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Abstract

Severely brain-injured patients with disorders of consciousness pose significant challenges in terms of
management, particularly due to the limited therapeutic options available. Despite the potential for some
patients to benefit from interventions even years after the injury, clinicians often lack clear and reliable
treatment strategies to promote patient recovery. In response to this clinical need, the field of neuromo-
dulation has emerged as a promising alternative to traditional pharmacologic therapies.

Both invasive and noninvasive brain stimulation techniques offer diverse possibilities for restoring
physiologic neural activity and enhancing functional network integrity in these complex neurological dis-
orders. This chapter offers a comprehensive overview of current neuromodulation techniques, exploring
their potential applications and analyzing the existing evidence for their efficacy. Specifically, we describe
transcranial electrical stimulation, transcranial magnetic stimulation, deep brain stimulation, low-intensity
focused ultrasound, vagal nerve stimulation (including transcutaneous methods), spinal cord stimulation,
and median nerve stimulation. While certain approaches show promise for patients with disorders of con-
sciousness, there remains a pressing need for large-scale interventional clinical trials that will play an
essential role for elucidating the underlying mechanisms of recovery and for refining stimulation param-
eters. This, together with the development of tailored individual interventions will move the field forward
and optimize therapeutic outcomes.

MANAGEMENT STRATEGIES TO
PROMOTE RECOVERY AFTER
COMA: WHERE WE STAND1

Introduction to disorders of consciousness
and clinical management strategies

Many approaches have attempted to define conscious-
ness in its most basic state. From a psychologic per-
spective, consciousness is a highly unified experience
of dynamically graded quantitative and complex compo-
nents that are flexible and changing over time (James,
1890, 1894). It arises at the meeting point between the

brain arousal level and the awareness that provides the
content of consciousness and thoughts (Giacino et al.,
2014). From a neurobiologic perspective, consciousness
is the result of dynamic downhill and uphill brain inter-
actions that involve cortical (e.g., frontoparietal areas)
and subcortical structures (e.g., thalamus, striatum),
resulting in core thalamocortical connections (Tononi
and Edelman, 1998). Following severe brain injuries,
however, patients can lose such innate component and
enter the scope of disorders of consciousness (DoC)
due to widespread dysfunction of neuronal connectivity
(Graham et al., 2005). According to their levels of
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arousal and awareness, patients with DoC can be diag-
nosed in different clinical entities, among which the first
step is usually coma. Coma is defined as an acute condi-
tion in which a total absence of wakefulness and signs
of consciousness is observed. Clinically, it means that
the patient remains eyes-closed at all times, despite
numerous attempts to induce wakefulness, while reflex
behaviors only can still be observed at the bedside
(Plum and Posner, 1972). The unresponsive wakefulness
syndrome (UWS, also termed “vegetative state”), though
similar to coma, is associated with the same behavioral
picture but with the return of eye opening. When repro-
ducible behaviors that can be clearly distinguished from
reflexes can be observed again, the patient is thought to
be in a minimally conscious state (MCS) (Giacino et al.,
2002). Additionally, among the latter, one can also
distinguish MCS minus (MCS�) from MCS plus
(MCS+), depending on the absence or preservation of
language-related behaviors, respectively (Bruno et al.,
2011). Finally, when the patient is functionally able to
communicate or use objects again, (s)he has emerged
from the MCS (eMCS), and from a more general point
of view, from DoC (Giacino et al., 2002). However,
one must acknowledge that patients who have recovered
from coma and/or subsequent DoC may remain severely
disabled for several months, years, or even decades.
Although this seems clear in theory, in standard clinical
practice, things are way less obvious. Indeed, patients
with severe brain injuries and DoC represent a challeng-
ing population with respect to diagnosis, prognosis, and
treatment options. The past decade has thus worked on
the refinement of diagnostic procedures that led to a
better consensus among the specialists. For instance, it
is now clearly established that a reliable DoC diagnosis
should be provided through repeated multimodal assess-
ments, including behavioral, neurophysiologic, and
neuroimaging tools (Wannez et al., 2017; Kondziella
et al., 2020), which is also recommended for the differen-
tial diagnosis of impaired consciousness and aphasia
(Majerus et al., 2009). Joint efforts have also been made
from a pluridisciplinary perspective as new diagnostic
procedures have also been developed for the assessment
of pain in postcoma patients (Chatelle et al., 2012),
which was demonstrated to be associated with higher
levels of spasticity in some behavioral work (Thibaut
et al., 2015a), while other scales are currently under vali-
dation, such as the SwallowingAssessment in DoC for the
diagnosis of dysphagia (M�elotte et al., 2021). However,
although diagnosis issues have been largely worked on
over the past years, therapeutic options still remain
under-documented as there are currently no recommended
evidence-based guidelines for DoC treatment (Giacino
et al., 2018a,b; Kondziella et al., 2020).

At present, the therapeutic management of patients
with DoC is a key issue that has been addressed in
2012 with the first pharmacologic large sample
clinical trial testing the effects of amantadine on con-
sciousness recovery following severe traumatic brain
injury (Giacino et al., 2012). This trial truly acted as a
gateway to therapeutic research for postcoma patients
as many interventions have been investigated since.
Among other alternative drugs, neurostimulants (e.g.,
amantadine, bromocriptine, levodopa) (Herrold et al.,
2014) as well as nonbenzodiazepine (i.e., zolpidem)
(Thonnard et al., 2013; Whyte et al., 2014; Machado
et al., 2018) and benzodiazepine GABA agonists (e.g.,
midazolam) (Carboncini et al., 2014) have also been
investigated to induce functional recovery in patients.
However, up to now, only amantadine has provided class
II evidence for treatment efficacy (Thibaut et al., 2019).

Along with this, brain stimulation approaches have
also been developed. While pharmacology and brain
stimulation therapies are both intended to modulate the
brain’s neural activity, pharmacotherapy involves neuro-
modulation effects through a direct chemical action
on the neurons’ receptors when the latter was designed
to stimulate brain areas through electromagnetic or
mechanical stimulations, thought to have similar neuro-
modulatory actions. This chapter focuses on eight brain
stimulation techniques: transcranial electrical stimula-
tions, transcranial magnetic stimulation (TMS), deep
brain stimulation (DBS), low-intensity focused ultra-
sound (LIFU), vagal nerve stimulation (VNS) and its
transcutaneous alternative (tVNS), spinal cord stimula-
tion (SCS), and median nerve stimulation (MNS). In
the following sections, we will provide insights regard-
ing their characteristics, supposed mechanisms of action,
and effects on patients’ clinical state.Wewill also discuss
their potential as clinically relevant tools in standard
practice.

Pathophysiologic models for severe
brain injuries and recovery

Although there is consensus regarding the general
networks associated with consciousness, the refined
understanding of the neural correlates of consciousness
remains primitive. From its widespread connections, it
is no surprise that consciousness is closely related to
other neural processes that can either be a consequence
of it or modulate it, such as attention or memory-
dependent processes (Aru et al., 2012). Therefore, the
attempt to narrow down the minimal neural mechanisms
sufficient to induce conscious experience only is a
challenge that has been addressed numerous times.
Over the years, many have suggested and supported
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theoretical frameworks describing the crucial role of
frontal areas (i.e., prefrontal cortex) in consciousness
and information processing (Dehaene and Naccache,
2001). Despite controversial evidence that challenged
its true involvement in arousal and awareness networks,
many are those who remain confident that anterior
regions act as the hotspot of consciousness (Odegaard
et al., 2017). In contrast, it has been argued that the pos-
terior cortex (i.e., parietal, temporal, and occipital
regions) may constitute the consciousness critical zone
(Tononi, 2012), especially with regard to the content of
consciousness itself (Boly et al., 2017).

Independently from these hypotheses, the anatomo-
pathologic study of severe brain injuries from mixed
etiologies permitted to build a robust theoretical frame-
work accounting for the core role of the anterior forebrain
in consciousness degradation, that is, the frontoparietal
mesocircuit model (Schiff, 2010). If multifocal brain
injuries are usually not enough to produce extensive neu-
ronal death across the whole brain, what mechanisms
underpin such severe disorders? Early autopsy studies
on severe brain damage resulting in consciousness
impairment revealed widespread bilateral thalamic cell
death as a common feature in patients (Adams et al.,
2000). In addition to such neuronal loss, both decreases
in excitatory afferent drives from the central thalamus
and top-down regulation from the frontocortical areas
to the striatum seem to lead to a sharp cutback of the
medium spiny neurons activity that requires high level
of excitatory inputs to maintain its firing rate (Grillner
et al., 2005). Lacking active inhibition from the striatum,
the internal globus pallidus in turn over-inhibits the
central thalamic neurons, thus promoting the forebrain
circuit dysfunction and failing to maintain thalamic
connections with the cortical frontoparietal areas
(Fridman et al., 2014). In broader terms, this system
failure actively maintains functional disturbances within
the thalamocortical, thalamostriatal, and cortico-striato-
palidal connectivity, leading to a broad decrease in the
neuronal activity supplying consciousness networks
(Schiff, 2010).

While this neuroanatomic model accounts for the
pathologic brain activity underlying DoC, it also pro-
vides insights regarding recovery processes and potential
treatment mechanisms of action. Indeed, the mesocircuit
model often acts as a theoretical framework in the
attempt to restore normal or near-normal function within
the therapeutic research field (Schiff, 2016; Thibaut
et al., 2019).

In that context, it has become widely accepted that
some specific techniques and settings can induce excit-
ability changes at the system level that are likely to
reflect synaptic modulation. For instance, high-frequency

repetitive TMS (rTMS) and anodal transcranial direct
current stimulation (tDCS) have been proven to induce
long-term potentiation-like plasticity effects while their
opposite counterparts (i.e., low-frequency rTMS and
cathodal tDCS) would reduce the cortex excitability
(Ziemann et al., 2008). Such evidence has led to investi-
gations regarding the potential use of brain stimulations
for therapeutic purposes. The principle is simple and
would be the following: increase the cortex excitability
in pathologically hypoexcitable brain regions (e.g., trau-
matic brain injury) or decrease it in hyperexcitable brain
areas (e.g., epilepsy) (Ziemann et al., 2008; Terranova
et al., 2019). If we refer to the mesocircuit model, to
restore the thalamic connections in DoC patients, several
options are thus available, as shown in Fig. 12.1. On the
one hand, due to the ascending-descending connection
pattern of the mesocircuit model, one could first attempt
to increase the cortex excitability to further reach the
subcortical structures, as a top-down approach. On the
other hand, one could also choose a complementary
option and opt for a bottom-up approach, reaching the
subcortical areas first to reinstate their intraconnectivity
and subsequent interconnectivity with the central thala-
mus and cortical areas. Finally, one could also try to reach
for the thalamus directly, as a central approach.

Overall, single-session brain stimulations are show-
ing limited long-term potentiation effects on the brain.
Their neuromodulating effects are usually short-lasting
(i.e., between 30min and a few hours) (Cirillo et al.,
2017), especially as compared to the in vivo animal
models from which they derive, where the aftereffects
can last for hours or days (Rohan et al., 2015). It is of
course critical to make general statements about brain
stimulations since there are various techniques with each
having technical specificities. However, their effects are
usually highly prone to variability both at the intra and
inter-subject levels (Ziemann and Siebner, 2015).

Depending on the therapeutic application, one can
expectmany different types of outcomes from brain stim-
ulation interventions. Following the treatment of DoC
patients, the detection of signs of recovery usually starts
with a front-line clinical examination. The reemergence
of consciousness can be detected at the bedside using
scoring systems. Among them, the Coma Recovery
Scale-Revised (CRS-R) was for many years the most
comprehensive, recommended evidence-based behav-
ioral assessment for identifying signs of consciousness
in DoC patients (Giacino et al., 2004; Kondziella et al.,
2020). However, because of its extensiveness, this
scale can be challenging to administer, especially in
intensive daily care routine. Thus, a shorter version of
this scale was recently developed and validated to
assess DoC patients more easily, in an equally rigorous
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way (Aubinet et al., 2021). The Simplified Evaluation of
Consciousness Disorders therefore appears as a relevant
alternative to be considered systematically as it is
easy-to-use and provides fast and reliable diagnosis in
severely brain-injured patients (Sanz et al., 2021). When
performed accurately before and after the treatment
phase, both the CRS-R and the Simplified Evaluation
of Consciousness Disorders may allow the detection of
the reinstatement of new signs of consciousness, that
is, any low-level or high-level behavior that should not
be attributed to reflexive processes only (e.g., withdrawal
spinal reflex) or random fluctuation (Giacino et al., 2004;
Fins and Bernat, 2018; Aubinet et al., 2021). Therapeutic
effects of both non-pharmacologic and pharmacologic
interventions are thus usually defined by the emergence
of new signs of consciousness or a change in diagnosis

based on the scales that have not been observed at
baseline nor during the placebo intervention. Another
alternative is to look for an increase in the scale’s total
score. However, since this score accounts for reflex
behaviors, which are not related to consciousness,
cautious interpretation or the use of an adapted CRS-R
index (Annen et al., 2019) is needed when using the total
score as an outcomemeasure.Moreover, in such patients,
confounding factors (e.g., aphasia, motor impairment)
may obscure the recovery tracking process. Therefore,
protocols assessing the efficacy of potential brain
stimulation treatments for consciousness recovery tend
to include other robust measurements such as neurophys-
iologic and neuroimaging data.

Apart from the outcomes monitored at the bedside,
consciousness recovery implies a shift in patterns of

Fig. 12.1. Mechanisms of action of brain stimulation therapies following severe brain injuries within the mesocircuit model. The

frontoparietal mesocircuit model explains the effects of brain stimulation techniques in severe brain injuries, such as top-down inter-

ventions (expected to act from the cortex to subcortical structures), central interventions (expected to reach deep brain nuclei), and

bottom-up interventions (expected to act from subcortical to cortical structures). Themodel suggests that 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 internal globus pallidus (GPI) to tonically fire and provide active inhibition (red line) to their synaptic targets, including
relay neurons of the already understimulated central thalamus, thus reducing thalamic activity and consequent thalamocortical

connectivity. Brain stimulation therapies canmodulate the activity and outflow of the frontoparietal network acting on different levels

of the circuit, including top-down (e.g., transcranial electrical stimulation, repetitive transcranial magnetic stimulation), central (e.g.,

deep brain stimulation, low-intensity focused ultrasound), and bottom-up (e.g., vagal nerve stimulation, transcutaneous vagal nerve

stimulation, spinal cord stimulation, median nerve stimulation) stimulations approaches.
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neuronal activity across the corticothalamic system that
may be captured using electroencephalography (EEG),
positron emission tomography (PET), or functional mag-
netic resonance imaging (fMRI) (Edlow et al., 2020).
Recovery goes along with the restoration of excitatory
neurotransmission across thalamocortical and thalamos-
triatal connections. Following treatment, one can thus
expect the reemergence of certain EEG features, such as
EEG background organization (Forgacs et al., 2014) as
well as enhanced spectral connectivity and power spec-
trum (Chennu et al., 2017). These EEG metrics are sup-
ported by fMRI and fluorodeoxyglucose PET scan data,
indicating the restoration of thalamocortical integrity as
part of the neural recovery process (Forgacs et al., 2014).

Brain stimulations therapies

The field of experimental treatments is currently increas-
ingly driven by a wide variety of brain stimulation ther-
apies that have been developed and designed to treat an
equally wide variety of neurologic and neuropsychiatric
disorders. Before diving into this chapter’s main focus, it
seems important to clearly frame what can be understood
as a brain stimulation technique. First, the various brain
stimulation modalities share the common feature that is
the aim to induce neuromodulatory processes in the brain
by stimulating it, usually by targeting the nervous system
(i.e., central or peripheral), either in an invasive or non-
invasive way. Moreover, brain stimulation interventions
do not involve the administration of any biologically
active substance and do not imply protein binding as their
first mechanism of action, which can allow to circumvent
some of the issues related to basic pharmacologic
action (e.g., side effects, interactions, drug tolerance).
In the postcoma disorders research field, many tech-
niques meet this definition. Thus, reviewing and detail-
ing each and every technique that have been tried out
to promote the recovery of patients with DoCmay create
an information overload, not necessarily relevant for pos-
sible future clinical application. For instance, although
there is a growing interest for sensory stimulation pro-
grams such as music therapy (O’Kelly et al., 2013;
Heine et al., 2015) or auditory-based training (Pape
et al., 2012), this will not be the focus of this chapter.
Indeed, to provide clinicians and researchers with a better
understanding of the current state of the art regarding
brain stimulation therapies for the treatment of DoC,
their technical specificities, and their effectiveness, we
will therefore only introduce the most documented tech-
niques with the most robust evidence. However, for the
sake of comprehensiveness, we will also briefly mention
other alternative techniques that are fitting our definition.
The next points will classify various brain stimulation
procedures according to their level of action over the

mesocircuit model. An overview of these interventions
and underlying mechanisms of action over the circuit
is displayed in Fig. 12.1.

TOP-DOWN APPROACHES

Among the top-down neurostimulation research, tES and
TMS are the most explored techniques in the DoC ther-
apeutic field. tES is a generic term that encompasses
all noninvasive stimulation techniques that pass an
electrical current through an individual’s scalp to reach
the superficial portions of the brain cortex (Reed and
Cohen Kadosh, 2018). Traditionally, two conductive
electrodes are used when employing tES, with one
being the anode (i.e., positive, active electrode), and
the other the cathode (i.e., negative, return electrode),
the current passing from one electrode to the other, either
continuously (direct current) or alternatively (alternating
current or random noise). They conventionally consist of
saline-soaked sponges containing rubber electrodes.
The positioning of the two electrodes on the scalp
depends on the target brain area: while the anode is
usually placed over the region to be modulated, the
cathode is often placed on a neutral area such as the con-
tralateral supraorbital region (Guleyupoglu et al., 2013).
tES delivers low-intensity current that is maintained at
the neural subthreshold level, meaning that it affects
cortical excitability but does not elicit firing by itself,
as opposed to suprathreshold-based techniques, such as
TMS (Radman et al., 2009). As a result, the neurons’
firing threshold thus decreases (following depolarizing
stimulation) or increases (following hyperpolarizing
stimulation) and the stimulated region becomes, respec-
tively, more or less excitable. One key aspect of this type
of technique is that it is safe, inexpensive, and easy-to-
use and thus can be easily implemented in clinical
settings, even in the acute stages of the disease in more
fragile patients. However, by its very own technical prin-
ciple, the general downside of tES is that approximately
75% of scalp-applied currents are amortized in soft
tissues and skull, with only a small portion of the current
reaching the brain and being conducted through the
cortex (V€or€oslakos et al., 2018).

Pragmatically, tES comprises a number of techniques
that essentially differ from their current patterns. For
instance, transcranial pulsed current stimulation, tran-
scranial alternative current stimulation, and transcra-
nial random noise stimulation are all tES techniques
that have been tested on DoC patients, but while the first
two involve pulsatile current injections at a set frequency
and amplitude with respective square and sinusoidal
shapes, the latter delivers a weak alternating current
oscillating at random frequencies and with random
amplitude. While these techniques are similarly applied
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(i.e., electrodes placed over the scalp), the current fea-
tures differ, and these methods are thus believed to
interact differently with the neural tissue.

Still, the most popular and documented tES technique
is tDCS, all pathologic contexts taken together. tDCS
simply delivers a continuous current with a set ampli-
tude. Since the first clinical trial that employed this
technique to promote recovery in postcoma patients, a
long way has been made. Many stimulation sites, as well
as stimulation protocols have been investigated showing
contrasting evidence and effects (Huang et al., 2017;
Martens et al., 2019, 2020; Barra et al., 2022). Overall,
it seems like the stimulation of the prefrontal cortex,
more specifically the left dorsolateral prefrontal cortex,
has demonstrated the most convincing results in patients
with DoC compared with other target locations such as
the precuneus, the motor cortex, or the orbito-frontal
cortex (Thibaut et al., 2019). Nevertheless, to assert such
a statement with high level of conviction, it would be
necessary to develop high-quality studies devoted to
directly investigate locations’ effectiveness comparison.
At the behavioral level, improvements following prefron-
tal tDCS interventions have been documented; however,
the magnitude of their effects remains small to medium
(Thibaut et al., 2019) and most often involve changes
observed at the patient individual level rather than at the
group level. For instance, in 2014, Thibaut et al. reported
behavioral CRS-R improvements following a single
session of 2mA 20min frontal tDCS in MCS patients,
with 43% of them having recovered at least one sign of
consciousness. Such improvements were not observed
for unresponsive patients nor in the sham group, suggest-
ing that only a portion of the DoC population may benefit
from tDCS and more largely, tES interventions.

Although researchers and clinicians working with
patients with DoC may be faced with a lack of behavioral
response following tES treatments, one must acknowl-
edge that neurophysiologic improvements sometimes
appear preliminary to any clinical changes or even in their
absence (Carrière et al., 2020). Following tES interven-
tion, the clinician could first expect a modulatory effect
of the stimulation on the delta frequency band (i.e.,
decreased power) (Bagnato et al., 2017). Therapeutic
tES was also demonstrated to increase the power of both
alpha (Cavinato et al., 2019; Carrière et al., 2020) and
theta (Naro et al., 2016; Bai et al., 2017a; Carrière et al.,
2020) bands, which are thought to parallel recovery. On
the other hand, it can also affect the neural connectivity
within the alpha band (Thibaut et al., 2018) and coherence
within the frontoparietal network (Bai et al., 2017a, 2018;
Cavinato et al., 2019). From another point of view, a
difference in the theta band network connectivity between
responders and nonresponders was also demonstrated,

with responders presenting more robust theta networks.
Thus, preserved connectivity in the theta band was
suggested to have a linear relationship with clinical
responsiveness to tDCS (Thibaut et al., 2018). Finally, it
is important to keep in mind that if such EEG improve-
ment patterns have been found to often go along with
clinical evidence of consciousness recovery (Bagnato
et al., 2017; Cavinato et al., 2019), as mentioned earlier,
it is not always the case as some patients might not display
any behavioral improvement despite EEG changes.
To explain such phenomenon, it was suggested that
while tES and especially single sessions of tDCS interven-
tionsmight have an effective decreasing effect on the slow-
wave activity component of bistability, it may not have
enough power to directly affect high-frequency activity,
which may be mandatory to recover neural function and
subsequent expressed consciousness (Mensen et al., 2020).

We spoke earlier about how tES was designed to
deliver low-intensity current under the threshold potential
of neurons. Although the currents applied do not usually
elicit action potentials, they modify the transmembrane
neuronal potential and thus modulate the cortex excitabil-
ity level by increasing or decreasing the firing likelihood
of neurons (depending on the stimulation parameters).
There are, however, other techniques that deliver an
electric field of sufficient magnitude to effectively induce
direct neuronal responses (action potentials) and/or
subsequent synaptic responses (excitatory postsynaptic
potentials) (Lopez et al., 1991; Radman et al., 2009).

TMS relies on principles of electromagnetic induc-
tion to stimulate the neural tissue in a noninvasive
way. TMS stimulations can be delivered through single
pulses, pairs of pulses, or as trains of repeated pulses
with a set desired frequency (Kobayashi and Pascual-
Leone, 2003). Single-pulse TMS is a useful technique
that can elicit measurable effects and create transient
functional lesions, thus allowing to study certain
cognitive systems or pathways such as corticospinal
excitability. For instance, when applied to the occipital
cortex, single-pulse TMS can induce phosphenes (Ray
et al., 1998; Samaha et al., 2017) or reversible scotomas
(Amassian et al., 1989). Along the same lines, if applied
over the primary motor cortex, a single TMS pulse
may induce a quantifiable motor output in the form
of a contralateral muscle twitch (Merton and Morton,
1980) or suppression of voluntary movement (Davey
et al., 1994). However, while single-pulse TMS does
not appear to produce any long-lasting effects beyond
the few seconds following the stimulation, trains of
repeated pulses can modulate cortical excitability in
a more persistent way, that outlasts the stimulation
period (Pascual-Leone et al., 1998). Repeated TMS
thus stands as the preferred tool for therapeutic uses.
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rTMS is particularly relevant in clinical research as it
allows for very good sham-controlled conditions, due
to the manufacturing of undistinguishable sham coils.
Moreover, it is fairly safe and side effects are usually
limited to transient headaches or discomfort. However,
rTMS is not suitable for all patients as metallic
implants (ferromagnetic or otherwise) are subject to
potential heating andmechanical displacement or dysregu-
lation induced by the magnetic forces elicited by the TMS-
generated fast alternating magnetic fields (Golestanirad
et al., 2012). Extra caution is thus recommended in seve-
rely brain-injured patients as they often wear cerebral
shunts, especially in the acute to subacute stages of the
condition. Moreover, while low-frequency rTMS can
be effective in reducing seizure frequency in drug-
resistant epilepsy (Mishra et al., 2019), the use of high-
frequency rTMS is strongly discouraged in patients with
a known low epileptogenic threshold.

In other contexts, high-frequency rTMS is already
established as a validated treatment in standard clinical
practice for various conditions, such as major depressive
disorders, neuropathic pain, and postmotor stroke
(Lefaucheur et al., 2020). In DoC, however, evidence
of such therapeutic benefit to patients is not that obvious.
To date, most studies of robust design investigating the
therapeutic use of high-frequency (>5Hz) rTMS have
focused on targeting the primary motor cortex (M1) of
postcoma patients to elicit recovery. Unfortunately,
this target location has not reported any clinical improve-
ment at the group level (Cincotta et al., 2015; He et al.,
2018; Liu et al., 2018). The barely same results can be
observed at the individual level, with only two patients
from these three studies having shown clinical benefit
following treatment as measured by the CRS-R
(He et al., 2018; Liu et al., 2018). Faced with this clinical
failure, other brain regions have since been investigated.
Two randomized controlled trials (RCT) recently
reported significant increases in the behavioral total
scores of DoC patients following high-frequency rTMS,
respectively, using 20 sessions of 20Hz rTMS over
4 weeks (Fan et al., 2022) and 10 sessions of 10Hz rTMS
over 2 weeks (He et al., 2021), targeting the left prefron-
tal regions, as opposed to patients in the sham group who
did not display any clinical improvement. As for uncon-
trolled studies targeting the prefrontal cortex, they all
seem to go in line with these results and reported clinical
improvements after rTMS treatment phase. However,
they should not be considered reliable evidence for treat-
ment efficacy due to poor study robustness (Naro et al.,
2015; Xia et al., 2017a; Ge et al., 2021).

Clinical results are here corroborated by neurophysio-
logic data. While the stimulation of M1 is not associated
with any significant change in the patients’ EEG activity

(Cincotta et al., 2015; He et al., 2018) or connectivity pat-
terns (Liu et al., 2018), clinical improvements following
prefrontal rTMS may be associated with a significant
power decrease in low-frequency bands (i.e., theta and
delta bands) and increase in higher frequency bands
(i.e., beta and gamma bands), especially in MCS patients
(Xia et al., 2017b). At the single case level, consciousness
recovery can also be found to be observed along with an
enhanced functional connectivity in the fronto-temporo-
parietal network (Liu et al., 2018), as well as increased
cortical excitability and a partially restored cortico-cortical
connection pattern (Naro et al., 2015).

CENTRAL APPROACHES

Another way of reinstating the thalamocortical connec-
tivity that is impaired in DoC patients would be by target-
ing directly the thalamus instead of going by the cortical
areas first. To address this, central approaches have been
developed to stimulate those key deep brain nuclei that
were usually under-targeted because of difficult ana-
tomic position in the brain. Thus, both thalamic DBS
and LIFU are thought to directly act over the thalamus,
respectively, presenting invasive and noninvasive alter-
natives. More specifically, in order to restore function
at the circuit level following brain injury, central inter-
ventions should target the neurons from the anterior
intralaminar nuclei within the central thalamus given
their core contribution to arousal regulation and their
strategic anatomic position across cerebral networks
(Schiff, 2008, 2010).

DBS is an invasive surgical procedure that has
provided remarkable clinical improvements in some
patients with a broad range of neurologic—often
treatment-resistant—conditions, such as Parkinson dis-
ease, obsessive-compulsive disorder, or Tourette’s syn-
drome (Perlmutter and Mink, 2006). It consists of the
implantation of electrodes into deep brain structures,
here, the thalamus, to modulate its electrical activity
through high-frequency (i.e., �100Hz) stimulations.
Although DBS offers the advantage of directly acting
upon the pathologic neural circuit with high focal
precision, it has major drawbacks. First, as a serious neu-
rosurgical procedure, DBS is associated with consider-
able risks (e.g., postoperative infection) and financial
costs. Moreover, from an evidence-based scientific per-
spective, DBS does not allow for robust randomized
double-blind studies that is for obvious ethical reasons.
Therefore, to date, no sham-controlled trial has been pub-
lished on DBS in patients with DoC. This treatment
option thus suffers from a lack of study protocols that
would allow to test the generalizable effects of DBS
beyond case reports or small sample open-label studies.
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In 2007, Schiff et al. showed over a double-blind alter-
nating crossover design study that bilateral DBS of the
central thalamus could significantly improve the clinical
state of a patient who had remained in MCS for 6 years
after a severe traumatic event. The patient showed signif-
icant consciousness improvements in motor function and
arousal level, as well as communication ability. This
achievement, which demonstrated that DBS could pro-
mote late functional recovery, further drew attention to this
brain stimulation technique as a treatment option for DoC.
Among the following results worth mentioning, two stud-
ies reported clinical improvements following DBS proce-
dure of the thalamic reticular nuclei in 7 patients out of 17,
with 3 MCS patients regaining functional communication
and ability to interact, as well as walking abilities for 2 of
them. One chronic unresponsive patient also recovered
signs of consciousness (i.e., command following)
(Chudy et al., 2018). Nevertheless, it is to be noted that
over these two samples, 59% of the patients did not
substantially benefit from the surgery (Magrassi et al.,
2016; Chudy et al., 2018). Moreover, out of the seven
patients who responded to the treatment, three of them
only displayed slight behavioral score improvements,
up to 3 points on the CRS-R, but no shift in diagnosis.
Finally, one last open-label crossover study adds on to
these uncertain findings as it failed to demonstrate that
the effect of DBS-on periods was stronger than the effect
of the DBS-off periods in five postcoma patients (Lemaire
et al., 2018). Apart from clinical improvements, it appears
that neurophysiologic outcomes could also be expected
in responders to DBS as after 1 month of stimulation
EEG power spectrum increases in the theta and gamma
frequencies were reported in some patients (Magrassi
et al., 2016). Given these results, the use of DBS to
improve patients’ recovery seems to be limited to a small
proportion of postcoma patients. Moreover, as all studies
reporting clinical effects of DBS were uncontrolled trials,
clinicians, and researchers cannot exclude possible exper-
imenter bias or spontaneous recovery when assessing
patients after the intervention. Thus, before considering
DBS as a possible treatment option for this challenging
population, some serious ethical considerations must be
taken into account by clinicians regarding the risk-to-
benefit ratio.

Low-intensity focused ultrasound is a neuromodula-
tion technique that involves low-energy sound waves
to modulate brain activity. Compared to DBS, LIFU is
theoretically supposed to directly target and stimulate
subcortical deep brain structures, such as the thalamus
in a noninvasive way. Such ability to reach key deep
brain structures without any surgical procedure makes
LIFU a very interesting and safe tool to use for clinicians
and researchers. Technically, typical LIFU ultrasound

waves are thought to induce reversible and undamaging
mechanical agitation over the cell membrane, which
in turn elicits polarity changes that modulate the
neural excitability and thus chances of neuronal firing
(Fomenko et al., 2018). To date, LIFU has not been tested
through RCT in postcoma patients yet. However, a few
data are available from uncontrolled studies. One patient
with acute DoC (i.e., 19 days postinjury) was treated
with a single session of 10 thalamic stimulations
(Monti et al., 2016). At the clinical level, this patient
exhibited behavioral improvements on the CRS-R total
score and recovered full language-related abilities
together with locomotor skills 5 days following the LIFU
intervention. Such a case report is certainly encouraging
but does not provide control for spontaneous recovery.
Thus, since this patient was in the acute phase of DoC
(i.e.,<28 days postinjury), one cannot exclude that such
fast clinical improvement was actually independent from
the treatment procedure, standing as a great example of
spontaneous recovery. More recently, the same protocol
was applied to three patients with prolonged DoC (i.e.,
>28 days postinjury). Compared to baseline, two out
of three patients displayed significant increases in behav-
ioral consciousness levels following LIFU intervention
(Cain et al., 2021). However, similar limitations apply
here, and no robust conclusion can be extracted from
these two studies, except with regard to the safety and
feasibility of LIFU protocols.

BOTTOM-UP APPROACHES

In the DoC therapeutic field, other neuromodulation
strategies are thought to promote patient’s recovery
through an uphill ascending action on the frontoparietal
circuit.

This is the case of both invasive VNS and its noninva-
sive counterpart, tVNS. VNS is designed to deliver elec-
trical impulses to the tenth pair of cranial nerves. It
involves a surgical procedure where a battery-powered
pulse generator is usually implanted in the upper left
chest, below the collarbone, with an electrode wrapped
around the cervical branch of the vagus nerve. To date,
it is mainly used in clinical practice for the treatment
of pharmaco-resistant depression as well as refractory
epilepsy (Johnson and Wilson, 2018). There is not
much evidence for the clinical relevance of this technique
as a therapeutic alternative for DoC patients; however,
some effects have been documented. A VNS device
was implanted in a patient with a prolonged unresponsive
state, who did not show any sign of recovery for 15 years.
Some observable clinical changes (e.g., new signs of
contingent behaviors and localization to sound) were
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recorded 1 month following the stimulation onset but did
not allow for a change of diagnosis. Neurophysiologic
outcomes showed increased power EEG patterns in the
theta band as well as enhanced connectivity patterns
within the parietal, temporal, and occipital brain regions
(Corazzol et al., 2017; Hoshide and Jandial, 2018).
Although this clearly does not provide sufficient
evidence for treatment efficacy, it informs on the appli-
cability of the technique for further applications in
patients with DoC and VNS potential for consciousness
restoration.

Despite VNS being minimally invasive as compared
to other possible procedures such as DBS, it is still
associated with risks due to the thorny implantation site
requiring dissection of the vagal nerve from the carotid
artery. Moreover, as with all surgical procedures, this
intervention is quite expensive and thus cannot be
considered an accessible first-line treatment option to
every patient. To overcome such limitations, the clinical
relevance of tVNS has been investigated in recent years
as this technique is believed to produce similar thera-
peutic effects of those of regular VNS (Stefan et al.,
2012; Hein et al., 2013). In tVNS, however, no device
is implanted as the electrical current is delivered over
the patient’s outer ear skin, either over the cymba con-
chae or the tragus due to anatomic considerations
regarding the accessibility and distribution of the
auricular branch of the vagus nerve in these locations
(Peuker and Filler, 2002). The device is usually small,
requires minimal qualification, and can be easily
installed on the patient’s ear. Mechanistically, both inva-
sive VNS and tVNS are peripheral techniques thought
to stimulate bottom-up connectivity by stimulating the
thalamus and thus the thalamocortical connectivity
through the vagal nerve connections with the lower
brainstem areas (Briand et al., 2020). Up to now, tVNS
interventions have reported promising results in patients
with prolonged DoC, also reporting minimal to no unde-
sirable effects (Yu et al., 2017; Hakon et al., 2020; No�e
et al., 2020). Indeed, all feasibility trials and case report
investigating the therapeutic effects of tVNS in postcoma
patients have reported clinical improvements at the
behavioral level (Yu et al., 2017; Hakon et al., 2020;
No�e et al., 2020; Osi�nska et al., 2022). In the first thera-
peutic trial ever conducted with this technique, a patient
in a UWS recovered signs of consciousness following a
4-week stimulation protocol (Yu et al., 2017). Such clin-
ical results were confirmed later on in 2 uncontrolled
studies that overall reported behavioral total score
improvements in 9 out of 19 patients, with 7 of these
patients being initially in MCS (Hakon et al., 2020;
No�e et al., 2020). Moreover, these clinical changes led
to a change of diagnosis in three patients, shifting from

UWS to MCS and even to eMCS. Neurophysiologic
data seem to also support such results as an increase of
functional connectivity within the precuneus, thalamus,
and the hypothalamus was observed through fMRI
(Yu et al., 2017). Although encouraging, these insights
must be interpreted with caution as apart from one
small-sample pilot RCT (Yifei et al., 2022), no robust
trial controlled for the effect of spontaneous recovery
so far. Moreover, no general tVNS treatment protocol
can be extracted from these pilot data as the published
studies used different stimulation parameters (e.g., dose
varying between 30min and 4h daily; protocol length
varying from 4 to 8 weeks). However, one could say that
tVNS literature seems to provide evidence that this
intervention is feasible and safe for patients in prolonged
and acuteDoC and that stimulationmight be beneficial to
some of them through repeated sessions.

Among central and peripheral nervous system stimu-
lation techniques, SCS and MNS, have also been tested
as treatments for severely brain-injured patients. SCS
is an invasive technique that requires the surgical
placement of a pulse generator connected to the nerve
fibers of the spinal cord. In DoC management strategies,
the rationale for performing SCS to promote conscious-
ness recovery remains unclear. However, some have sug-
gested a stimulation of the thalamic nuclei through an
activation of the reticular formation, in the brainstem
areas (Bai et al., 2017b). Probably for that reason, little
evidence is available regarding the effects of SCS on
patients with DoC and no RCT has been conducted so
far. Still, a large-scale study was recently conducted to
assess the clinical effects of SCS on 110 chronic DoC
patients. Following the stimulation protocol, 31.8% of
the patients showed positive clinical outcomes according
to the CRS-R, most of them being MCS patients as
diagnosed at baseline (Yang et al., 2022). However, this
study was not controlled by a placebo group to ensure
bias-free conclusions regarding treatment efficacy. Thus,
experimenter bias cannot be excluded and might have
led to an overestimation of the treatment effects. In
another study, Yamamoto and colleagues also tested
SCS in 31 postcoma patients (Yamamoto et al., 2017).
Unfortunately, no clinical behavioral data can be derived
from this trial since the investigators did not use any
standardized scale to clearly establish baseline diagnosis
or report any therapeutic effects. Finally, at the neuro-
physiologic level, SCS may be associated with delta
and gamma power changes in MCS patients (Bai et al.,
2017b). Moreover, for the clinicians, EEG complexity
could indicate patients’ brain responses to treatment as
permutation entropy was shown to be modulated by
SCS, with increased measures following a stimulation
protocol (Wang et al., 2020).
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In order to be seriously considered as a treatment
option for severely brain-injured patients, the SCS
research field urgently needs to provide accessible
well-designed controlled studies using precisely defined
clinical outcomes as well as validated assessment tools.

Finally, at the peripheral level, MNS can also be con-
sidered to induce an effect on the central nervous system
through the ascending reticular activating system. When
MNS is conducted, an electrode connected to a stimulator
is placed over the volar surface of the forearm to reach the
median nerve. However, this technique suffers from
the same lack of robust scientific evidence as SCS. Further
studies on this technique need to rely on recommended
evidence-based measurements for primary clinical out-
comes as no trial from this field used the Simplified eval-
uation of Consciousness Disorders nor the CRS-R but
rather clinical tools providing weaker diagnostic informa-
tion, such as the Glasgow Coma Scale (Cooper and
Cooper, 2003; Lei et al., 2015; Feller et al., 2021). There-
fore, the few studies published so far onMNSdo not allow
us to draw any conclusion about the efficacy of MNS
intervention on the level of consciousness. However,
one study on DoC reported a benefit of the intervention
on the number of days in the intensive care unit in the
active group as compared to the control group, which
seems promising (Cooper and Cooper, 2003).

Eventually, one could also mention thermal/caloric
vestibular stimulation, which is traditionally achieved
by irrigating the external ear canal with warm or cool
water; and galvanic vestibular stimulation, which is
performed by applying small electrical currents to the
vestibular labyrinth using electrodes. The change in
afferent firing rate of the vestibular nerve is believed to
induce a natural head movement, which, via basal fore-
brain/brainstem projections through central thalamus

and hypothalamus, should elicit a variety of compensa-
tory responses in the frontal–parietal and striatal net-
works. However, of the two techniques, only thermal
stimulation has been yet tested in patients with DoC in
only one single-case pilot study (Vanzan et al., 2017),
not allowing for any clinical conclusion at this stage.

Overall, as shown in Fig. 12.2, it appears quite clearly
that top-down interventions are the most documented
techniques, providing the most well-designed studies
of large cohorts of patients, thus permitting to draw a
set of conclusions regarding their potential use as part
of DoC patient’s rehabilitation strategies. First, as a gen-
eral statement, one could say that both tES and rTMS
interventions are at the end of the feasibility stage and
have shown encouraging results to promote postcoma
patients’ recovery with certain parameter settings. For
both techniques, it seems that the frontal areas, and more
specifically, the dorsolateral prefrontal cortex, should be
chosen as the preferred stimulation site when trying to
improve patient’s recovery. However, more studies pro-
viding a direct thorough comparison of these potential
stimulation sites should be conducted. Moreover, as
compared to UWS, MCS patients might be more likely
to benefit from top-down interventions, especially for
tDCS, with a probability of positive treatment response
rate of 25%–50%, while rTMS might be effective for
both conditions, but with greater changes in MCS
patients (O’Neal et al., 2021). Regarding central stimula-
tions, one major consensus is also related to the stimula-
tion site, as these techniques should target the central
nuclei of the thalamus to provide the most conclusive
results. From a clinical point of view, while DBS requires
a careful clinical consideration of the procedure’s risk-
to-benefit ratio for each eligible patient due to the
highly invasive procedure, LIFU could be considered

Fig. 12.2. Summary of the main evidence for each brain stimulation technique. DBS, deep brain stimulation; LIFU, low-intensity
focused ultrasound;MNS, median nerve stimulation; rTMS, repeated transcranial magnetic stimulation; SCS, spinal cord stimulation;

tES, transcranial electrical stimulation; tVNS, transcutaneous vagus nerve stimulation; VNS, vagus nerve stimulation.

206 M.M. VITELLO ET AL.



an interesting option to safely reach deep brain nuclei in
order to restore consciousness but would need way
more work to be done before considering it for clinical
purposes. Eventually, bottom-up stimulations follow
the same lines as most of them, the class of clinical evi-
dence for these techniques to be considered as a treatment
for patients with DoC is currently at the pilot stage,
although tVNS’ efficacy seems very promising and is
currently under investigation through robust designed
studies. To ease progress at this stage, the future direction
of research should involve performing large sample RCTs
using comprehensive behavioral assessments (i.e., Simpli-
fied Evaluation of Consciousness Disorders, CRS-R) as
well as at least one additional measurement (e.g., elec-
trophysiologic or imaging assessments) allowing for
more objective neurophysiologic indicators to be
involved in the treatment’s assessment, while also clari-
fying the therapeuticmechanisms underlying neuromodu-
lation. Still, the path to an efficient application in clinical
settings remains long.

FROM RESEARCH TO PRACTICE:
CHALLENGES FOR TRANSLATION

TO CLINICAL SETTING

Several scientific evidence have illustrated that the use of
non-pharmacologic interventions to promote conscious-
ness recovery in severely brain-injured patients may be
an efficient approach that elicits therapeutic effects.
However, for these techniques to reach their full potential
as real-life clinically relevant tools for therapy, some
work still must be done (Edlow et al., 2021). This section
identifies two key levers to move brain stimulation ther-
apies from translational research to standard clinical
practice: (1) identify the optimal stimulation parameters
and reveal their precise mechanisms of action and (2)
develop patient-fitted interventions based on endotype
and phenotype.

Identify the optimal stimulation parameters
and reveal their precisemechanisms of action

Electromagnetic and mechanical stimulations allow the
choice of many parameter settings among pulse width,
frequency, current intensity, and amplitude, which can
be gathered into different stimulation train parameters
of varying intervals. To a greater extent, even the optimal
anatomic site of stimulation remains unknown with
regard to each technique. Thus, the neurostimulation
translational research field is currently moving forward
based on a trial-and-error approach, most of the time
based on anatomic network theories, combining dif-
ferent stimulation sites and settings until one combi-
nation produces convincing results. Moreover, even

when a site seems to reach a consensus, the assessment
of the anatomic accuracy of the target can be challeng-
ing, especially in severely brain-injured patients with
preexisting structural distorted anatomy due to the
lesions. This also causes some neurostimulation thera-
pies to require extensive patient-specific design with
regard to the above-mentioned impaired structural
anatomy as well as the related specific network discon-
nections (Vogel et al., 2020).

The previous section has highlighted that among
top-down approaches (i.e., tES, rTMS), the frontal sites
appear to be the preferred targets that produce the most
conclusive results. However, the scientific rationale
attesting for the effectiveness of the dorsolateral pre-
frontal cortex remains unsure. Overall, it mainly relies
on the mesocircuit hypothesis. Indeed, when targeting
such a portion of the frontal cortex, it is expected that
it could elicit the reinstatement of important cortical
connections with the striatum, which are thought to
reduce inhibition and deafferentation to the thalamus,
which in turn, could promote thalamocortical connectivity
(Schiff, 2010). However, this remains purely hypotheti-
cal as to date, no RCT has provided evidence regarding
the actual underlying neural response pathway that can
be observed following the stimulation of a specific site.
However, it is to mention that in 2007, a study investi-
gated the brain activations of healthy subjects in response
to tVNS through fMRI, showing among others hyperac-
tivation in the insula, precentral gyrus, and thalamus
(Kraus et al., 2007). Ten years later, this analysis was
reproduced in a postcoma patient and showed an
increased activation of the thalamus and precuneus after
tVNS intervention (Yu et al., 2017). Although this is not
sufficient to affirmwith certainty that these are the under-
lying activation mechanisms of tVNS that could explain
consciousness restoration in DoC patients, it is nonethe-
less a step forward in the understanding of the impact of
brain stimulation approaches. In the future, it would be
highly beneficial to the field to actually challenge and
verify (or disprove) the models they are based on by
taking advantage of neuroimaging and neurophysiologic
tools, as well as potential in vivo studies.

Once the technical parameters and brain target are all
set, another milestone of non-pharmacologic interven-
tions, and actually of every type of treatment, is the dose
to be given to the patient. Indeed, while some one-shot
interventions might produce clinical improvements in
some patients, it has been shown that repeated sessions
increase both the effect size and the number of responders
(Thibaut et al., 2017), suggesting that some patients might
needmore than one session of stimulation tomaximize the
intervention’s benefits or to get a benefit at all. Knowing
this, it seems fair to wonder why therapeutic trials do not
always involve repeated sessions. However, one must
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keep in mind that with longitudinal studies goes a higher
need for resources. Moreover, DoC patients represent a
critical population, with high risks of medical compli-
cations, possibly leading to study drop-out. As a con-
sequence, increasing the length of an interventional
protocol also increases the chances to get an incomplete
dataset, thus requiring higher sample sizes to reach satis-
factory study power, which is not an easy task to achieve
considering the fact that DoC is a rare disease. Despite
these challenges, it is important that the field provides
more RCTs focusing on longer treatment phases to
increase the positive clinical results’ likelihood.

Finally, questions remain regarding the optimal time
frame to initiate therapy. As most of the studies have
focused on the treatment of chronic patients for the sake
of convenience as well as for safety reasons (e.g., highly
stabilized patients, lesser complications), therapeutic
interventions in acute to subacute severely brain-injured
patients may produce different results that need to be
investigated. For instance, only considering chronic
patients may induce a survival bias in studies. However,
knowing when to stimulate to be as efficient as possible
is not only about how long since the injury but also at
what time of the day, or even at what time of the
patient’s own state. Indeed, the possibility of matching
the moment of stimulation to the patient’s brain state
fluctuations is currently being explored. This has been
proposed to be achieved in tDCS research by using an
EEG-based device theoretically able to deliver elec-
trical stimulation depending on the patient’s current
state of vigilance (Martens et al., 2021). Such a propo-
sition is based on evidence showing that the vigilance
level of MCS patients displays periodic average cycles
of 70min (Piarulli et al., 2016). This specific feature
could potentially prevent the patients from being in
an optimal neural state to get the full benefits of tDCS
interventions. Thus, it appears that this aspect should
be consistently taken into account when trying to set
the best stimulation parameters to produce the best
clinical benefit in real-life practice.

Develop patient-fitted interventions
based on endotype and phenotype

As mentioned in the previous section, implementing
individualized assessments of structural injury and con-
nection network patterns may help to support the choice
of an appropriate stimulation site. However, this is obvi-
ously not the only feature that would need to be adapted
to patients’ characteristics.

In RCT, researchers are forming groups of patients
either receiving the active treatment or the placebo

treatment (i.e., parallel designs), or both (i.e., crossover
designs). To further allow for comparison, one of the
main goals of the researchers is to ensure that the inter-
ventions provided to each of the patients within the same
group are highly homogeneous, similar in every single
respect. However, such reasoning is not clinically relevant
and thus cannot be transferred to real-life patients’manage-
ment. We discussed in the previous section that significant
positive results are rarely observed in all patients following
non-pharmacologic interventions. This suggests that not
all patients can benefit from all types of interventions, thus
supporting the clinical approach, which pays particular
attention to each patients’ specific characteristics in order
to design a treatment plan. Indeed, it would be highly
optimistic to believe that the neurostimulation therapeutic
field could simply ignore patients’ endotype and propose
homogeneous protocols, erasing patients’ heterogeneity.
However, as long as the specific features of a technique’s
responders remain unknown, it seems challenging to
propose such ideally fitted therapies. Thus, to develop
patient-fitted interventions, the next necessary step is
the identification of the responders’ profile. For
instance, depending on individual neural dysfunction,
one approach might be more efficient than the other.
Indeed, we may consider that since top-down
approaches target the cortex, they might be a suitable
therapeutic option for patients with anoxic, widespread
lesions given the preexisting thalamocortical disruption
(Hermann et al., 2020). Bottom-up and central appro-
aches (e.g., tVNS), however, could be more effective
for patients with other etiologies such as traumatic or
hemorrhagic incidents, which tend to be more focal,
since the activation cascade is thought to reach the
upper brain regions traveling first by the lower and upper
brainstem areas (Briand et al., 2020). Such hypotheses
need to be tested in scientific studies to provide a basis
for clinical interventions.

Eventually, when the sample sizes allow it, conduct-
ing subgroup analyses can provide capital information.
Robust evidence from RCTs highlighted that no signifi-
cant clinical improvement could be induced in UWS
patients at the group level following tES interventions,
suggesting that tES might only be clinically relevant
for MCS patients (Zhang and Song, 2018). However,
although from the same class of intervention (i.e., top-
down intervention), it does not seem to be the case for
rTMS, or at least with less drastic differences. Indeed,
rTMS interventions have reported improvements in
unresponsive patients as well as in patients in MCS. This
is also true for other neurostimulation strategies but
with less convincing study characteristics.

Along the same lines, the same kind of analyses
should also be conducted on other factors, such as
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demographic variables to identify if the patient’s sex or
age at the time of injury could also be a predictor of
response to treatment. This has already been done for
some neurophysiologic data with some EEG features
such as the theta band connectivity being associated
with the responder status to some tES treatments
(Thibaut et al., 2018). Moreover, it appears that such
responders to tES, and especially tDCS interventions,
demonstrate preservation of brain metabolism and
gray matter integrity under the stimulated area, but also
in the thalamus and the precuneus, which are highly
involved in consciousness recovery (Thibaut et al.,
2015b).

Although there is already existing evidence regarding
certain endotype markers that may allow for response to
brain stimulation treatments, the field is still at its debuts
and needs massive joint efforts to provide conclusive
guidelines for the clinical setting. In that matter, Whole
Brain computational Models (WBMs) are a set of pow-
erful means that enable the investigation of the dynamic
interactions between neural populations from different
regions of the brain (Deco et al., 2021). When applied
to consciousness, WBMs have the potential to describe
the neural dynamics underlying (loss of ) consciousness
(Cofr�e et al., 2020; López-González et al., 2021).
Interestingly, computational neuroscience and more spe-
cifically physical models of the brain have come a long
way since their origin and are gradually extending their
application from theoretical physics to bedside. Over the
years, WBM models have proven their worth in provid-
ing predictive insights for various neuropathologies
(e.g., epilepsy, traumatic brain injury) and now possess
great clinical potential to support individualized diagno-
sis, prognosis, and the assessment of treatment efficacy
(Pathak et al., 2022), which could be applied to the
DoC field (Luppi et al., 2021). Indeed, perturbations at
the WBM level could reflect electrical stimulation or
pharmacologic application (Perl et al., 2021). In a com-
parative manner, modeled perturbations could be used to
assess the efficacy of different treatments in patients
based on the resultant global dynamics, becoming more
similar (or not) to the dynamics of healthy brains as mod-
eled by biomarkers. Thus, the future possibilities for
employing WBM are vast, one of them being related
to personalized medicine. In order to advance the current
state of the field, these models could be used to design
and test brain stimulation treatments for individual
patients. Such a goal would require the generation of
models based on individual patient’s data that could sub-
sequently be tested to estimate the efficacy of different
treatment options in addition to other metrics such as
the likelihood of treatment success or the optimal brain
regions to be stimulated. Even though such a vision is

not accessible in the immediate future, it remains within
the scope of plans of future modern research as it has the
potential to raise the chances of successful translation to
clinical settings.

CONCLUSIONS

To date, the exact mechanisms behind the emergence of
human consciousness remain mostly unknown and con-
stitute one of the greatest challenges of both fundamental
and translational modern science. Revealing the way in
which consciousness arises would allow clinicians
and researchers to take a giant step forward in the theo-
retical understanding of this neurobiologic system, but
also in the way to treat its main pathologic condition:
DoC. Although this domain is still paved with misunder-
standings and uncertainties, the field has not remained
static and has been moving forward through the develop-
ment of model-based non-pharmacologic therapies
in an attempt to promote the recovery of postcoma
patients. Through this chapter, we have identified three
major lines of action in terms of therapeutic interven-
tions, (i.e., top-down stimulations, central stimulations,
bottom-up stimulation), acting upon different levels of
the mesocircuit through excitatory or inhibitory effects
on the stimulation site itself, but also throughout wide-
spread distant but connected regions that are part of this
network. Whether they are electrically based, magnetic-
based, or ultrasound-based, there is significant evidence
for the potential of brain stimulation therapies to induce
neuromodulatory effects over plasticity-relevant signal-
ing pathways involved in the mesocircuit’s networks.
While some of them have demonstrated low to moderate
effect sizes on patients’ clinical outcomes, other novel
promising therapies are currently being investigated
(Thibaut et al., 2019). However, in its current state, the
field of brain stimulation interventions in DoC patients
suffers from a number of limitations that certainly leave
room for improvement (Edlow et al., 2021). In that mat-
ter, Fig. 12.3 illustrates the perspectives of evolution.
First, although different studies tested various stimula-
tion locations and parameters within various techniques,
to date, the field is still missing trials directly compar-
ing the effectiveness of multiple settings in one homog-
enous protocol, which would allow us to draw more
robust conclusions, and thus, validate standardized proto-
cols that could be safely employed in clinics. Second,
future studies should also increasingly aim to develop bio-
markers of responsiveness to treatment, which would
allow us to come upwithmore adaptative, patient-tailored
approaches in brain stimulation therapies. To achieve
such a goal, large sample trials should notably focus on
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gathering demographic data and including alternative
measures from neuroimaging and neurophysiologic
technologies, as well as serum markers (Mattsson et al.,
2017). Finally, in that context, computational modeling
will provide insights into how different stimulation
parameters applied on different patients functionally and
physiologically affect the underlying neural network
and will therefore be useful for the design of future treat-
ment protocols with a higher chance of success at the
individual level.
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patient from frontal brain stimulation and the orange patient from parietal brain stimulation) and thus pave the way to targeted

patient-fitted therapy, which should maximize interventions’ benefits.
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Martens G, Ibáñez-Soria D, Barra A et al. (2021). A novel

closed-loop EEG-tDCS approach to promote responsive-

ness of patients in minimally conscious state: a study

protocol. Behav Brain Res 409. https://doi.org/10.1016/J.
BBR.2021.113311.

Mattsson N, Zetterberg H, Nielsen N et al. (2017). Serum

tau and neurological outcome in cardiac arrest. Ann

Neurol 82: 665–675. https://doi.org/10.1002/ANA.25067.
M�elotte E, BelorgeotM, Herr R et al. (2021). The development

and validation of the SWADOC: a study protocol for a

multicenter prospective cohort study. Front Neurol 12.
https://doi.org/10.3389/FNEUR.2021.662634.

Mensen A, Bodart O, Thibaut A et al. (2020). Decreased

evoked slow-activity after tDCS in disorders of conscious-

ness. Front Syst Neurosci 14. https://doi.org/10.3389/
FNSYS.2020.00062.

Merton PA, Morton HB (1980). Stimulation of the cerebral

cortex in the intact human subject. Nature 285: 227.
https://doi.org/10.1038/285227A0.

Mishra A,Maiti R,Mishra BR et al. (2019). Effect of repetitive

transcranial magnetic stimulation on seizure frequency and

epileptiform discharges in drug-resistant epilepsy: a meta-

analysis. J Clin Neurol 16: 9–18. https://doi.org/10.3988/
JCN.2020.16.1.9.

Monti MM, Schnakers C, Korb AS et al. (2016). Non-invasive

ultrasonic thalamic stimulation indisordersof consciousness

after severe brain injury: a first-in-man report. Brain Stimul

9: 940–941. https://doi.org/10.1016/J.BRS.2016.07.008.
Naro A, Russo M, Leo A et al. (2015). A single session

of repetitive transcranial magnetic stimulation over the

dorsolateral prefrontal cortex in patients with unrespon-

sive wakefulness syndrome: preliminary results. Neuro-

rehabil Neural Repair 29: 603–613. https://doi.org/
10.1177/1545968314562114.

Naro A, Russo M, Leo A et al. (2016). Cortical connectivity

modulation induced by cerebellar oscillatory transcranial

direct current stimulation in patients with chronic disorders

of consciousness: a marker of covert cognition? Clin

Neurophysiol 127: 1845–1854. https://doi.org/10.1016/J.
CLINPH.2015.12.010.

No�e E, Ferri J, Colomer C et al. (2020). Feasibility, safety and

efficacy of transauricular vagus nerve stimulation in a

cohort of patients with disorders of consciousness. Brain

Stimul 13: 427–429. https://doi.org/10.1016/J.BRS.
2019.12.005.

O’Kelly J, James L, Palaniappan R et al. (2013).

Neurophysiological and behavioral responses to music

therapy in vegetative and minimally conscious states.

Front Hum Neurosci 7. https://doi.org/10.3389/FNHUM.
2013.00884.

O’Neal CM, Schroeder LN, Wells AA et al. (2021). Patient

outcomes in disorders of consciousness following trans-

cranial magnetic stimulation: a systematic review and

meta-analysis of individual patient data. Front Neurol 12.
https://doi.org/10.3389/FNEUR.2021.694970.

Odegaard B, Knight RT, Lau H (2017). Should a few null

findings falsify prefrontal theories of conscious percep-

tion? J Neurosci 37: 9593–9602. https://doi.org/10.1523/
JNEUROSCI.3217-16.2017.

Osi�nskaA,RynkiewiczA,BinderM et al. (2022).Non-invasive

vagus nerve stimulation in treatment of disorders of

consciousness—longitudinal case study. Front Neurosci

16. https://doi.org/10.3389/FNINS.2022.834507.
Pape TLB, Rosenow JM, Harton B et al. (2012). Preliminary

framework for Familiar Auditory Sensory Training (FAST)

provided during coma recovery. J Rehabil Res Dev 49:
1137–1152. https://doi.org/10.1682/JRRD.2011.08.0154.

Pascual-Leone A, Tarazona F, Keenan J et al. (1998).

Transcranial magnetic stimulation and neuroplasticity.

Neuropsychologia 37: 207–217. https://doi.org/10.1016/
S0028-3932(98)00095-5.

Pathak A, Roy D, Banerjee A (2022). Whole-brain network

models: from physics to bedside. Front Comput Neurosci

57. https://doi.org/10.3389/FNCOM.2022.866517.
Perl YS, Pallavicini C, Ipiña IP et al. (2021). Perturbations

in dynamical models of whole-brain activity dissociate

between the level and stability of consciousness. PLoS

Comput Biol 17. https://doi.org/10.1371/JOURNAL.
PCBI.1009139.

Perlmutter JS, Mink JW (2006). Deep brain stimulation. Annu

Rev Neurosci 29: 229. https://doi.org/10.1146/ANNUREV.
NEURO.29.051605.112824.

Peuker ET, Filler TJ (2002). The nerve supply of the human auri-

cle. Clin Anat 15: 35–37. https://doi.org/10.1002/CA.1089.
Piarulli A, Bergamasco M, Thibaut A et al. (2016). EEG ultra-

dian rhythmicity differences in disorders of consciousness

during wakefulness. J Neurol 263: 1746–1760. https://doi.
org/10.1007/S00415-016-8196-Y.

Plum F, Posner JB (1972). The diagnosis of stupor and coma.

Contemp Neurol Ser 10: 1–286. https://doi.org/10.1001/
jama.1981.03310320080042.

Radman T, Ramos RL, Brumberg JC et al. (2009). Role of cor-

tical cell type and morphology in sub- and suprathreshold

uniform electric field stimulation. Brain Stimul 2: 215.
https://doi.org/10.1016/J.BRS.2009.03.007.

Ray PG, Meador KJ, Epstein CM et al. (1998). Magnetic

stimulation of visual cortex: factors influencing the percep-

tion of phosphenes. J Clin Neurophysiol 15: 351–357.
https://doi.org/10.1097/00004691-199,807,000-00007.

Reed T, Cohen Kadosh R (2018). Transcranial electrical

stimulation (tES) mechanisms and its effects on cortical

214 M.M. VITELLO ET AL.

https://doi.org/10.3171/2015.7.JNS15700
https://doi.org/10.3171/2015.7.JNS15700
https://doi.org/10.1016/S0079-6123(09)17705-1
https://doi.org/10.1016/S0079-6123(09)17705-1
https://doi.org/10.1080/02699052.2019.1667537
https://doi.org/10.1080/02699052.2019.1667537
https://doi.org/10.1016/J.NICL.2020.102426
https://doi.org/10.1016/J.NICL.2020.102426
https://doi.org/10.1016/J.BBR.2021.113311
https://doi.org/10.1016/J.BBR.2021.113311
https://doi.org/10.1002/ANA.25067
https://doi.org/10.3389/FNEUR.2021.662634
https://doi.org/10.3389/FNSYS.2020.00062
https://doi.org/10.3389/FNSYS.2020.00062
https://doi.org/10.1038/285227A0
https://doi.org/10.3988/JCN.2020.16.1.9
https://doi.org/10.3988/JCN.2020.16.1.9
https://doi.org/10.1016/J.BRS.2016.07.008
https://doi.org/10.1177/1545968314562114
https://doi.org/10.1177/1545968314562114
https://doi.org/10.1016/J.CLINPH.2015.12.010
https://doi.org/10.1016/J.CLINPH.2015.12.010
https://doi.org/10.1016/J.BRS.2019.12.005
https://doi.org/10.1016/J.BRS.2019.12.005
https://doi.org/10.3389/FNHUM.2013.00884
https://doi.org/10.3389/FNHUM.2013.00884
https://doi.org/10.3389/FNEUR.2021.694970
https://doi.org/10.1523/JNEUROSCI.3217-16.2017
https://doi.org/10.1523/JNEUROSCI.3217-16.2017
https://doi.org/10.3389/FNINS.2022.834507
https://doi.org/10.1682/JRRD.2011.08.0154
https://doi.org/10.1016/S0028-3932(98)00095-5
https://doi.org/10.1016/S0028-3932(98)00095-5
https://doi.org/10.3389/FNCOM.2022.866517
https://doi.org/10.1371/JOURNAL.PCBI.1009139
https://doi.org/10.1371/JOURNAL.PCBI.1009139
https://doi.org/10.1146/ANNUREV.NEURO.29.051605.112824
https://doi.org/10.1146/ANNUREV.NEURO.29.051605.112824
https://doi.org/10.1002/CA.1089
https://doi.org/10.1007/S00415-016-8196-Y
https://doi.org/10.1007/S00415-016-8196-Y
https://doi.org/10.1001/jama.1981.03310320080042
https://doi.org/10.1001/jama.1981.03310320080042
https://doi.org/10.1016/J.BRS.2009.03.007
https://doi.org/10.1097/00004691-199,807,000-00007


excitability and connectivity. J Inherit Metab Dis 41: 1123.
https://doi.org/10.1007/S10545-018-0181-4.

Rohan JG, Carhuatanta KA, McInturf SM et al. (2015).

Modulating hippocampal plasticity with in vivo brain

stimulation. J Neurosci 35: 12824–12832. https://doi.org/
10.1523/JNEUROSCI.2376-15.2015.

Samaha J, Gosseries O, Postle BR (2017). Distinct oscillatory

frequencies underlie excitability of human occipital and

parietal cortex. J Neurosci 37: 2824–2833. https://doi.org/
10.1523/JNEUROSCI.3413-16.2017.

Sanz LRD, Aubinet C, Cassol H et al. (2021). SECONDs

Administration Guidelines: a fast tool to assess conscious-

ness in brain-injured patients. J Vis Exp 2021: e61968.
https://doi.org/10.3791/61968.

Schiff ND (2008). Central thalamic contributions to arousal

regulation and neurological disorders of consciousness.

Ann N Y Acad Sci 1129: 105–118. https://doi.org/
10.1196/ANNALS.1417.029.

Schiff ND (2010). Recovery of consciousness after brain

injury: a mesocircuit hypothesis. Trends Neurosci 33:
1–9. https://doi.org/10.1016/J.TINS.2009.11.002.

Schiff ND (2016). Central thalamic deep brain stimulation to

support anterior forebrain mesocircuit function in the

severely injured brain. J Neural Transm (Vienna) 123:
797–806. https://doi.org/10.1007/S00702-016-1547-0.

Stefan H, Kreiselmeyer G, Kerling F et al. (2012).

Transcutaneous vagus nerve stimulation (t-VNS) in

pharmacoresistant epilepsies: a proof of concept trial.

Epilepsia 53. https://doi.org/10.1111/J.1528-1167.2012.
03492.X.

Terranova C, Rizzo V, Cacciola A et al. (2019). Is there a

future for non-invasive brain stimulation as a therapeutic

tool? Front Neurol 10: 1146. https://doi.org/10.3389/
FNEUR.2018.01146/BIBTEX.

Thibaut A, Chatelle C, Wannez S et al. (2015a). Spasticity in

disorders of consciousness: a behavioral study. Eur J Phys

Rehabil Med 51: 389–397.
Thibaut A, di Perri C, Chatelle C et al. (2015b). Clinical

response to tDCS depends on residual brain metabolism

and grey matter integrity in patients with minimally con-

scious state. Brain Stimul 8: 1116–1123. https://doi.org/
10.1016/J.BRS.2015.07.024.

Thibaut A, Wannez S, Donneau AF et al. (2017). Controlled

clinical trial of repeated prefrontal tDCS in patients with

chronic minimally conscious state. Brain Inj 31: 466–474.
https://doi.org/10.1080/02699052.2016.1274776.

Thibaut A, Chennu S, Chatelle C et al. (2018). Theta network

centrality correlates with tDCS response in disorders of

consciousness. Brain Stimul 11: 1407–1409. https://doi.
org/10.1016/J.BRS.2018.09.002.

Thibaut A, Schiff N, Giacino J et al. (2019). Therapeutic inter-

ventions in patients with prolonged disorders of conscious-

ness. Lancet Neurol 18: 600–614. https://doi.org/10.1016/
S1474-4422(19)30031-6.

Thonnard M, Gosseries O, Demertzi A et al. (2013). Effect of

zolpidem in chronic disorders of consciousness: a prospec-

tive open-label study. Funct Neurol 28: 259–264. https://
doi.org/10.11138/FNEUR/2013.28.4.259.

Tononi G (2012). Integrated information theory of conscious-

ness: an updated account. Arch Ital Biol 150: 293–329.
https://doi.org/10.4449/aib.v149i5.1388.

Tononi G, Edelman GM (1998). Consciousness and com-

plexity. Science 282: 1846–1851. https://doi.org/10.1126/
SCIENCE.282.5395.1846.

Vanzan S,Wilkinson D, Ferguson H et al. (2017). Behavioural

improvement in a minimally conscious state after caloric

vestibular stimulation: evidence from two single case

studies. Clin Rehabil 31: 500–507. https://doi.org/10.1177/
0269215516646167.

Vogel D, Shah A, Coste J et al. (2020). Anatomical brain

structures normalization for deep brain stimulation in

movement disorders. Neuroimage Clin 27: 271. https://
doi.org/10.1016/J.NICL.2020.102271.

V€or€oslakos M, Takeuchi Y, Brinyiczki K et al. (2018).

Direct effects of transcranial electric stimulation on brain

circuits in rats and humans. Nat Commun 9. https://doi.
org/10.1038/S41467-018-02928-3.

Wang Y, Bai Y, Xia X et al. (2020). Spinal cord

stimulation modulates complexity of neural activities in

patients with disorders of consciousness. Int J Neurosci

130: 662–670. https://doi.org/10.1080/00207454.2019.
1702543.

Wannez S, Heine L, Thonnard M et al. (2017). The repetition

of behavioral assessments in diagnosis of disorders of con-

sciousness. Ann Neurol 81: 883–889. https://doi.org/
10.1002/ANA.24962.

Whyte J, Rajan R, Rosenbaum A et al. (2014).

Zolpidem and restoration of consciousness. Am J Phys

Med Rehabil 93: 101–113. https://doi.org/10.1097/PHM.
0000000000000069.

Xia X, Bai Y, ZhouY et al. (2017a). Effects of 10Hz repetitive

transcranial magnetic stimulation of the left dorsolateral

prefrontal cortex in disorders of consciousness. Front

Neurol 8: 182. https://doi.org/10.3389/FNEUR.2017.
00182/BIBTEX.

Xia X, Liu Y, Bai Y et al. (2017b). Long-lasting repetitive

transcranial magnetic stimulation modulates electroen-

cephalography oscillation in patients with disorders of

consciousness. Neuroreport 28: 1022–1029. https://doi.
org/10.1097/WNR.0000000000000886.

Yamamoto T,WatanabeM,Obuchi T et al. (2017). Spinal cord

stimulation for vegetative state and minimally conscious

state: changes in consciousness level and motor function.

Acta Neurochir Suppl (Wien) 124: 37–42. https://doi.org/
10.1007/978-3-319-39,546-3_6/FIGURES/2.

Yang Y, He Q, Xia X et al. (2022). Long-term functional prog-

nosis and related factors of spinal cord stimulation in

patients with disorders of consciousness. CNS Neurosci

Ther 28: 1249. https://doi.org/10.1111/CNS.13870.
Yifei W, Yi Y, Yu W et al. (2022). Transcutaneous auricular

vague nerve stimulation improved brain connection activ-

ity on patients of disorders of consciousness: a pilot study.

J Tradit ChinMed 42: 463–471. https://doi.org/10.19852/J.
CNKI.JTCM.2022.03.012.

Yu YT, Yang Y, Wang L-B et al. (2017). Transcutaneous

auricular vagus nerve stimulation in disorders of

NON-PHARMACOLOGIC INTERVENTIONS IN DISORDERS OF CONSCIOUSNESS 215

https://doi.org/10.1007/S10545-018-0181-4
https://doi.org/10.1523/JNEUROSCI.2376-15.2015
https://doi.org/10.1523/JNEUROSCI.2376-15.2015
https://doi.org/10.1523/JNEUROSCI.3413-16.2017
https://doi.org/10.1523/JNEUROSCI.3413-16.2017
https://doi.org/10.3791/61968
https://doi.org/10.1196/ANNALS.1417.029
https://doi.org/10.1196/ANNALS.1417.029
https://doi.org/10.1016/J.TINS.2009.11.002
https://doi.org/10.1007/S00702-016-1547-0
https://doi.org/10.1111/J.1528-1167.2012.03492.X
https://doi.org/10.1111/J.1528-1167.2012.03492.X
https://doi.org/10.3389/FNEUR.2018.01146/BIBTEX
https://doi.org/10.3389/FNEUR.2018.01146/BIBTEX
http://refhub.elsevier.com/B978-0-443-13408-1.00007-5/rf0545
http://refhub.elsevier.com/B978-0-443-13408-1.00007-5/rf0545
http://refhub.elsevier.com/B978-0-443-13408-1.00007-5/rf0545
https://doi.org/10.1016/J.BRS.2015.07.024
https://doi.org/10.1016/J.BRS.2015.07.024
https://doi.org/10.1080/02699052.2016.1274776
https://doi.org/10.1016/J.BRS.2018.09.002
https://doi.org/10.1016/J.BRS.2018.09.002
https://doi.org/10.1016/S1474-4422(19)30031-6
https://doi.org/10.1016/S1474-4422(19)30031-6
https://doi.org/10.11138/FNEUR/2013.28.4.259
https://doi.org/10.11138/FNEUR/2013.28.4.259
https://doi.org/10.4449/aib.v149i5.1388
https://doi.org/10.1126/SCIENCE.282.5395.1846
https://doi.org/10.1126/SCIENCE.282.5395.1846
https://doi.org/10.1177/0269215516646167
https://doi.org/10.1177/0269215516646167
https://doi.org/10.1016/J.NICL.2020.102271
https://doi.org/10.1016/J.NICL.2020.102271
https://doi.org/10.1038/S41467-018-02928-3
https://doi.org/10.1038/S41467-018-02928-3
https://doi.org/10.1080/00207454.2019.1702543
https://doi.org/10.1080/00207454.2019.1702543
https://doi.org/10.1002/ANA.24962
https://doi.org/10.1002/ANA.24962
https://doi.org/10.1097/PHM.0000000000000069
https://doi.org/10.1097/PHM.0000000000000069
https://doi.org/10.3389/FNEUR.2017.00182/BIBTEX
https://doi.org/10.3389/FNEUR.2017.00182/BIBTEX
https://doi.org/10.1097/WNR.0000000000000886
https://doi.org/10.1097/WNR.0000000000000886
https://doi.org/10.1007/978-3-319-39,546-3_6/FIGURES/2
https://doi.org/10.1007/978-3-319-39,546-3_6/FIGURES/2
https://doi.org/10.1111/CNS.13870
https://doi.org/10.19852/J.CNKI.JTCM.2022.03.012
https://doi.org/10.19852/J.CNKI.JTCM.2022.03.012


consciousness monitored by fMRI: The first case report.

Brain Stimul 10: 328–330. https://doi.org/10.1016/J.BRS.
2016.12.004.

Zhang Y, Song W (2018). Transcranial direct current

stimulation in disorders of consciousness: a review. Int

J Neurosci 128: 255–261. https://doi.org/10.1080/00207454.
2017.1381094.

ZiemannU, Siebner HR (2015). Inter-subject and inter-session

variability of plasticity induction by non-invasive brain

stimulation: boon or bane? Brain Stimul 8: 662–663.
https://doi.org/10.1016/J.BRS.2015.01.409.

Ziemann U, Paulus W, Nitsche MA et al. (2008). Consensus:

motor cortex plasticity protocols. Brain Stimul 1: 164–182.
https://doi.org/10.1016/J.BRS.2008.06.006.

216 M.M. VITELLO ET AL.

https://doi.org/10.1016/J.BRS.2016.12.004
https://doi.org/10.1016/J.BRS.2016.12.004
https://doi.org/10.1080/00207454.2017.1381094
https://doi.org/10.1080/00207454.2017.1381094
https://doi.org/10.1016/J.BRS.2015.01.409
https://doi.org/10.1016/J.BRS.2008.06.006

	Chapter 12: Non-pharmacologic interventions in disorders of consciousness
	Management Strategies to Promote Recovery After Coma: Where We Stand11Abbreviations used in the chapter are listed at the end 
	Introduction to disorders of consciousness and clinical management strategies
	Pathophysiologic models for severe brain injuries and recovery
	Brain stimulations therapies
	Top-down approaches
	Central approaches
	Bottom-up approaches


	From Research to Practice: Challenges for Translation to Clinical Setting
	Identify the optimal stimulation parameters and reveal their precise mechanisms of action
	Develop patient-fitted interventions based on endotype and phenotype

	Conclusions
	Acknowledgments
	Conflict of interest statement
	References




