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Abstract: Neurofeedback is a non-invasive therapeutic approach that has gained traction in recent
years, showing promising results for various neurological and psychiatric conditions. It involves
real-time monitoring of brain activity, allowing individuals to gain control over their own brainwaves
and improve cognitive performance or alleviate symptoms. The use of electroencephalography
(EEG), such as brain—computer interface (BCI), transcranial direct current stimulation (tDCS), and
transcranial magnetic stimulation (TMS), has been instrumental in developing neurofeedback tech-
niques. However, the application of these tools in patients with disorders of consciousness (DoC)
presents unique challenges. In this narrative review, we explore the use of neurofeedback in treating
patients with DoC. More specifically, we discuss the advantages and challenges of using tools such
as EEG neurofeedback, tDCS, TMS, and BCI for these conditions. Ultimately, we hope to provide
the neuroscientific community with a comprehensive overview of neurofeedback and emphasize its
potential therapeutic applications in severe cases of impaired consciousness levels.
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1. Introduction

Acquired brain injury (ABI) is a term that includes traumatic and non-traumatic causes
of brain damage. It does not include brain injuries that are hereditary, congenital, or de-
generative [1]. Common traumatic causes of ABI include car accidents, gunshot wounds,
and sports injuries, while non-traumatic events include focal brain lesions, anoxia, tumors,
aneurysm, vascular malformations, and infections [2,3]. Following the coma phase, these
patients may be diagnosed with a Disorder of Consciousness (DoC). The most common di-
agnoses of DoC include Unresponsive Wakefulness Syndrome/ Vegetative State (UWS/VS)
and the Minimally Conscious State (MCS). UWS/VS is characterized by spontaneous eye
opening, preserved autonomic function, and in some cases, reflexive behaviors [4]. On the
other hand, patients in MCS present minimal but clear behavioral evidence of awareness
of self or the environment, simple execution of commands, and intelligible responses that
can be distinguished as “yes—no” (verbal or gestural). MCS patients that are able to fol-
low commands are further diagnosed as MCS+, while patients who do not demonstrate
command following are indicated as MCS— [5]. Emergence from MCS is characterized by
the re-emergence of a functional communication system or restoration of the ability to use
objects functionally. Recovery of communication is evidenced by reliable yes—no responses
to questions about personal or situational orientation [6]. The current gold standard for
diagnosing DoC involves repeated clinical evaluations using standardized scales such
as the Coma Recovery Scale-Revised (CRS-R) [7]. These scales rely on observing several
categories related to a patient’s spontaneous and stimulus-induced behaviors, and scores
are assigned depending on their capacity to meaningfully respond to stimuli [8].
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2. DoC and NeuroRehabilitation

Neurorehabilitation is a vast topic that includes the initial rehabilitation of patients
with compromised conscious capacity to more advanced stages of recovery, such as the
reintegration into social and occupational settings [9]. Neurological recovery after an ABI
results from the brain’s plasticity and ability to repair and re-organize itself [10]. It can
be promoted by rehabilitation programs (i.e., occupational and cognitive therapy), which
are essential to cope with complex brain dysfunction and facilitate patient recovery. To
activate neuroplasticity, the process of recovery should involve a task-specific approach
that is repetitive, challenging, and motivating.

There is strong evidence to support intensive rehabilitation programs in cases of severe
traumatic brain injury (TBI), which are linked to quicker functional improvements [11].
Some evidence suggests that initiating intervention during emergency and acute care could
be beneficial. Group-based rehabilitation in a therapeutic environment has proven effective
for patients needing neuropsychological rehabilitation after a severe brain injury [11]. De-
spite these findings, there are not any global standards for early rehabilitation treatment
cases of severe TBI [11]. Moreover, randomized controlled trials fail to determine the most
effective long-term treatments for individual patients or the most economical models for
institutional long-term care [12]. Another review examined the evidence supporting the
effectiveness of multidisciplinary rehabilitation following acquired brain injury in working-
age adults. The authors concluded that TBI rehabilitation is a complex process that requires
further research and development [13]. One particular challenge they reported is the diffi-
culty of predicting recovery from disorders of consciousness due to individual differences
in neuroplasticity. Beyond neurological differences, there are several health-related factors
that impact the condition of patients and their prospects for recovery. These include other
aspects of physical health (i.e., musculoskeletal injuries), as well as patients” psychological
and emotional states. Therefore, neurological rehabilitation is further complicated by the
diversity of patients and their conditions.

The intensity and duration of therapy are two essential factors in devising treatment
programs. Zhu and colleagues have found that TBI patients undergoing more intensive
therapy tend to show quicker improvements [14]. However, a study by Hart and colleagues
showed no significant improvement in functional or emotional outcomes when employing
a longer and more intensive rehabilitation program [15].

Another approach is to provide more intensive therapy that could potentially shorten
the length of stay (LOS) in rehabilitation facilities. For instance, Slade et al. demonstrated
a 14-day reduction in LOS for a group undergoing more intensive treatment [16]. On the
other hand, Formisano and colleagues reported that LOS in rehabilitation was strongly
associated with significant improvements [17], which contradicts the approach based on
intensive therapy. Furthermore, it was reported that longer rehabilitative treatments may
have the benefit of reducing dependency and long-term care costs in some patients [18]. In
either case, it is important to consider that LOS is influenced by various factors that relate
to both individual patients and specific healthcare systems [18].

In the context of neurorehabilitation and continuing therapeutic developments, neu-
rofeedback has emerged as a promising approach for DoC patients diagnosed as either
UWS/VS or MCS [19-21]. Neurofeedback techniques leverage the brain’s inherent plas-
ticity, aiming to restore or enhance neural function through targeted training and stimula-
tion [22]. This is achieved by coupling the real-time monitoring of brain activity, typically
via electroencephalography (EEG), with the feedback that promotes beneficial neural pat-
terns. Neurorehabilitation encompasses a broad range of therapies designed to improve
neurological function and patient quality of life. While these approaches offer promising
benefits to diagnosis and recovery, they also present challenges to clinical implementations.
The following sections present different neurofeedback techniques and outline in detail
their potential uses, advantages, and limitations.
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3. EEG Neurofeedback

The application of EEG in neurorehabilitation provides a non-invasive method for
monitoring brain activity in real-time. This observation of cortical activity provides valuable
insight into neural recovery processes, which can assist in the customization of therapeutic
interventions for patients recovering from neurological injuries such as ABI. In the eval-
uation of patients with DoC, EEG has been an invaluable tool that can be used to assess
residual cognitive abilities such as basic auditory capabilities [23] and hidden comprehen-
sion of speech [24], which may also aid in predicting patient outcomes.

EEG neurofeedback (NF) couples the observation of brain activity with feedback that
can reinforce neural circuits important to cognitive and motor function [22]. By providing
feedback on specific brainwave or connectivity patterns, individuals can learn to modulate
their brain activity in a targeted manner that promotes plasticity and functional reorgani-
zation in the brain. This also involves the ability to modulate and control subconscious
neural activity [22]. While EEG is a powerful technique, its use in DoC patients could be
complicated by the presence of motion or sweating artifacts, making it difficult to obtain a
clear signal.

The NF process can be divided into several steps (Figure 1): (1) data acquisition;
(2) brainwave analysis; (3) real-time feedback; (4) learning and self-regulation; and (5)
progress monitoring and adaptation. In the first step, the data are acquired in real-time
from the subject, placing electrodes on the scalp to measure the brain’s electrical activity.
The signals are then converted into brainwave patterns that can be analyzed and interpreted.
In the second step, the recorded EEG data are analyzed in real-time to identify specific
brainwave patterns typically associated with various cognitive or emotional processes,
such as attention, relaxation, or emotional regulation. In the third phase, once the relevant
brainwave patterns have been identified, the subjects receive real-time feedback on their
brain activity through visual or auditory cues. The fourth step consists of learning and
self-regulation in which the subject, through repeated exposure to real-time feedback,
learns to recognize and control their brain activity to achieve a desired outcome, such
as improved attention, relaxation, or emotional regulation. These processes rely on the
principles of operant conditioning and reinforcement, in which individuals are rewarded
for the successful modulation of their brain activity. The last step consists of progress
monitoring and adaptation. Throughout the programmed sessions, this step involves
tracking progress and adapting the training protocol according to the patient’s needs.

1 data acquisition ’ > brainwave analysis ’

] learning and self-
regulation

A\ 4

real-time feedback ’

progress monitoring
and adaptation

Figure 1. EEG neurofeedback. Representation of the five EEG neurofeedback: (1) data acquisition;
(2) brain-wave analysis; (3) real-time feedback; (4) learning and self-regulation; and (5) progress
monitoring and adaptation.
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More generally, an important advantage of EEG is the ability to employ it alongside
other techniques, such as a brain—computer interface (BCI) and transcranial magnetic
stimulation (TMS), which we discuss in the following two sections of the review (Figure 2).
While these are two common approaches to neurofeedback, another important method we
discuss is transcranial direct current stimulation (tDCS), to which we dedicate the final
section of this review (Figure 2).

Brain Computer Transcranial Magnetic Transcranial Direct Current
Interface (BCI) Stimulation (TMS) Stimulation (tDCS)

l

{ Signal acquisition ]

l

Signal processing
(preprocessing—> Feature
extraction> feature translation)

l

[ Application ]

Direction of
current flow

Figure 2. Scheme of BCI, TMS, and tDCS. A BCI based on EEG is a technique that allows for
brain activity to be directly translated into motor actions and can provide patients with a means
of communication and control. TMS is a non-invasive technique for brain stimulation. In TMS, a
high-intensity electric current, which changes rapidly (TMS pulse), is directed through conducting
wire loops enclosed in a protective casing and positioned against a specific area on the scalp. This
alteration in the electrical current generates a strong, fluctuating magnetic field that can easily pass
through the skull and stimulate a secondary electric current within the brain’s excitable tissues. tDCS
is a non-invasive approach that delivers a weak direct current (usually 1-2 mA) to specific cortical
regions beneath two opposing electrodes contained in saline-soaked sponges.

3.1. BCI

A BCIbased on EEG is a technique that allows for brain activity to be directly translated
into motor actions and can provide a means of communication and control for patients with
DoC who are unable to move or speak. BCI technology allows for direct communication
between the brain and a computer or other devices without the need for physical movement
or speech [25]. BCI works by detecting and translating the electrical signals generated by
the brain into commands that allow patients to communicate yes/no answers to questions,
select items on a screen, or even control devices such as wheelchairs or robotic arms [25].
Observing and eventually modulating specific patterns of brain activity through self-
regulation is essential for developing and implementing BClISs for therapeutic purposes.
Long-term neuroplasticity can be induced by training the brain to perform specific tasks,
promoting the overall improvement of brain functions [26]. Several studies highlighted the
potential of using BCIin DoC patients. Coyle et al. reported that by EEG evaluation, patients
with minimal consciousness could potentially use the BCI communication system, even if
they cannot voluntarily control their movements. The recognition of consciousness in this
study was derived from unique sensorimotor patterns for each imagined motor task [27].
In another work, Li and colleagues [28] investigate the application of a combined BCI for
identifying number processing and mental arithmetic in patients” DoC. The combined
BCI integrates multiple types of brain signals or different BCI paradigms to improve the
performance, reliability, and robustness of the interface [29]. In this case, the BCI system
was combined with P300 and steady-state visual evoked potentials (SSVEPs) to guide three
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MCS, six UWS/VS, and two patients who emerged from MCS patients through three tasks:
recognizing numbers; comparing numbers; and performing mental arithmetic (addition
and subtraction). Interestingly, two of the six patients diagnosed as UWS/VS performed
with accuracies significantly greater than the chance level, emphasizing the potential to
use the combined BCI system in identifying and evaluating covert cognitive abilities in the
DoC [28].

In another study involving DoC patients, Xiao and colleagues applied BCI in the
evaluation of the visual fixation [30]. Despite not demonstrating visual fixation as evaluated
by the CRS-R, 1 of the 15 patients in this study demonstrated a significant online accuracy
in the BCI assessment. Another promising approach to assess DoC patients was used
by Pan and Colleagues [31] to identify cases of cognitive motor dissociation (CMD) with
BCI. CMD is a condition where patients show no observable responses to commands
despite demonstrating an appropriate response through neuroimaging. This study assessed
45 UWS/VS and 33 MCS patients who were asked to execute a cognitive task (such as
recognizing and selecting a photograph). CMD was observed in 18 UWS/VS and 16 MCS
patients, indicating the strong diagnostic potential of BCI as opposed to traditional scales
that rely solely on behavior.

Another work by Xie and colleagues [32] employed a gaze-independent audiovisual BCI
system, which was used to assess the capacity of eight DoC patients to pay attention to con-
gruent and incongruent visual stimuli presented sequentially. These stimuli typically evoke
event-related potentials (ERPs), which were used as indicators of capability in this study.
Notably, three patients demonstrated the ability to follow commands and recognize numbers,
emphasizing the ability of this system to detect awareness levels in patients with DoC.

The possibility for DoC patients to follow commands was also studied by Lulé
et al. [33], who used EEG-based BCI in a group of 18 DoC patients. Command-following
was detected in one patient with MCS and another patient with locked-in syndrome (LIS).

While the performance of BCIs in assessing the consciousness level of DoC patients
appears promising, their effectiveness varies widely depending on the type of BCI and
paradigm used. Several studies used P300-based BCls [34-36], which were shown to
be effective when assessing consciousness in DoC patients, even when no behavioral
responses were observed. Other studies investigated the use of vibrotactile BClIs to detect
consciousness [37-40], which showed promising results as some patients demonstrated
neurophysiological signs of command following in the absence of behavioral responses.
The results with Hybrid BCIs, which combine multiple EEG markers such as P300 and
SSVEPs [31,41], indicated the potential benefits of a multimodal approach to the assessment
of consciousness in DoC patients. On the other hand, BCIs based on sensorimotor rhythms
showed limited success in assessing consciousness in these patients, highlighting the need
for more research in this domain [27,42]. The results of BCI studies are summarized in
Table 1.
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Table 1. Studies on BCI and Applications in Disorders of Consciousness.
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MCS patients demonstrated significant
Assessed awareness in MCS patients brain activation in the initial assessment.
. . They received real-time feedback to
using an EEG-based BCI, evaluating
Coyle et al. [27] 4 MCS . . . enhance arousal and were able to
sensorimotor rhythm modulation with . -
. . operate a basic BCI communication
visual and auditory feedback. .
system despite a lack of motor
responses.
Used a combined P300 and Steady-State .
. 3MCS, 6 UWS/VS,  Visual Evoked Potential (SSVEP)BCI 2 UWS/VS, 1 MCS and 2 EMCS patients
Lietal. [28] . performed above chance, suggesting
2 EMCS system for number processing and L
covert cognition.
mental maths tasks.
The BCI system was used to assist the 1 patient did not show visual f}xatlon in
. . o the CRS-R assessment but achieved a
Xiao et al. [30] 15 DoC visual fixation assessment of DOC . .
atients significant level of accuracy in the BCI
P ’ assessment.
45 UWS/VS, Motor imagery BCI was used to identify 18 UWS/.VS and 16 MCS showed a
Pan et al. [31] . . .. dissociation between BCI and
33 MCS cognitive-motor dissociation. .
behavioral responses.
Xie et al. [32] 8 DoC Gaze-independent audiovisual BCI 3 patle.nts demonstrated comrpz.and
system. following and number recognition.
BCI was used to detect consciousness in
Lule et al [33] 2 LIS, 13 MCS, DOC patients by assessing their Detected command following in 1 MCS
' - 3UWS/VS response to command and and 1 LIS patient.
communication.
A novel audiovisual BCI system was All patients showing sound localization
Xiao [35] 10 UWS/VS, 8 MCS  developed to simulate sound in the CRS-R were among those
localization evaluation in CRS-R detected by BCI
3.2. TMS

TMS, a non-invasive technique for brain stimulation, was initially introduced by
Barker and colleagues in 1985 [43]. It is considered safe when used in accordance with
the safety and application guidelines approved by the International Federation of Clinical
Neurophysiology [44]. This technique is based on Faraday’s principle of electromagnetic
induction [45].

In TMS, a high-intensity electric current, which changes rapidly (known as the TMS
pulse), is directed through conducting wire loops enclosed in a protective casing and
positioned against a specific area on the scalp. This alteration in the electrical current
generates a strong, fluctuating magnetic field that can easily pass through the skull and
stimulate a secondary electric current (moving in the opposite direction to the initial current)
within the brain’s excitable tissues [46,47].

When this induced current is applied with adequate intensity to the cortex, it causes
depolarization of cortical neuronal groups directly beneath the coil and in nearby and
distant brain regions, leading to neurophysiological and behavioral outcomes [48,49].
This means that TMS, particularly when combined with EEG, can be a powerful tool for
evaluating and modulating cortical excitability, plasticity, and functional connectivity. It
allows for mapping specific brain regions’ roles in cognitive processes and investigating
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learning mechanisms. Moreover, the application of TMS can lead to a range of behavioral
effects, including improved motor skill learning, altered cognitive control and decision-
making, memory, language, and visuospatial abilities [48,49].

To stimulate activity in the human brain, the initial current usually needs to be around
4-8 kA with a rate of change peaking at 100-200 ps, which induces an electric current
perpendicular to the coil’s surface and in the range of 7-15 mA /cm? [50].

The strength of the induced current is directly proportional to the original current and
decreases with distance due to factors such as bone, air, tissues, subdural and subarachnoid
cerebrospinal fluid, and changes in the cortical structure [51].

Single-pulse Transcranial Magnetic Stimulation (spTMS) protocols involve the dis-
charge of individual pulses, typically separated by intervals of 4-8 s. When a TMS pulse is
applied to the primary motor cortex (M1), it can activate the corticospinal tract and related
neural circuits, resulting in a muscle twitch in the area represented by the stimulated brain
region [52].

This muscle twitch’s electrical activity can be recorded as a motor-evoked potential
(MEP) through a surface electromyography (EMG) [53].

Higher cognitive functions, such as attention, memory, and language, can also be
examined by applying TMS pulses to higher cortices and associated networks. This can
temporarily disrupt physiological processes and/or behavioral activities supported by the
stimulated brain regions [54,55]. The motor cortex is often the most targeted region in TMS
studies because of its objective and easily obtainable neurophysiological output.

The TMS-induced MEP is often characterized by its amplitude and latency relative to
the onset of spTMS, reflecting the functional integrity of the corticospinal tract. The MEP’s
magnitude provides a measure of motor cortical excitability, which, in reality, reflects the
balance between cortical excitation and inhibition, two opposing forces that control the
activity in the cortex [56]. The MEP’s latency provides a measure of conduction time along
central corticospinal motor pathways.

For all of its potential applications, TMS has been investigated as a potential tool for
promoting recovery and neuroplasticity following brain injuries [57] and was used in DoC
patients.

TBI can lead to a range of neurological symptoms, such as chronic pain [58], distur-
bances in mood [59] and sleep [60], and an increased risk of seizures and post-traumatic
epilepsy [61]. These symptoms may be explained by a decrease in cortical inhibition,
which results from a reduction in GABA-mediated synaptic inhibition and a decrease in
GABA-synthesising enzymes at the cortical inhibitory synapses [62,63].

Research indicates that the impairment of cortical inhibition circuits in the motor
regions of DoC patients can be assessed using TMS-EMG. A study conducted by Lapitskaya
et al., which employed TMS-EMG on a group of 24 UWS/VS patients, 23 MCS patients,
and 14 healthy controls, found that cortical motor regions for DoC patients were stimulated
in an abnormal manner [64]; compared to the healthy control group, the patients exhibited
higher Resting Motor Thresholds and lower average amplitudes of maximal peak-to-peak
M-wave, MEP, Sensory Evoked Potential, and Short-latency Afferent Inhibition.

In another study, Bagnato and colleagues used paired-pulse TMS to detect signif-
icant alterations in the transmissions of inhibitory and excitatory neurons in UWS/VS
patients [65]. Paired-pulse TMS (ppTMS) refers to the delivery of two magnetic pulses
in rapid succession to the brain. The two pulses can be delivered with fixed or adaptive
stimulus parameters to examine cortical excitability in the human motor cortex and probe
intra-cortical and inter-cortical connections [66]. When compared to the healthy control
group, the phenomena of Intracortical Inhibition (ICI) and Intracortical Facilitation in
UWS/VS patients were significantly diminished [65].

However, studies using different ppTMS measures of ICI have reported mixed results,
including facilitation, suppression, and no effect on MEPs following mild TBI [67].

In contrast to ppTMS, which involves delivering two magnetic pulses in rapid suc-
cession to the brain, other protocols utilize repetitive Transcranial Magnetic Stimulation
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(rTMS). These protocols involve delivering multiple pulses or bursts of stimulation at a
fixed frequency ranging from 0.5 to 20 Hz. The duration of rTMS can vary from a few
seconds to 3040 min. This technique allows for the modulation of cortical excitability even
beyond the stimulation period and can be applied to both motor and non-motor regions
of the brain. As a result, it induces effects on brain activity that can be observed locally as
well as in distant areas [68,69].

While high-frequency (>5 Hz) rTMS protocols were found to generally increase
cortical excitability as observed by MEPs [70], low-frequency (<1 Hz) rTMS protocols were
found to decrease it [70]. However, the impact of rTMS can also depend on the state of the
cortex at the time of stimulation, which can be leveraged to enhance the specificity of the
rTMS-induced effects [71].

Using rTMS, it is possible to depolarize neurons, alter the state of the cortex, and either
excite or suppress the functionality of the local cerebral cortex between the stimulation coil
and remote areas. As such, rTMS can be employed to amplify specific cognitive processes
or modulate the activity of particular regions of the brain [72].

A study found that 60% of DoC patients began to show signs of visual tracking,
emotional response, and even indicative action after receiving 5 Hz rTMS intervention,
which corresponded to significant increases in the Glasgow Coma Scale and the CRS-R [73].

rTMS was also found to have a positive impact on the behavioral and resting-state
functional connectivity of individuals with disorders of consciousness. The DoC patients
who underwent 20 Hz rTMS treatment showed significant improvements in consciousness
level, response to commands, and motor function compared to those receiving sham
treatment. Moreover, resting-state fMRI analysis indicated that rTMS led to changes in
functional connectivity patterns within the brain [74].

Another study involved 10 UWS/VS patients who received 10 Hz rTMS over the left
dorsolateral prefrontal cortex (DLPFC). The findings indicated several positive outcomes
from the procedure, including increased arousal and responsiveness, improved cognitive
functions such as attention and working memory, and enhanced motor responses [75].

The effects of 10 Hz rTMS were also investigated by Xia and colleagues, who stimu-
lated the left DLPFC and conducted quantitative EEG analysis in 18 chronic DoC patients.
They found decreased low-frequency band power and increased high-frequency band
power in the patient group, especially for those diagnosed with MCS, suggesting that
quantitative EEG can be useful for assessing the effect of rTMS in DoC patients [76].

To study the therapeutic efficacy of rTMS, a randomized, double-blind, sham-controlled
trial was conducted in 40 DoC patients with the administration of 20 Hz active-rTMS or
sham-rTMS. It was found that compared to those treated by sham-rTMS, some patients
showed significantly improved markers of consciousness. However, rTMS did not signifi-
cantly enhance the awakening ratio [77].

Manganotti et al. explored 20 Hz rTMS impact on six MCS and UWS/VS patients
observing significant behavioral and neurophysiological changes in only one MCS patient,
correlating EEG reactivity and clinical response after rTMS [78]. Nonetheless, some research
indicates that 20 Hz rTMS at M1 has no therapeutic impact on both MCS [74] and patients
with UWS/VS [79], leaving the effectiveness of this approach unclear.

A recent study protocol has been proposed that will involve 30 DoC and investigate
the potential use of 10 Hz rTMS in aiding the recovery of consciousness. The key goal is to
apply stimulation over individualized target areas for each patient, which will be based on
different areas of injury; this work presents an important step, as previous works focused
on non-specific target areas for stimulation with low effectiveness for DoC patients [80].

In a study that involved 14 UWS/VS, 7 MCS, and healthy subjects, significant changes
were found in TMS-evoked potentials and TMS-evoked connectivity in the healthy and
MCS groups, but no significant changes were found in UWS/VS patients. These findings
suggest that 'TMS can effectively modulate effective connectivity in MCS patients [81].

Using TMS in conjunction with EEG offers an immediate approach to identifying the
brain’s state and observing the dynamics of a wide range of cortical regions [79]. This non-



Life 2023, 13,1675

9 of 22

intrusive method allows for the assessment of brain excitability, instant connectivity, and
ephemeral brain states. When applied to the cerebral cortex, TMS elicits synaptic activity
that can be viewed and quantified through EEG, a phenomenon known as TMS-evoked
potentials (TEPs) [82].

Consciousness is supported by cortex—cortex and corticothalamic—cortex connections
that also involve distant brain regions [83]. Since TMS-EEG allows for the assessment of
effective connectivity, it was possible to differentiate between states of reduced awareness
(e.g., sleep and anesthesia) and higher levels of consciousness (being awake or experiencing
dreams) [84].

Previous findings showed that the breakdown of communication within the cerebral
cortex during sleep may be necessary for consciousness. It was shown that in wakeful
participants, TMS caused neural activity to spread across specific brain regions. However,
during non-REM sleep, the TMS stimulus only generated neural activity at the stimulated
site [85]. When studying this concept in DoC patients, Ragazzoni and colleagues found that
in UWS/VS patients, TMS elicits a localized EEG response, indicating disrupted effective
connectivity. In MCS patients, TMS often induces a more complex EEG activation pattern,
but not at the same level as that of healthy individuals [86].

These studies emphasize the importance of the perturbational complexity index (PCI)
as a marker of consciousness in TMS studies. Since consciousness relies on the brain’s
ability to support complex activity patterns that are both integrated and information-rich, a
measure that can capture this complexity is needed to measure the conscious level. When
TMS is used to perturb the cortex, PCI measures the algorithmic complexity of the resulting
electrocortical responses, which renders it a promising measure. Extensive testing on
diverse subject populations, including healthy individuals in different conscious states and
patients recovering from a coma, has shown that PCI can reliably discriminate levels of
awareness. This measure may pose a solution to the challenge of subjectivity in assessing
consciousness, as it provides an objective tool that can be employed at the bedside of
patients with acquired brain injuries [87].

Casarotto and colleagues found that PCI was able to effectively stratify unresponsive
DoC patients into different subgroups. EEG analysis of healthy subjects, MCS, and UWS/VS
patients showed decreasing PCI values with increasing DoC severity [88].

In a study on DoC patients using 10 Hz rTMS applied to the DLPFC, a significant
increase in the level of consciousness was observed, which was indicated by the CRS-R
assessment, TEP, and PCI. These findings highlight the concurrent use of TMS-EEG and PCI
as efficient tools for assessing the therapeutic effectiveness of rTMS in DoC patients [89].

Another study utilized the fast perturbational complexity index (PClst) to differentiate
between healthy individuals, MCS, and UWS/VS patients based on transcranial magnetic
stimulation-evoked potentials (TMS-TEP). PCIst demonstrated significant differences in
specific frequency bands, providing a potential tool for quantifying consciousness levels
and assessing diagnosis and prognosis in DoC patients [90].

In a study that combined rTMS with standard rehabilitation on the recovery of con-
sciousness in patients with persistent vegetative state, it was found that the group receiving
rTMS showed significant improvements in the CRS-R and EEG grading indices following
30 and 60 days of treatment compared to the control group [91].

Finally, a pilot study evaluated the impact of rTMS, amantadine, and their combination
on neurobehavioral gains in four DoC patients 1-15 years after their traumatic brain injury.
Changes were observed in resting-state functional connectivity for language, salience,
and sensorimotor networks after the period of treatment. This finding suggested that the
combination of treatments that rely on different mechanisms to modulate neural activity
may aid neurobehavioral recovery in DoC patients [92].

A study aims to uncover the neural responses of DoC patients to rTMS. Participants
included DoC patients and healthy subjects who received rTMS. Measurements before and
after rTMS were made with TMS-EMG. Notable changes in TMS-evoked potentials were
observed in healthy participants but not in DoC patients. However, TMS-evoked connec-
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tivity increased significantly in healthy and MCS patients and was positively correlated
with CRS-R scores. No significant changes were observed in UWS/VS patients [81].
The results of TMS studies are summarized in Table 2.

Table 2. Studies on TMS and Applications in Disorders of Consciousness.
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14 healthy amplitudes compared to healthy
compare motor thresholds and MEP
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o . after rTMS
addition to conventional therapy:.
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Naro et al. [75] 10 healthy DLPFC in daily sessions for 2 weeks. cognition, and motor responses after
controls CRS-R measured before and after. rTMS per CRS-R.
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. DLPEFEC for 10 min. EEG was recorded :
Xia et al. [76] (9 UWS/VS, . . increased alpha/beta waves
before and multiple times after . . .
9 MCS) . . post-rTMS, especially in MCS patients.
stimulation.
To investigate the therapeutic efficacy of
rTMS in patients with disorders of Some patients showed significant
Fan et al. [77] 40 DoC consciousness. CRS-R compared to CRS-R score increases compared to
baseline. A 20-Hz active TMS on left sham rTMS.
DLPFC and sham-rTMS protocol.
. To investigate the reactivity of EEG and One MCS patient showed
Manganotti 78] 3 MCS, the clinical response in six severely DoC neurophysiological and clinical
etal. 3UWS/VS by single session of 20-Hz rTMS over the changes. No effects seen in UWS/VS.
motor cortex
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Cincotta et al. [79] . for 5 days. CRS-R measured before and
patients after observed based on CRS-R scores.
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Xu et al. [80] 30 DoC double-blind crossover randomized Study protocol, results pending.
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14 UWS/VS, TMS-evoked potentials and
Xia et al [81] 7 MCS, TMS-EEG responses were recorded and connectivity changed in MCS but not
' 14 healthy compared between groups. y &

subjects

UWS/VS.
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effective connectivity using TMS TEP results suggest that cortical
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8 UWS/VS, . reactivity and connectivity are
5MCS evoked by TMS (TEPs)), TMS was applied severely impaired in all UWS/VS

Ragazzonietal.  [86] 4 to the less-affected hemisphere of patients . .

5 healthy . . patients, whereas in most MCS
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subjects . . patients; the TEPs are preserved but
targeting the primary motor cortex. A with abnormal features
total of 400 TMS pulses (200 real, 200 '
sham) were delivered at random intervals
between 0.25 to 0.5 Hz during a 60-min
session conducted at the patients” bedside.
To stratify unresponsive patients, such as
those in a vegetative state or minimally
conscious state, using an independently

38 MCS, validated index of brain complexity, PCI values were significantly lower in

Casarotto et al [85] 43 UWS/VS, single TMS pulses were delivered with a atients with disorders of
’ 150 healthy focal biphasic stimulator. TMS targets chonsciousness

subjects were selected bilaterally within the '
middle—caudal portion of the superior
frontal gyrus and within the superior
parietal lobule
TMS-EEG to assess effects of rTMS on By the CRS-R, TEP, and PCI, a

Bai et al. [89] 1 DOC bra1.r1 modulation of DOC. Twenty significant increase in the level of
sessions of 10 Hz rTMS were applied over  sciousness was observed
the DLPFC. consciousness was observed.

30 healthy PClIst was used to the diagnosis and PClst demonstrated sienificant

Wang et al [90] subjects, prognosis of DOC patients. The PCIst was differences in specific f%equency bands

’ 76 MCS, used to assess the time-space complexity between eroups
105 UWS/VS of TMS-evoked potentials (TEP). §roups-
To explore the effect of cgmb}mng rT™MS The group receiving rTMS showed
and conventional rehabilitation on the .o . .

Zhang et al. [91] 48 DoC . . - - significant improvements in the
recovery of consciousness in patients in a CRS-R and EEG eradine indices
persistent vegetative state (PVS). & &

To evaluate the impact of repetitive Auditorv-laneuage ¢ains were
transcranial magnetic stimulation (rTMS), y-anguage gains wel

Pape et al. [92] 4 DoC amantadine (AMA), and their observed after rTMS, which increased

S ! when r'TMS preceded rTMS + AMA.
combination.
3.3. tDCS

While TMS can be a useful neurofeedback technique for DoC patients, another promis-
ing technique is transcranial direct current stimulation (tDCS), which offers a simple
approach for localized brain stimulation. In contrast with TMS, tDCS does not induce
direct neuronal action potentials because the static fields generated by tDCS do not provide
the rapid depolarization required to produce action potentials in neural membranes [93].
Therefore, for tDCS to be effective, it is typically administered together with motor training
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tasks. The highest effects of tDCS are observed when it is applied before or during the
task [94].

tDCS traces its origins back to the late 19th century, shortly after the advent of electric-
ity [95]. It is a non-invasive approach that delivers a weak direct current (usually 1-2 mA)
to specific cortical regions beneath two opposing electrodes contained in saline-soaked
sponges [96]. It was found that anodal polarity (positive electrode) enhances neuronal
activity, while cathodal polarity (negative electrode) reduces neuronal activity [97].

In more recent years, interest in tDCS was renewed under the guidance of Dr. Wal-
ter Paulus and his team in Gottingen, Germany, with over a hundred scientific articles
published in the last decade [98]. The effects of tDCS on the brain are yet to be fully com-
prehended [93], but studies indicate that it can increase cortical excitability and improve
memory in healthy individuals [99,100].

Depending on whether the area of focus is put into contact with an anode or cathode,
researchers refer to the method as anodal or cathodal tDCS. The electrode placed in the
target area is typically designated as the “active electrode”, while the other serves as
the “reference electrode”. When both electrodes are positioned on conductive surfaces
such as the scalp, a direct current passes between the anode and the cathode, resulting in
distinct modifications in the excitability of the underlying cortical tissue. In this process,
the cathode, which is negatively charged, serves as the exit point for the electric current. A
smaller cathode can create a more concentrated delivery of charge to a specific brain region
since more charge is aligned underneath the smaller exit point. Therefore, the size of the
affected brain region can be influenced by modifying the size of the cathodal electrode (with
a smaller size leading to more focused effects) [101] or by altering the size and position of
the anodal electrode [102,103]. This stimulation technique can, therefore, be rather intricate
as specific effects vary with different brain regions and the properties of the electrode used
to deliver the current [104]. For instance, Accornero and colleagues noted that 10-min
anodal tDCS decreased visual evoked response amplitudes, while 10-min cathodal tDCS
increased them for a few minutes post-stimulation [105].

Regarding the duration of effects, changes induced by tDCS can persist for a consid-
erable time post-treatment, although more precise estimates of durations continue to be
investigated [106]. Nevertheless, alterations caused by tDCS can induce behavioral changes
and even improve the neuroplasticity [107].

Numerous studies have demonstrated that this technique can alter perceptual, cogni-
tive, and behavioral functions when applied to different brain regions. In addition, initial
findings imply that tDCS could potentially have therapeutic benefits in the management of
various brain disorders [93].

In a study involving ten chronic stroke patients [108], each participant underwent
two separate sessions. They received either anodal tDCS or sham tDCS in a randomized
order. To evaluate the brain’s response following tDCS, the team used spTMS. They found
that when patients received anodal tDCS, those with stronger connections in a specific
brain network showed a greater increase in brain responsiveness. This network included
regions near the site of stimulation in the affected hemisphere’s motor cortex, as well as
areas close to the affected hemisphere’s parietal cortex and the fronto-temporal cortex in
the opposite hemisphere. These connections were observed in a specific frequency range
(8-13 Hz) known as the alpha band. Importantly, this relationship between brain network
connectivity and increased brain responsiveness was not seen after the placebo (sham)
stimulation.

Bai et al. [109] observed that tDCS can effectively influence cortical excitability in DoC
patients, and the changes in excitability, both temporally and spatially, differ between MCS
and UWS/VS patients. In their study, which compared to baseline and sham stimulation,
MCS patients demonstrated increased overall cerebral excitability in the initial time win-
dows (0-100 ms and 100-200 ms). On the other hand, UWS/VS patients showed an increase
in overall cerebral excitability in the 0-100 ms interval, but a decrease was witnessed in
the 300—400 ms interval. This difference was likely due to differences in the severity of
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brain injury, which reflects varying degrees of connection integrity for different patients.
These findings also suggest that the modulation effects of tDCS may be influenced by the
underlying structural integrity of the cortical network in question [109].

Another study [110] explored the impact of tDCS applied to the left DLPFC on the
behavior and brain activity of patients suffering from prolonged DoC. The authors adopted
a double-blind, sham-controlled, crossover design in which thirteen patients with severe
brain injuries were subjected to either an active or a sham tDCS session in a randomized
order. Following the active tDCS session, an increase in relative power in both the alpha
band in the central regions and the theta band in the frontal and posterior regions was
observed. Behavioral enhancements were observed in three patients after the active tDCS
session and in one patient after the sham session. The authors concluded that a single
tDCS session could induce changes in brain activity in prolonged DoC patients, but these
changes might not always be associated with notable behavioral advancements.

Another study focused on specific DoC pathology and investigated the potential of
tDCS to enhance consciousness in patients diagnosed as UWS/VS and MCS [97]. The
treatment included a week of sham tDCS and two weeks of real tDCS, both administered
for 20 min daily for five days a week. Following treatment, all MCS patients demonstrated
immediate clinical progress, while no such improvement was observed in UWS/VS patients.
However, one UWS/VS patient, six years into the condition, exhibited improvement and
transitioned to MCS at the one-year follow-up. The authors suggested that tDCS could be
promising for treating severe consciousness disorders, with the severity and duration of
the condition potentially influencing the effectiveness of the treatment.

Aloi et al. evidenced that many patients with prolonged DoC maintain high cognitive
function and awareness [111], a phenomenon called cognitive-motor dissociation [112].
However, detecting covert cognition in these patients does not improve their prognosis,
as most remain in a state of low responsiveness. In their work, they evidenced that tDCS
could present a promising prospective therapeutic tool for MCS patients when used over
several sessions. However, current results are inconsistent due to small study populations,
diverse methodologies regarding tDCS parameters and outcome measures, and challenges
associated with electrode placement and the heterogeneity of brain damage observed in
these patients [111].

Thibaut and colleagues [113] studied the impact of left DLPFC tDCS on consciousness
in patients with severe brain injuries at least one week after the acute event. Using a
double-blind, sham-controlled crossover design, they delivered anodal and sham tDCS to
patients in MCS or UWS/VS. They observed significant treatment effects on CRS-R scores
in MCS patients but not in UWS/VS patients. Interestingly, 43% of MCS patients and 8%
of UWS/VS patients showed signs of increased consciousness post-tDCS, which were not
observed for pre-tDCS or sham evaluations. However, these tDCS-induced changes did
not affect long-term outcomes. The conclusion was that tDCS can temporarily enhance
signs of consciousness in MCS patients, as reflected in CRS-R score changes.

In a study by Hermann and colleagues [114], 60 DoC patients were stimulated via the
left DLPFC. Results showed a 20% improvement in clinical behavioral assessment. In the
EEG analysis, the improvements were correlated with increased power and long-range
cortico-cortical functional connectivity.

A retrospective study evaluated resting-state functional MRI of 16 MCS patients who
received a single left DLPFC tDCS in a randomized trial. Results indicated that six tDCS
responders showed increased intra-network connectivity, particularly with the left inferior
frontal gyrus; differently, non-responders displayed increased connectivity between left
DLPFC and midline cortical structures [115].

The results of tDCS studies are summarized in Table 3.
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Table 3. Studies on tDCS and Applications in Disorders of Consciousness.
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non-responders.

4. Discussion

In this work, we provided an overview of how BCI, TMS, and tDCS are promising
non-invasive techniques for managing DoC. However, they each face unique limitations
that need addressing to maximize their potential.

BCI technology allows for direct communication between the brain and digital devices

and is, hence, a promising tool for DoC patients. By translating brain-generated electrical
signals into actionable commands, BCIs can facilitate responses to queries, item selection
on screens, or control of devices, including wheelchairs [25].

Research has demonstrated potential uses for BCI in patients with minimal conscious-
ness. For example, Coyle et al. [27] showed that EEG evaluations of unique sensorimotor
patterns could allow for the use of BCI communication systems in patients unable to
voluntarily control their movements. Moreover, Li and colleagues [28] examined the
integration of multiple brain signals or varied BCI paradigms to improve performance,
reliability, and robustness in identifying number processing and mental arithmetic in DOC
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patients. Xiao and colleagues [30] also applied BCI to evaluate visual fixation in DoC
patients, demonstrating its diagnostic potential. In another significant study, Pan et al. [31]
identified patients with CMD, a condition where patients exhibit no observable response to
commands, providing evidence of the direct impact of BCI on consciousness.

Studies using gaze-independent audiovisual BCI systems, such as the one by Xie
et al. [32] assessed the capability of DoC patients to pay attention to sequential visual
stimuli, further showcasing BCI’s potential in detecting patient awareness. Meanwhile,
Lulé et al. [33] proved the possibility of detecting command following and functional
communication in DoC patients via EEG-based BCI.

TMS offers another promising approach to examining and treating DoC. It allows
for non-invasive modulation of brain activity and can facilitate neuroplasticity, poten-
tially aiding in recovery [73,74,77,80]. Combining TMS with EEG further enhances its
utility, allowing for a more nuanced understanding of brain dynamics in the DoC [79].
In particular, the PCI derived from TMS-EEG data offers a quantitative measure of con-
sciousness, facilitating differentiation between healthy individuals, MCS, and UWS/VS
patients [87,88].

Finally, tDCS presents as an additional non-invasive technique for brain modulation and
holds potential therapeutic benefits for various brain disorders, including the DoC [93,95]. It
facilitates targeted cortical stimulation, with studies indicating improved memory in healthy
individuals [99,100] and potential modulatory effects in DoC patients [109,110]. For instance,
evidence suggests changes in cortical excitability in DoC patients after tDCS [116], possibly
influenced by the structural integrity of the cortical network [109]. Furthermore, there are indi-
cations of tDCS-induced enhancement of consciousness in MCS patients and, to a lesser extent,
UWS/ VS patients [97,113]. It is also associated with observed behavioral improvements and
neuroplasticity enhancements [107].

While BCI, TMS, and tDCS each have their own advantages, they also have unique
limitations that need addressing to maximize their potential and allow for further clinical
implementations.

The limitations of BCI are considerable. For instance, BCI performance may vary
between patients due to individual neurophysiological differences, thus affecting the
system’s accuracy and reliability [68,69]. Furthermore, signal acquisition from severely
damaged brains poses challenges in terms of signal quality, with complex signal processing
and artifact rejection required [70]. In fact, in the context of DoC, the processing and analysis
of neurofeedback signals present unique challenges. A significant factor is the inherent
variability of brain activity in DoC conditions, which can be influenced by the extent
and location of brain damage, the patient’s level of consciousness, and other individual
characteristics. This variability can affect the quality and interpretability of the signals
obtained from such neurofeedback tools as EEG, complicating their analysis and potentially
limiting their usefulness in guiding interventions. Specifically, brain damage in DoC
conditions may result in altered or abnormal EEG patterns, including slow-wave activity,
epileptiform discharges, and other irregularities. These abnormal signals can mask or
distort the signals of interest in neurofeedback applications, such as those associated with
cognition or sensory processing. Traditional signal-processing techniques may not be
sufficient to capture the complex and subtle changes in brain activity that could indicate
changes in a patient’s level of consciousness. Advanced analysis methods, such as machine
learning algorithms, could potentially improve the interpretation of these signals, but their
implementation is non-trivial and requires further research and validation.

The application of BCI also raises ethical concerns, primarily surrounding patient
autonomy and the accuracy of patient representations [71].

TMS, on the other hand, can modulate neuronal activity and provide diagnostic and
therapeutic benefits for DoC patients [75]. Despite these advantages, TMS comes with its
own set of limitations. Its stimulation depth is limited, thus not adequately reaching deep
brain structures. Moreover, the technology cannot directly trigger neuronal action potentials
in patients with severe brain injuries. Hence, for TMS to be effective, it often needs to



Life 2023, 13,1675

16 of 22

be paired with concurrent behavioral tasks [91]. Another challenge is the discomfort or
potential side effects such as headaches or seizures, though these are rare [81]. Moreover,
individual differences in neuroanatomy may lead to variable responses to TMS, limiting its
reproducibility [82].

The tDCS presents as a compelling method for localized brain stimulation, but it
also has important limitations. Although capable of modifying cortical excitability and
potentially improving consciousness in DoC patients [97,109], it does not induce direct
neuronal action potentials. Thus, to be effective, it often has to be administered along with
motor training tasks [93,94]. Further, the impacts are variable depending on the different
brain regions, their unique characteristics, and the patient’s individual neurophysiological
state [104]. The understanding of tDCS’s long-term effects and outcomes remains limited,
requiring further exploration [106]. The heterogeneity in brain damage among DoC patients
contributes to inconsistent results [111].

Moreover, while NF tools hold promise for treating DoC, their effectiveness in patients
with UWS/VS appears to be limited. There could be several reasons for this, such as a
lack of responsiveness and brain damage. It is important to consider that the primary
characteristic of UWS/VS is a lack of responsiveness. While these patients may open their
eyes and exhibit reflexive behaviors, they do not demonstrate any meaningful responses
to stimuli. This lack of responsiveness might limit the efficacy of NF tools, which rely on
the ability of the patient to respond to feedback and adjust their brain activity accordingly.
Moreover, depending on the cause and severity of the UWS/VS, substantial brain damage
may inhibit the effectiveness of NF tools. Furthermore, NF tools largely depend on the
accuracy of real-time monitoring of brain activity, often through EEG. However, in severe
cases of UWS/VS, the brain’s electrical activity may be too impaired or erratic to be
accurately measured and used for effective NF.

There are some potential directions to improve the effectiveness of NF tools in treating
UWS/VS. Technological advancements could lead to more accurate and sensitive tools
for monitoring brain activity, potentially increasing the effectiveness of NF in UWS/VS
patients. In addition, improvements in machine learning algorithms could lead to more
personalized and effective treatment strategies. NF might be more effective when combined
with other treatments. For instance, it could be used in conjunction with traditional rehabil-
itation therapies, pharmacological treatments, or other neuromodulation techniques. These
considerations highlight that further research is needed to better understand UWS/VS and
how it affects brain function. This could lead to the development of more effective NF
techniques tailored specifically for these patients.

5. Conclusions

We conclude by emphasizing the importance of further research and therapeutic devel-
opments for patients suffering from acquired brain injuries and DoC. Despite their limitations,
BCI, TMS, and tDCS present promising neurofeedback tools that can assist in the diagnosis
and care of these patients. While no single “gold-standard” treatment exists, the heterogene-
ity of DoC conditions calls for personalized therapeutic approaches depending on the level
of severity and etiology of brain damage. Accordingly, the existence of several tools, each
with its own strengths and weaknesses, can be leveraged to address individual differences
among DoC patients. Ultimately, the goal of the research we reviewed is to establish future
clinical guidelines and standards for treating severe neurological disorders. To meet this goal,
different neurofeedback tools require further research to understand their most appropriate
applications, which will help overcome the limitations we discussed [68,82,111].
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Abbreviations

EEG Electroencephalography

BCI Brain-Computer Interface

tDCS Transcranial direct current stimulation

TMS Transcranial Magnetic Stimulation

DoC Disorder of Consciousness

ABI Acquired Brain Injury

UWS/VS  Unresponsive Wakefulness Syndrome/ Vegetative State
MCS Minimally Conscious State

CRS-R Coma Recovery Scale Revised

TBI Traumatic Brain Injury

LOS Length of Stay

NF Neurofeedback

SSVEPs Steady-state visual evoked potentials

CMD Cognitive motor dissociation

ERPs Evoke event-related potentials

LIS Locked-in syndrome

spTMS Single-pulse Transcranial Magnetic Stimulation
M1 Primary motor cortex

MEP Motor-evoked potential

EMG Electromyography

ppTMS Paired-pulse TMS

ICI Intracortical Inhibition

rTMS Repetitive Transcranial Magnetic Stimulation
DLPFC Dorsolateral prefrontal cortex

TEPs TMS-evoked potentials

PCI Perturbational complexity index
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