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A B S T R A C T

Background: Patients with disorders of consciousness (DoC) are a challenging population prone to misdiagnosis
with limited effective treatment options. Among neuromodulation techniques, transcutaneous auricular vagal
nerve stimulation (taVNS) may act through a bottom-up manner to modulate thalamo-cortical connectivity and
promote patients’ recovery. In this clinical trial, we aim to (1) assess the therapeutic clinical effects of taVNS in
patients with DoC; (2) investigate the neural mechanisms underlying the effects of its action; (3) assess the feasi-
bility and safety of the procedure in this challenging population; (4) define the phenotype of clinical responders;
and (5) assess the long-term efficacy of taVNS in terms of functional outcomes.
Methods:We will conduct a prospective parallel randomized controlled double-blind clinical trial investigating the
effects of taVNS as a treatment in DoC patients. Forty-four patients in the early period post-injury (7 to 90 days fol-
lowing the injury) will randomly receive 5 days of either active bilateral vagal stimulation (45 min duration with
30s alternative episodes of active/rest periods; 3mA; 200-300μs current width, 25Hz.) or sham stimulation.
Behavioural (i.e., Coma Recovery Scale-Revised, CRS-R) and neurophysiological (i.e., high-density electroenceph-
alography, hd-EEG) measures will be collected at baseline and at the end of the 5-day treatment. Analyses will
seek for changes in the CRS-R and the EEG metrics (e.g., alpha band power spectrum, functional connectivity) at
the group and individual (i.e., responders) levels.
Discussion: These results will allow us to investigate the vagal afferent network and will contribute towards a defi-
nition of the role of taVNS for the treatment of patients with DoC. We aim to identify the neural correlates of its
action and pave the way to novel targeted therapeutic strategies.
Clinical trial registration: Clinicaltrials.gov n° NCT04065386.
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Introduction

Following the emergence from coma, patients with severe acquired
brain injuries such as traumatic or anoxic brain injuries may not fully
recover initial awareness and arousal levels for a certain period of time
(Zeman, 2005) and thus enter the scope of “disorders of consciousness”
(DoC). This medical state includes conditions such as the unresponsive
wakefulness syndrome (UWS) (Laureys et al., 2010) and the minimally con-
scious state (MCS) (Giacino et al., 2002). Whilst UWS is defined by the
presence of arousal (i.e., eye opening) but reflex behaviors only, MCS is
defined by the presence of clearly discernible but fluctuant signs of aware-
ness that can be observed at bedside (e.g., visual pursuit, command
following). MCS can be subsequently distinguished in MCS minus (MCS-)
and MCS plus (MCS+) depending on the preservation of language-related
behaviors (Bruno et al., 2011). However, neither functional communication
nor use of objects can be demonstrated at this stage (Giacino et al., 2002).
Eventually, when the patient is functionally able to communicate or use
objects again, one could say he/she has emerged from the MCS (eMCS),
and from a more general point of view, from DoC (Giacino et al., 2002).

Treatment options for severely brain injured patients

An important challenge arising from this population of patients, both
in chronic and acute care settings, is the limited therapeutic options.
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Several pharmacological interventions have been previously described
(Thibaut et al., 2019), some of them providing promising results. Never-
theless, among them, amantadine is currently the only recommended
medication, resulting in a faster consciousness recovery (Giacino et al.,
2012), with potential side effects (e.g., seizure) (Estraneo et al., 2015).
Additionally, non-pharmacological approaches (see review (Thibaut et
al., 2019) have been studied including non-invasive brain stimulation
therapies, such as transcranial direct current stimulation (Angelakis et
al., 2018; Thibaut et al., 2019; Zhang & Song, 2018) and repetitive
transcranial magnetic stimulation (Naro et al., 2015; Xia et al., 2017).
However, these studies have reported small to moderate effect sizes
(Thibaut et al., 2019). Thus, up to now, only a few studies have investi-
gated potential therapies for DoC and only amantadine (Giacino et al.,
2012) and transcranial direct current stimulation (Thibaut et al., 2014)
provided class II evidence regarding treatment efficacy. Moreover, these
strategies have never been implemented in the acute setting as most
studies enrolled patients with prolonged DoC. Besides, some of these
techniques (e.g., transcranial magnetic stimulation) require highly
trained personnel and are difficult to integrate in routine care settings. It
is therefore necessary to develop new therapeutic approaches that are
realistic to include in the routine care of DoC patients in the early period
following the injury. Indeed, as compared to the chronic stage, such
early time window may be associated with interesting peaking neuro-
plastic modulations that could benefit the patients, which was suggested
in animal models of recovery following cerebral damage (Jones& Schal-
lert, 1992).

Vagal nerve stimulation: a possible therapeutic approach

Transcutaneous auricular vagal nerve stimulation (taVNS) represents
a safe, non-invasive and easy to use therapeutic option. The device is
usually small, requires minimal instruction to be used correctly and can
be easily installed on the patient’s ear. This technique has already been
documented in numerous studies in healthy subjects and neurologic
populations as an alternative to invasive VNS (Badran et al., 2018; Fran-
gos et al., 2015; Garcia et al., 2017; Hamer & Bauer, 2019; Yakunina et
al., 2018). Up to now, taVNS studies have reported promising results in
patients with prolonged DoC but randomized controlled clinical trials
are missing, and the underlying mechanisms of consciousness recovery
remain unclear. To date, all taVNS studies in patients with DoC reported
clinical improvement for a subset of the patients. In the first taVNS case
report, Yu et al. (2017) demonstrated new signs of consciousness in a
73-year-old female with DoC due to cardiac arrest (50 days post-injury)
following 30 minutes of twice a day 4-6 mA (20Hz, < 1ms pulse width)
bilateral cymba conchae stimulation for four weeks. Following the treat-
ment, fMRI data showed an increase in functional connectivity in the
default mode network using the posterior cingulate cortex as a seed (Yu
et al., 2017). However, since it is an uncontrolled case report, it cannot
be excluded that such improvement could have been due to spontaneous
recovery, especially given the acute to subacute context. In the second
open-label study, 14 patients with prolonged (12.1 ± 6.4 months post-
injury) DoC (n = 6 UWS, 8 MCS; n = 7 TBI, 3 hemorrhage, 4 anoxia)
received 30 min of stimulation twice daily for four weeks at 1,5 mA
(20Hz, 250μs pulse width) at the left tragus only. One of the MCS
patients showed new signs of consciousness at the end of the four weeks
of stimulation and four more patients showed new signs of conscious-
ness at the four-week follow-up time point. No brain multimodal tech-
nique was used in this protocol. Side effects were described as mild and
were considered common medical conditions without obvious relation
to taVNS (No�e et al., 2019). In another uncontrolled study, five patients
with DoC (56.8 ± 29.9 days post-injury) (n = 3 UWS, 2 MCS; n = 5
TBI) were stimulated over the left ear at 1 mA (25Hz, 250μs pulse width)
for eight weeks. Three patients improved for more than three points as
measured by the Coma Recovery Scale-Revised (CRS-R) during the
experimental course (one UWS to eMCS, one UWS to MCS and one MCS
to eMCS). Importantly, no serious side effects were reported, the most
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common undesired effect observed being skin irritation at the stimula-
tion site (Hakon et al., 2020).

So far, the literature seems to provide evidence that taVNS is feasible
and safe for patients with prolonged DoC (i.e., > 28 days post-onset) and
that it might be beneficial to some of them through an activation of the
thalamo-cortical loop. However, taVNS has never been tested in a con-
trolled double-blind study in patients with DoC in the early period post-
injury even given the core importance of this period on neuroplasticity,
medical care decisions and survival rate. Therefore, the present study
aims to demonstrate that it is also feasible to use taVNS for patients with
DoC within 12 weeks post-injury in acute to subacute care units. In addi-
tion, we aim to investigate the clinical and neurophysiological effects of
taVNS in this population.

The mesocircuit model for severe brain injuries and neural recovery

The fronto-parietal mesocircuit model relies on anatomopathological
studies of severe brain injuries that have demonstrated the central role
of the anterior forebrain in consciousness degradation following severe
brain injuries (Schiff, 2010). This model suggests that all severe brain
injuries share a common pathological basis involving widespread bilat-
eral thalamic neural death (Adams et al., 2000), with major deafferenta-
tion of thalamic, striatal and (neo)cortical structures. More specifically,
decreases in excitatory afferent drives from the central thalamus as well
as insufficient top-down regulation from the frontal cortex to the stria-
tum would lead to a sharp cutback of the medium spiny neurons activity
that require high level of excitatory inputs to maintain their physiologi-
cal firing rate (Grillner et al., 2005). The globus pallidus interna being
under-inhibited by these neurons in turn over-inhibits the central tha-
lamic neurons, thus promoting the circuit dysfunction and failing to
maintain thalamic connections with the cortical fronto-parietal areas
(Fridman et al., 2014). Overall, this model assumes that the disruption
of the central thalamus activity and its connections to the cortical areas
is critically involved in the network failure from which arises DoC and
that these specific components’ integrity would conversely play a major
role in the recovery process (Schiff, 2010; Thibaut et al., 2019). Such
theory was further completed at the neurobiological level by the ABCD
model, which provides deeper insights regarding the neural recovery
processes (Schiff, 2016). The ABCD model allows to categorize the
degree of cerebral deafferentation and predict the effect of such deaffer-
entation on the neocortical neurons’ activity as measured by the EEG.
Thus, the progression of EEG neural firing patterns that can be observed
during the recovery process can be organized into four categories (i.e.,
corresponding to the four letters “A,B,C,D”), depending on the severity
of the thalamo-cortical deafferentation, with each category correspond-
ing to a clearly distinguishable level of functional thalamocortical net-
work integrity. In practical terms, level ‘A’ would indicate highly
hyperpolarized neocortical neurons suggesting complete or near-com-
plete cortical deafferentation marked by low-frequency oscillations (i.e.,
< 1Hz, delta band), which can be associated with the patterns observed
in some chronic UWS patients (Schiff et al., 2014). When neurons dis-
play lower polarity levels, this produces 5 to 9 Hz theta oscillations that
are typical of B-type EEG resting state dynamics, indicating severely dis-
connected thalamocortical networks that can be observed in some MCS
patients (Williams et al., 2013). In the C-type pattern, that usually
appears in more restored or preserved networks, these 5 to 9 Hz theta
oscillations get progressively associated with higher frequency rhythms,
from 15 to 40 Hz (i.e., beta). Eventually, normal EEG activity can get
back driven by functionally preserved interactions between the thala-
mus and the cortex, allowing the production of alpha oscillations (i.e., 8
to 12 Hz) with additional peak activity in higher frequency bands (Ster-
iade et al., 2001). Overall, the mesocircuit hypothesis sets the frame for
pathological brain network changes following traumatic brain injury,
hypoxia or widespread ischemia while the ABCD model predicts rela-
tionships between the degree of functional or structural deafferentation
to central thalamus, the shape of the EEG power spectra, and the



Figure 1. Postulated bottom-up effect influence of transcutaneous auricular vagal nerve stimulation on the mesocircuit in a severely damaged brain. The model sug-
gests that the reduction of thalamocortical and thalamostriatal outflow following deafferentation and loss of neurons from the central thalamus withdraws important
afferent drive to the medium spiny neurons of the striatum (green lines). Loss of active inhibition from the striatum (dashed red line) allows neurons of the globus pal-
lidus interna (GPi) to tonically fire and provide active inhibition (red line) to their synaptic targets, including relay neurons of the already understimulated central thal-
amus, thus reducing thalamic activity and consequent thalamo-cortical connectivity. taVNS may hypothetically supply for the missing thalamic excitatory inputs by
stimulating the lower and upper brainstem nuclei and thus promote the reinstatement of the thalamo-cortical connectivity. Adapted from Giacino et al., 2014.
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associated behavioral level. Altogether, these models can be useful to
study the neurophysiological correlates of recovery in the form of transi-
tions from a category to another (e.g., switch from B-type to C-type EEG
pattern) (Edlow et al., 2021) as it was shown in some treatment-respon-
sive patients (Williams et al., 2013) and in spontaneous recovery from
DoC (Claassen et al., 2016; Forgacs et al., 2017).

Among neuromodulation techniques, as opposed to other techniques
such as transcranial electrical or magnetic simulations acting in a top-
down manner (i.e., from the cortical to the subcortical structures),
taVNS may be an interesting therapeutic candidate acting through a bot-
tom-up manner to restore thalamocortical connectivity in post-coma
patients as demonstrated in figure 1. At the theoretical level, to explain
the mechanisms of action of taVNS in DoC patients, we developed the
Vagal Cortical Pathways Model (Briand et al., 2020), which describes
the potential influences of taVNS on the mesocircuit in severely injured
brains. Mechanistically, taVNS is thought to stimulate the auricular
branch of the vagus nerve which leads to the activation of the trigeminal
nucleus and the nucleus of the solitary tract located in the lower brain-
stem areas. As a response, the activation of these nuclei would lead to
the activation of the locus coeruleus and the dorsal raphe nucleus, both
located in the upper brainstem structures and part of two major neuro-
transmitters systems. Following electrical inputs from the lower brain-
stem areas, the locus coeruleus is thought to increase its firing rates and
release norepinephrine (Cao et al., 2017) that will modulate global brain
activity, including the thalamus and that is linked to awareness of the
environment (Aston-Jones & Cohen, 2005). Finally, the raphe nuclei
will release serotonin, which also targets the brain, especially some
structures involved in the awareness of the self (Hahn et al., 2012). Such
assumptions are supported by both human and rodent studies that have
demonstrated that VNS was likely to be associated with increased
releases of endogenous norepinephrine and serotonin through the obser-
vation of a higher degree of activation of postsynaptic alpha(1)-adreno-
ceptors on 5-HT neurons (Dorr & Debonnel, 2006; Manta et al., 2009).
Moreover, as compared to normal individuals, when rodents’ locus
3

coeruleus was chemically damaged, the beneficial effects of VNS on sei-
zure frequency appeared to be reduced (Krahl et al., 1998), thus support-
ing the involvement of the norepinephrine pathway in taVNS’ action
over the brain. For more details regarding the hypotheses of action of
taVNS neural mechanisms, see Briand et al. (2020).

In line with the above, the postulated reinstatement of thalamo-corti-
cal connectivity through taVNS afferent noradrenergic (i.e., locus coeru-
leus) and serotoninergic (i.e., dorsal raphe nucleus) drives to the
thalamus and the whole brain would match the critical involvement of
the central thalamus and its cortical projections in the recovery from
DoC, and could induce both behavioural improvements at the clinical
level and functional neural activity transition at the neurophysiological
level.

Within these frameworks, this protocol proposition is a first step to
investigate the therapeutic effects of taVNS in the early period following
brain injury in a sham-controlled double-blind clinical trial, relying on
both clinical assessments and neurophysiological measures.

Study objectives

This study aims to (1) evaluate the clinical effects of taVNS on con-
sciousness recovery in patients with DoC (i.e., UWS and MCS patients)
in a sham-controlled double-blind setting; (2) investigate the neural
mechanisms underlying the action of taVNS on injured brains by investi-
gating and comparing the neurophysiological correlates of taVNS with
high-density resting-state EEG, using the ABCD model; (3) assess the fea-
sibility of such treatment protocol through attrition rate as well as the
safety of the procedure in patients with DoC and document proper stim-
ulation of the vagus nerves through electrocardiogram (EKG) measure-
ments; (4) define the phenotype of clinical responders by identifying
biomarkers based on patient’s demographical characteristics and func-
tional impairments that may correlate with responsiveness to treatment;
and (5) assess the long-term efficacy of taVNS in terms of functional out-
comes.
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Study hypotheses

Based on the Vagal Cortical Pathway and themesocircuit models, our pri-
mary hypothesis is that active taVNS will significantly induce positive behav-
ioural changes as compared to the sham stimulations. Furthermore, we
expect that the improvement in the CRS-R (Giacino et al., 2004) total score
and subsequent index score (Annen et al., 2019), which allows for correction
of reflex behaviours, will lead to a change of diagnosis in a subset of patients.
The secondary hypothesis is related to neural correlates. We hypothesize that
taVNS will induce increased alpha and theta frequency power bands at the
whole brain level as well as dynamic connectivity especially in the alpha
band. Based on the ABCDmodel, we also expect that responders to treatment
will present a shift in the EEG spectrum category, in line with a partially
restored thalamocortical connectivity. In addition, we postulate that such
modifications in brain activity patterns will precede observable behavioural
changes at the bedside and will correlate with behavioural responsiveness.
Furthermore, we postulate that our protocol will be feasible and safe to per-
form in the early period of DoC; and that the active taVNS procedure will
modulate patients’ heart rate variability (HRV) to some extent as a result of
the recruitment of parasympathetic innervations.

As exploratory hypotheses, we also expect that MCS patients will be
more likely to respond to the taVNS treatment than patients in UWS.
Moreover, we hypothesize that etiology may influence the response to
taVNS stimulations, with traumatic etiologies having a higher ratio of
responders as compared to hypoxic-ischemic etiologies. Eventually, we
also expect patients who did receive the active treatment to obtain better
outcome at three months following the end of the intervention.

Methods

Study design

We propose a prospective triple-blind parallel 2-arm randomized
controlled trial opposing taVNS active stimulation to sham stimulation,
with the experimenter, the patient and the person in charge of the data
analyses being blind to the treatment allocation.

Study population and setting

Forty-four patients with DoC following severe brain damage will be
included. All patients recruited will be DoC patients admitted to the
intensive care unit (ICU) from the Centre Hospitalier Universitaire de
Li�ege (CHU de Li�ege) in Li�ege, Belgium or from the Centre Neurologique
William Lennox in Ottignies, Belgium. The main investigator will assess
patients’ eligibility for the study at the time of admission, seek for the
presence of any exclusion criterion and determine the current state of
awareness using a minimum of two CRS-R assessments.

Inclusion and exclusion criteria are displayed in Table 1.

Power calculation

Sample size calculations were computed in G*Power (Faul et al.,
2007) using a priori power analysis. Previous publications using taVNS
in patients with DoC are limited, thus the effect size calculation was
Table 1
Study inclusion and exclusion criteria.

Inclusion criteria Exc

� Age: > 18 years old
� Diagnosed in UWS or MCS as defined by the two CRS-R assessments performed
during the screening period

� Acquired cerebral damage of known etiology
� From 7 to 90 days since injury
� Intact ear skin
� Informed consent given by the substitute decision maker

� A
� D
� A
� H
� D
b

UWS: unresponsive wakefulness syndrome; MCS: minimally conscious state; CRS

4

based on the best available data in the literature in line with the objec-
tives and methods of this clinical trial (Hakon et al., 2020), leading to
0,96 effect size estimation. Using a two-tails t-test for two groups, we set
the desired power at 0.8 with a Type-I error rate threshold of 0,05.
Accounting for an allocation ratio of 1:1, this led to a minimum number
of 19 participants per group. In line with previous studies conducted
with this challenging population, we included a dropout rate of 15% in
our calculation for a total of 22 participants per arm, that is, an ideal
sample size of 44 patients to enroll. This decision was based on the fact
that patients with DoC, especially in the ICU, represent a population at
high risk for medical complications that could force discontinuation of
the protocol and lead to a high attrition rate. Interim analyses of the
study power will be conducted once 11 patients per arm will have com-
pleted the study to ensure safety, feasibility, and revaluation of the sam-
ple size.
Procedure

The study procedure will start as early as on the 7th day post-injury or
until stable hemodynamics; and will have to be completed by the 90th

day post-injury. Following open discussion about the study objectives,
methods and potential risks, written informed consent will be obtained
by the patients’ legal representative. He or she will be informed that
withdraw from the study is possible at any time of the process without
having to justify, including during the ongoing trial. If the participants
were to recover consciousness and sufficient capacity for discernment
during the study, they would be informed that the trial has been or is
being performed, and consent will be obtained from them. Each party
will keep a copy of the signed informed consent and will be able to refer
to it for information.

Of the 44 patients included, 22 will be allocated to the active group
and 22 will be assigned to the sham group. A randomized order genera-
tor with a 1:1 allocation ratio will be used to determine the random allo-
cation to each group. Only the investigator who generated the
assignment sequence will be aware of the allocation and will then dis-
close the assigned intervention to the investigator in charge of the stimu-
lation the day of the first session. Intervention allocation will be
concealed from the patient, the family, the care providers from the medi-
cal team, and all investigators involved in the patient’s assessment for
the whole duration of the treatment phase. The evaluator will stay blind
from the sequence as well as from the stimulation group during treat-
ment and follow-up. Moreover, blinded analyses will be conducted as
the data files’ names will be coded by the investigator who generated
the assignment sequence. Figure 2 summarizes the protocol procedure.
Screening and enrollment phase
During the screening phase, patients’ eligibility will be documented

based on the medical record and insights from the medical team. The
patient’s state of awareness will be repeatedly assessed by a trained
accredited examiner to confirm or disconfirm the DoC diagnosis by
means of at least two CRS-R evaluations (see “behavioural assessments”
for more details). Following approval from the referring physician, the
lusion criteria

nyone who is deemed medically too unstable for this study by a physician
ocumented pregnancy
ctive implant (e.g., pacemaker, cochlear implant. . .)
istory of previous neurological disorder prior to the brain injury
eep sedation such as one caused by general anaesthetics (e.g., propofol) or a com-
ination of central acting sedatives (e.g., benzodiazepines, opioids)

-R: Coma Recovery Scale-Revised.



Figure 2. Study protocol’s timeline of first and last day of treatment. taVNS: transcutaneous auricular vagal nerve stimulation; CRS-R: Coma Recovery Scale-Revised;
EEG: electroencephalography; EKG: electrocardiogram; NCS-R: Nociception Coma Scale-Revised.
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trial will be explained to the family and consent will be obtained from
the legal representative/substitute decision maker. Any patient from
whom consent will be obtained will be considered enrolled in the study.
All patients randomized will be included in the intention-to-treat (ITT)
analyses.

Treatment phase
All patients included will receive daily sessions of 45 minutes 3 mA

active taVNS (i.e., over the cymba conchae) or sham (i.e., over the ear
lobe) stimulation for five consecutive days. During the whole protocol,
an experimenter will stay at the patients’ bedside to ensure proper stim-
ulation parameters through adequate impedance and electrode place-
ment. The first and last day of the treatment phase, behavioural
assessments (CRS-R) will be performed before and after the stimulation
to seek for behavioural signs of consciousness. Neurophysiological meas-
ures (i.e., hd-EEG) as well as bioelectrical signals (i.e., EKG) will be
recorded continuously from 15 minutes just before the start of the stimu-
lation to 15 minutes just after the end of the stimulation. Arousal will be
monitored and patients will be kept awake using the arousal protocol
from the CRS-R (Giacino et al., 2004) during both the entire stimulation
periods and the EEG recordings. To assess taVNS tolerance, patient’s
comfort will be monitored using an appropriate pain scale (Nociception
Coma Scale-Revised, NCS-R,(Chatelle et al., 2012)) that will be per-
formed three times during the stimulation time frame as well as at base-
line. Moreover, the retrospective treatment feasibility will be assessed
and calculated as the percentage of completed sessions over planned ses-
sions.

Follow-up
At 90 days following the end of the treatment, patient’s functional

outcome will be collected through follow-up assessments. These evalua-
tions will be carried out by means of structured phone interviews with
the patient’s relatives/care givers using the Disability Rating Scale
(DRS) and the Glasgow Outcome Scale-Extended (GOS-E). Moreover,
the number of days spent in the current care unit until discharge will
also be collected at that time point.

Materials

taVNS and sham stimulations
Stimulations will be delivered by a transcutaneous auricular vagal

nerve stimulation device (Cerbomed GmbH, Germany, NEMOS/tVNS®),
using Titanium/Iridium electrodes. Typically, in taVNS studies, the stim-
ulation current intensity is set according to the patient’s perceptual
threshold (e.g., 200% of the perceptual threshold (Badran et al., 2018))
or pain threshold (i.e., below pain threshold). However, such methods
cannot be used in the present protocol due to DoC patients’ characteris-
tics. Indeed, in these challenging conditions, perception and pain proc-
essing are usually altered and patients are non-communicative (Chatelle
et al., 2014), thus leaving the clinicians and researchers unable to collect
such thresholds. Therefore, all patients allocated to the active taVNS
group will receive bilateral cymba conchae stimulations using a two-
phase signal (45 min duration with 30s alternative episodes of active/
rest periods; 3mA; 200-300μs current width, 25Hz). The sham
5

equivalent will consist of stimulations sharing the exact same technical
parameters but located on the ear lobes, as the use of this location as an
active control was supported by recent montages studies (Kreisberg et
al., 2021). The choice of stimulating bilaterally, both over the right and
the left ears can be explained by the following: invasive VNS studies usu-
ally implant the stimulator on the left side only due to an asymmetrical
innervation of the heart from the vagus nerves. Indeed, it has been docu-
mented that stimulating the right cervical vagus nerve can induce direct
electrical inputs to the sino-atrial node, which can produce undesired
cardiac events such as arrythmias that are less observed when stimulat-
ing the left side (Yuan & Silberstein, 2016). However, these concerns
might not be relevant for non-invasive stimulation of the auricular
branch of the vagus nerves as it is thought to involve signals sent bilater-
ally to the heart surface following brain integration first instead of
directly stimulating the pacemaking node (Chen et al., 2015). Thus, in
this protocol, we will provide bilateral stimulation to boost our chances
of success as previous studies did before us without reporting any side
effects (Yap et al., 2020). To ensure adequate contact between the elec-
trodes and the ear skin for the entire duration of the stimulations, the
device is equipped with an alarm feature that produces a sound when
the anode and the cathode’s impedances with the skin are not optimal
(i.e., > 18 kOhm).

Behavioural assessments
The recommended scale to determine patients’ level of consciousness

and achieve a final diagnosis at the bedside is currently the CRS-R (Gia-
cino et al., 2018; Kondziella et al., 2020). It is subdivided in six subscales
investigating the auditory, visual, motor and oromotor functions as well
as the patient’s communication skills and arousal for a total of 23 points.
This scale is used to diagnose the level of consciousness (coma, UWS,
MCS minus or plus, eMCS) according to the presence of specific items
(Giacino et al., 2004; Kondziella et al., 2020). To consider a patient as a
clinical responder, the patient should display new sign(s) of conscious-
ness following taVNS that was not present at baseline nor during screen-
ing phase.

Pain assessment is a challenging task in this population due to the
absence of communication. The NCS-R is a validated scale that was
designed to detect and assess pain in patients with DoC through three
axes: motor, verbal and facial responses to noxious stimulations. The
total score ranges from 0 to 9, the first indicating the absence of pain
and the latter expressing maximum pain (Chatelle et al., 2012). In this
protocol, the NCS-R will be performed at baseline, as well as at the
beginning, halfway and at the end of each stimulation session to ensure
patient’s comfort. To assess the tolerance to taVNS, a score of 4 has been
set as our cut-off value to distinguish painful versus non-painful behav-
ior. The NCS-R scores during stimulation will be reported, and if supe-
rior to 4 and different from baseline, the current intensity of taVNS will
be reduced by 0,5 mA, and the NCS-R will be performed again. All scores
will be documented as well as the final current intensity used to perform
the stimulation. All patients still displaying significant signs of pain at a
low threshold of 0.5 mA will be excluded from the study.

To assess patient’s functional outcome following cessation of treat-
ment, structured phone interviews will be conducted at three months
post-intervention. The Glasgow Outcome Scale-Extended (GOS-E) is
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used to classify global outcomes in traumatic brain injury survivors
within 8 categories: dead, vegetative state, lower severe disability, upper
severe disability, lower moderate disability, upper moderate disability,
lower good recovery and upper good recovery (Levin et al., 2001). The
Disability Rating Scale (DRS) is another validated scale that provides
insights regarding patient’s impairment and progress overtime following
severe brain injury. The scale investigates behaviors within 8 domains,
namely eye opening, communication, motor response, feeding, toileting,
grooming, level of functioning and employability. The total outcome
score ranges from 0 to 29 and is therefore classified in a category accord-
ing to the level of disability, the higher the score, the bigger the disabil-
ity: None (0), Mild (1), Partial (2-3), Moderate (4-6), Moderately severe
(7-11), Severe (12-16), Extremely severe (17-21), Vegetative state (22-
24) and Extreme vegetative state (25-29) (Rappaport et al., 1982).
Phone-adapted versions of these scales will be used to conduct phone
interviews with relatives or care providers.

Neurophysiological assessments
To ensure the robustness of our connectivity analyses, 128 channels

high-density resting state EEG will be recorded using BrainVision device
and software (ActiCHamp Plus, Brain Products GmbH, Gilching, Ger-
many). During the 75 minutes of recording (i.e., 15 minutes prior stimu-
lation, 45 minutes of stimulation and 15 minutes following the end of
stimulation), patients will be kept awake (e.g., eyes open) and still by
the experimenter. EEG signals are sensitive to movements artifacts,
therefore, recording times could be adapted according to the data’s qual-
ity to obtain sufficient usable materials. EEG signals will be measured in
microvolts, sampled at 500 Hz and referenced to the vertex (Cz) using
128 passive sponge-based channels nets. The resting-state data will be
used to obtain spectral power and spectral connectivity using the graph
theory, which have proven to correlate with behavioral recovery of
patients with DoC (Chennu et al., 2017). From a neurobiological per-
spective, it will also allow to classify each patient’s EEG dominant
rhythm in one of the ABCD classifications according to the ABCD model
previously mentioned (Edlow et al., 2021) and thus allow to character-
ize the outcomes at the network level. This will also provide insights in
potential changes in thalamo-cortical deafferentation following taVNS,
allowing to test the assumptions of the Vagal Cortical Pathways Model
at the cortical level.

Other bioelectrical signal
Although unlikely, the continuous monitoring of EKG will allow real-

time detection of arrhythmias (such as bradycardia), which could poten-
tially be induced by bilateral taVNS, similarly to what has been observed
in VNS implantable devices (Ardesch et al., 2007). EKG adhesive foam
electrodes (Suretrace RTL adult ECG electrodes, ConMed, United-States)
will be placed below the left clavicle and at the fourth intercostal space
at the left sternal border. A third electrode will be placed at the right
ankle for ground. In addition to our recordings, patients’ EKG will also
be monitored for all stimulation sessions by the hospital unit in which
they will be hospitalized. Any cardiac event (e.g., bradycardia, arrhyth-
mia) will be noted and reported to the medical team by the experimenter
present during the stimulation sessions. EKG will also be used as a bio-
electrical marker to document a proper stimulation of the vagus nerves
through an observable modulation of autonomic function towards para-
sympathetic predominance. This will be achieved by computing parame-
ters of the heart rate variability (HRV) recorded during the stimulations,
as taVNS was shown to modulate the HRV in some studies (Machetanz
et al., 2021).

Data management

In addition to the above-mentioned measures, collection of 1) socio-
demographic characteristics: age, sex, occupation, level of education,
ethnicity, languages spoken, handedness, pre-morbid medical history
(including hearing, neurocognitive, previous history of concussion/head
6

trauma and psychiatric disorders); and 2) acute critical illness character-
istics: mechanism of injury, Glasgow Coma Scale score at the emergency
room and at one week, results from general neurologic examination, CT
scan and/or MRI findings (time window: max. 30 days from enrollment),
clinical EEG findings, magnitude of intracranial pressure (if monitored,
and presence and duration of increased intracranial pressure), duration
of sedation, duration of loss of consciousness, brain injury severity, and
ICU stay duration will be done systematically since these independent
variables could act as covariates for patients’ recovery.

Data management will comply with the General Data Protection Reg-
ulation (EU 2016/679) and patients and/or their legal representative
will be made aware of their rights regarding these data. All clinical data
collected will be stored in their anonymous version onto Research Space
� RSpace© - an online secured server providing database security and
protection against malicious use. RSpace uses Scalable Storage in Cloud
provided by Amazon Web Services. Only the investigators in charge of
the study will get access to the secured server and its content.

Analyses

Intention-to-treat analyses will be conducted for all study outcomes.
Analyses will focus on the detection of changes induced by the taVNS
intervention both at the individual level (comparing data before and
after treatment) and at the group level (comparing the sham arm to the
treatment arm). Behavioral CRS-R total scores and subsequent index
scores will be defined as our primary outcome. Group treatment effects
will be evaluated with calculation of the difference between each group
post-treatment and pre-treatment score means. The change in parame-
ters (i.e., CRS-R scores, index scores) between pre and post sessions
within individual patients will also be compared. Moreover, clinical res-
ponders to taVNS will be identified as patients who will display new
sign(s) of consciousness following treatment that was not present at
baseline nor during the screening phase. In that context, further sub-
group analyses will also be conducted based on the patients’ diagnosis
an etiology to better characterize the responders’ profile.

EEG metrics and behavioural outcome measures will be our second-
ary outcome. EEG data preprocessing in MATLAB/EEGLAB will involve
data to be filtered between 0.5 and 45 Hz and segmented into 10-sec-
onds epochs. Downsampling to 250 Hz and Notch filtering for power
line interference will also be automatically applied at that stage. Then,
channel and epoch variance thresholds will be set to identify abnormally
noisy channels and epochs. A maximum of 15% of the channels will be
rejected and interpolated. If data quality is not sufficient, the session
will be excluded. Artefacts and noisy epochs will then be rejected based
on visual inspection. Independent Components Analysis (ICA) based on
the Infomax ICA algorithm (Bell & Sejnowski, 1995) will then be run to
identify and further manually remove components that were generated
by non-neural noise sources. For the estimation of spectral power, EEG
data will be preprocessed and analyzed with EEGLAB (https://sccn.
ucsd.edu/eeglab/) and the FieldTrip toolbox (http://www.fieldtrip tool-
box.org/) using spectral and cross-spectral decompositions from cleaned
data for delta (0-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-25 Hz)
and gamma (25-40 Hz) bans. Relative percentage contributions to the
total power over each band frequency will then be calculated. We will
also use the debiased weighted Phase Lag Index (dwPLI) to estimate
spectral connectivity between pairs of channels (Peraza et al., 2012).
The dwPLI is a robust estimator of scalp-level connectivity that is more
invariant to volume conduction in comparison to other estimators.
Median spectral connectivity and graph-theoretic topology metrics such
as clustering coefficient, path length, modularity and participation coef-
ficient within the bands of interest, will also be estimated. Results will
be corrected using Holm correction for multiple comparisons and con-
sidered statistically significant at p < 0.05.

Finally, EKG data analyses will be performed in MATLAB. Artifacts
rejections will first occur and parameters and metrics of HRV (RR mean,
SDNN, RMSSD, NN50, pNN50, SD1, SD2 rrHRV) (see Supplementary

https://sccn.ucsd.edu/eeglab/
https://sccn.ucsd.edu/eeglab/
http://www.fieldtrip
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Materials for abbreviation description) will then be computed using com-
patible toolboxes (HRV toolbox) as it was done in previous taVNS stud-
ies investigating HRV (Machetanz et al., 2021).

Discussion

Despite the clinical and scientific challenges, considering the early
period post-injury in DoC research becomes an increasingly crucial mat-
ter since this is the most critical period for neuroplasticity and medical
care decisions having an undeniable impact on patient’s survival (Tur-
geon et al., 2011). This protocol describes the first double-blind parallel
randomized-controlled trial that aims to determine the safety and feasi-
bility of using taVNS in patients with DoC in the early period following
injury (7-90 days post-injury) and assess its efficacy for consciousness
recovery.

This study will rely on the mechanisms described by the Vagal Corti-
cal Pathways Model and will shed new light on this bottom-up therapeu-
tic approach for the treatment of acute to sub-acute DoC. This protocol
will involve behavioral and neurophysiological measures to test our
hypothesis and bring evidence on taVNS’ clinical effects and neural
mechanisms of recovery. At the behavioural level, it aims to confirm pre-
vious preliminary results from small-sample open-label studies using
taVNS in DoC and showing clinical improvement following the interven-
tion by means of significantly greater CRS-R scores post-taVNS com-
pared to sham. We also expect to observe better outcome assessed at
follow-up in the active compared to the sham groups.

On the other hand, regarding the clinical and neurophysiological
effects of taVNS on patients with DoC, as we will assess both effects after
one day of treatment and after five days of treatment, we expect that the
neurophysiological effects will be observed before any clinical effects
are manifest. This is based on results from top-down stimulation techni-
ques (e.g., repetitive transcranial magnetic stimulation, transcranial
direct current stimulation) that have suggested early brain responses to
treatments in the absence of any observable clinical changes (Bai et al.,
2018; Liu et al., 2016)

Regarding the neurophysiological outcome more specifically, based
on the available literature, an increase in the theta frequency band
power is expected, in line with evidence from implanted VNS device
which reported behavioral improvements following treatment. Such
increase could firstly be explained by the relationship between the theta
frequency band power and the neuronal activity in the thalamus and
posterior cingulate cortex, which are considered hubs of consciousness
(Gusnard & Raichle, 2001; Schiff, 2009) and involved in the default
mode network (Leech & Sharp, 2014). Nonetheless, in the framework of
the ABCD model for neural recovery, it could also be explained by the
return of higher average membrane potentials permitting spontaneous
oscillations by the pyramidal cells (i.e., physiological intrinsic frequency
of 5 to 9 Hz), which are proposed to account for the 7 Hz rhythm pattern
that dominates the resting activity of the B-type EEG spectrum as
observed in some MCS patients. Moreover, taVNS may facilitate the rein-
statement of thalamo-cortical afferences that characterizes recovery
from DoC and thus allow the return of higher oscillatory patterns (i.e.,
beta and alpha) in some patients as predicted in the C and D-types EEG
patterns. Referring to the vagal cortical pathway, this could be explained
by the reinstatement of bursting to tonic firing modes of the thalamic
cells that could be the result of taVNS afferent noradrenergic drives
from the upper brainstem nucleus (i.e., locus coeruleus) since its firing
rates were found to be significantly higher following short-term vagus
nerve treatments (Dorr & Debonnel, 2006). In addition, improvement in
clinical signs of consciousness has been previously documented in DoC
patients and correlated to an increase in the alpha frequency power spec-
trum, that could be linked to enhanced thalamo-cortical interactions
(Straudi et al., 2019). Other than frequency, the functional connectivity
has been shown to match behavioral consciousness in patients with DoC
(Chennu et al., 2017). If taVNS has positive effect on the level of con-
sciousness, this should be reflected by an increase in the alpha band
7

connectivity of the EEG signal following active taVNS as compared to
sham. Moreover, such increase should be of a greater magnitude in clini-
cal responders compared to non-responders.

Another challenge remains to develop patient-fitted therapeutic
strategies based on responder’s profile, which will also be addressed
with the present protocol. In that matter, we expect to observe differen-
ces in response to treatment based on patients’ etiology and diagnosis.
Indeed, since MCS patients display higher levels of plastic changes and
reorganization in the awareness networks than UWS patients (Bagnato,
2022; Estraneo & Trojano, 2017; Voss et al., 2006), we expect them to
benefit more from brain stimulation interventions as it was demon-
strated in previous therapeutic works (Thibaut et al., 2014). Regarding
to the pathological mechanisms leading to such disorders, anoxic brain
injuries usually lead to diffuse brain damage that generally affects sub-
cortical regions such as the basal ganglia and deeper white matter struc-
tures (Caine & Watson, 2000) while traumatic etiologies may display
more focal lesions. In that context, since taVNS is thought to reinstate
the thalamo-cortical flow in a bottom-up manner by reaching subcortical
structures first, it may be more effective in traumatic lesions that have
structurally spared the thalamus and brainstem nuclei. Eventually, on a
more exploratory basis, EKG metrics could allow us to attest the proper
activation of the vagus nerves and subsequent cardiac parasympathetic
related activity.

Our results will bring objective evidence to further assess bottom-up
non-invasive brain stimulation techniques and their relevance in modu-
lating the thalamo-cortical connectivity to promote patients’ recovery.
This protocol stands as an important milestone in the development of
new therapeutic approaches in the early care of DoC.
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