratings. Details as in (A). (C) Liking ratings on LHS under sham (purple) vs. tVNS (pink), plotted for the low sugar Jell-Os (upper left panel) and high sugar Jell-Os (upper right panel) separately. Details as in (A). (D) Wanting ratings for Jell-Os on VAS under sham vs. tVNS and robustness checks for effect of sham vs. tNVS on wanting ratings. Details as in (A).



Table 1. Descriptive statistics, Bayesian statistics, frequentist statistics.

[image: Table 1]




RESULTS


Feasibility

We visually observed head movement throughout the sessions, particularly during expectoration of water in the food sampling task, however, feasibility was confirmed by the ability to complete 21 out of 22 sessions (one session with a loose electrode) without adverse effects. As a result of a loose stimulation electrode during one session, we excluded one participant's data from our data analyses.

During sham stimulation, the stimulation amplitude was lower than during tVNS (very strong evidence in Bayesian paired t-test, Table 1), however, the perceived intensities were not different (moderate evidence, Table 1), as intended by the calibration procedure.



Liking and Wanting of Pudding Samples

Average liking and wanting ratings per participant and descriptive statistics across participants for the pudding samples with varying fat content are given in Table 1 and Figures 2A,B. Under sham stimulation, participants rated low fat puddings on average between the labels “neutral” and “like slightly” (Figure 2A). The high fat puddings were rated between the labels “like slightly” and “like moderately” (Figure 2B). Under tVNS, the average liking for the low fat puddings increased on average 7.5 points relative to sham and numerically similar to the ratings for the high fat puddings under sham or tVNS stimulation. Under tVNS, the high fat puddings were still rated between the labels “like slightly” and “like moderately.” Bayesian paired t-test showed moderate evidence in support of liking ratings of low-fat stimuli for tVNS being dissimilar from sham stimulation relative to the hypothesis that they are similar (Figure 2A and Table 1). Anecdotal evidence was observed for high-fat stimuli being similar in liking relative to the hypothesis that they are dissimilar (Figure 2A and Table 1).

Under sham stimulation, the average wanting of low-fat puddings was numerically slightly lower than under tVNS (Figure 2B and Table 1). A similar pattern was observed for the high-fat puddings. Bayesian paired t-test showed anecdotal evidence was observed for high-fat stimuli being similar in wanting relative to the hypothesis that they are dissimilar (Figure 2B and Table 1).

Summarizing, tVNS increased liking ratings of low-fat stimuli by a meaningful amount from close to “neutral” to above “like slightly,” which is similar to the liking ratings that high fat puddings received, while tVNS did not affect “wanting” of puddings.



Liking and Wanting of Jell-O Samples

Average liking and wanting ratings per participant and descriptive statistics across participants for the Jell-O samples with varying sugar content are given in Table 1 and Figures 2C,D. Under sham stimulation, low sugar Jell-O samples are rated between “slightly disliked” and “moderately disliked.” Under tVNS these ratings increased slightly numerically. Bayesian paired t-test showed anecdotal evidence was observed for low sugar stimuli being similar in liking relative to the hypothesis that they are dissimilar under tVNS vs. sham (Figure 2C and Table 1). The high sugar stimuli were rated slightly above “neutral” in liking under sham, and numerically decreased slightly under tVNS. Bayesian paired t-test showed anecdotal evidence was observed for high sugar stimuli being dissimilar in liking relative to the hypothesis that they are similar under tVNS vs. sham.

Wanting ratings for low sugar Jell-O samples numerically slightly increased under tVNS vs. sham (Figure 2D and Table 1), but with a BF of ~1 there was no evidence in favor of either hypothesis. The wanting ratings for high sugar Jell-O samples stayed numerically similar, confirmed by a Bayesian paired t-test that showed moderate evidence in favor of the high sugar stimuli being similar in wanting relative to the hypothesis that they are dissimilar under tVNS vs. sham.

Summarizing, tVNS did not affect liking or wanting of the low or high sugar Jell-O samples.



Spontaneous Eye Blink Rate

Average SEBR per participant and descriptive statistics across participants are given in Table 1 and Figure 3A. Under sham stimulation, participants on average had a 12.6% (± 48.7%) increase in their SEBR relative to baseline, while under tVNS the average was 35.3% (± 50.0%). No meaningful evidence for differences in favor of H0 or H1 was observed (Figure 3B and Table 1).
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FIGURE 3. SEBR and ad libitum consumption during sham vs. tVNS. (A) SEBR (relative to baseline) under sham (dark green) vs. tVNS (light green). (B) Robustness checks for effect of sham vs. tNVS on SEBR. (C) Ad libitum consumption (relative to total weight) under sham (purple) vs. tVNS (pink). (D) Robustness checks for effect of sham vs. tVNS on consumption. Details as in Figure 2.




Ad libitum Consumption

Average amount of milkshake consumption per participant and descriptive statistics across participants are given in Table 1 and Figure 3C. Under sham stimulation, participants on average consumed 36.4% (± 34.7%) of the milkshake, while under tVNS the average was 39.1% (± 35.8%). We observed meaningful evidence in favor of H0 relative to H1, such that sham and tVNS have similar effects on milkshake consumption (Figure 3D and Table 1).




DISCUSSION

The aim of this study was to test the feasibility of using tVNS during food consumption and to test the prediction that tVNS relative to sham stimulation will increase hedonic responses to food. In a small sample of 10 participants we observed an increased liking of low fat, but not high fat foods under tVNS vs. sham stimulation. We observed no effects on wanting of fat foods, and no effects on liking or wanting of foods varying in sugar content.

Concerning feasibility, we observed head movement during food sampling. However, in only 1 out of 22 sessions a loose electrode was observed. Various improvements may prevent the loss of contact between skin and electrode during eating movements including improved earpieces that mount behind the ear like eye glasses, tacky electrode gel, and more flexible wires.

We observed an increased liking of low fat (but not for high fat foods) under tVNS vs. sham stimulation. This is consistent with observations from pre-clinical and clinical studies with invasive VNS in humans [reviewed by Lartigue (2016)]. In humans dopamine in the dorsal striatum, measured by PET imaging of raclopride binding, positively correlates with meal pleasantness (Small et al., 2003). In animal studies, dopamine release in the dorsal striatum acts as a proxy of caloric value and drives conditioned place and flavor learning and motivated behavior (Sclafani et al., 2011; Tellez et al., 2016). In mice, stimulation of vagal sensory neurons innervating the gut drive the same reward behaviors (Han et al., 2018). Thus, one possible mechanism of action of tVNS in this study includes increased dopaminergic tone, masking the signal of phasic dopamine release to individual post-ingestive stimuli, and normalizing the comparative liking between low and high fat puddings. However, vagal afferent stimulation has been implicated in modulating a range of neurotransmitters (Hulsey et al., 2016, 2019) and affects mood, memory and cognition [reviewed by Frangos et al. (2017)]. Thus, further work is required to determine the mechanisms and downstream brain circuits that are recruited by tVNS.

We also observed that tVNS did not change liking or wanting for stimuli varying in sugar content. This is in line with the observation that vagal deafferentation of the gut results in increased food intake after a fat but not sugar preload (McDougle et al., 2020), and may suggest a more prominent role for the vagus nerve in signaling fat content to the brain. However, it is also possible that the fixed order of non-fatty sweet Jell-O samples presentation after fatty puddings samples may have worked against observing effects on sweetness perception, as a reduction in fat levels may result in a reduction of perceived sweetness (Wiet et al., 1993; Biguzzi et al., 2014). Future studies should consider using for example a factorial design with interleaved trials to manipulate sugar and fat content (Smith et al., 2020).

Dietary fat plays an important role in the development and treatment of obesity, suggesting that tVNS is an interesting avenue for modulating food preferences to shift choices toward healthier, lower fat foods in the treatment of obesity for example. However, as VNS effects may be weight dependent (Pardo et al., 2007; Obst et al., 2020), future studies should examine liking and wanting to consume food in participants with overweight and obesity.

We did not observe differences for SEBR (dopamine tone proxy) or ad libitum consumption (satiety and/or motivated behavior). Our specific choice of behavioral assays could not confirm dopamine release as the mechanism of the low-fat food preference shift. However, this does not exclude dopamine release or motivated behavior as a mechanism. For example, recently tVNS was shown to modulate motivated behavior by increasing participants' drive to approach less-wanted rewards (Neuser et al., 2020) and SEBR may not be a good proxy for dopamine function in humans (Dang et al., 2017). We also cannot rule out that the population of neurons that innervates the ear rather than the gut is not the right vagal population to stimulate nor that the choice of ABVNS location in the cymba conchae or stimulation parameters are suboptimal (Badran et al., 2018a,b). Our study has various other limitations, most importantly the small sample size. Independent studies and larger sample sizes will be necessary. Future studies should also assess success of the blinding procedure and prior knowledge of vagal innervation of the ear by the participant, as recently recommended (Farmer et al., 2020).

In conclusion, we observed preliminary evidence in support of tVNS' capability to modulate liking of low fat foods, which may support behavioral choices for healthier foods.
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Maternal opioid use during pregnancy is a growing national problem and can lead to newborns developing neonatal opioid withdrawal syndrome (NOWS) soon after birth. Recent data demonstrates that nearly every 15 min a baby is born in the United States suffering from NOWS. The primary treatment for NOWS is opioid replacement therapy, commonly oral morphine, which has neurotoxic effects on the developing brain. There is an urgent need for non-opioid treatments for NOWS. Transcutaneous auricular neurostimulation (tAN), a novel and non-invasive form of electrostimulation, may serve as a promising alternative to morphine. tAN is delivered via a multichannel earpiece electrode worn on and around the left ear, targeting two cranial nerves—the vagus and trigeminal nerves. Prior research suggests that auricular neurostimulation exerts an anxiolytic effect on the body by releasing endogenous opioids and reduces withdrawal symptoms in adults actively withdrawing from opioids. In this first-in-human prospective, open-label trial, we investigated tAN as an adjuvant to morphine therapy in eight infants >33 weeks gestational age suffering from NOWS and receiving oral morphine treatment. Infants received tAN for 30 min 1 h before receiving a morphine dose. tAN was delivered at 0.1 mA below perception intensity at two different nerve targets on the ear: Region 1, the auricular branch of the vagus nerve; and Region 2, the auriculotemporal nerve. tAN was delivered up to four times daily for a maximum of 12 days. The primary outcome measures were safety [heart rate monitoring, Neonatal Infant Pain Scale (NIPS), and skin irritation] and morphine length of treatment (LOT). tAN was well-tolerated and resulted in no unanticipated adverse events. Comparing to the national average of 23 days, the average oral morphine LOT was 13.3 days (median 9 days) and the average LOT after tAN initiation was 7 days (median 6 days). These preliminary data suggest that tAN is safe and may serve as a promising alternative adjuvant for treating NOWS and reducing the amount of time an infant receives oral morphine.

Keywords: neonatal opioid withdrawal syndrome (NOWS), non-invasive neuromodulation, opioids, morphine, transcutaneous auricular neurostimulation, tAN, bioelectronic medicine


INTRODUCTION

Neonatal opioid withdrawal syndrome (NOWS) is a condition in which infants experience withdrawal symptoms after in utero exposure to prescription or non-prescription opioids such as methadone or heroin (Witt et al., 2017). Due to abrupt termination of opioid delivery to the central nervous system at birth, newborns typically experience withdrawal symptoms within 48–72 h (Kocherlakota, 2014), including tachycardia, tremors, high-pitched crying, tachypnea, vomiting, weight loss, mottling, dysregulation of body temperature, and disrupted sleep (Kraft and van den Anker, 2012; Ko et al., 2017; Patrick et al., 2020).

Treatment of NOWS usually follows a multi-modal regime centered on controlled withdrawal and replacement drug therapy with oral morphine. Although there is no nationwide standard of care, oral morphine or methadone are considered as the first-line therapy. Other drugs, including clonidine and phenobarbital, are used as adjuncts when needed. This approach is not optimal, as it can impart additional stress on the newborn (Hudak and Tan, 2012). Additionally, these pharmacotherapies themselves produce harmful side effects. Administering morphine during early neurodevelopment, specifically during a critical perinatal period, may cause neuronal apoptosis, white matter injury, decreased myelin maturation, and oxidative stress, leading to long-term developmental consequences (Rao et al., 2007; Attarian et al., 2014; Steinhorn et al., 2015; Flannery et al., 2020).

The American Academy of Pediatrics recommends attempting the use of non-pharmacologic treatment, which includes placing the infant in a dark and quiet environment, swaddling, rocking, breastfeeding, and providing high-calorie nutrition in frequent small feedings, among other techniques (Hudak and Tan, 2012; Grossman et al., 2018). When utilized appropriately, such non-pharmacological interventions have resulted in a reduction in length of stay, length of treatment (LOT), and percentage of infants requiring pharmacotherapy (MacMillan et al., 2018). With NOWS babies already under stress from opioid withdrawal, a non-pharmacological treatment may greatly benefit these patients, lowering the need for additional medications and potentially reducing their hospital stay.

Considering the hyperactivation of the sympathetic nervous system in NOWS (Jansson et al., 2010), activation of counterregulatory parasympathetic nerves via the release of acetylcholine might be beneficial (Janssen et al., 2011; Hu et al., 2021). Recently, a non-invasive form of vagus nerve stimulation (VNS) known as transcutaneous auricular VNS (taVNS) targets the auricular branch of the vagus nerve (ABVN) and activates vagal afferent and efferent networks (Kraus et al., 2013; Garcia et al., 2017; Yakunina et al., 2017; Badran et al., 2018a; Badran et al., 2019; Kaniusas et al., 2019). In addition to auricular vagal nerve branches, the ear is innervated by other cranial nerve branches such as the auriculotemporal nerve (the branch of the trigeminal nerve located superficial to the temporal mandibular joint). Stimulation of the ABVN at lower frequencies releases CNS endorphins (Sator-Katzenschlager and Michalek-Sauberer, 2007), inhibits the release of pro-inflammatory cytokines that augment pain (Chen et al., 2015), and has been shown to have sustained antinociceptive effects in multiple studies including post-operative studies of opioid intake (Sator-Katzenschlager et al., 2004; Kovacic et al., 2017). Animal and human research suggest that endogenous opioids may supplant the need for exogenous opioids, thus leading to antinociception and mitigation of opioid withdrawal symptoms (Liu et al., 1999; Wu et al., 1999; Han, 2004; Bonnette, 2008; Meade et al., 2010; de Andrade et al., 2011; He et al., 2011; Van Bockstaele and Valentino, 2013; Toubia and Khalife, 2019). In previous studies, auricular neurostimulation decreased symptoms of acute opioid withdrawal in adults (Severson et al., 1977; Wen et al., 1978; Ellison et al., 1987; Miranda and Taca, 2018). In neonates, alternative medicine approaches to auricular neurostimulation have recently been studied as adjunctive therapies for NOWS. Acupuncture (Filippelli et al., 2012; Raith et al., 2015), acupressure stickers, and laser acupuncture have been applied resulting in a reduction in withdrawal symptoms in newborns with NOWS. These results suggest that activating auricular neural pathways may have promising clinical effects and serve as adjunctive therapy for NOWS.

As various methods of auricular neuromodulation demonstrate a reduction in withdrawal symptoms and activate parasympathetic pathways important in autonomic regulation, our scientific premise is that tAN, when delivered before administration of oral morphine, may release endogenous opioids and reduce withdrawal symptoms, resulting in reduced LOT with oral morphine. In this first-in-human trial, we aimed to explore the safety and feasibility of delivering tAN as adjunctive therapy to oral morphine replacement to reduce the signs and symptoms associated with NOWS in neonates.



MATERIALS AND METHODS


Study Overview/Design

This first-in-human prospective, open-label trial was approved by the Medical University of South Carolina (MUSC) Institutional Review Board and was conducted at MUSC Shawn Jenkins Children’s Hospital in Charleston South Carolina. Parental consent was obtained by the study team before any study-related activities. Eight infants who were diagnosed with NOWS and receiving oral morphine replacement therapy were enrolled between May and December 2020. All infants received tAN in addition to morphine replacement therapy. tAN stimulation was delivered 1 h before each scheduled morphine dose during the peak withdrawal period (Figure 1). Primary outcome measures included safety (heart rate decrease, bradycardia, skin irritation, pain scores) and morphine LOT.
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FIGURE 1. Incorporation of transcutaneous auricular neurostimulation (tAN) therapy with scheduled morphine therapy.





Participants

Infants >33 weeks gestational age at enrollment with opioid dependence receiving oral morphine and on minimal respiratory support were included in this open-label clinical trial. Infants were excluded if they had any of the following: unstable respiratory or cardiovascular status or requiring significant respiratory support, repeated autonomic instability (apnea or bradycardia) which was not self-resolving, major unrepaired congenital anomalies impacting the respiratory or cardiovascular system, cardiomyopathy, and abnormal ear anatomy not allowing the device to fit.



Opioid Replacement Therapy and Withdrawal Symptom Scoring

NOWS withdrawal symptoms include hyperirritability, hypertonicity, high-pitched crying, tachypnea, gastrointestinal dysfunction, and sleep disturbances. The Finnegan Neonatal Abstinence Scoring Tool (FNAST) is a validated assessment tool designed to measure 21 signs of withdrawal in infants (Finnegan et al., 1975; Devlin et al., 2020). The tool provides a means to rate the severity of withdrawal symptoms every 3 h after feeding using a standard format. In addition to the standard FNAST, a simplified FNAST scale with a high statistical correlation to the standard FNAST was used as part of the study protocol (Gomez Pomar et al., 2017; Devlin et al., 2020). This score was recorded by neonatal nurses 1 h before and after each tAN session to measure the immediate effects of tAN on withdrawal symptom severity.

The oral morphine administration protocol for NOWS at MUSC Shawn Jenkins Children’s Hospital initiates treatment with an oral morphine dose of 0.05 mg/kg/dose q 3 h, depending on clinical circumstances. If withdrawal symptoms remain well-controlled, defined as FNAST scores <8 for 72 h on a set dose of morphine, that dose is established as the “control dose,” and is the starting point for morphine weaning. In the standard protocol, morphine is weaned by 15% every 24–48 h if FNAST scores remain <8 for 24 h.



Transcutaneous Auricular Neurostimulation (tAN) Adjuvant Protocol

After consent, the study team began administering tAN as an adjuvant therapy to morphine, four times per day, 1 h before morphine dose, for up to 12 days or the discontinuation of morphine (whichever came first). tAN administration began either, within the 72-h control dose period or after starting morphine weaning, for all infants enrolled. We followed an accelerated morphine weaning protocol for this study, weaning morphine every 12 h if FNAST scores remained <8 after tAN treatments were started. If after weaning or discontinuing morphine the infant had two consecutive FNAST scores >12 or three consecutive FNAST scores >8, an increase in dose or a rescue dose of morphine equal to the lowest dose before discontinuing morphine was given.



Transcutaneous Auricular Neurostimulation (tAN) Overview

tAN was administered using a unique wearable earpiece (Roo™ Therapy System, Spark Biomedical, Dallas, TX, USA) that targets the auricular branch of the vagus nerve (ABVN) and auriculotemporal nerve (ATN). This device recently received breakthrough device designation by the FDA. The system includes a disposable, multi-channel earpiece electrode and an External Pulse Generator (EPG) that are connected using a cable (Figure 2). The earpiece is worn on and around the left ear. The earpiece electrodes are made of hydrogel that is biocompatible and can remain on the infant’s ear for several treatment sessions without the need for replacement. Due to variations in the scalp and/or skull, certain instances required medical tape to hold the earpiece to the head. The addition of medical tape was well-tolerated in all infants.
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FIGURE 2. The Roo™ therapy system. (A) The clinician application connects an iOS device to the patient controller using bluetooth low energy. The application allows a clinician to start a communication session with a Patient Controller to adjust therapy parameters, view diagnostic logs, and event history. (B) The Patient Controller delivers electrical stimulation to the earpiece via a removable cable. Clinicians can modulate therapy intensity by pressing up/down buttons and check therapy status with LED lights. (C) The earpiece (skin-facing side) delivers electrical stimulation via four metallic electrodes covered in hydrogel and surrounded with adhesive hydrocolloid (black region). (D) Hypothesized auricular dermatomes. ATN, auriculotemporal nerve; ABVN, auricular branch of the vagus nerve; GAN, greater auricular nerve. Modified from Butt et al. (2020). (E) The Roo system provides stimulation in a bipolar configuration forming stimulation channels/circuits between pairs of electrodes. The system has two channels: Channel 1 is formed between the electrode in Region 1 (ABVN) and the lower electrode in Region 3, and Channel 2 is formed between the electrode in Region 2 (ATN) and the upper electrode in Region 3. (F) Roo system on a neonate.



tAN stimulation was delivered at 0.1 mA below perception intensity at two different areas using two discrete frequencies. Area 1/Channel 1 innervates the cymba concha region of the ear and targets the ABVN whereas Area 2/Channel 2 innervates the temporomandibular joint, anterior to the tragus region and targets the ATN. Stimulation was pre-programmed to a pulse-width of 250 μs. Channel 1 was programmed to a frequency of 5 Hz and Channel 2 was programmed to 100 Hz. The current intensity duty cycle was set to run for 5 min with a 10 s off period. Perception intensity for each area is independent and was determined by starting at 0.1 mA and increased by 0.1 mA until the infant responded to stimulation, usually by eye blinking or head turn. After the infant responded to stimulation, the current intensity was turned down by 0.1 mA and was set and to run for 30 min. When the 30-min tAN stimulation period was complete, the system was turned off and unplugged. The ear electrode may have been left on the infant if still adhering well to the skin.

tAN was administered up to four times per day for up to 12 days total. If the infant was weaned off morphine within 10 days, a 2-day tAN weaning period was implemented. On Day 1 of this weaning period, tAN was administered twice and on Day 2 tAN was administered once. All infants were observed for 48 h after cessation of morphine treatment and 24 h after cessation of tAN adjuvant therapy.



Safety Outcome Monitoring

Safety measures included heart rate monitoring, pain assessment, and adverse event monitoring. Bradycardia (HR <80 bpm) was monitored using bedside neonatal intensive care unit cardiac monitors. The Neonatal Infant Pain Scale (NIPS) is a validated pain scale utilized in the NICU (Lawrence et al., 1993; Witt et al., 2016) was used to monitor pain levels and was recorded before and after the 30-min tAN stimulation period. There are six components to the NIPS: facial expression, crying, breathing patterns, arm and leg movements, and state of arousal. The NIPS scale scoring ranges from 0 to 7, with scores greater than 3 indicating discomfort. A score of 3 is similar to the pain level associated with a heel stick procedure to obtain blood and the maximum score of 6 is similar to a circumcision procedure without analgesia (Butler-O’Hara et al., 1998; Anand, 2001). Neonatal nurses routinely record NIPS scores throughout the day and infants with NOWS frequently have elevated NIPS scores. Thus, tAN stimulation was only halted or adjusted to a lower intensity if NIPS scores were 3 greater than baseline. The skin on the exterior and just inside the left ear was examined daily before electrode placement for redness and any signs of irritation. Stimulation of the right ear occurred if redness, signs of irritation, or any other issues were observed at the site of the electrode.



Statistical Methodology

As this was a first-in-human prospective, single-arm, open-label trial, no formal statistical hypotheses were tested nor was the sample size derived using statistical principles. The sample size was based on an estimate of the number of infants that could be enrolled within a reasonable timeframe. Continuous data were summarized using descriptive statistics including N (number in analysis set), n (number of non-missing observations), mean, standard deviation, median, interquartile range (IQR), and range unless otherwise noted. Categorical variables were summarized using frequency counts and percentages. Paired sample t-tests were used to assess changes in heart rate.




RESULTS


Demographics

Eight of the nine infants considered for participation were consented and enrolled in the study (parental refusal consent n = 1). Relevant infant and maternal demographics and baseline clinical characteristics are provided in Tables 1, 2. These infants had a median gestational age of 38.2 weeks at enrollment and were exposed in utero to methadone, tobacco (tAN1); heroin, buprenorphine, cocaine, and tobacco (tAN2); buprenorphine (tAN3); opioids, methamphetamines, and benzodiazepines (tAN4); heroin, cocaine, and methadone (tAN5); heroin, methadone, tobacco, and THC (tAN6); hydromorphone (tAN7); and heroin, methamphetamines, methadone, and tobacco (tAN8). Additionally, tAN4 was on lorazepam and tAN6 was on clonidine at enrollment. The mean (SD) control oral morphine dose was 0.076 (±0.041) mg/kg administered every 3 h. Only three out of the eight infants (37.5%) received maternal breastmilk during the study. Half of the mothers were on a maintenance dose of methadone (daily dose ranging from 40 to 75 mg), 25% were on a maintenance dose of buprenorphine, and the remaining 25% were taking short-acting opioids.

TABLE 1. Infant and mother demographics.
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TABLE 2. Baseline infant medication use and concomitant medical problems.
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tAN Treatment

tAN was administered for an average (SD) of 9.5 (±2.6) days (range: 5–12 days) and the average (SD) number of tAN sessions was 30 (±9.5) (range: 13–43) across all eight infants. On average, infants received 3.1 (±0.4) tAN treatments per day.



Safety

tAN therapy did not result in any unanticipated adverse events (device and non-device related) in any subject. One infant experienced redness at the stimulation site which resolved after 12 h on two separate occasions. Redness occurred after removing the hydrogel with sterile-water-treated gauze in most infants, but there was no irritation evident before the next treatment 3 h later, or after completion of tAN therapy in any infant.

Heart rate was monitored before tAN treatment, during tAN treatment, and after tAN treatment for bradycardia. Mean (SD) heart rate was 161.9 (±24.2) bpm prior to tAN treatment, 157.3 (±23.0) bpm during tAN treatment, 160.6 (±14.6) immediately after tAN treatment and 162.4 (±17.0) 15 min following tAN treatment. There were no observed episodes of bradycardia during or after tAN treatment and the mean heart rate was not significantly changed at any time point from the pre-tAN baseline value (paired samples t-test; p > 0.05).

The median NIPS score was 0 (IQR: 0.0–3.0) before tAN therapy and 0 (IQR: 0.0–2.0) after tAN treatment, suggesting minimal discomfort during stimulation. There were 26 sessions (12.0%) across the 217 total tAN sessions with concurrent NIPS score collection during which NIPS scores increased by 3 or more points from the pre-stimulation value during the post-tAN assessment.



Morphine Administration Outcomes

Figure 3 shows the mean daily morphine dose 2 days before, during, and 2 days post-tAN therapy for individual subjects (Figure 3A) and across the entire cohort (Figure 3B). The mean (SD) daily dose of morphine was 0.063 (±0.043) mg/kg at the start of tAN therapy, and morphine was consistently weaned every 12 h once tAN started. Table 3 provides both mean and median for total oral morphine LOT and oral morphine LOT after initiation of tAN treatment. The median oral morphine LOT was 9.0 days (IQR: 6.5–12.8; range: 4–43), and median LOT after tAN initiation was 6.0 days (IQR: 4.8–8; range: 3–16) (Table 3). One infant (tAN6) was enrolled after transfer from another facility at 3 weeks of age, after failing oral morphine replacement treatment. This infant skewed the mean (SD) total oral morphine LOT to 13.3 (±12.8) days and oral morphine LOT after initiation of tAN to 7.0 (±4.0) days. The number of days for both total oral morphine LOT and oral morphine LOT after tAN initiation for tAN6 were over two standard deviations above the mean, justifying exclusion from analyses. When tAN6 was excluded, median total oral morphine LOT and oral morphine LOT after tAN treatment stayed the same; however, mean (SD) total oral morphine LOT was similar to the median values at 9.0 (±4.7) days and oral morphine LOT after tAN at 5.7 (±1.9) days.
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FIGURE 3. Individual and combined subjects daily finnegan neonatal abstinence scoring tool (FNAST) value and morphine dose plots. Daily morphine dose 2 days before, during, and 2 days post-tAN therapy. Gray shaded region indicates when tAN therapy was administered. Panel (A) represents individual subject morphine dose and (B) represents mean daily morphine dose across the entire cohort. In (B) the green dash line indicates the Finnegan score threshold requiring a change in morphine dose, the solid green line indicates mean FNAST scores, and the solid blue line indicates mean morphine dose. The number of days on oral morphine before the start of tAN therapy varied across all subjects but was accounted for in total morphine LOT. Data are means ± standard error of the means.



TABLE 3. Effectiveness outcomes (N = 8).

[image: image]

During tAN therapy, all eight infants achieved average FNAST scores <8, indicating an overall reduction in withdrawal symptoms. All infants, except for one (tAN6), were completely weaned off morphine during tAN treatment. Following 12 days of tAN treatment, the mean daily dose of morphine for tAN6 was 0.018. The infant was completely weaned off morphine 4 days following tAN treatment. In tAN4, lorazepam weaning was initiated 1 day after discontinuing morphine. In total, five rescue morphine doses, resulting from FNAST scores >8, were administered across all subjects.

The median length of hospital stay, calculated as the number of days from date of birth to discharge (including all levels of care), across all eight infants was 17.0 days (IQR: 15.3–28.5; Range: 10–46) and the mean (SD) length of stay was 22.6 (±12.5) days.




DISCUSSION

In this prospective open-label trial, tAN was applied as an adjuvant therapy to oral morphine in neonates diagnosed with NOWS from in utero exposure to opioids including methadone, heroin, buprenorphine, and methamphetamines. tAN was administered 1 h before morphine administration, up to four times daily for up to 12 days. tAN as an adjuvant was safe, well-tolerated, and facilitated the successful rapid weaning of oral morphine in these newborns. The median LOT from the start of administering oral morphine (9 days) and the median LOT after tAN initiation (6.0 days) were both significantly lower than previously published data suggesting that the average NICU stay for infants undergoing pharmacotherapy for NOWS is 23 days (Patrick et al., 2015). Given that tAN treatment permitted rapid consistent weaning, our preliminary data suggests that using tAN as an adjuvant to pharmacotherapy could significantly reduce NICU stay. Furthermore, as indicated by the NIPS and adverse event profile, tAN did not produce any additional risks outside those observed with oral morphine. If these early results are confirmed, adjuvant tAN therapy compares favorably with the LOT and with the risk profile of oral opioid treatment as well as with other alternative non-invasive adjuvant NOWS treatments.


Developing an Alternative to Opioid Replacement Therapy

Currently, no nationwide standard of care exists for managing NOWS (Patrick et al., 2014; Barlow et al., 2017). Treatment of NOWS usually follows a multimodal regime centered on controlled withdrawal and replacement drug therapy with oral morphine. However, newer opioid agents are being tested. The recent Blinded Buprenorphine OR Neonatal morphine solution (BBORN) trial reports the median length of treatment for oral morphine and sublingual buprenorphine as 28 and 15 days, respectively (Kraft et al., 2017). Furthermore, a randomized control trial that examined the safety and efficacy of methadone vs. morphine reported a median length of treatment of 15 and 11.5 days (Davis et al., 2018). However, treatments that reduce the need for neurotoxic opioids are a high priority in this vulnerable population (Flannery et al., 2020). The NEOPAIN trial, a large multicenter randomized study of 898 infants demonstrated that although morphine is effective in decreasing clinical signs of pain, it can cause significant acute adverse effects such as changes in the heart and respiratory rate, hypotension, nasogastric feeds, and need for intravenous supplemental nutrition (Anand et al., 2004; Attarian et al., 2014). Based on the vulnerability of the population and the potential for adverse effects, the authors of the NEOPAIN study suggested that morphine administration should be used judiciously and cautiously.

Furthermore, a review published in 2014 suggests that current protocols of morphine replacement in neonates alter critical development periods and can lead to adverse neuropsychological effects (Attarian et al., 2014). Specifically, morphine has been shown to affect apoptotic protein expression in animals and humans, suggesting that opioids alter various neurological pathways other than pain pathways. In support of the NEOPAIN study and the 2001 Consensus Statement for the Prevention and Management of Pain in the Newborn, the authors conclude that non-pharmacologic interventions should be a primary treatment option, and if unsuccessful, the use of opioid analgesics should be thoughtful and cautious. The use of opioid-based medication as the standard of care remains concerning due to the relatively high potential of compounding harm to the infants’ development and health.

Multiple studies have assessed the debilitating consequences of NOWS including otitis media and delayed cognitive and/or motor development (Rosen and Johnson, 1982; Kirkwood and Kirkwood, 1983). These consequences have been studied for decades. A study from 1982 comparing 38 neonates with NOWS to 23 healthy neonates found that neonates exposed to methadone prenatally had a significantly higher incidence of otitis media after an 18-month follow-up (Rosen and Johnson, 1982). A subsequent study in 1983 expanded on this finding demonstrating that recurrent otitis media is associated with persistent hearing loss and subsequent impairments in language skills (Kirkwood and Kirkwood, 1983). The authors concluded that children with recurring otitis media have a greater risk of learning disabilities which can have a substantial impact on the day-to-day function of both the child and caregiver. Additionally, NOWS has been shown to cause developmental cognitive delays based on the McCarthy Scales of Children’s Abilities, which assesses cognitive ability, including general cognitive index, perception, and memory. Children who had been exposed to heroin prenatally (n = 22) were shown to perform far worse on the McCarthy Scales when compared to their control counterparts (Wilson et al., 1979).

To assess motor development in infants, physicians use the Bayley Scale of Infant Development (BSID) to measure the current developmental functioning in areas of cognition, motor skills, and behavior. The BSID consists of two parts: the Psychomotor Developmental Index (PDI) and the Bayley Mental Developmental Index (MDI; Lennon et al., 2008). Multiple studies have shown that infants with NOWS have significantly lower PDI and MDI scores compared to healthy infants at 12, 18, and 24 months of age (Strauss et al., 1976; Rosen and Johnson, 1982; Johnson et al., 1984). A retrospective study also found that 3-year-old children (n = 28) with NOWS had significantly lower overall BSID composite scores compared to healthy children. A study focused specifically on the effects of buprenorphine found that 28 children (5–6 years of age) exposed to buprenorphine prenatally had significant problems with motor skills, memory, hyperactivity, impulsivity, and attention (Sundelin Wahlsten and Sarman, 2013).

Concerning non-pharmacologic treatment options, a protocol developed by the National Acupuncture Detoxification Association (NADA) has demonstrated effectiveness in reducing withdrawal symptoms in adults and has been recently utilized in newborns as an adjunctive treatment for NOWS (Raith et al., 2015; Weathers et al., 2015; Jackson et al., 2020). Raith et al. (2015) found that using the NADA protocol, handheld laser acupuncture is an effective adjunctive treatment for NOWS. More specifically, handheld laser acupuncture resulted in a significantly reduced duration of oral morphine and a significantly reduced length of hospital stay; the median length of treatment for morphine and morphine + laser was 39 and 28 days. Applying tAN using the Roo System in our cohort, also resulted in a decrease in the duration of oral morphine and overall days of treatment for each neonate. The similarity in these findings is likely due to the treatment location. The five acupoint regions targeted in the NADA protocol are innervated by two specific cranial nerve branches: the ABVN and the ATN (Round et al., 2013; Butt et al., 2020), the same cranial nerve branches targeted by the Roo System (Figures 2D–F), which uses hydrogel electrodes to deliver mild electrical stimulation.



Proposed Mechanism of tAN

Functional magnetic resonance imaging studies have examined the effects of ABVN stimulation on brain network activity. In comparison to earlobe stimulation, ABVN stimulation activates the nucleus tractus solitarius, locus coeruleus, spinal trigeminal nucleus, parabrachial area, periaqueductal gray, amygdala, and nucleus accumbens (Frangos et al., 2015; Yakunina et al., 2017; Badran et al., 2018b; Kaniusas et al., 2019; Qureshi et al., 2020). An earlier study delivered direct electrical stimulation to the parabrachial area (PBA) and arcuate horn (ARH) regions which triggered the release of endogenous opioids (endorphins), allowing for analgesic effects (Han et al., 1991). Importantly, this analgesic effect was demonstrated to be dependent on stimulation frequency. Whereas the ARH provided optimal analgesic effect at lower frequencies (16–32 Hz), and PBA at higher frequencies (64–128 Hz), respectively. Figure 4 illustrates a possible mechanism for tAN as a method to activate the endorphinergic system via modulation specific brain regions. As an example, endorphins can bind to the opioid receptors in the ventral tegmental area activating dopaminergic neurons, and potentially leading to amelioration of pain and withdrawal symptoms (Han et al., 1991; Han and Wang, 1992; Oleson, 2002; Sator-Katzenschlager and Michalek-Sauberer, 2007; Meade et al., 2010). Additionally, the locus coeruleus (LC)-norepinephrine system plays a role in dependence/addiction and is a primary target for multiple substances of abuse, including opioids (Valentino and Volkow, 2020). During a state of stress, LC neurons are hyperactive, which leads to hallmark symptoms of withdrawal: hyperarousal and insomnia (Aghajanian, 1978; Ivanov and Aston-Jones, 2001). Endorphins that bind LC receptors can attenuate LC excitation, and ultimately alleviate withdrawal symptoms. Furthermore, α2-adrenergic antagonists (clonidine and lofexidine) suppress LC activation and are frequently used clinically to reduce opioid withdrawal. Thus, the physiological effects we observe support our hypothesis that tAN may be modulating these specific systems. However, further studies are needed to elucidate the therapeutic mechanism.
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FIGURE 4. Schematic of hypothesized tAN innervation with central targets. Roo delivers individually tailored electrical stimulation targeting auricular cranial nerve branches of the ABVN (Vagus) and ATN (Trigeminal) nerves. These nerves send afferent signals to the NTS and TCC. The information is processed in the medulla and relayed to higher regions which may lead to the release of endogenous opioids (endorphins) and alleviation of opioid withdrawal symptoms. ABVN, auricular branch of the vagus nerve; Amyg, amygdala; Arc, arcuate nucleus; ATN, auriculotemporal nerve; LC, Locus coeruleus; NAC, nucleus accumbens; NTS, nucleus tractus solitarius; PB, parabrachial nucleus; PFC, prefrontal cortex; TCC, trigeminocervical complex; VTA, ventral tegmental.





Limitations and Future Directions

This first-in-human study was open-label with no sham control group, limiting interpretation of the study results in terms of the placebo effect (placebo effect by proxy) and true treatment effect. Although there is still debate as to whether the placebo effect exists in infants and to what degree (Barbier et al., 1994; Paul et al., 2014; Colloca, 2015; Kossowsky and Kaptchuk, 2015), a randomized, sham-controlled study is warranted to further explore treatment effect of adjuvant use of tAN during oral morphine weaning. Although the therapeutic benefits appear to be clinically meaningful, an RCT design would further address additional study limitations, namely the small sample size and conduct at a single center.

The inclusion of infants at different durations of morphine therapy does not allow for interpretation of the potential effect of tAN during early administration of morphine therapy (e.g., different levels of opioid withdrawal). However, the results of this study may be more representative of real-world clinical utilization of tAN therapy given the inclusion of infants at different durations of morphine therapy.

Lastly, our approach to tAN therapy included stimulation of the left AVBN and ATN. Both vagal and trigeminal branches have been targeted for pain therapy (Miller et al., 2016). Interestingly, both vagal and trigeminal afferents synapse on to the periaqueductal gray (Benarroch, 2012), stimulation of which, in humans, has shown to release endogenous opioids (Sims-Williams et al., 2017). Given these findings, we hypothesized that stimulation of vagal as well as trigeminal activation would synergistically mediate endogenous opioid release. However, this clinical trial was not designed to test these two working hypotheses. Further investigation into physiological biomarkers of opioid withdrawal and the mobilization of endogenous opioids may optimize tAN therapy. Although in vivo testing in human neonates is limited by ethical constraints (i.e., positron emission tomography scanning with radiotracers for opioid receptors), we may test salivary cortisol as a non-invasive measure of stress and measure oxidative stress in the brain via non-invasive magnetic resonance spectroscopy (Moss et al., 2018). While both of these markers are associated with opioid withdrawal (Ward et al., 2020), they are not direct measures of endogenous opioid release by tAN vs. another mechanism. Therefore, precise elucidation of mechanism relies on laboratory models of NOWS or pain models of neuromodulation of these cranial nerves.




CONCLUSION

This is the first study investigating the effects of tAN, as adjunctive therapy to oral morphine, in the reduction of opioid withdrawal signs and symptoms in newborns with NOWS. Across all study participants, tAN was shown to be safe, well-tolerated, and seemed to facilitate the rapid weaning of oral morphine. The results also suggest that tAN may provide alleviation of withdrawal symptoms associated with NOWS. If proven safe and effective in future trials, tAN may expand non-pharmacological treatment options for these infants.
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Given its non-invasive nature, there is increasing interest in the use of transcutaneous vagus nerve stimulation (tVNS) across basic, translational and clinical research. Contemporaneously, tVNS can be achieved by stimulating either the auricular branch or the cervical bundle of the vagus nerve, referred to as transcutaneous auricular vagus nerve stimulation(VNS) and transcutaneous cervical VNS, respectively. In order to advance the field in a systematic manner, studies using these technologies need to adequately report sufficient methodological detail to enable comparison of results between studies, replication of studies, as well as enhancing study participant safety. We systematically reviewed the existing tVNS literature to evaluate current reporting practices. Based on this review, and consensus among participating authors, we propose a set of minimal reporting items to guide future tVNS studies. The suggested items address specific technical aspects of the device and stimulation parameters. We also cover general recommendations including inclusion and exclusion criteria for participants, outcome parameters and the detailed reporting of side effects. Furthermore, we review strategies used to identify the optimal stimulation parameters for a given research setting and summarize ongoing developments in animal research with potential implications for the application of tVNS in humans. Finally, we discuss the potential of tVNS in future research as well as the associated challenges across several disciplines in research and clinical practice.

Keywords: transcutaneous vagus nerve stimulation, minimum reporting standards, guidelines & recommendations, transcutaneous auricular vagus nerve stimulation, transcutaneous cervical vagus nerve stimulation


INTRODUCTION


Brief History of Transcutaneous Vagus Nerve Stimulation

The vagus nerve (VN) is the Xth cranial nerve and the longest nerve, which courses from the brainstem to the distal third of the colon. It is the main neural substrate of the parasympathetic nervous system and is composed of afferent and efferent pathways, although the former predominate (80%) (Butt et al., 2020). As part of a complex network of neural structures that serves to maintain psychophysiological balance in the organism, its importance cannot be underestimated. The vagus “nerve” is actually two nerves, a left vagus and a right vagus, with slightly different neural origins and targets. It is composed of different types of fibers that vary in myelination, size, and conduction speed (e.g., for an excellent review on vagus nerve physiology see Yuan and Silberstein, 2016a,b). Three types of fibers have been identified, each with distinct physiological properties. In general, the larger the fiber, the faster the conduction speed. Myelinated A-fibers are composed of small and large fibers. The small fibers are visceral afferent fibers and the large are both afferent and efferent somatic fibers. Afferent and efferent preganglionic fibers are called B-fibers. Finally, ~70% of all vagal fibers are unmyelinated C-fibers and convey visceral information from the vast array of visceral organs. Acetylcholine is the primary neurotransmitter of the vagus nerve. It activates cholinergic receptors that are subdivided into nicotinic and muscarinic receptors. However, there is evidence of cross-talk between the vagus and sympathetic nerve fibers as evidenced by tyrosine hydroxylase in the thoracic and cervical trunks of the vagus. There are four vagal nuclei in the medulla, each with distinct but often overlapping targets. The nucleus ambiguus is the source of most cardiovagal motor neurons. The dorsal motor nucleus also contains some cardiovagal motor neurons but primarily innervates the subdiaphragmatic visceral organs. The nucleus of the solitary tract (NTS) is the major hub for afferent information. Finally, the spinal nucleus of the trigeminal nerve, via the superior jugular ganglion, transmits afferent and efferent impulses primarily from the head and vocal structures and has several branches including the auditory branch (Yuan and Silberstein, 2016a). Furthermore, the vagus nerve has projections to higher brain centers including the prefrontal cortex primarily via synaptic connections in the NTS (Thayer and Lane, 2009). In addition, there may be variation among species in the anatomy and physiology of the vagus requiring comparisons of studies across species to be done mindfully. An understanding of the complex anatomy and physiology of the vagus nerve is essential to an understanding of vagus nerve stimulation.

According to the reports of historians and archaeologists, clinical applications of auricular stimulation (broadly defined) were used across many ancient cultures. For instance, tactile stimulation of the auditory meatus was mentioned in some of the earliest known texts on Chinese medicine and acupuncture (Hou et al., 2015). Interestingly, therapeutic auricular stimulation was not confined to China, and was prevalent across many cultures. Thousands of years ago, the practice of cauterizing a portion of the auricle was common amongst certain tribes in Arabia, while in ancient Egypt, women pricked or cauterized the external auricle for contraceptive purposes and physicians in ancient Persia treated sciatic pain and sexually-related diseases by auricular cauterization (Hou et al., 2015). The Italian anatomist and surgeon Antonio Valsalva published his famous Tractatus de Aure Humana, where he described the treatment of toothache by scarification of the antitragus (Valsalva, 1704). In the last half of the twentieth century, the auricular acupuncture (i.e., needling of specific areas of external auricle) became popular in clinical medicine (Nogier, 1957). Based on Nogier's work in the German Journal of Acupuncture 1957, the Nanjing Army Ear Acupuncture Research Group from China further evaluated auricular somatotopy (Huang, 1974), and auricular acupuncture developed as a unique “microsystem” for acupuncture therapy. Currently, auricular acupuncture, which can mimic transcutaneous vagus nerve stimulation (tVNS), is reported in numerous systematic reviews to be effective in treatment of insomnia and relief of acute and chronic pain (Vieira et al., 2018). Ultimately, there is a great deal of overlap between acupuncture, particularly electroacupuncture, and neuromodulation therapies such as tVNS (Usichenko et al., 2017b), and the rich evidence base supporting auricular acupuncture should be better integrated to help inform further development of tVNS therapy (Napadow, 2019).

The origins of VN stimulation (VNS) date back in excess of 100 years. In the late eighteenth and early nineteenth century, it was believed that epilepsy was caused by excessive blood flow to the brain, termed venous hyperaemia, with patients frequently being treated by manual compression of the carotid arteries in the neck to suppress blood flow. In the late nineteenth century, American neurologist James L. Corning developed a “carotid fork”—a device to facilitate carotid compression, which was later augmented by stimulation electrodes. Corning intended to stimulate cervical branches of the VN, which course in close proximity to the carotid artery, in order to decrease heart rate (HR) and, subsequently, blood flow to the brain. Even though Corning reported treatment success, the method was not widely accepted at the time due to safety concerns and a lack of reproducibility of therapeutic response (Lanska, 2002).

Implantable VNS (iVNS) was developed by Jake Zabara in the 1980s as it was found to have promising antiepileptic effects in canine models (Zabara, 1985, 1992) and proceeded to become one of the earliest forms of neuromodulation in humans (Yuan and Silberstein, 2016a). Globally, by 2014 over 100,000 patients have had iVNS implanted (Johnson and Wilson, 2018; also see Chakravarthy et al., 2015). The first controlled clinical trials of iVNS as a treatment for refractory epilepsy were conducted in the early 1990s (Penry and Dean, 1990; Uthman et al., 1993) and reported substantial reductions in seizure frequency, even though a significant proportion of patients did not display a symptomatic improvement. Following a number of further clinical trials, iVNS, applied to the left cervical VN, was approved by the US Food and Drug Administration (FDA) for management of pharmacoresistant epilepsy in 1997 (Morris et al., 2013). In subsequent observational studies of patients with epilepsy, it was reported that patients' mood improved following iVNS treatment (Harden et al., 2000). These results spawned a series of studies in patients with depression which led, in 2005, to FDA approval of iVNS for the treatment of pharmacoresistant depression (Cristancho et al., 2011; Desbeaumes Jodoin et al., 2018). More recently, iVNS has been evaluated as treatment for a diverse array of disorders including heart failure (Ferrari et al., 2011; Wang et al., 2015a), rheumatoid arthritis (Koopman et al., 2016), inflammatory bowel disease (Levine et al., 2014), sepsis (Wang et al., 2016; Yang et al., 2017), and chronic pain (Lange et al., 2011).

iVNS necessitates a costly, invasive surgical procedure involving the implantation of a bipolar helical electrode to the left cervical VN which is subsequently attached to a pulse generator, most frequently positioned in a left infraclavicular subcutaneous pocket. Non-invasive tVNS approaches have been developed as a less expensive, patient friendly and rapidly deployable alternative. Transcutaneous cervical VNS (tcVNS) is conceptually similar to Corning's initial approach of transcutaneously stimulating the VN in the neck, adjacent to the carotid artery. tcVNS is FDA-approved for the treatment of migraine and cluster headache management and has been subjected to intensive research effort (Goadsby et al., 2014; Nesbitt et al., 2015).

The most widely commercially available tcVNS device (gammaCore®, electroCore, Inc.) is hand-held and delivers sinusoidal alternating current with a broadband amplitude-modulated frequency spectrum (Nesbitt et al., 2015). In the USA, the gammaCore® device received FDA approval for the treatment of acute cluster headache treatment in 2017, and for acute migraine treatment and adjunctive cluster headache prevention in 2018. Transcutaneous auricular VNS (taVNS) is under investigation for a wide range of clinical applications, however, is not FDA-cleared for the treatment of any disorder. The most widely used commercially available taVNS device (NEMOS®, tVNS technologies) delivers current in rhythmic square pulses (Yuan and Silberstein, 2016b). The NEMOS® device received European certification (CE certification, which indicates legal conformity and safety, but not necessarily clinical efficacy) as a treatment for epilepsy and depression in 2010, for chronic pain in 2012 and for anxiety in 2019. Importantly, given their non-invasiveness, tcVNS and taVNS are widely used not only for clinical purposes, but also in healthy populations for basic research in cognitive neuroscience and related fields (Yuan and Silberstein, 2016b). The increased availability of these devices, coupled with their user friendliness, has resulted in an increase in research publications on tVNS, see Figure 1.


[image: Figure 1]
FIGURE 1. Proportion of published research articles including the keyword “transcutaneous vagus nerve stimulation” listed on PubMed by year.


An array of stimulation parameters needs to be considered when it comes to using tVNS in both research and clinical settings. Stimulation parameters of tVNS can vary in terms of its current intensity (mA), pulse width (μs), frequency (Hz), duty cycle (s), and session duration (min) (Badran et al., 2019). Furthermore, side effects of stimulation, type of sham or control stimulation, location of the stimulation and sham electrode placement may influence the outcomes of tVNS. The impact of each of these stimulation parameters on psychophysiology and on clinical outcomes is incompletely understood. Despite the increasing number of studies, there is no clear consensus regarding the optimal parameters that need to be adopted for tVNS research. Moreover, there is no clear consensus regarding the minimal standard reporting items within the tVNS literature. Recently, calls for full disclosure of tVNS stimulation parameters have been made (Redgrave et al., 2018; Burger et al., 2020a). Herein, we aim to provide multidisciplinary recommendations regarding standard reporting items for future tVNS research. These recommendations are based on a systematic review of existing tVNS studies, evaluation of current reporting practices and finally on a broad consensus among research groups studying tVNS.



VNS Nomenclature: Techniques and Targets

The following section reviews four currently accepted VNS modalities—(1) cervically implanted VNS (iVNS), (2) transcutaneous cervical VNS (tcVNS), (3) transcutaneous auricular VNS (taVNS) (4) percutaneous auricular VNS (paVNS). For simplicity, hereinafter, we will refer to both transcutaneous forms of VNS (taVNS and tcVNS) as tVNS.


Cervically Implanted VNS (iVNS)

Classically, the VN is stimulated via implanted electrodes targeting (mostly) the left cervical branch of the VN (Mertens et al., 2018; Kaniusas et al., 2019a). iVNS commonly uses a bipolar cuff electrode (e.g., VNS Therapy, LivaNova). Despite being well-established, this method remains expensive and is associated with peri and post implantation risks. Furthermore, the electrode implant is irreversible. Moreover, stimulation is not restricted to afferent fibers of the cervical VN—as usually targeted by the therapy—but extends to (visceral) efferent fibers of the VN as well (Howland, 2014). Consequently, several adverse effects such as cough, voice alteration, swallowing difficulties, or bradycardia have been reported (Liporace et al., 2001).



Transcutaneous Cervical VNS (tcVNS)

The cervical VN can also be stimulated transcutaneously by using two skin electrodes, e.g., by a hand-held device (e.g., GammaCore, electroCore, Inc.), which are applied at the neck (Barbanti et al., 2015; Gaul et al., 2016; Silberstein et al., 2016a; Frangos and Komisaruk, 2017). This form of transcutaneous stimulation is now FDA approved for the acute treatment of migraine and for the acute treatment and prevention of episodic cluster headache. However, despite its relative convenience, this method is not devoid of adverse effects. Given that tVNS requires the stimulation to pass through the skin barrier, relatively strong currents are needed. The resulting stimulation fields in the neck are diffuse, so that cervical non-vagal nerves can be co-stimulated, as well as efferent cervical fibers. Commonly observed adverse effects for the cervical tVNS approach include prickling at the stimulation site, neck pain, dizziness, headache, nasopharyngitis, oropharyngeal pain and sensitivity to the conducting gel (Gaul et al., 2016; Redgrave et al., 2018). An MRI-derived Finite Element Method model was developed to analyze the cellular components activated with tcVNS. Due to the different types of tissue between the surface electrodes on the skin and the VN, both macroscopic (skin, muscle, fat) and mesoscopic (nerve sheath, cerebrospinal fluid) components were used to predict activation thresholds and electric field changes. It was demonstrated that the overall current requirement to achieve adequate stimulation is influenced by deeper tissues and that tissue conductivity has a direct effect on axon membrane polarization. This model predicts that tcVNS will activate A and B axon fibers, but not C fibers (Mourdoukoutas et al., 2018).



Transcutaneous Auricular VNS (taVNS)

The auricular branch of the VN is primarily an afferent fiber which innervates the ear and joins the main bundle of the VN projecting to the nucleus tractus solitarius (NTS). taVNS is achieved via surface skin electrodes applied in the vagally-innervated ear regions (Ellrich, 2011) on the outer ear (Ellrich, 2011; Frangos et al., 2015; Straube et al., 2015; Badran et al., 2018a,b). Typically, taVNS uses two surface electrodes (e.g., NEMOS, tVNS Technologies GmbH). This method is CE marked (but not FDA approved) for epilepsy, depression, anxiety, pain, and migraine. A relatively large surface of electrodes yields diffuse stimulation fields, so that not only vagal but also non-vagal auricular nerves can be recruited, the implications of which remain controversial (Kaniusas et al., 2019a). The stimulation is considered safe (Badran et al., 2018c). As in the case of the percutaneous tcVNS, the expected side effects are mostly minor and may include headache, pain and skin irritation at the stimulation site, and dizziness (Mertens et al., 2018). Researchers are still working to determine optimal ear targeting approaches as there is paucity of data comprehensively describing the innervation of the ear. An anatomical dissection of the human auricle describes how the auricular branch of the VN diffusely innervates the ear (Peuker and Filler, 2002), with the cymba concha region being exclusively innervated by the auricular branch of the VN, along with other areas such as the posterior and inferior walls of the ear canal. Many of these targets are hypothesized to be regions for engagement of vagal afferents (Badran et al., 2018a; Burger and Verkuil, 2018). Various ear targets, practical procedures and electrode placement techniques for taVNS in the laboratory or clinical setting have been outlined along with stimulation parameter considerations (Badran et al., 2019; Sclocco et al., 2019, 2020).



Percutaneous Auricular VNS (paVNS)

A minimally invasive form of paVNS (Kampusch et al., 2013) can be performed with miniature needle electrodes penetrating the skin in the targeted outer ear regions innervated mainly by the auricular branch of the VN (Sator-Katzenschlager et al., 2004; Kaniusas et al., 2019b). This so-called paVNS typically uses 2–3 needle electrodes (e.g., AuriStim, DyAnsys). The small size of needle electrodes and the resulting spatially focused stimulating fields favors precise and specific stimulation of the local afferent auricular branch VN endings. Minor side effects of paVNS are local skin irritation (dermatitis), local bleeding, pain at the stimulation site, and dizziness.

Thus, the term tVNS is a broadly encompassing term and is not location-specific, i.e., neck or ear, as both tcVNS and taVNS may have similar biological effects. It is important to note there is limited data on the head-to-head testing of tcVNS with taVNS and these studies should be explored.

In the following sections, we will focus on tVNS, given that these techniques have been subject to intensive study. The key difference between taVNS and tcVNS is the branch of the VN which is putatively targeted. taVNS targets the auricular branch of the VN, a subsidiary from both left and right VN main bundles that innervates the ear on the same side (Peuker and Filler, 2002). In contrast, tcVNS targets the cervical branch of the VN (Barbanti et al., 2015; Gaul et al., 2016; Silberstein et al., 2016b; Frangos and Komisaruk, 2017). It remains unclear whether neck and ear stimulation produce similar biological and end organ effects.

tVNS can also be associated with indirect sporadic effects, due to rare afferent-efferent vagal reflexes via the NTS. For instance, tVNS may sometimes cause a reflexive cough, colloquially known as Arnold's ear-cough reflex. Other vegetative reflexes, such as the ear-gag reflex, ear-lacrimation reflex, ear-syncope reflex, and vaso-vagal reflex can also be observed, albeit relatively rarely (Tekdemir et al., 1998; Ellrich, 2011; Napadow et al., 2012). Overall, tVNS is associated with fewer side effects in comparison to iVNS, which has the potential to be associated with increased tolerability. In addition, portable devices are relatively easy to handle and are more cost effective than implantable devices (Morris et al., 2016).





MODES OF APPLICATION


Long-Term Stimulation in Clinical Trials and Intervention Studies
 
Epilepsy

The effect of tVNS on pharmacoresistant epilepsy has been investigated in several studies. An early pilot study (Stefan et al., 2012) demonstrated that seizure frequency was reduced in five out of seven patients after 9 months of tVNS therapy, and that tVNS was well-tolerated. This reduction was also observable in a larger sample size over a 12 months period (Aihua et al., 2014). Another 6 months pilot study (He et al., 2013a) demonstrated seizure frequency reductions in 9 out of 14 children. A more recent 20-week placebo-controlled clinical trial of 76 patients with epilepsy (Bauer et al., 2016) reported that tVNS decreased seizure frequency. However, only about half of the patients were classified as responders—defined as seizure frequency reduction >25%. In a more recent prospective study of 20 patients (Barbella et al., 2018), only one third derived clinical benefit from tVNS. In a randomized clinical trial of 47 patients with epilepsy, Rong et al. reported that after 24 weeks of daily treatment 16% were seizure free and 38% had reduced seizure frequency (Rong et al., 2014). A larger-scale clinical trial of tVNS in epilepsy is pending, as the evidence regarding efficacy is currently insufficient for routine clinical care (Boon et al., 2018). Although the mechanisms of VNS in epilepsy are not fully understood, it is suggested that the nuclei of the brainstem are involved. The NTS has direct or indirect projections toward the locus coeruleus (LC) and raphe nuclei, which are suggested to be associated with seizures through noradrenergic and serotonergic neurons, exerting an antiepileptic effect. In particular, antiepileptic effects have been associated with an increase in norepinephrine (Krahl and Clark, 2012; Panebianco et al., 2016). Another theory suggests that VNS can activate inhibitory structures in the brain, with an increase in free gamma-aminobutyric acid (GABA) levels in cerebrospinal fluid and GABA-A receptor density in the hippocampus of patients who responded favorably (Marrosu et al., 2003). In recent years, the idea has grown that inflammation is involved in the development of seizures and epilepsy and, therefore, activation of anti-inflammatory pathways through VNS could explain antiepileptic effects (Krahl and Clark, 2012; Bonaz et al., 2013; Panebianco et al., 2016). Early work in rats indicated that the recruitment of vagal C-fibers is necessary for the suppression of seizures, by activating the C-fibers of the Vagal nerve (Woodbury and Woodbury, 1990), mediating GABA and glycine levels.



Depression

A placebo-controlled pilot study of patients with depression (Hein et al., 2013) found that 2 weeks of tVNS decreased depression severity using validated measures. This finding was replicated later in a larger patient sample, although this non-randomized study identified only about one third of the patients enrolled as tVNS responders (Rong et al., 2016). Neuroimaging studies in mild to moderately depressed patients have demonstrated that tVNS altered functional brain connectivity in the default mode network (Fang et al., 2016; Liu et al., 2016) and led to insula activation that was correlated with the clinical effectiveness of tVNS treatment (Fang et al., 2017). Furthermore, a decrease in functional connectivity between the bilateral medial hypothalamus and rostral anterior cingulate cortex (rACC) (Tu et al., 2018), as well as an increase of functional connectivity between the left nucleus accumbens and bilateral rACC (Wang et al., 2018) during 4 weeks of tVNS treatment were reported. Another potential mechanism, by which tVNS may exert an antidepressant action, is the modulation of inflammatory processes that are currently discussed (Rawat et al., 2019; also see Pavlov and Tracey, 2012). A previous review has summarized existing research on tVNS in depression in greater detail (Kong et al., 2018 also see Lv et al., 2019).



Tinnitus

A third clinical field in which several tVNS studies exist is tinnitus. One pilot study (Lehtimäki et al., 2013) found that 10 days of tVNS, combined with sound therapy, ameliorated patient-reported tinnitus severity and attenuated their auditory event-related field signal on magnetoencephalography (MEG). Another pilot study similarly observed a clinically meaningful amelioration of patient-reported tinnitus severity in four out of 10 patients after 20 days of combined tVNS and sound therapy (De Ridder et al., 2014). This has been replicated in a larger sample (30 patients), 15 of which were classified as responders to combined tVNS and sound therapy (Shim et al., 2015). However, a further pilot study administering tVNS (without sound therapy) for 6 months did not show any clinically meaningful effect (Kreuzer et al., 2014). It appears that the VNS generates improvements in patients with tinnitus due to the suppression of auditory, limbic and other areas of the brain involved in the generation / perception of tinnitus through the ascending auditory and vagal pathways (Yakunina et al., 2018). The rationale for the treatment of tinnitus using tVNS is build around the idea, that tVNS together with the presentation of tones can boost neuronal plasticity: the joint use of VNS and tones produces a reduction in the activity of the gamma band in the left auditory cortex, as well as the phase coherence between the cortex. Auditory and areas associated with tinnitus distress, including the cingulate cortex (Vanneste et al., 2017).



Other Clinical Conditions

The effect of tVNS on a variety of other diseases has been explored. A pilot study of tVNS in schizophrenia found no effect on symptom severity (Hasan et al., 2015). Moreover, many potential targets for treatment via tVNS have been suggested, including attention deficit hyperactivity disorder (ADHD) (Beste et al., 2016), autism spectrum disorders (Jin and Kong, 2016), Alzheimer's dementia (Jacobs et al., 2015), post-operative cognitive dysfunction (Xiong et al., 2009), increased risk of type II diabetes (Huang et al., 2014), preterm infants with oromotor dysfunction (Badran et al., 2020), chronic stroke patients (Capone et al., 2017), coronary insufficiency (Afanasiev et al., 2016) and chronic migraine (Straube et al., 2015). The idea that tVNS might be a promising treatment in Alzheimer's dementia has received support through recent evidence that tVNS can recover impaired microglia function in a mouse model of Alzheimer's dementia (Kaczmarczyk et al., 2017; Huffman et al., 2019), and there is an ongoing clinical trial of tVNS as a treatment for mild cognitive impairment (NCT03359902). For ADHD, trigeminal nerve stimulation (TNS) has been suggested as a complementary treatment to tVNS, and a recent study found promising clinical improvements (McGough et al., 2019). A study in patients with chronic pelvic pain (Napadow et al., 2012) found that tVNS ameliorated patient-reported pain intensity and anxiety. Antinociceptive effects of tVNS have been replicated in some studies but not in others, and its effect has remained inconsistent between studies and individuals (Laqua et al., 2014; Usichenko et al., 2017a,b; De Icco et al., 2018; Janner et al., 2018).

Whilst the above studies assume that the effects of tVNS are primarily mediated by central neuromodulation, i.e., effects on neurotransmission and neuroplasticity in the brain, tVNS-induced cardiovagal and cardiosympathetic effects have also been reported, and a number of studies have focused on the clinical potential of these effects. For example, a number of studies have found tVNS to reduce sympathetic nerve activity, indexed through resting muscle sympathetic activity (Clancy et al., 2014; Murray et al., 2016b; Ylikoski et al., 2017). However, cardiac effects of tVNS may be related to stimulation parameters, such as pulse width and stimulation frequency (Badran et al., 2018c) and there remains to date unexplained inter-individual variations in the clinical response to these parameters in the treatment of cardiovascular disease (Murray et al., 2016a).

Taken together, these studies indicate that tVNS has the potential to treat a wide range of clinical conditions. One of the key challenges for its further development appears to be the lack of inter-individual consistency in treatment success. Those differences are currently not well-understood, and may relate to anatomical differences, physiological state, and stimulation parameters. Table 1 provides an overview of the stimulation parameters that have been deployed in various studies along with other characteristics of those reports1.


Table 1. Reported stimulation parameters in studies on long-term tVNS.
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Acute/Short-Term Stimulation in Experimental Trials

Alongside clinical trials and intervention studies, tVNS has gained increasing interest as a tool for neuromodulation in experimental studies. Based on evidence that vagal activity is related to a host of psychological and physiological processes, tVNS promises deeper insights by enabling active manipulation of VN activity. Predominantly, these studies are characterized by short stimulation periods, addressing the immediate effects. Psychological targets have been broad (though not all of them are sensitive to tVNS), including: experimentally induced worry (Burger et al., 2019a); post-error slowing (Sellaro et al., 2015b); attention to fearful faces (Verkuil and Burger, 2019); associative memory (Jacobs et al., 2015) or single-item word memory (Giraudier et al., 2020; Mertens et al., 2020); extinction of fear responses or fear conditioning (Burger et al., 2016, 2017, 2018, 2019b; Genheimer et al., 2017; Szeska et al., 2020); implicit spiritual self-representations (Finisguerra et al., 2019); flow experience (Colzato et al., 2018b); response selection during sequential action (Jongkees et al., 2018) or during action cascading processes (Steenbergen et al., 2015); the recognition of emotions in faces or bodies (Colzato et al., 2017; Sellaro et al., 2018; Koenig et al., 2019); divergent thinking (Colzato et al., 2018a); conflict-triggered adjustment of cognitive control (Fischer et al., 2018); auditory selective attention (Rufener et al., 2018) or visual selective attention (Ventura-Bort et al., 2018); inhibitory control (Beste et al., 2016; Borges et al., 2020); automatic motor inhibition (Keute et al., 2018); cognitive flexibility (Borges et al., 2020; Tona et al., 2020); prosocial behavior (Sellaro et al., 2015a) and reward sensitivity (Neuser et al., 2019).

Other more physiologically oriented studies have investigated the influence of tVNS on cardiac activity (Brock et al., 2017; De Couck et al., 2017; Lamb et al., 2017; Gancheva et al., 2018; Borges et al., 2019; Bretherton et al., 2019; Koenig et al., 2019; Paleczny et al., 2019; Tobaldini et al., 2019; Tran et al., 2019); autonomic outflow (Sclocco et al., 2017); sympathetic nerve activity (Clancy et al., 2014) or cardiac baroreflex sensitivity (Antonino et al., 2017); atrial fibrillation (Stavrakis et al., 2015); cardiac mechanical function (Tran et al., 2019); vagal sensory evoked potentials (Fallgatter et al., 2003, 2005; Polak et al., 2009; Leutzow et al., 2013); persistent hiccups (Schulz-Stübner and Kehl, 2011); visual bistable perception (Keute et al., 2019a); nociceptive neuromodulation (Napadow et al., 2012; Busch et al., 2013; Laqua et al., 2014; Usichenko et al., 2017b; Janner et al., 2018); tumor necrosis factor-alpha (Brock et al., 2017); hepatic energy metabolism (Gancheva et al., 2018); whole blood culture-derived cytokines and chemokines (Lerman et al., 2016); salivary hormones (Ventura-Bort et al., 2018; Koenig et al., 2019; Warren et al., 2019); pupil diameter (Warren et al., 2019); gastroduodenal or gastrointestinal motility (Frøkjaer et al., 2016; Juel et al., 2017); muscle activity in the gastrointestinal tract (Hong et al., 2019), gastric frequency (Teckentrup et al., 2020); electroencephalography (Hyvärinen et al., 2015; Keute et al., 2018; Lewine et al., 2019) and event-related potentials (Lewine et al., 2019), specifically the P3/P300 event-related potential (Ventura-Bort et al., 2018; Warren et al., 2019); cortical excitability (Capone et al., 2015) and changes in blood-oxygen-level-dependent (BOLD) functional Magnetic Resonance Imaging (fMRI) (Kraus et al., 2007, 2013; Dietrich et al., 2008; Frangos et al., 2015; Frangos and Komisaruk, 2017; Garcia et al., 2017; Yakunina et al., 2017, 2018; Badran et al., 2018b; Peng et al., 2018; Sclocco et al., 2019, 2020). Ultrahigh field (7T) fMRI studies with enhanced spatiotemporal resolution have clearly demonstrated tVNS stimulus-evoked activation of the ipsilateral NTS, the primary synapse for vagus nerve traffic to the brain (Garcia et al., 2017; Sclocco et al., 2019, 2020). Cases reports illustrate the use of tVNS in the treatment of a patient with persistent geotropic direction-changing positional nystagmus (Cha et al., 2016) or insomnia (Yu et al., 2017). Table 2 summarizes the characteristics of these studies on acute/short-term tVNS.


Table 2. Reported stimulation parameters in studies on acute/short-term tVNS.
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PROPOSED CHECKLIST FOR MINIMUM REPORTING ITEMS

Based on the review of the existing literature, we propose a set of minimum reporting items for tVNS publications in Table 3. Important to note, these are not suggested to replace existing standards or guidelines when reporting observational studies (von Elm et al., 2008) or clinical trials (Moher et al., 2001). Figure 2 provides a graphical overview of the specific tVNS reporting items.


Table 3. Minimum reporting standards.
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FIGURE 2. Minimum Reporting Standards for Research on Transcutaneous Vagus Nerve Stimulation (Version 2020).


In regards to stimulation level reporting, our general guidance (consistent with recommended reporting practices for other techniques, e.g., Woods et al., 2016; Bikson et al., 2019) is to fully describe the dose and any further details of electrode design that may impact tolerability. As with other reporting items, how and what details should be reported is guided by the principle of reproducibility. Dose is defined as all parameters of the device (hardware and programming) that govern the pattern of current flow through the body including to the nominal nerve target (Peterchev et al., 2012). For electrical stimulation dose encompasses: (1) all aspects of the stimulation waveform (e.g., pulse shape such as square, frequency); (2) details of electrode contact with the skin (e.g., size, shape, location). Factors that go into selecting dose, on a trial or subject basis (such as titration to sensation) are critical to report, but the actual dose applied should also be reported (Peterchev et al., 2012). It is important that complete details of dose be reported, not simply those aspects of dose the investigators think are important to outcomes (or important to mention). It is also important to recognize that referencing a technique by a name of classification does not fully describe dose since the same name may be used to describe different protocols (Guleyupoglu et al., 2013; Bikson et al., 2019). Nor is it sufficient to describe dose by referring to prior publications when those publications did not fully describe dose, when those prior works described a range of approaches broader than tested in the present study, or when any modifications (even incremental) were made. Finally, careful attention should be paid to the use of nomenclature (Bikson et al., 2019) that is not definitive in describing the dose (e.g., unipolar, anodal), may apply to different aspects of the dose (e.g., pulse duty cycle or train duty cycle) or mis-applying terminology (biphasic vs. bipolar).

Details of electrode design, preparation and application that are no genuine part of dose are likewise critical to allow consistent dosing. For example, the critical interface is the contact surface between the tissue and electrolyte e.g., hydrogel, paste (for a non-invasive electrode), or metal (for a percutaneous electrode). This needs to be described for every electrode, including electrodes that are considered less important for outcomes (e.g., so called “return” or “reference” electrodes). Other aspects of the electrode, such as materials and thickness, are equally important for reproducibility, including, for example, electrochemical stability (Merrill et al., 2005) and tolerability (Minhas et al., 2010; Khadka et al., 2018).



DISCUSSION

Having proposed a set of reporting standards, we will now address some of the outstanding issues, which in our view, future tVNS studies have to objectively and systematically address. These issues have all been examined in previous studies to a greater or lesser extent, but given the lack of reporting standards, no definite conclusions can yet be drawn. It is our hope that having provided these standards, clear answers will become apparent in the years to come. Here we will subsequently discuss issues related to safety, confounding, stimulation parameters, underlying physiology including studies on biomarkers and translational studies.


Safety and Tolerability

In line with our recommendations of providing standardized information on stimulation parameters etc., we encourage the standardized reporting of adverse events as suggested by Redgrave et al. (2018). A systematic literature review on the safety and tolerability of tVNS has evaluated 51 studies, independent of the area of application (Redgrave et al., 2018). The authors report that the most prevalent side effect was local skin irritation from electrode placement, occurring in about 18% of included subjects following long-term stimulation. Nevertheless, it is important to note that 89 studies were not included in this review as these studies had not reported safety or tolerability data and when approached the authors didn't respond to a formal request to provide data.



Potential Confounding Variables

Alongside transparent reporting of stimulation parameters and adverse events, important confounding variables need to be considered and reported. The inter-individual variability in the neurophysiological and behavioral response to tVNS is high and the reasons for this are poorly understood. A diverse array of factors including, but not limited to age and comorbidities, subjects' ear and tissue morphology and innervation, neurotransmitter balances and brain state, may contribute to inter-individual differences in tVNS response. Based on studies using tVNS, iVNS, and other electrical stimulation techniques, we suggest that investigators consider the following variables that can influence the responsiveness to tVNS and can confound the results in their studies.


Age

Increasing age affects both parasympathetic and sympathetic activity (e.g., Kuo et al., 1999). For example, age is associated with marked changes at hormonal level, which in turn affect acetylcholine-mediated parasympathetic autonomic activity, which is affected by tVNS (Moodithaya and Avadhany, 2012; Krause and Cohen Kadosh, 2014). Furthermore, sensitivity to electrical transcutaneous stimulation is lower in older age-groups (Kemp et al., 2014).



Sex

In animal studies VNS has greater effects in females, probably because of the effect of oestrogens to the muscarinic acetylcholine in the central nervous system (Du et al., 1994). Similar effects should be expected in human subjects due to both hormonal levels and the gender- and age-dependent differences in the functions of the autonomic nervous system (Koenig and Thayer, 2016; Koenig et al., 2017). Differences in the neuronal pathways and neuronal sensitivity may exist and therefore affect response to tVNS (De Couck et al., 2017; Janner et al., 2018).



Medical Conditions

Neurotransmitter levels may differ between individuals according to specific medication intake and medical condition. This was shown to cause research subjects to respond differently to stimulation due to a certain dose-response relationship that interacts with initial neurotransmitter levels (Ziemann et al., 2002; Falkenberg et al., 2012). Therefore, to avoid confounds in experiments, we recommend to control for (or exclude) individuals with psychological or psychiatric conditions (e.g., Homma et al., 1993; Salman, 2015) and medication use that affects neurotransmitter systems (unless those study populations are directly relevant to the research question).



Ear and Tissue Anatomy

Different ear sizes and skin properties, such as impedance, water content, structure, and subcutaneous fat thickness as well as auricular anatomy of the vagus innervation may cause different current distributions and require different current strengths to achieve the same current flow (Maffiuletti et al., 2008; Cakmak, 2019). Consequently, physiological and behavioral effects may vary.



Time of the Day /Different State

The brain does not always respond stereotypically to stimulation, as response may depend on the current state of activity (Silvanto et al., 2008), level of fatigue, wakefulness, attention, or mood (Sztajzel et al., 2008; Steenbergen et al., 2020). Controlling for brain state, for instance, by employing a focused behavioral task, or applying stimulation only during a particular brain state, e.g., based on patterns of electroencephalographic (EEG) activity (Brázdil et al., 2019), may potentially improve responsiveness. This may also extend to physiological states in general, such as respiratory phase (Napadow et al., 2012; Garcia et al., 2017; Sclocco et al., 2019).



Adherence

Especially in neuropsychiatric populations, adherence must be controlled. Dependent on the population non-adherence rates up to 50% (Perkins, 2002) have been reported from pharmaceutical trials and it must be assumed that the same numbers will occur. Such non-adherence rates have e.g., reported for the tVNS schizophrenia trial (Hasan et al., 2015) and the adherence should be recorded and analyzed in all future tVNS trials.



Control Condition

Control condition is tVNS tested against sham stimulation (actual stimulation of the earlobe, for example), or no stimulation. Further, authors should report on placebo/expectations effects and which attempts were made to control for this influence. Very recently, problems with the wrongful placement of electrodes in sham-stimulation, in particular the possibility to stimulate muscle zones with potential effects, have been discussed (Cakmak et al., 2017; Liugan et al., 2018).

In future, it is important that researchers are aware of sources of variability that may affect tVNS response, especially in studies using heterogeneous populations, and that they select their desired research population with caution. Furthermore, tracking potential confounds may allow the investigators to control for them in the analysis and to understand outliers within the data. This approach may help to understand factors explaining heterogeneity in the efficacy and response to tVNS.




Left or Right? A Question of Laterality in VNS Targeting

Anecdotally during the development of iVNS, theoretical concerns emerged regarding cardiac safety when implanting electrodes on the right cervical VN in comparison to the left. This theory was only explored in one iVNS trial exploring both left and right iVNS for chronic heart failure which demonstrated equal safety profiles (Premchand et al., 2014). Animal studies suggest that right sided iVNS has stronger cardiac effects (Ng et al., 2001; Yoo et al., 2016). Due to this uncertainty, an important constraint when applying taVNS is the choice of the ear side during stimulation. Individual stimuli delivered to the right cervical VN have two-fold inhibition effects on heart beating cycle, compared to identical stimuli delivered to the left nerve (Brown and Eccles, 1934). The reason is that efferent vagal fibers affecting the sinoatrial node of the heart are thought to be right-lateralized (Nemeroff et al., 2006). Studies in rats have shown that vagal fibers originating in the right dorsal nucleus and the right ambiguous nucleus further inert the region of the syno-atrial nodule, while the fibers of the left dorsal motor nucleus and the projected ambiguous further inert into the atrioventricular nodule region (Brack et al., 2004). Despite the possible side effects of right sided vagal stimulation, a possible treatment for heart failure has been developed using a tcVNS device, measuring the heart rate, that shuts down when bradycardia is detected (De Ferrari and Schwartz, 2011). However, for reasons outlined above, and possibly because a clinical trial showed no arrhythmic effects of tVNS when stimulating the left VN (Kreuzer et al., 2012), taVNS is almost exclusively applied to the left ear. Yet, these concerns have been challenged (Chen et al., 2015). For instance, studies in rodent models have not shown deleterious cardiac side effects (Krahl et al., 2003, also see Ay et al., 2011; He et al., 2013b). A study in healthy human participants has shown that taVNS can be applied to the right ear without associated cardiac side effects (De Couck et al., 2017). Similarly, studies in patients with chronic heart failure (Premchand et al., 2014; Wang et al., 2015b) did not report cardiac side effects suggesting that bilateral or right-lateralized taVNS is not associated with an excess rate of adverse effects. Furthermore, varying the intensity of taVNS has been shown not to impact on cardiac vagal activity in healthy adults (Borges et al., 2019). Critically, to the best of our knowledge, no systematic safety studies to date have directly compared stimulation sites and duration of stimulation to examine possible cardiac adverse effects.

The possibility of safely stimulating both, the left and right VN simultaneously, is of interest. In terms of using tVNS to increase noradrenaline release, it is plausible to suggest that bilateral stimulation may improve efficacy. Animal experimental data suggest a very wide spectrum of effects, critically dependent on stimulation parameters as well as on the duration of stimuli trains (Levy et al., 1969; Slenter et al., 1984) phase-locking the heart beat to the vagal stimuli (Jalife et al., 1983) through the interaction of neural and muscular reflexes (Brooks and Lange, 1977). It has been shown that tVNS activates brain regions with ipsi and against lateral differences—such as the nucleus of the solitary tract, the amygdala or the nucleus accumbens (Frangos et al., 2015). LC projections to the cortex are mainly ipsilateral (Aston-Jones and Waterhouse, 2016), and noradrenaline levels are increased in both hemispheres after iVNS in rats. It has also been shown that depending on the currents applied (iVNS), different neuronal populations are recruited, and moreover that noradrenaline release in different target areas is also current-dependent (Roosevelt et al., 2006). Thus, hypothetical by stimulating both ears simultaneously, a summation effect could potentially be attained to reach the desired effects (also see Clancy et al., 2014). This idea should be objectively evaluated in the future, since pain threshold in some patients can be as low as 0.5 mA when auricular stimulation is carried out, and therapeutic effects could require higher stimulation currents (>1.0 mA) (Yakunina et al., 2017).



Current-Controlled vs. Voltage-Controlled Stimulation

In this iteration of the consensus, we would like to particularly focus on one particular technical aspect, namely the proper reporting on whether current-controlled or voltage-controlled stimulation is used. In principle current or voltage control settings can be used for tVNS; however, effects of and on the electrode/tissue boundary have to be accounted for (Merrill et al., 2005; Kaniusas et al., 2019a). As is generally the case in neuromodulation (Butson and McIntyre, 2005; Merrill et al., 2005; Vargas Luna et al., 2013), the current-controlled reliably defines the current in the body (e.g., excitable auricular tissue) independent of the highly variable electrode/tissue boundary. However, in the case of voltage-controlled tVNS, the resulting current in the tissue depends strongly on the electrode-skin boundary properties which then influence the resulting stimulation efficiency. The impact of current-controlled vs. voltage-control on the effectiveness will depend on multiple factors including electrode design. For instance, needle electrodes (for example in percutaneous tVNS) act typically as polarizable electrodes so that the boundary is predominantly capacitive, whereas surface electrodes (for example in taVNS) can act as non-polarizable electrodes with a predominantly resistive boundary. One theoretical concern with current-controlled stimulation is that conditions of unexpected high impedance at the electrode-skin interface will result in an associated increase in stimulator output voltage (i.e., needed to overcome this resistance in providing a prescribed current). The maximum voltage is limited by stimulator output compliance voltage. In a situation where the impedance suddenly changes, which can result from the electrode becoming displaced or (partially) detached and then reattached to the skin, a current controlled device may transiently produce a current above the target level (as its internal circuit adjust to the lower impedance load), which in turn can result in an unpleasant shock. This can be readily addressed with robust and motion-free application of current electrodes (e.g., ear clip electrodes, reliable adhesive electrodes), protocols that are cognisant of factors such as when stimulators are powered (Badran et al., 2019), or stimulators that are designed with a rapid accommodation time.

In the case of the voltage application, the polarization voltage is limited by the applied voltage. In addition, any potential detachment of the voltage electrode leads to an even reduced polarization voltage and thus reduced risks of unwanted transients. Consequently, voltage-controlled stimulation may be limited by current changes in situations where electrode-skin contact is not reliable. In addition to adverse events that can result from current flow through the body (e.g., pricking/itching), as with any electrical stimulation, adverse events may result from excessive electrochemical reactions at the electrode-electrolyte interface (Kaniusas, 2019). Specifically, if electrochemical products at the electrode-electrolyte interface reach the skin, skin irritation may ensue. Protocols to limit this include using charge-balanced waveforms (Sooksood et al., 2009, 2010), judicious selection of metal and electrolyte materials (Merrill et al., 2005; Khadka et al., 2018), minimizing total stimulation time at a given location, or ensuring the electrolyte provides sufficient separation between the metal and skin (Minhas et al., 2010).



Empirical Evidence for the Use of Certain Stimulation Parameters

Currently, the popularity of one tVNS device, tVNS Technologies GmbH (Erlangen, Germany), led to a common yet poorly argued parametric setting. Given the lack of flexibility of this device regarding changing the parameters, a signal with a pulse width between 200 and 300 μs at 25 Hz, and a duty cycle of 30-s on, 30-s off has frequently been adopted in studies. However, other parameters have been used in research with tVNS as well, which may explain in part the heterogeneity observed in findings from studies using tVNS (Borges et al., 2019). Consequently, the lack of knowledge regarding optimal stimulation parameters can be seen as a general limitation in this research field (Borges et al., 2019; Butt et al., 2020). Despite an understanding of the importance of the various stimulation parameters in optimizing the efficacy of tVNS, dose-response studies remain scarce. Recently, Badran et al. (2018c) systematically tested the effect of three variations in pulse width and frequency, respectively, on HR and found that a pulse width of 500 μs, if combined with a frequency of 10 Hz, produced the strongest decrease in HR compared to other parameter combinations. However, as HR is the result of mixed inputs from the sympathetic and parasympathetic (vagus) nerves, the effect of tVNS on HR may not necessarily correlate with the outcome of interest (Goldberger et al., 2019). Therefore, we advocate caution when interpreting these results. Some efforts have been made to understand how changing specific stimulation parameters influences the physiological effects of tVNS. Borges et al. (2019) tested the effect of different intensities on cardiac VN activity (Malik, 1996) in three experiments. They also compared different methods to define current intensity regarding cardiac vagal activity, namely presetting the same current intensity for all study participants throughout the experiment (set method) and instructing the study participants to freely choose an intensity (free stimulation method). Cardiac vagal activity increased during tVNS when compared to resting measurement. However, this increase was not related to stimulation intensity, the method of stimulation, or whether the stimulation was active or sham. De Couck et al. (2017) investigated the effect of stimulation side (right, left ear, or sham), and session duration (10 min or 1 h) on heart rate variability (HRV). They found very specific effects related to heart rate variability components such as standard deviation of the RR intervals (SDNN) as well as low frequency (LF) and LF/high frequency (HF) ratio. However, tVNS had no effects on parameters that serve as an index of cardiac vagal activity, such as root mean square of successive differences in RR intervals (RMSSD) (Malik, 1996). Changes in the frequency domain components of HRV (LH, HF, and LF/HF ratio) were also observed with 1 h of tVNS at the right tragus (Tran et al., 2019). It was also reported that the magnitude and direction of tVNS-induced changes in LF/HF ratio is dependent on resting LF/HF ratio (Bretherton et al., 2019). The greatest effects of tVNS were observed in individuals with the lowest cardiac vagal activity at rest. Regarding stimulation location, Yakunina et al. (2017) compared the effects on brain activation of stimulation carried out at the inner tragus, inferoposterior wall of the ear canal, cymba conchae, and earlobe (sham). Among these areas, only tragus and cymba conchae stimulation activated areas thought to be part of the vagal pathway, such as the NTS. Importantly, the strongest activation of vagally innervated areas was seen during cymba conchae stimulation. These results are consistent with anatomical studies suggesting that the auricular branch of the VN innervates primarily the cymba conchae and the tragus (Peuker and Filler, 2002). Interestingly, a recent study by Sclocco et al. found that stimulation frequency also significantly modulates BOLD fMRI response in NTS, as well as other brainstem nuclei such as LC and raphe nucleus (Sclocco et al., 2020), with 100 Hz stimulation demonstrating enhanced activation in healthy adult volunteers. As anatomy is fundamental to providing effective tVNS (Badran et al., 2018a, also see Burger and Verkuil, 2018), further studies are warranted to delineate the exact anatomical basis of tVNS, in order to better guide future trials.

To summarize, the choice of stimulation parameters, mainly linked to pulse width, frequency, side and location of the stimulation, may influence effects of tVNS on both autonomic and cognitive processes. However, attempts to investigate the effects of individual tVNS stimulation parameters have primarily focussed on presumed physiological effects of tVNS rather than cognitive processes. Furthermore, despite first attempts to address the effects of parametrization, it is not clear what cognitive or autonomic processes have a parametric-specific effect, and this could explain the high heterogeneity of findings in studies using tVNS. Thus, it is time to carry out further studies that aim at understanding the parametric-specific effects of tVNS in order to optimize this tool for different applications.



Potential Biomarkers of Effective Stimulation

The neural mechanisms mediating the effects of tVNS are still poorly understood and, consequently, no clear consensus exists about potential biomarkers that could shed light on the efficacy of tVNS in general, or those guiding a choice in stimulation parameters. In this section, we briefly summarize findings concerning potential biomarkers related to vagal activity (for a detailed review about biomarkers of tVNS, see (Burger et al., 2020a) and finish with some remarks on methodological aspects that may be relevant when assessing biomarkers in tVNS research.


Heart Rate Variability

Some authors have proposed that the beneficial effects of tVNS may rely on increased activity of the VN per se (Gidron et al., 2018). Therefore, tVNS-related changes in vagal activity—measured by vagally-mediated HRV measures (vm-HRV) (Thayer and Lane, 2000; Kuo et al., 2005) may be informative to its efficacy. Animal research has consistently found that VNS, particularly to the right VN, increases vm-HRV measures (e.g., Huang et al., 2010; Sun et al., 2013). However, the relation between iVNS and HRV measures is less clear in humans (see Burger et al., 2020a for further details). Similar to reports using iVNS, findings on the modulatory effects of tVNS on vm-HRV measures are heterogeneous. Some studies showed an increase of vm-HRV measures after tVNS (Lamb et al., 2017; Bretherton et al., 2019; Sclocco et al., 2019; Tran et al., 2019), but others showed no effects (Weise et al., 2015; Antonino et al., 2017; De Couck et al., 2017; Burger et al., 2019a,b), or showed a decrease of vm-HRV parameters in individuals with high resting vagal activity (Bretherton et al., 2019) and two other studies during both, active and sham stimulation (Borges et al., 2019, 2020). A potential limitation of vm-HRV measures as a biomarker for tVNS is that the mechanism influencing vm-HRV (i.e., efferent vagal activation) may differ from the mechanistic target of tVNS (i.e., afferent vagal activation), and little is known about the interrelation of these two vagal pathways, i.e., much is known about cervical vagal feedback loops, but not much is known regarding auricular to cervical loops.



Metabolic Markers of Vagal Stimulation

The VN is a key part of the autonomic nervous system and transmits information between the peripheral organs and the brain to support homeostasis (de Lartigue, 2016). Although vagal stimulation primarily targets afferent fibers, preclinical and human work points to efferent effects as well that are mediated via the brain. In animal studies, there is conclusive evidence for reduced food intake and weight loss following iVNS (Roslin and Kurian, 2001; Val-Laillet et al., 2010; Gil et al., 2011; Banni et al., 2012). In rodents, a closed-loop VNS system implanted on the stomach wall substantially reduced food intake and delayed weight gain (Yao et al., 2018) demonstrating the modulatory role of negative feedback signals. In human studies, the vital role of the VN in modulating food intake, energy metabolism, and glycemic control has been demonstrated more recently (Burneo et al., 2002; Pardo et al., 2007; Shikora et al., 2013; Ikramuddin et al., 2014; Cork, 2018). Notably, taVNS has been shown to decrease the frequency of action potentials in human gastric muscle cells (Hong et al., 2019; Teckentrup et al., 2020) suggesting that an electrogastrogram could be used to non-invasively track successful vagal stimulation. Taken together, these results highlight that stimulating vagal afferents may elicit efferent effects on key markers of energy homeostasis that could be used as a positive control outcome.



Noradrenergic-Related Processes and Markers

One potential mechanism by which tVNS may exert its effect is through the activation of the LC norepinephrine (LC-NE) system (Van Leusden et al., 2015; Hansen, 2019). Evidence pointing to a modulatory role of VN activity on LC-NE system activity comes from neuroimaging studies (Dietrich et al., 2008; Kraus et al., 2013; Frangos et al., 2015; Yakunina et al., 2017) and from studies relating vagal activity with physiological markers of LC-NE system activity, such as the P300 amplitude of event-related potentials (ERPs) (Murphy et al., 2011) see for review (Nieuwenhuis et al., 2005), salivary alpha amylase(sAA; Ehlert et al., 2006; Warren et al., 2017), and pupil dilation (Rajkowski, 1993; Joshi et al., 2016; Warren et al., 2017). For instance, De Taeye et al. observed that epileptic patients that responded favorably to iVNS therapy showed an increase in the P300 amplitude during VNS (De Taeye et al., 2014) see also (Neuhaus et al., 2007; Schevernels et al., 2016; Wostyn et al., 2017). In healthy participants, however, evidence for the modulatory effects of tVNS on the P300 amplitude has been mixed. Some studies found enhancing effects (Rufener et al., 2018; Ventura-Bort et al., 2018; Lewine et al., 2019), but others found no modulation of the P300 (Warren et al., 2017; Fischer et al., 2018). In terms of pupil dilation, although evidence about the relation between VNS and pupil dilatation is rather scarce, findings in animals (Bianca and Komisaruk, 2007; Mridha et al., 2019) and humans (but see Schevernels et al., 2016; Jodoin et al., 2018) seem to point to increased dilation of the pupil under active iVNS compared to no stimulation. By contrast, in four recent tVNS studies, no modulation of pupil dilation in response to the stimulation was found (Keute et al., 2019b; Warren et al., 2019; Burger et al., 2020b). Finally, recent studies have investigated the effects of tVNS on sAA levels as a potential marker of central NE release (Ehlert et al., 2006; Warren et al., 2017). Similar to P300 and pupil dilation, studies exploring tVNS effects on sAA level changes have shown inconsistent results. Some showed increased sAA levels following tVNS, but not after sham stimulation (Fischer et al., 2018; Ventura-Bort et al., 2018; Warren et al., 2019). Three recent studies did not show any sAA changes in response to tVNS (Koenig et al., 2019; Giraudier et al., 2020; D'Agostini et al. under review), Also, documented improvements of sleep quality with tVNS (Bretherton et al., 2019) are inconsistent with LC activation, which is the main brainstem nucleus that promotes arousal.

Taken together, there is currently no reliable vagal or noradrenergic biomarker of tVNS that produces replicable results across studies. It is likely that the reasons for this are multifactorial [see for a detailed discussion, (Burger et al., 2020a)]. Firstly, many studies included relatively small sample sizes, and the reported effects may have been underpowered. Secondly, baseline differences in tonic noradrenergic activation may also have an important influence on the efficacy (Murphy et al., 2011; Gee et al., 2014; van Kempen et al., 2019). Finally, stimulation settings, including stimulation sites (tragus vs. cymba concha; left vs. right ear) and parameters such as stimulation interval (30 s ON/OFF vs. continuous stimulation), intensity set-up (fixed or variable across participants), pulse widths, stimulation timing, among others, are not kept constant across experiments, impeding, to some extent, a full comparison of the results across labs. These changes might not be arbitrary, given that some of the settings may favor the efficacy of tVNS (e.g., stimulation of cymba conchae compared to the tragus (Yakunina et al., 2017); continuous vs. intermittent stimulation (Ventura-Bort et al., 2018); and long compared to short stimulation duration (Warren et al., 2019). We hope that the aforementioned standards may help overcome these challenges and improve the current knowledge about potential tVNS biomarkers.



Functional Neuroimaging

In comparison to HRV, pupil dilation and sAA, functional magnetic resonance imaging fMRI provides the possibility to confirm involvement of the central noradrenergic system by looking directly at LC and NTS activation as well as activation of possible target areas. Consequently, neuroimaging studies have tried to assess the modulatory role of VN activity on the LC-NE system activity in healthy adults (Kraus et al., 2007, 2013; Dietrich et al., 2008; Frangos et al., 2015; Yakunina et al., 2017; Badran et al., 2018b; Peng et al., 2018; Sclocco et al., 2019, 2020) and interictal migraine patients (Garcia et al., 2017; Zhang et al., 2019). The following results in functional activation are based on the comparison between real and sham stimulation at varying stimulation locations across the studies (see Table 1). Three studies that examined activation using 1.5T imaging (Dietrich et al., 2008) did not report any sham stimulation, therefore their results were based only on active stimulation compared to pre-stimulation baseline (N = 4). The authors found increased activation in the left LC as well as an increase in functional activation in the left thalamus (Dietrich et al., 2008). Conversely, a decrease in functional activation in limbic and temporal brain areas (N = 6) (Kraus et al., 2007) as well as in the LC and the NTS (n = 8) (Kraus et al., 2013) has also been shown. However, the reported functional activation of these three studies might have to be interpreted with caution due to the low sample sizes. Additionally, it is possible that the spatial precision afforded in data acquisition and data processing was not sufficient in these studies to reliably detect activations in LC and the NTS which are only a few millimeters wide. Furthermore, none of these studies reported information on the MRI head coil or smoothing kernel used which makes it difficult to assess Signal-to-Noise Ratio (SNR) and spatial precision of the results (Kraus et al., 2007, 2013; Dietrich et al., 2008). Studies with larger sample sizes using 3T scanners have shown functional activation in NTS (Frangos et al., 2015; Garcia et al., 2017; Yakunina et al., 2017; Sclocco et al., 2020), in the bilateral amygdala and left parahippocampal gyrus (Peng et al., 2018), which corresponds to the results of Frangos et al. (2015) that showed an increase in activation in the contralateral amygdala, nucleus accumbens and anterior thalamic nuclei. Moreover, a gradual increase and maximal activation in NTS during post-stimulation was observed (Frangos et al., 2015). In addition to increased NTS activation, post stimulation effects, immediately after exhalatory-gated auricular vagal afferent nerve stimulation (eRAVANS), led to increased response to trigeminal sensory afference in nucleus raphe centralis and LC (Garcia et al., 2017). Yakunina et al. (2017) showed bilateral LC and NTS activation in unsmoothed data and indicated that this was also observed during real stimulation by placing electrodes at the inner surface of the tragus. Badran et al. (2018b) were not able to replicate these effects. However, this study used lower resolution fMRI (voxel size of 3 mm3), which may explain the lack of activation observed in the NTS and LC. Some studies have also reported a decrease in functional activation in the bilateral hypothalamus and throughout the hippocampal formation in healthy adults (Frangos et al., 2015) as well as in the bilateral LC in interictal migraine patients (Zhang et al., 2019). This heterogeneous pattern of functional activations reported highlights once again the challenge of comparing and interpreting results from fMRI tVNS studies using different devices, electrodes, stimulation locations and session durations, as already previously reviewed (e.g., Yakunina et al., 2017; Peng et al., 2018). It is furthermore equally important to consider the varying stimulation and rest phases of study designs in different studies (e.g., 0.5 s pulse during each exhalation phase of respiration Garcia et al., 2017; 7 min on/2 min off stimulation Frangos et al., 2015; 30 s on/60 s off stimulation Yakunina et al., 2017; Peng et al., 2018), which might have affected the ability to detect functional activations in NTS and LC target areas. As there is considerable one possible focus in using tVNS fMRI to study evoked activation in NTS and other neurotransmitter source nuclei following stimulation, the fMRI studies of Yakunina et al. (2017) and Sclocco et al. (2019) used high resolution (e.g., 2.75 mm, and 1.2 mm isotropic resolution, respectively) and small Gaussian smoothing kernels (e.g., 2 mm), provide promising spatial precision in their methodological approach. Moreover, both studies compared results across various stimulation locations and observed most convincing LC activations using the left cymba conchae as an active stimulation location, which is in line with left cymba conchae being considered a good target for eliciting LC activation (Peuker and Filler, 2002). Both Yakunina et al. (2017) and Sclocco et al. (2019) provided details on co-registration methods and demonstrated sufficient spatial precision in data processing. The latter study used ultra-high-resolution fMRI at 7 Tesla with multi-band factor 2 to further increase SNR and demonstrated that exhalatory-gated tVNS enhanced NTS and LC/raphe targeting. Similar to Garcia et al. (2017), they observed increased activation in the LC as well as both dorsal and median raphe nuclei and in contrast to previous studies, they implemented short duration stimulation events (1s) extended over many minutes of time (Sclocco et al., 2019). Whilst many 3T fMRI studies may lack sufficient spatial precision to answer the question whether tVNS can target NTS and LC, recent studies suggest that larger sample sizes can also show NTS and LC response at this lower field strength (Sclocco et al., 2020), and previous 3T studies are more numerous and provide the strongest support that tVNS may indeed be a suitable tool for targeting the LC-NE system. Disorder specific brain circuits have been discussed as potential targets for tVNS in depression (Iseger et al., 2020) and tinnitus (Yakunina et al., 2018).

Taken together, when validating tVNS effects in various populations with the use of the most direct biomarker at hand for the LC-NE system, i.e., fMRI—a number of methodological considerations should be kept in mind over and above the usual need for appropriate stimulation parameters. Specifically, given that both NTS and LC span only a few millimeters, the extent of smoothing across studies should be considered. Frangos et al. (2015) pointed out the concerns of applying spatial smoothing to brainstem nuclei. Choosing a too high smoothing factor [e.g., 6 mm (Peng et al., 2018) or 8 mm (Yakunina et al., 2017)] could lead to an increased likelihood of false positives or to no observable activation in brainstem nuclei and thus, some chose to forgo smoothing brainstem data (Frangos et al., 2015; Yakunina et al., 2017). Similarly, ultra-high-resolution fMRI in the range of 1–2 mm voxel sizes also at higher field strengths seems warranted as well as customized high-precision spatial post-processing approaches optimized for the LC-NE system [see (Liu et al., 2017) for a review]. In addition to using comparable set-ups across studies, further research should also try to incorporate structural measures of the LC-NA system such as neuromelanin (NM)—sensitive magnetic resonance imaging (MRI) to anatomically identify the LC in vivo (Sasaki et al., 2006; Betts et al., 2017, 2019; Hämmerer et al., 2018; Priovoulos et al., 2018; Liu et al., 2019; Trujillo et al., 2019; Ye et al., 2020). Finally, the increased susceptibility of brainstem fMRI for low SNR and high physiological noise (Sclocco et al., 2018) could be counteracted by appropriate imaging paradigms as well as denoising or noise-control approaches (Brooks et al., 2013; Sclocco et al., 2018). If these recommendations are kept in mind, fMRI carries great potential as a more precise and direct tool for identifying activation in the LC-NE system using tVNS and in future may help to differentiate between tVNS responders vs. non-responders.




Toward Circuit-Based tVNS: Translational Approaches

Despite the growing interest in tVNS and in particular taVNS in clinical applications, many human studies remain in explorative frameworks and are typically confined to indirect readouts or neuronal activity of indirect fMRI responses (Yakunina et al., 2017; Burger et al., 2020a). Besides, imaging of small pontine nuclei such as the LC, NTS, or the raphe nucleus can be challenging in humans using MRI/fMRI, even at the purely anatomical level (Betts et al., 2019). Animal experimentation, on the other hand, can employ invasive techniques that allow researchers to gain detailed insights in molecular, anatomical, and neurophysiological mechanisms involved in VNS therapy. Thus, animal models enable a systematic investigation to be undertaken not only in terms of specificity of their readouts, such as cellular activity or level of neuromodulators, but also in terms of delineating parameter space for effective stimulation.

Effectiveness of VNS stimulation can be detected either directly with high temporal resolution i.e., in vivo electrophysiology as well as calcium imaging or more indirectly, after stimulation, using immunostaining or mRNA probes against immediate early genes products (C-Fos, Arc, Egr1) available in several animal models (Groves et al., 2005; Manta et al., 2009; Ay et al., 2016; Hulsey et al., 2017). Activation of the NTS, LC, and raphe nucleus after VNS has also been monitored via extracellular electrophysiological recordings (Groves et al., 2005; Manta et al., 2009; Hulsey et al., 2017). Hulsey and colleagues mapped the stimulation space using LC neuron spiking activity as an output variable. Although this study was performed using invasive VNS, it was clearly shown that the application of low currents (0.1–1.2 mA) induced LC neuron firing, but higher currents (>1.2 mA) also activated neighboring Me5 neurons (Hulsey et al., 2017). This finding is of particular importance since different neuronal populations with distinct axonal projection could be potentially recruited depending on the set of stimulation parameters chosen. Also such findings can explain the broad scope of responses seen in human studies under sub-optimal parameters. Electrophysiological modulation in LC output regions has also been recorded upon VNS (Dorr and Debonnel, 2006; Manta et al., 2009; Alexander et al., 2017; Beaumont et al., 2017). These changes in neuronal activity in LC efferents have also been associated with long-lasting changes in the synaptic proteome in the amygdala and piriform cortex (Alexander et al., 2017). It is worth mentioning that similar studies are absent in the case of the promising non-invasive taVNS in animal models.

Despite Hulsey's rigorous approach toward parameter space exploration, a very rigid set of stimulation parameters is commonly used in animal models as well as in human studies. These involve current intensities varying between 0.25 and 1 mA, pulse frequency ranging between 20 and 30 Hz, a pulse width of 330–500 μs and a duty cycle of 30 s stimulation followed by a 5 min resting phase for 30–60 min (Manta et al., 2009; He et al., 2013b; Jiang et al., 2016; Vázquez-Oliver et al., 2020). Nevertheless, animal research offers the possibility to easily explore new sets of parameters such as variable waveforms or summation effects of multiple stimulation locations (Ay et al., 2016; Kaniusas et al., 2019a). In this respect, biphasic waveforms have been lately proposed since they can lead to larger recruitment of nerve fibers compared to monophasic waveforms (Kaniusas et al., 2019a). Monophasic, biphasic and triphasic stimulation patterns for different bursts lengths were recently compared (Kaniusas et al., 2020). This aspect of being able to manipulate the waveform, therefore, may allow us to tailor the strength of our stimulation depending on the specific disease condition. Furthermore, the majority of reports fail to provide a convincing rationale behind their parameter selection (Hosoi et al., 2000; Huston et al., 2007), stating them as “customized” and thus hindering the optimization of these stimulation parameters (Noller et al., 2019). Given that tVNS finds its application in a range of conditions, just as in the human studies noted above, it will be of prime importance to scrutinize factors such as the stimulation parameters, the anatomical location to deliver the electrical stimulation on the VN, and the design of the electrodes (Noller et al., 2019). Overall, optimization of stimulation parameters derived from animal research may provide an essential basis for optimal tVNS in human patients.

Nevertheless, electrophysiological read-outs might not always be the most suitable output signal to tune stimulation parameters. Even though specific stimulation parameters can evoke robust neuronal spiking, it can also lead to neurotransmitter depletion at the terminals (Yavich et al., 2005). Therefore, higher spiking rates do not necessarily translate into increasing levels of neuromodulators at the extracellular space. Thus, when spike rate is used as the only output optimization variable, the final results can be skewed. In this context, neurochemical approaches became a potent tool that is routinely implemented in animal models but is still far from being applicable in humans. Pioneering studies in the neurochemistry field using microdialysis identified glutamate release in the NTS of cats as a likely mode of vagal neurotransmission (Allchin et al., 1994). Since noradrenergic, cholinergic, or serotonergic activation downstream of the NTS likely mediates therapeutic effects of VNS, synaptic exhaustion can lead to a ceiling of neurotransmitter/neuromodulator levels at lower stimulation frequency as determined by microdialysis (Roosevelt et al., 2006; Follesa et al., 2007; Raedt et al., 2011; Manta et al., 2013). Nevertheless, if real-time feedback is intended for optimization of stimulation parameters using neuromodulator concentration as the output variable, the temporal resolution of microdialysis is too low. Here, electrochemical methods such as cyclic voltammetry and amperometry can be a suitable alternative given their subsecond time resolution (Kile et al., 2012). In particular, neuromodulators such as dopamine, adrenaline, noradrenaline, ATP, and serotonin can be electrochemically detected via fast-scan cyclic voltammetry or amperometry in vivo (Heien et al., 2004; John and Jones, 2007; Gourine et al., 2008; Njagi et al., 2010). Thus, fast electrochemical detection of neuromodulator concentration can help to optimize tVNS parameters for a personalized intervention in different pathologies (Mirza et al., 2019). Bringing together both, stimulation optimization and high-speed detection of neuromodulator release, will help to dissect the complex brain state dependence seen in human studies. It is worth noting that using neurotransmitter concentration as an output variable for stimulation parameter optimization can be easily implemented in animal models, with the advantage of multiple recordings in different regions simultaneously and high-density channel recordings (Zhang et al., 2018; Tomagra et al., 2019). Yet, due to its invasive nature, application in humans is precluded, which emphasizes the need for preclinical research on non-human primates.

A unique opportunity in animal research compared to humans will be the dissection of afferent and efferent pathways on a cellular and molecular level. Early retrograde tracing studies have helped us to understand how the auricular branch of the VN innervates brainstem nuclei (Jacquin et al., 1982; Takemura et al., 1987). The auriculotemporal nerve and auricular branch of the VN are thought to predominantly project to the NTS, dorsal vagal nucleus, motor nucleus of the VN, and paratrigeminal nucleus. A picture emerged where most innervation to these nuclei show a strong ipsilateral profile, although the area postrema is a notable exception, as it has bilateral innervation (Kalia and Sullivan, 1982). Despite these pioneering studies, new genetic and viral approaches in animals will continue to unlock the main cellular connectivity pathways involved in tVNS (Nassi et al., 2015). Such connectivity schemes are likely to guide mechanistic approaches to optimally stimulate neuromodulatory systems and better anticipate off-targets effects. It is worthwhile to note that the auricular branch of the VN stimulation zone is innervated by sympathetic nerves as well. It has been therefore suggested that several sympathetic pathways could be stimulated while stimulating the auricular branch of the VN, which might lead to an activation of the NTS via the LC (Cakmak, 2019). This suggestion is novel since unidirectional NTS to LC activation is usually considered (Cakmak, 2019). On the other hand, there is accumulating evidence showing that the LC itself is not a functional neuroanatomical unit, but instead has multiple modules that differ in their projection targets and activity dynamics (Chandler et al., 2019). For example, circuits analysis using viral tracing, optogenetics, and chemogenetics have unraveled specific LC modules/circuits involved in analgesia, explorative behavior, or aversive learning modulation (Hirschberg et al., 2017; Borodovitsyna et al., 2018; Chandler et al., 2019). Moreover, it has been shown that NA is released in the hippocampus after 0.5 mA current stimulation but not in the cortex, while both structures are flooded by the neuromodulator when threshold current crosses more than 1.0 mA (Roosevelt et al., 2006). This exciting finding highlights: (1) the possibility of targeting different networks based on stimulation parameters and (2) the importance of understanding susceptibility of sub-circuits within the noradrenergic system regarding the stimulation parameters as well as different pathologies or brain states.

Animal research will reveal complex neuroanatomical connectivity implicated in taVNS with LC/NTS modularity. As a corollary, researchers will have to keep in mind that parameter optimization should be tuned specifically to the disease or brain state to be modulated, taking into account specific functional neuroanatomy. High throughput recording techniques such as calcium imaging and high-density in vivo electrophysiology coupled to molecular genetics and viral tracing will be needed together in this quest (Nassi et al., 2015; Schwarz et al., 2015; Totah et al., 2019). In addition, high-density channel electrochemical methods, behavioral studies and specific transgenic models of disease will also be required to provide a general view on tVNS/taVNS effects at the organismic level during normal conditions and in disease (Zhang et al., 2016, 2018; Tomagra et al., 2019; Vázquez-Oliver et al., 2020).




CONCLUSIONS

Given that the VN has been implicated in the pathophysiology of a number of disorders across many disciplines and phenomena on a behavioral and psychological level, VNS, and particularly non-invasive tVNS, has generated considerable interest. Whilst the mechanisms by which tVNS exerts psychological and physiological effects are increasingly, and more completely, understood, many early studies have been beset by inconsistencies around reporting. The development of internationally agreed consensus guidelines around reporting of tVNS studies should address these issues. Whilst tVNS represents a potential treatment option in many disorders and an interesting tool for experimental research, it needs to be studied in an objective and robust manner before its true place as a neuroimmunomodulatory intervention can be determined.



AUTHOR'S NOTE

If you are interested in being part of the tVNS consensus group and our efforts to strengthen tVNS research methodology, please contact the corresponding author. Finding consensus among so many authors involved is certainly a challenge. We therefore like these recommendations to be considered as work in progress.
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FOOTNOTES

1The review of studies is based on a PubMed search using the keywords “transcutaneous vagus nerve stimulation” OR “tVNS”
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Preparation

Voel je alweer migraine opkomen?
Het klinkt misschien te eenvoudig, maar cafeine is het
simpelste, goedkoopste en meest verkrijgbare middel om
migraine te behandelen. Het doet bloedvaten vernauwen,
waardoor de pijn afneemt.

Als je een aanval voelt opkomen, kun je twee kopjes
sterke, zwarte koffie drinken of een cafeinehoudende
frisdrank. Deze stof helpt ook je lichaam andere medicatie
beter te absorberen.

Dit stimuleert ook je hersenen, waardoor je tijdens een
aanval beter kunt nadenken. Gespannen spieren zijn bij
velen de oorzaak van migraine.

Een gespannen nek, rug of schouders kunnen dus de oorzaak
zijn, zeker als je lange uren achter de computer
spendeert. Een massage kan helpen omdat het je spieren
losser maakt en je helpt ontspannen.

Je twee keer per week gedurende vijf weken laten masseren
helpt de helft van de migrainepati®nten, zo blijkt uit
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taVNS-treated infants Preterm (1 = 11) Term HIE (n = 3)

Sex MF 5/6 03
Mean GA at birth (weeks) 2843 3605
Mean birth weight (c) 1,027 + 453 2,600 + 697
Mean GA at enrollment (weeks) 455 402
Mean days attempting PO 5722 24410
before taVNS

Sepsis (including NEC, 9 0
preumonia, UTI, viral infections)

ONS abnormaities 8 3

IVH or other intracranial bleed 6 (grades 1 and 2) 1 (grade 3)
(grade)

HEE (term HIE stage 2 = 1), 3 2 2

(n = 1); preterm HIE stages not

validated)

White matter infarction or PVL. 2 1
Lenticulostriate vasculopathy 1 1
Infants of diabetic mothers 3 1
Hypoglycernia 4 1
Hyperglycemia 4 0
Gastroesophageal reflux 8 0
requiring treatrnent

Aspiration on MBSS 5 1

Note. GA, gestational age; NEC, necrotizing enterocolits; UT, urinary tract infection; PVL,
periventricular leukomalacia; taVNS, transcutaneous auricular vagus nerve stimulation;
HIE, hypoxic-ischemic encephalopathy; GA, gestational age; MBSS, moified barium
swallow study.
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taVNS-treated infants Responders Non-responders P
n=8 n=6

Preterm (mean GA at 6 (27 weeks, 877 q) 5 (29 weeks,

birth, birth weight) 1,107 )

Term HIE 2 1

Male sex 3 2

Mean days attempting 48+29 49+ 16 ns

PO pre-taVNS

Mean PO volume over 52+£22miky/day 45+ 26mikg/day s

5 days pre-taVNS

Mean # taVNS 16£6 1743 ns

treatments

Average mA current 0.82+0.2 0.75+0.2 ns

intensity

Total pulses all 29417 22405 ns

treatments (10°%)

DM 1 3

GERD requiring 4 4

treatment

VFSS: mean (SD) PAS 6+3 43 ns

scores

Aspiration on VFSS 5 1

Esophagitis 1 2

Periventricular 1 2

leukomalacia

Lenticulostriate 0 2

vasculopathy

Note. taVNS, transcutaneous auricular vagus nerve stimulation; GA, gestational age;
HIE, hypoxic-ischemic encephalopathy; GERD, gastroesophageal reflux disease; VFSS,
videofluoroscapic swallow study; IDM, Infants of diabetic mothers; PAS, Penetration-

Aspiration scale.
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sham VNS, Bayesian statistics Frequentist statistics

ave sd ave sd  BFI0  Evidence descriptort T-statistic  p-value
Stimulation parameters
Stimulation ampittudie (in mA) 59 81 124 66 5031  Verystrong evidence for H1 relative to HO —3.753 0.005
Perceived intensity of stimulation 183 4 138 5 032 moderate evidence for HO relative to H1 —0.638 054
Pudding ratings
Liking puddings low fat 33 124 108 111 524  moderate evidence for H1 relative to HO 3119 0012
Liking puddings high fat 91 104 103 123 0836  anecdotal evidence for HO relative to H1 0.609 0.558
Wanting puddings low fat 413 228 433 196 038  anecdotal evidence for HO relative to H1 0711 0.495
Wanting puddings high fat 408 224 420 205 033  borderine moderate/anecdotal evidence 0.398 07
for HO relative to H1
Jell-O ratings
Liking Jell-O low sugar -94 137 -75 157 034  anecdotal evidence for HO relative to H1 0.499 063
Liking Jell-O high sugar 86 112 00 67 135  anecdotal evidence for H1 relative to HO -2.043 0.071
Wanting Jell-O low sugar 160 156 206 190 105  borderline anecdotal evidence for HO 1.832 01
relative to H1/anecdotal evidence for H1
relative to HO
Wanting Jell-O high sugar 258 211 260 213 031  moderate evidence for HO relative to H1 0.067 0.948
Other measures
SEBR (% baseline) 126 487 353 500 054  anecdotal evidence for HO relative to H1 -0.392 0.704
Ad libitum consumption (% total weight) ~ 36.4 347 391 358 033  borderline moderate/anecdotal evidence —1.477 0.269
for HO relative to H1

*All evidence descriptors are relative, so moderate evidence in favor of H1 is relative to evidence in favor of HO. H1, tVNS # sham; HO, tVNS = sham.
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THI

A. Super responders (RMSDD increase 400-2000%) 61,05 (n=21)

B. Non-responders (decrease or no change) 56,67 (n = 43)
p-Values 0,246
Cohen’s d 0,301

Sleep

70,00 (1 = 20)
61,22 (n = 37)
0,642
0,128

Anxiety

68,95 (n = 19)
58,11 (n = 37)
0,198
0,358

Loudness

67.35 (n = 19)
60,63 (n = 37)
0,147
0,429

Annoyance

7412 (0 =19)
70,47 (n = 37)
0,197
0,386

Frequency

8398 Hz (n = 20)
6562 Hz (n = 40)
0,122
0,414

Comparison between taVINS responses and questionnaire-based clinical data and tinnitus frequency in two patient groups. Group A (n = 21): super-responders (taVNS-
induced RMSSD increase of 400-2000%). Group B (n = 43): non-responders (RMSSD decreased or unchanged). The mean values of THI, sleep disturbance, anxiety
and tinnitus frequency were all greater in group A, but the differences were not statistically significant (Student’s t-test). Bonferroni adjustment method for multiple testing
produced a rejection p-value of 0.0088. Effect sizes (Cohen’s d) ranged from small to medium. A positive effect indicates that the mean of the super-responder group

was larger than the mean of the non-responder group.
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Acute/short-term stimulation Long-term stimulation

Device level
~ Manufacturer/name/version/edition (f applicable)
~ Regulatory aspects (CE certfication, FDA compliance etc.)

Design level

- General study design (e.g., randomized ~ General  study  design (9.,
controlled) randomized controlied)

~ Between- vs. within-subject design (f  ~ Between- vs. within-subject design
applicable) (i applicable)

~ Biinding of subjects, assessors, and  ~ Blinding of subjects, assessors, and
statisticians statisticians

- Intended and actual session duration  ~ Intended and actual dally dose/total
(i) duration of intervention

~ Pre-stimulation period (.., time before — Time of day of stimulation (.e., free
task/segment of interest) vs. instructed)

~ Time of day (circadian influence) ~ Protocol compliance monitoring

~ Manipulation check (in sham-controlled  and completer definition
designs)

- Type of sham control i applicable)

Stimulation level (for active and sham stimulation, if applicable)

Stimulation site (specify anatomic location and steps in preparation) (e.g. using
an alcohol wipe)

Electrode composition and set-up

Current intensity (mA)

Pulse width (us)

Frequency (Hz)

Duty cycle (5)

Parameter descriptions: Constant current or voftage, current or voltage intensity
(A or V), pulse width, frequency, duty cycle (ON/OFF time)

~ Waveform descriptions: uni- or bi-directional, anode/cathode placement

!

!

- Pulse shape and burst/non-burst stimulation

- Voltage (mV) in case of voltage-controlled stimulation
Subject level

Inclusion/exclusion criteria

Mean age and age range of sample
Sex distribution/ethnicity

Assessment of confounding variables

Prior knowledge of vagal innervation of the ear by the participant
Adverse events

- Detailed reporting on methods to assess adverse events

~ Transparent reporting on any (serious) adverse events.
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Clinical
entity

Depression

Depression

Depression

Depression

Depression

Depression

Epilepsy

Epilepsy

Epilepsy

Epilepsy

Epilepsy

Epilepsy

HRV

Impaired
glucose
tolerance

Migraine

Schizophrenia

Stroke

Tinnitus.

Tinnitus

Tinnitus

N/
clinical trial

37 MDD patients
Study 1:22 (11
sham vs. 11
auricular)

Study 2: 15 (6
once vs. 9 twice a
day of stimulation)

49 MDD patients
single-blinded
clinical trial

49 MDD patients
single-blinded
clinical tral

MDD patients
non-randomized,
controlled study
First cohort:
N=091

Second cohort:
N=69

41 MDD patents
Non-RCT,
single-blinded
ciinical trial

41 MDD patients
single-blinded,
non-randomized
clinical study

60
phamacoresistant
epilepsy patients
(60% sham)
Randomized
controlled trial

20 patients with
refractory focal
epilepsy, drug
resistant

76 drug-resistant
epilepsy,
randomized,
double-blind
clinical trial

Low level: 1Hz
N=39

High level: 25 Hz
N=37

14 pediatric
patients.

with intractable
epilepsy

50 patients with
drug-resistant
epilepsy, random
clinical trial

10 patients with
pharmacoresistant
epilepsy, pilot
study

26 older
participants

72 participants
with IGT pilot
randomized
clinical trial

46 chronic
migraine patients
Monocentric,
randomized,
controlled,
double-blind study

1Hz
N=22
25Hz
N=24

25 schizophrenia
patients,
bicentric
randomized,
sham-controlled,
double blind pilot
study

Group 1: active
tVNS

Group 2:

sham tVNS

14 patients with
ischemic or
hemorrhagic
chronic stroke,
randomized (tVNS
vs. sham)

50 patients with
chronic tinnitus,
open single-armed
pilot study

Phase 1

N=24

Phase 2

N =26 new)

10 patients with
tinnitus, pilot
study, short-term
VNS and sound
therapy

30 patients with
refractory chronic
tinnitus

Device

Study 1: TENS
microstimulator
unit NET-2000
made by Auri-Stim
Medical, Inc.,
11172 Huron St.
Suite 22, Denver,
€O, USA

Study 2:
NET-1000
(sel-application by
the patients) also
made by
Auri-Stim Medical

Ear vagus nerve
stimulator

Institute of
Acupuncture and
Moxibustion,
China Acadermy to
Chinese Medicine
Science (Befing,
China) and Suzhou
Medical Appliance
Factory (Jiangsu
Province, China)
[..] full details of
the study are
reported
eisewhere (Fang
etal., 2016; Rong
etal, 2016)

Ear vagus nerve
stimulator

Institute of
Acupuncture and
Moxibustion,
China Academy to
Chinese Medicine
Science (Beijing,
China) and Suzhou
Medical Appliance
Factory (Jiangsu
Province, China)

See Ack [..]
supported by [...]

Chinese Medicine
[...] Befiing Natural
Science [..)"

Ear vagus nerve
stimulator

Institute of
Acupuncture and
Moxibustion,
China Academy to
Chinese Medicine
Science (Beijing,
China) and Suzhou
Medical Appliance
Factory (Jiangsu
Province, China)
TENS-200, Hua
Tuo brand

NEMOS
(cerbomed GmbH,
Erlangen,
Germany)

not cited because
the only device
used at the time in
Italy for tVNS
NEMOS
(cerbomed GrmbH,
Erlangen,
Germany) CE
certified tVNS
device

TENS-200,
Suzhou,
China

TENS, Suzhou
Medical Appliance
Co. Ltd., Suzhou,
China

TENS machine
(EMST7500 Roscoe
Medical

TENS-200
(developed by
Suzhou
manufacture

of Medical Device
and Material)

NEMOS® taVNs
device
(Cerbomed,
Erlangen,
Germany)

GMO2, Cerborned,
Erlangen,
Germany

Electric stimulator
(Twister—EBM)

Phase 1
Cerbomed CM02
(Erlangen,
Germany)

Phase 2

NEMOS

(Erangen, Germany)

Tinnoff pulse
generator (Jarmo
Lehtiméki is an
employee and
Matti Ylikoski and
Jukka Yiikoski are
board members of
Tinnoff Inc.)
TENS eco2
(Schwa-mediico,
Efringshausen,
Germany)

Electrode(s)

Special ear
clips
(electrodes)
(Huang etal.,
2014; Rong
etal., 2014)

[...] full detais
of the study
are reported
elsewhere
(Fang etal,
2016; Rong
etal, 2016)

Special ear
clips
(electrodes)
(Huang etal.,
2014; Rong
etal, 2014)

See Ack
Il
supported by
[...] Chinese
Medicine [...]
Beijing
Natural
Science

Special ear
clips
(electrodes)
(Huang etal.,
2014; Rong
etal, 2014)

Two pairs of
electrode
clips, made of
conductive
rubber, 5mm
in diameter

Electrode
clamp with
two carbon-
impregnated
silicone
electrode tips
connected to
the TENS by
metal wires
for electrical
stimulations

Stimulus area
~2cm*

Customized
auricular
electrode
clips

Two titan
electrodes

2 Ag-AgCl
electrodes
Emmin

diameter)

Cliip electrode

Silicon
electrical pad
@cmin
diameter)

Electrode
placement

Study 1:On
both sides,
four
electrodes
were placed
crosswise,
each with a
diameter of
about 3mm
Sham: no
current
Study 2: on
both sides
Sham:
manipulated
clamp,

no current
tVNS
Auricular
conchae
Sham
Superior scapha

Applied on
both ears
simultaneously
during
treatment

NS

Auricular
conchae

Sham

Superior scapha

VNS

Auricular
conchae

Sham

Superior scapha

NS
Auricular
conchae
Sham
Superior
scapha

NS
Both ears
during
treatment
(during MRI
right ear)
Suricular
conchae

Sham

Superior scapha

Bllateral
NS (V=
26)
Ramsay-Hunt
Zone

Sham (N =
21)

Earlobe

Left auricolar
concha, not
cited, but
considered by
défault the
site of
electrodes!

Left auricular
branch of the
vagus nerve
atthe ear
conch

ta-VNS

1x concha
cavity

1x
conchacymba

VNS
Left ear

Inner and
outer surface

of the tragus

of the ear
(Aurioular

Clips, Body
Clock Health
Care Ltd, UK)
NS

Auricular
conchae

Sham

Superior scapha

Concha of
outer ear

Left auricle
branch of
vagus nerve

NS
left external
acoustic
meatus at the
inner side of
the tragus
Sham
eariobe(left)

Auricular
branch of
vagus nerve,
clp at left
tragus

Auricular
concha of the
patient’s left
ear

Stimulation
length

Study 1:
15min once
for 2 weeks
on6 days
each week
Study 2:

15 min twice
adayfor2
weeks on 5
days

each week

30min, twice
aday, at least
5 days per
week for 4
weeks

30min, twice
aday
(morning,
evening), at
least 5 days
per week for
4 weeks
First cohort:
12 weeks
VNS
Second
cohort:

4 weeks
sham and 8
weeks

real tVNS

First cohort:
12 weeks.
VNS
Second
cohort: 4
weeks sham
tVNS and 8
weeks

real tVNS

30min, twice
aday
(morning,
evening)
atleast 5
days per
week, for 4
weeks

First cohort:
12 weeks.
VNS
Second
cohort:

4 weeks
sham tVNS
and 8 weeks
real tVNS

Three times.
per day,
continuous
stimulation for
20min, for 12
months.

4hper day,
divided into
two-three
sessions of at
least 1h
each, for 6
months

4h daily, for a
period of 20
weeks
+8-weeks
baseline period

Three times a
day, 30min
per session,
24 weeks

Twice times a
day, 30min
per session,
24 weeks

Three times
per day (1hin
morning,
noon,
evening), for 9
months

15min once
daily for 2
weeks

Twice a day,
post-prandial
treatment
lasted 20 min,
half an hour
after eating,
for 12 weeks

4h per day
(free to
stimulate for
additional
hour) for 12
weeks

Daily
stimulation for
26 weeks

1. setting-in
phase (3x 1
day)

2. adaption
phase 1(3x
2 h/day)

3. adaption
phase 2 (3x
3 h/day)
Advised to
use stimulator
whole day
Group 1:

12 weeks
active

14 weeks
sham

Group 2

12 weeks
sham

14

weeks active

Stimulation
repeated
every 5min
for 60 min, for
10 days

24 weeks
Phase 1
For at least
6h per day
Phase 2
4h per day

Seven
sessions,
each
45-60min,
for 10 days

10 sessions
intervals of
1-4 days

Alternating
stimulation

20son/
Smin off

30son/30s
off

30son
305 off

30son
180s off
Duty

cycle 14%

30s

Phase 1
30son
180s off
Phase 2
30s on
30s off

Stimulus Pulse width

intensity

Study 1:

0-max. 600

WA

Study 2:

130 A

4-6mA 2016: <1ms
2017: 02 ms.

4-6mA <1ms

4-6mA 02ms

4-6mA <1ms

4-6mA <ims

Median (QR)  0.2s

6mA

06-0.8mA

High level: High level.

050-0.47mA 250 us
Low level:

Low 250 us

level: 1.02-

083mA

04-1.0mA

1mA <1ms

Mean25V  300ps

2-4mA 200 ps

1mA <1Hz

Indiidually 250 s

fitted,

adjustment by

patient if it

was needed

01-10mA  250ps

VNS 03ms

Mean =

2.0-45

Sham

Mean

2872

0.4-10mA

>0.8mA

1-10mA 200 s

Hz

Study 1
1.6Hz
unipolar
rectangle
waves

Study
2:15Hz

20Hz
continuous
sinusoidal
wave

20Hz

20Hz
continuous
sinusoidal
wave

20Hz

20Hz
continuous
sinusoidal
wave

30Hz

High level:
25Hz
Low

level: 1 Hz

20Hz

20-30Hz

10Hz
biphasic

30Hz

20Hz

1Hz
25Hz

25Hz

20Hz

26Hz

25Hz

26Hz

Results

2 weeks tVNS
resulted in
decreased
depression
severity

4 weeks tVNS
resulted in
decreased
depression
severity

NS
modulates
DMN FC

4 weeks tVNS
resulted in
decreased
depression
severity

NS
modulates
amygdala-
lateral
prefrontal rsFC

Greater
symptom
reductions
during tVNS
for the first 4
weeks

4 weeks VNS
resulted in
decreased
depression
severty
During VNS
decreased FC
between MH
and rACC

During tVNS
increased FC
between left
NAc and
MPFC/HACC
and negative
corelation
with changes
in symptom
severity

Reduced
seizure
frequency
after 12
months of
daily tVNS

Reduced
seizure
frequency in
about one
third of the
patients after
6 months of
daily tVNS
Reduced
seizure
frequency
after 20
weeks of daily
NS

Reduced
seizure
frequency in
nine out of 14
patients
during 6
months of
VNS therapy
Reduced
seizure
frequency
and seizure
free patients
after 6
months

Reduced
seizure
frequency in
five out of
seven
patients after
9 months of
VNS therapy

Improvement
of autonomic
function,
health-related
QoL mood,
sleep after 2
weeks of daily
tUNS
Reduced
systolic blood
pressure after
12 weeks of
daily tVNS

1Hz group
hada
significantly
larger
reduction in
headache
days per 28
days than
patients in the
25 Hz group

No
improvement
of
schizophrenia
symptoms in
26-weeks
VNS trial

VNS and
robotic
rehabilitation
can improve
am
functionality in
chronic stroke
patients

No dinically
meaningful
effect after 6
months pf
VNS

10 days of
NS
ameliorated
patient-
reported
tinnitus.
severity

50% reported
symptom
relief after 10
NS
sessions
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Device

Model S88x,
Grass
Instruments,
Astro-Med, Inc,
West Warwick,
RI, USA|

UROstim,
‘schwa-medico
GmbH,
Efringshausen,
Germany

Nemos®,
Cerborned,
Ertangen,
Germany

Nemos®,
Cerbomed,
Erlangen,
Germany

Nihon Kohden
MEB 9200

NMS 300;
Xavant
Technology,
Pretoria,
South Africa

Stimulation
catheter with
eight electrodes
on acircular
distal loop
(Achieve
Medtronic model
990063-20,
Meditronic,
Heerlen,

The Netherlands)

Two titanium
electrodes,
positioned on
top of asilicon
earplug

Ciip electrode

Two titan
electrodes
fastened on a
gel frame

Two titanium
electrodes,
positioned on
top

of a silicon
earplug

Ear clip using a
circular
electrode of
10mm diameter
connected as an
anode

Two titanium
electrodes,
positioned on
top of a silicon
earplug

NEMOS® device
(cMo2
Cerbomed,
Ertangen,
Germany)

NEMOS®

oMoz,
Cerbomed,
Erlangen,
Germany
CMo2,
Cerbomed,
Erlangen,
Germany
NEMOS®

NEMOS

oMo2,
Cerbomed,
Erlangen,
Germany

Digitimer
DS7 and

Arduino Uno
dircuit board

TNS SM 2 MF
device
(Schwa-Medico
GmbH, Germany

GammaCore;
electroCore LLC;
Basking Ridge,
NJ, USA

TENS200,
HUATUO GmbH,
Hangzhou,
China

NEMOS®,
Cerbomed,
Germany

Nemos_,
Cerbormed,
Ertangen,
Germany

sTvo2,
Cerbomed,
Ertangen,
Germany
oMo2,
Cerborned,
Ertangen,
Germany
Twister—EBM

NEMOS
cerbomed
GmbH

(Erlangen,
Germany)

DoloBravo Dual
Channel
Neurostimulator
(MTR GmbH,
Germany)

£8-420, Ito Co,,
Ld.,
Tokyo, Japan

Custom-made
stimulator
connected with
silver wires to six
electrodes

Transcutaneous
Electrical Nerve
Stimulation
(TENS) device
(V-TENS Plus,
Body Clock
Health Care
Ltd, UK)
(TENS) device
consisted of a
small stimulation
unit (V-TENS
Plus, Body
Clock Health
Care Ltd, UK)

Digitimer DS7a

NEMOS,
Cerbomed,
Ertangen,
Germany

S88X GRASS
stimulator,
Astro-Med, Inc,
West Warwick,
Rl

NEMOS VNS,
device
(Cerbomed,
Erlangen,
Germany)
NEMOS®
stimulator unit
(Cerbomed,
Erlangen,
Germany)

Grass S88
stimulator

520,

Jinjlang,
Chengdu City,
China

IMER Systems,
Wroclaw,
Poland

o
conventional
bipolar electrode
wires were
soldered to
single-sided
copper
claddings upon
epoxy resin; At
the output side
two

very flexible fine
copper stranded
wires ~10cm in
length and with

Electrode(s)

Custom
ergonormic
electrodes,
Bionik Medical
Devices,
Bucaramanga,
Colombia
Custom
ergonomic
electrodes,
Bionik Medical
Devices,
Bucaramanga,
Colombia

Two titanium
electrodes,
positioned on
top of a silicon
earplug

Two titanium
electrodes,
positioned on
top of a silicon
earplug

Custom®

2-10V

0.5mA

0.5mA

0.5mA

0.5mA

5.0mA

0.5mA

Two titan
ear electrodes
that are
mounted on a
gel frame

Titan electrodes
mounted on
a gel frame

Two titan
electrodes
mounted ona
gel frame
Two titan
electrodes
mounted ona
gel frame

Two titan
electrodes
mounted on a
gel frame

Medical Ag/AgC!
electrodes
(Ambu
Neurolined), cut
toasizeof 4 x
4mmand
mounted on
apiece of
silicone at a
center-to-center
distance of 1cm
were

used

Anode: silver
disk EEG
electrode 5mm
in diameter,
Sehuler
Medizintechnik
Freiburg,
Germany
Cathode: (Blue
Sensor PECG
electrode,
Ambu, Germany)
Two steel
contact
electrodes

Siver plate
(Emmin
diameter) and an
elongated
cylindrical silver
stimulation
electrode (8mm
inlength, 8mm
in diameter)

Two titanium
electrodes,
positioned on
top of

asiicon earplug

Bipolar
stimulation
electrode

Two titan
electrodes
mounted ona
gel frame
Two Ag-AgCl
electrodes
Gmmin
diameter)

Ergonomicaly-

shaped Ag/AgC
electrodes

Self-
manufactured
electrode, sized
9x9 x 2.1 mm;
contact surfaces
of each
clectrode,
containing the
siiver wires
wrapped in
wool, were
moistened

with 0.9% NaCl
solution

Bal-type
electrode

99.99% pure
silver (four
stimulation
and two
reference
electrodes)

Modified surface
electrodes

Surface
electrodes
bilaterally placed

Ag/AGCl disk

electrode

Two stainless
steel contact
surfaces and
conductive gel

Custom
developed
round, unipolar
stimulation
Ag/AGOI
electrodes 1cm
in diameter,
affixed to the
3D-printed
clamps using
cyanoacrylate
Bipolar
stimulation
electrode

8mm diameter,
Astro-Med, Inc,
West Warwick,
Rl

Fiat metal ciip

Custom-made
electrode

Epoxy resin
(dimension
about 1 x 1cm)

a diameter of

0.05mm, cut

from a

radio col, were

soldered to the

copper

claddings

Two Stimulation

conventional electrode was a

bipolar electrode  piece of

wires epoxy resin with

soldered to two conventional

single-sided bipolar electrode
copper wires soldered to
claddings at the ~ single-sided
input side. copper

Attheoutput  claddings at the

side, two very input side

flexible fine:

copper stranded

wires were

soldered to the

copper

claddings. The

other end

of these wires

was fixed to the

skin with GRASS

paste

gammaCore

device

CefarAcusll 020 x 1.5mm

(Cefar Medical,  modified

Lund, Sweden)  press-tack
electrodes (DBC,
Korea and
Vinco, Ching)

CMO2, Two titan

Cerbomed, electrodes

Erlangen, mounted ona

Germany gel frame

Cerbomed, Double ball point

Germany electrodes

Transoutaneous  Self-

electrical manufactured

nerve stimulation ~ electrodes;

device electrodes’

PuntoBravo contact

(Medizintechnik  surfaces,

Rostock GmbH,  wrapped in

Rostock, wool, were

Germany) moistened with
0.9%
sodium chloride
solution

cMo2, Two titan

Cerbomed, clectrodes

Erlangen, mounted ona

Germany). gel frame

Transcutaneous,  Bipolar

bipolar stimulation

stimulation probe

probe

(Stimulationssonde

522,015,

Inomed)

NEMOS® tVNS  Two titan
electrodes
mounted ona
gel frame

Gerbomed

NEMOS®

(Cerbomed,

GmbH,

Erlangen,

Germany)

Voltage source  MRI

(Digitimer Type  compatible siiver

DSTA, serial plate (5mmin

D127A) diameter)

TENS device  Surface

(NEMOS®; electrodes

Cerbomed,

Erlangen,

Germany)

Custom-made

stimulator

(Yakunina et al.,

2017)

EMP2 Expert,  Silver plate

schwa-medico  (§mm in

GmbH, diameter)

Efringshausen,

Germany

Medical Two

stimulation conventional

device (Digitimer  neurostimulation

DS7, UK) electrodes Ambu
Neuroline, DK 4
x 4mm

oM02, Two titan

Cerbomed, electrodes

Erlangen, fastened on a

Germany gel frame

Stand-alone Sterling sitver

electrical nerve  stimulation

stimulator electrode and
connected with ~ a reference
carbon fiber electrode; The
wires to an armay was
acrylic electrode  attached to the
amayhousinga  skin with an
stering silver  adhesive
stimulation tape

electrode and a

reference

electrode

Hand-held Apair of

battery-operated  non-

stimulation ferromagnetic

device stainless steel
surface
electrodes (1cm
diameter)

Cerbomed Two hemispheric

NEMOS fitanium
electrodes

Nemos®; Bipolar

cerbomed stimulation

GmbH, electrode

Ertangen,

Germany

Two Stimulation

conventional electrode was a

bipolar electrode  piece of epoxy

wires soldered  resin (about 1 x

tosingle-sided  1cm)

copper

claddings at the

input

side. At the

output side, two

very flexible fine

copper stranded

wires (length

~10cm,

diameter

(0.05 mm) were

soldered to the

copper

claddings. The

other end of

these wires was

fixed to the skin

with a very small

amount of Grass

paste

Transcutaneous  Ear clip

electrical nerve  electrode

stimulation (Parasym device,

(TENS) unit Parasym Health,
Inc., London,
UK)

oMO2, Two titan

Cerbomed, electrodes

Erlangen, mounted ona

Germany gel frame.

CMO2, Two titan

Cerbomed, electrodes

Erlangen, mounted ona

Germany gel frame

NEMOS, Titanum

Cerbomed electrode

GmbH,

Erlangen,

Germany

TENS machine  Auricular

(V-TENSPlus,  electrode clips

Body Clock attached on the

Health Care Ltd,
United Kingdom)

NEMOS,
Cerbomed,
Erlangen,
Germany

MRI compatible
Electronic
Acupuncture
Treatment
Instrument
(SDZII, Huatuo,
Suzhou, China)

inner and outer
surface of the
tragus of the ear
(Auricular Ciips,
Body Clock
Health Care Ltd,
UK

Stimulus
intensity

€eRAVANS: 1.6 +
2.3mA;
IRAVANS: 1.7 &
2.4mA;

GANctrl: 1.4 &
1.1 mA

2Hz:7.18 £
0.95mA;

10 Hz: 6.46
1.30mA;
25Hz: 593 +
1.21mA;

100 Hz: 5.57 £
1.18 mA

M=23mA(SD
=0.08mA)

M=2.19mA
(SD=093)

8mA

BmA

1ms

250 ps

500 ps

200-300 s

250 ps

200 ps

250 s

0.5mA

0.5mA

05mA

0.5mA

0.5mA

0.5mA

M=13mA
(0.4-3.3mA)

3mA

Intensity of
stimulation
was set
individually to
maximal but
non-painful

Around 5mA on
the acupuncture
points (varied
individually
between

4and 8mA)

0.5mA

0.5mA

0.25 and 10mA

05mA

8mA

Low and
medium 0.10 +
0.08mA and
0.26 £0.15mA

12(1.1) MA

7.6mA (range
5.0-11.6)

2-7mA across
sites/2 days

The stimulation
intensites at
electrodes A, B,
G, and D ranged
from 0.2-1.8mA
with

means + SD of
077 £0.42,
0.81+0.48,
091 %047, and
081 +0.38mA,
respectively

Level of sensory
threshold
(10-50mA)

45 £ 1mA

80% of comfort
threshold of
5.6mA (range
3-11.3mA)

Mintensity
ranged from
213102259
across the 6
stimulations

Mean = SD:
3.14 £0.99mA

0.1-10mA
readjusted
throughout
experiment;
mean ranged
from 1.07 mA to
1.46 across time
points.

Exhalatory-gated
taVNS
(6RAVANS)
mean + SD:
1.22:+133mA
Inhalatory-gated
taVNs
(RAVANS)

mean  SD:
0.85+ 1.07 mA

0.6mA

0.5mA

50% below
threshold for
slowing sinus
rate of 39.8 £
25.7V

50% below
threshold for
slowing sinus
rate of 5.8 +
3.1mA

Mean
amplitude= 722
92 pA

8mA

5,8,

and 10mAin
randomized
sequence

12-20Vv

RAVANS
M (SD) = 0.43
(0.25mA)]

M=13mA
(0.4-3.3mA)

Mean intensity of
0.7mAin study
1and 1mAin
study 2

M (SD) = 6.8mA
(1.3) for left ear
and M (SD) =
8.3mA (3.9) for
right ear

05mA

10mA

0.5mA

0.6-1.4mA for
the taVNS
cymba conchae
condition (0.9 %
0.1mA,

mean  SEM)
Mean stimulation
intensity in the
active group was
32.6V (min 14V,
max 57V, SD
13.4)

1-6mA

0.1mA weaker
than the intensity
corresponding
to the pain
threshold
means (SDj=
0.71(0.43) for
tragus and
means (SDj=
080 (0.47) for
the concha

Mean intensity
for LOW was
40mA(SD 1.0)
‘while for HIGH it
was 5.0mA (SD
1.0)

8mA, if tolerable
for the subject,
and else
individually
adjusted

below pain
threshold 5.9 £
1.6mA

05mA

Varied
individually
between 4 and
8mA

239+ 123V

Earlobe:
03-09mA
Cymba
conchae:
0.3-0.8 mA
Ranged from 0.1
to 10mA

8mA

1mA below the
discomfort
threshold

Active tUNS:
average 2.28mA

Sham: average
253mA
Active tUNS:
05-35mA,
average 1.48
Sham:
05-25mA,
average 131
Active tVNS:
02-8.4mA
Sham:
05-3.1mA

N=
completed task
during left side
taVNS

N=40
completed task
during
right-sided
taVNS

2-4mA

Indivicually
adapted
stimulus intensity
(see Frangos
etal., 2015)

1.6-3mA

Pulse width  Hz

450 s 2

300 us 2,10,

25,100

200-800 s 25

200-300 s 2

0.1msduration 05

1

20 Continuous.

2 30-s waves of
electrical
stimulation
alternated by
30-s breaks

25

25 Atternated
between on and
off periods every
30s

2 30-s waves of
electrical
stimulation
alternated by
30-s breaks

8

2 30-s waves of
electrical
stimulation
alternated by
30-s breaks

200-300 s 25

200-300 s 25

200-300 ps 25

200-300 s 25

200-300 s 25

200-300 ps 25

200-300 s 25

200 s 2

0.2ms impulse
duration

250 ps

200-300 ps

250 uS

250 s

Pulse duration =
03ms

15ms pulse
width

250 uS

Impuise duration
0200 ps

200 ps

500 ps

200 ps

200 ps

100 uS

500 ps

250 ps

450 ps

250 s

250 ps

1-ms duration

1-ms duration

1,000 ps/phase

0.1ms duration

0.1ms duration

450 S

200-300 s

250 ps

200 ps

200-300 s

250 s

200-300 ps

0.25 ms duration

20ms

200ms

500 ps

20ms

200 ps

200-300 ps

250 pis.

200 s

(1/5,000Hz =
pwins)

250 s

0.1ms duration

200 ps

200-300 ps

200-800 s

200 ps

02ms

Changing
frequency
between
2and
100Hz

20

25

25

25

25

20

25

25

8

30

25

30

30

20

25

25

30

30

25

25

20

20

25

25

30

25

25

Mixed
frequency
pattern
of
100/2Hz

25

25

25

25

25

25

25

25

25

25

25

30

20

25Hz

25Hz

25Hz

30Hz

25Hz

1Hz

Alternating
stimulation

Gated to
respiratory oycle
(1's per cycle)

Gated to
exhalation (1.5
per respirator
cycle)

30-s waves of
electrical
stimulation
alternated by
30-s breaks
30-s waves of
electrical
stimulation
alternated by
305 breaks

Biphasic
rectangular
pulse

Atternated
between
On/Off periods
of 30 each

Alternated
between

on and off
periods every
30s

Active
stimulation for
30, followed by
abreak of 30s

30s, followed by
abreak of 30s

On and off
periods of
stimulation
alternated every
30s

Alfternated
between on and
off periods every
30s

Continuous

Stimulation cycle
of 30s
stimulation at

25 Hz, followed
by a80s break

Alternating
between on and
off periods every
30s

30-s waves of
electrical
stimulation
alternated by
30-s breaks

Continuous

Active for 80s,
followed by a
break of 30s

Trains lasting
30sand
repeated every
min for 60 min

Duration of 15,
delivered at

25 Hz during
each

exhalation phase
of respiration.
30s onand 30s
off phases

Continuous

Continuous

Continuous

Three stimulation
“on” periods
were modeled
(onset times: 30,
150, 270s;
duration 60s)

Puise train
duration of 0.5s
gated, with 0.5-s
delay, after peak
inhalation (i.e.,
during
exhalation, for
SRAVANS) or
after peak
exhalation (i.e.
during inhalation,
for iRAVANS)
Alternating
on/off phases of
30s

Each CS was
presented for
30s, followed
by a 40s inter
trial interval (IT).
Stimulation
(sham) with the
VNS device
occurred
concurrently with
each CS for 30s

Continuous

Duty
cycleof 5son
and 55 off

Continuous or
Synchronizing
the stimulation
with the
inspiratory or
expiratory phase

Interstimulus
interval of 2s

Interstimulus
interval of 2s

Two 120-s long
bursts of
stimulation
applied over a
Smin

period

055 and was
gated

to the exhalation
phase of
respiration

Continuous

Alternating pulse
series of

30s duration
followed by 30s
stimulation
pause

9impuises with
afrequency of
100Hz emitted
twice per
second

Active for
30s, followed by
abreak of 30s

Alternated
between on and
off periods every
30sec

Continuous

Constant

Continuous

Each location
was stimulated
in two runs with
30sof
stimulation
followed by 30s
of rest; this cycle
was

repeated five
times in a run.
Each subject
underwent a
total of six 5-min
MR runs, with
upto

90s of rest
between run

Three stimulation
sequences were
applied, each of
which consisted
of a stimulation
period of 305,
followed by a
resting

period of 2min.
The first two
sequences were
performed with
low stimulation
intensity (LOW)
and the last one
with high
intensity (HIGH)
Trains of 30,
each folowed by
30s without
stimulation

OO periods
every 30s

The experiment
lasted 700s and
was

started with a
baseline lasting
100s. This was
followed
byafirst
stimulation
period of 505
anda
break/baseline
of 100s. Four
alternating
stimulation and
baseline
sequences were
performed

1-ms duration
bursts of 5
sinusoidal wave
pulses;
continuous

Continuous

Continuous

0.1ms duration,
the
interstimulus
interval was 2s

30s on, 30s off

30s on, 30s off

30son, 30s off

30s on, 30s off

Continuous
wave 20 on vs.
30 or 20s off
block design of
intermittent
taVNs

Stimulus

Biphasic
rectangular
pulse trains

Monophasic
rectangular
pulse trains

Electrical square
impulses

Stimulated at a
frequency of
1Hz

for 30s and then
abrief tetanic
stimulus was
applied

G5-C7 spinal
level

Cymba concha
of left ear

Lefttragus

Outer
auditory canal of
the left ear

Cymba conchae
of the left ear

Left external
acoustic meatus
on the inner side
of the tragus

Concha of the
left outer ear

Burst-stimulation
mode

Monophasic-
modified
rectangle
impuise

Modified
monophasic
rectangle
impuise

Trains
composed by
600 pulses
(intra-train pulse
frequency =
20Hz; pulse
duration =
03ms)
Rectangular
pulses

Square impulses

Monophasic
rectangular
impuise

Alternating
polarity pulse

5-kHz

sine wave series
that oceurred for
1ms and
repeated every
40ms

Monophasic
square waves

Biphasic
rectangular
puises.

Monophasic
square wave
puises.

Square wave

Rectangular,
biphasic,
symmetrical
puises (1,000
ps/phase,
interphase
interval 30 jus)
Electrical square
impulses.

Electrical square
impulses

5SkHz
sine-wave
stimulus for 1ms.

Rectangular
pulses

Rectangular
pulses

Electrical square
impulses

Continuous
biphasic square
puises

Monophasic
rectangular
impuise

Monophasic
square
puises.

Monophasic-
modified
rectangle
impuise

0.25 m-duration
monophasic
square wave
puise

Electrical square
impulses

Biphasic impulse
frequency

Biphasic impulse
frequency

Electrode
placement

Left cymba
concha; Left
earlobe

Left cymba
concha

Cymba conchae
of the left ear

Cymba conchae
of the left ear

Right tragus

Leftinterscalene
groove

30min

Actoss 3 tasks,
this current task
is 15min (30 min
+ more for other
tasks)

6min

75 min

Across 3 tasks
+ 15min

17 min

26min

Cymba conchae
of the left ear

Outer
auditory canal of
the left ear

Outer auditory
canal of left ear

Outer
auditory canal of
left ear

Auricle with the
titan electrodes
placed either

in contact with
the concha of
left ear

Concha in the
left ear

Left
cymba conchae

Gymba conchae
of the left ear;
anode was
placed more
rostral

Anode: bilateral
cavum conchae
Cathode:
mastoid area
of the ear

(1) left cervical
vagal nerve and
(2) to the right
cervical vagus
nerve

Area of the
acupuncture
points CO10-12
and TF4° OR
anterior wall of
the auditory
canal®

Gymba conchae
region

Concha of the
left outer ear

Left concha at
the inner side of
the tragus

Cymba concha
of the left outer
ear

Left external
acoustic meatus
at the inner side
of the tragus

Left ear

Cymba concha
left ear

Concha of
the auricle
bilateral

Cymba, the
cavum, and the
outer surface of
the tragus (Right
and Left)
4locations in the
left ear: (A) inner
surface of the
tragus,

®)
inferoposterior
wall
(cartilaginous
par) of the ear
canal, (C) cymba
conchae, and (D)
carlobe. The
reference
electrode for
electrodes A, B,
and C were
placed at the
outer surface of
the tragus,
whereas the
reference
electrode for
electrode D
(sham) was
placed at the
backside of the
earlobe

Inner and outer
surface of the
tragus of the ear

Inner and outer
surface of the
tragus

Left external
auditory meatus
and the posterior
face of the left
tragus

Under the angle
of the mandible,
lateral to the
trachea and
medial

tothe

Stimulation
length

8min per
condition

8.5min per
condition

10min

9-17min,
depending on
the task

30s

Continuous
physio up to 8h
following stim
onsetand 2
days post;
10min before
LPs
administration
and assess
temp/symptoms
every 30 min for
8hand 2 days
post

Breathing Focus
Task

MEG

Flanker and
CRT, mood and
physio assessed
45 and 75 min
post

Exogenous
cuing task

Continuous
physio data and
retrieval task
post-stim

Extinction

B60min

50min

45 min

45 min

35min

40min

36min

40min

35min (5min
adaptation +
30min constant)

1205 to each
site

First stimulation
period of 30s
anda
break/baseline
of 60s. Four
alternating
stimulation and
baseline
sequences were
performed in
total

80min

~Bmin (8 520)

30min

60min

2min

60min (20min +-
40min during
task)

~6min

4min per site

Each location
was stimulated
in two runs with
30sof
stimulation
followed by

1 min of rest; this
cycle was
repeated four
times inarun.
Each subject
underwent eight
6-min MR runs
total, with up to
90s of restin
between run

15min

15 min

2min (205 with
30s ramp up

sternocleidomastoid

(right then left
ear 3 times each)

Left tragus

Left concha

Auricle of the left
ear [(1) the
cymba concha
and (2) the slope
between the
antihelix and
cavum concha]

Concha
cymbae of the
left ear

Concha of the
left ear

Right ear, tragus
cathode, eariobe
anode

Right Tragus

Medial of the
tragus at the
entry of the
acoustic meatus

Cathode of this
bipolar
stimulation
electrode was
placed at the
inner side of the
tragus at the
outer

ventral edge of
the meatus
acustious
externus. The
anode was also
placed at the
inner side of the
tragus 5 mm
more distal.
Alternative
stimulation sites
at the right ear
outside the
innervation of the
auricular branch
were tested in
the single
subject (lobulus
auriculae, the
scapha, the crus
antihelices
superior and the
top of the helix).
The distance
between
cathode and
anode was
always kept at
5mm

Cathode of the
bipolar
stimulation
electrode was
placed at

the inner side of
the tragus at the
outer ventral
edge of the
internal auditory
meatus, the
anode 5mm
away right and
left ear

Left carotid
sheath

(1) the cymba
concha (+) and
@) the

slope between
the antihelix and
cavum concha
(3]

Left

cymba conchae

Cymba conchae
area of the
outer ear; Left
ear and right ear
in Study 1 and
Right ear in
Study 2

Bilateral cymbas
conchae

Left inner ear

Cymba conchae
of the right ear

Outer auditory
canal of left ear

Cymba conchae
of the left
external ear

Left
external acoustic
meatus on the
inner side of the
tragus.

Left cymba
conchae of the
external ear

Inner tragus and
cymba conchae
of the left ear

Left external
acoustic meatus
on the inner side
of the tragus

Cymba conchae
of the left ear;
anode being
more rostral

Outer auditory
canal of the left
ear

Inner side of the
left tragus

Right
antero-lateral
surface of the
neck

Left cymba
conchae, left
earlobe

Left concha

Cathode of this
bipolar
stimulation
electrode was
placed at the
inner side of the
tragus at the
outer ventral
edge of the
internal auditory
meatus. The
anode was
placed 5 mm
more distal at
the inner side of
the tragus

Tragus of the ear

Active tVNS:
cymba conchae
Sham: center
of earlobe

Left
cymba conchae

Active tVNS:
cymba conchae
Sham: earlobe

Inner and outer
surface of the
tragus of the ear
(Auricular Ciips,
Body Clock
Health Care Ltd,
UK)

taUNS: left
cymba conchae
Sham:

left earlobe

taVNS: left
cymba conchae
Sham: left tail of
the helix

5.5min (270s
onset time +
60¢)

60 min

360s

100.6 min

Twenty
unreinforced
presentations of
the CS+ and
cs-

1h

155 £ 6min

2min each

Smin

30min

35min

10min each in
Study 1and 1h
in Study 2

25 min

B0min

10min

35min

14 min

Four stimulation
periods of 30s
were applied,
each followed by
aresting period
of 1min

25min

25 min runs per
location

30s

25min

30min

700s

2min

7 min

60 min

1h

8min

28min

15min

30min

13min

Task

Brainstem MR
(no task)

Brainstem fMRI
(notask)

None

Modified Flanker
task, Spatial
Stroop task,
Number Letter
task, and
Dimension
Change Card
Sorting task
VSEP
simultaneously
measured before
and after Total
Intravenous
Anesthesia
(TIVA)

16 min

1 min

16 min

15 min to first
task

Continuous,
17 min

12 min

IATS

Emotion
Regulation Task
and assessed
flow at the end

SRT

Task test phase
25 minutes into
stim and HR
post-stim
Emotion
regulation

Creativity tasks
and personalty
and HRV

Odidbal then
Simon task,
physio/mood/
EEG/saliva post

10-min online
task

Saliva 45 min
and posttWNS,
and pupilometry
20and
POSHVNS, EEG
simultaneous,
stimulus
discrimination
20 min after
VNS onset

During extination

Continuous
ANS, pain
assessment

Fear
generalization
and extinction

Cortical
excitabity TMS
POSt-VNS

During extinction
and during
entering office
for extinction;
assess
reinstatement
next day

Startle blink and
ANS tests

N

Cardiac derived
parameters
obtained at
baseline and
after 10, 20, and
30min of tVNS;
Quantitative
sensory testing
assessed at
baseline and
after 10 and
25min of tNS;
Conditioned pain
modulation
Assessment was
performed after
40min of tVNS;
Drink test for
assessment of
gastroduodenal
motility
performed after
50min of VNS

Oddball task

Fear extinction

Holter Recording

EEG

Deep-tissue pain
intensity

Oddball and
Simon task

Heat stimulation

Backward
Inhibition Task

Reading the
Mindin the Eyes
Test and physio

Physio

Physio

MRI

MRI

Negative
compativiity
effect (NCE) task
and EEG

Measured
mood/physio
data and started
cyberball 20 min
into stimulation
and at the end of
stim
Simultaneous
MRI

MRI

Quantitative
sensory testing
@sn
Conditioned pain
modulation
(CPM) paradigm
Gastroduodenal
motiity
parameters.
Vagal Tone
Deep

Slow Breathing

Vagus sensory
evoked potential
(VSEP)

ECG

Multiple-day
single-cue fear
conditioning and
extinction
paradigm
Lexical decision
task and
recogrition
memory task

Pre-task
stimulation
period

None

None

None

4 min before
each task

16-20 min

20 and 50
min

15 min

25and 45
min

20 min

15 min

Simultaneous
with 2 tasks,
28min before
task of
interest, 36
min

30 min

Physio
measures 15,
30,40, and
60min after
onset

Measured
90min and
24h after
NS

Simultaneous
MRI

20min

10 min

20 min

10 min

60

Simultaneous
with paced
breathing and
ECG

20 min

Simultaneous
with heat pain
during fMRI
and threshold
assessed
POSt-tDCS

Assessed
dizziness after
NS

Simultaneous
MRI

Simultaneous
physio and
over 15 min
following
recording

Simultaneous
physio and
during 10min
period
post-tVNS

Simultaneous

Blood draw
90 min after
first stim and
next day

Simultaneous
MRI

15min (deep
breathing)

Arpuft
stimulation
was applied
over the right
supraorbital
region of the
forehead in
MRl scans
pre- and
post-
stimulation

90 min

Simultaneous
with
extinction
task;
Assessed
retention 24 h
later

POSt-tVNS
blood draw
and atrial
fiorilation
induction
24h
recording
post tDCS
and daily
follow ups for
1 week
Simultaneous
physio

Simultaneous
VSEP

Simultaneous
VSEP

15 min after
active or
sham tcVNS,
@) 120min
after
stimulation,
and (4)
240min after
stimulation

15and

30min and
14 min after
VNS onset

Omin;
simultaneous

Study 1:
simultaneous
HRV

Study 2: HRV
was
measured
during the
first Smin,
between
minutes
30-85 and
between
minutes
55-60 of the
1 h stimulatior
20min heat
stimulation
starts, physio
and anxiety
assessed 20
and 25min
after tVNS
onset

Simultaneous

Simuitaneous
physio and
blood draw 1
and3h
POSt-VNS

20min start
Reading the
Mind n the
Eyes Test anc
physio 20 anc
35min after
VNS onset

Simultaneous
physio and ug
to2h
POSI-tVNS

Simultaneous
MRI

Simultaneous
physio

Simultaneous
MRI

Simultaneous
MRI

25min; not
simultaneous

~20 and 30
min

Simultaneous
MRI

Simultaneous
MRl and rest
upto 15min
after tVNS
offset

15-and
30-min after
(S
onset-start
DSB for
10min; Vagal
and QST 10
and 25min
after tVNS
onsetand
GPM 40min
post tVNS
onset and
motiity 50 min
after tVNS
onset

Concurrent
VSEP

HRV after
55min of
tUNS and
Echocardio-
graphy 40mir
after tVNS
onset

3 min

Smin;
simultaneous;
Smin. (post)

@Electrode consisting of two stainless steel straps, wrapped with wool fiber and stapled to a 9 x 9 mm piece of silicon rubber.
bSiver plete was placed in the left ear triangular fossa; the cylindrical electrode was placed in the left cymba concha.
©Plate electrode was placed in the left external acoustic meatus on the inner side of the tragus; the cylindrical electrode was placed on the left lower limb (eft middle shank).
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Infants (N = 8)

Median gestational age (range) in weeks 38.2(35.1-43.9)
Median birth weight (range) in grams 2,810 (2,190-3,960)
Male sex—no. (%) 5(62.5%)
Breast-feeding subgroup—no. (%) 3(37.5%)
Median highest oral morphine dose (range) in mg/kg 0.06 (0.05-0.17)
Region 1 ABVN: Mean mA (SD) current intensity 032 (0.04)
Region 2 ATN: Mean mA (SD) current intensity 038 (0.14)
Mothers (N = 8)
Use of methadone
Maintenance therapy—no. (%) 4(50%)
Average daily dose (range) in mg 58.3 (40-75)
Use of buprenorphine—no. (%) 2(25%)
Use of short-acting opioid—no. (%) 2(25%)
Use of tobacco—no. (%)
Ay 4(50%)
5 cigarettes a day
Drugs identified on meconium or infant drug
screen—no. (%)
Cocaine 1 (12.5%)
Amphetamine 1 (12.5%)
Morphine 1 (12.5%)
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Participant  Medications Concomitant medical
problem(s)
tAN 1 Vitamin D Hypoglycemia, resolved
tAN 2 Vitamin D Early Latent Syphils
Dolutegravir (5 mg) Herpes simplex virus infection
Lamivudine (10 mg/m) Hepatitis C
Nystatin Gonorthea
Sulfamethoxazole-Trimethoprim  Chlamydia
Zidovudine (10 mg/mi)
tAN 3 Vitamin D Hyperblirubinemia
Abnormal x-ray of humerus
Hyperosmolality/Hypernatrermia
Respiratory distress syndrome
requiring
initial CPAP
tAN 4 Afivan (0.05 mg/kg) Meconium aspiration below
vocal cords
resolved
tAN 5 Penicilin Hepatitis B (maternal)
Vitamin D Hepatitis C (maternal)
Ankyloglossia
Syphilis (maternal)
Tethered labial frenulum
tAN 6 Clonidine (7 meg- >10 mcg) Tobacco use (maternal)
Simethicone (40 mg/0.6ml oral
drop)
tAN 7 Gentamicin Respiratory distress syndrome,
Ampicilin resolved
Afivan given once
tAN 8 Vitamin D Hyperblirubinemia
Acetylcysteine Failed newborn hearing screen’
Acyclovir Hepatitis C (maternal)
Ampicilin Hepatitis B (maternal)
Gentamicin Lactobezoar

" Failed routine newborn hearing screen, 8 days before starting tAN treatment. The infant
had a formal hearing screen as an outpatient 9 days after discharge and passed the
hearing screen at that time.
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Outcome

Total oral morphine length of treatment (LOT) in days
Oral morphine length of treatment (LOT) after tAN initiation in days
Length of hospital stay in days

17.0 (15.3-28.5)

Mean (SD) Mean (SD) excludes Range
tAN6' (N =7)
13.3(12.8) 9.0(47) 4-43
7.0(40) 57(19) 3-16
226(125) 19.3(89) 10-46

"Number of days for both total oral morphine LOT and oral morphine LOT after tAN initiation were over 2 standard deviations above the mean for tANG, justifying exclusion in analyses.
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R-R-interval HRV-age Flexibility % Dynamic % (RMSSD) Tone %

pre/post taVNS pre/post taVNS/chronol pre/post taVNS pre/post taVNS pre/post taVNS
Mean 815/868 65/56/49 32/44 32/49 38/49
SD 141/140 22/23/16 28/30 30/34 30/30
p-Value <0,0001 <0,0001 <0,0001 <0,0001 <0,0001
Cohen’s d 0,377 0,400 0,414 0,530 0,367
taVNS induced change +52 (6.4%) -9 (13.7%) +11 (34.5%) +18(53.2%) +12 (30.5%)
Increased 139 (81.3%) 12 (7.0%) 107 (62.6%) 118 (69.0%) 116 (67.8%)
Decreased 32 (18.7%) 135 (79.0%) 36 (21.1%) 16 (9.4%) 22 (12.9%)
Unhanged - 24 (14.0%) 28 (16.4%) 37 (21.6%) 33(19.3)

The taVNS significantly increased all HRV parameters: the mean R-R interval in 81%, Flexibility in 63%, Dynamics (RMSSD) in 69%, Tone in 68% of patients, and decreased
the HRV age by 9 years. The mean pre-taVNS HRV age was 16 years higher than the chronological age. The taVNS induced change represents the mean difference
between pre- and post-taVNS values of all patients. The mean percentage change is also shown. Increases of RR-interval, flexibility, RMSSD and tone and decrease of
HRV-age indicate increased parasympathetic or decreased sympathetic tone. Pre = baseline data; post = post-taVNS stimulation data. Wilcoxon’s matched pairs signed
rank test was used to calculate p-values. The Bonferroni adjustment method for multiple testing produced a rejection p-value of 0.01. All p-values remained statistically
significant. Effect sizes (Cohen’s d) ranged from small to medium, the largest was observed in Dynamic % (RMSSD).
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R-R-interval HRV-age RMSSD sleep/anxiety

pre/post pre/post pre/post
taVNS taVNS taVNS

All patients +52 (6.4%) -9 (13.7%) +18(53.2%) 55
(n=171)
<41 year, +53,6 (6,9%) —7,76 (—15,5%) +15,2 (42,6%) 61
n=4
>63 year, +85,0 (10,5%) —11,7 (—=14,7%) +30,1 (93,3%) 52
n=21
p-Values 0,515 0,0718 0,0392 0,456
Cohen’s d 0,395 0,315 0,574 0,276

Correlations between HRV parameters (R-R interval, HRV age and RMSSD), and
scores of questionnaires for sleep and anxiety between Group A (age < 41 years)
and Group B (age > 63 years). Test-taVNS increased all three HRV parameters
much more often in patients of the older group: R-R interval in 86% in >63, 73%
in < 41 groups, RMSSD 81% in >63, 66% in < 41 groups and HRV age 81% in
>638, 58% in < 41 group. Shown is the mean taVINS induced change (mean differ-
ence between pre- and post-taVNS values) of all patients as well as of the two age
groups. The taVNS-induced numerical increases of these three HRV parameters
were also greater in the older group. Only the RMSSD changes reached statistical
significance using the non-parametric Kolmogorov-Smirnov test (when comparing
mean changes between the two groups) That significance was removed by the
Bonferroni correction as the adjustment for multiple testing produced a rejection
p-value of 0.0125. Effect sizes (Cohen’s d) ranged from small to medium, the
largest was observed in Dynamic % (RMSSD). A positive effect means that the
change of the >63 years group was larger than the change of the <43 years group.
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variables mean (SD) mean (SD) test-statistic p-value

Age (years) 23.0(2.0)

BMI (kg/m?) 225(1.7)

sportive Activity (week) 33(1.7)

Day 1 Day 2
Hungriness (VAS) 85(3.6) 89(3.2) 2V = —06 0556
8am Group 10 am Group

Hungriness (VAS) 88(3.2) 86(3.7) 2™ a5y = 047 0.865
VNS and 8 am VNS and 10 am

Eating Duration (1) 022 0.1) 019(0.4) 2™ (1619 = 0.45 0124
sham and 8 am sham and 10 am

Eating Duration (1) 021 (0.1) 0.21(0.4) 2™ (16,9 = 0.45 0878

Wilcoxon sign rank test for paired samples {two-sided). Z™ = Mann-Whitney-Wilcoxon test for unpaired samples (two-sided).

1; fomales
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picture stimulation
M(SE) P Clbiference M(SE) P Cliference

P1 food 6.61(0.61) 0.085" —001086 VNS 6.18 (0.61) 0.028* —0.78 -0.05
object 6.20(0.60) Sham 6.63 (0.60)

N1 food 0.67(0.43) 0587 —020034 VNS 050 (0.45) 0119 —060 0.07
object 0.60(0.41) Sham 077 (0.40)

P2 food 15.94(1.13) <0001+ 1.862.38 VNS 14.05 (1,12) 0018+ ~1.85-0.18
object 13.63(1.02) Sham 15.07 (1.05)

N2 food 0.88(0.56) <0001+ 2.758.39 VNS —0.91 (0.58) 0012+ —0.89 -0.12
object —2.19 (0.55) Sham 70 40 (0.59)

LPP food 7.26(0.57) <0001+ 0621.23 VNS 48(0.59) 0059 —1.30 0,03
object 6.34(0.58) sham 7 12(0.62)

Significance of two-sided paired sample t-test: *p < 0.05, ***p < 0.001. Statistical rend at 10% significance level, Mean (M), standard error (SE, significance (c) and 95%-confidence
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Study design
Study population

Sample size

Memory function

Device
Stimulation parameters
Output current
Frequency
Pulse width
Duration
Washout period
Number of conditions

Mertens et al., 2020

Within-subjects

Healthy volunteers
young age group
old age group

65
41 young age group
24 old age group

Immediate recall

Delayed recognition

tVNS (NEMOS)

According to threshold
25 Hz

250 s

30s

30 min

3 (tVNS, sham, control)

Clark et al. (1999)

Within-subjects
Epilepsy patients

Immediate recall
Delayed recognition

Invasive VNS

0.5-1.5mA
30 Hz

500 s

30s

unknown

2 (VNS, sham)

Jacobs et al. (2015)

Within-subjects
Healthy older volunteers

30

Name—face association

tVNS (TENStem)

5mA

8 Hz

200 ps

17 min

>7 days

2 (tVNS, sham)
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Active

Sham

Pre
Post

Pre
Post

Heart rate
(bpm)

73.97 (13.98)
7110 8.99)

72.73(11.97)
70.33 (7.96)

Systolic blood pressure
(mmHg)

116,13 (11.48)
107.97 (10.66)

116.10(9.76)
108.50 (12.07)

Diastolic blood pressure
(mmHg)

7743 8.33)
78.40 (7.62)

77.93(7.14)
7380 (6.48)

Alpha-amylase
[log(ukatal/l)]

4.46 (0.71)
4.46 (0.64)

452(0.84)
4.24(091)
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Active

Sham

Unpleasant
Neutral
Pleasant

Unpleasant
Neutral
Pleasant

Hits.

094 (0.08)
094 (0.04)
096 (0.04)

0.93(0.09)
0.93(0.06)
096 (0.05)

Lexical decision task

False alarms

0.08(0.02)
0.02(0.02)
0.03(0.02)

005 (0.04)
0.03(0.04)
0.04(0.04)

Response time (s)

057 (0.10)
055 (0.09)
055 (0.09)

057 (0.11)
055 (0.09)
055 (0.09)
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Active

Sham

Unpleasant
Neutral
Pleasant

Unpleasant
Neutral
Pleasant

Hits

0.76 (0.10)
0.69(0.12)
0.80 0.11)

0.77 (0.11)
0.71(0.15)
0.78(0.13)

Recognition memory

False alarms

0.42(0.11)
035(0.10)
039(0.11)

0.44(0.13)
0.36(0.10)
0.40(0.12)

P, index

034 (0.12)
0.34(0.10)
0.41(0.11)

0.34(0.12)
035 (0.13)
0.38 (0.11)

By index

064 (0.15)
0.54(0.15)
066 (0.17)

0.66 (0.16)
056 (0.17)
066(0.18)

Recognition memory based on confidence ratings

Familiarity-based hit rate

051 (0.16)
061(0.15)
050 (0.15)

062 (0.22)
0.70(0.20)
059 (021)

Recollection-based hit rate

0.49(0.16)
038(0.15)
050 (0.15)

0.38(0.22)
0.30(0.20)
0.41(0.21)
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Headache

Nausea

Dizziness

Neck pain

Neck contraction
Stinging sensation
Ear initation
Concentration
Fluctuation of feelings
Unpleasant feelings

Active

1.83(1.42)
147 (0.75)
1.67 (1.15)
1.80 (1.49)
227 (1.87)
287 (1.94)
1.77 (1.48)
2.97 (1.65)
1.53 (1.01)
1,67 (1.15)

Sham

2.03(1.38)
1.30 (0.75)
2.27 (1.65)
1.30 (0.75)
1.93 (1.46)
2.80(1.78)
1.98 (1.55)
3.47 (1.68)
1.73 (1.34)
2.23(1.45)

p-value

0.58
0.49
0.09
011
0.44
0.93
0.67
0.25
0.51
0.10

Ratings were scored on a seven-point scale, with 1 being not at all and 7 very much.
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Food consumption mdn (IQR) mdn (IGR) too p 9 BF o,
VNS Sham

kCal (o) 1,307 (891-1,454) 1,144 (960-1,335) 0.10 092 002 019

Proteins () 39 (32-49) 39 (28-46) 0.20 049 026 020

Fat (o) 48 (36-59) 48 (41-59) 071 085 007 024

Carbohydrates (g) 144 (102-177) 138 (112-164) 094 036 039 029

Mecians (mdin), inter quartile ratio (IQF), test statistic (t, p) and effect size (Heclges' g) and Bayes Factor (BF) for consumed kiocalories (keal) and food ingrediients for both conditions

(NS, sham), n = 31.





