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M) Check for updates

Recovery from disorders of
consciousness: mechanisms, prognosis
and emerging therapies

Brian L. Edlow

with DoC.

Disorders of consciousness (DoC) are characterized
by alterations in arousal and/or awareness, and com-
mon causes of DoC include cardiac arrest, traumatic
brain injury (TBI), intracerebral haemorrhage and
ischaemic stroke. The past several decades have wit-
nessed major advances in our understanding of DoC,
giving new hope for meaningful recovery in some
patients. This new understanding has come via eluci-
dation of the mechanisms underlying these disorders,
increased accuracy of prognostication and the use of
new therapeutic approaches. DoC exist on a tempo-
ral continuum’, and the principles and confounders
of evaluation, prognostication and treatment change
over time. The acute stage of DoC encompasses the
time spent at the place where the injury occurred, in
the emergency department and in the intensive care
unit (ICU), whereas the subacute and chronic stages
extend to time spent in inpatient rehabilitation hospi-
tals, chronic nursing facilities and, for some patients,
the home. The boundaries that delineate each stage of
recovery are inherently arbitrary. Recent guidelines
operationally define the acute period of DoC as the
first 28 days after injury’, with the subacute-to-chronic
period following thereafter.

12" Jan Claassen3, Nicholas D. Schiff* and David M. Greer®°™

Abstract | Substantial progress has been made over the past two decades in detecting, predicting
and promoting recovery of consciousness in patients with disorders of consciousness (DoC)
caused by severe brain injuries. Advanced neuroimaging and electrophysiological techniques
have revealed new insights into the biological mechanisms underlying recovery of consciousness
and have enabled the identification of preserved brain networks in patients who seem unresponsive,
thus raising hope for more accurate diagnosis and prognosis. Emerging evidence suggests that
covert consciousness, or cognitive motor dissociation (CMD), is present in up to 15-20% of
patients with DoC and that detection of CMD in the intensive care unit can predict functional
recovery at 1year post injury. Although fundamental questions remain about which patients with
DoC have the potential for recovery, novel pharmacological and electrophysiological therapies
have shown the potential to reactivate injured neural networks and promote re-emergence of
consciousness. In this Review, we focus on mechanisms of recovery from DoC in the acute

and subacute-to-chronic stages, and we discuss recent progress in detecting and predicting
recovery of consciousness. We also describe the developments in pharmacological and electro-
physiological therapies that are creating new opportunities to improve the lives of patients

In this Review, we discuss mechanisms of recovery
from DoC and prognostication of outcome, as well as
emerging treatments for patients along the entire tempo-
ral continuum of DoC. We consider these advances within
the context of a clinical framework for classifying the
behavioural features of DoC that has evolved over
the past 50 years. In this framework, coma is defined
as the complete absence of arousal and awareness®, the
vegetative state (later renamed ‘unresponsive wake-
fulness syndrome’ (VS/UWS))" is defined as arousal
without awareness™® and the minimally conscious state
(MCS) is defined as minimal, reproducible but incon-
sistent awareness’. Recently, MCS was sub-stratified
into MCS without language (MCS-) and MCS with
language (MCS+), a behavioural distinction that might
have prognostic relevance®’’. The behavioural features
of language expression and comprehension that distin-
guish MCS+ from MCS- include command-following,
intelligible verbalization and intentional communica-
tion, the presence of any one of which is sufficient to
indicate MCS+°. The ‘upper bound’ of DoC continues
to be debated, but in this Review we consider patients
who have emerged from MCS into a confusional state as
still experiencing a disorder of consciousness, because a
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Key points

* A common pathophysiological mechanism underlying disorders of consciousness
(DoC) is the withdrawal of excitatory synaptic activity across the cerebrum produced
by deafferentation or disfacilitation of neocortical, thalamic and striatal neurons.

* Recovery from coma involves various mechanisms, culminating in the restoration of
excitatory neurotransmission across long-range corticocortical, thalamocortical and
thalamostriatal connections.

* The re-emergence of consciousness is associated with a shift in patterns of neuronal
activity across the corticothalamic system that can be measured with EEG, PET or
resting-state functional MRI.

Task-based functional MRl and EEG can reveal cognitive motor dissociation in up

to 15-20% of patients who seem unresponsive on behavioural examination, and
emerging evidence suggests that early detection of cognitive motor dissociation in
the intensive care unit predicts 1-year functional outcomes.

Amantadine is the only therapy that has been associated with the acceleration of

recovery of consciousness in a randomized controlled trial of patients with subacute
traumatic DoC, but multiple pharmacological and neuromodulatory therapies are

now being tested.

Emerging advances in diagnostic and prognostic techniques provide new opportunities

to detect consciousness, monitor its recovery, elucidate its neuronal substrate and
identify the therapeutic potential of promoting re-emergence of consciousness
in a subset of patients with DoC.

Disfacilitation

The downregulation of
neuronal firing rates due

to deafferentation and/or
functional withdrawal of
excitatory neurotransmission.

confusional state is characterized by persistent dysfunc-
tion across multiple cognitive domains, behavioural
dysregulation, symptom fluctuation, disorientation and,
hence, altered consciousness.

A recent addition to the diagnostic classification
scheme of patients with DoC is the concept of cogni-
tive motor dissociation (CMD)'!, also known as cov-
ert consciousness. CMD is characterized by volitional
brain activity detected by task-based functional MRI
(fMRI) or EEG in a patient whose bedside behavioural
diagnosis suggests coma, VS/UWS or MCS-. Although
many questions remain about the incidence, clinical
characteristics, prognostic expectations and therapeu-
tic responsiveness of patients with CMD, emerging evi-
dence indicates that these patients represent a distinct
subgroup of patients with DoC, whose brain networks
and clinical features might fundamentally differ from
those of other subgroups (FIC. 1). Therefore, we devote
substantial space in this Review to the discussion of
patients who are diagnosed with CMD in the acute and
subacute-to-chronic stages of recovery.

We begin with a discussion of the state of the science
regarding the common pathophysiological mechanisms
that underlie DoC, as well as mechanisms of recovery that
are shared between disease aetiologies. We consider how
recent advances in behavioural examination, imaging
and electrophysiology have improved the accuracy
of prognostication. We focus not on prognostication of
poor outcome but on the potential for recovery of con-
sciousness. Although prognostication of poor outcome
is important for decision-making, researchers have
shifted their focus over the past decade to the study
of patients who have unexpected recovery in the face of
a previously forecast poor prognosis. These recoveries
are alarming, as they reflect the risk of a self-fulfilling
prophecy, wherein a poor prognosis leads to death via
premature withdrawal of life-sustaining therapies'*'*.
However, unexpected recoveries also provide exciting

opportunities, as we are increasingly able to detect con-
sciousness, monitor its progress, identify its neuronal
substrate and develop therapies to improve recovery.
Hence, we focus on diagnostic tools that identify patients
with a potential for recovery and personalized therapies
that could promote this recovery. Finally, we highlight
gaps in knowledge in the field of DoC and consider how
rapid advances in diagnostic, prognostic and therapeutic
modalities could fill these gaps to, ultimately, improve
the lives of patients with DoC.

Pathogenesis of DoC

Cellular and circuit-based mechanisms. Coma is
caused by several kinds of brain injury that can occur
either alone or in combination. These insults are dif-
fuse bihemispheric lesions”, bilateral lesions within the
rostral paramedian brainstem'®", bilateral diencepha-
lon lesions with unilateral brainstem involvement'®, or
metabolic or toxic encephalopathies that produce wide-
spread dysfunction of the corticothalamic system and its
connections with the basal ganglia and limbic system®.
Regardless of aetiology, the common pathophysiologi-
cal mechanism underlying coma is broad withdrawal of
excitatory synaptic activity across the cerebral cortex'**.
This downregulation of neuronal firing rates is produced
by either direct structural loss of inputs or reduced input
to neocortical and thalamic neurons, resulting in a pro-
cess known as ‘disfacilitation’**'~**. Disfacilitation occurs
as excitatory neurotransmission is withdrawn and the
neuronal membrane potential passively hyperpolarizes
owing to a dominance of potassium leakage currents.
Under broad disfacilitation, as might occur in coma
caused by diffuse injury or in the healthy brain under
general anaesthesia, a very slow rhythm (<1 Hz) can

9,2

arise across the corticothalamic system'**".

Restoration of cerebral network activity. Both cellular
and circuit mechanisms underlie recovery from coma,
as excitatory neurotransmission is restored across
corticocortical, thalamocortical and thalamostriatal
connections”~*. Thus, reversible coma can be the result
of multiple mechanisms that globally alter neuronal
function or disable specific circuits". For structural
brain injuries, one proposed mechanism of recovery —
the ‘mesocircuit’ model — focuses on the role of central
thalamic neurons and their frontostriatal connections”
(BOX 1). In this model, restoration of function within the
anterior forebrain mesocircuit is proposed to strongly
covary with activation of the frontoparietal network,
coalescing in a ‘mesocircuit-frontoparietal’ model for
the graded return of behavioural responsiveness across
different levels of DoC*.

The anterior forebrain mesocircuit’*>** and the
frontoparietal network®’! are consistently implicated
in the restoration of cerebral activity during recovery
from DoC. The anterior forebrain mesocircuit includes
the frontal and prefrontal cortices and the striatopal-
lidal negative feedback loop, which parallels the direct
corticothalamic projections and influences thalamic
outflow back to the cortex and striatum®” (BOX 1). This
network of widespread anatomical connections made
via the central thalamus makes the anterior forebrain
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Reafferentation

The re-establishment of
afferent neuronal inputs, such
as occurs during the process
of neuronal plasticity that
contributes to recovery of
consciousness after a severe
brain injury.

Deafferentation

The disruption or
disconnection of afferent
neuronal inputs, such as when
cortical neurons lose their
neuronal inputs in the setting
of thalamic injury.

Motor function
(CRS-R)
?

Functional
communication

Command-
following

Purposeful
movements

Eye opening | VS/UWS

Coma

mesocircuit vulnerable to multifocal brain injuries. The
frontoparietal network comprises two subnetworks:
the default mode network (DMN) and the executive con-
trol network. The DMN is anchored by midline nodes in
the medial prefrontal cortex, posterior cingulate and pre-
cuneus, and mediates internal awareness or self-related
processes’™*. The executive control network is anchored
by lateral nodes in the dorsolateral prefrontal and poste-
rior parietal cortices, and mediates attention and environ-
mental awareness™. The anterior forebrain mesocircuit
and the frontoparietal network are interconnected, and
the metabolic activity and functional connectivity within
these networks increase as patients transition from
coma to VS/UWS, MCS, confusional state and, ulti-
mately, full cognitive recovery’>**=. In studies in non-
human primates, electrical stimulation of the central

Confusional state Cogpnitive dysfunction
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Fig. 1| Multidimensional assessment of consciousness. During recovery from coma,
patients are evaluated for overt cognition and motor function using the Coma Recovery
Scale —Revised (CRS-R). This evaluation enables the classification of patients into the
groups illustrated in green, with the exception of patients who emerge from a minimally
conscious state with language (MCS+) to a confusional state, in whom the Confusion
Assessment Protocol (CAP) is used to differentiate between a confusional state, cognitive
dysfunction and full recovery. In patients with no behavioural evidence of language
function, functional MRI (fMRI) or EEG evidence of command-following (active) indicates
cognitive motor dissociation, fMRI or EEG responses within an association cortex during
language or music stimuli (passive) indicate covert cortical processing, and an absence
of fMRI or EEG responses indicates a true negative fMRI/EEG classification. Patients with
behavioural evidence of language are classified as false negatives if there are no fMRI or
EEG responses, and as true positives if there are fMRI and EEG responses. CLIS, complete
locked-in syndrome; LIS, locked-in syndrome; MCS—, minimally conscious state without
language; VS/UWS, vegetative state/unresponsive wakefulness syndrome. *Patients with
LIS are identified by the presence of consistent purposeful movements, typically vertical
eye movements, and a reliable movement-based communication system. Patients with LIS
who demonstrate inconsistent movements would not be distinguishable from patients
with CLIS, cognitive dysfunction, confusional state or MCS. Some patients with LIS are
able to communicate via assistive communication devices. Adapted with permission

from REF.'*°, OUP.
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lateral thalamic nucleus selectively produced arousal
from anaesthesia-induced coma®?, providing strong
evidence that the anterior forebrain mesocircuit and the
frontoparietal network are linked via this brain region.

The central thalamus is also the primary thalamic tar-
get of projections from the brainstem arousal nuclei'"'.
Recovery of consciousness depends upon the func-
tional re-emergence of the brainstem’s ascending arousal
network®, also known as the ascending reticular acti-
vating system*>*!, which must provide sufficient input
to the anterior forebrain mesocircuit and frontoparietal
network to depolarize neocortical neurons and facilitate
firing. Identification of the specific nodes and connec-
tions of the ascending arousal network, mesocircuit and
frontoparietal network that are essential for recovery
of consciousness will require further experimental and
clinical investigation. Furthermore, it is possible that
the co-activation of the mesocircuit and frontoparietal
network by the ascending arousal network is not suf-
ficient to generate conscious awareness without the
re-emergence of additional cortical networks®.

When functional reafferentation occurs during
recovery, the resting membrane potentials of neocorti-
cal neurons are gradually restored, that is, they become
more depolarized, resulting in changes to neuronal
firing patterns that are reflected in the EEG*. Similar
EEG patterns are observed during emergence from
general anaesthesia®. The overall frequency content
of the EEG is indicated by the power spectrum, which
indexes the contribution of oscillations at different fre-
quencies within the EEG signal”’. One model of neu-
ronal recovery, known as the ABCD’ model, organizes
these sequential changes in EEG power spectra into four
coarse-grained (or ‘widely separated’) categories, which
are hypothesized to reflect the severity of thalamocor-
tical deafferentation (TABLE 1). This model can be used
to understand the varying levels of structural or func-
tional deafferentation that occur in patients with DoC.
Notably, a behavioural diagnosis can be associated with
more than one spectral category.

The first category in the ABCD model, ‘A, resem-
bles the experimental ‘cortical slab’ preparation”, in
which neocortical neurons have marked membrane
hyperpolarization and the EEG power spectrum is
restricted to <1 Hz. A-type dynamics can arise when the
neocortex is completely or almost completely deaffer-
ented owing to structural injuries””. For example, some
patients with chronic VS/UWS resulting from severe
hypoxic-ischaemic encephalopathy (HIE) display
an A-type power spectrum®. Some evidence suggests
that A-type dynamics, which arise in healthy human and
animal brains under anaesthesia'***, are neuroprotective
and driven by mechanisms that evolved to preserve brain
volume and promote recovery following injury*>*.

When membrane potentials are depressed, depolar-
ization of neocortical neurons can result in spontane-
ously generated bursting for seconds at a rate of ~5-9Hz,
as a result of intrinsic membrane properties®, produc-
ing a narrow oscillation in the same frequency range
in the EEG”, categorized as ‘B-type’ dynamics. Partial
restoration of neocortical membrane potentials and
coincident bursting of deafferented thalamic neurons
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Dynamic range

In neocortical neurons, the
nominal span of the absolute
firing rate, specific patterns

of firing and the differential
ability of individual neurons to

integrate synaptic information,

all of which vary as a function
of membrane potential that
is, in turn, controlled by
background synaptic input.

during wakefulness generate oscillations of ~3-7Hz
with coupled higher frequency rhythms in the EEG™™.
This ‘C-type’ pattern is thus predicted to appear in
the setting of more preserved cerebral metabolism™. In the
healthy intact cerebral cortex, restoration of the normal
EEG power spectrum with a peak in the alpha frequency
range (8-13 Hz) and peaks in higher frequency ranges
are associated with normal neocortical neuronal firing
patterns, or ‘D-type’ dynamics™. Physiological correlates,
in the form of shifts from B-type to C-type or D-type
dynamics, associated with the transition from VS/UWS
to MCS and higher levels of recovery, have been seen in
some medication-responsive patients® and in patients
who show spontaneous recovery during the acute’>”’

Box 1| A mesocircuit model of recovery of consciousness

All severe brain injuries that cause coma share a common pathological substrate,

which is a marked loss of synaptic background activity owing to either widespread
neocortical, striatal and thalamic neuronal death, dysfunction or disconnection, or
focal injuries to the paramedian mesodiencephalon (that is, the central thalamus and
rostral brainstem tegmentum). Widespread disfacilitation occurs, involving neocortical,
striatal and thalamic neurons, with a specific contribution from central thalamic
neurons that integrate loss of input across multiple cerebral targets. Loss of medium
spiny neuron inhibition of the globus pallidus interna (GPi) produces active inhibition

of components of the central thalamus, including the central lateral nucleus (CL; see

the figure). Collectively, these mechanisms are proposed to produce a downregulation
of activity across the anterior forebrain, resulting in limited or fluctuating behavioural
responsiveness”’. This anatomical foundation supports the functional activation of the
frontal cortex and striatum (Str) with direct stimulation of the CL using electrical’*® or
optogenetic’’! techniques. Restoration of function across this network is associated
with a shift in neuronal firing patterns across the corticothalamic system that can be
measured in the spatiotemporal dynamics of the electroencephalogram or changes
in the differential ability of individual neurons to integrate synaptic information
controlled by background synaptic input*°?°2. However, normalization of resting EEG
background activity might not correlate with full restoration of cognitive function
following coma, as deficits in resource allocation and a failure to recruit the full
dynamic range of neocortical neurons have a key role in functional outcome.

The figure shows the mesocircuit model superimposed upon a sagittal image of an
ex vivo human brain specimen scanned at a resolution of 100 um. Putative sites of
action within the mesocircuit for pharmacological and non-pharmacologic therapies
are indicated by blue arrows. PTg, pedunculotegmental nucleus; Ret, reticular nucleus
of the thalamus. Figure adapted from REF.**, CC BY 4.0 (https://creativecommons.org/
licenses/by/4.0/).
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or subacute-to-chronic™ stage of DoC. Recovery from
VS/UWS or MCS to a confusional state or higher levels
of cognitive function is typically associated with res-
toration of D-type dynamics®>*’. Importantly, several
specific predictions of the mesocircuit model and the
ABCD model have been verified in groups of patients
with acute and subacute-to-chronic DoC resulting from
traumatic and non-traumatic causes™*»*»%:5,

In patients who recover to the confusional state, resto-
ration of tonic firing in the thalamus and D-type dynamics
can coexist with local electrophysiologic abnormalities, for
example, increased delta to alpha power ratios™. Patients
who recover full consciousness can experience persistent
cognitive dysfunction, owing to impaired arousal regu-
lation from the anterior forebrain mesocircuit™. Ongoing
neuronal dysfunction in these patients is proposed to
result from restriction of the dynamic range of neocorti-
cal pyramidal neurons in the frontoparietal network and
their loop connections with the basal ganglia and thala-
mus; evidence for a key role of the central thalamus in this
restriction is accumulating®*. In the healthy awake brain,
neocortical neurons are in a ‘high conductance’ state®' and
exhibit a flexible, dynamic repertoire of firing motifs>°.
Although direct measurements are as yet unavailable, we
anticipate a failure to restore the full dynamic range of
neocortical and striatal neurons in patients with confusion
and cognitive impairments®.

Acute disorders of consciousness

As mentioned above, acute DoC have various aetiolo-
gies, including toxic-metabolic insults and structural
lesions, which can result from TBI, global HIE from
cardiac arrest, ischaemic stroke, intracerebral haemor-
rhage, subdural haemorrhage, epidural haemorrhage
and subarachnoid haemorrhage (SAH). DoC in car-
diac arrest result primarily from bihemispheric dys-
function because the brainstem is typically resistant to
anoxic injury in all but the most severe cases®. Acute
DoC after cardiac arrest can also be caused by various
factors, including seizures, cerebral oedema, metabolic
abnormalities and sedating medications”. Thus, in these
patients, eliminating diagnostic confounders, using
electrophysiological markers to evaluate electrical dys-
function and using imaging markers to assess structural
injury are of paramount importance.

In contrast to HIE, acute DoC after TBI can result
from heterogeneous, multifocal injuries to the cerebral
hemispheres and brainstem, making acute prognos-
tication far more challenging. Furthermore, delayed
recovery is more common after TBI than after HIE®,
and prolonged observation and therapy can reveal
remarkable recovery in some patients with DoC after
TBI for whom recovery seemed unlikely early on in
their illness®-%%. Ischaemic stroke follows a more pre-
dictable pattern than TBI, with swelling typically max-
imal around 3-5 days after infarction®, which enables
more reliable prognostication. In slight contrast, oedema
resulting from intracerebral haemorrhage can occur very
early or after a delay, and can sometimes be unexpectedly
prolonged”. Finally, SAH can be dynamic, with different
insults occurring within the first few hours (for exam-
ple, hydrocephalus and increased intracranial pressure),
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Table 1| The ‘ABCD’ model of corticothalamic dynamics

Category EEG power spectrum?® Dominant Thalamocortical Central thalamic Neocortical activity = Behavioural
frequency (Hz)  connectivity activity diagnoses
A <1 (blue) Complete Quiescent ‘Slab-like” dynamics VS/UWS
5 L deafferentation
3
e
Frequency
B ~5-9 (turquoise)  Severe Quiescent Intrinsic oscillations VS/UWS,
5 deafferentation MCS
3
&£
Frequency
C ~5-9 (turquoise); Moderate Bursting High-frequency activity MCS, CS
5 ~20-35 (orange)  deafferentation driven by thalamic
2 bursting
&L
Frequency
D ~8-13 (red); Healthy Tonic Varying motifs elicited  CS, healthy
C ~20-35 (orange) by depolarization of
¢ specific neocortical
&L cell types (for example,
fast rhythmic bursting)

Frequency

CS, confusional state; MCS, minimally conscious state; VS/UWS, vegetative state/unresponsive wakefulness syndrome. *Simplified illustrations of potential power
spectra. Adapted from REF.*/, Springer Nature Limited.

days (for example, cerebral vasospasm) and weeks (for
example, seizures), making prognostication particularly
challenging”. These different aetiologies all result in
structural injury, cerebral oedema, electrical dysfunction
and increased susceptibility to toxic-metabolic effects.

Accurate prognostication of DoC requires assessment
of the primary brain injury and concomitant injuries or
organ dysfunction, as well as pre-existing comorbidities,
such as dementia or cardiac, pulmonary or hepatic dys-
function. Prognostication of poor outcome has dominated
the field to date, leading to multiple prognostic guidelines
for the various disease states’>”’. Accurate prediction of
poor outcome is important, as withdrawal of life-sustaining
therapies is a leading cause of death for unconscious
patients with acute brain injury'*’*°. Therefore, an inaccu-
rate, overly pessimistic prediction could result in premature
withdrawal of life-sustaining therapies, leading to death in
patients who might have reached acceptable outcomes if
given sufficient time to recover'>"’. However, the process of
determining poor outcome does not, by its converse, leave
as its remainder those patients who will necessarily have a
good outcome, or even recover consciousness. Accurate
prognostication of poor outcome necessarily emphasizes
high specificity, that is, a low rate of false positive pre-
dictions, over sensitivity. This is likely to leave a group of
patients without a specific prediction of poor outcome
but who, ultimately, show a wide range of outcomes, from
chronic VS/UWS to full recovery.

Detection and prediction of recovery

Clinical examination. The neurological examination
remains at the core of acute evaluation and prognostica-
tion of patients with DoC in the ICU. This examination

is non-invasive, can be performed serially by numerous
types of examiners and has been the subject of recent
advances in technology, such as automated pupillometry.
However, neurological examination is also susceptible
to confounding by factors such as psychoactive medi-
cations, toxic-metabolic disturbances and variations in
temperature — both hyperthermia and hypothermia.
Hypothermia, in particular, affects drug metabolism, thus
further confounding the examination. Clinical scoring
systems used in these examinations include the Glasgow
Coma Scale’ and the Full Outline of UnResponsiveness
(FOUR)”, with the latter showing potential advan-
tages over the former for the prediction of in-hospital
mortality and functional outcomes™. For patients with
SAH, the World Federation of Neurosurgical Societies
(WENS) grading scheme is used”. This scale is most
commonly assessed on admission, when the exam-
ination might be affected by sedation or untreated
hydrocephalus, potentially leading to an inaccurate,
overly pessimistic prognostication. Serial assessment
with the WENS score after elimination of confounders
can reveal improvement, indicating a better chance of
recovery than that predicted by the initial assessment®.
The Pittsburgh Cardiac Arrest Category score is used
for prognostication in patients with post-cardiac arrest
DoC and incorporates cardiovascular and respiratory
organ function data into the prognostic assessement®'.
Use of scoring systems in the acute ICU setting provides
an objective, cross-sectional measure of the overall state
of a patient, taking into account not just neurological
but also general critical care factors*’. This scoring can
also be performed serially to detect improvement or
deterioration.
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The neurological examination begins with an assess-
ment of consciousness, in which the response of the
patient to maximal noxious stimulation (auditory; visual
and tactile) is assessed. Then, brainstem functions are
tested. The function of the upper brainstem, specifically
the pupillary and corneal reflexes, has prognostic rel-
evance in patients with cardiac arrest’? and TBI*. The
pupillary light reflex assesses the function of afferents
and efferents of the midbrain, and absence of this reflex
>72h post arrest (or longer if confounding from hypo-
thermia and/or drug metabolism is possible) has been
almost uniformly associated with poor outcome, defined
as severe disability, VS/UWS or death®. However, the
presence of the pupillary light reflex does not guaran-
tee a good outcome. Clinician technique is important,
as subtle changes in pupil size could be missed with the
naked eye, and we recommend the use of a bright LED
light and a magnifying glass. Automated pupillometry
can complement the manual approach and can meas-
ure not only the presence or absence of reactivity but
additional metrics including the speed of constriction®*.

The corneal reflex tests pontine function through
cranial nerves V and VII, and is of particular prognos-
tic importance owing to the anatomical proximity of its
pathway to pontine arousal nuclei'’; however, prognos-
tication using this reflex is also subject to vagaries in
testing. A recent worldwide survey of intensivists and
neurologists found that clinicians commonly test for a
response too far laterally on the sclera and use submax-
imal stimulation, both of which could lead to a falsely
negative (absent) reflex response. Corneal sensitivity
is highest at the edge of the iris and decreases further
out on the conjunctiva®. Furthermore, although use of
a liquid stimulus, for example, a squirt of sterile saline
onto the cornea, might be a useful screening test, more
potent stimulation is required if the reflex is found to be
absent. We suggest the use of light pressure adjacent to
the iris with a cotton-tipped applicator. These examina-
tion techniques and limitations should be kept in mind
when considering any false positive results from corneal
or pupillary testing that are reported in the literature, as
details of the technique used are commonly absent from
these publications.

Additional reflexes that can be used to test brain-
stem function include the oculocephalic reflex (doll’s
eyes reflex), which should only be tested in patients
with known cervical spine stability, and the oculoves-
tibular reflex (tested using cold calorics), which should
only be tested in patients with integrity of the auditory
canal and tympanic membrane’. Both reflexes test
pontine and midbrain function. Lower brainstem dys-
function, tested through the cough and gag reflexes, is
observed in the most severe brain injuries, which often
involve herniation®.

After cardiac arrest, a motor score of 1 (no move-
ment) or 2 (extensor posturing) previously connoted a
uniformly poor outcome, but recent studies report that
good outcomes can occur in a small, but not negligi-
ble, proportion of patients with these scores®. The most
recent European guidelines™ suggest using the motor
score only for screening patients after cardiac arrest
to identify those at risk of poor outcome, but even this

seems superfluous. The presence of a motor score of 4
(withdrawal from pain) or higher usually indicates a
patient destined for a good outcome”".

The most comprehensive, evidence-based behav-
ioural assessment for detecting signs of consciousness
in patients recovering from coma is the Coma Recovery
Scale — Revised (CRS-R)*. This scale has been found
to detect evidence of volitional responses, such as gaze
tracking, in ~40% of patients previously diagnosed with
VS/UWS on the basis of the consensus opinion of treat-
ing clinicians”. Early detection of consciousness has
prognostic relevance’ and is a primary determinant
in goals of care decisions”. The drawback to the CRS-R
is that it is time-intensive, as the assessment can take up
to 30-40 min. Therefore, the CRS-R is often not practical
as a daily assessment tool for patients in the ICU who are
unable to tolerate being off sedation for prolonged peri-
ods of time. By contrast, the FOUR score has been val-
idated for use across a spectrum of diseases in the ICU
setting, is reproducible and can be performed quickly,
making it an optimal tool for use in critically ill patients
with brain injuries””"*.

Imaging. Brain imaging is an essential component of
the acute assessment of DoC. Head CT is the imaging
modality that is most commonly used in this setting, as
it is widely accessible and enables rapid data acquisition.
CT might be useful for predicting early mortality in some
patients with acute DoC, such as when global oedema
is detected in patients with cardiac arrest®® or SAH®.
However, CT has a limited sensitivity for detecting many
coma-causing entities, including traumatic axonal injury
and HIE, and thus is rarely used in isolation to predict
outcomes in patients with acute DoC.

Compared with CT, MRI substantially enhances
the detection of coma-causing lesions'”, particularly
within the brainstem'”’, providing a clearer picture of
an individual patient’s potential for recovery. For fami-
lies and clinicians facing time-sensitive decisions about
continuing life-sustaining therapy for patients in the
ICU, MRI data often factor heavily in discussions about
the potential for recovery”. For example, evidence indi-
cates that diffusion restriction on diffusion-weighted
imaging can predict functional outcome in patients
with cardiac arrest'>"'*, albeit with lower specificity
after hypothermia®. Other evidence suggests that
microbleeds detected with susceptibility-weighted or
T2*-weighted imaging can predict coma duration'*>'%
and functional outcomes'>!*!% in patients with
severe TBI.

Despite these promising findings, clinicians must
consider the potential limitations and confounders of
MRI data when incorporating them into prognosis dis-
cussions. For example, in patients with severe TBI, dif-
fusion restriction on diffusion-weighted imaging does
not invariably represent irreversible axonal injury, as
multiple studies have reported recovery of white matter
integrity, and corresponding behavioural recovery, in
patients with this MRI finding®*’. Similarly, the results
of radiological-pathological correlation studies indicate
that axons can be preserved at sites of microhaemor-
rhage in patients with severe TBI'">'%, suggesting that
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microbleeds do not indicate irreversible haemorrhagic
axonal injury in these individuals. These observations
provide a potential pathophysiological basis for the
reports of unexpected recovery in patients with extensive
microhaemorrhages, including in the brainstem>105110,
Avoiding misinterpretation of neuroimaging data and
recognizing reversible changes are essential for accurate
prognostication of patients with DoC. Importantly, the
identification of these reversible changes suggests that
the time window for therapeutic intervention is longer
than was previously assumed, which has implications
for the planning of future trials of neuroprotective
therapies'' "%

The limitations of MRI are a primary motivator for
the deployment of advanced imaging techniques, which
have begun to show promise for improving the accu-
racy of outcome prediction in patients with DoC'"*~'"7.
To date, the most compelling data come from two stud-
ies that have shown a high sensitivity and specificity
of diffusion tensor imaging (DTI) measurements for
predicting functional recovery in patients with HIE"'*
and TBI'”. DTI measures the directional diffusion, or
fractional anisotropy, of water molecules along axonal
bundles, providing an inferential measure of axonal
integrity'*. DTI measures of fractional anisotropy
within whole-brain white matter predicted 6-month
outcomes in patients with acute HIE"®, and measures
of fractional anisotropy within cortical and subcorti-
cal white matter bundles predicted 1-year outcomes in
patients with acute TBI'”?, suggesting that DTI could
contribute to early prognostication of DoC.

High-resolution diffusion MRI techniques can also
map the structural connectivity of the brain networks
that support re-emergence of consciousness by recon-
structing axonal fibre tracts. Diffusion MRI tractogra-
phy detects acute white matter injury'?'~'*, and evidence
indicates that this technique can be used in the ICU to
predict long-term cognitive outcomes in patients with
acute TBI'*. In addition, tractography can be used to
map the ascending arousal network in patients with
acute DoC*>'"** (FIG. 2). This approach could be used
to identify preserved subcortical connections that might
support recovery or provide a target for therapeutic
stimulation'”’. Given the emerging evidence that quan-
titative diffusion MRI techniques could enhance the
accuracy of outcome prediction, efforts are underway to
standardize data acquisition methods'**"', disseminate
open-source analytic code'” and promote widespread
access to these prognostic tools.

A second motivation for the use of advanced imaging
techniques in patients with acute DoC is the emergence
of a new network-based conceptual framework'*>'*°
for studying coma pathogenesis and recovery, which
is replacing the classic lesion-based framework'*'-'**
(FIG. 3). Recovery of consciousness is now conceptualized
as being contingent upon the re-emergence of dynamic
interactions between multiple subcortical and cortical
networks, including the ascending arousal network,
mesocircuit and frontoparietal network discussed above.
By providing a personalized brain connectivity map, or
connectome, for each patient, it is possible that advanced
MRI techniques will reveal the network architecture that
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underlies synaptic plasticity and circuit reorganization as
patients recover consciousness'**'%.

The DMN is the most frequently studied network
in acute DoC because of its well-established contribu-
tions to conscious awareness'*°. Initial evidence from
resting-state fMRI studies of patients with cardiac arrest,
TBI and coronavirus disease 2019 (COVID-19) suggests
that DMN functional connectivity is necessary, but not
sufficient, for recovery of consciousness®!!4!15117157.135,
Additional contributions to recovery are believed to
emerge from the salience network, which comprises
anterior insular, dorsal anterior cingulate and frontoin-
sular nodes, and has robust connectivity to subcortical
and limbic structures, and from the executive control
network, which comprises dorsolateral frontal and
parietal nodes, as described above®. Identifying the
combinations of additional networks beyond the DMN,
salience network and executive control network that
are required for recovery of consciousness is an area of
active study.

Electrophysiology. Complementary to clinical examina-
tion and neuroimaging, numerous electrophysiological
techniques are used in the ICU to detect preserved brain
networks, support prognostication and guide therapy'*.
These techniques either record the electrical activity of the
resting brain, for example, classic EEG, or record an elec-
trical signal from the brain in response to perturbation of
the brain, such as that caused by auditory stimulation (for
example, event-related potentials (ERPs)), peripheral elec-
trical or tactile stimulation (for example, somatosensory
evoked potentials), or direct electrical or magnetic stim-
ulation of the brain (for example, transcranial magnetic
stimulation (TMS)).

Electrographic seizures and status epilepticus are
common causes of altered consciousness in patients in
the ICU"*'*!, The vast majority of seizures in patients
with acute DoC are ‘non-convulsive, that is, not associ-
ated with clinically detectable motor manifestations'*"*2.
Determining the extent to which consciousness is altered
by non-convulsive seizures versus the underlying brain
injury can be challenging. Multiple EEG patterns,
including seizures and periodic discharges, are associ-
ated with poor outcome'*~'*, but whether these patterns
are surrogate markers of brain injury or are causing
secondary brain injury, or both, is unclear. Some EEG
features, such as the presence of sleep architecture and
reactivity to external stimuli, including painful tactile
stimulation, are associated with good outcomes, particu-
larly after cardiac arrest'***". The temporal evolution of
EEG features has not been not well-studied, but could
parallel clinical recovery.

Particular note should be made of the prognos-
tic relevance of myoclonic status epilepticus (MSE) in
patients with post-cardiac arrest DoC. Despite its name,
the diagnosis of MSE is not based on EEG but, rather, is
a clinical manifestation of myoclonic movements involv-
ing the face, trunk and limbs”>. MSE was traditionally
considered to be associated with poor outcome’, but
more recent data show that some patients with MSE
who are treated aggressively, such as with therapeutic
temperature modulation and anti-seizure medications,
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a Control

Midbrain

Fig. 2 | Diffusion tractography detects acute disconnection of the
ascending arousal network. a,b | Post-mortem diffusion tractography
scans showing that the brainstem and thalamic nuclei of the ascending
arousal network are extensively interconnected in a control individual
(parta), but completely disconnected in a patient who died in the intensive
care unit 3 days after a coma-inducing severe traumatic brain injury (part b).
Scans shown from a posterior perspective, with fibre tracts colour-coded
according to the brainstem nucleus from which they originate: purple,
pedunculotegmental nucleus (PTg); yellow, parabrachial complex (PBC);
turquoise, dorsal raphe (DR); dark blue, locus coeruleus (LC); green, median
raphe (MnR); and pink, ventral tegmental area (VTA). Fibre tracts in the
control, but not in the patient with coma, connect with the intralaminar
nuclei (central lateral nuclei (CL) and centromedian/parafascicular complex
(CEM/Pf)) and the reticular nuclei (Ret) of the thalamus. Two midbrain
haemorrhages (Haem) in the patient with coma are rendered in red.

CEM/Pt

Nodal injury
0% [ 100%

Connectivity probability
0.01 ————=msmsmml 1.00

¢,d | Ascending arousal network connectograms for the control (part c) and
the patient with coma (part d). Brainstem nuclei are listed on the outside of
the circle, and their subcortical targets are shown on the inside of the circle.
Lines indicate connections between network nodes, with line thickness
being proportional to the number of tracts visualized. Brainstem
connections with thalamic and basal forebrain nuclei were disrupted in the
patient with coma (part d), but connections with the hypothalamus were
partially preserved. BNM/SI, nucleus basalis of Meynert/substantia
innominata; DBB, diagonal band of Broca; IL, intralaminar nuclei of
thalamus; LDTg, laterodorsal tegmental nucleus; LHA, lateral hypothalamic
area; mRt, mesencephalic reticular formation; PAG, periaqueductal grey;
PnO, pontis oralis; PV, paraventricular nucleus of the thalamus; SUM,
supramammillary nucleus of the hypothalamus; TM, tuberomammillary
nucleus of the hypothalamus. Parts a and b reprinted with permission from
REF.'*, OUP.
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achieve good outcomes, including return to a home
environment and some level of independence®'"'.
Furthermore, evidence from one study indicates that
particular EEG patterns in patients with MSE can pre-
dict outcomes'*. Patients with MSE and a continuous
background with narrow vertex discharges in lockstep
with myoclonic jerks have a better chance of recovery
(and better response to anti-seizure drugs) than those
with MSE and a suppressed or suppression-burst EEG
pattern with high-amplitude polyspikes, indicating that
the background EEG rhythm is the most important EEG
measure for predicting recovery'™.

a Lesion mapping

No LoC

Brief LoC

Prolonged LoC

Prolonged LoC

-7

T statistic
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Evoked potentials are a measure of the time-locked
EEG response to an external somatosensory, visual
or auditory stimulus. Evoked potentials reflect early
responses to stimulation — the first ~100 ms — whereas
ERPs reflect subsequent information processing and the
cognitive aspects of the brains response to stimulation'>’.
Evoked potentials can be used to assess the integrity
of specific sensory pathways, that is, the transmission of
tactile sensation to the somatosensory cortex, providing
reliable information about the overall impact of diffuse
brain injury. For example, measurement of soma-
tosensory evoked potentials are frequently used to aid

¢ Association with LoC

b Lesion connectivity

T statistic Pvalue

Fig. 3 | Mapping loss of consciousness to a common brain network using the human connectome. A novel technique
termed ‘lesion network mapping’ was used to test whether lesions producing prolonged loss of consciousness (LoC)

map to a distributed brain network or a single brain region. a| A sample of 171 individuals who experienced penetrating
traumatic brain injuries and underwent head CT was classified into three groups: no LoC, brief (<1 day) LoC and prolonged
(>1 day) LoC. Lesions were transformed onto a common brain template. Representative lesions from three individuals
are shown in red. b | The brain regions functionally connected to each lesion location were identified using a database
of 1,000 resting state functional MRI scans from healthy controls. ¢ | Using voxel-wise ordinal logistic regression, the
investigators determined that a lesion’s connectivity with a specific region of the brainstem tegmentum (blue) was

the strongest predictor of LoC. d | The network of cortical regions functionally connected to the identified brainstem
region (blue) visualized alongside representative lesions (semi-transparent red). The lesions that caused no LoC show
no overlap with the functional connectivity map whereas the lesions that caused prolonged LoC do overlap with the
functional connectivity map. These findings suggest that lesions causing prolonged LoC injure a widely distributed brain
network that is functionally connected to the brainstem tegmentum, known to contain consciousness-promoting arousal
nuclei’®. Adapted from REF."*, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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EEG complexity

The complexity of the electro-
physiological signal recorded
by EEG reflects the integrity
of cortico-cortical and
thalamocortical networks that
support human consciousness.

EEG spectrogram

A visual representation of the
time-varying EEG power at
each frequency plotted in two
dimensions as frequency

(y axis) over time (x axis).

Motor imagery

In a motor imagery task, a
patient is instructed to imagine
performing a motor task, such
as “imagine opening and
closing your hand”; evidence
for volitional modulation of
brain activity during this task is
measured using functional MRI
or EEG and contrasted with
brain activity during a period
of rest, when the patient is
instructed to stop imagining
the motor task.

prognostication following cardiac arrest** and TBI'*® —
the absence of a negative potential 20 ms after peripheral
stimulation reflects loss of thalamocortical integrity.

Multiple EEG features, including a well-organized EEG
background and EEG reactivity to sensory stimulation,
correlate with the results of behavioural assessments of
consciousness**'””. These EEG features indicate preserved
thalamocortical integrity, as corroborated by fMRI and
fluorodeoxyglucose (FDG) PET data'**. Re-emergence of
these EEG features correlates with recovery of conscious-
ness and can precede behavioural recovery'**. Importantly,
qualitative assessment of the EEG background and EEG
reactivity for prognostication is feasible in a clinical setting
and is performed routinely at many institutions caring for
patients with acute DoC.

Emerging evidence suggests that detection and pre-
diction of recovery of consciousness can be enhanced
by quantitative analysis of the spatial and temporal
characteristics of the resting EEG signal, including
power, frequency, correlation between electrodes
and EEG complexity””'*>'®°. For example, experimen-
tal and clinical data suggest that the EEG spectrogram
reflects the degree of thalamocortical disconnection
underlying impairment of consciousness”>*”**. Other
quantitative EEG measures include information-sharing
approaches that measure functional connectivity, also
known as coherence, between brain regions™'®’. These
measures have mostly been explored in patients with
chronic DoC (discussed below), but preliminary evi-
dence suggests that they provide similar diagnostic and
prognostic utility in acute DoC. For example, in a case
series that included patients with acute TBI, higher EEG
complexity, also known as EEG entropy, was observed
in MCS than in VS/UWS'®'. Levels of consciousness in
patients with acute SAH and cardiac arrest also cor-
related with spectral power, supporting the mesocir-
cuit hypothesis®>”’. EEG spectral measures have been
found to correlate with functional connectivity meas-
ures derived from resting-state fMRI'®?, supporting the
network-based paradigm of acute DoC pathogenesis.
However, the temporal progression of EEG changes in
relation to behavioural changes is not fully understood.
In the days following acute brain injury, confounders
such as metabolic derangements (for example, renal
or hepatic failure) and medications (for example, seda-
tives) can affect both behavioural and electrophysiolog-
ical assessments'®. Advanced analytical techniques that
account for these ICU confounders of EEG patterns in
patients with acute DoC are actively being pursued™.

Chemical biomarkers. Although beyond the scope of
this Review, chemical biomarkers are an integral com-
ponent of the assessment of neuronal injury in patients
with acute DoC, most importantly in patients with car-
diac arrest. The most commonly studied chemical bio-
marker is neuron-specific enolase, the measurement of
which is confounded by its presence in red blood cells,
platelets and some neuroendocrine and pancreatic
tumours'®. Newer biomarkers, including serum Tau'®
and neurofilament light chain'®®, have shown a higher
specificity for brain injury post cardiac arrest, and are
the subject of ongoing studies.

Cognitive motor dissociation

Some patients retain capacity for sentience and voli-
tional thought without self-expression or motoric out-
put, particularly in the ICU setting with endotracheal
intubation, sedation, pain, injury to motor pathways
and comorbid medical illness. This phenomenon,
which was first demonstrated in the chronic setting
using task-based fMRI'®, has been described using var-
ious terms, including “functional locked-in syndrome™,
“covert cognition”?’, “non-behavioural MCS (MCS*)”'%
and “cognitive motor dissociation (CMD)”"'. We prefer
the term CMD, as it conveys a graded and hierarchical,
rather than a binary, dissociation between cognition and
motoric output.

The potential to detect CMD in patients with acute
DoC is a major motivator for implementing task-based
fMRI and EEG techniques in the ICU (FIC. 4). In a
task-based fMRI or EEG study, a participant is instructed
to follow a command by performing a motor imagery
(“imagine opening and closing your hand”), spatial
navigation (“imagine walking through the rooms of
your house”) or motor action (“open and close your
hand”) task?. During the task, volitional brain activity is
measured and compared with resting brain activity,
which is typically measured after an instruction to stop
performing the task. From 2017 onwards, several studies
using task-based fMRI and EEG paradigms identified
CMD in some ICU patients who seemed unresponsive
on behavioural examination®'*'7° (FIGS 4 and 5). The
precise prevalence of CMD in patients with acute DoC is
unknown, as only a small number of studies have tested
for CMD in the ICU*>'**'"°_In the largest study of CMD
in the ICU to date, task-based EEG was performed at
a single centre in 104 patients with acute DoC caused
by traumatic and non-traumatic aetiologies”. The fre-
quency of CMD detection was 15% (n=16), providing
preliminary evidence that the rate of CMD in the ICU is
similar to the 15-20% rate reported by a meta-analysis in
patients with subacute-to-chronic DoC'”’, as discussed
below. Moreover, this ICU study found that patients with
acute CMD have a higher likelihood of functional recov-
ery at 1 year post injury, as measured by the Glasgow
Outcome Scale — Extended, than patients without
acute CMD (odds ratio=4.6 (95% confidence interval
1.2-17.1))*. This finding suggests that covert consciousness,
that is, CMD, has a similar prognostic relevance to overt
consciousness in ICU patients with acute brain injuries.

Evidence indicates that task-based fMRI or EEG
studies have a high rate of false negative findings, which
is important to consider when interpreting the results.
For example, some ICU patients who show behavioural
evidence of command-following, that is, individuals
with a diagnosis of MCS+ or confusional state, are una-
ble to perform a motor imagery task'®'”’, possibly owing
to confounding by sedation, head motion or inattention.
Furthermore, the results of task-based motor imagery
fMRI and EEG studies of healthy individuals have sug-
gested that the false negative rate of this approach can
be as high as ~25%'*"'72. Thus, absence of task-based
motor imagery fMRI responses does not prove that a
patient is incapable of command-following and does
not necessarily connote a poor prognosis. Task-based
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Fig. 4| Task-based functional MRI detects cognitive motor dissociation in the
intensive care unit. Functional MRI (fMRI) results for language, music and motor imagery
paradigms for a healthy individual and patients with a broad range of behavioural
diagnoses after acute severe traumatic brain injury. The second row shows scans from

a patient with a behavioural diagnosis of vegetative state/unresponsive wakefulness
syndrome (VS/UWS) but fMRI evidence of command-following, resulting in an fMRI
diagnosis of cognitive motor dissociation (CMD). The third row shows scans from a patient
with a behavioural diagnosis of minimally conscious state without language (MCS-) but
fMRI evidence of association cortex activation to language and music stimuli, resulting in
an fMRI diagnosis of covert cortical processing. The patients diagnosed with CMD, covert
cortical processing and coma all recovered consciousness, communication and functional
independence, highlighting the prognostic limitations and confounders associated with
fMRIin the intensive care unit (for example, the comatose patient was on a propofol drip
during the scan). Thus, a negative fMRI result should not be interpreted as a reliable
indicator of poor outcome. fMRI data are shown as Z-statistic images thresholded at
cluster-corrected Z scores of 3.1 (inset colour bar) and superimposed upon T1-weighted
axialimages. CRS-R, Coma Recovery Scale — Revised. Reprinted with permission from
REF.'*, OUP.

motor action paradigms (for example, “move your
right hand”)” seem to have lower false negative rates
than motor imagery paradigms (for example, “imagine
moving your right hand”)'®”. Task paradigm selection
for patients with acute DoC remains an area of active
investigation®>!6>17%:173,

CMD likely represents the residual ability of the brain
to integrate information across multiple functional sys-
tems, thereby serving as a surrogate for future func-
tional and behavioural recovery. Whether acute CMD is
a transitory state through which patients pass, such as
between MCS- and MCS+, or a parallel state through
which patients transition to higher cognitive function
is unknown. It is also not yet clear whether the degree
of dissociation between cognitive function and motoric
output in patients with CMD affects long-term prognosis
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or the ability to use an assistive communication device.
When choosing between task-based fMRI or EEG for
the detection of CMD in behaviourally unresponsive
patients, logistics such as patient transport, the ability
for repeat testing and spatial representation of the signal
in relation to the injury have to be taken into account.
Major advantages of task-based EEG include repeata-
bility and employability at the bedside, which mitigate
logistical challenges and eliminate the need for transport.
However, task-based fMRI can provide more neuro-
anatomic specificity about covert brain responses. For
both approaches, care is required when designing the
task paradigm (we recommend a block design) and
planning the statistical analysis, as errors mightlead to a
false positive diagnosis of CMD'">!". Reproducibility and
the impact of confounders, such as sedation, metabolic
derangement, artefacts and seizures, should also be con-
sidered when interpreting the results. Approaches that
integrate task-based fMRI and EEG are currently being
used to characterize the clinical characteristics of CMD
in patients in the ICU and provide insights into its under-
lying mechanisms'®. Meaningful communication with
CMD patients is currently infeasible but, in the future,
EEG-supported brain-computer interface systems could
enable patients with acute CMD to communicate'”>'7*.

fMRI and EEG approaches that use language and
music as a stimulus to elicit brain activation have pro-
vided additional insights into preservation of cortical
function in patients in the ICU with acute DoC, but the
prognostic and therapeutic relevance of these approaches
is unclear. Importantly, the passive response of the
brain to a stimulus is not considered definitive evidence
of consciousness'’”'”%. Instead, only active, volitional
modulation of cortical activity in response to a task indi-
cates command-following and, hence, consciousness''.
Nevertheless, association cortex responses to language
and music in patients who do not show evidence of lan-
guage function on behavioural examination — a pheno-
menon for which we propose the term ‘covert cortical
processing’'>'77-8! (FIC. 1) — might provide additional
information about preserved neural networks that could
support cognitive and functional recovery'”.

With ongoing advances in fMRI and EEG techniques,
and as experience with stimulus-based and task-based
fMRI and EEG in the ICU grows, it is increasingly likely
that these investigational techniques will be used clini-
cally to detect and predict recovery of consciousness in
patients with acute DoC. Indeed, the 2020 European
Academy of Neurology guideline for the management of
patients with DoC recommends that task-based fMRI and
EEG be performed “whenever feasible ... to complement
behavioural assessment in patients without command
following at the bedside”'*>. This guideline also proposes
that patients with DoC should be classified according
to the highest level of consciousness revealed by behav-
ioural, fMRI or EEG testing — an approach that is also
being advocated by the DoC research community'**'®,

Treatments

The first goal of treatment of patients with acute DoC
is to identify causes of altered consciousness that can be
rapidly corrected””. For example, acute hydrocephalus
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can be treated with cerebrospinal fluid diversion via an
external ventricular drain, leading to rapid restoration
of consciousness in some patients'. Similarly, correc-
tion of toxic, metabolic or endocrinologic derange-
ments such as opioid overdose, hyponatraemia or

\/

Electrode
N

(-

Delta Theta

(i ot
w r’ ‘ ﬁ el

T it «...'W".m
e R Y

Sl

= N

'Zoj k\f\l"’I\/\,/\"V\)‘\I"”\'\/\//\‘\'JL A Beta

= W Lum.H. HI‘||Hm|”w| TTEI m

G ol ohe il (HJ iy

= Wﬁm blgcks) % H“; \li‘\‘\“ lﬂ'lklﬂl':l[ I“N “E;Q h M”II,UI ‘IM!”H" fl MLl l?‘l'lwl

Time (2 min) K | II i N O
E ||n|‘{ L “"‘ ‘H\"\M gl M"".
‘ by %J‘Ww‘rw pr, e
Epochs (80 x n blocks)
(o4 10 sec
1.007 "~

0.70
0.601

Move 0.55 — Healthy controls

— Patients with
CMD

— Patients without
\j\ CMD

0.501

Move | EEG)
3
< = >

Decoding prediction

Y
Rest

0454 — Move period
0.40 v u
0304

--=- Rest period
0.00-

Time (trial)

Fig. 5| EEG detection of cognitive motor dissociation in the intensive care unit
predicts 1-year functional recovery. Task-based EEG data were acquired in a sample
of 104 patients with severe brain injuries of various aetiologies in the intensive care unit.
a| EEG was recorded for 10s following alternating instructions of “keep opening and
closing your right hand” (green) and “stop opening and closing your right hand” (red).

b | Power spectral density (PSD) analysis was applied to the EEG recorded from each
electrode in four frequency bands: delta (1-3 Hz), theta (4-7 Hz), alpha (8-13 Hz) and
beta (14-30Hz). ¢ | Resulting features were used to train and test a machine learning
algorithm (support vector machine). Classification performance for a given recording
was assessed as the area under the receiver-operating characteristic curve. Decoding
prediction is represented on the y axis, reflecting the EEG response corresponding to a
“keep moving” or a “stop moving” instruction. Lines represent group averages of the
decoding prediction curves of healthy volunteers and patients with or without cognitive
motor dissociation (CMD). This study found that intensive care unit patients with acute
CMD had a higher likelihood of functional recovery at 1year post injury than patients
without CMD. Reprinted from REF.%>, Claassen, J. et al. Detection of brain activation

in unresponsive patients with acute brain injury. 380, 2497-2505. Copyright © (2019)
Massachusetts Medical Society. Reprinted with permission.

hypothyroidism, respectively, can quickly restore con-
sciousness. For patients whose aetiology of acute DoC
is not rapidly reversible, neuroprotective therapies are
often used to improve cerebral oxygenation or reduce
metabolic demand. Neuroprotective reperfusion therapy
is commonly used in patients with cerebral vasospasm
caused by aneurysmal SAH'®. Medical approaches,
for example, blood pressure augmentation, and end-
ovascular therapies are both used to restore perfusion
to consciousness-promoting brain regions'*. Targeted
temperature management has been associated with
improved outcomes in patients with acute DoC caused
by cardiac arrest'®"'*”. However, three large randomized
control trials failed to demonstrate a benefit of targeted
temperature management in patients with acute DoC
following severe TBI'*"-'2. Nevertheless, in our opin-
ion, targeted temperature management can be consid-
ered in selected TBI patients with refractory intracranial
hypertension'”’. Evidence indicates that decompressive
hemicraniectomy also reduces mortality in this patient
population'*.

Whereas neuroprotective therapies aim to prevent
secondary neuronal injury, stimulant therapies aim to
promote and accelerate restoration of neuronal func-
tion, and are now being tested in patients with acute
DoC'*1%>1%_ Initial results suggest that amantadine is
well-tolerated in patients in the ICU with acute DoC'”,
but evidence for efficacy is lacking'*>'*. Reproducible
EEG measures, that is, the hierarchical ABCD model,
might detect changes in cerebral cortical function prior
to clinical changes in patients with acute DoC treated
with amantadine and could serve as early biomarkers
to measure treatment effects in future clinical trials'*.
A potential association between early stimulant therapy
and risk of seizures or excitotoxicity in patients with
acute DoC remains a hypothetical concern, but is not
supported by current evidence.

Device-related neuromodulation in the ICU is also
gaining attention because of a recent first-in-human
report of low-intensity focused ultrasound pulsa-
tion for central thalamic stimulation in a patient
with acute DoC'””. A barrier to developing targeted,
consciousness-promoting pharmacological and
device-related therapies for use in the ICU has been a
lack of biomarkers that predict therapeutic responses.
The network-based paradigm of recovery of conscious-
ness has inspired efforts to map brain networks and
identify connectomes amenable to neuromodulation in
patients with acute DoC'*.

Subacute-to-chronic DoC

Detection and prediction of recovery

Clinical examination. The CRS-R is the most widely
used behavioural assessment tool in clinical care
and research investigations, receiving the strongest
recommendation from the American Congress of
Rehabilitation Medicine task force on the basis of its
psychometric properties for detecting consciousness in
patients with subacute-to-chronic DoC*”. The behav-
ioural assessment of patients with subacute-to-chronic
DoC was extensively reviewed in 2014 (REF"). However,
important updates to the behavioural assessment
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since 2014 include a refined approach to distinguishing
MCS- from MCS+ and recent evidence that patients with
MCS+ have lower levels of disability than patients
with MCS- at the time of discharge from inpatient
rehabilitation’. Additionally, the importance of perform-
ing multiple CRS-R examinations to optimize detection
of volitional behaviours has now been demonstrated™'.
A new behavioural assessment tool, the Motor Behaviour
Tool — Revised (MBT-r)*?, has also been developed to
complement the CRS-R by identifying subtle motor
behaviours that reveal residual cognition. Evidence from
asample of 141 patients receiving inpatient rehabilitative
care for severe brain injuries suggests that the MBT-r
used in conjunction with the CRS-R detects conscious-
ness with a greater sensitivity than the CRS-R alone®”.
Moreover, behavioural diagnoses derived from the
MBT-r predicted functional recovery at discharge from
the inpatient rehabilitation centre’”. Finally, reports of
‘late’ recovery of consciousness, that is, recovery >1year
after injury””, have led new DoC guidelines to abandon
the term ‘permanent’ when describing patients with
VS/UWSZ,ME,Z(B.

Imaging. The application of advanced structural and
functional imaging during the subacute-to-chronic stage
of DoC is motivated by similar diagnostic and prognos-
tic goals to those in the acute setting, with a key differ-
ence being that imaging during the subacute-to-chronic
stage is typically more feasible from a safety and logis-
tical standpoint because the patients are not critically
ill. For this reason, far more imaging studies have
been performed in the subacute-to-chronic stage of
recovery than in the acute stage. The foundational
studies that first linked brain network dysfunction to
subacute-to-chronic DoC used PET and identified
metabolic dysfunction within multiple neural network
nodes®. PET studies also revealed that patients with
VS/UWS have altered connectivity between the posterior
cingulate and frontal association cortices®®, as well as
between the thalamus, prefrontal and anterior cingulate
cortices®”. Whether at rest or performing a task, patients
with DoC demonstrated disruptions in functional net-
works essential for processing intrinsic thoughts and
extrinsic stimuli'*®. Furthermore, PET provided the
first evidence of neuronal responses within association
cortices in patients who seemed to be unresponsive'”%,
providing a conceptual foundation for subsequent
studies of covert cortical processing.

As the field of advanced imaging matured, subsequent
PET and fMRI studies revealed the functional dynamics
of disrupted networks in individuals with DoC. A cen-
tral insight was the observation that DMN connectivity
might be a fundamental property of human conscious-
ness. For example, multiple studies have identified DMN
disconnections in patients with subacute-to-chronic
DoC and cognitive dysfunction®*”~*'*, and DMN con-
nectivity increases longitudinally as patients gradually
recover consciousness’*'’. Evidence indicates that DMN
functional connectivity differentiates between MCS and
VS/UWS with an accuracy of >80%”'>”'°. Furthermore,
DMN functional connectivity has been shown to pre-

dict recovery of consciousness*'”*'* and neurocognitive
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task performance®**'"?'? across the time spectrum of

recovery. Multimodal MRI studies have demonstrated
that functional connectivity measurements in DoC
correlate with the structural network architecture?*!!.
Indeed, the results of a diffusion tractography study
supported a role for DMN structural connectivity in
subacute-to-chronic DoC*”. Collectively, these com-
plementary structural-functional connectivity studies
suggest that DMN connectivity is a diagnostic biomarker
of consciousness and a potential predictor of ongoing
recovery in the subacute-to-chronic stage of DoC.

Despite these encouraging findings, DMN connec-
tivity alone cannot classify states of consciousness, as
patients with subacute-to-chronic DoC show disrup-
tions within additional functional networks, includ-
ing networks involved in processing sensory stimuli
and performing cognitive tasks, such as the auditory,
visual, sensorimotor, salience and executive control
networks”>*"”. The cognitive task networks are referred
to as ‘task-positive” or ‘extrinsic’ networks because they
are most active during goal-directed tasks™’. During
resting wakefulness, extrinsic networks are functionally
connected and are negatively correlated (anti-correlated)
with ‘intrinsic’ resting networks such as the DMN?>*"%,
Evidence from a longitudinal resting-state f{MRI study of
patients with severe TBI suggests that the re-emergence
of anti-correlations between intrinsic and extrinsic net-
works contributes to recovery of consciousness™. The
results of a recent multicentre resting-state fMRI study
further supported the importance of internetwork interac-
tions for consciousness by showing that dynamic patterns of
correlated and anti-correlated network activity distinguish
patients with MCS from patients with VS/UWS*.

Owing to methodological challenges, the contribu-
tions of subcortical networks to recovery of conscious-
ness are poorly understood. For example, arousal nuclei
in the brainstem are difficult to image because of skull
base susceptibility artefacts and the pulsation artefacts
from nearby blood vessels***. Furthermore, blood oxy-
gen level-dependent fMRI signals within small brain-
stem nuclei have low signal to noise ratios; thus, ultra
high-resolution fMRI sequences are required to accurately
image these nuclei*”. State of the art fMRI techniques are
being developed with the aim of mapping the functional
connectivity of subcortical networks?*-**/, and these tech-
niques have the potential to yield new insights into mech-
anisms of recovery related to subcortical-cortical network
reintegration.

Electrophysiology. Major progress has been made in
the development of electrophysiological biomark-
ers of subacute-to-chronic DoC using resting and
stimulus-based EEG approaches'*”***. For example,
a study in 2018 found electrophysiological evidence of
sleep-like cortical off-periods in patients with VS/UWS,
a finding observed in healthy sleeping individuals but not
in healthy awake individuals*”’. Evidence suggests that the
presence of resting EEG features such as sleep architec-
ture — in particular, synchronization of sleep spindles —
correlates with local changes in metabolism (measured
using FDG PET) and fMRI network structure'**, and can
predict long-term recovery of consciousness in patients
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Natural speech envelope
An EEG measurement that is
based upon the amplitude and
latency of cortical responses
to spoken language; a normal
cortical response to language
does not prove the presence
of consciousness but
indicates the preservation of
thalamocortical circuits and
association regions of the
cerebral cortex.

with subacute-to-chronic TBI or cardiac arrest***3!,

These resting EEG features can be readily detected in the
clinical setting. Resting EEG is also being used in
the investigational setting to provide information about
brain connectivity, and these EEG-based connectiv-
ity measures have been found to correlate with MRI
connectivity measures and behavioural end points in
patients with subacute-to-chronic DoC'***2. Moreover,
several studies used resting EEG features to quantify the
complexity of the recorded electrophysiological signal
in patients with subacute-to-chronic DoC and found
that complexity measures correlated with concomitant
behavioural assessments, suggesting that this technique
could be used to improve the accuracy of predicting
recovery of consciousness'*'*°.

Electrophysiological recordings following soma-
tosensory, auditory or visual stimulation have long been
explored in research into subacute-to-chronic DoC.
Inspired by studies in neuropsychology, these record-
ings consist of positive or negative EEG waveforms that
are strongly time-locked to the stimulus and revealed by
averaging repeated stimulations®”. Studies of DoC have
focused on waveforms that occur >100 ms after stimu-
lation, for example, the P300 wave or the N400 wave,
and are thought to reflect higher-order processing of the
stimulus****, Initial evidence suggested that the pres-
ence of late-evoked potentials such as the P300 wave can
predict recovery in patients with subacute-to-chronic
DoC of a broad range of aetiologies****”. However,
evidence from a more recent study in 92 patients with
subacute-to-chronic VS/UWS and MCS suggests that
the N400 response, much more than the P300 response,
predicts long-term recovery of consciousness and
communication®*. Moreover, evidence indicates that
the presence of the P300 response alone might not con-
sistently distinguish between patients in VS/UWS and
MCS'®.

Another electrophysiological measurement that
enables the probing of brain responses to stimuli in
patients with DoC is mismatch negativity, which is an
ERP that occurs in response to an ‘oddball’ sound and is
thought to be a pre-attentive or preconscious measure’”.
During measurement of mismatch negativity, a patient
listens to a sequence of frequent, repetitive sounds that
are interspersed with infrequent ‘oddball’ sounds
that differ from the rest of the sequence, for example,
in their pitch. Initial evidence suggests that the pres-
ence of mismatch negativity predicts clinical improve-
ment, including a transition from VS/UWS to MCS, in
patients with subacute-to-chronic DoC of traumatic and
non-traumatic aetiologies”>**. Probing brain responses
to multiple layers of regularities within an auditory stim-
ulus is also being studied, as the resulting ERP might
distinguish conscious versus subconscious processing'*’.
These multiple layers of regularities consist of identical
or deviant sounds within a sequence of five tones (local
regularity or deviance) and between several blocks of
five tones (global regularity or deviance). This analysis
dissociates a local from a global response, but limited
data exist regarding the feasibility and applicability of
this approach in clinical practice’"’. An approach that
quantifies cognitive modulation of the autonomic

nervous system by measuring auditory ERP-related var-
iations in heart rate has been explored in patients with
DoC and shows some promise®*. The ability of the brain
to integrate and process information can also be tested in
patients with subacute-to-chronic DoC by measuring the
response to natural speech or music'****’. Analysing
the natural speech envelope of the EEG recorded dur-
ing speech might allow identification of patients with
severe brain injury who demonstrate preserved cognitive
function'®, such as covert cortical processing or CMD.

An alternative electrophysiological approach to pro-
bing brain networks in patients with subacute-to-chronic
DoC is TMS-EEG, in which a targeted TMS pulse is
administered to a patient who is being monitored with
high-density EEG*****. This TMS-EEG method directly
assesses brain function by bypassing sensory system
inputs and enables the calculation of a perturbation
complexity index****, which represents the complexity
of the cortical response, as reflected in the electrical sig-
nal recorded by EEG following TMS. Major advantages
of the TMS-EEG approach are that it provides a single
numerical value that strongly correlates with a patient’s
level of consciousness, and its methodological principles
are firmly rooted in the integrated information theory of
consciousness*.

A future goal of this field of work will be to deter-
mine which electrophysiological techniques provide
the greatest prognostic utility and mechanistic insight
into recovery of consciousness. Central to this effort
will be the standardization of data acquisition, process-
ing and analysis, which will enhance the reproducibility
and generalizability of advanced electrophysiological
measures'’>**, Efforts are underway to test cross-site
reliability and identify minimum data requirements,
for example, the number of electrodes'****". To promote
access to electrophysiological measures, investigators
are increasingly sharing data-acquisition protocols and
analytic code’**,

Cognitive motor dissociation

In parallel with discoveries about network-based mech-
anisms of recovery, rapid progress has been made in
the development of advanced imaging and electro-
physiological tools to detect CMD in patients with
subacute-to-chronic DoC'7»*2%2#-*!_ Since the first
demonstration of CMD in 2006 (REF.'*}, the detection of
CMD with task-based fMRI and EEG has been replicated
using multiple motor imagery, spatial imagery, auditory
and visual paradigms*»'7>2%24%252234 Eyidence from one
study indicates that combining multiple task-based par-
adigms improves the CMD detection rate’*. Although
the precise prevalence of subacute-to-chronic CMD is
unknown, initial evidence suggests that CMD is more
common in patients with traumatic DoC than in patients
with non-traumatic DoC*', and a meta-analysis sug-
gested that the overall prevalence of CMD in patients
with subacute-to-chronic DoC is 15-20%'"". Even if
this prevalence statistic proves to be an overestimate
(owing to publication bias), hundreds of thousands of
individuals worldwide are living with chronic DoC*%*”,
suggesting that the number of patients with DoC world-
wide who have unrecognized CMD (owing to a lack of
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diagnostic testing) is potentially in the thousands. In our
view, this possibility provides an ethical imperative to
develop, implement and generalize diagnostic tools
to identify patients with CMD.

The potential translational impact of the emerg-
ing literature on CMD is perhaps best evidenced by
the recent incorporation of task-based fMRI and
EEG techniques into clinical guidelines for patients
with DoC. Task-based fMRI is referred to as a test with
potential clinical utility for patients with subacute-
to-chronic DoC in the 2018 DoC guideline>* spon-
sored by the American Academy of Neurology, the
American Congress of Rehabilitation Medicine and
the US National Institute on Disability, Independent
Living, and Rehabilitation Research. In addition, as
mentioned previously, the 2020 European Academy of
Neurology guideline'®” recommends the use of task-
based fMRI, EEG and PET techniques for assessment
of patients with acute and subacute-to-chronic DoC
“whenever feasible”. With respect to prognostic accuracy,
a clinical validation study found FDG PET to be superior
to fMRI in predicting long-term outcome in patients with
subacute-to-chronic DoC*', underscoring the impor-
tance of a multimodal approach to CMD detection and
prognostication”®. FDG PET has a high sensitivity
and specificity (~94%) for identifying consciousness (but
not CMD per se) in patients with subacute-to-chronic
DoC*; in contrast, although fMRI has a high specificity
for CMD detection, it is insensitive (~45%) to detecting
consciousness in subacute-to-chronic DoC**.

As fMRI, EEG and PET begin to gain acceptance as
clinically useful tests for detecting and predicting recov-
ery of consciousness, clinicians will likely face new chal-
lenges regarding resource allocation and generalization
of these advanced methods. One approach is to screen
patients with subacute-to-chronic DoC for their poten-
tial to have CMD, an approach that recently showed
promise in two studies that measured EEG responses
to the natural speech envelope of spoken language'***°.
These responses were associated with fMRI evidence of
CMD, suggesting that EEG-based assessment of the nat-
ural speech envelope could be used as a screening tool
to identify patients who warrant subsequent assessment
for CMD with task-based fMRI or EEG.

Treatments

Most trials of pharmacological treatments in patients
with subacute-to-chronic DoC have tested stimu-
lants that promote dopamine signalling®’, for exam-
ple, amantadine®’, methylphenidate**, levodopa*®,
bromocriptine’* and subcutaneous apomorphine®”. The
electrophysiological interventions that have been tested
as treatments for subacute-to-chronic DoC include
deep brain stimulation®’, TMS*®, transcranial direct
current stimulation®”, low-intensity focused ultrasound
pulsation'”” and vagal nerve stimulation®*®. A broad range
of additional non-pharmacological therapies, including
sensory stimulation”® and music therapy”’, are also
being tested. However, to date, the only therapy that
has shown benefit in a randomized placebo-controlled
trial is amantadine (TABLES 2 and 3), which was asso-
ciated with accelerated functional recovery in patients
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with traumatic VS/UWS and MCS at 4-16 weeks post
injury’'. Hence, treatment with amantadine is rec-
ommended in the 2018 DoC guidelines*** for this
patient population, with the aim of promoting recovery.
In patients who do not respond to amantadine, we
believe that the administration of other pharmacological
stimulants, for example methylphenidate, on a trial basis
is reasonable. As it carries a low risk of adverse effects, we
also recommend that patients with subacute-to-chronic
DoC resistant to amantadine receive zolpidem on a
trial basis. Zolpidem is a GABA-ergic medication with
a paradoxical awakening effect in ~5% of patients
with subacute-to-chronic DoC*".

As evidence indicates that some pharmacological and
electrophysiological therapies can reactivate arousal path-
ways in selected patients with subacute and chronic brain
injuries®"**>*?, biomarkers are urgently needed to iden-
tify patients whose brain networks might be amenable to
therapeutic modulation””. Evidence from single-photon
emission computed tomography*’* and PET*” studies of
dopaminergic neurotransmission suggests that altera-
tions to dopaminergic signalling can be detected in vivo
in patients with severe brain injuries. Dopaminergic tone
is crucial to restoring firing rates within a deafferented
striatum?”. Therefore, these neuroimaging techniques
could be used to identify patients likely to respond to
dopaminergic neuromodulatory agents.

Neuroprotective therapies that aim to reduce neuroin-
flammation and prevent neurodegeneration have also
been developed for patients with subacute-to-chronic
DoC”%*”. Chronic neuroinflammation, as evidenced by
the presence of histopathological”’* and PET*”* markers
of microglial activity, has been observed years after
severe TBL. However, in a clinical trial of the antibiotic
minocycline, the aim of which was to reduce chronic
inflammation, patients receiving the drug showed higher
serological levels of a neurodegeneration marker, neuro-
filament light protein, than patients not receiving the
drug””. This unexpected observation suggests that
chronic neuroinflammation can actually be beneficial
and that downregulation of neuroinflammation can have
unintended consequences. Several multisite studies
have been launched with the aim of elucidating the
pathophysiological mechanisms underlying post-
traumatic neurodegeneration®’*%, but effective
neuroprotective therapies have yet to be developed.

Importantly, many patients who recover from DoC
experience lifelong cognitive impairments®, possibly
because the functional dynamic range of their neocorti-
cal, thalamic and striatal neurons is limited, as discussed
above. In a recent study of central thalamic deep brain
stimulation in a patient with longstanding (18-year)
cognitive impairment following a severe TBI, broad
increases in the neuropsychological functions linked to
frontostriatal neurons, which control executive atten-
tion, vigilance and resistance to fatigue, were observed
after 3 months of 12-h daily stimulation*. As new ther-
apies are applied across the time spectrum of recovery,
imaging and electrophysiological biomarkers should
become more precise, along with systematic evaluation
of electrical and pharmacological stimulation strate-
gies. Improving the lives of patients with DoC will also
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Table 2 | Key studies of pharmacological interventions for subacute-to-chronic disorders of consciousness

Intervention

Amantadine

Methyl-
phenidate

Apomorphine

Zolpidem

Study

Giacinoeta
(2012)%°*

Kim et al.
(2009)7°*

Fridman et al.

(2010)*°

Whyte et al.
(2014)*"*

Number of Time since Diagnosis Study design
participants injury
and cause
of DoC
. 184TBI 4-16 weeks 64 VS/ Multicentre,
UWS, randomized,
120MCS  controlled
6ICH, 24-78days GCStotal  Observational
4 SAH, 3 TBI, score 6-10
1IVH
8 TBI 46-104days 6VS/ Open-label
UWS,
2 MCS
84 TBl and >4 months 18 VS/ Double-blind,
non-TBI UWS, crossover
66 MCS

Procedure

Amantadine

(up to 200mg
BID) or placebo
for 4 weeks,
followed by
2-week washout
period

0.3 mg/kg total
daily dose,
administered BID,
for 6 weeks, with
FDG PET before
and after therapy

Subcutaneous
infusion
administered for
12-16 h/day at
dose of up

to 8mg/h for
84-180 days

Single dose of
10 mg zolpidem
and, if
improvement,

a placebo-
controlled phase;
evaluations at
baseline and 1h,
2hand 3 h after
zolpidem or
placebo

Results

Functional
recovery

(on DRS) faster in
the amantadine
group than the
placebo group
during the 4-week
treatment period;
rate of recovery
attenuated in

the amantadine
group compared
with the placebo
group during
2-week washout

Longitudinal
increasesin
cerebral glucose
metabolism
within the
precuneus,
posterior
cingulate,
retrosplenial and
inferior parietal
cortices

All 8 participants
responded to
commands (onset
1-62 days after
initiation of
apomorphine)
and all had
improved DRS
scores at 1 year
after treatment
initiation; no
serious adverse
events related

to apomorphine

4 participants
showed >5-point
increase in CRS-R
during treatment
with zolpidem;

1 participant

had severe
adverse effect
(agitation causing
tracheostomy
tube to dislodge)

Comments

Amantadine is
recommended
by the 2018
AAN/ACRM/
NIDILRR DoC
guideline””*
for patients
with VS/UWS
or MCS

4-16 weeks
afterinjury

GCS rather
than CRS-R
used for
behavioural
diagnosis;

no data on
adverse effects
reported

No control
group; unable
to differentiate
drug response
from natural
recovery

~5% response
rate to
zolpidem

AAN, American Academy of Neurology; ACRM, American Congress of Rehabilitation Medicine; BID, twice per day; CRS-R, Coma Recovery Scale — Revised; DoC,
disorders of consciousness; DRS, Disability Rating Scale; FDG, fluorodeoxyglucose; GCS, Glasgow Coma Scale; ICH, intracerebral haemorrhage; IVH, intraventricular
haemorrhage; MCS, minimally conscious state; NIDILRR, National Institute on Disability, Independent Living, and Rehabilitation Research; SAH, subarachnoid
haemorrhage; TBI, traumatic brain injury; VS/UWS, vegetative state/unresponsive wakefulness syndrome.

require advances in the usability of assistive communi-
cation devices, which thus far have proved challenging
to deploy and have provided a means of self-expression
for only a small number of patients'*".

Conclusions

Some patients with DoC have the potential to recover
consciousness, communication and functional inde-
pendence. Recovery of consciousness can occur at any

time across the temporal spectrum of DoC, from the
acute to the subacute-to-chronic time periods. Imaging
and electrophysiology are rapidly adding to our knowl-

edge of the mechanisms of recovery and providing new
opportunities for the detection of CMD in patients
who seem unresponsive on behavioural examination.
However, the brain networks and neuronal mechanisms
that are essential for recovery of consciousness have yet to
be fully elucidated. Furthermore, reliable prognostic tools
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Table 3 | Key studies of non-pharmacological interventions for subacute-to-chronic disorders of consciousness

Intervention

Deep brain
stimulation
(DBS)

Transcranial
direct current
stimulation

Repetitive
transcranial
magnetic
stimulation

Vagal nerve
stimulation

Sensory
stimulation

Study

Schiff
etal.
(2007)%"?

Thibaut
etal.
(2014)%°"

Cincotta
etal.
(2015)%%

Corazzol
etal.
(2017)%%8

Pape et al.

(201 5)][19

Number of  Time since
participants injury

and cause

of DoC

1TBI 6 years

30 non-TBI, 1 week-19
25TBI years

9 non-TBI, 9-85 months
2 TBI

1TBI 15 years
15TBI 1-6 months

Diagnosis

1 MCS

25VS/
UWS,
30 MCS

11VS/
UWS

1VS/UWS

5VS/
UWS,
10 MCS

Study design

Single-
subject,
double-
blind,
alternating
crossover

Double-
blind, sham-
controlled,
crossover

Double-
blind,
crossover

Single-
subject

Double-
blind, parallel

Procedure

Bilateral
electrical DBS
of the central
thalamus; CRS-R
assessments
performed
during DBS ‘on’
and ‘off’ periods

Single session
(20 min) of
stimulation

and sham over
the left DLPFC,
with CRS-R
before and after
stimulation

Five sessions

of 20-Hz
stimulation or
sham for 10 min,
for a total of
1,000 pulses
delivered in

5 trains, over
the left primary
motor cortex for
5 consecutive
days; EEG

and CRS-R
performed
before and after
stimulation

Stimulation
(upto 1.5mA
intensity)
administered
over 6 months,
with CRS-R,
EEG and FDG
PET performed
before and after
stimulation

Comparison

of FAST and
placebo (silence)
applied for

10 min four
times per day
for 6 weeks

Results

Increased frequency
of cognitively
mediated behaviours,
functional limb
control and oral
feeding, during ‘on’
periods

In 13 participants
with MCS and

2 participants with
VS/UWS, the CRS-R
score was higher
after stimulation than
before stimulation;
no side effects

No change in
behavioural or EEG
measurements;

no side effects

After 1 month

of stimulation,

the participant
transitioned from
VS to MCS and EEG
showed increased
theta power;

after 3 months of
stimulation, PET
showed increased
metabolic activity in
the thalamus, basal
ganglia and multiple
regions of the
cerebral cortex

Behavioural
improvements in both
FAST and placebo
groups; compared
with participants
receiving placebo,
participants receiving
FAST showed a
greater improvement
on the Coma/Near
Coma Scale; and
more functional MRI
activationin language
regions and whole
brain in response to
verbal stimuli

Comments

Proof of
principle that
stimulation

of the central
thalamus
canleadto
cognitive and
functional gains
in patients with
chronic DoC

Proof of
principle that
non-invasive
stimulation
of DLPFC
can lead to
cognitive
gains

Small sample
size

Proof of
principle that
vagal nerve
stimulation
can lead to
modulation
of cortical
activity

and clinical
improvement
in chronic
VS/UWS

Small sample
size

CRS-R, Coma Recovery Scale — Revised; DLPFC, dorsolateral prefrontal cortex; DoC, disorders of consciousness; FAST, familiar auditory sensory training;
FDG, fluorodeoxyglucose; MCS, minimally conscious state; TBI, traumatic brain injury; VS/UWS, vegetative state/unresponsive wakefulness syndrome.
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are lacking at each stage of recovery”®. We urge clinicians
to embrace humility and acknowledge uncertainty when
prognosticating. Behavioural, imaging and electrophys-
iological data should be integrated into a multimodal
approach to prognostication, as no single tool accounts
for the wide variance in outcomes for patients with DoC.
New pharmacological and electrophysiological therapies
provide hope that the future will bring not only more
accurate prognostication but also new tools to promote
recovery of consciousness””. It is unlikely that any sin-
gle therapy will be effective for all patients; instead, we
support a mechanistic approach to therapy selection that
includes an individualized assessment of each patient’s
potential for a therapeutic response.

As investigational techniques and therapies begin to
show clinical utility and efficacy, and as advanced imaging
and electrophysiological techniques are incorporated into
DoC guidelines>'*>*, clinicians are confronting new eth-
ical questions about the rights of patients and their fam-
ilies. For example, whether or not all patients with DoC
have the right to a comprehensive assessment with
resting-state, stimulus-based and task-based fMRI and
EEG, as well as PET, TMS-EEG and other diagnostic
modalities, will need to be decided. If this kind of com-
prehensive assessment is performed in all patients, clini-
cians will need to decide whether these data should be
acquired locally and sent to speciality centres for analysis,
or whether patients should be transferred to speciality
centres for data acquisition and analysis. These questions

pertaining to patient rights and resource allocation are,
at the present time, inextricably linked. Only a limited
number of specialized centres currently have the infra-
structure, resources and expertise to perform these
assessments, but the expansion of open-source sharing
of methods should make these assessments more gener-
alizable in the future. Whether a diagnosis of CMD will
lead to actionable therapies is currently unknown, but as
data emerge suggesting that detection of CMD predicts
functional recovery”, the ethical importance of includ-
ing CMD assessments in discussions about goals of care
becomes more compelling™®.

Ethicists have now partnered with clinician and fam-
ily stakeholders to develop consensus recommendations
about the most ethically appropriate and clinically feasible
approaches to implementation of advanced techniques for
CMD detection®”. These efforts towards CMD detection
proceed with the recognition that many patients with
severe brain injuries never recover consciousness and live
with a persistent DoC. Nevertheless, as evidence is accu-
mulating that some patients with DoC have the potential
for recovery of consciousness and meaningful neurological
function, and as the diagnostic label of ‘permanent’ DoC
has now been abandoned in recognition of unexpected
late recoveries>'*>*, clinicians should consider all possi-
ble diagnostic, prognostic and therapeutic approaches to
support recovery of consciousness in patients with DoC.
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