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non-invasive stimulation, which appears to be more encour-
aging than pharmacological therapy. However, heterogene-
ity is profoundly ingrained in study designs, and only rare 
schemes have been recommended by authoritative institu-
tions. There is still a lack of an effective clinical protocol for 
managing patients with DOC following ABI. To advance 
future clinical studies on DOC, we present a comprehensive 
review of the progress in clinical identification and manage-
ment as well as some challenges in the pathophysiology of 
DOC. We propose a preliminary clinical decision protocol, 
which could serve as an ideal reference tool for many medi-
cal institutions.

Keywords Clinical decision · Disorders of 
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Introduction

Disorders of consciousness (DOC) can develop after 
acquired brain injury (ABI), consisting of coma, unre-
sponsive wakefulness syndrome (previously known as the 
vegetative state) (VS/UWS), and minimally conscious state 
(MCS) [1]. Such a clinical setting deserves adequate atten-
tion because misdiagnosis/missed diagnosis might lead to 
incorrect medical decisions, which can further result in 
expensive healthcare and societal expenses, or even ethical 
concerns [2]. Many studies have been conducted to decode 
the neurophysiological mechanism of consciousness, such 
as understanding the neural circuits and transmitters, and 
establishing the evaluation indicators. To decode the neu-
roradiological signals in patients with DOC, a multitude 
of evaluation tools such as positron emission tomography 
(PET), structural or functional magnetic resonance imaging 

Abstract Major advances have been made over the past 
few decades in identifying and managing disorders of con-
sciousness (DOC) in patients with acquired brain injury 
(ABI), bringing the transformation from a conceptualized 
definition to a complex clinical scenario worthy of scientific 
exploration. Given the continuously-evolving framework 
of precision medicine that integrates valuable behavioral 
assessment tools, sophisticated neuroimaging, and electro-
physiological techniques, a considerably higher diagnostic 
accuracy rate of DOC may now be reached. During the treat-
ment of patients with DOC, a variety of intervention meth-
ods are available, including amantadine and transcranial 
direct current stimulation, which have both provided class 
II evidence, zolpidem, which is also of high quality, and 
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(MRI), and electroencephalography (EEG) are available [3]. 
These achievements have fueled a shift from direct observa-
tion to objective evaluation and have even enabled dynamic 
evaluation in a temporal continuum. Current advances in 
understanding the etiology of DOC have restored our hope 
for meaningful recovery in some “abandoned” patients. A 
sizable fraction of patients with DOC has benefited from the 
premise that diagnostic accuracy is improving.

With the advancement of this issue, some therapeutic 
methods for increasing consciousness recovery in patients 
with DOC became available. Nowadays, clinical manage-
ment using invasive or noninvasive approaches is avail-
able, albeit there are no guidelines or regulations on how 
to do so, either in the acute or in the subacute-to-chronic 
periods of DOC (for classification criteria, see below) [4]. 
Unfortunately, certain potential methods, such as spinal cord 
stimulation (SCS), brain-computer interfaces (BCIs), and 
other physical therapy paradigms, are still in the clinical 
trial phase and hence are not supported by the official con-
sensus [5–7]. However, evidence-based clinical studies are 
now shifting from retrospective data analyses to prospective 
randomized controlled trials (RCTs), and interdisciplinary 
or multi-modality, even multi-scale data are providing hope 
for the depth profiling of consciousness phenotypes [8]. As 
always, clinicians are now confronted with issues such as 
dynamic changes in temporal and spatial scale indicators, 
varied patterns of precision management, and time-variant 
brain activity in ABI patients, as well as regional hetero-
geneities. Nonetheless, no unified clinical decision-making 
methodology is widely used around the world.

The purpose of this review is to provide an overview of 
the advances in pathogenesis, diagnostic and therapeutic 
options, and prospects for recent research in patients with 
DOC. We highlight the important concerns that have per-
plexed neurologists and neurorehabilitation specialists, as 
well as the remaining hurdles in neuroimaging and elec-
trophysiology. We provide a preliminary experience-based 
protocol that could be adapted in most tertiary medical insti-
tutions to identify and manage DOC in patients with ABI.

Pathophysiology

Brain Regions

Global injuries, such as diffuse hemispheric lesions, bilateral 
brainstem lesions or bilateral diencephalopathy with brain-
stem involvement, metabolic or toxic encephalopathies that 
cause widespread connection dysfunction, and focal brain 
injuries that lead to widespread brain dysfunction between 
the corticothalamic system and basal ganglia and limbic sys-
tem are the widely used descriptions of DOC pathophysiol-
ogy in ABI patients (Fig. 1A). These result in the direct loss 

of neural structure, as well as a decrease in input to neo-
cortical and thalamic neurons and a reduction in neuronal 
firing rates. The frequency with which this occurs indicates 
that the withdrawal of excitatory neurotransmission results 
in a passive hyperpolarizing phenomenon—the dominance 
of  K+ leakage currents in the neuronal membrane potential. 
This phenomenon is also known as “disfacilitation”. Signifi-
cantly, the “ABCD” model (“A” represents the EEG power 
spectrum which is restricted to <1 Hz, “B” represents the 
spontaneously generated bursting for seconds at a rate of 
~5–9 Hz, “C” represents the partial restoration of neocortical 
membrane potentials and coincident bursting of deafferented 
thalamic neurons, and “D” represents the restoration of the 
normal EEG power spectrum with a peak in the alpha fre-
quency range of ~8–13 Hz) was presented to characterize 
the degree of thalamocortical disfacilitation (see reference 
[9] for details) at the consciousness level.

The Mesocircuit Model

To account for state transitions across the DOC continuum, 
the microcircuit model (Fig. 1B) has been proposed [1]. 
Anterior forebrain function is significantly down-regulated 
in this model as a result of widespread disconnection or 
neurotmesis, and the central thalamus plays an important 
role as progressive deafferentation is directly proportional to 
the level of anatomical damage [10]. This model provides a 
conceptual framework for similar shift patterns of activation 
from the frontal cortex to the striatum in diverse stages of 
consciousness, such as general anesthesia, wake-sleep, and 
DOC in ABI patients [11]. In this model [12], the level of 
consciousness varies with some regular patterns, and it can 
be used to unify the pathological evaluation of treatment 
effects: First, down-regulation of anterior forebrain activity 
is inconsistent with the etiological spectrum of zolpidem-
responsive patients [1]. Second, the reaction to drugs and 
stimulations is associated with the activation of frontocen-
tral or central thalamic areas, which is frequently seen in 
the return of consciousness in ABI patients [9]. Third, this 
model has a shared final pathway that supports the produc-
tion and regulation of awareness. Unfortunately, determining 
ways to link brain-wide central thalamic status to network-
level mechanisms remains difficult.

Brain Network

The frontoparietal control system (Fig. 1C) includes two 
sub-networks, the default mode network (DMN) and the 
executive control network (ECN), which can be utilized to 
decode the mechanism of consciousness [13]. The origi-
nal investigation found that the integrity of functional con-
nectivity within the DMN is inversely linked with various 
levels of consciousness impairment [14]. A subsequent 
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study found that the structural architecture of the DMN is 
proportional to the severity of DOC [15]. Another multi-
modal study has revealed that the metabolic integrity of the 
DMN performs better than other brain networks in decoding 
the pathogenesis of DOC [16]. The essential regions of the 
DMN, particularly the posterior cingulate cortex and pre-
cuneus, have been found to be substantially linked with the 
state of consciousness [17, 18]. As a result, the destruction 
of DMN structure or function can be regarded as a DOC 

biomarker. In DOC patients, recent research has revealed 
that DMN alterations, mostly driven by the precuneus and 
inferior parietal cortex, are due to diminished inhibition of 
the striatum and are accompanied by decreased coupling 
from the striatum to the thalamus [19]. Nonetheless, rely-
ing primarily on the DMN in the origin of consciousness is 
analogous to seeing only one area at the total brain voxel 
level. Recently, independent component analysis permitted 
the detection of ECN information, in which the breakdown 

Fig. 1  Perspective of the pathophysiological interpretation of DOC. 
Although the mechanism of DOC after ABI is not fully understood, 
the interpretation has transformed from a single brain region to a 
brain network, from a macro or micro perspective to a comprehen-
sive perspective. A The traditional explanation is largely based on the 
location of lesions in brain regions. From the cerebral hemisphere 
injury to the brainstem arousal system, and the reduction of excitation 
between the cortical and subcortical structures. B The mesocircuit 
model presents a common mechanism which is the down-regulation 
of the anterior forebrain mesocircuit. A reduction of thalamocortical 
and thalamostriatal outflow is caused by the withdrawal of afferent 

drive to the medium spiny neurons of the striatum, and the discharge 
threshold cannot be reached. Then the loss of active inhibition from 
the striatum to the globus pallidus internus, which provides active 
inhibition to their synaptic targets. C Brain network theory holds that 
the functional activation of a set of areas within the default mode net-
work (core network) and the executive control network (high-level 
network) is necessary for maintaining consciousness. D The cortico-
subcortical circuits (from the thalamus to the cortex or the striatum) 
and several neurotransmitters released by the thalamic nucleus are 
associated with DOC, which provides a new viewpoint of the patho-
physiology of DOC.
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of functional connectivity, dynamic changes of connections, 
and structural destruction have been found to be associated 
with consciousness. Further network interaction studies have 
revealed that different consciousness settings are associated 
with decreased connectivity between the ECN and the DMN, 
with a dual-task paradigm playing an essential role [20]. 
Therefore, the evolution of consciousness can be regarded as 
the re-emergence of the connectivity of functional networks 
or rising from a comatose, VS/UWS, or MCS condition to 
a normal condition.

Meanwhile, white matter fiber analyses have revealed that 
cortico-cortical and sub-cortico-cortical structures are physi-
cally destroyed in DOC patients, while subcortical functional 
connections are intact. Subsequent studies suggest that the 
structural damage of the basal ganglia, thalamus, and frontal 
cortex [21] is significantly associated with consciousness 
problems [21]. A meta-analysis study found that the corpus 
callosum (splenium and body) is a more reliable region of 
interest (ROI) for quantitative evaluation in the reflection of 
consciousness [22]. Following that, it was discovered that 
the precuneus (DMN core node) has the strongest structural 
connectivity with the thalamus and that differences between 
these regions represent dynamic variations in consciousness 
[23]. A recent DMN dissection investigation suggests that a 
fiber tract located near the inferior arm of the cingulum and 
connecting to the precuneus and medial temporal lobe plays 
a significant role in the phenotypes of consciousness [24]. 
These findings show that when it comes to understanding 
the pathophysiology of DOC, the functional and structural 
networks are not only indispensable but also complementary.

Cortico‑Subcortical Circuits

Consciousness can be understood in three processes 
(Fig. 1D): (1) cortico-subcortical coupling, (2) pathway of 
cortical stimulation governed by the central thalamus, and 
(3) stimulation of the thalamic nucleus by cortical activity. 
Although the role of deep nuclei in the origin, changes, and 
even quantification of brain activity in consciousness pro-
cessing has not been fully investigated [25], several neural 
circuits that are thought to have a pathophysiological impact 
on DOC have been identified: (1) activation of the thalamus, 
activation of the ascending reticular activating system, and 
re-establishment of the cortico-striatal-thalamic-cortical 
loop; (2) promotion of inhibitory connection between the 
DMN and external networks by activation of the salience 
network (SN); (3) increase in activity and connectivity 
within the brain network via the norepinephrine pathway; 
and (4) increase in activity within the DMN via the seroto-
nin pathway. Meanwhile, some notable markers [e.g., lactate 
dehydrogenase levels in the cerebrospinal fluid reveal struc-
tural and non-structural defects [26], the opposite effects of 
dopamine and serotonin on functional networks [27], and 

the serum tau [28] and neurofilament light chain (NFL) lev-
els reflect structural damage [29]] are in progress to reveal 
stronger clues in the pathophysiological decoding of altered 
consciousness. As an old Chinese proverb goes: “One tree 
does not make a forest”, and DOC pathogenesis can now be 
deciphered on a scale of separately but tightly-integrated 
levels of a hierarchy ranging from the micro-scale of a gene, 
protein, synapse, and neuron to the macro-scale of a neural 
circuit, brain area, and transmission pathway.

Identification

A novel framework for classifying consciousness was pro-
posed by the Neurocritical Care Society’s Curing Coma 
Campaign in 2010 [30]. Such a tiered multidimensional 
framework reflects the precision of the current identifica-
tion process by integrating modern approaches of phenom-
enology. Each subdirectory of this framework is discussed 
below (Fig. 2).

Behavioral Assessment

The American Congress of Rehabilitation Medicine con-
ducted a systematic review of behavioral assessment scales 
for DOC in early 2010 [31] and provided evidence-based 
recommendations for its clinical use based on reliability 
and validity. If there is only one option, the Coma Recovery 
Scale-Revised (CRS-R) is preferable because it meets all 
the Aspen Workgroup criteria. In the past, the CRS-R was 
extensively recommended for acute or subacute-to-chronic 
DOC assessment [1, 9], and was recommended by the Amer-
ican Academy of Neurology guidelines in 2018 [32] and the 
European Academy of Neurology (EAN) guidelines in 2020 
[33]. The guidelines propose the concept of delayed recov-
ery of consciousness (recovery >1 year after damage) with 
the help of CRS-R and advocate abandoning the concept of 
permanent VS/UWS. Measurable CRS-R evidence of voli-
tional responses has been found in ~40% of individuals who 
had previously been diagnosed with VS/UWS.

CRS-R adaptation and validation studies have been con-
ducted, and a total of 14 language revision versions have 
been reported. The next consideration is the best time to 
evaluate. Early identification of DOC is linked to prognosis 
prediction and establishing the aims of future care decisions. 
A prospective study has shown that CRS-R scores at admis-
sion effectively distinguish patients’ outcomes at hospital 
discharge after severe brain injury [34]. Later, the optimiza-
tion of evaluation is considered. Many strategies, such as 
using the patient’s name to assess auditory function, using a 
mirror to assess visual fixation, using supplementary BCIs, 
and measuring the auditory situation in complex listening 
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environments, have resulted in varying degrees of optimiza-
tion in the assessment of DOC. A further RCT study indi-
cated that individualized objects are more effective at elicit-
ing responses from MCS patients [35]. There may be some 
advantages to using a repeated CRS-R examination tech-
nique, with a minimum of six repetitions in traumatic brain 
injury (TBI) patients and five in non-TBI patients, which can 
reduce misdiagnosis within one week. The CRS-R should be 
used 5 times a week, preferably daily, to reduce the rate of 

misdiagnosis [36]. Although the neurological examination 
is still the most often used tool for DOC detection, the use 
of CRS-R in the acute phase of severe ABI is limited since 
those patients require prolonged sedation and continuous 
monitoring.

Neuroimaging Techniques

Currently, three major neuroimaging strategies for assess-
ing consciousness are available [3]: first, resting-state 

Fig. 2  Advances in identification methods. A The traditional behav-
ioral assessment tools (e.g., CRS-R scales) enable the clinical clas-
sification of DOC patients into Coma, VS/UWS,  MCS−,  MCS+, and 
EMCS, in which the EMCS, ILS, and normal consciousness can be 
differentiated by using the traditional assessment protocol. B Taking 
brain structural neuroimages (e.g., CT, MRI, and DTI) and clinical 
examination into consideration, assessments were designed to meet 
the possibilities in low-resource settings, which can increase the 
accuracy and effectiveness. C Adding the assessment of brain func-
tion (e.g., fMRI and EEG), and allowing detection of covert con-
sciousness in unresponsive patients. In patients with no behavioral 
evidence, fMRI or EEG evidence of command-following indicate 
covert consciousness, and fMRI or EEG responses within an associa-

tion cortex during passive stimuli indicate covert cortical processing. 
D A multimodal approach was proposed to optimize the identification 
accuracy of DOC, which can help to further screen out the preserva-
tion of brain activity. E Future challenges are applying the reasonable 
integration and specification of all relevant biological and physiologi-
cal data and allowing clinicians to follow the change of consciousness 
endotypes over time. CRS-R, Coma Recovery Scale-Revised; CT, 
computed tomography; DTI, diffusion tensor imaging; EEG, elec-
troencephalography; EMCS, emerged from the MCS; LIS, locked-in 
syndrome; MCS, minimally conscious state; MRI, magnetic reso-
nance imaging; PET, positron emission tomography; UWS, unrespon-
sive wakefulness syndrome; VS, vegetative state.
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measurements of brain activity, which do not require active 
participation from patients and evaluate their sensory feed-
back; second, a passive sensory paradigm to measure brain 
response to external stimuli, which takes into account the 
information-processing capacity of the brain’s primary 
active region; and third, a command-following or a com-
munication paradigm to measure dynamic brain activity, 
that records willful modulation of the brain under task-state 
conditions (rarely used in the clinic, but often in scientific 
research). The important question is how to implement it 
appropriately after a preliminary understanding of the clas-
sification of neuroimaging applicability. In general, the most 
important rule is to appropriately distinguish between acute 
and chronic DOC in patients with ABI. The acute period 
of DOC, according to a recent EAN guideline, is the first 
28 days after damage, followed by the subacute-to-chronic 
periods, and the persistent lower levels of consciousness at 
one year is a transition time point from persistent to perma-
nent VS/UWS.

We have a conservative view regarding “the more neuro-
imaging application, the better” during the acute phase of 
DOC. The usefulness of traditional head computed tomogra-
phy (CT) cannot be overstated because it is widely available 
and allows for quick data capture. To the best of our knowl-
edge, CT can assist in predicting the early death of individu-
als with acute DOC in a variety of ABIs, including TBI, 
hemorrhage, and hypoxic-ischemic encephalopathy (HIE). 
However, due to its low sensitivity, applying CT alone to 
detect most DOC-causing entities has rarely been seen in 
clinical applications. In a nutshell, MRI is superior because 
it has significantly higher accuracy and provides evidence 
for treatment or withdrawal of life-support in a patient 
with severe ABI within a specific time frame. Nowadays, 
T2-weighted, susceptibility-weighted, and fluid-attenuated 
inversion recovery (FLAIR) imaging lesions can be used 
to predict coma duration, residual function, and long-term 
prognosis after a TBI. Despite this, individuals with signifi-
cant micro-bleeding in the brainstem [37] can unexpectedly 
recover consciousness. At this point, relying solely on the 
bleeding phenomena of neuroimaging to describe the patho-
physiology of DOC is insufficiently rigorous.

To the best of our knowledge, preventing misinterpreta-
tion, recognizing reversible harm, and offering an accurate 
prognosis of awakening are key goals in the acute phase 
of DOC, which drives us to use sophisticated neuroimag-
ing. The most impressive achievement has been the use of 
diffusion tensor imaging (DTI) measurements in the acute 
phase of ABI. Using DTI, researchers discovered that broad 
disconnection of white matter (particularly the fornix) fol-
lowing severe brain injury is strongly correlated with DOC 
[38], and abnormal structural connectivity between the basal 
ganglia, frontal cortex, and thalamus has been detected in 
DOC [21]. The degree of inter-hemispherical disconnection 

such as the separation of integrality is an independent bio-
marker of consciousness [39]. According to one encouraging 
DTI study, using machine learning algorithms might achieve 
a maximum of 100% accuracy in discriminating the tha-
lamic tracts reaching the frontal, parietal, and sensorimotor 
regions [40]. DTI technology has advanced further by using 
high-resolution techniques to map structural connections in 
ABI patients by reconstructing fiber tracts in the white mat-
ter. An initial investigation indicated that the integrity of 
the ascending arousal network is diminished in individuals 
with traumatic coma [41], and the axonal pathway from the 
brainstem to the hypothalamus and thalamus is destroyed 
[42]. According to one recent study, reduced connectivity in 
subcortical arousal pathways is a sensitive indicator of DOC 
[43]. Therefore, DTI technology can be used to determine 
the preserved connectome in individual ABI patients and 
provide evidence for future decision-making. Even though 
there is no clear opinion on acute DOC assessment, efforts 
are ongoing to develop a combination of multimodal tech-
niques (CT, MRI, and DTI), build a large-scale database, 
and share data globally.

Because the patient’s condition is not critical in the sub-
acute-to-chronic phase of DOC, the use of advanced but not 
complicated neuroimaging is feasible. A feast of progress 
during the last few decades can be summed up as follows: 
(1) paradigm shifts from simple to complex [44], (2) method 
shifts from region-of-interest to whole-brain, (3) technique 
shifts from fledgling to sophisticated, (4) data collection 
shifts from depictive to quantitative, and (5) model devel-
opment shifts from unitary to multi-dimensional. Assess-
ing consciousness in a brain with significant structural or 
functional damage generally entails capturing independent 
signals of brain processes.

The use of PET in diagnosing metabolic abnormalities in 
the brain is a cornerstone of neuroimaging advancement. The 
earlier functional imaging modalities for assessing DOC, 
18F-fluorodeoxyglucose (FDG), and  H2

15O, are commonly-
used molecular labels in PET practice. Previous FDG-PET 
investigations found a 40%–50% reduction in whole-brain 
metabolism in DOC patients [45], as well as reduced corti-
cal effective connectivity in VS/UWS [46]. According to 
 H2

15O-PET investigations, consciousness recovery appears 
to coincide with the restoration of functional connections 
between the thalamus and cortex [47, 48]. During voxel-
based PET analysis, it was discovered that DOC patients 
have a widespread frontal-parietal network (FPN) deficiency 
that includes midline and lateral association cortices (the 
anterior cingulate, mediofrontal, and posterior cingulate or 
precuneus linked with the prefrontal or posterior parietal 
cortex). Whether processing intrinsic or extrinsic stimuli, the 
disruption pattern exhibits a certain degree of homogeneity 
and continuity at the network level [48]. Then, comparative 
studies of PET activation in different DOC states revealed 
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that MCS patients have greater metabolic preservation of 
FPN than controls [49]. A recent FDG-PET comparison of 
MCS subcategorization discovered that the  MCS+ group had 
higher metabolism than the  MCS− group in the left mid-
dle temporal lobe, which is essential in semantic process-
ing [50]. A pilot investigation using (11C) flumazenil PET 
revealed that the γ-amino butyric acid (GABA) receptor 
binding potential value can be applied as an early evalu-
ation marker of consciousness recovery in VS/UWS and 
MCS patients [51]. According to recent PET investigations, 
the degree of metabolic modification within the association 
cortices (particularly broad FPN and connections to thalamic 
nuclei) rather than the primary sensory cortices is tightly 
proportional to the stage of consciousness. PET has revealed 
first-hand evidence of several intriguing conditions such as 
cortical processing in VS, auditory processing in VS, pain 
perception in MCS, preserved brain activity in MCS, and 
cognitive motor dissociation (CMD) or hidden awareness 
among many others. A comparative investigation has even 
shown that 18F-FDG PET can be used to predict the long-
term recovery of patients with UWS, and the predictive 
value appears to be more accurate than the later-described 
functional MRI (fMRI) [52]. At this point, it is no surprise 
that the EAN recommendation emphasizes the great sensi-
tivity and specificity of paraclinical PET in distinguishing 
between VS/UWS and MCS patients.

Structural MRI was the most direct method of visualizing 
brain abnormalities to make a diagnosis of DOC. Concern-
ing lesion mapping investigations, unconsciousness-related 
lesions are closely located in the brain’s deep structure, 
and the value of mapping tegmental arousal nuclei can-
not be overstated, given that the rostral brainstem area is 
substantially correlated with the presence of coma [53]. In 
addition, because patients with DOC frequently have dif-
fuse cortical lesions, the proposed lesion-network mapping 
technique will assist in the investigation of distributed cor-
tical networks associated with arousal. This enables auto-
mated tissue segmentation for volumetric or morphometric 
analyses. A recent regional volumetric information analysis 
applying a boosting tree technique achieved a classification 
accuracy of 90%–98% for UWS and MCS [54]. Disruption 
of white matter tracts within the DMN and the fibers con-
necting the DMN to the thalamus has been used as a barom-
eter to measure the consciousness level in structural brain 
network studies [15]. Accumulating data suggests that the 
thalamocortical connection patterns can accurately differ-
entiate between DOC and consciousness [40]. However, it 
is unknown whether patients with white matter injury in the 
DMN distribution area are more likely to develop DOC than 
patients with diffuse white matter injury. In addition, the 
diffuse anomalies in structural connection matrices of per-
sonalized DOC classification have not been described [21].

Resting-state fMRI has the benefit of a single proce-
dure by calculating the temporal correlation (Pearson’s 
R-value) of blood oxygen level-dependent (BOLD) signal 
time courses. The seed ROI and defined voxels of a par-
ticular region or functional network are often used to pro-
duce statistical maps. Therefore, the data-driven approach 
provides a means of network re-invention rather than an a 
priori template. A multicenter study discovered that func-
tional connectivity at the group level within the DMN, FPN, 
SN, auditory, sensorimotor, and visual networks is associ-
ated with CRS-R scores and top-to-bottom processing abili-
ties in MCS, and it can properly categorize virtually all VS 
patients [55, 56]. Although these disparities occur when the 
DOC and control groups are compared rather than the DOC 
subgroups, the validity of DMN-based assessment is most 
reliable as it has been validated across multiple cohorts. In 
addition, the DMN has been advocated as the preferable 
functional diagnostic network due to its negative correlations 
with awareness, reduction in MCS patients, and inversion 
(complementarily realizing the link to other networks) in 
VS patients. Recent studies have confirmed that non-DMN 
correlations are a sign of a prolonged coma or UWS, and 
that inter-network DMN correlations/anti-correlations are 
required for patients recovering consciousness following 
TBI [57]. Furthermore, investigations have indicated that the 
dynamic equilibrium between excitatory connections toward 
the posterior cingulate cortex (an intrinsic component of the 
DMN) and its feedback projections play a critical role in 
consciousness alteration [58].

In addition, it is beneficial for DOC patients to use MRI to 
evaluate time-varying BOLD signals. An initial study found 
that the connection configuration occurs less frequently in 
VS patients than in controls [59], and a multicenter study 
established that consciousness is based on the whole-brain 
capacity to sustain rich dynamics [60]. The subsequent 
research suggested that integrating dynamic functional 
connectivity in a connectome-based predictive modeling 
strategy can predict CRS-R scores and reduce individual 
heterogeneity in statistical analysis [61]. Then, in a longitu-
dinal fMRI study, it was discovered that patients who regain 
consciousness have a large increase in the dynamic variance 
of network measures, as opposed to those whose respon-
siveness just improved [62]. Thus, cross-species primate 
mechanisms can be represented by a computational model 
of the whole brain that evaluates the global synchroniza-
tion and metrics (structure-function relationships, functional 
connections, or integration and segregation states) between 
consciousness and unconsciousness [63]. A dynamic 
reconfiguration, fragmentation, and integrated model of 
the whole-brain network indicates that unconsciousness is 
caused by the disorganization of hierarchical fragmenta-
tion patterns between cortical modules [64]. More recently, 
another finding has revealed that the spatial and temporal 
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hierarchical distinctions in neuronal activity are coupled to 
the dynamic flexibility of the brain and that its dysfunc-
tion is a novel marker of consciousness loss [65]. Taken 
together, these data have established numerous theories and 
highlighted the indispensable components of neuronal activ-
ity that are integrated into the temporospatial dynamic of 
whole-brain activity.

Collectively, the field of advanced structural and func-
tional MRI is maturing to the point where it can accomplish 
two objectives with a single action. Beyond being a diagnos-
tic tool, MRI can shed light on brain correlates, reflect the 
neurophysiological stage, and find biomarkers of recovery. 
Nowadays, hypothesis-based and data-driven approaches 
are used to develop recovery time scales for various types 
of ABI using structural and fMRI biomarkers. For exam-
ple, applying data-driven techniques to identify the resting-
state fMRI characteristics in the 3-month [66] or 1-year 
(accuracy reaching 90%) [67] recovery of DOC permits the 
classification of recovery ability in patients following ABI. 
The emerging evidence from MRI reveals that the quanti-
fied white matter value is a strong predictor of recovery of 
consciousness, allowing for the identification of a threshold 
value below which no patient with ABI may regain con-
sciousness [68]. Recent graph theory and dynamic func-
tional connectivity studies have revealed that the breakdown 
of the sub-state of brain connectivity integration can serve 
as a biomarker for the loss and recovery of consciousness 
[69]. All in all, recovery from DOC was previously thought 
to be correlated with brain network connections but is now 
conceptualized as relying on dynamic interactions between 
subcortical and cortical networks.

The multidimensional framework is gradually displac-
ing lesion-based detection, and the implementation of the 
multimodal technique is approaching or exceeding the con-
ventional gold standard. To begin, defining a single imple-
mentation criterion remains a hurdle when developing a 
multidimensional model. Debate on consciousness at the 
molecular level is lacking, as the current circulating neuro-
transmitters or releasers found in ABI patients do not meet 
clinical biomarker standards in DOC studies (i.e., mostly 
single-arm, open-label, phase I studies). Despite voxel-wise 
functional connectivity analyses that have been proposed to 
decode co-occurring patterns of brain activity, it appears 
that ROI-based analyses are preferred because they avoid 
the heterogeneity of ABI during the normal registration or 
segmentation processes [54]. Second, the optimization of 
modern technologies continues to require extensive data 
enrichment. A recent 7.0 T MRI study reported increased 
density in the area of the temporoparietal junction in MCS 
patients compared to those with VS/UWS [70], and con-
nections in the structural subnetwork, such as the frontal 
cortex, limbic system, and occipital and parietal lobes, are 
significantly decreased in DOC patients [71]. However, the 

evidence is preliminary and fledgling, consisting simply of a 
few case reports. Third, how can the best DOC identification 
be achieved through a comparison of various combination 
forms? Now, a range of multimodal techniques is available 
for identifying DOC, such as using fMRI and EEG in acute 
severe TBI, combining FDG-PET and fMRI in severe TBI, 
and using DTI and FDG-PET to subcategorize MCS as 
 MCS+ or  MCS−). However, a recent study has reported that 
combining static and dynamic indicators does not improve 
classification accuracy, and the superiority of various com-
bination forms has rarely been compared. Finally, the multi-
disciplinary model has not received adequate popularization. 
A preliminary strategy for effective multimodal integration 
that incorporates neuroimaging and molecular biology data 
is believed to exist. Only a few studies have examined the 
role of molecular markers in determining how the varia-
ble number tandem repeat (VNTR) polymorphism of the 
Period3 (Per3) gene can alter impairment and residual cog-
nitive abilities by enhancing the preservation of major brain 
connections [72].

All told, Table 1 provides a summary of existing neuro-
imaging assessment approaches, with the benefits summa-
rized as follows: (1) achieving objective clinical recording of 
ABI damage, (2) expanding scientific understanding of the 
neurological correlates of consciousness, and (3) providing 
new information for therapeutic efforts, and can serve as 
indicators for curative efficacy.

Electroencephalography Technique

The complementary role of EEG in the acute phase of DOC 
should be emphasized because it not only avoids the sub-
jectivity of behavioral testing but also has the advantages of 
simplicity and convenience when compared to neuroimag-
ing. According to a recent study, EEG-reactivity markers 
can improve the sensitivity in predicting 1-year survival in 
patients with DOC at admission [73]. Multiple EEG para-
digms, including resting stage and sensory stimulation, 
have confirmed consistency between EEG and behavioral 
evaluation tools, and the information on intact thalamocorti-
cal integrity indicated by EEG signals has been uniformly 
confirmed by FDG-PET imaging. Signals of consciousness 
detected by EEG always take precedence over behavioral 
reactions, making it a valuable technique for identifying 
and predicting consciousness recovery (Fig. 3). Initially, the 
degree of thalamocortical disconnection, which is the cause 
of consciousness impairment, can be seen on the EEG spec-
trogram. The preliminary quantitative EEG investigation 
then provides evidence that evaluating functional connec-
tivity can be useful for diagnostic and prognostic purposes 
in the acute phase of DOC. The quantitative information 
from EEG signals has been found to correspond with the 
functional connectivity signals derived from fMRI. In TBI 
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Fig. 3  EEG parameters. Applying EEG to patients with DOC can be 
realized in four forms: resting stage EEG (RS EEG; pink), sleep EEG 
(yellow), event-related potentials/brain-computer interface (ERP/BCI; 
green), and transcranial magnetic stimulation EEG (TMS & EEG). 

For example, frequency, power, and correlation are the quantitative 
indicators, and functional connectivity and coherence are the spatial 
indicators reflecting the impairment of consciousness, the degree of 
recovery, and the therapeutic effect.
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patients, increased EEG entropy (or EEG complexity) has 
been reported in MCS rather than coma or VS/UWS [74], 
and the spectral power is proportional to the level of con-
sciousness in subarachnoid hemorrhage (SAH) or hypoxic-
ischemic encephalopathy (HIE) patients. Finally, a recent 
multicenter study reported that EEG criteria applied in HIE 
could be applied equally to patients with various etiologies 
of DOC (stroke, TBI, or toxic/metabolic/infectious), and 
that sample capacity, rather than etiological heterogeneity, 
plays a crucial role in predictive accuracy [75]. Therefore, 
it is feasible to implement qualitative EEG assessments at 
each stage of DOC. The main technical challenge is that 
electrophysiological data are easily influenced by metabolic 
abnormalities, medicines, and surgical wounds, particularly 
during the acute period of ABI.

The milestone role of EEG in subacute-to-chronic DOC is 
that it brings the information to the bedside, and its advances 
can be summarized as (1) from wave-pattern recognition to 
quantitative analysis, (2) from single characteristic attribu-
tion to the overall discussion of connectivity and networks, 
(3) from the correlation of individual paradigms to the strati-
fication of hierarchical paradigms, and (4) from the conven-
tional single-layer, graph theoretical analysis approach to 
the multiplex, multilayer network analysis approaches. It is 
critical for detecting signals of reactivity in DOC patients, 
and the current stimulus-related paradigms are: (1) com-
parison of the application vs non-use of stimuli, (2) different 
types of stimulation paradigms [e.g., auditory (global effect, 
chirp-modulated tones, own name, music or emotion, and 
single-word, phrase, and sentence levels), visual (eyes open 
or closed/sleep, fixation, pursuit, and gaze-independent audi-
ovisual), tactile, olfactory, peripheral nerve (median nerve 
electrical stimulation), mental imagery, or willed and odd-
ball (encompassing visual, auditory, and tactile) paradigms], 
(3) the application of electrophysiological signals combined 
with other means, such as EEG, PET, and fMRI). Auditory 
stimulation has received the most attention since it is easier 
to provide to DOC patients [76], while tactile and olfactory 
stimulation has received less attention. Specifically, these 
paradigms can be used to identify DOC by recording posi-
tive or negative EEG waveforms that have a strong correla-
tion with the stimulus (single or averaged repeated stimula-
tion), and different types of waves (P300 and N400 reflect 
higher-order processing) in response to a stimulus [77, 78]. 
Previous meta-analysis studies have found that late-evoked 
potentials (the P300 wave) are a powerful predictor of con-
sciousness recovery in patients with prolonged DOC [79]. 
A subsequent study found that N400 was far more sensitive 
than P300 in the same field [80] and that the presence of 
P300 alone cannot consistently discriminate between VS/
UWS and MCS [81]. Furthermore, recent evidence suggests 
that the transcranial magnetic stimulation (TMS)-EEG para-
digm reveals sleep-like cortical OFF-periods in the sleep 

stages of UWS/VS patients, and not in healthy participants 
[82]. The use of a multimodal paradigm in the evaluation of 
DOC (different performances in the auditory and vibrotac-
tile stimulation tasks) has been emphasized [83]. Recently, 
simplification gave insight into the construction of a unique 
paradigm. The most convincing example was a multicenter 
study reporting that EEG reactivity to eye-opening stimuli 
is superior to tactile, noxious, and even evoked potentials 
(including ERPs) [84]. Furthermore, a recent study reported 
that assessing the hand-blink reflex, an index of the func-
tional processing of higher-order cortical areas to the sen-
sory-motor integration network, can be used to distinguish 
MCS from UWS [85].

To date, analytical techniques for EEG data include 
directed transfer function, imaginary coherence, coherence, 
and phase lag index from EEG signals, and collaboration 
between physicians, engineers, physicists, technicians, and 
mathematicians [86]. Entropy, for example, is a quantita-
tive measure of regularity, with greater values indicating a 
close-to-awake state and lower values indicating an uncon-
scious state; the mathematical function is applied to study 
the relationship between EEG fluctuation frequencies and 
consciousness level. Various computer techniques for cal-
culating entropy, such as approximation entropy, Lempel-
Ziv complexity, or cross-entropy, have been developed and 
show promise in either identifying UWS/VS and MCS or 
assessing their relationship with clinical ratings. Regard-
less of data variances and inhomogeneities, EEG network 
analysis can be used to distinguish UWS/VS from MCS. 
Compared to generalized partial directed coherence and the 
directed transfer function, investigations have indicated that 
the partial coherence is enough to distinguish UWS/VS from 
MCS [87]. The percentage of alpha microstates spent inside 
the combination indices (power in alpha and delta frequency 
bands, entropy, and microstates) has been shown to be the 
most effective in distinguishing UWS/VS from MCS [88]. 
At this point, a non-obvious interpretation of the outcomes 
of the investigation is better since it does not disregard the 
underlying mechanism of integrative functions or excep-
tional rearrangement.

There is still space for EEG to advance because it natu-
rally has the advantages of low cost and portability, as well 
as the capacity to study patients longitudinally. According to 
the evidence, EEG-based signals are consistent with infor-
mation from behavioral assessments or MRI data. In indi-
viduals with ABI, the architecture derived from EEG char-
acteristics can predict long-term recovery from DOC [89]. 
Changes in synchronization in EEG signals show the return 
of consciousness after severe brain injury; this is consist-
ent with findings in metabolism reflected in FDG-PET and 
structural connections found by DTI [90]. Examples are two 
excellent recent EEG studies: in one, 15% of clinically unre-
sponsive patients had EEG evidence in response to spoken 



150 Neurosci. Bull. January, 2023, 39(1):138–162

1 3

motor commands in the first few days after ABI [91]; in the 
other, using a hierarchical linguistic processing paradigm 
in high-density EEG improved the accuracy rate of residual 
consciousness identification (from 47% to 87%) [92]. How-
ever, unified technical languages that can be applied to a 
broader spectrum of EEG research, let alone a consensus 
on an EEG decision protocol in patients with ABI, are still 
lacking. Although the integrated information theory of con-
sciousness can be applied in consciousness research among 
other decoding approaches, it still has a long way to go in 
clinical transformation and application. Therefore, the chal-
lenges of this field stem not from the development of fresh 
methods, but from the insufficiently homogeneous applica-
tion of existing signal data, the availability of advanced EEG 
techniques, and the validation of mass analytical approaches.

Management

An authoritative assessment of treatment strategies pub-
lished in 2019 established the theoretical foundation for 
managing DOC [4]. However, there are still obstacles to pro-
viding first-choice drugs or the first-line treatment of DOC 
in ABI patients. Several RCTs, open-label studies, and even 
case reports have presented the data available for DOC treat-
ments without taking stratification into account. In addition 
to the limitations (requiring large-sample multicenter RCT, 
greater individualization and precision, and side-effects to be 
recorded and reported), we highlight the following current 
challenges: (1) The pronounced effect of a few individuals 
may distort the overall findings, (2) more valid subdivided 
CRS-R measurements that have been proved to stratify the 
phases of awareness, and (3) a well-designed technique that 
explains inclusion criteria and withdrawal scheme.

Pharmacological Management

Amantadine

Amantadine, a dopamine agonist and an N-methyl-D-
aspartic acid receptor (NMDA) antagonist, is the only pre-
scription drug that has completed a class II RCT. It hastens 
the process of consciousness recovery, although this slows 
down during the two weeks following a four-week course of 
therapy [93]. Its beneficial effect in encouraging DOC recov-
ery has been studied in patients with traumatic VS/UWS 
and MCS, as well as in patients with non-traumatic DOC, 
such as post-anoxic MCS [94]. However, amantadine is not 
beneficial for all levels of traumatic DOC. An RCT inves-
tigation found that amantadine monotherapy did not affect 
consciousness in patients with moderate to severe TBI dur-
ing the first week or at 6-month follow-up [95]. Nonetheless, 

both observational and retrospective controlled trials have 
indicated that amantadine can improve consciousness in 
patients with UWS following a significant cerebral hemor-
rhage, and the action is unaffected by the site of bleeding 
[96, 97]. Furthermore, recent case-control research found 
that combining amantadine with cerebrolysin had a syner-
gistic impact in patients with DOC following ABI [98]. At 
this point, it is not surprising that the American Academy 
of Neurology guidelines recommended using amantadine 
for DOC in 2018 [32].

Methylphenidate

Methylphenidate, one of the most widely recommended 
awaking medicines in patients with ABI [99], has previously 
been shown to impact consciousness recovery in the early 
stages of trauma. According to a PET study, methylpheni-
date improves awareness via enhancing the cerebral glucose 
metabolism of the posteromedial parietal cortex [100]. How-
ever, a meta-analysis study found no significant effect of 
standardized methylphenidate administration in individuals 
with DOC following brain damage [101]. Despite this, this 
neurostimulator has been shown to have a structural basis 
for medicating the neuronal network of consciousness, and 
no data on its harmful effects have been recorded. Therefore, 
methylphenidate is recommended as a DOC pharmacologi-
cal option in a recent review [9].

Apomorphine

Apomorphine, a powerful dopaminergic agonist that is being 
used as a last resort in Parkinson’s Disease (PD), has been 
shown in a case report to improve consciousness recovery 
from MCS [102]. In detail, a dopaminergic deficit (similar 
to the pathophysiological mechanism of PD) [103] can be 
reversed in patients with MCS by apomorphine infusion, and 
it is not a spontaneous event, as discontinuation of this agent 
on day 18 (contrast day) or day 84 (planned termination 
day) may result in DOC. The subsequent multicenter trial 
demonstrated that continuous subcutaneous apomorphine 
administration is possible, safe, and efficacious for improv-
ing consciousness in individuals with VS or MCS following 
severe TBI [104]. However, verifying whether these pre-
liminary findings are accurate and beneficial requires further 
clinical trials.

Zolpidem

Zolpidem, a hypnotic drug that can restore aberrant cell 
metabolism after brain injury, has been shown to have the 
counterintuitive transient effect of arousing patients with 
low consciousness [105]. Several clinical reports have been 
published over the last 20 years, each one delving more into 
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the therapeutic efficacy of zolpidem in DOC. It began with 
an unexpected awakening from VS, which disappeared after 
withdrawal and reappeared on repeated administration [106, 
107]; then, an association between sub-sedative doses of 
zolpidem and recovery from DOC [108] was demonstrated, 
and it was accidentally discovered that a higher dose (30 mg 
instead of 10 mg) improves the curative effect [109]. To date, 
the combined application of multi-modal approaches is rela-
tively rare. Intrinsically, the clinical evidence for using zolpi-
dem in patients with DOC stems from two reliable clinical 
trials: in one [110], the clear signs of EEG cortical arousal 
were detected after zolpidem intake and this was unques-
tionably related to functional improvement; in the other 
[111], ~5% of patients with MCS or VS/UWS responded 
to zolpidem, but the specific zolpidem responder type of 
ABI could not be identified. Impressively, these issues have 
been addressed in recent studies or case reports, such as 
using FDG-PET, EEG, fMRI, or brain perfusion single‐pho-
ton emission computed tomography (SPECT) [112] in the 
evaluation of DOC patients’ response to zolpidem therapy 
and using magnetoencephalography (MEG) technology to 
investigate the subtle effects of zolpidem [113] in patients 
with DOC after TBI. Metabolic activation of prefrontal areas 
could explain zolpidem’s paradoxical impact on DOC, and 
the perfusion pattern of focal or multifocal cortical abnor-
malities revealed by SPECT strongly indicates zolpidem’s 
therapeutic response. MEG studies revealed a decrease in 
power in the theta–alpha (4–12 Hz) and lower beta (15–20 
Hz) frequency bands of unmedicated patients, while individ-
uals ingesting zolpidem had a higher beta or lower gamma 
(20–43 Hz) frequency band. These findings corroborate the 
mesocircuit hypothesis by indicating that zolpidem acts on 
the globus pallidus internus and affects the thalamocortical 
connection via thalamic disinhibition. As detailed in a recent 
review [114], the use of zolpidem may not only increase 
arousal in VS and MCS patients, but it may also be promis-
ing in select patients with intact brain structures, such as 
an intact white matter connection and deep and superficial 
gray matter.

Non‑pharmacological Interventions

Given the low efficiency of pharmacological intervention in 
promoting awareness, non-pharmacological methods appear 
to be dominant in the therapy for patients with DOC after 
ABI [4]. Based on the literature and current usage, a recent 
proposal was made that all patients with DOC can benefit 
from non-invasive brain stimulation [115] and transcranial 
direct current stimulation (tDCS) should be prioritized over 
repetitive transcranial magnetic stimulation (rTMS) [116].

Transcranial Direct Current Stimulation (tDCS)

A double-blind RCT in 2014 [117] revealed Class II evi-
dence that short-duration tDCS of the dorsolateral prefrontal 
cortex (DLPFC) improves consciousness in patients with 
MCS, establishing the superiority of tDCS over alternative 
neuromodulation approaches in the management of DOC. 
Unfortunately, no therapeutic effects have been reported in 
individuals with UWS when tDCS is used in a group setting. 
Only a case report study showed a patient who came with 
the diagnosis of UWS was diagnosed as being in  MCS− fol-
lowing the tDCS management [118]. Another study replaced 
tDCS with transcranial random noise stimulation in the 
DLPFC, finding that only one patient evolved from VS to 
MCS, and it is not an efficient treatment for VS/UWS [119].

Nonetheless, some findings from past tDCS trials should 
be highlighted here. First, one study revealed that the extent 
of therapeutic effects may be related to the severity and 
duration of pathology rather than the location of stimula-
tion [120]. Second, an RCT reported that using tDCS once a 
day for 5 consecutive days increases consciousness recovery 
for up to 1 week after the stimulation [121]. Another RCT 
demonstrated that home-based 4-week tDCS improves con-
sciousness recovery in chronic MCS patients [122]. Then, 
in a subsequent RCT, it was reported that repeated tDCS of 
the left DLPFC for 10 days produces considerable behav-
ioral improvements, which can be seen on the P300 ERP 
[123]. Finally, in terms of therapeutic response, behavioral 
improvements after tDCS involve the anatomical and func-
tional preservation of the DLPFC, precuneus, and thalamus. 
Furthermore, EEG studies emphasize that neuronal activity 
in the prefrontal area of DOC patients plays a crucial role in 
the response to tDCS. In addition, a recent EEG study found 
that multifocal frontoparietal tDCS has varying behavioral 
effects in individuals with DOC [124]. However, using tDCS 
to excite the orbitofrontal cortex, the primary motor cor-
tex (M1), or precuneus is not considered promising up until 
this point. Thus, the prefrontal cortex (particularly the left 
DLPFC) appears to be a preferable target for tDCS stimula-
tion since there is a connection between the prefrontal cor-
tex and the thalamus, and disinhibition of thalamocortical 
communication may contribute to recovery from DOC. It 
is worth noting that, despite the benefits of low cost and 
easy management of tDCS devices, the International Federa-
tion of Clinical Neurophysiology has stated unequivocally 
that current evidence does not allow making any Level A 
(definite efficacy) recommendations for therapeutic use in 
patients with DOC [125]. It is still unclear how to execute 
tDCS optimally among DOC subgroups while avoiding 
incorrect application or potential abuse or misuse of this 
method in future clinical practice.
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Repeated Transcranial Magnetic Stimulation (rTMS)

The evidence on the behavioral effects of rTMS is margin-
ally inferior to that of tDCS. In a case report, meaningful 
behaviors increased following rTMS, and markers of con-
sciousness—the alpha, beta, and delta frequency bands of 
EEG—were enhanced [126]. Another piece of evidence has 
suggested that manipulating slow-wave activity with rTMS 
reveals residual patterns of connections within cortical-
thalamocortical loops in patients with DOC, although there 
is still variation in methodology and outcomes in those 
studies [127]. Previous RCTs failed to provide evidence 
of a therapeutic effect of 20-Hz rTMS of M1 for 5 con-
secutive days in chronic VS [128], whereas a subsequent 
sham-controlled study suggested that rTMS applied to M1 
improves cerebral blood flow (CBF) velocity in the bilateral 
middle cerebral artery [129]. Then, an RCT suggested that 
20-Hz rTMS delivered to M1 for 10 min every day for 5 
days improves arousal in DOC [130]. Furthermore, EEG-
based TMS-evoked connectivity investigations have shown 
that rTMS can successfully regulate effective connection in 
MCS patients but not in VS patients [131].

On the one hand, the DLPFC has been used as a thera-
peutic target in several uncontrolled rTMS trials. A previous 
study found that applying 10-Hz multi-session rTMS to the 
left DLPFC is particularly effective for patients with MCS 
[132]. Another study found that a single session of 10-Hz 
rTMS over the right DLPFC not only enhances awareness 
but also restores cortical connections in UWS [133]. Moreo-
ver, a recent study revealed the feasibility and efficacy of 
10-Hz rTMS of the right DLPFC for 20 days in early DOC 
to speed up recovery from VS [134]. On the other hand, a 
case report found that applying rTMS over the ascending 
reticular activating system was associated with an increase 
in neural tract volume of the right prefrontal lobe, resulting 
in an improvement in consciousness during the application 
period [135]. To date, the most encouraging aspects are the 
safety considerations for the use of rTMS after ABI. For 
one thing, there was no severe adverse effect of prolonged 
use in two long-term follow-up cases [136], and for another, 
recent clinical trials indicated that the rTMS protocol is a 
relatively safe choice if the risk of seizure induction can be 
monitored [137].

Deep Brain Stimulation (DBS)

A preliminary double-blind alternating crossover study has 
provided evidence that the mechanisms by which DBS pro-
motes functional recovery can be viewed as compensation 
for damaged arousal regulation via bilateral DBS of the cen-
tral thalamus [138]. Recent evidence suggests that the over-
all changes in DOC patients are related to the activation of 
the DMN cortex via the thalamocortical-basal and tegmental 

loops, which are successfully affected by DBS [139]. Pre-
viously, the findings of an open-label prospective multi-
institutional trial indicated that bilateral thalamic DBS can 
improve the clinical status of patients with DOC, although 
neither returned to a completely aware state [140]. Another 
prospective open-label study proposed DBS selection crite-
ria, which included the presence of somatosensory evoked 
potentials, motor, and brainstem auditory evoked potentials, 
and glucose metabolism in the brain is not affected by the 
low metabolic level, and that DBS could be an effective 
treatment option for VS or MCS patients if the criteria were 
met [141]. With the assistance of DBS in the management of 
DOC, the chance of recovery in TBI is almost twice that of 
non-TBI, and the recovery from MCS is more evident than 
VS and can be considered even in the long term (>5 years) 
[142]. Notably, DBS cannot be used during the spontane-
ous recovery period following DOC (which should not be 
<6 months for VS and one year for MCS) [143]. To prevent 
ambiguity in distinguishing between the effects of spontane-
ous recovery and DBS, the time interval between the damage 
and the DBS implant should be fully considered in future 
research.

Indeed, DBS experiences have been confined to a tiny 
number of UWS of MCS patients due to the rarity of spon-
taneous recovery. Nonetheless, curable individuals con-
sistently demonstrate persistent responses to DBS, such as 
command-following or conversation, and there are carryover 
effects indicating that the brain remains above baseline in 
DOC patients [4]. The central thalamus is a reasonable target 
for DBS due to its extensive linkages to the brainstem and 
frontal cortex. However, because thalamic connections are 
susceptible to cell death in patients with VS, there is scant 
direct evidence that DBS reverses this widespread cell death 
[144]. At this point, the regulation of long-range network 
interactions [145] rather than the arousal system [146] is a 
more appropriate explanation for the effect of DBS. Because 
the distinct features and connections between the subnuclei 
of the central thalamus are not fully understood, it is difficult 
to find a first-choice target for DBS, and no sham-controlled 
RCT on DBS in patients with DOC has been published so 
far.

Vagal Nerve Stimulation (VNS)

The feasibility of VNS in patients with DOC has been dem-
onstrated in two case studies: one is the first successful case 
of VNS with inspiring results from the clinical condition 
and the functional network [147], and the other is a UWS 
patient who improved to MCS and demonstrated enhanced 
brain connection patterns [148]. In addition, a landmark 
study proposed six precise processes of VNS in the care 
of DOC patients: (1) thalamic activation, (2) ascending 
reticular activating system activation, (3) regulation of the 
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cortico-striatal-thalamic-cortical loop, (4) increased inhibi-
tion between the DMN and external networks by activat-
ing the SN, (5) increased activity within the DMN via the 
serotonin pathway, and (6) increased connectivity or activity 
in networks via the norepinephrine pathway [25]. Recently, 
an open-label pilot transcutaneous auricular VNS (taVNS) 
study that used arterial spin labeling in fMRI to evaluate the 
CBF of DOC patients reported that intact auditory function 
is a requirement for taVNS responders, and taVNS facilitates 
the reaction to auditory stimuli in patients with DOC [149].

Sensory Stimulation (SS)

SS has been recommended not only for its ability to sustain 
maintained connections but also for its ability to improve 
dendritic development and synaptic plasticity following ABI 
[150]. Although the feasibility, safety, and economic value 
of SS have improved its relevance in clinical and research 
contexts, earlier effectiveness studies were primarily based 
on theoretical benefit rather than empirical efficiency. A rea-
sonable explanation for the current discussions over using 
SS in normal care is that it is adequate to increase brain 
responsiveness but not sufficient to restore consciousness 
in patients with DOC (particularly MCS) [151]. This raises 
the question of whether the SS program will go beyond 
improving consciousness and so realize more disability res-
cue. When the behavioral evaluation result of SS is negative, 
several paraclinical assessment methods, such as fMRI and 
EEG, have recently become accessible for identifying and 
assessing the SS-associated increase in consciousness and 
brain activity. The central autonomic network system model, 
for example, is a useful tool for quantifying the influence of 
SS [152], and electrodermal reactivity is a differentiating 
measure of emotional engagement elicited by music stimuli 
[153]. Another niche worthy of concern is that DOC patients 
can enjoy the opportunity of economical rehabilitation when 
the SS is applied and will continue to remain so for many 
years. Therefore, SS seems to be a reasonable continuous 
management tool, from initial clinical discharge to rehospi-
talization rehabilitation, and even long-term follow-up. One 
example of this is a blinded crossover study that explored 
familiar auditory sensory training supplied by families, clini-
cians, and assistants of all levels for seven years post-injury, 
and the implication was that appropriately adding SS to the 
assessment is crucial to detect a subtle change during DOC 
management [154]. Of course, every response should be rig-
orously monitored; soliciting feedback and adjusting stimu-
lation at the appropriate time are critical in the development 
of verified management schemes.

Given all of that, the following are recommended charac-
teristics of SS intervention: (1) emotional and autobiograph-
ical stimuli connected to patients, (2) the ability to not only 
excite but also record probable changes in consciousness 

(differentiating spontaneous and stimulus-response activity), 
and (3) the ability to cause changes [155]. However, the wide 
range of existing heterogeneities, such as different clinical 
settings, different stages of the disease, and distinct levels of 
consciousness impairment, as well as the modality, contents, 
frequency, and intensity of stimulation, eventually lead to 
incompatibility with previous evidence.

Brain-computer Interfaces (BCIs)

BCIs are appropriate for patients with UWS and MCS in 
terms of potential awareness detection (covert conscious-
ness) and command following, as well as providing an 
assistive means of communication and environment control 
in those patients with slight impairment of consciousness 
[156]. After the release of a pivotal work in 2006 [157], the 
view that negative findings can never be interpreted as the 
absence of consciousness has become established in sub-
sequent therapy of DOC patients using fMRI-based BCIs. 
Significantly, the EEG-based BCIs are affordable and port-
able, and are more suitable in the evaluation period of ABI 
patients. A hierarchical scheme of BCIs could be fully con-
sidered (Fig. 4), as there is currently no consensus regarding 
the use of BCIs in patients with DOC.

A sequence of paradigms is available in the EEG-based 
BCIs during the identification of patients with DOC. The 
initial evidence for BCIs indicated that the use of active 
sniffing tools to control the speller is equivalent to the use 
of P3 BCIs to control the speller in patients with locked-in 
syndrome (LIS), and a subsequent study indicated that this 
assistive device can assist in stopping the ongoing music by 
vigorous breathing (although no command is followed by 
motor output) [158]. Electromyography (EMG) is another 
method for identifying voluntary action. In previous clini-
cal investigations, supra-threshold EMG activity associated 
with command-following has been reported in MCS patients 
[159], and the high false-negative rate associated with EMG 
technology is a clinical problem. In addition, recording pupil 
reactions and salivary pH of BCIs in the management of 
DOC is feasible, as they are simple and adaptable to a vari-
ety of settings, as MCS patients are able to follow com-
mands via pupil size measured by a bedside camera [160] 
and LIS patients can communicate via salivary pH [161]. 
Unfortunately, only a few case reports or small-scale clinical 
trials support BCIs, and the study of BCI for DOC applica-
tion is rare. Several challenges including persistent ethical 
concerns, the cost of extended promotion, and the need for 
sophisticated data processing and analytic methods need to 
be addressed in the future.
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New Fledgling Managements

Although some exploratory research has been conducted 
on the efficacy of various neuro-stimulants in patients with 
DOC (180 days following injury), there is currently no 

statistically significant evidence linking dosage to meaning-
ful consciousness improvement. A few uncontrolled studies 
have reported that intrathecal baclofen may speed up con-
sciousness recovery [162], midazolam has been reported to 

Fig. 4  A three-step hierarchical scheme for clinical brain-computer 
interfaces (BCIs). The first step is signal acquisition. Three kinds of 
BCI signal acquisition methods can be implemented: non-intrusive, 
semi-intrusive, and intrusive. BCI technology can be used to capture 
covert-consciousness information in patients with UWS or  MCS−. 
The second step is information analysis. In this step, the brain respon-
siveness or command pursuit information can be decoded from 
patients with UWS, the command pursuit information can be decoded 
from patients with  MCS−, and communication information can be 
decoded from patients with  MCS+. The third step is computer con-

trol. The control of sensory and/or motor systems in a patient with 
DOC can be realized by the BCI system. The gray table in the lower 
right corner presents the current types of BCI. BCI, brain-computer 
interface; CRS-R, Coma Recovery Scale-Revised; DOC, disorder of 
consciousness; EEG, electroencephalography; EMG, electromyogra-
phy; fMRI, functional magnetic resonance imaging; fNIRS, func-
tional near-infrared spectroscopy; MCS, minimally conscious state; 
SSVEP, steady-state visual evoked potential; UWS, unresponsive 
wakefulness syndrome.
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enhance recovery from MCS [163], and ziconotide may be 
a candidate for reversing VS/UWS [164].

As a unique alternative to DBS, low intensity focused 
ultrasonic pulses can induce direct neuromodulation of deep 
brain nuclei without disrupting the surroundings [165]. SCS 
is now considered to be an alternative invasive approach, 
yet the pathophysiological mechanisms underpinning SCS 
remain unknown. The initial results indicated that the SCS 
technique could enhance CBF in patients with MCS or VS 
[166]. Then, one EEG study suggested that SCS can modu-
late brain function in MCS patients by activating the thalam-
ocortical neural network [5], while another EEG study 
indicated that low-frequency oscillations in the frontal and 
occipital regions were improved and became more complex 
following SCS. In addition, two pioneering case reports sug-
gest that vestibular stimulation may aid in the improvement 
of awareness in MCS patients [167]. A recent comprehen-
sive review established that head-up tilt can improve aware-
ness in patients with DOC, but additional study is needed to 
establish a definitive effect [168].

In terms of multidisciplinary interventions, a recent pilot 
study examined the efficacy of combining amantadine and 
rTMS in patients with DOC, finding that the combination 
achieved double the significant gains achieved with rTMS 
alone [169]. In addition, combining an interdisciplinary 
team protocol with zolpidem (10 mg) medication has been 
proposed as a synergistic approach for optimizing the care 
of patients with extended DOC [170].

An Experience‑based Protocol for Clinical 
Decision

In the contemporary medical paradigm, exaggerating or 
underestimating the recovery potential of DOC patients may 
result in inappropriate treatment withdrawal, catastrophic 
economic and social loss, and unrealistic expectations by 
their families. Gradually, obtaining a more independent life 
and improving quality of life have been the primary focus 
of attention in patients with DOC. To the best of our knowl-
edge, the neuroimaging and electrophysiological studies of 
DOC have not been restricted to identification purposes, as 
they can provide a screening biomarker of consciousness 
recovery and feedback on management efficacy. Meanwhile, 
an increasing body of evidence in the effective management 
of DOC has been reported by RCT studies. Therefore, we 
extracted and combined the characteristics of these studies 
with our clinical experience and then designed a preliminary 
protocol for identifying and managing patients with DOC 
after TBI.

The primary motive of our “Disorder of Consciousness 
Clinical Decision Protocol” was to reduce misdiagnosis 
rates, and to identify more patients who have the opportunity 

of awakening. As shown in Fig. 5, a sequential approach is 
proposed to improve the detection rate of covert conscious-
ness and guide the selection of therapies. A behavioral 
assessment is the first step toward personalized diagnosis, 
and initial diagnostic categories can be established accord-
ing to the characteristics of patients. Then the patient’s brain 
structure is assessed, to provide a high-resolution charac-
terization of the grey and white matter alterations following 
ABI. An EEG assessment then follows, as it is convenient for 
bedside assessment and is a reliable approach to characterize 
and predict states of consciousness [92]. To our knowledge, 
it has already been found that VS/UWS patients who can 
localize auditory stimuli have higher levels of brain metabo-
lism and increased fMRI connectivity between the visual 
and frontoparietal areas, rather than increased EEG signals 
in auditory localization [3]. Subsequently, neuroimaging 
work-up is strongly recommended to overcome the deficits 
of bedside EEG techniques. Multimodal imaging protocols 
provide complementary data to reduce misdiagnosis rates 
and provide surrogate biomarkers of early responsiveness. 
Passive paradigms measure brain responses to external 
stimuli without the participation of the patient, while active 
paradigms record willful modulation of brain activity by the 
patient in response to a command. At this point, our protocol 
brings in an improved classification of clinical DOC (that 
is, patients with severely impaired brain activity and poor 
prognosis can be identified early; VS/UWS patients with 
a capacity for covert consciousness can be detected with 
neuroimaging and may benefit from adapted care plans to 
promote recovery).

In addition, the treatment of patients with DOC is chal-
lenging as many case reports or open-label studies cannot 
be translated directly into clinical practice. However, the 
high-quality evidence that has been published since 2013 
provides a reference for clinical management. Present evi-
dence suggests that patients with DOC might benefit from 
neuromodulation interventions from days to years after the 
brain injury. Although only two interventions (amantadine 
and tDCS) show class II evidence, the promising effects in 
several RCT studies can provide a good reference when we 
are in a dilemma. Therefore, we can adopt this protocol or 
modified versions in the future to establish a personalized 
decision-making method for DOC in patients with ABI.

Conclusions

The core objective in identifying and managing DOC in 
patients with ABI is to consistently improve accuracy and 
effectiveness. On the one hand, the identification of DOC 
is multidimensional, and a multimodal or multidisciplinary 
framework that integrates advanced neuroimaging and elec-
trophysiological technologies; on the other hand, multiple 
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Fig. 5  Illustration of a clinical decision-making protocol for patients 
with DOC after ABI. An experience-based protocol is proposed to 
optimize the multimodal approaches, improve the accuracy of con-
sciousness diagnosis, and guide therapy selection based on high-
quality evidence. Green boxes indicate patients with irreparable 
brain activity and poor prognosis; orange boxes indicate patients with 
an uncertain capacity for regaining consciousness (e.g., VS/UWS 
patients with preserved brain metabolism or mismatching neuroim-

aging results); purple boxes indicate patients with multimodal neu-
roimaging evidence of consciousness or preserved brain activity who 
requires consciousness-regaining therapy; blue boxes indicate patients 
with clinical signs of consciousness. In addition, the results of clinical 
treatment trials with high-quality evidence are listed in the table. This 
multimodal protocol can be applied (e.g., the sequence of the assess-
ments combined in reasonable order) by different institutions.
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interventions can be applied to the management of patients 
with DOC, of which amantadine and tDCS have provided 
class II evidence, zolpidem is also of high quality, and 
non-pharmacological management appears to be effective. 
Despite the increasing availability of interventions, their 
effectiveness remains to be determined in large double-blind 
RCT studies. Clarifying the mechanism of consciousness, 
building unique and clinically precise identification tech-
niques, and improving the awakening rate are still difficult 
tasks to solve. We should never neglect any type of fledgling 
approach and should evaluate more verifiable RCT trials, 
especially new findings in awakening experiments.

Search Strategy and Review Criteria

We searched the PubMed database for English language lit-
erature published up to September  1st, 2021 that used the 
terms “disorders of consciousness”, “coma”, “vegetative 
state”, “minimally conscious state”, “unresponsive wake-
fulness syndrome”, “brain injury”, “neuroimaging”, “PET”, 
“MRI”, “EEG”, “diagnosis”, “identification”, “manage-
ment”, “treatment”, and “outcome”. We reviewed the full 
text of all original articles, reviews, case reports, comments, 
early‐release publications, associated citations, and relevant 
papers mentioned in the references. Articles were selected 
for inclusion based on their topical representativeness and 
methodological rigor, as judged by the latest journal impact 
factor or journal authority.
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