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Abstract

Background Disorders of consciousness (DoC) are frequently encountered in both, acute and chronic brain inju-
ries. In many countries, early withdrawal of life-sustaining treatments is common practice for these patients even
though the accuracy of predicting recovery is debated and delayed recovery can be seen. In this review, we will
discuss theoretical concepts of consciousness and pathophysiology, explore effective strategies for management,
and discuss the accurate prediction of long-term clinical outcomes. We will also address research challenges.

Main text DoC are characterized by alterations in arousal and/or content, being classified as coma, unresponsive
wakefulness syndrome/vegetative state, minimally conscious state, and confusional state. Patients with willful modu-
lation of brain activity detectable by functional MRI or EEG but not by behavioral examination is a state also known
as covert consciousness or cognitive motor dissociation. This state may be as common as every 4th or 5th patient
without behavioral evidence of verbal command following and has been identified as an independent predic-

tor of long-term functional recovery. Underlying mechanisms are uncertain but intact arousal and thalamocortical
projections maybe be essential. Insights into the mechanisms underlying DoC will be of major importance as these
will provide a framework to conceptualize treatment approaches, including medical, mechanical, or electoral brain
stimulation.

Conclusions We are beginning to gain insights into the underlying mechanisms of DoC, identifying novel advanced
prognostication tools to improve the accuracy of recovery predictions, and are starting to conceptualize targeted
treatments to support the recovery of DoC patients. It is essential to determine how these advancements can be
implemented and benefit DoC patients across a range of clinical settings and global societal systems. The Curing
Coma Campaign has highlighted major gaps knowledge and provides a roadmap to advance the field of coma sci-
ence with the goal to support the recovery of patients with DoC.

Keywords Disorders of consciousness, Coma, Mesocircuit model, Coma recovery scale-revised, Cognitive motor
dissociation, MRI, EEG, Curing coma campaign

Background

Disorders of consciousness (DoC) are frequently encoun-
tered in both, acute and chronic brain injuries [1-3]. A
recent study revealed a point prevalence of coma rang-
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increasingly survival and long-term recovery of function
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are seen. DoC does not only impact patients but also
affects families, manifesting in both physical and mental
health issues such as anxiety and depression [8, 9]. Major
societal implications of DoC have to be considered. For
instance, the direct lifetime care cost for a patient with
DoC from traumatic brain injury (TBI) in the US is esti-
mated to be around $1.5 million or more [10]. Research
on DoC is essential as misdiagnosis and practices of
prognostication can have profound implications for med-
ical decision-making and health-care systems.

Accurately predicting long-term clinical outcomes and
ensuring continuous, optimal care for patients with DoC
are significant challenges. Difficulties arise from major
knowledge gaps surrounding DoC, which is attributable
to a lack of large-scale data, early withdrawal of life-sus-
taining treatments (WLST), inequities in access to care,
uncertainties regarding recovery trajectories, inaccu-
rate early prognostication, and variable perspectives on
meaningful recovery [11, 12]. DoC exists on a temporal
continuum, which alters the principles and confounders
involved in evaluation and treatment over time, provid-
ing additional challenges for prognostication [13, 14].

Despite these limitations, recently, significant advance-
ments in understanding the trajectory, prognosis, and
mechanisms underlying DoC have been made, offer-
ing new hope for meaningful recovery for these patients
[11]. This body of work has yielded an initial understand-
ing of the mechanisms underlying DoC [11], outlines
approaches to achieve better prognostic accuracy [1], and
suggests a number of potential therapeutic approaches to
be more comprehensively studied in the future [15].

In this review, we will discuss concepts of conscious-
ness and DoC and delve into their pathophysiology. We
will explore effective strategies for management and ther-
apeutics in both acute and chronic phases of DoC and
discuss the assessment of long-term outcomes within
the context of acute care. Lastly, we will address research
challenges and contemplate future directions of DoC
investigation.

Prognostication and withdrawal of life-sustaining
treatments in disorders of consciousness
Increasingly delayed recovery of consciousness and func-
tion are seen in unconscious patients with severe brain
injury, such as TBI [16-19]. However, trajectories of
recovery differ from patient to patient and identifying
for an individual which trajectory they are on is chal-
lenging [18]. Impairment of consciousness is an essen-
tial component of many prognostication scales, such as
patients with intracerebral hemorrhage (ICH) [20], TBI
[21], or cardiac arrest (CA) [22-24]. However, these
scales have major limitations and are by many increas-
ingly abandoned in clinical practice [25]. One of the
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major challenges to achieve more precise predictions
is the confounding effect of WLST, which is commonly
practiced in patients with DoC from acute, severe brain
injury. Decisions about the aggressiveness of care includ-
ing continued life-sustaining treatments are made based
on discussions between surrogates such as family mem-
bers and the treating physicians. Guiding principles are
the individual patient’s expressed wishes, concepts of
meaningful recovery, and predicted outcomes. The prac-
tice of WLST varies across different neurological injuries
and lacks standardization, resulting in differing frequen-
cies of WLST implementation.

In patients with severe TBI, a retrospective multicenter
study reported that amongst patients that died, 70% had
undergone WLST ranging from 45 to 87% across differ-
ent medical centers [26]. In patients with ICH, one study
demonstrated that 26% of patients underwent WLST, and
of those, 51% of patients underwent WLST within two
days of presentation [27]. In CA, one-third of patients
who died in-hospital had WLST within 72 h of the event.
When extrapolated, it is estimated that about 2300
Americans die within 72 h of the event annually in the
context of WLST. By eliminating early WLST, the authors
proposed that up to 64% of these patients (around 1500
patients) could potentially achieve a functionally favora-
ble recovery (modified Rankin Score<3) [28]. There is
a significant gap in our understanding of which patients
may recover and what the predictors of poor outcomes
are [12]. Decisions trees may help achieving a more uni-
form approach for WLST and support the unmasking of
unconscious biases [29]. Providers further need to rec-
ognize the physical, emotional and financial implications
of survival with persistent DoC and the high subsequent
mortality risk of those who initially survive DoC [30, 31].

In many Japanese hospitals, WLST is rarely offered by
physicians and even less frequently chosen by families
as the goals of care [32]. Amongst terminally ill patients
in Japan, withdrawal of mechanical ventilation occurred
only in 10% of cases [33]. An international survey
revealed that only one-third of Japanese physicians would
issue a do-not-resuscitate order in end-of-life situations
[34]. The report further suggested that almost half of the
physicians in Japan continued full support for patients
in a vegetative state who develop septic shock. Despite a
shift towards changing this practice, WLST based solely
on DoC remains uncommon in Japan, especially for
patients with isolated neurological disease. One study
in Japan investigated long-term outcomes of uncon-
scious patients with ischemic or hemorrhagic stroke
that within 4 days of the injury were deemed to have no
chance of meaningful recovery [35]. Almost half of these
patients had died within six months of the injury, but
others showed unexpectedly good outcomes. One patient
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returned to pre-injury levels of activity, and three were
able to live at home. These results gathered in a context
without commonly practiced WLST further highlight the
challenges of accurate prognostication.

Consciousness

Philosophers have approached the problem of conscious-
ness from a number of different angles but for practical
purposes and the clinical context the one coined by Plum
and Posner remains useful. This stipulates consciousness
as a state of full awareness of the self and one’s relation-
ship to the environment [36]. Core dimensions of con-
sciousness are “arousal” and “content” [37], which at the
bedside are judged by the subject’s responses to the asses-
sor. Limitations of this concept will be discussed below.

“Arousal” which represents the level of alertness, or
wakefulness is supported by the ascending reticular acti-
vating system (ARAS) and the cortex. Specific neuro-
transmitters (glutamine, noradrenaline, acetylcholine,
dopamine, serotonin, histamine, orexins, and gamma-
aminobutyric acid) have been identified that are involved
in projections from brainstem structures to the cortex in
support of arousal [38].

“Content,” which represents awareness as well as cog-
nitive and emotional reactions is regulated by distinct
cortical or subcortical anatomical networks. Therefore,
impairment of consciousness may be attributed to both
widespread cortical impairment as well as injury to the
specific brainstem and diencephalic pathways that regu-
late overall cortical function [36].

Disoders of consciousness
DoC are characterized by alterations in arousal and/or
content processing and may result from global pathol-
ogy or focal brain injuries that induce widespread func-
tional changes [1, 11]. Primary causes of these conditions
include TBI, ICH, subarachnoid hemorrhage (SAH),
acute ischemic stroke, CA and encephalitis. Clinically,
DoC are primarily classified based on observable behav-
ioral characteristics and likely exist on a continuum with
frequent fluctuations between states. Patients who dete-
riorate or recover may progress sequentially through
different states of consciousness [1]. Current guidelines
specify the initial 28 days post-injury as the acute phase
of DoC with the subsequent period labeled as subacute-
to-chronic [16].

There are several levels of DoC according to the pattern
of injury impacting arousal and awareness (Fig. 1).

o ‘Coma’ is a state of sustained unconsciousness
in which the eyes remain closed with a complete
absence of arousal and content [39].
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‘Unresponsive wakefulness syndrome (UWS)’ also
referred to as ‘vegetative state (VS)' is defined as
arousal without behavioral evidence of awareness of
self and the environment [40—42]. Chronic VS refers
to patients who persist in this state for more than
12 months following TBI, or for more than 3 months
following non-TBI [16]. It is important to note that
behavior observed in VS, like sleep—wake cycles,
blinking, and the startle reflex, are not indicative of
conscious intent and don't reflect an awareness of
oneself, others, or the environment [40].

‘Minimally conscious state (MCS)’ is a condition of
severely altered consciousness in which there is mini-
mal and inconsistent but definite reproducible behav-
ioral evidence of awareness of self or environment
[43]. There are two dimensions for MCS. In MCS+,
language-related behaviors, such as language com-
prehension and/or expression, are preserved [44].
On the other hand, patients with MCS- may track or
attend to the examiner, but don’t show any evidence
of functioning comprehension.

States of consciousness between MCS and full
recovery. The various states of higher functioning
DoC have been given a number of labels and classi-
fications [45], including emergence from MCS [43],
post-traumatic amnesia [46], traumatic delirium [47],
and posttraumatic confusional state (PTCS) [48].
The 'confusional state (CS)’ has been defined specifi-
cally for TBI based on the criteria from the Confu-
sion Assessment Protocol [11, 49]. The CS should be
considered within the spectrum of DoC as it is char-
acterized by persistent global cognitive disfunctions,
behavioral dysregulation, attentional abnormalities,
disorientation, disrupted sleep/wake cycle, fluctuat-
ing symptoms, and consequently altered conscious-
ness [11, 48]. Locked-in syndrome must be clearly
distinguished from these states, as it is characterized
by anarthria and quadriplegia with out-of-proportion
preserved cognition [27, 36].

Covert consciousness: Traditional assessments of
consciousness have focused on overt cognition or in
other words relied on assessing consciousness based
on the patient’s motor response to verbal motor
commands (Fig. 1). Over the past two decades it has
become clear that a dissociation between relatively
intact cognition and lack of external expression can
be detected [50]. This state is characterized by inten-
tional brain activity that can be detected by Magnetic
Resonance Imaging (fMRI) detecting blood flow or
electroencephalography (EEG) detecting neuronal
activity, both recorded following the presentation of
a motor command [51]. This state can be detected
in patients whose clinical presentation may align
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Fig. 1 Classification of consciousness by three dimensions. Patients are categorized along three dimensions: overt cognition (X-axis) assessed
with the CRS-R or CAP, motor function (Y-axis) evaluated with the CRS-R during bedside behavioral evaluations, and covert cognition (Z-axis)
that cannot be detected by behavioral evaluations and is assessed through fMRI and EEG. Levels of consciousness, as indicated by overt cognition,
range from “‘coma and VS/UWS,”MCS minus (absence of language function), MCS plus (presence of language function), PTCS, and “CLIS, LIS,
to full recovery” of consciousness. These levels are further differentiated by motor function. In cases of coma, VS/UWS, and MCS minus, patients
demonstrating active responses on fMRI or EEG can be diagnosed with CMD. If patients exhibit fMRI and EEG responses within the association
cortex during passive language or music stimuli, they are considered in this approach of visualizing conscious states to have HMD status. Patients
lacking behavioral evidence of language ability (coma, VS, and MCS-) are classified as TN in the absence of fMRI or EEG responses. Patients
with behavioral evidence of language capability (MCS+, PTCS, CLIS, LIS, and full recovery) are classified as FN if there are no corresponding fMRI
or EEG responses, and as TP if such responses are present. VS: vegetative state; UWS: unresponsive wakefulness syndrome; MCS: minimally conscious
state; PTCS: post-traumatic confusional state; CLIS: complete locked-in syndrome; LIS: locked-in syndrome with preservation of minimal motor
function; CRS-R: Coma Recovery Scale-Revised; CAP: Confusion Assessment Protocol; CMD: Cognitive motor dissociation; HMD: Higher-order
cortex motor dissociation; TN: true negatives; FN: false negatives; TP: true positives; fMRI: functional MRI; EEG: electroencephalographic. Adapted
from Edlow et al. [52]
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with conditions like coma, VS/UWS, or a minimally
conscious state MCS— [52]. A number of labels have
been assigned to this state and related phenomena,
but most commonly the term covert consciousness
or cognitive motor dissociation (CMD) is used and
we will use CMD in this review.

Mechanism of consciousness and pathophsyiology
of DoC

Stupor or coma results from extensive injury to both cer-
ebral hemispheres or more “strategically placed” smaller
lesions, for example in the ARAS [36]. The ARAS is
integral to initiating and sustaining a state of wakeful-
ness. Coma can be characterized as a disruption in this
extensive neural network, which encompasses significant
areas of the dorsal upper pons, midbrain, and thalamus,
extending to the cortex of both cerebral hemispheres
[36]. Neuronal clusters located within the tegmen-
tum of the pons and midbrain, the intralaminar nuclei
of the thalamus, and the posterior hypothalamus have
established connections with the basal forebrain and its
related cortical areas [53]. Previously thought to be a
singular entity, the activation system is currently under-
stood to consist of multiple, interconnected networks.
These regulate cortical activity by employing projec-
tions that utilize neurotransmitters such as acetylcholine,
noradrenaline, serotonin, and dopamine. The influence
of these projections reaches the cerebral cortex not only
directly but also through the thalamus and various other
pathways [54]. In contrast, unilateral hemispheric lesions
or those located at the level of the mid-pons or below in
the brainstem generally do not typically result in coma.
The predominant pathophysiological principal underly-
ing this dysfunction involves a broad decline in excitatory
synaptic activity.

Injury location provides a crude initial approach to
classify a large number of potential underlying patholo-
gies into three main categories (nonstructural psychiatric
causes of DoC should be recognized but are disregarded
here for the purposes of classifying lesions based on
injury location).

+ Supratentorial structural lesions involving bilateral
cerebral hemispheres and/or diencephalic regions.
Classic conditions associated with this include bilat-
eral large hemispheric strokes and severe traumatic
brain injury.

+ Infratentorial structural lesions impacting the ARAS
in the brainstem may be seen in conditions such as
hemorrhages in the brainstem or extensive cerebellar
hemorrhages causing mass effect on the brainstem.

« Non-structural or metabolic pathologies leading to
DoC may be seen in conditions such as hypoglyce-
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mia, hyponatremia, and cardiac arrest or hypoxia. In
unselected cohorts of patients with DoC admitted
to an emergency room these patients represent the
majority of cases.

Theories of consciousness

Neural correlates of consciousness continue to be
debated and no agreement has been reached as to which
theory best explains consciousness. Two frequently
debated ones include the global neuronal workspace
(GNW) and integrated information theory (IIT). GN'W
postulates that neuronal activity results in activation of
interconnected higher-order areas resulting in global
broadcasting of information [55]. Critical components
of this concept include local, specialized cortical proces-
sors, which are centrally linked via interconnected areas
over long distances and specialized modular processors,
which work unconsciously (e.g., “long-term memory,’
“evaluative systems,” “attentional systems,” and “percep-
tual systems”). The late evoked potential, also known as
P300b [56], is associated with a conscious response to a
sensory stimulus and can be conceptualized within this
context [57]. IIT on the other hand states that the com-
plexity of the physical substrate of consciousness is con-
tingent on causal interactions between elements of the
system [58] and a high degree of integrated information
or consciousness are reached due to abundant causal
relations of subsets of the system. The level of integrated
information as a correlate for quantifying consciousness
can be measured by recording and analyzing the EEG
signal for example to a transcranial magnetic stimula-
tion (TMS) stimulus in a predefined cortical area, as real-
ized in the calculation of the perturbational complexity
index (PCI) [59]. Both, P300b and PCI as measures of
consciousness are at this point primarily tested outside
of the acute brain injury context but may have practical
applications for ICU care as a more objective measure of
consciousness in the future.

Models and theories underlying disorders of consciousness
Mesocircuit model (Fig. 2)

Figure 2 introduces a proposed ‘mesocircuit’ model illus-
trating the susceptibility of the anterior forebrain to multi-
focal brain injuries, leading to extensive deafferentation or
neuronal loss [15]. This model emphasizes the critical role
of thalamocortical projections for patients with DoC [60],
with major theoretical implications providing a frame-
work to conceptualize treatment approaches. Thalamo-
cortical projections are identified as significant activators,
strongly influencing both cortical and striatal neurons. The
model highlights the dependency of medium spiny neu-
rons (MSN) in the striatum on high background synaptic
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Proposed “mesocircuit” model underlying forebrain dysfunction
and interventions in severe brain injuries

Parietal/occipital/temporal

Frontal cortex
cortex

DBS

activation
(Glutamatergic
afferents)

Central
thalamus

—> Inhibition
Zolpidem?
—> Excitation

TRENDS in Neurosciences

Fig. 2 The mesocircuit model. This figure illustrates a mechanism

for downregulation of the anterior forebrain mesocircuit in severe

acute brain injuries [60]. Following acute brain injury, reduced output

from the thalamus to the cortex and striatum leads to a decrease

in inhibitory input to the GPi. The diminished inhibitory output

from the striatum permits neurons in the GPi to continuously activate,

exerting sustained inhibition on other neurons, including those

in the already heavily suppressed central thalamus. This mesocircuit

model is useful for conceptualizing potential mechanisms

of treatments aimed at restoring consciousness in cases of severe

acute brain injuries. Both tDCS and rTMS can activate the frontal

cortex and modulate cortical excitability [208, 209]. Additionally,

rTMS has the potential to globally increase cortical oscillations

when applied over the primary motor cortex. Dopamine (.-Dopa,

amantadine) may activate both the frontal cortex and the striatum,

enhancing fronto-parietal brain metabolism [62]. Zolpidem is thought

to inhibit the GPi, which may subsequently activate the frontal cortex

and striatum [63, 64]. DBS acts directly on the central thalamus,

targeting the enhancement of thalamo-cortical connectivity

[65]. LIFU also non-invasively stimulates the thalamus [199]. VNS,

whether invasive or non-invasive, directly stimulates the vagal

nerve, influencing brainstem activity [210, 211]. The ellipses, triangle,

and circle represent subcortical regions, and the rectangles denote

cortical areas. MSN: medium spiny neurons; GPi: globus pallidus

interna; tDCS: transcranial direct current stimulation; rTMS: repetitive

transcranial magnetic stimulation; DBS: deep brain stimulation; LIFU:

low intensity focused ultrasound pulse; VNS: vagus nerve stimulation.

Adapted from Schiff [60]

activity and dopaminergic neuromodulation to sustain fir-
ing rates. Without MSN output, the globus pallidus interna
may inhibit the central thalamus, potentially initiating an
anterior forebrain shutdown. The model also provides a
theoretical framework to explain a number of interventions
such as dopaminergic agents [16, 61, 62], zolpidem [63, 64],
and electrical brain stimulation of central thalamic nuclei
(65, 66].
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Predicting recovery of consciousness

Our ability to predict recovery of consciousness, recovery
of crude neurological function, and patient-centered out-
comes is poor [67-72]. To improve our ability to predict
recovery, one approach is to utilize the concept of pheno-
and endotypes as sub-groups of patients have been dem-
onstrated to have a distinct shared trajectory [12, 69, 73,
74]. This involves gathering detailed information to better
characterize the patient and applying population data in a
way that incorporates these personalized characteristics
to make an individualized prognosis (Fig. 3, Advanced
Classification of Consciousness Endotypes (ACCESS)
[75]. This approach, akin to personalized medicine, may
allow us to better forecast a patient’s recovery trajec-
tory. The framework is designed to adaptively integrate
advancements in molecular and cellular research with
the goal of more comprehensively capture underlying
mechanisms of brain function, referred to as conscious-
ness endotypes [75].

Physical examination for predicting the recovery

of consciousness ('tier zero’)

The foundational level, tier zero in the ACCESS frame-
work, for predicting recovery of consciousness, relies on
bedside behavioral assessments. Common tasks might
include instructing the patient to follow specific com-
mands according to standardized assessments. Histori-
cally, the Glasgow Coma Scale (GCS) was introduced as
an initial measure, primarily for TBI patients [39]. The
GCS is widely used and categorizes eye-opening, ver-
bal and motor responses. However, its ability to assesses
consciousness remains limited. The Coma Recovery
Scale-Revised (CRS-R) is the gold standard for the
assessment of consciousness [76]. While the CRS-R has
certain limitations, including ceiling effects and limited
use in the ICU due to its lengthy administration time, it
offers a robust and standardized approach to assessing
consciousness [77-79]. The abbreviated version of the
CRS-R, the CRS-R For Accelerated Standardized Test-
ing (CRSR-FAST) was developed, enabling administra-
tion time was approximately one-third of the full-length
CRS-R. It has demonstrated a sensitivity, specificity, and
accuracy for detecting consciousness of 81%, 89%, and
84%, respectively in an initial study but to date has not
been widely tested. The CRSR-FAST facilitates repeated
assessments of consciousness, which are essential for
accurate diagnosis and prognostication [79].

Structural assessments for predicting recovery

of consciousness (‘tier one’)

In tier 1 of the ACCESS framework, structural assess-
ments including techniques such as Computerized
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Tier 0 Tier 1 Tier 2 Tier 3
BRAIN
BRAIN FUNCTION
STRUCTURE Z-axis Consciousness
Y-axis endotypes
/ &
CLINICAL \ /
PHENOTYPE \ v £ "
X-axis e.g. EEG, potential
/ CLMRY fMRI, PET
/ \ 4 T2
e.g. CRS-R AVC(M) T

Arousal

Volitional motor output

Cognitive content
(Mechanistic basis)

Fig. 3 Advanced Classification of Consciousness Endotypes (ACCESS). This figure delineates a novel, three-tiered model (Tier 1, Tier 2,

Tier 3) for assessing consciousness. Tier 1, suitable for resource-limited settings, focuses on clinical evaluations (e.g., CRS-R) and structural
neuroimaging techniques (CT, MRI). Tier 2 extends to include functional MRI and EEG to identify covert consciousness in non-responsive

patients (CMD). Tier 3 integrates extensive biological and physiological data, facilitating longitudinal monitoring of clinical trajectories

for consciousness and the evaluation of novel therapeutic interventions. CRS-R: Coma Recovery Scale-Revised; CT: computed tomography; EEG:
electroencephalography; fMRI: functional magnetic resonance imaging; MRI: magnetic resonance imaging; CMD: cognitive motor dissociation; PET:
positron emission tomography;T1 and T2: time points 1 and 2. Adapted from Kondziella et al. [75]

Tomography (CT) imaging and MRI are widely used
to better classify the current state of patients and their
potential for recovery of consciousness and outcomes.
Structural imaging may identify underlying causes for
impaired consciousness guiding management decisions
(i.e., herniation triggering a neurosurgical procedure in
a patient with traumatic brain injury) [80] or providing
information to inform prognostic assessments (i.e., the
volume or location of an intracerebral hemorrhage).

A comprehensive overview of the many ways that vari-
ous forms of imaging can inform assessments and pre-
dictions in patients with DoC is beyond the scope of this
review. A number of widely available MRI sequences,
including diffusion-weighted imaging [81-83], suscep-
tibility-weighted imaging, and T2*-weighted imagine
[84—87], are used to further assess underlying pathophys-
iology in clinical practice [11, 88, 89]. However, the role
of these to support prognostications is less certain and
confounders need to be considered [86, 90-92].

Diffusion tensor imaging (DTI) allows visualization of
the microstructural integrity of white matter tracks and
provides a means to explore the structural connectiv-
ity between brain regions [93]. One study demonstrated
that in patients who remain unconscious 7 days fol-
lowing a CA, the normalized quantitative whole-brain
white matter fractional anisotropy value, as measured
by diffusion tensor imaging, could serve as a precise pre-
dictor of neurological outcomes at 6 months [94]. Simi-
larly, in TBI patients global measures of microstructural
white matter injury derived from DTI show promise for

improving predictions [95-98]. Technically more chal-
lenging is the reconstruction of axonal fiber tracts based
on DTI sequences in patients with large structural lesions
[99-101]. This approach does have the potential to
unmask underlying mechanisms of impaired conscious-
ness and potentially even direct intervention to support
recovery. The approach has been successfully applied
to visualize impaired white matter tracts of the ascend-
ing arousal network in patients with DoC [92, 102], pro-
viding first insights into treatment approaches for these
patients [103]. Please refer to the following for a more
comprehensive discussion of neuroimaging as it applies
to patients with DoC [104-107].

Assessments of brain function ('tier two’)

In tier 2 of the ACCESS framework, measures of brain
function are utilized, which are recorded from the
brain at rest or in response to external stimuli and
interventions.

Resting state EEG
Resting EEG (rEEQG) evaluates the brain while the patient
is at rest or in other words not exposed to a repeated,
standardized stimuli. In the critical care setting primar-
ily, rEEG is used to detect seizures, a potentially revers-
ible cause of DoC. It can further be used as a monitor for
brain ischemia [108-111], another potential cause for
impaired consciousness.

More directly, EEG patterns have been correlated with
different states of consciousness and correlations have
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been made between EEG patterns and recovery of con-
sciousness. This prospect has been greatly supported by
computational analysis of the digitally recorded EEG, also
known as quantitative EEG [112]. Computational analysis
of the EEG signal allows rapid assessment and provides
summary statistics of long EEG recordings which is cru-
cial for the study of DoC as consciousness is not static
and may rather fluctuate [113]. For these purposes, raw
EEG waves can be decomposed into distinct waveforms,
by for example using Fast Fourier Transform. A large
number of different gEEG metrics can be generated that
explore different statistical properties of the EEG signal.
In the following, we will focus on some of the more fre-
quently investigated EEG metrics.

Commonly used qEEG metrics

— Power: This relates to the amplitude of the EEG
signal and can be analyzed as a total (i.e., across all
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frequencies) or for specific frequency bands (i.e.,
limited to the theta frequency range between 4 and
8 Hz). Power can be visualized over time (i.e., using
density spectral arrays) or as spatial maps to repre-
sent the distribution on the surface of the brain [114].
Power spectral density plots represent the power
across difference frequencies averaged over a selected
time range. The ABCD model (Fig. 4) classifies EEG
spectrograms on a scale from A to D based on the
presence of visible power peaks in specific frequency
ranges using power spectral density plots [11]. ABCD
categories relate to patients with impaired conscious-
ness and reflect the extent of underlying thalamocor-
tical deafferentation [115]. Pattern A correlates with
severe disconnection between the thalamus and cor-
tex and EEG power is severely diminished across all
frequency ranges. Pattern B corresponds with mod-
erate thalamocortical disconnection with re-emer-
gence of the theta frequency peak. As connectivity

5-9 Hz Frequency 20-35 Hz

VS/UWS A VS/UWS, MCS B

g - [ Corex |
g 8
a o
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<1Hz Frequency 5-9 Hz Frequency

MCS, CS C CS, Full recovory D
. A "
z . z
o [ central thalamus | 2 | Central thalamus |

8-13 Hz Frequency 20-35 Hz

Fig. 4 ABCD categories with their respective characteristics for thalamocortical status and clinical signs. The ‘A’ category, with a dominant frequency
of less than 1 Hz, indicates a thalamocortical network that is completely disconnected. Neocortical neurons are significantly hyperpolarized

and primarily generate low-frequency oscillations [212]. The likely behavioral diagnosis is VS/UWS [116]. In the ‘B’ category, where the dominant
frequency is ~ 5-9 Hz, the thalamocortical network is severely disconnected (indicated by a thin red dotted line). The intrinsic oscillation

of membrane properties in neocortical neurons results in bursts at a rate of about 5-9 Hz due to depressed membrane potentials[213]. The
behavioral diagnosis could be VS/UWS or MCS [11]. The 'C’ category, characterized by dominant frequencies of approximately 5-9 Hz and 20-35 Hz,
corresponds to a moderately disconnected thalamocortical network (indicated by a red dotted line). Partial restoration of neocortical membrane
potentials, along with the coincident bursting of deafferented thalamic neurons, leads to the coexistence of theta and beta frequency

oscillations in the connected cortex. The behavioral diagnosis would most likely be MCS or CS[11]. The category 'D; with dominant frequencies

of approximately 8-13 Hz and 20-35 Hz, signifies a fully intact thalamocortical network. Normal firing patterns of neocortical neurons, coupled
with a structurally and functionally interconnected thalamus and cortex (indicated by a red arrow), facilitate the production of alpha and beta
frequency oscillations. The behavioral diagnosis could be CS or healthy. VS/UWS: vegetative state/unresponsive wakefulness syndrome; MCS:

minimally conscious state; CS: confusional state
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increases, a beta peak may emerge as seen in Pattern
C. With mostly intact connectivity between the thal-
amus and the cortex with an alpha peak and a beta
peak (Pattern D) [11].

— Outcomes in comatose patients following cardiac
arrest [116, 117] and subarachnoid hemorrhage [118]
correlate with the ABCD framework. During recov-
ery from DoC, patients may transition through differ-
ent ABCD categories [117], initially exhibiting lower-
level patterns, akin to those categorized as Type A or
Type B, and then transitioning to patterns C or D, as
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recovery progresses. This suggests that thalamocor-
tical disconnection is not necessarily structural but
can also be functional.

Functional connectivity (Fig. 5): Assessments of
EEG synchronicity in the frequency and amplitude
domains between different recording sites on the
brain can provide measures of functional connectiv-
ity. A number of these such as coherence [119, 120]
or weighted symbolic mutual information (wSMI)
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Fig. 5 Quantitative EEG analysis of resting state EEG in patients with acute and chronic disorders of consciousness. a Stratification was based

on three behavioral assessments: coma, eyes open/attending, and following commands. Spectral power plots (rows 1-4) and Posterior PSD plots
(row 5) were analyzed accordingly. Statistical analyses were carried out to assess the grouped effects at each electrode among different behavioral
states, with gray in the right three columns indicating P<0.05. An increase in diffuse delta (row 1) and posterior theta (row 2) was observed
between coma and arousal states. Progressively increasing posterior alpha (row 3) and central gamma (row 4) were evident between assessments
consistent with coma, arousal, and awareness. Higher levels of consciousness were associated with an overall increase in power across all
frequency bands, as indicated by the posterior PSD plots (row 5). b Complexity and coherence measures included PE theta (row 1), PE alpha

(row 2), wSMI theta (row 3), and wPPC alpha (row 4), which correlated with the three best behavioral assessments stratified by time. wSMI theta

and wPPC alpha, as connectivity measures, are represented using distinct color maps. Statistical analyses to compare the grouped effects at each
electrode across various behavioral states are presented in the right three columns, where grey indicates P <0.05. In complexity measures, theta
and alpha frequency PE were significantly higher in patients who were aware, especially in the parieto-occipital regions for alpha frequencies

(rows 1 and 2). Regarding information-sharing measures, slight differences in wSMI theta (row 3) were noted among the behavioral states. WPPC

in alpha frequencies increased from coma to awareness (row 4), with a significant rise in central channels in aware patients compared to those

in coma. ¢ A comparison of SAH data (a, b) with data from patients with chronic disorders of consciousness due to TBI reveals that the frequency
power of the alpha (|aj,) and theta PE in VS and MCS is similarly distributed to those in the acute phase of SAH. d On the x-axis, the prediction
based on EEG was shown as VS or MCS. On the y-axis, the clinical diagnosis was shown as VS, MCS or CS/Healthy. Each cell provides the count

of recordings along with their corresponding percentages for each clinical state category. In most instances, EEG-based classification aligns

with the clinical diagnosis for patients with VS and MCS. The pie charts illustrate the clinical outcomes for patients clinically diagnosed with VS,
based on whether EEG assessments categorized them as VS or in a higher state of consciousness such as MCS or CS. As shown in green,

the probability of improvement was significantly higher in MCS patients diagnosed with EEG (P=0.02). PSD: power spectral density; PE: permutation
entropy; wSMI: weighted symbolic mutual information; wPPC: weighted pairwise phase consistency; SAH: subarachnoid hemorrhage; TBI: traumatic
brain injury; CNV: contingent negative variation; MMN: mismatch negativity; AP3b: P300b; |§|,: normalized power in delta band; |a],;: normalized
power in alpha band; SE: spectral entropy; PEO: permutation entropy in theta band; K: Komolgorov-Chaitin Complexity. EEG: electroencephalogram;
VS: vegetative state; CS: conscious state. Adapted from Claassen et al. [153] and Sitt et al. [122]
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[121, 122] have been used widely in neuroscience
and in patients with DoC [123]. wSMI evaluates the
extent to which two EEG signals exhibit nonrandom
joint fluctuations, suggesting intact functional con-
nectivity supporting information sharing between
two regions [124].

— Complexity (Fig. 5): Complexity of the EEG sig-
nal can be analyzed in a number of ways, including
permutation entropy (PE) [125-128]. In short, PE
first transforms a time series into a sequence of dis-
crete symbols of a given length before estimating the
entropy of the resulting distribution of sequences.
Derived from EEG it can serve as a measure of local
information content [129-131] with relevance to
information processing within local and widespread
cortical networks [128]. In patients with DoC PE in
specific frequency bounds is altered and may provide
additional gEEG metrics to track DoC [122].

Resting EEG in patients with DoC

The potential of qEEG analysis for tracking behavioral
states and predicting recovery for patients with DoC is
supported by a large body of evidence, including stud-
ies in patients with acute and chronic DoC [64, 116, 122,
132] and anesthesia-induced reversible loss of conscious-
ness [133-136]. It is still an ongoing debate about what
rEEG frequency (i.e., slow or faster frequencies) or fea-
ture (dominant frequency vs complexity vs functional
connectivity measures) most closely maps with con-
sciousness [137].

Structural injury to the brain such as that seen in
patients with brain tumors or strokes results in focal
slowing on EEG and diffuse background slowing is
seen in patients who receive sedatives and those who
are encephalopathic [108, 138—142]. In line with these
observations, high amplitude delta oscillations have tra-
ditionally been considered as a signature of impaired
consciousness, but recently a number of studies called
this into question. Prominent delta frequency oscilla-
tions have in contrast to the traditional interpretation
been associated with conscious states, including in stud-
ies with propofol-induced loss of consciousness and
delirium [143-145]. On the other hand, in healthy con-
scious patients, alpha power and coherence in the alpha
frequency range are prominent in posterior brain regions
[146].

Higher EEG complexity has been reported in MCS
patients with chronic DoC when compared to patients
with chronic VS or acute coma [147]. In patients under-
going propofol anesthesia, power and coherence in the
alpha frequency range shifts from the occipital to frontal
brain areas as patients lose consciousness and relocates
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to the back of the brain during emergence from anesthe-
sia [136, 146, 148—152].

Theta frequency range PE has been used to distin-
guish patients with intact from impaired consciousness
early after SAH [153] and sub-acutely after TBI [122]. A
similar finding can be observed in cardiac patients with
recovery of command-following [130].

Important considerations that affect the EEG signal are
medications, artifact, and biological variables such as age
and sex. Elderly patients exhibited reduced alpha-band
EEG power and coherence, indicative of age-depend-
ent changes in thalamocortical function, and are more
likely to experience episodes of burst suppression [154].
Depending on an infant’s age, anesthetic agents can
induce variations in EEG patterns, which may include
changes in frequency oscillations and the presence of
frontal alpha predominance and coherence [155]. Seda-
tion and anesthetics need to be considered when analyz-
ing EEG patterns but importantly these differ depending
on the sedative or anesthetic used. Propofol is associ-
ated with highly coordinated frontal thalamocortical
alpha oscillations [136] and asynchronous slow oscilla-
tions [156], and dexmedetomidine generates slow oscil-
lations and spindle-like activity [157]. Prediction models
accounting for these demographic and medication expo-
sure factors as confounders will likely yield higher
accuracy.

qEEG signatures may not only track the state of con-
sciousness but also may bear information to predict
future recovery, which would make them particularly
interesting for clinical applications in the ICU. A com-
prehensive set of EEG markers including those derived
from power metrics, complexity, and functional connec-
tivity have been developed that associate with DoC and
the potential for recovery [158]. These prediction mod-
els developed using machine learning methodologies
were generalizable to an independently collected dataset
from a different site. Most interestingly, these investiga-
tors also showed that patients that were “falsely” classi-
fied as being “conscious” at a time when behaviorally
the patients are “unconscious” had a higher chance of
recovery in the next couple of months when compared to
those who were classified as being “unconscious”. In other
words, in this cohort of patients mostly with traumatic
brain injury that were behaviorally unconscious the EEG
may have detected a signal that predicted future recovery
that was impossible to detect on behavioral examination
alone [122].

— Resting state MRI

Resting-state MRI allows the examination of
functional connectivity between different brain
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regions[159], potentially aiding in the prediction of
outcomes [160]. This method scrutinizes the cor-
relation of high-frequency fluctuations in the Blood
Oxygen Level-Dependent (BOLD) signal to pro-
pose functionally connected brain regions [161].
Recovery of consciousness necessitates restoration
of dynamic interactions among various subcortical
and cortical networks [11]. Resting state MRI studies
have implicated the default mode network (DMN),
Salience Network (SN), and Executive Control
Network(ECN) [162-164].

The DMN may play a role in various facets of internal
or self-directed thinking, featuring central nodes located
in the posterior cingulate cortex and the medial pre-
frontal cortex [165]. While clearly playing a role in the
recovery of consciousness [163, 166, 167], recovery of
the DMN alone is not sufficient for the recovery of con-
sciousness [168]. The SN is instrumental in the detection
and integration of information, possessing central nodes
in the dorsal anterior cingulate cortex, and the anterior
insular, and has robust connectivity to subcortical and
limbic structures [169]. The ECN, containing widespread
nodes in the dorsolateral fronto-parietal cortices, displays
strong activation during cognitive tasks [170]. Additional
contributions to recovery are believed to emerge from
SN and ECN [164].

One study investigated EEG functional connectivity
within these networks by analyzing pairwise coherence
among EEG contacts corresponding to the networks
identified in the resting-state fMRI analysis [171]. Within
the right executive network, a notable increase in con-
nectivity was observed between the Fp2 and F4 elec-
trodes in the theta frequency range. This increase was
specifically identified in patients who responded to com-
mands, in contrast to those who did not. The 'CON-
NECT-ME’ study, developed the multimodal approach
much further to a potential prognostic tool. It demon-
strated that integrating resting-state fMRI analyses with
EEG resting-state approaches enhanced the accuracy to
predict patient outcomes [172]. By employing machine-
learning algorithms, the combined EEG and fMRI data
proved instrumental in predicting consciousness levels,
hinting at promising directions for future research.

Cognitive motor disocciation

Traditionally, level of consciousness has been conceptual-
ized as overt consciousness with motor function provid-
ing evidence of being conscious (Fig. 1). Recent studies
revealed that even patients without any ability to express
their consciousness with a motor act can be conscious
[51]. The most widely used label for this state is CMD
which can be revealed in a behaviorally unresponsive
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patient by means of task-based fMRI or [52] (see defini-
tion above).

Manifestation in an individual patient

In 2006, Owen et al. investigated a young woman with a
TBI who had been in a vegetative state for an extended
period, placed her in an fMRI scanner and instructed her
to envision playing tennis and then to think about walk-
ing through her apartment (Fig. 6a) [50]. The fMRI scan-
ner revealed that brain regions showed distinct increases
in blood flow to each task that were similar to healthy
volunteers. In other words there was imaging evidence
for brain activation to imagined motor tasks that in the
patient despite an inability to demonstrate motor behav-
ior [51]. This observation, known as CMD was later
also revealed using computational analysis of the EEG
recorded during the presentation of motor commands
[173, 174]. Later, investigators demonstrated that this
was not only detectable in the chronic DoC state but also
early after brain injury in the ICU [52].

The prevalence of CMD in the ICU and prognostic
implications

CMD has been reported in 15-25% of unresponsive
patients in the acute and subacute/chronic DoC state
[175, 176]. CMD has been detected in severe acquired
brain injury, such as TBIL, SAH, ICH, and CA [51, 52, 175,
177] and has been found to be independently associated
with a higher chance of early recovery of behavioral evi-
dence of consciousness and good neurological function
at 1 year after injury [52, 175, 177, 178].

CMD can be detected using standard 21-electrode
montage EEG making it feasible to collect repeated
assessments in the ICU context(Fig. 6b) [174]. EEG is
recorded while patients are repeatedly presented with
motor commands. For example, the motor commands
“keep opening and closing your right (left) hand” and
“stop opening and closing your right (left) hand” are pre-
sented via headphones to the patient while the EEG is
recorded [175]. PSD analysis applied to the recorded EEG
generates a dataset that is used to train a machine-learn-
ing algorithm (i.e., a support vector machine [SVM] with
a linear kernel) to distinguish between the EEG responses
that follow each command [175]. CMD is detected if the
SVM detects a systematic difference between the two
commands.

In the ICU context, CMD has been observed in 14-25%
of unresponsive patients with various brain injuries
and was on average detected within 4 days (interquar-
tile range, 2-5) post-injury [52, 175, 177]. 50% of CMD
patients began following clinical commands before hos-
pital discharge compared to only 26% of those without
CMD. At 12 months, 7 of 16 (44%) with CMD and 12 of
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who remained in a vegetative state 5 months after the injury demonstrated similar brain activation to motor imagery tasks (top two rows)
when compared to a group of healthy volunteers (bottom two rows). This brain activation was considered evidence of preserved conscious
awareness in a behaviorally unresponsive patient. b Experimental design for EEG acquisition to detect cognitive motor dissociation in response
to motor commands. EEG is recorded while patients are exposed to the motor commands “keep opening and closing your right (left) hand”
alternating with “stop opening and closing your right (left) hand” 10 s of EEG data is extracted (A) and segmented into 2 s epochs (B). Power

spectral density analysis is applied in four frequency ranges: 6, 6, a, and 3

(C). Features derived from this analysis are then employed in both the

training and evaluation of the support vector machine. a Adapted from Owen et al. [50]. b Adapted from Claassen et al. [175]. SMA: supplementary
motor area; PMC: premotor cortex; PPC: posterior parietal-lobe; PPA: parahippocampal gyrus; PSD: power spectral density; SVM: support vector

machine; AUC: area under the receiver-operating-characteristic curve

84 patients (14%) without CMD had a GOS-E level of 4
or higher [175].

Underlying mechanisms of CMD are uncertain [179],
but thalamocortical projections have been implicated by
a single case using DTI [180]. No single unifying struc-
tural injury underlies CMD but a structural imaging
studies combined with an assessment of functional con-
nectivity using rEEG implicated a failure of integrating
comprehended motor commands with motor output
with CMD. Injuries associated with impaired arousal (i.e.,
those affecting the ascending arousal system) and those
affecting language comprehension (i.e., left thalamus)
were associated with unresponsiveness without CMD
[181]. These findings fit well into the anterior forebrain
mesocircuit model discussed above.

Trajectories of recovery of unresponsive patients with
CMD early after brain injury are different from those
without CMD. One study demonstrated that CMD was
an independent predictor of shorter time to good recov-
ery [177]. Among patients discharged to home or to
a rehabilitation setting, those with CMD consistently
had better recovery even though they were behaviorally

indistinguishable from those without CMD when the
CMD detection was made.

Management of DoC

Management of severe brain injuries in patients with
DoC has historically been primarily supportive, but new
data demonstrates the promise of drugs and brain stimu-
lation even in the chronic DoC state to provide benefit
years after injury [15]. Insights into specific circuit mal-
function may provide opportunities for targeted inter-
ventions [11]. For example, central thalamic stimulation
may be highly effective for patients with thalamic lesions
[65, 182] but not universally, while amantadine admin-
istration could aid consciousness recovery in cases of
injury to dopaminergic pathways [61, 183, 184].

Current experimental therapies for patients with DoC
include pharmacologic, electromagnetic, mechanical,
sensory and regenerative interventions (Fig. 2) [185].
While these innovations show promise, significantly
more research is needed to assess effectiveness in spe-
cific patient populations [15]. The subsequent section will
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provide a very brief overview of commonly utilized treat-
ment modalities for DoC.

Pharmacologic therapies for patients with DoC (Fig. 2):

Amantadine acts via several mechanisms including
facilitating the output of MSN in the striatum to the glo-
bus pallidus interna (GPi) and thereby directly modu-
lating forebrain activity[62]. In a placebo-controlled,
randomized, double-blind trial, amantadine significantly
enhanced behavioral recovery in severe traumatic brain
injury patients with DoC in the subacute post-injury
phase[61]. The drug primarily resulted in an acceleration
of the recovery as demonstrated by the washout phase
when effects were compared to those that received pla-
cebo. Current guidelines recommend this as a therapy for
TBI patients in the subacute phase after injury [16].

Zolpidem is thought to inhibit the GPi, which may
subsequently lead to the activation of the frontal cortex
and striatum, by downregulating the excess inhibition
of the central thalamus[63, 64]. There is anecdotal clini-
cal evidence for its potential to support recovery of con-
sciousness and several physiological studies to support
its potential. Clinical improvement with zolpidem corre-
lates with increased regional metabolism on fluorodeoxy-
glucose positron emission tomography[186], enhanced
BOLD signal of fMRI[187], and reduced burst suppres-
sion on EEG restoring thalamocortical signals[188].

Neuromodulation therapy for patients with DoC
(Fig. 2):

Transcranial direct current stimulation (tDCS) applies
low-level direct current (<2 mA) across the cortex
between two electrodes to modulate brain function[15],
affecting membrane potentials and N-methyl-p-aspar-
tate receptor efficiency. This may lead to long-lasting
changes akin to long-term potentiation and depression
[189-191]. tDCS has been found to transiently improve
working memory and attention via stimulation of the
left dorsolateral prefrontal cortex [192, 193] and poten-
tially improve consciousness in patients with severe brain
injury, as indicated by CRS-R scores [194].

TMS induces neural depolarization with electromag-
netic pulses. Repeated TMS stimulation modifies neu-
ronal excitability, enabling either sustained inhibition
(~1 Hz) or activation (5-20 Hz) of neurons [15]. How-
ever, in a study assessing 20 Hz rTMS on vegetative state
patients, no significant differences in CRS-R, or EEG
changes were noted between real and sham stimulations
[195].

Deep brain stimulation (DBS) electrodes, targeted at
the central thalamic nuclei have been used to stimulate
thalamo-cortical projections with a goal to improve the
level of consciousness and neurological function in a
few DoC patients with severe brain injury [15, 196]. This
approach addresses pathophysiological alterations and
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cellular loss in the central thalamus [197]. In a 6-month
follow-up study, this intervention improved behavioral
responsiveness and cognitive functions in a patient who
had been in MCS for 6 years after a TBI. Increased fre-
quency of cognitively mediated behaviors, limb control,
and oral feeding were noted with DBS activation, with
statistical analysis linking these improvements to DBS
use [65]. The results suggest that DBS may partially com-
pensate for impaired regulation of arousal, typically sup-
ported by the frontal lobe. In a case series of patients
with moderate-to-severe TBI, the safety and efficacy of
DBS within the central lateral nucleus and the associ-
ated medial dorsal tegmental tract were demonstrated,
improving executive control in patients who are in the
chronic phase of recovery [66].

Low-intensity focused ultrasound pulse(LIFU) employs
low-energy sound waves to modulate neural activity,
offering a theoretical advantage over tDCS and rTMS by
non-invasively targeting deeper neural regions, including
the thalamus [15]. Clinical case reports suggest that this
approach may have some promise for patients with both
acute and chronic DOCs [198, 199].

Vagal nerve stimulation (VNS), available as invasive
surgery with a 1-2 mA stimulator or non-invasively via
ear stimulation, aims to trigger compensatory neural
mechanisms via projections from the basal forebrain or
brainstem through the central thalamus and hypothala-
mus to distal fronto-parietal and striatal regions [15]. The
efficacy of VNS for DoC is still uncertain, with inconsist-
ent findings from RCTs. A preliminary RCT on stroke
and TBI patients found significant CRS-R score improve-
ments in patients with MCS [200], while another study
including HIE patients observed no substantial benefits
[201]. Further research is required to elucidate the effec-
tiveness of VNS treatments for patients with DoC.

Ethical considerations of current practice

Recent advancements in our understanding of DoC,
coupled with the development of practice guidelines by
“the American Academy of Neurology, the American
Congress of Rehabilitation Medicine, and the National
Institute on Disability, Independent Living, and Reha-
bilitation Research” [16] and “European Academy of
Neurology guideline on the diagnosis of coma and other
disorders of consciousness” [202], mark a significant
turning point in the care of DoC patients with severe
brain injuries. However, numerous challenges remain,
with ethical considerations being particularly significant
in clinical practice. Much of the available prognostic data
is potentially biased by the self-fulfilling prophecy and
early WLST [26-28]. The imprecision of current prog-
nostic predictions for DoC, will result in variability of
care with the potential for biases to influence decisions
[29]. Care for patients with DoC can place significant
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financial and emotional strain on patients and families.
Development of health systems to care for and promote
recovery among patients with DoC is essential. On the
other hand, advanced techniques, such as fMRI and
EEG, are becoming promising tools; however, the issue
of unequal access to them must be addressed to ensure
that access to advanced diagnostic assessments is not
restricted [203]. An important part of the advancement
of recovery science is focusing on the implementation of
best practices, through efforts such as provider education
on the practice of communication of uncertain prognoses
[204, 205]. Surrogates need to receive education to put
them into a position to participate in shared decision-
making for these crucial decisions [206, 207].

Conclusion
Major advancements in understanding underlying
mechanisms, developing accurate prognostications,

and supporting the recovery of patients with DoC have
been made but we are still at the beginning of a long
road before individualized support for the recovery of
these patients can be offered. The latest advancements in
neuroimaging and electrophysiology technologies have
brought about progress in assessing brain function in
patients with DoC. Detection of CMD is emerging as a
potentially important state that is still poorly understood.
Enriching the knowledge of the DoC patient’s endotype
will hopefully provide a more targeted and individualized
approach to prognostication and treatment of the brain-
injured patient with DoC. It will be essential to determine
how these advancements can be implemented and ben-
efit DoC patients across a range of clinical settings and
societal systems globally [12]. The Curing Coma Cam-
paign has identified in a number of papers the major gaps
and provided a roadmap to advance the field of coma
science with the goal to support the recovery of patients
with DoC [12, 69, 75, 185].
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