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Abstract
This proceedings article presents actionable research targets on the basis of the presentations and discussions at the
2nd Curing Coma National Institutes of Health (NIH) symposium held from May 3 to May 5, 2021. Here, we summarize
the background, research priorities, panel discussions, and deliverables discussed during the symposium across six
major domains related to disorders of consciousness. The six domains include (1) Biology of Coma, (2) Coma Data-
base, (3) Neuroprognostication, (4) Care of Comatose Patients, (5) Early Clinical Trials, and (6) Long-term Recovery.
Following the Tst Curing Coma NIH virtual symposium held on September 9 to September 10, 2020, six workgroups,
each consisting of field experts in respective domains, were formed and tasked with identifying gaps and develop-
ing key priorities and deliverables to advance the mission of the Curing Coma Campaign. The highly interactive and
inspiring presentations and panel discussions during the 3-day virtual NIH symposium identified several action items
for the Curing Coma Campaign mission, which we summarize in this article.
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Introduction

The word “coma” is derived from the Greek word “Koma,
meaning deep sleep. The term was initially used in Hip-
pocratic medicine and then in the second century by
Galen before reappearing in the seventeenth century to
describe the state of “lack of consciousness” [1]. As pro-
vided by Plum and Posner [2], the current definition is a
state of unresponsiveness in which the patient lies with
eyes closed and cannot be aroused to respond appro-
priately to stimuli even with vigorous stimulation. The
term coma encompasses a spectrum of severity of ill-
ness due to a variety of modes and mechanisms of injury
but excludes brain death and is distinct from locked-in-
state in which consciousness is preserved. In this arti-
cle, the term “disorders of consciousness” (DoC) is used
to broadly capture coma and consciousness-related
disorders.

In 1972, the term “persistent vegetative state” was used
to describe the state of apparent wakefulness without
awareness where responsiveness is limited to primitive
postural and reflex movements of the limbs [3]. Other
forms of DoC between coma and normal conscious-
ness were vaguely defined and described using variable
terminologies such as stupor, lethargy, and clouding of
consciousness among others. In 1974, Teasdale and Jen-
nett [4] described the now famous Glasgow Coma Scale
(GCS) to address some of the ambiguities surrounding
the spectrum of DoC. In 2002, Giacino et al. [5] intro-
duced the concept of “minimally conscious state” (MCS),
defined as the condition of severely altered conscious-
ness in which minimal but definite behavioral evidence of
self or environmental awareness is demonstrated. Subse-
quently, the Coma Recovery Scale, Revised (CRS-R) was
introduced in 2004 to describe the nuances within the
spectrum of DoC and included assessment of the audi-
tory, visual, motor, verbal, communication, and arousal
functions [6].

From the primitive understanding of DoC in the sev-
enteenth century CE with the practice of “bloodletting”
therapy for stroke, to the modern medicine involving
multimodal and multidisciplinary care approach, our
understanding of the biology of coma has improved
significantly with improved diagnostic and monitor-
ing tools. In 2006, Owen et al. [7] published a break-
through study using functional magnetic resonance
imaging (fMRI) in which evidence of awareness was
noted in a patient clinically determined to be in vegeta-
tive state. The study was later verified in 2010 by Monti
et al. [8] by evaluating 54 patients with DoC, in which the
investigators found evidence of awareness in 5 of those
patients. Following these discoveries, scientists across
the world started various active, passive, and resting
state analyses using MRI, electroencephalography (EEG)

and fluorodeoxyglucose positron emission tomography
techniques to seek evidence of awareness in patients
with DoC [9-12]. The term “cognitive motor dissocia-
tion” was subsequently introduced in 2015 to describe
the phenomenon of covert awareness in patients who
are clinically unresponsive [13]. Additional terms such as
“functional locked-in” or “MCS” [12, 14] have also been
proposed when there is a dissociation between behav-
ior and brain imaging results. A meta-analysis including
more than 1000 patients in 2016 suggested that about
15% of patients in apparent vegetative/unresponsive
state, in fact, have preserved consciousness [15]. More
recently, Claassen et al. [16] again verified the findings of
covert awareness (brain activation in response to spoken
commands, detected by EEG) in about 15% of patients
with vegetative/unresponsive state and noted that cov-
ert awareness is associated with improved outcomes. In
particular, investigators noted that at 12 months, 44% of
patients with notable brain activation on EEG (to verbal
commands) had Glasglow Outcome Scale-Extended of 4
or higher (i.e., ability to function independently for 8 or
more hours) compared with only 14% of patients without
brain activation on EEG (odds ratio, 4.6; 95% confidence
interval, 1.2 to 17.1). A new classification of DoC has also
recently been proposed by Naccache et al. [17] that com-
bines behavioral evidence with functional brain imaging
data to assess residual consciousness. Overall, the field of
coma science has seen substantial momentum over the
past two decades, which makes this an opportune time
to harness global scientific efforts through a centralized
platform to improve the lives of patients suffering from
DoC.

The Patient’s Perspective

Patient and family perspectives are integral to curing
coma [18]. The symposium attendees heard a patient’s
perspective from a cardiac arrest (CA) survivor who
shared his remarkable and inspiring journey of recovery
and resilience, despite only a 10% expected chance of
survival after suffering an out-of-hospital CA. He spoke
about the importance of meeting the patients beyond
their acute medical needs. He emphasized that medical
care becomes most rewarding when compassionate care
is provided while integrating patients and families into
decision-making. He also highlighted the importance
of care provider role across the care spectrum, starting
with bystanders who performed cardiopulmonary resus-
citation (CPR) to the emergency department and inten-
sive care unit (ICU) teams who did not give up on him
despite his prolonged coma and the rehabilitation team
that helped him achieve his independence. Recogniz-
ing that his survival may not have been possible without
the help of bystanders who performed CPR, he founded



“Make BLS Basic,” an organization focused on training
the general public in basic life support including hands-
only CPR training through community events and educa-
tional forums [19].

Neurocritical Care Society in the Forefront

of Curing Coma

Despite the advances in mechanistic understandings,
improved definitions, new tools, and revised clinical
scales over the past five decades, management strategies
and patient outcomes of comatose patients have not sig-
nificantly improved. With the availability of diagnostic
tools such as MRI, fluorodeoxyglucose positron emission
tomography, and the EEG—along with some promising
pharmacologic interventions to aid in coma recovery—
the scientific community is more prepared than ever
to undertake this mission to advance and improve the
care of coma patients. As specialists with rigorous clini-
cal training and dedicated careers in managing critically
ill patients with coma and DoC, the neurocritical care
community is optimally positioned to lead this mission.
In 2016, the leaders of the Neurocritical Care Research
Central (NCRC) and the Neurocritical Care Research
Network of Neurocritical Care Society (NCS) identified
important gaps in the organizational research portfolio
of coma and DOC and envisioned an approach to bridge
this gap constructively. This effort led to the Blue Ocean
Strategy Meeting in 2018 (Boca Raton, Florida), where a
panel of multidisciplinary experts collectively agreed on
the need for a collaborative approach to “cure coma.” Rec-
ognizing the need for a centralized platform to advance
coma science, the Curing Coma Campaign (CCC) started
with idea generation, expert consensus, and strategic
planning. The CCC executive committee and the Scien-
tific Advisory Council have worked diligently to build
the infrastructure, identify, and recruit field experts and
define important knowledge gaps to embark upon this
ardent journey of improving care standards for patients
with DoC [20]. With this goal, the CCC was formally
launched in 2019 at the NCS Annual Meeting in Vancou-
ver, BC, Canada.

The National Institute of Neurological Disorders and
Stroke (NINDS) initially collaborated with the CCC to
organize a part I, 2-day virtual symposium in Septem-
ber 2020 to facilitate a broad discussion between various
stakeholders, including CCC leadership, National Insti-
tutes of Health (NIH) representative, experts in coma
science, industry partners, and patient advocates. The
summary of the proceedings was published in the special
CCC issue [21]. Following the discussions of the first NIH
symposium, six major workgroups (WGs) were created
to investigate gaps and develop research priorities across
six domains: (1) Biology of Coma, (2) Coma Database, (3)

Neuroprognostication, (4) Care of Comatose Patients,
(5) Early Clinical Trials, and (6) Long-term Recovery. A
part II, 3-day virtual symposium took place on May 3-5,
2021. The symposium was well attended with invited par-
ticipation from 154 field experts and CCC stakeholders
from diverse clinical and research backgrounds on the
1st day, 127 participants on the 2nd day, and on the final
day of conference briefing, a smaller group of 68 partici-
pants were invited to share their viewpoints. The sympo-
sium agenda is included in the supplementary material
(Appendix 1). The list of participants is also included in
the supplementary material (Appendix 2). This proceed-
ings article summarizes the presentations and discussions
and presents action items for each of the six domains that
are critical to the mission of the CCC.

Biology of Coma and Consciousness

Background

The CCC launched the biology of coma WG tasked with
determining the state of the science in DoC. The WG
was divided into four subgroups whose remits were to
(1) account for DoC heterogeneity to refine endotypes,
(2) characterize DoC mechanisms by multiple spatial—
temporal scales, (3) move Curing Coma science toward
individualized prognostic tools, and (4) develop systemic
frameworks to optimize therapeutic trials. Details related
to recommendations from each of the subgroups were
published separately [22-25].

Understanding DoC involves discerning its critical
components that include key anatomical sites, systems
and connections, characteristics of transmitted informa-
tion, the neurochemical substrates and the biology that
drives human consciousness. The current understanding
of DoC along these five categories were discussed:

1. There are specific sites critical for consciousness, but
the absence of activation of these sites on functional
imaging of patients with DoC (e.g., under propo-
fol anesthesia [28]) does not reliably correlate with
absent function [26, 27]. Rostral brainstem, midline
thalamic nuclei, and anterior insula have emerged as
possible key sites critical for consciousness [28—30].
Yet, it is unclear whether all of these sites, in isola-
tion, are both necessary and sufficient.

2. There are systems and connections that subserve
consciousness. However, consciousness is likely
a function of individual traits (strength of base-
line internodal connectivity) and disease states (i.e.,
severity of injury or degree of sedation [31]), which
should be considered while assessing perception and
motor responses in patients with MCS and cognitive
motor dissociation (CMD). Some important path-
ways relevant in DoC include the midline thalamo-



cortical connectivity, the default mode network
(DMN) (the neuronal network of cortical regions
that are active at rest), brainstem arousal pathways,
and the basal mesocircuit [32—-34].

3. There are important characteristics of information
transmitted by the systems and connections that sub-
serve consciousness. There is a complex assignment
of neural resources for task performance. Studies of
neural correlates of consciousness demonstrate anti-
correlations (negative correlations) between DMN
and task-positive network in DoC. These anticor-
relations serve as biomarkers of efficient resource
allocation and indicate that the content of informa-
tion processed is relevant for transmission [35]. Con-
sciousness demonstrates the global neuronal integra-
tion with the ability to rapidly swap states and occupy
functional states or brain configurations outside the
constraints of anatomical connectivity [36].

4. What are the neurochemical substrates that modu-
late this process?

1. Brainstem arousal systems are important, with
diverse roles and neurochemical signatures
matched to function [37].

2. Cortical interneurons are targets of neurochemi-
cal modulation [38], and the understanding of
this interaction may provide therapeutic oppor-
tunities [39].

5. What do we know about biology that drives human
consciousness? We know that there are genetic
accompaniments to brain structures and systems
associated with human evolution [40].

Research Priorities for Biology of Coma

The biology of coma WG specifically identified five
research priorities to accurately understand, diagnose,
classify, prognosticate, and develop targeted therapies for
patients with DoC.

1. A framework for differentiating clinical subtypes of
DoC is currently lacking. The WG proposed clini-
cal differentiation of DoC based on the presence
or absence of consciousness, environmental con-
nectedness (awareness of the external environment
that influences the content of one’s consciousness),
and responsiveness (C-EC-R) [22]. Identification of
mechanisms involved in each phase of DoC across
the C-EC-R spectrum would facilitate the develop-
ment of targeted therapies specific to that phase.

2. As different regions of the brain are intricately con-

structural brain damage and related functional impli-
cations. The development of a comprehensive brain
map using multimodal tools such as structural and
functional neuroimaging, neurophysiological tech-
niques, and whole-brain computational models is
required to understand mechanisms of DoC on a
macroscale. Various approaches such as the informa-
tion theory, graph theory, and the dynamical systems
theory also need to be leveraged for improved under-
standing of brain connectivity.

. A comprehensive understanding of the structural—

functional relationship requires understanding
the brain on a macroscale and a deep dive into the
microenvironment consisting of genetic, cellular,
molecular, microcircuits, and neurotransmitter sub-
strates. Links between micro and macroscale need
to be established using computational models and
in-vivo animal models. To accomplish this, we need
to (1) develop clinically relevant translational ani-
mal models of DoC, (2) identify the role of subcorti-
cal structures and their interplay with the cortex in
heterogeneous models of DoC, and (3) establish the
association of cellular (neuronal and nonneuronal)
and subcellular (molecular and genetic) mediators
with various DoC phenotypes. Effective collaboration
between bench and clinical researchers is crucial to
allow bidirectional hypothesis testing (i.e., animal to
humans; humans to animals)

. Combining both traditional hypothesis-driven and

data-driven approaches is necessary to improve our
understanding of DoC. In this regard, there is a need
to (1) develop precise theoretical predictions and
advance biomarker research to address each dimen-
sion of the C-EC-R framework, (2) build a compre-
hensive set of data and theory-driven biomarkers
addressing multilevel analyses, and (3) compare and
develop existing theories by promoting adversarial
collaboration among thought leaders [41-46] in
DoC.

. There is a need to integrate levels of description,

imaging modalities, and theoretical approaches. To
develop endotypes, large-scale data sets are neces-
sary to study the heterogeneity of DoC at different
levels of analyses (e.g., brain function, structure, phe-
notype). Such data sets will also facilitate the con-
struction of realistic computational models of DoC
and the development of personalized medicine mod-
els

Panel Discussion of the Approach

nected in a complex fashion, focal structural changes
can lead to distant or even global functional impact
(diaschisis). There is a need to identify links between

The panel discussed that the insights into the biology of
consciousness are informed by multifaceted research in
DoC and agreed that a parallel approach is needed to



address these five goals to ensure significant and timely
progress. In addition to leveraging existing data sets,
there is a need for development of large data sets to help
track the current drug therapies used in DoC and to
evaluate their efficacy in DoC as means of identifying the
underlying mechanisms.

Further, the panel discussed that certain gene activa-
tion in cell models may inform the repair, synaptogen-
esis, and plasticity of genes to help researchers identify
therapies for DoC related to those genes. For example,
recent studies have revealed that certain genes, such as
the human accelerated region genes, are differentially
expressed in humans compared with those of chimpan-
zees and macaques and tend to have a role in expanding
cognitive networks (particularly the DMN) [31]. Stud-
ies on animal models with the development of validated
tools and scales to measure behavior and responsiveness
are crucial in understanding the molecular and genetic
basis of DoC. The panel suggested that available data
on sick behavior (i.e., physical manifestation of illness)
and neurophysiology can be leveraged to develop such
models while taking confounding factors such as criti-
cal illness and systemic injury (leading to physiological
alterations such as hypoxia, hypotension, hypothermia)
into account.

In terms of the pediatric population, the panel dis-
cussed that recovery from brain injury in pediatric
patients is unique regarding the fact that pediatric recov-
ery not only means return to premorbid baseline but also
involves demonstration of growth along the expected
developmental trajectory. Hence, the panel emphasized
the need to understand pediatric recovery trajectories as
a separate entity from adult cohorts.

Lastly, the panel discussed the need for a central data-
base housing a full list of clinical trials related to DoC
and reiterated that database designs that support both
hypotheses-driven driven and data-driven approaches in
parallel and in a complementary manner is necessary.

Deliverables
The deliverables for the biology of coma WG include the
following:

1. Develop a program project or center of excellence
model as the main push to foster open communica-
tion with integration of data from animals, humans,
and in silico models to effectively move the field for-
ward.

2. Standardize clinical and behavioral assessment in
patients with DoC to facilitate effective data collation
across centers.

3. Audit prevalence, management, and monitoring
strategies and outcomes of patients with DoC in vari-
ous centers across the world.

4. Undertake health economic analysis for
research.

5. Develop standards for clinical and behavioral assess-
ments in DoC.

6. Develop preclinical behavioral, neurophysiological,
and neuroimaging models that could subsequently
translate into clinical trials.

7. Secure governmental research support for carefully
selected individual (RO1 and training grants) as well
as research projects (e.g.: PO1, PO3) that integrate
across disciplines (preclinical to clinical) and across
lifespan (birth to elderly) is essential. Apart from DoC
research, funding should also focus on consciousness
research as the foundation to understanding DoC.

DoC

Coma Science Database

Background

A large international data set that captures data from
patients with DoC is crucial to gain insights into mecha-
nisms, predictors, and trajectory of recovery and to lay
the foundation for future interventional trials. The coma
science database WG conducted a needs assessment
in 2020 to understand the acute data needs of the coma
science community. The majority of survey participants
were primarily involved with clinical research affecting
patients with DoC. According to the survey, the mission-
critical data needed to accomplish goals toward curing
coma included patient-specific data, encounter-specific
data, and psychometric data. Additionally, survey par-
ticipants recognized that long-term follow-up data and
high-fidelity and time-synchronous data are needed
but not currently accessible. The survey results, main
research gaps, and challenges have been outlined in the
proceedings article from the 1st symposium [21]. A panel
discussion at the time concluded that a way forward
would include (1) creation of data dictionaries based on
common data elements (CDEs), formulation of com-
mon language, and terminology as well as data structure
framework, and (2) a large simple international database
on patients with DoC that is built on CDEs.

CDE development aims to streamline neuroscience
clinical research using content standards that enable
clinical investigators to systematically collect, ana-
lyze, and share data across the research community.
The CDE project has been developed in collaboration
with the NINDS to create CDEs specific to coma and
DoC. A total of ten different WGs have been created
to approach a variety of topics, including (1) clinical/
behavioral phenotype, (2) hospital course/confound-
ers/medications, (3) imaging (4), electrophysiology, (5)



biospecimens, (6) pediatric and other patient groups,
(7) therapeutic interventions, (8) physiologic data, (9)
outcomes and end points, and (10) goals of care/fam-
ily data. The WG members were intentionally selected
to ensure diversity in scientific expertise, career stage
and demographics while ensuring the inclusion of other
stakeholders such as patient advocates and industry
representatives. Final CDEs are expected to be pub-
lished in 2022. The intended impact of this founda-
tional work is to (1) reduce time/cost to develop data
collection tools, (2) reduce study start-up time, (3) pro-
mote data collection in a consistent format, (4) improve
data quality, and (5) facilitate collaborations and com-
parisons between studies and meta-analyses.

Apart from CDE development, there is a need for a
central database that would allow us to gain insights into
mechanisms, predictors, and trajectory of recovery of
coma and to lay the foundation for interventional trials.
Currently, there are only a few limited data sets related
to DoC with significant gaps, including variability in data
collection and fragmentation of data between acute and
long-term care. Existing consortia [47-49] offer great
experience but also have their own limitations in terms of
data diversity and integration. The goal of the CCC coma
science database is to be at the intersection of databases
focused on (1) scientific discovery, (2) epidemiology,
comparative effectiveness, and implementation science,
and (3) clinical trials. Based on expert interviews and
the needs assessment survey within the scientific com-
munity, a set of requirements for the coma science data-
base has been developed. This database is envisioned to
broadly capture the needs of all the CCC scientific WGs.
A comprehensive coma science database should be able
to (1) identify links between structural and functional
abnormalities of DoC (2) integrate data across micro and
macro scales (3) integrate theory-driven and data-driven
approaches (4) facilitate the bridging of bench and clini-
cal research related to DoC (5) facilitate coma research
across the temporal spectrum from acute injury to long-
term recovery (LTR), and (6) facilitate coma research
across the lifespan from pediatric to adult patients. Given
the breadth of data required for this project, we need a
robust database architecture. Therefore, an ideal database
would include the ability to:

1. Accommodate a variety of high-resolution data
ensuring data flexibility, data validity and data har-
monization.

2. Effectively collect usable data with role-based access
into a secure flexible app interface and federated or
distributed data structure.

3. Ensure proper data distribution, which includes dis-
tribution of primary studies’ data to study teams,

exploratory post hoc analyses, performance data for
best practices efforts, and patient/caregiver engage-
ment.

4. Ensure data governance and analysis structure to be
transparent while maintaining data security, quality,
integrity, storage, curation, and portability of a wide
variety of data, including biomarker repository.

The coma science database WG has envisioned a
complex network of tiered data collection approaches
to include small community centers with clinical data
to the large academic centers with the ability to obtain
advanced imaging and high-resolution physiological
data. Additionally, the development of a longitudinal
model system to collect data from acute to chronic
phases of DoC and beyond would facilitate the conduct
of robust outcome studies of DoC. Data from various
sources are envisioned to be housed in designated core
CCC database centers across the globe, where the data
are federated, curated, and distributed to promote DoC
research. The WG has identified 50 commercial, aca-
demic, and registry-based database enterprises and is
actively engaged in conversations with eligible vendors
to select the right database for this colossal project.

Research Priorities for Coma Science Database
To support the development of a coma science data-
base, the WG proposed the following seven priorities:

1. Develop a hybrid database architecture leveraging
DoC-specific CDEs focused on linking high-reso-
lution imaging and physiologic data with minimum
necessary clinical data, including the long-term out-
come data.

2. Design a tier-based network organization to maxi-
mize the scalability of high-impact science and clini-
cal trial design.

3. Facilitate implementation of the broader research
priorities of the CCC community, spanning scientific
discovery and clinical evidence to clinical practice by
focusing on concrete, short-term objectives.

4. Facilitate translational scientific discoveries through
an infrastructure that enable novel hypothesis dis-
covery and preclinical validation of potential thera-
pies.

5. Create an infrastructure that facilitates longitudinal
studies on outcomes assessment and research across
the continuum of care.

6. Enable a community of resource for novel statistical,
analytical, and methodological approach on big data
that emerge from studies on coma science.



7. Design community, patient, and public engagement
that provides timely information on best practices,
expected outcomes, and available resources.

Panel Discussion of the Approach

The panel agreed on the need to create a centralized pro-
spective database structure to advance coma science and
develop the foundation to support research priorities of
other WGs. A comprehensive database accommodating
acute through chronic phases of DoC is needed to cater
to a variety of researchers across disease trajectory. Big
data would be valuable regardless of whether it is col-
lected at centers of excellence in a preplanned standard-
ized format or heterogeneous clinical data acquired in
a nonresearch setting, as it allows comparisons across
cohorts and can help combine data-driven models of
structure and function with theory-driven models. Addi-
tionally, big data are needed to test hypotheses, discover
therapies and to develop personalized treatment of this
complex disorder.

The panel discussed that challenges regarding data col-
lation of existing databases involving DoC include the
use of heterogeneous data definitions (e.g., subjective vs.
objective data), clinical practice variability, nonstandard-
ized prognostication, and patient/family communication
and the variability of management in different facilities
across the trajectory of care. In terms of high-fidelity
data, specific challenge includes the difference in data
sampling frequency across institutions due to the lack of
existing standards, thereby limiting data harmonization
to the lowest sampling frequency across cohorts. The cre-
ation of CDEs and development of standardized proto-
cols are therefore crucial to address these inconsistencies.
Patient privacy regulation is another barrier when trying
to collate data along disease trajectory from acute, suba-
cute to chronic phases. The panel agreed that innovative
ways to address privacy issues are needed to overcome
barriers across care settings. Further, apart from serving
as the structural unit for centralized data collection, CCC
will also serve as the center of excellence for DoC to pro-
mote education regarding standardized data definitions,
standardized data collection approaches, standardized
communication around DoC with patients and families,
and the development of guidelines related to DoC.

A comprehensive database approach initiative of the
CCC is envisioned to bridge the silos across various
stakeholders including preclinical researchers, clinical
researchers, nonclinicians, patients, and families and also
across the disease trajectory in any individual patient.
The panel expressed that a spoke and hub model is likely
appropriate for such a massive undertaking with desig-
nated cores or centers of excellence for various types of
data such as clinical data, biomarkers, physiologic and

the imaging data. Finally, in the era of big data, the panel
agreed that the integration of artificial intelligence (AI)
and machine learning (ML) is important to move the
field forward.

Deliverables
The deliverables for the coma science database WG
include the following:

1. Finalization of a vendor to establish comprehensive
centralized database and secure adequate funding for
initiation and maintenance of such a database.

2. Identification of major hubs or centers of excellence
for each data domain (physiologic, imaging, biomark-
ers, animal data, etc.)

3. Standardization of data collection methodology
including standard clinical, diagnostic, and prognos-
tic measures.

4. Development of a process for execution of data use
agreements across collaborating centers.

5. Development of education material for dissemination
to collaborating centers.

6. Creation of a central database using standardized
CDEs that can provide the infrastructure for global
collaboration and assist in breaking research bubbles.

7. Seek strategic funding mechanisms with ability to
combine databases across modalities (e.g., EEG and
imaging) and scientific groups to help foster synergis-
tic collaborations.

Neuroprognostication of Coma

Background

History and modern science have taught us that patients
who appear unconscious may, in fact, not be unaware.
One such example from recent history is that of Saul
Bellow, a noble laureate who was assumed to be coma-
tose during hospitalization, yet he was able to provide a
stream of conscious narrative from his recollection dur-
ing the period of presumed comatose state [50, 51]. In
a 2006 case report by Owen et al. [7], the investigators
used fMRI to demonstrate preserved conscious aware-
ness in a patient who was behaviorally determined to be
in a vegetative state. In this study, when the patient was
asked to imagine playing tennis or moving around in her
home, she was able to activate predicted cortical areas
in a manner indistinguishable from that of healthy vol-
unteers [7]. In 2011, Bardin et al. [52] also demonstrated
dissociation between observed behavior and cognitive
functioning noticed on fMRI. Subsequently, in 2015,
Schiff et al. [13] coined the phrase cognitive motor disso-
ciation to describe the general discordance between phe-
notypic observation at the bedside and the actual state of
awareness. In 2017, Edlow et al. [11] reported that covert



consciousness is not only present in patients with chronic
DoC but also noted in patients with acute brain injury
(ABI) in the ICU by using task-based fMRI and EEG
techniques. We now know that about 15% of comatose
patients in the ICU have covert consciousness and tend
to have improved functional outcome at 1 year [16]. Iron-
ically, what science and neuroimaging has come to reveal
recently, Saul Bellow had already conveyed to us through
his words on a memoir of his illness [53]. Although there
is a culture of hegemony of science over humanities, it
is important to acknowledge that all the things we face
today from climate change and global pandemic to the
discovery related to DoC, inevitably involves humanities
along with science. Therefore, insights from history, phi-
losophy and literature often provide promissory insights
and ignoring such important perspectives could only be
considered as wasted opportunities leading to delay in
scientific discoveries.

Neuroprognostication refers to an understanding of the
most likely prognostic trajectory in patients with neu-
rologic injury by means of biomarkers, neuroimaging,
clinical examination and other variables. Accurate neuro-
prognostication is important for effective communication
with the surrogate decision-makers in terms of commu-
nicating the potential for recovery, likelihood of disability
and the possibility of awakening from coma. During the
1st NIH symposium, five gaps in prognostication were
identified: (1) end points for prognostic assessment have
not been defined, (2) we do not have standard methods to
reliably ascertain and statistically address withdrawal of
life supporting therapy (WOLST), (3) we need to stand-
ardize and improve diagnostic evaluations and establish
the right time window for neuroprognostication, (4) we
need prediction tools that use comprehensive clinical
information to create statistically appropriate models,
and (5) prognostic communication and its impact on
families’ decision-making in DOC is understudied.

The existing neuroprognostication research structure
of DoC is fragmented, lacks the infrastructure to sup-
port collaboration, and lacks prognostic accuracy given
categorization of disease based on overt presentation
rather than mechanistic understandings. Existing limita-
tions are related to the use of convenience samples with
small sample size, lack of blinding and lack of external
validation. The biggest limitation, however, is related to
early WOLST. There is a need to develop consensus on
how to study coma, either by DoC phenotype (coma/
stupor, etc.), primary injury type (CA, SAH, ICH, trau-
matic brain injury [TBI], etc.) or neuroanatomic injury
subtypes (brainstem vs. diffuse cortical injury vs. sub-
cortical injury). Neuroprognostication parameters need
to be approached as index tests based on relevant neu-
rologic function that are directly related to the functional

outcomes and affect the quality of life [54]. There is also
a need to understand the role of cortical plasticity, espe-
cially in the pediatric population, as return to baseline
function may not indicate adequate recovery, especially
when developmental milestones are considered over a
long recovery period. Given these gaps, the neuroprog-
nostication WG used the American Heart Association
(AHA) scientific statement [54] as their template for
developing recommendations regarding prognostic
indicators. To develop CDEs for high-quality prognos-
tication, the WG proposed that we first develop under-
standing/consensus on several aspects surrounding
prognostication, which include the following:

1. Prognostic markers should not just be available but
also applicable and feasible across various clinical
settings and disease mechanisms. We need accurate,
precise, and clinically applicable tests that can serve
most patients after onset of coma.

2. Timing of prognostication is extremely important.
Current clinical practice recommendations suggest
delaying prognosis for cardiac CA until 72 h and at
least 2—3 days for other patients with ABI. However,
data suggest that delayed awakening beyond 72 h
[55] can occur in up to 32% of patients with CA [54].
There is an urgent need to move away from early
prognostic dichotomization to guide interventions.
We also need to determine the timing of completion
of index test to adequately predict long-term prog-
nosis. In this regard, the WG recommends allowing
at least 30 days for neuroprognostication, whenever
possible. Use of parcellated approach with stepwise
evaluation of milestones throughout the course of
recovery is encouraged. Further, the WG proposes
delaying cognitive testing for at least 90 days, as acute
encephalopathy post hospitalization may significantly
alter findings.

3. As coma recovery is a dynamic process, prognostic
markers, specific to disease phenotypes should either
have the flexibility to be applied across the DoC tra-
jectory or we need to develop multiple tests specific
to the stage of coma.

4. Communication strategies congruent with the values
and preferences of patients and surrogates should be
developed.

The World Health Organization international clas-
sification of functioning, disability, and health includes
three components: (1) impairments, (2) functional abil-
ity, and (3) engagement in activity and participation. A
variety of functional and other outcome measures should
be included with granularity in prognostic research.
Further, to address the numerous confounders of death



reporting (e.g., WOLST, extracerebral organ failure),
reporting should also include the mode of death, timing
from injury, extent of support at the time of death, reason
for WOLST and reason for primary injury at the time of
presentation (if applicable).

Despite the widespread nihilism, particularly in DoC
related to CA, available evidence suggests that patients
with coma continue to improve post discharge and out-
comes continue to evolve over 1-6 months after injury
[56, 57]. Patients ideally need to be out of the hospital to
assess outcomes related to complex functional activities.
Clinicians need to ensure that the acute symptoms have
stabilized and that noncerebral confounders are mini-
mized at the time of prognostication. Efforts should also
be made to improve messaging in neuroprognostication
guidelines to emphasize prognostic uncertainly given the
current lack of definitive evidence. It is very important to
avoid all sources of bias and continue full medical sup-
port until the right time of prognostic assessment as early
DNR orders have been known to result in care limita-
tions [58]. We need a cultural shift to avoid poorly cali-
brated heuristics or nihilistic opinions by practitioners
and work toward developing strict protocols for WOLST
with focus on patient and family centric outcome meas-
ures. Additionally, as patients may be affected by cog-
nitive, psychological, or physiological impairments, all
factors need careful consideration in overall prognostica-
tion. The health-related quality of life reporting system
should include reported outcomes from both patients
and surrogates. Reporting scales should be pragmatic and
easy to use and there is a need to work toward validating
health-related quality of life for surrogate decision-mak-
ers of comatose patients. We should also ensure that all
neuroprognostication studies follow the recommended
standards of reporting.

In-depth understanding of limitations regarding avail-
able evidence for neuroprognostication will guide the
design of future studies. Efforts should be focused on
developing models with accurate calibration using large
amount of clinical data. There are several existing candi-
date tests and data which need to be evaluated simultane-
ously with an aim toward development of multivariable
models to allow incremental accuracy of neuroprognos-
tication. To develop such models, we need a large mul-
ticenter prospective observational coma registry that
includes key prognostic data including diverse etiologies
of DoC with serial testing over time. Important variables
to consider include the following: (1) clinical examination
including phenotypes of DoC (2) somatosensory evoked
potential (SSEP) to assess thalamocortical connectiv-
ity, (3) serological/cerebrospinal fluid/chemical/genetic
biomarkers, (4) Functional neuroimaging pertaining to
stages of coma, (5) EEG with quantified parameters, and

(6) brain-computer interface and other novel technolo-
gies. Additionally, inclusion of baseline variables (age,
race, ethnicity, zip code, comorbidities, lifestyle, frailty,
social support network, socioeconomic status, etc.),
intensity of management (acute and rehab phase) and
inclusion of pediatric population is important. Also, there
is a need for innovative methods of analysis to assess pre-
dictors from early to late phases of DoC. Accurate mod-
eling of prognosis and disease trajectory for personalized
prognostication could benefit from advanced statistical
methods and novel tools such as ML technology for data
assimilation. In such models, external validation of the
outcome metrics in a large independent cohort is crucial.

Research Priorities for Neuroprognostication
Based on the identified gaps, the WG formulated four
main research priorities for neuroprognostication:

1. Develop prognostic indicators for patients with vari-
ous mechanisms of DoC meeting consensus criteria
that is accurate, reliable, conducted at specific time
points, flexible across the disease trajectory, and con-
gruent with patient and surrogate’s preexisting values
and preferences.

2. Develop consensus on how to study neuroana-
tomic injury subtypes and assessment with targeted
modalities linked to meaningful outcomes (includ-
ing impairments, functional ability, engagement, and
participation).

3. Design a multicenter prospective observational coma
registry including pediatric population with data cap-
tured across the outcome trajectory (i.e., age-based
measures of recovery).

4. Identify ways to facilitate communication of prog-
nosis and prognostic uncertainty between clinicians
and patients/families.

Panel Discussion of the Approach

The panel discussed that there is a general sense of nihil-
ism among clinical practitioners and one of the goals of
CCC should be to help communicate the complexity of
DoC prognosis and help develop an understanding of the
confidence interval for neuroprognostication at various
stages of DoC. A parcellated prognostication approach
with stepwise milestones throughout the course of recov-
ery would be more appropriate than a dichotomized
prognostication of favorable versus unfavorable out-
come. Panel reiterated the complexity of neuroprognos-
tication in the pediatric population due to the continued
neurodevelopment through the course of recovery and
highlighted the need for robust longitudinal studies on



recovery trajectory and prognostic approaches on all age
groups.

The panel also discussed that one of the issues with
clinical trials on neuroprognostication is the ethical
aspect of continuation of life supporting therapy espe-
cially if it does not concur with the values of the patient
and surrogates. Such patients and families should be
excluded from clinical trials on prognostication. Wide-
spread education endeavors are needed to change the cul-
ture of nihilism among providers and families. However,
a trial that requires prolongation of DNR or WOLST wait
times would require an in-depth discussion with the fam-
ilies in addition to detailed informed consent. Data from
countries with cultures that support prolongation of life
supporting measures would be helpful in determining
the natural history of DoC. Within the United States,
one of the limiting factors might also be related to the
DNR orders in which some clinicians and families may
perceive this to mean “do not provide aggressive medi-
cal therapy,” even though the intended use of this order
is only for the clinical management of one specific clini-
cal scenario (i.e., CA). The panel highlighted the need to
develop protocols surrounding WOLST decisions and
address confounders (e.g., sedative medications, systemic
injury, etc.) that impact outcomes. Further, the panel dis-
cussed the need to identify key elements and strategies
for communicating uncertainty in a tactful, emotionally
supportive and culturally competent manner followed
by verification of surrogates’ understanding of outcome
communication.

Deliverables
The deliverables for the neuroprognostication WG
include the following:

1. To define consensus standards for prognostication
research: The goal is to define the highest value prog-
nostic tests with an appropriate timeline for testing
that is needed to determine patient/family centric
high value outcomes.

2. To develop mechanisms for natural history and com-
parative effectiveness studies for neuroprognostica-
tion.

3. Develop mechanisms to study modifiable barriers to
family/team communication that impedes practice of
appropriately delayed prognostication and decision-
making.

4. Acquire funding for both network infrastructure and
individual investigator-initiated studies to advance
neuroprognostication in patients with DoC.

Care of the Coma Patients

Background

To cure coma, we need to provide effective care for our
patients with DoC. Care involves two aspects: (1) car-
ing about a patient, which is the emotional aspect, and
(2) caring for a patient, which involves a set of actions
or interventions performed to meet the patient’s needs.
Caring for the patient is integral to CCC for three main
reasons (1) if the comatose patient dies before cura-
tive intervention (i.e., if the patient does not receive the
care), the possibility of recovery is irrevocably elimi-
nated; (2) identification of variables of care that con-
found the benefit of clinical intervention (e.g. WOLST
within the first few days) can help reduce sample size
needed for future studies measuring the effectiveness
of the curative interventions; and (3) it is essential to
identify interventions that will move the patient toward
(benefit) or away (harm) from recovery.

The care of coma patients is highly variable. Routine
clinical assessment and monitoring are tailored accord-
ing to the availability of the tools and technology, the
culture of the health care setting, clinical expertise,
and experience of the health care providers. To date,
there are no global standards, even for basic tasks such
as examining patients with DoC. Although there are
new DoC care guidelines promoting use of advanced
DoC biomarkers, these guidelines point more toward
timing in the subacute to chronic phase, and have no
clear recommendations for the acute phase. In terms of
therapeutic intervention, the use of neurostimulants in
patients with DoC is also highly inconsistent. We have
not yet established the optimum timing for clinical
interventions such as tracheostomy, nor have we gained
an adequate understanding of optimum frequency and
duration of physical, occupational, and cognitive ther-
apy to achieve the best possible recovery. This variabil-
ity in care leads to heterogeneity in patient outcomes
and introduces bias in DoC research.

Apart from inconsistency in care, variability is also
present in the type of care providers. In day-to-day
clinical practice, care of the patients with DoC is pro-
vided by multiple caretakers, including physicians,
nurses, therapists, pharmacists, social and spiritual ser-
vices, and family members. For every intervention, it is
important to assess behavioral or physiologic cues from
the patient to ensure the appropriateness of any given
intervention. As an example, although bathing and
cleaning is a routine part of clinical care, if the intrac-
ranial pressure appears to be on an uptrend in a patient
with ABI, it would be reasonable to treat the elevated
intracranial pressure before lowering the head of the
bed for cleaning. Such judgments regarding optimum
timing of intervention based on patient cues have been



described as the cue-response theory [59] and should
be implemented in routine clinical practice.

The WG has identified six main domains impact-
ing care based on the observed gaps. Broadly, these
domains include the patient level, provider level, and
system-level factors that interface with each other and
influence the patient’s care. Existing gaps along these
six domains include the following:

1. Assessment and monitoring: (1) Available assessment
tools have substantial variation and often have poor
psychometric properties; (2) feasibility, necessity, and
ethical considerations of advanced monitoring (e.g.,
invasive intraparenchymal monitoring tools) have
not been well studied; (3) there is a need to differen-
tiate and delineate routine vs. advanced monitoring
and understand the impact of these tools on patients
outcomes; (4) objective assessments should replace
subjective assessments to decrease variations; and
(5) Patients and family experience should be inte-
grated into assessment tools across care settings and
through transitions of care.

2. Timing of intervention: (1) We need to identify opti-
mal timepoints for routine care interventions (e.g.,
should the intervention occur at a singular or serial
time points?); (2) we need to assess the effectiveness
of time points for interventions across various DoC
etiologies (e.g., if a therapy at a certain time point is
effective in one etiology, would it directly translate to
other etiologies across the spectrum of DoC?); and
(3) we need to establish the optimum duration of
routine care interventions.

3. Expertise and experience: We need to identify exper-
tise and interdisciplinary team needed across care
settings for specific bedside assessments and inter-
ventions to avoid variability in care. This may be
achieved by determining desired training/certifica-
tion of designated experts for specific assessments
and interventions throughout the care continuum.

4. Technology: (1) we need to determine the clinical
utility of modern technology and their impact on
patient outcomes; (2) we need to identify optimal
mechanisms to implement useful and helpful innova-
tions across care settings feasibly and effectively; (3)
we need to determine the cost—benefit ratio of care
technologies and determine the impact on patient
and health system outcomes; and (4) we need to
determine the limitations and benefits of techno-
logical advances including Al-based tools, data visu-
alization tools, automated emergency alerts, adapted
gaming for therapeutic and educational purposes and
the feasibility of nontraditional data types.

5. Religion and culture: (1) We need to understand and
incorporate family views regarding faith and spiritu-
ality in the healing process; (2) we need to be cogni-
zant of religious and cultural norms surrounding
WOLST; (3) we need to establish and evaluate mod-
els of care delivery that integrate family into all deci-
sions throughout the continuum of care; (4) we need
to consider legal aspects of WOLST including cul-
tural/ethical/religious preferences, family and patient
values and beliefs, use of surrogate decision-makers;
and (5) we need to consider treatment bias related to
spirituality or religion of clinicians as well as access to
religious advisors in the care setting (impact on com-
munication, prognostication, and situational debrief-
ing).

6. External and regulatory factors: (1) We need to con-
sider the impact of regulatory requirements and
guidelines on local resource allocation and outcomes
throughout the continuum of care; (2) we need to
minimize variability in care, (3) we need to move
toward a centers of excellence that provides expertise
and recommendations throughout the continuum of
care; (4) we need to determine the positive vs. nega-
tive impact of program certification on outcomes as
well as the resource strains and burden on partici-
pating organizations; and (5) we need to determine
potential benchmarks and quality indicators specific
to the care of patients with DoC across treatment
settings.

Research Priorities for Care of the Coma Patients

These six domains are interconnected within the clini-
cal implementation, public health, and clinical research
aspects. Addressing the domains through scientific inno-
vation and discovery will inform the appropriate clinical
intervention to improve the care of patients with DoC.
The WG proposed nine overarching research priorities
based on the identified gaps:

1. To establish validated and objective measures for the
diagnosis of DoC that is consistent across patient
populations, disciplines, treatment, and resource
settings and measured at a predefined interval from
index event.

2. To establish global incidence, prevalence, and etiol-
ogy of coma, the natural history of disease progres-
sion, and impact of current practices on acute post/
acute outcomes and resource allocation

3. To standardize coma assessment battery through-
out the continuum of care to provide consistent
approach to clinical examination, indicators for
advanced imaging, and better accuracy and consist-



ency of prognostic models across settings and popu-
lations.

4. Identify the current degree of variations in practice
and impact on patient acute and postacute outcomes.

5. Establish new best practices, reinforce existing prac-
tices, and eliminate ineffective practices and tim-
ing for assessment, monitoring, treatment, and care
transitions.

6. Minimize practice variations to ensure consist-
ent and effective evidence-based coma care across
resource settings.

7. Routine integration and examination of conscious-
ness-promoting therapies in acute care using prag-
matic trial designs.

8. Implementation science to identify optimal strategies
for integrating identified best practices into routine
clinical care globally.

9. Availability of resources and costs associated with
long-term coma and DoC management for patients
and families.

The WG emphasized the need for a pragmatic
approach to advance care of the patients with DoC with
the appropriate understanding of global disparities in
care and regional cultures and practice preferences. The
group highlighted the need for close communication and
collaboration between preclinical and clinical research
teams to create a highly functional and cohesive research
group. Data repositories should include current clinical
practices across DoC etiology and across the spectrum
of care so future research can appropriately account for
these variations while actively standardizing practice
where possible.

Panel Discussion of the Approach

The care of the coma patients is the center of the CCC
mission as, without proper care, there is no cure. The
panel members discussed that many existing interven-
tions and treatments for DoC are currently based on
common or best practice standards that lack strong evi-
dence for generalized application, especially in the pedi-
atric population. This has led to heterogeneity in care,
which needs to be recognized and promptly addressed
using education, research, and implementation of evi-
dence-based practices. Variability in practice makes
it difficult to test the efficacy of any intervention that
might be helpful in curing coma, therefore, standardized
approaches increase our chances of finding a cure. The
panel also highlighted the need for widening the search
for funding sources to support the interdisciplinary
research teams that focus on the various needs of the
multidisciplinary care teams working with patients with
DoC.

The panel expressed that while working toward reduc-
ing variability and optimizing care of the patients with
DoC, several factors at the patient, clinician, and system
level should be considered. For example, while advocat-
ing for standardized practices regarding WOLST deci-
sions, we need to consider patient and families’ culture
and values, prognostic humility, ethical considerations
for clinicians, and resource needs at the system level,
including facility cost of long-term care for patients with
DoC. Extracting natural history data from countries
and regions that are culturally supportive of prolonga-
tion of life-sustaining therapies may be one approach
for obtaining such data. In terms of standardization and
protocolization, the cost/benefit ratio of new and addi-
tional regulatory oversight implementation should be
considered. Additionally, the CCC should seek ways to
work within cultures that support the individual clini-
cian’s ability to critically evaluate decisions of care, as
strict regulations and protocols that demand compliance
over clinical judgment can often be obstructive. It is also
important to heed the needs of the clinical team that
cares for patients with DoC. One such need is to develop
ways for streamlined communication between multidis-
ciplinary care teams with the ability to freely discuss and
integrate care decisions.

In terms of integration of novel tools and innovation,
the panel expressed the need to understand the limita-
tions of such tools. For Al-based tools, it is very impor-
tant to understand the models on which the tool was
tested and validated as the dictum “garbage-in-garbage-
out” holds true, especially in in silico models that cannot
capture the variables and confounders in a real clini-
cal setting. A model complex enough to identify which
changes are significant and how they affect the patients
does not yet exist. Large volume of prospective data with
models including overt and covert clinical variables per-
taining to routine clinical care are needed to improve the
reliability of Al in critical care settings. Although care
of the coma patients includes optimization and stand-
ardization of sophisticated measures such as electro-
physiological, biophysical, and other biomarkers as well
as innovation such as Al, approaching the low hang-
ing fruits such as standardization of basic approach for
evaluation of comatose patients can be impactful. In the
current clinical setting, simple care aspects such as the
variability in the basic assessment of the comatose patient
(e.g., pupillary assessment using a penlight, vs. divergent
phone light vs. pupillometer or motor examination using
sternal rub or trapezius pinch vs. extremity pinch) can be
significantly limiting in measuring impact of our clinical
interventions. Furthermore, the panel highlighted that
care of the coma patients is complex, and one-size-fits-all
model is inadequate given the multiple factors specific to



each clinical scenario, including variation in care teams
based on pathology. However, despite this heterogeneity,
identifying common grounds is possible on some of the
key factors, and efforts should be focused on improving
and standardizing common aspects of assessment, moni-
toring, and therapy.

Deliverables
The deliverables for the care of the coma patients WG
include the following:

1. Identify variations in care and related impact on out-
comes across resource settings and populations.

2. Identify existing and establish new evidence-based
best practices to minimize variations in assessment,
timing, monitoring, technologies, and treatments for
coma care.

3. Identify optimal strategies using an implementations
science approach to integrate established best prac-
tices in clinical settings.

4. Create models of care that integrate family engage-
ment and decisions making throughout the lifespan.

DoC and General Anesthesia

Preceding the discussion related to early clinical trials,
cortical effects of anesthetics were reviewed. General
anesthesia (GA) leads to a drug-induced, reversible state
that consists of antinociception (i.e., loss of nociceptive
processing), unconsciousness, amnesia, akinesia (i.e., loss
of movement), and maintenance of physiological stabil-
ity [60]. Numerous studies in humans and animals under
GA have informed the study of consciousness. In 1935,
Frederic Bremer performed the well-known brain stem
intercollicular transection which he called the cerveau
isolé preparation [61]. When he transected and sepa-
rated the brainstem from the spinal cord, he noted an
“awake appearing” EEG pattern, whereas when he tran-
sected the brainstem from the cortex, he noted “slow
delta oscillations” mimicking slow-wave sleep. This and
subsequent studies demonstrated that intact brainstem is
necessary to maintain the state of arousal. Studies using
GA also demonstrate the slow delta oscillation pattern
[62]. Slow oscillations are a neural correlate of propofol-
induced anesthesia, indicating a shift to cortical dynam-
ics in which local neuronal networks remain intact but
become functionally isolated in time and space [63].
Hence, models of propofol anesthesia have the poten-
tial to provide tremendous insights into the biology of
coma. Unlike propofol, recordings during ketamine
anesthesia show alternating high frequency (Gamma)
oscillations and oscillations that are coordinated across

the cortex from frontal to occipital regions [64]. At low
doses, however, ketamine primarily only acts in the
inhibitory interneurons leading to fast oscillations. On
the other hand, nitrous oxide produces profound slow
oscillations that are transient and is likely related to inhi-
bition of glutaminergic pathways arising from the brain-
stem [62]. Dexmedetomidine’s action is closest to sleep
as it blocks the release of norepinephrine coming from
locus coeruleus thereby inhibiting input from brainstem
to thalamus leading to slow oscillations. In low doses, it
produces sleep spindles (mimicking stage II non-REM
sleep), whereas high doses with deep sedation generate
slow oscillations (mimicking stage III non-REM sleep)
[62, 65].

The mechanisms through which anesthetics produce
their neurophysiological responses in cortical, thalamic,
and brainstem circuits differ by drug class, patient’s age,
and physiological state. Slow delta oscillations are also
noted to be predominant in very young (0—3 months old)
[66] and very old patients anesthetized with GABAergic
drugs such as sevoflurane, likely due to poor develop-
ment (in 0-3 months) of thalamocortical connections
or the disintegration (old population) of thalamocortical
connections. Similarly, patients with systemic sepsis and
those on chemotherapy also demonstrate predominant
slow oscillations. In summary, all anesthetics produce
slow delta oscillations, most likely through inactivation
of brainstem projections to thalamus and cortex and
through thalamic and cortical hyperpolarization.

Early Clinical Trials

Background

To cure coma, we need a multifaceted approach. Ideally,
we need (1) the ability to map human brain networks that
are essential for consciousness and allow for repeated
bedside assessments in the acute phase; (2) new tools to
identify preserved brain network connections that allow
personalized connectome mapping; (3) to develop point-
of-care fluid biomarkers to identify patients who may
benefit from therapy and have valid metrics for assess-
ment of treatment response; (4) to develop targeted
treatments personalized to patients; and (5) to ensure
long-term follow-up.

One of the main goals of the CCC is to determine how
early interventions may offer novel opportunities for con-
sciousness recovery through clinical trials of conscious-
ness-promoting therapies. Patients with DoC are often
overlooked in clinical trials, especially in the acute phase
of the disease. Early interventions could offer immense
opportunities for consciousness recovery. Development
of such early consciousness-promoting therapies in the
ICU could (1) prevent premature WOLST; (2) facilitate



recovery of consciousness; (3) decrease ICU-related
complications; (4) improve opportunities for rehabilita-
tion; and (5) minimize long-term disability.

As part of the CCC mission, the early clinical trials WG
is charged with developing proof-of-concept clinical tri-
als that improve the accuracy of prognostication as well
as treatment strategies that promote recovery of con-
sciousness throughout the continuum of DoC care. The
overarching goal of the WG is to:

1. Develop trials based on defined patient phenotypes
and endotypes.

2. Develop adaptive, exploratory interventional trials
to identify interventions that support the recovery of
consciousness.

3. Develop simple master protocols to achieve these
deliverables and

4. Implement findings into routine clinical care.

To navigate these aspects, there is a need to develop
innovative ways to categorize various types of DoC to
accurately monitor treatment response [23]. Adoption
of successful approaches related to other diseases could
be helpful. For example, acute respiratory distress syn-
drome is similar to DoC as a condition that broadly cap-
tures various mechanisms of lung injury culminating into
one type of overt clinical presentation. Investigators in
this field have noted that treatment response for acute
respiratory distress syndrome is dependent on hypo or
hyperinflammatory disease subphenotypes [67]. Catego-
rization of DoC in a similar fashion might be useful to
study treatment response. We also need to consider the
appropriate timing of outcome prediction and integrate
key outcome measures proposed by the CDE WG. Devel-
opment of surrogate outcomes measures to determine
meaningful clinical outcomes is useful. Moreover, the
infrastructure and design for the early clinical trials need
to be defined. Integrating successful aspects of existing
networks such as the Strategies to Innovate Emergency
Care Clinical Trials Network (SIREN) [68], Transform-
ing Research And Clinical Knowledge in Traumatic
Brain Injury (TRACK-TBI) [69], and the NIH StrokeNet
[70] with “model systems” approach might be a reason-
able consideration for DoC infrastructure. In terms of
research design, there is a need for observational/natural
history studies as the foundational step. Adaptive trials
where intervention can be modified based on response
should be considered whenever possible. Traditional ran-
domized control trials with development of biomarkers
[71] should follow these initial efforts.

The CCC Coma Epidemiology, Evaluation, and Ther-
apy [72] survey recently conducted an international
cross-sectional survey to assess (1) variability in coma

definitions; (2) common etiologies, assessment tools, and
treatment strategies; and (3) attitudes toward progno-
sis. In this survey, a total of 258 health care professionals
working with coma and DoC completed the survey, out
of which 83% were physicians with majority from aca-
demic or teaching hospitals in urban areas. The survey
results revealed that the most common diagnostic tools
used to assess coma patients included neurologic exami-
nation (98%), basic neuroimaging (89%), and noninvasive
EEG monitoring (94%). Variability in clinical assessment
was also noted with the use of various tools such as GCS,
neurological examination, National Institute of Health
Stroke Scale (NIHSS), Confusion Assessment Method
for the Intensive Care Unit (CAM-ICU), Full Outline
of UnResponsiveness (FOUR) score, CRS-R, and oth-
ers across institutions. Respondents identified their top
three future areas of coma research, with high interest
expressed for treatment, prognostication, pathophysiol-
ogy/mechanisms of coma, and diagnostics. In a global
platform such as the CCC, heterogeneity in patient popu-
lation and clinical practice is inevitable. However, this
variability could be utilized for comparative effectiveness
research. For example, heterogeneity in patient popula-
tion can be utilized to explore various phenotypes and
endotypes and to identify minimum common denomina-
tor of anatomy and physiology across diseases that lead to
DoC [23]. Similarly, DoC cases with spontaneous recov-
ery can be used to understand natural history of coma.

Efforts across the CCC have created opportunities to
bridge siloed efforts and leverage the expertise of diverse
groups spanning the continuum of care to provide a big
picture of consciousness research. Regardless, the charge
is complex with no precedent to follow and has numer-
ous roadblocks to overcome. To start, we need to address
some basic questions related to early clinical trial in DoC
such as:

1. Which patients are likely to respond to treatment?

2. Which trial designs are most efficient?

3. Which outcome measures have the best sensitivity
and specificity?

4. Which is the best approach to control for variability
of care?

Research Priorities for Early Clinical Trials
Based on the gaps, the WG proposed six research
priorities:

1. Set expectations for future trials (define what good
research looks like).

2. Assess current variabilities in care and trial resources
across collaborating sites.



3. Develop proxy biomarkers that allow for trials with
small patient numbers to inform larger trials on tim-
ing of treatment and promising strategies. Addi-
tionally, develop a consensus on the specific clinical
measures (GCS vs. CRS-R), imaging tools, blood/
CSF biomarkers, electrophysiology and the pharma-
codynamics.

4. Define end points, ways to assess them, and identify
the best performing measures. For example, should
the trials use traditional Glasgow Outcome Scale-
Extended (GOSE) versus functional measures? What
is the appropriate timing of measurement? Should
the outcomes be measured short term or long term?
Regardless of the outcome measure selected, it
should be feasible and patient/family-centric.

5. Determining best infrastructure and designs for tri-
als.

6. Enrich samples based on similarities among patients.

Panel Discussion of the Approach

The panel discussed that sample enrichment with proper
sample selection is important to ensure success of the
clinical trials [73]. Enriched samples could improve effi-
ciency, reduce cost, minimize side effects, and shift the
risk/benefit ratio of any given intervention. Patient selec-
tion based on phenotyping and endotyping with the help
of imaging, electrophysiology and behavioral measure-
ments is important to yield efficacious results [74-78].
With the advent of new tools in the field, we have the
ability for nuanced, rigorous and detailed neurologic
assessments that allow us to enrich patient samples.
Development of standardized assessment tools in the
ICU would be a good starting point to improve sample
enrichment. However, we also need to be cognizant of
selection bias. In the acute period, given the multimodal
monitoring environment of the ICU, use of automated
data collection and assimilation would be highly useful
in handling big data in patients with DoC. For the out-
come studies, granular outcomes that are meaningful to
patients and families should be included [79]. Addition-
ally, as patients continue to recover over months to years,
longitudinal studies measuring long-term outcomes
beyond 3-6 months should be included [80, 81].

To begin, we first need to identify key site investiga-
tors across the CCC research network, and work on the
logistics of interventional fidelity as we move forward
with adaptive trials. However, the panel reemphasized
that given the need for long-term follow-up to assess
DoC outcomes, identification and validation of early bio-
markers to evaluate treatment response and early prog-
nostic markers would help determine go/no go decisions,
especially for high-fidelity adaptive trial designs. Rather
than a sequential approach, parallel but noncompeting

studies with slightly different inclusion criteria for DoC
should also be considered to lessen the screening bur-
den on the local sites. One of the biggest gaps impeding
design of supervised ML models or adaptive trial designs
is our limited understanding [82, 83] of the natural his-
tory of DoC. Therefore, understanding natural history is
an important foundational step along with understanding
of the major confounders affecting outcome.

Deliverables
The deliverables for the early clinical trial WG include
the following:

1. Understanding the breadth of heterogeneity in care.

2. Developing intermediate endpoints using surrogate
measures such as biomarkers.

3. Identifying optimal patient and family centered out-
comes.

4. Tiered approach or program of research using vari-
ous study designs.

To accomplish this, the WG proposed a 4-tiered
approach:

(a) Level 1: Global point-prevalence/prospective cohort
study (limited data [Electronic Medical Record]+
and hospital discharge outcome that will help assess
variability of practice.

(b)Level 2: Prospective observational study. Term-lim-
ited recruitment with specified follow-up time points
to help us understand biology and recovery.

(c) Level 3: Comprehensive model system with continu-
ous enrollment of patients, lifetime follow-up.

(d)Level 4: Prospective trials. To address specifics aims
related to diagnostics and therapeutics.

The WG also outlined a 5-year roadmap for early clini-
cal trials:

+ Year 1-2: Definition phase: focused on establishing
definitions, aims, standard expectations and assess-
ments. We are currently in this phase.

+ Year 2: Design/Development Phase: Design right trial
for specific questions. Estimate sample size and cost.
Focus on subject selection and outcome measures.
This phase will focus on prospective cohort studies
(basic and advanced) and identify biomarkers and
surrogate endpoints.

+ Years 3-5: Implementation Phase: Initiation of clini-
cal trials.



Long Term Recovery
Background
According to Confucius, “study the past if you would
divine the future”” In order to understand the LTR poten-
tial, we must study those who have demonstrated what
is possible. Taking this long-view provides a perspective
from which to study LTR and (1) define prognostic end-
points; (2) understand personal or environmental factors
that influence good long-term recovery; (3) understand
and implement interventions that support and opti-
mize long-term recovery; and (4) understand health care
disparities.

The current state of LTR research can be summarized
in the following points:

1. Substantial recovery over long periods of time is pos-
sible for a sizable group of individuals with prolonged
DoC.

2. Individuals with TBI tend to fare better than non-TBI
(nTBI) with respect to DoC. Improvements over a
10-year period have been reported in TBI, with >25%
living without in-home support and are able to work
in a competitive work environment. In addition,
there are known improvements documented over
2-year period in patients with nontraumatic causes of
DoC [84].

3. Comorbidities and secondary conditions make
recovery course nonlinear and heterogeneous from a
statistical perspective.

4. There are very limited studies in children, but studies
have documented recovery up to 2 years post-injury.

5. Most DoC studies are derived from inpatient reha-
bilitation cohorts, that represent minority of DoC
population who could benefit from this type of reha-
bilitation care, yet they do not receive this specialized
care [85].

Some recent work within the TBI Model Systems
network can serve as an exemplar for LTR studies.
The TBI Model System has the infrastructure to follow
thousands of survivors over the lifetime to observe the
natural history of the disease. In one such study, the
investigators looked at 2058 patients with TBI and DoC
at the time of rehabilitation admission and found that
82% recovered consciousness during acute inpatient
rehabilitation and 40% became partially or fully inde-
pendent [85]. Absence of intraventricular hemorrhage
and intracranial mass effect has been associated with
recovery of consciousness during rehabilitation along
with young age and male sex as markers of improved
functional outcome. The TBI Model Systems has also
been beneficial in informing long-term outcomes. Pre-
vious work has shown that 3.3% of patients with TBI

die by 1 year and by 5 years, 74% of those with DoC
at discharge become conscious, 19.6% are able to live
without in-home supervision and notably 18.7% are
competitively employed 5 years post-injury [86]. By
10 years, there are additional measurable gains in inde-
pendence particularly for those who began to improve
later in their course of recovery [80]. While such find-
ings are very important to shed light on the potential
for recovery after coma, it is essential to realize that
the TBI Model Systems only focuses on a small subset
of patients with DoC (i.e. TBI) and that, many patients
with DoC who may benefit from such long-term reha-
bilitation may either undergo WOLST or never get the
opportunity to rehabilitate to achieve optimal outcome.
Government mandates to provide specialized care to all
patients with DoC who need such care, could improve
accessibility of care.

The WG identified several key steps to address the
many existing gaps on DoC LTR research [87]:

1. An increase in knowledge base about recovery tra-
jectories in the absence of limitations to care (ie.,
WOLST). Such knowledge is important to:

+ Generate scientific evidence that supports guidelines
for WOLST.

+ Identify and communicate key elements and pro-
cesses around uncertainty with DoC recovery.

+ Development of more accurate and flexible mod-
eling of recovery trajectory using advanced statistical
methods, widely adopted and implemented CDEs,
and patient-centered outcomes.

« Utilization of data sets that track patient data across
the continuum of care using patient-centered out-
comes that can be integrated into clinical practice
and workflow.

+ Enhanced understanding of biomarkers and mecha-
nisms affecting LTR course.

« Integrated research/health care delivery systems that
translate novel research treatments and technologies
into practice and facilitate access to DoC care pro-
grams across the recovery continuum.

Research Priorities of LTRWG

Rehabilitation is a foundational component of studying
and optimizing LTR trajectory. The NIH 5-year research
plan on rehabilitation developed in 2016 outlines pri-
orities in multiple areas of rehabilitation medicine and
research that can benefit individuals with temporary or
chronic limitations in function [88]. This proposal high-
lights six research priority areas and emphasizes the
need to coordinate efforts across other federal agencies.



The NIH priority includes (1) promotion of rehabilita-
tion across the lifespan to track factors that cause dis-
ability and common secondary conditions that occur
over time as well as to identify health disparity that
occur across the life span; (2) prioritization of commu-
nity and family given the impact of caregivers and com-
munity on patient outcome; (3) technology development
by promoting interdisciplinary collaboration within the
health disciplines and with colleagues in computer sci-
ence, math, statistics, engineering, and the end-users of
the technology; (4) development of new methods and
designs for research with emphasis on data sharing and
knowledge translation; (5) promotion of translational sci-
ence in rehabilitation research to advance understanding
of biological, physiological and behavioral mechanisms
that underlie DoC recovery and adaptation through pre-
cision medicine, animal models and genomics; and (6)
building research capacity and infrastructure through
training, consultation, and collaboration to develop basic
scientists, physician scientists, allied health profession-
als, and engineers who focus on biomedical devices or
rehabilitation.

These rehabilitation research priorities of NIH [88]
align with many priorities of the LTR WG and fit within
the context of a DoC multisite network. Based on the
areas of intersection, the LTR WG proposed the follow-
ing priorities:

1. Rehabilitation across the lifespan: Strategies to pro-
mote rehabilitation across the lifespan include: (1)
identification of preexisting LTR cohorts and using
them to understand the impact of early withdrawal
of life supporting therapy (WOLST) as well as to
develop communication strategies for conveying
prognostic uncertainly regarding natural course of
DoG; (2) utilization of CCC LTR experts and existing
CCC sites for biomarkers studies using CDEs spe-
cifically designed to capture the LTR perspective; (3)
application of DoC-specific CDEs across the disease
continuum at all consortium sites and promoting
pragmatic follow-up batteries utilizing novel technol-
ogy such as telemedicine and wearable devices; (4)
identification of appropriate LTR assessment tools
with consideration for metrics sensitive to technolo-
gies and treatments; (5) identification of appropriate
timing across the course of recovery for operational-
izing and implementing specific rehabilitation strate-
gies. For example, integrating physiatry in post-acute
phase to manage specific issues such as delirium,
spasticity, dysautonomia, etc. and early neurostimu-
lation as standard of care in the acute post-injury
period; and (6) integration of variables related to
social determinants of health (e.g., race, ethnicity,

economic disparities) to evaluate their impact on
LTR.

. Longitudinal studies to assess recovery trajectories:

We need to evaluate prognostic accuracy for LTR
as premature WOLST is quite prevalent. Develop-
ment of prediction models would be helpful to guide
clinical decisions. Inclusion of physiatry colleagues
in LTR research is critical. Several existing databases
and networks for adult recovery-based research on
various DoC etiologies such as TBI [89-92], CA
[93-95], and others [68] must be leveraged to expand
our understanding of LTR. Such existing database
and registries could help construct robust generaliz-
able models to predict long-term outcomes, facili-
tate studies with propensity score matching of DoC
cohort with or without maximal medical therapy and
plan future multisite prospective observational stud-
ies.

. Utilization of existing databases and networks for

pediatric/Neonatal recovery-based research: Similar
to the adult registries, leveraging existing pediatric
and neonatal databases [96, 97] and establishment of
cross-collaboration across research groups is essen-
tial to advance pediatric research. Pediatric research
in DoC is limited by the overall small volume of
patients compared with adults. Given the variability
in DoC etiology, range of development across the
pediatric age group and pathobiological variations,
the overall low number of pediatric patients with
DoC pose unique challenges in identifying pediatric
DoC phenotypes and endotypes. A phased approach
starting with increased awareness of pediatric DoC
concepts, establishment of CDEs and consensus in
outcome measures followed by harnessing parallel
efforts through centralized initiatives of CCC mod-
eled after successful precedents such as the NIH
brain initiative [98]; can drive the development and
execution of proof-of-concept clinical trials with plan
for subsequent prospective observational functional
outcome and biomarker studies.

. Technology development and use: Important con-

siderations for technology development include age
and stage of development; brain health, secondary
conditions, and comorbidities, environmental milieu
including barriers to use, health disparities, infra-
structure and access, utility, cultural acceptability,
average caregiver’s ability to utilize the product as
well as family/caregiver education and the availability
of economic resources for repair and maintenance.
As for prioritization of technology, since portability
is extremely important to patients and caregivers,
innovation related to motor assistance with focus on
ergonomics is crucial. Similarly, regaining fine motor



movements that facilitate integration into the com-
munity and work environment equates to economic
independence for adults and meeting educational
expectations for pediatric patients. Hence technology
focused on improving mechanical precisions using
technology such as the virtual reality should be con-
sidered. Cognitive training is equally important with
the development of age and stage-appropriate con-
tent for adequate cognitive rehab. Additionally, aug-
mented communication tools using brain-computer
interface can significantly enhance quality of life of
patients and caregivers and should also be prior-
itized. As new innovative tools continue to develop,
equality in access to care should be a key considera-
tion to ensure that these initiatives do not expand the
existing gap in health care disparity [99]. The WG
suggested a tiered approach to technological devel-
opment and innovation. Such approach could include
assessing existing technological capacity and capabil-
ity in phase 1, building collaborations across centers
with similar technology and rehabilitation protocols
in phase 2 and ultimately designing new technology-
based rehabilitation programs in phase 3.

. Translational Science: The panel noted that the next
area of research prioritization is biomarkers of LTR
for determination of prognostic trajectories. Inves-
tigators should strive to characterize longitudinal
profiles as the initial step toward population stratifi-
cation in assessing treatment response and prognosis
across age groups and recovery continuum, with the
understanding that recovery is not a linear process.
Biomarkers that capture systemic response to neuro-
logical insult (e.g., factors contributing to prolonged
hospital course or systemic complications) should be
considered. Markers that capture both adaptive and
maladaptive responses associated with repair and
recovery are important, such as the structural plas-
ticity (neurogenesis, cortical reorganization, synap-
togenesis, axonal sprouting), functional plasticity
(cognitive/experiential supported processes of learn-
ing and memory) and maladaptive plasticity (epi-
lepsy, neuropathic pain, incomplete motor recovery,
spasticity, etc.). Further, it is important to account for
personal biology, etiology of DoC and complications
as that can have major impact on LTR. Biomarkers
focusing on secondary conditions after brain injury
(e.g., depression, cognitive impairment) should also
be considered. Finally, there should be appropriate
stratification and power calculation to capture racial
differences in biomarker functionality, profile, and
utility.

The three main components for LTR biomarker
research include: (1) neuroimaging for detection of
covert cognition (event related-fMRI), functional
integrity of consciousness (resting state-fMRI), meta-
bolic evaluation (Positron emission tomography/PET)
and monitoring of secondary brain damage (Diffu-
sion Tensor-MRI); (2) neurophysiology for monitoring
of paroxysmal activity (EEG), restructuring of sleep
stages (polysomnography), integrity of the sensory
paths and late potentials (Evoked response potentials);
and (3) wet biomarkers for chronic inflammation, cell
migration, hormones and neurotrophin markers, CNS
exosomal markers as well as genetics and epigenet-
ics. Biomarker discovery requires a phased approach
with (1) designing data-driven models to learn from
the existing databases of patients with DoC using big
data and ML technology; (2) identification of potential
new biomarkers and strategies to harness data-driven
evidence to guide rehabilitation; and (3) developing a
consensus for the routine use of the most informative
long-term biomarkers.

6. Models of DoC care. Models of DoC should follow a
continuous care pathway supported by best evidence
with embedded data collection that informs current
care while also contributing to research and future
care. As a guidance for creation of such a model, the
CCC can study the chronic care model that lever-
ages the interplay of health systems (delivery system,
clinical information systems and decision support
systems) and the community in which one lives (pub-
lic policy and resources, supportive environment,
self-management support) to achieve the best out-
come possible by incorporating various components
of these two integral systems [100] to provide people
with adequate resources and public support for opti-
mum health and recovery. The model of DoC should
comprise six major elements that include (1) respect
for patients’ right for autonomy and self-determina-
tion; (2) incorporation of clinical trials into health care
delivery; (3) facilitation of high-quality data collection;
(4) platform for progressive prognosis conversation;
(5) maximization of contribution from clinical teams;
and (6) accommodation of patients with diverse
needs. An example of a successful model includes the
NIH model of designated cancer centers.

In summary, we need to develop valid and effective
value-based care paradigms to, improve quality of care,
increase access to care, prevent costly complications,
detect changes in trajectories that require modifications
of care, develop mechanisms to collect data, share data
and have communication mechanisms in place to deliver



collaborative care. Such a model would then allow us to
provide the care that could help improve outcomes in
patients with DoC.

Panel Discussion of the Approach

The panel discussed that we currently lack meaningful
data on patients with DoC from vulnerable populations
with regards to age, gender, and ethnicity. There is a need
to focus on a large-scale population study that includes
vulnerable populations to adequately represent these
groups into the data sets with derivation of relevant out-
come measures.

The panel agreed that various LTR priorities align with
NIH priorities along the domains of longitudinal studies,
translational biomarkers, integration of technology and
models of multidisciplinary integrative care. Although
DoC affects millions of patients worldwide and is a
major source of morbidity and mortality with high eco-
nomic impact, adequate funding is lacking in this field
of research. Panel agreed that with appropriate funding,
CCC is well-suited to spearhead this mission to not only
leverage existing infrastructure such as the NCRC, global
collaborative networks and Neurocritical Care Founda-
tion, but also to develop a central platform for a wide
group of clinicians, scientists and other stakeholders to
synergistically work toward a cure for coma.

Deliverables
The deliverables of the LTR WG include the following:

1. Development of multidisciplinary integrative care
model

2. Modeling long-term trajectories across the life span

3. Incorporating technology to optimize LTR

4. Incorporating biomarkers to assess LTR

To achieve this, the WG proposed a phased approach
starting with measures to first, (1) help Define DoC
cohort; (2) define data requirement for LTR research; and
(3) establish and implement care standards. The second
phase would focus on (1) strategies to establish methods
to access data in real-time from multiple sources and (2)
determine the key data points that can best inform care.
In the third phase, the WG suggested implementing clin-
ical cohort studies involving multisite DoC network.

Ethical Considerations for the Patient in Coma

In response to the large number of ethical considerations
raised at the first CCC symposium in September 2020,
the Campaign convened the Ethics Module Group. The

pillars of biomedical ethics consist of representation of
patients who are unable to represent themselves by (1)
respecting the patient’s autonomy, (2) using beneficence
in all aspects of care, (3) providing nonmaleficent care,
and (4) considering justice in all decisions. Relatedly,
the Belmont Report recommends all research to include
respect for persons, beneficence, and justice. The pri-
mary ethical concern for patients in coma is their loss of
capacity related to decision-making including matters of
clinical care and research. As a community involved in
the care of the vulnerable population, we all need to work
toward identifying and addressing existing ethical con-
flicts related to patients with DoC as well as proactively
anticipate and mitigate potential future ethical conflicts
central to the provision of care and the advancement of
research [101]. To achieve ethical competence, we need
following considerations:

a. Care of the comatose patient:

+ Accurate diagnosis and differentiation between
states of consciousness which has implications for
prognostication including discharge decisions.

+ Age-based considerations.

+ Allocation of resources with respect to management
of patients with DoC with consideration of patients
without DoC.

+ Continuity along the spectrum of care from hospital
admission to rehabilitation and finally home/com-
munity.

+ Decision-making about withdrawing or withholding
life-sustaining therapies.

+ Ethics of diagnostic modalities in terms of availabil-
ity and allocation.

+ Experimental/translational interventions.

+ Practice variation.

+ Prognostication.

+ Avoid self-fulfilling prophecy or nihilism versus
medical futility.

b. Family of the comatose patients:

+ Family support through the continuum of care.

+ Appropriate communication in the ICU.

+ Decision-making about goals of care including issues
related to advanced care planning (e.g., will) and
identification of surrogate decision maker.

+ Smooth process of care transitions.

+ Burden of care for family.

c. Clinical research about coma

+ Balance the risks and benefits for patients and family
members.

+ Informed consent practices.

+ Equitable recruitment.

+ Standardizing protocols for detection of conscious-
ness.



d. Management of data from comatose patients

» Safety, efficacy, and subject selection for investiga-
tional drugs and devices.

+ Disclosure of results to family and medical team.

+ Sharing research results.

+ Protection, privacy, and confidentiality of neural data
from data mining and discrimination of patients.

+ Transparency to families and medical team.

+ Data sharing.

e. Implementation/innovation for comatose patients

+ Distinction between clinical care and research.

+ Distinction between clinical and research data.

o Determination of when data can and should be used
for actionable diagnosis or prognosis.

+ Feasibility of various clinical research technologies.

+ Translating research into practice.

f.  Equity for comatose patients

+ Allocation of detection of consciousness, hospital,
rehabilitation, and homecare resources.

» Additional considerations such as cultural, interna-
tional, religious, and social.

g. Public engagement and perceptions

+ Encourage public education.

+ Overcome historical biases and nihilism in the broad
medical community and public.

+ Share results with the broad medical community,
media, and the public.

As a global research platform, the CCC community
should adopt above ethical considerations as guiding
principles for DoC research.

Executive Summary

The CCC has achieved great progress since its announce-
ment in October 2019 at the 17th NCS annual meeting.
Many field leaders and NCS members across various
workgroups and models are actively involved in pro-
pelling this colossal mission while remaining inclusive
(moon shot culture), adaptable (learn as we go) and
available (global platform for coma science). The highly
engaging discussions over the 3-day NINDS-funded sym-
posium have elucidated the high degree of overlap across
the research spectrum that can only be accomplished
with collaborative and synergistic workflow.

The main discussions that took place during the 3-day
symposium can be synthesized into three main points:
(1) major barriers that have prevented a cure for coma;
(2) existing needs to find a cure for coma; and (3) main
priorities of the CCC to move its mission forward.

(I) Major barriers that have prevented a cure for
coma

« Absence of clearly defined problems.

+ Inability to accurately identify the type and locations
of the defects.

+ Unavailability of reliable diagnostic tools.

- Division into separate disease categories (e.g., stroke,
TBI).

+ DPervasiveness of silo mentality some of which is
dependent on how the work force is incentivized.

+ Exclusive rather than all-inclusive teams.

+ Shortage/Lack of appropriate funding.

(II) Existing needs to find a cure for coma

The main research needs for curing coma can be
broadly categorized into three main components:

a. Infrastructure: Includes database, clinical trial stand-
ards, CDEs and strategic collaboration.

b. Basic research for cure: Includes understanding of
the biology of coma, development of biomarkers for
diagnosis and prognostication, preclinical model/ani-
mal studies and prospective studies.

c. Care of the coma patient: This includes understand-
ing of effectiveness and timing of current routine
tests, treatments and interventions, evidence-based
approach to reduce practice variability, research
related to prognostication and LTR.

Other needs to ensure the success of this mission include:

+ An insight into what has prevented a cure for coma.

+ Determination of the scope of research needed.

+ Understanding of the currently available tools and
capabilities.

« Identification of new tools and technologies needed
to cure coma.

+ Estimation of resources (e.g., funding, database)
required to cure coma.

+ Elimination of major barriers that hinder our ability
to cure coma.

+ Risk assessment as well as the development of miti-
gation strategies.

+ Development of action plan with milestones.

(II[) Main prioritiesss of the CCC

A. Improve patient care based on what we know and can
do today to raise the standard of care and improve

outcomes. This involves:

1. Capitalize on existing data sets.



2. Prospective multicenter interdisciplinary studies
to define the science of caring for patients with
DoC that creates the optimal context in which
recovery can occur.

3. Develop CDEs/common language.

4.  Analysis and communication of best practices.

B. Understand coma at the neuronal level and defining
endotypes to understand the nature and location of
the defect and its potential outcome trajectory. For
this we need to:

1. Leverage existing biomarkers and combine them
in novel ways.

2. Develop new biomarkers.

3. Progress from clinical phenotypes to endo-
types for evaluation of dynamic pathobiological
changes over time.

4. Validate with large-scale, multicenter studies.

C. Develop individualized targeted treatments based on
endotypes to repair or retrain brain circuits. This can
be achieved by means of various approaches, includ-
ing:

1. Electromagnetic
2. Mechanical

3. Sensory

4. Chemical

5. Regenerative

D. Establish prognostication tools with ethical consider-
ations to eliminate nihilism, reduce errors in WOLST
and develop objective and empathetic communica-
tion strategies with families and surrogates. For this
we need:

1. New tools and models for prognostication to
better define the factors that predict outcomes.

2. Ability to detect cognitive motor dissociation.

Decision support for WOLST.

4.  Establishment of programs of excellence (e.g.,
CCC faculty scholars’ program where trainees
would have the opportunity to learn about best
ways of communication with patients and fami-
lies).

©w

1. Patients enrollment based on physiologic and

anatomic response to targeted therapies

2. Execution of novel early-phase clinical trials to

refine outcome endpoints, and surrogate neuro-
imaging and biomarkers to improve classifica-
tion of patients with coma and DoC for future
design of larger clinical trials

3. Development of large-scale, randomized, con-

trolled trials

4.  Utilization of existing tools while focusing on

development of new tools, CDEs and biomark-
ers for standardization.

E. Develop and implement a database that includes

clinical, imaging, electrophysiological, chemical,
epigenetic and other data. This will create a central
repository of relevant DoC data for research collabo-
rations and eventually the development of algorithms
for real-time development of decision support tools
at the bedside,

.Insist and ensure that every trial, technical thrust

and research effort is transparent, is complementary
and builds upon all the other efforts. This approach
will help eliminate silos and reduce redundancy and
waste.

. Establish an effective new approach for DoC. This

involves the development of new model for central
data and management center. One approach could
be “research focus specific” where 3—5 centers would
collaborate to achieve goals specific to each working
group with defined milestones within a 5-year fund-
ing cycle. In this model, about 30 centers would par-
ticipate to propel the CCC mission in parallel while
remaining highly engaged and communicative where
results of one group would inform the study design
of the other group within the CCC collaborative. In
this model, the CCC collaborative would undergo
quarterly reviews of performance and outcomes and
an annual review by an advisory board while ensur-
ing collaboration and lack of redundancy. The col-
laboration would remain adaptive with the addition
of new centers as needed and elimination of under-
performing centers. Such a model could allow life-
time follow-up of all enrolled participants across the
research domains.

The CCC executive committee has estimated a total

E. Establishment of standards for DoC trials and imple- ~ budget of US $60 million (about 12 million per year) to
mentation of these standards to conduct trials aimed ~ accomplish these goals. Estimates related to various pri-
at closing current gaps in DoC knowledge. This  Ority areas include:
approach will help foster consistency in data collec-
tion and optimize data analysis. Some strategies to
reduce research heterogeneity include,

+ Database development: 2 million
+ Biology and new biomarker development: 15 million



+ Prospective studies: 10 million

«+ Clinical trials for treatment evaluations: 13 million
« Datient care protocol development: 10 million

» Prognostication and ethics: 10 million

Over the past 10 years, about 24.3 million (average of
2.4 million/year) NIH dollars have already been invested
in DoC research with a total of 68 awardees, only 6 of
which are active awards [102]. Meanwhile, the societal
cost of coma has exceeded $75 billion with 25% of the
total health care cost related only to ICU stay! Given this
magnitude of economic burden related to DoC, even if
efforts related to CCC improve care and reduce cost by
10%, the return of investment will be enormous.

Conclusions

The Curing Coma community has made significant pro-
gress since its inception. Now is the time to collate efforts
not only to improve the understanding of mechanistic
underpinnings of coma, but also to find ways to translate
scientific discovery into clinical practice. It is crucial to
bridge siloed independent efforts globally with a com-
municative, collaborative and synergistic strategy from
multidisciplinary clinical and research teams across the
continuum of coma care. To facilitate this collaborative
approach, a centralized platform is urgently needed to
bring together clinicians, scientists, patients, and families
for a common mission of improving care of the coma-
tose patients. Establishment of such a platform with clear
vision and defined milestones is the natural next step.
This platform would be critical not only in educating
and galvanizing the stakeholders and creating the global
standards of coma care but also in improving the out-
comes of patients with disordered consciousness.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1007/512028-022-01505-3.

Author details

! Department of Neurology, Virginia Commonwealth University School

of Medicine, Richmond, VA, USA. > Neurological Surgery and Neurology,
University of Texas Southwestern Medical Center, Dallas, TX, USA. > School

of Nursing, University of Pittsburgh, Pittsburgh, PA, USA. 4 Department

of Physical Medicine and Rehabilitation, Spaulding Rehabilitation Hospital
and Harvard Medical School, Charlestown, MA, USA. ° Division of Neurology,
Barrow Neurological Institute at Phoenix Children’s Hospital, Phoenix, AZ,
USA. © Departments of Neurology and Psychiatry, Wisconsin Institute for Sleep
and Consciousness, University of Wisconsin, Madison, WI, USA. 7 Department
of Anesthesia, Critical Care and Pain Medicine, Massachusetts General Hospital
and Harvard Medical School, Boston, MA, USA. & Office of Emergency Care
Research, Division of Clinical Research, National Institute of Neurological Dis-
orders and Stroke, Bethesda, MD, USA. ° Department of Neurology, Columbia
University Medical Center, New York Presbyterian Hospital, New York, NY, USA.
19 Department of Neurology, Center for Neurotechnology and Neurorecovery,
Massachusetts General Hospital, Boston, MA, USA. 1 Department of Critical
Care Medicine, UPMC Children’s Hospital of Pittsburgh, University of Pitts-
burgh Medical Center, Pittsburgh, PA, USA. ' Division of Medical Ethics, Weill

Cornell Medical College, New York, NY, USA. '° Division of Neurocritical Care,
Department of Neurology and Rehabilitation Medicine, University of Cincin-
nati, Cincinnati, OH, USA. '* Department of Neurology, New York University
School of Medicine, New York, NY, USA. '® Division of Neurosciences Critical
Care, Departments of Anesthesiology and Critical Care Medicine, Neurol-

ogy, and Neurosurgery, The Johns Hopkins University School of Medicine,
Baltimore, MD, USA. '® Harvard Medical School, Spaulding Rehabilitation
Hospital, Boston, MA, USA. ' Comprehensive Epilepsy Center, Department

of Neurology, Yale University, New Haven, CT, USA. '® Coma Science Group,
GIGA Consciousness, University of Liege, Liege, Belgium. '° Indiana University
Department of Physical Medicine and Rehabilitation, University of Indiana
School of Medicine, Indianapolis, IN, USA. 2° Department of Neurology, Medi-
cal University of Innsbruck, Innsbruck, Austria. 2! Department of Neurology,
University of California, San Francisco, CA, USA. 22 Division of Neurocritical Care,
Department of Neurology, Stanford University, Stanford, CA, USA. 2> College
of Pharmacy, University of lllinois, Chicago, IL, USA. 2* Coma Science Group,
Cyclotron Research Center, University of Liege, Liege, Belgium. ° Department
of Neurology and Neurosurgery, New York University Langone Health, New
York, NY, USA. 2° Department of Adult Health and Gerontological Nursing, Col-
lege of Nursing, Rush University, Chicago, IL, USA. % Interdepartmental Divi-
sion of Critical Care, Department of Respirology, University of Toronto, Toronto,
ON, Canada. 28 College of Nursing, Ohio State University, Columbus, OH, USA.
2 Division of Anaesthesia, University of Cambridge, Cambridge, UK. ** School
of Biomedical Engineering and Imaging Sciences, King's College London,
London, UK. *! Neuroscience Intensive Care Unit, O'Donnell Brain Institute,
University of Texas Southwestern Medical Center, Dallas, TX, USA. > Depart-
ment of Neurology, Miller School of Medicine, University of Miami, Miami, FL,
USA. 33 Department of Neurology and Neurocritical Care, Columbia University,
New York, NY, USA. 3* Department of Biomedical Engineering, Worcester Poly-
technic Institute, Worcester, MA, USA. *> Department of Neurology and Neu-
roscience, University of Virginia, Charlottesville, VA, USA. *® Department

of Neuroradiology, University of Paris VI, Pierre et Marie Curie, Pitié-Salpétriére
Hospital, Paris, France. ¥ Division of Vascular Neurology and Neurocritical Care,
CHI St. Luke's Health-Baylor St. Luke's Medical Center, Baylor College of Medi-
cine, Houston, TX, USA. *® Departments of Anesthesiology and Critical Care
Medicine, and Pediatrics, Johns Hopkins Children’s Center, The Johns Hopkins
University School of Medcine, Baltimore, MD, USA. ** Neuroscience Intensive
Care Unit, Department of Neurology, Sorbonne University, Assistance Pub-
lique—Hopitaux de Paris, Pitié-Salpétriere Hospital, Paris, France. *° Department
of Intensive Care, Paris Descartes University, Paris, France. 41 University of Pitts-
burgh, Pittsburgh, PA, USA. ** Hospital Israelita Albert Einstein, Academic
Research Organization and Department of Neurology and Neurosurgery,
Universidade Federal de Sao Paulo, Sao Paulo, Brazil. ** Ronald Reagan UCLA
Medical Center, UCLA Santa Monica Medical Center, Santa Monica, CA, USA.
“** Department of Physical Medicine and Rehabilitation, School of Medicine,
University of Pittsburgh, Pittsburgh, PA, USA. *° Department of Neuroscience
Nursing, The Johns Hopkins Hospital, The Johns Hopkins University, Baltimore,
MD, USA. 6 Athinoula A. Martinos Center for Biomedical Imaging, Massachu-
setts General Hospital, Charlestown, MA, USA. *’ Yale Law School, New Haven,
CT, USA. “8 Centre du Cerveau, University Hospital of Liege, Liege, Belgium.

49 Department of Neurology, Centre Hospitalier Universitaire Sart Tilman,
University of Liege, Liege, Belgium.

Acknowledgments

The Neurocritical Care Society and the Curing Coma Campaign were the
corporate sponsors. The authors want to acknowledge all attendees of the
National Institutes of Health symposium and thank them for their many
invaluable contributions. A list of participants is provided in supplemental
material (Appendix 2).

Conflict of interest

Except for the authors listed below, others declare no conflict of inter-

est related to this article: JC: NIH ROT NS106014 and R03 NS112760; DANA
Foundation, McDonnell Foundation. SL: Belgian National Funds for Scientific
Research (FRS-FNRS), Human Brain Project (EU-H2020-fetflagship-hbp-sga1-
ga720270), National Natural Science Foundation of China (Joint Research Pro-
ject 81471100), Mind Science Foundation, European Foundation of Biomedical
Research FERB Onlus, BIAL Foundation, fund Generet of King Baudouin.

Author Contributions


https://doi.org/10.1007/s12028-022-01505-3
https://doi.org/10.1007/s12028-022-01505-3

All authors have met the requirements for authorship and have approved the
final manuscript. SM conceived, compiled, and drafted the article. All authors
contributed through the development of the scientific content that was
discussed at the National Institutes of Health symposium as well as through
critical review and feedback regarding the article. Individual session leads/
topic presenters and moderators facilitating panel discussion are identified in
the National Institutes of Health symposium Il program scheduled provided in
the supplementary material (Appendix 1).

Source of Support
This work is supported by the Neurocritical Care Society/Curing Coma
Campaign.

Open Access

This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted

by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 27 February 2022 Accepted: 29 March 2022
Published online: 10 May 2022

References

1. Koehler PJ, Wijdicks EF. Historical study of coma: looking back through
medical and neurological texts. Brain. 2008;131(Pt 3):877-89.

2. Posner JB, Saper CB, Schiff ND, Claassen J. Plum and Posner’s diagnosis
and treatment of stupor and coma. 5th ed. Oxford: Contemporary
Neurology Series; 2019.

3. Jennett B, Plum F. Persistent vegetative state after brain damage. A
syndrome in search of a name. Lancet. 1972;1(7753):734-7.

4. Teasdale G, Jennett B. Assessment of coma and impaired conscious-
ness. A practical scale. Lancet. 1974;2(7872):81-4.

5. Giacino JT, Ashwal S, Childs N, Cranford R, Jennett B, Katz DI, Kelly JP,
et al. The minimally conscious state: definition and diagnostic criteria.
Neurology. 2002;58(3):349-53.

6. Giacino JT, Kalmar K, Whyte J. The JFK coma recovery scale-revised:
measurement characteristics and diagnostic utility. Arch Phys Med
Rehabil. 2004;85(12):2020-9.

7. Owen AM, Coleman MR, Boly M, Davis MH, Laureys S, Pick-
ard JD. Detecting awareness in the vegetative state. Science.
2006;313(5792):1402.

8. Monti MM, Vanhaudenhuyse A, Coleman MR, Boly M, Pickard JD,
Tshibanda L, et al. Willful modulation of brain activity in disorders of
consciousness. N Engl J Med. 2010;362(7):579-89.

9. Cruse D, Chennu S, Chatelle C, Bekinschtein TA, Fernandez-Espejo D,
Pickard JD, et al. Bedside detection of awareness in the vegetative state:
a cohort study. Lancet. 2011;378(9809):2088-94.

10. Goldfine AM, Victor JD, Conte MM, Bardin JC, Schiff ND. Determination
of awareness in patients with severe brain injury using EEG power spec-
tral analysis. Clin Neurophysiol. 2011;122(11):2157-68.

11. Edlow BL, Chatelle C, Spencer CA, Chu CJ, Bodien YG, O'Connor KL,
et al. Early detection of consciousness in patients with acute severe
traumatic brain injury. Brain. 2017;140(9):2399-414.

12. Thibaut A, Panda R, Annen J, Sanz LR, Naccache L, Martial C, et al. Pres-
ervation of brain activity in unresponsive patients identifies MCS star.
Ann Neurol. 2021;90(1):89-100.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

Schiff ND. Cognitive motor dissociation following severe brain injuries.
JAMA Neurol. 2015;72(12):1413-5.

Gosseries O, Zasler ND, Laureys S. Recent advances in disorders of
consciousness: focus on the diagnosis. Brain Inj. 2014;28(9):1141-50.
Kondziella D, Friberg CK, Frokjaer VG, Fabricius M, Mgller K. Pre-

served consciousness in vegetative and minimal conscious states:
systematic review and meta-analysis. J Neurol Neurosurg Psychiatry.
2016,87(5):485-92.

Claassen J, Doyle K, Matory A, Couch C, Burger KM, Velazquez A, et al.
Detection of brain activation in unresponsive patients with acute brain
injury. N Engl J Med. 2019;380(26):2497-505.

Naccache L. Minimally conscious state or cortically mediated state?
Brain. 2018;141(4):949-60.

Rath K, Kreitzer N, Schlichter E, Lopez O, Ferioli S, Ngwenya LB, et al.
The experience of a neurocritical care admission and discharge for
patients and their families: a qualitative analysis. J Neurosci Nurs.
2020;52(4):179-85.

Uzendu A, Pagliaro J, Betancourt J, Egun C, Drachman D, Bhatt A, et al.
Make basic life support basic: a novel virtual hands only CPR training
program in minority school age youth. Resuscitation. 2021;167:93-4.
Provencio JJ, Hemphill JC, Claassen J, Edlow BL, Helbok R, Vespa PM,

et al. The Curing Coma Campaign: framing initial scientific challenges-
proceedings of the first Curing Coma Campaign Scientific Advisory
Council Meeting. Neurocrit Care. 2020;33:1-12.

Claassen J, Akbari Y, Alexander S, Bader MK, Bell K, Bleck TP, et al.
Proceedings of the first Curing Coma Campaign NIH Symposium: chal-
lenging the future of research for coma and disorders of consciousness.
Neurocrit Care. 2021;35(Suppl 1):4-23.

Luppi Al, Cain J, Spindler LRB, Gérska UJ, Toker D, Hudson AE, et al.
Mechanisms underlying disorders of consciousness: bridging gaps

to move toward an integrated translational science. Neurocrit Care.
2021;35(Suppl 1):37-54.

Kondziella D, Menon DK, Helbok R, Naccache L, Othman MH, Rass

V, et al. A precision medicine framework for classifying patients with
disorders of consciousness: Advanced Classification of Consciousness
Endotypes (ACCESS). Neurocrit Care. 2021;35(Suppl 1):27-36.

Olson DM, Hemphill JC 3rd. The Curing Coma Campaign: challeng-

ing the paradigm for disorders of consciousness. Neurocrit Care.
2021,;35(Suppl 1):1-3.

Stevens RD, Diringer MN. Coma science: the territory and the map.
Neurocrit Care. 2021;35(Suppl 1):24-6.

MacDonald AA, Naci L, MacDonald PA, Owen AM. Anesthesia and
neuroimaging: investigating the neural correlates of unconsciousness.
Trends Cogn Sci. 2015;19(2):100-7.

Adapa RM, Davis MH, Stamatakis EA, Absalom AR, Menon DK. Neural
correlates of successful semantic processing during propofol sedation.
Hum Brain Mapp. 2014;35(7):2935-49.

Fischer DB, Boes AD, Demertzi A, Evrard HC, Laureys S, Edlow BL, et al.
A human brain network derived from coma-causing brainstem lesions.
Neurology. 2016;87(23):2427-34.

Snider SB, Hsu J, Darby RR, Cooke D, Fischer D, Cohen AL, et al. Cortical
lesions causing loss of consciousness are anticorrelated with the dorsal
brainstem. Hum Brain Mapp. 2020;41(6):1520-31.

Hannawi Y, Lindquist MA, Caffo BS, Sair HI, Stevens RD. Resting brain
activity in disorders of consciousness: a systematic review and meta-
analysis. Neurology. 2015;84(12):1272-80.

Chennu S, O'Connor S, Adapa R, Menon DK, Bekinschtein TA. Brain
connectivity dissociates responsiveness from drug exposure during
propofol-induced transitions of consciousness. PLoS Comput Biol.
2016;12(1):21004669.

Barttfeld P, Bekinschtein TA, Salles A, Stamatakis EA, Adapa R, Menon DK,
et al. Factoring the brain signatures of anesthesia concentration and
level of arousal across individuals. Neurolmage Clin. 2015;9:385-91.

Liu X, Lauer KK, Ward BD, Li S-J, Hudetz AG. Differential effects of deep
sedation with propofol on the specific and nonspecific thalamocortical
systems: a functional magnetic resonance imaging study. Anesthesiol-
0gy. 2013;118(1):59-69.

Boveroux P, Vanhaudenhuyse A, Bruno M-A, Noirhomme Q, Lauwick S,
Luxen A, et al. Breakdown of within-and between-network resting state
functional magnetic resonance imaging connectivity during propofol-
induced loss of consciousness. Anesthesiology. 2010;113(5):1038-53.


http://creativecommons.org/licenses/by/4.0/

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.
50.

51

52.

53.

54.

55.

56.

57.

Chennu S, Stamatakis E, Menon D. The see-saw brain: recovering con-
sciousness after brain injury. Lancet Neurol. 2016;15(8):781-2.
Demertzi A, Tagliazucchi E, Dehaene S, Deco G, Barttfeld P, Raimondo F,
et al. Human consciousness is supported by dynamic complex patterns
of brain signal coordination. Sci Adv. 2019;5(2):eaat7603.

Edlow BL, Claassen J, Schiff ND, Greer DM. Recovery from disorders of
consciousness: mechanisms, prognosis and emerging therapies. Nat
Rev Neurol. 2021;17(3):135-56.

Craig MM, Misic B, Pappas |, Adapa RM, Menon DK, Stamatakis EA.
Propofol sedation-induced alterations in brain connectivity reflect
parvalbumin interneurone distribution in human cerebral cortex. Br J
Anaesth. 2021;126(4):835-44.

Estebanez L, Hoffmann D, Voigt BC, Poulet JF. Parvalbumin-expressing
GABAergic neurons in primary motor cortex signal reaching. Cell Rep.
2017,20(2):308-18.

Luppi Al, Mediano PA, Rosas FE, Allanson J, Pickard JD, Carhart-Harris
RL, et al. A synergistic workspace for human consciousness revealed by
integrated information decomposition. BioRxiv. 2020;11(25):398081.
Maass W, Parsons J, Purao S, Storey VC, Woo C. Data-driven meets the-
ory-driven research in the era of big data: opportunities and challenges
for information systems research. J Assoc Inf Syst. 2018;19(12):1253-73.
Tononi G, Boly M, Massimini M, Koch C. Integrated information theory:
from consciousness to its physical substrate. Nat Rev Neurosci.
2016;17(7):450-61.

Scott G, Carhart-Harris RL. Psychedelics as a treatment for disorders of
consciousness. Neurosci Conscious. 2019;2019(1):niz003-niz.

Dehaene S, Changeux JP, Naccache L, Sackur J, Sergent C. Conscious,
preconscious, and subliminal processing: a testable taxonomy. Trends
Cogn Sci. 2006;10(5):204-11.

Del Cul A, Baillet S, Dehaene S. Brain dynamics underlying the nonlinear
threshold for access to consciousness. PLoS Biol. 2007;5(10):e260.
Bekinschtein TA, Dehaene S, Rohaut B, Tadel F, Cohen L, Naccache L.
Neural signature of the conscious processing of auditory regularities.
Proc Natl Acad Sci PNAS. 2009;106(5):1672-7.

Toga AW, Crawford KL. The Alzheimer’s disease neuroimaging

initiative informatics core: a decade in review. Alzheimers Dement.
2015;11(7):832-9.

Broglio SP. McCrea M, McAllister T, Harezlak J, Katz B, Hack D, Hainline

B. A national study on the effects of concussion in collegiate athletes
and US military service academy members: the NCAA-DoD Concussion
Assessment, Research and Education (CARE) consortium structure and
methods. Sports Med. 2017;47(7):1437-51.

TBI Model systems. https://msktc.org/about-model-systems/tbi

Fins JJ. Saul Bellow's Coma: what neuroscience can learn from the
humanities. J Head Trauma Rehabil. 2020;35(2):160-2.

Weber D. The life of Saul Bellow: love and strife, 1965-2005 by Zachary
Leader (review). Shofar (West Lafayette, Ind). 2020;38(1):307-11.

Bardin JC, Fins JJ, Katz DI, Hersh J, Heier LA, Tabelow K, et al. Dis-
sociations between behavioural and functional magnetic resonance
imaging-based evaluations of cognitive function after brain injury.
Brain (London, England: 1878). 2011;134(Pt 3):769-82.

Bellow S. The view from intensive care. (Authors experience in inten-
sive care unit) (excerpt from work in progress published in Spring
1997 issue of News from the Republic of Letters). Harper’s (New York,
NY). 1997;295(1768):33.

Geocadin RG, Callaway CW, Fink EL, Golan E, Greer DM, Ko NU, et al.
Standards for studies of neurological prognostication in comatose
survivors of cardiac arrest: a scientific statement from the American
Heart Association. Circulation (New York, NY). 2019;140(9):e517-42.
Nolan JP, Sandroni C, Bottiger BW, Cariou A, Cronberg T, Friberg

H, et al. European resuscitation council and European society of
intensive care medicine guidelines 2021: post-resuscitation care.
Resuscitation. 2021;161:220-69.

Tong JT, Eyngorn |, Mlynash M, Albers GW, Hirsch KG. Functional
neurologic outcomes change over the first six months after cardiac
arrest. Critical Care Med. 2016;44(12):1202.

Arrich J, Zeiner A, Sterz F, Janata A, Uray T, Richling N, et al. Factors
associated with a change in functional outcome between one
month and six months after cardiac arrest: a retrospective cohort
study. Resuscitation. 2009;80(8):876-80.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Silvennoinen K, Meretoja A, Strbian D, Putaala J, Kaste M, Tatlisumak
T. Do-not-resuscitate (DNR) orders in patients with intracerebral hem-
orrhage. Int J Stroke. 2014;9(1):53-8.

Olson DM, Ortega-Pérez S. The cue-response theory and nurs-

ing care of the patient with acquired brain injury. J Neurosci Nurs.
2019;51(1):43-7.

Brown EN, Pavone KJ, Naranjo M. Multimodal general anesthesia:
theory and practice. Anesth Analg. 2018;127(5):1246-58.
Gottesmann C. What the cerveau isolé preparation tells us
nowadays about sleep-wake mechanisms? Neurosci Biobehav Rev.
1988;12(1):39-48.

Purdon PL, Sampson A, Pavone KJ, Brown EN. Clinical electroen-
cephalography for anesthesiologists: part I: background and basic
signatures. Anesthesiology. 2015;123(4):937-60.

Lewis LD, Weiner VS, Mukamel EA, Donoghue JA, Eskandar EN, Mad-
sen JR, et al. Rapid fragmentation of neuronal networks at the onset
of propofol-induced unconsciousness. Proc Natl Acad Sci PNAS.
2012;109(49):£3377-86.

Garwood IC, Chakravarty S, Donoghue J, Mahnke M, Kahali P,
Chamadia S, et al. A hidden Markov model reliably character-

izes ketamine-induced spectral dynamics in macaque local field
potentials and human electroencephalograms. PLoS Comput Biol.
2021;17(8):e1009280.

Brown EN, Purdon PL, Van Dort CJ. General anesthesia and altered
states of arousal: a systems neuroscience analysis. Annu Rev Neuro-
sci. 2011,;34:601-28.

Cornelissen L, Kim SE, Purdon PL, Brown EN, Berde CB. Age-depend-
ent electroencephalogram (EEG) patterns during sevoflurane general
anesthesia in infants. Elife. 2015;4:e06513.

Wilson JG, Calfee CS. ARDS subphenotypes: understanding a hetero-
geneous syndrome. Crit Care. 2020;24(1):102.

Beam DM, Brown J, Kaji AH, Lagina A, Levy PD, Maher PJ, et al.
Evolution of the strategies to innovate emergency care clinical trials
network (SIREN). Ann Emerg Med. 2020;75(3):400-7.

TRACK-TBI. https://tracktbi.ucsf.edu/transforming-research-and-clini
cal-knowledge-tbi.

NIH StrokeNEt. https://www.nihstrokenet.org/

Huie JR, Mondello S, Lindsell CJ, Antiga L, Yuh EL, Zanier ER, et al.
Biomarkers for traumatic brain injury: data standards and statistical
considerations. J Neurotrauma. 2021;38(18):2514-29.

Helbok R, Rass V, Beghi E, Bodien YG, Citerio G, Giacino JT, et al. The
Curing Coma Campaign International Survey on Coma Epidemiol-
ogy, Evaluation, and Therapy (COME TOGETHER). Neurocrit Care.
2022. https://doi.org/10.1007/512028-021-01425-8.

Edlow BL, Sanz LR, Polizzotto L, Pouratian N, Rolston JD, Snider SB,
et al. Therapies to restore consciousness in patients with severe
brain injuries: a gap analysis and future directions. Neurocrit Care.
2021;35(1):68-85.

Fridman EA, Osborne JR, Mozley PD, Victor JD, Schiff ND. Presynaptic
dopamine deficit in minimally conscious state patients following trau-
matic brain injury. Brain. 2019;142(7):1887-93.

Alkhachroum A, Eliseyev A, Der-Nigoghossian CA, Rubinos C, Kromm
JA, Mathews E, et al. EEG to detect early recovery of consciousness in
amantadine-treated acute brain injury patients. J Neurol Neurosurg
Psychiatry. 2020;,91(6):675-6.

Scott G, Zetterberg H, Jolly A, Cole JH, De Simoni S, Jenkins PO, et al.
Minocycline reduces chronic microglial activation after brain trauma
but increases neurodegeneration. Brain. 2018;141(2):459-71.

Spindler LR, Luppi Al, Adapa RM, Craig MM, Coppola P, Peattie AR, et al.
Dopaminergic brainstem disconnection is common to pharmacologi-
cal and pathological consciousness perturbation. Proc Natl Acad Sci.
2021. https://doi.org/10.1073/pnas.2026289118.

Edlow BL, Barra ME, Zhou DW, Foulkes AS, Snider SB, Threlkeld ZD, et al.
Personalized connectome mapping to guide targeted therapy and
promote recovery of consciousness in the intensive care unit. Neurocrit
Care. 2020;33(2):364-75.

Zuckerman DA, Giacino JT, Bodien YG. Traumatic brain injury: what is a
favorable outcome? J Neurotrauma. 2021. https://doi.org/10.1089/neu.
2021.0356.

Hammond FM, Giacino JT, Nakase Richardson R, Sherer M, Zafonte

RD, Whyte J, et al. Disorders of consciousness due to traumatic


https://msktc.org/about-model-systems/tbi
https://tracktbi.ucsf.edu/transforming-research-and-clinical-knowledge-tbi
https://tracktbi.ucsf.edu/transforming-research-and-clinical-knowledge-tbi
https://www.nihstrokenet.org/
https://doi.org/10.1007/s12028-021-01425-8
https://doi.org/10.1073/pnas.2026289118
https://doi.org/10.1089/neu.2021.0356
https://doi.org/10.1089/neu.2021.0356

81.

82.

83.

84.

85.

86.

87.

88.

89.

brain injury: functional status ten years post-injury. J Neurotrauma.
2019;36(7):1136-46.

Hammond FM, Perkins SM, Corrigan JD, Nakase-Richardson R, Brown
AW, O'Neil-Pirozzi TM, et al. Functional change from five to fifteen years
after traumatic brain injury. J Neurotrauma. 2021;38(7):858-69.

Katz DI, Polyak M, Coughlan D, Nichols M, Roche A. Natural history of
recovery from brain injury after prolonged disorders of consciousness:
outcome of patients admitted to inpatient rehabilitation with 1-4 year
follow-up. Prog Brain Res. 2009;177:73-88.

Giacino JT, Kalmar K. The vegetative and minimally conscious states: a
comparison of clinical features and functional outcome. J Head Trauma
Rehabil. 1997;12(4):36-51.

Giacino JT, Katz DI, Schiff ND, Whyte J, Ashman EJ, Ashwal S, et al.
Comprehensive systematic review update summary: disorders of
consciousness: report of the guideline development, dissemination,
and implementation subcommittee of the American Academy of
Neurology; the American Congress of Rehabilitation Medicine; and the
National Institute on Disability, Independent Living, and Rehabilitation
Research. Arch Phys Med Rehabil. 2018;99(9):1710-9.

Kowalski RG, Hammond FM, Weintraub AH, Nakase-Richardson R,
Zafonte RD, Whyte J, et al. Recovery of consciousness and functional
outcome in moderate and severe traumatic brain injury. JAMA Neurol.
2021;78(5):548-57.

Nakase-Richardson R, Whyte J, Giacino JT, Pavawalla S, Barnett SD,
Yablon SA, et al. Longitudinal outcome of patients with disordered con-
sciousness in the NIDRR TBI Model Systems Programs. J Neurotrauma.
2012;29(1):59-65.

Hammond FM, Katta-Charles S, Russell MB, Zafonte RD, Claassen J,
Wagner AK, et al. Research needs for prognostic modeling and trajec-
tory analysis in patients with disorders of consciousness. Neurocrit Care.
2021;35(Suppl 1):55-67.

Medical Rehabilitation Coordinating Committee N. National Insti-
tutes of Health research plan on rehabilitation. Assistive Technol.
2017;29(2):106-9.

McMahon P, Hricik A, Yue JK, Puccio AM, Inoue T, Lingsma HF, et al.
Symptomatology and functional outcome in mild traumatic brain
injury: results from the prospective TRACK-TBI study. J Neurotrauma.
2014;31(1):26-33.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Maas A, Menon D, Manley G, Andelic N, Aneassen L, Audibert G, et al.
Collaborative European neurotrauma effectiveness research in trau-
matic brain injury (CENTER-TBI): a prospective longitudinal observa-
tional study. Neurosurgery. 2015;76(1):67-80.

Dams-O’Connor K, Mellick D, Dreer LE, Hammond FM, Hoffman J,
Landau A, et al. Rehospitalization over 10 years among survivors of TBI:
a national institute on disability, independent living, and rehabilitation
research traumatic brain injury model systems study. J Head Trauma
Rehabil. 2017;32(3):147-57.

Tosetti P, Hicks RR, Theriault E, Phillips A, Koroshetz W, Draghia-Akli R.
Toward an international initiative for traumatic brain injury research. J
Neurotrauma. 2013;30(14):1211-22.

Morrison LJ, Nichol G, Rea TD, Christenson J, Callaway CW, Stephens

S, et al. Rationale, development and implementation of the Resusci-
tation Outcomes Consortium Epistry-Cardiac Arrest. Resuscitation.
2008;78(2):161-9. https://doi.org/10.1016/j.resuscitation.2008.02.020.
Allan K, Dorian P, Lin S. Developing a pan-Canadian registry of

sudden cardiac arrest: challenges and opportunities. CJC Open.
2019;1(2):53-61.

Beck B, Bray J, Smith K, Walker T, Grantham H, Hein C, et al. Establishing
the Aus-ROC Australian and New Zealand out-of-hospital cardiac arrest
Epistry. BMJ Open. 2016;6(4):e011027.

Fanaroff AA, Hack M, Walsh MC. The NICHD neonatal research network:
changes in practice and outcomes during the first 15 years. Semin
Perinatol. 2003;27(4):281-7.

Pediatric Trials Network. https://www.nichd.nih.gov/research/suppo
rted/ptn.

Hsu NS, Fang HY, David KK, Gnadt JW, Peng GC, Talley EM, et al. The
promise of the BRAIN initiative: NIH strategies for understanding neural
circuit function. Curr Opin Neurobiol. 2020,65:162-6.

Gimigliano F, Negrini S. The World Health Organization “Rehabilitation
2030: a call for action.”Eur J Phys Rehabil Med. 2017;53(2):155-68.
Wagner EH. Academia, chronic care, and the future of primary care. J
Gen Intern Med. 2010;25(Suppl 4):636-8.

Fins J. Rights come to mind: brain injury, ethics, and the struggle for
consciousness. Cambridge: Cambridge University Press; 2015.

NIH. NIH RePORTER. US Department of Health & Human Sciences. 2020.
https://reporter.nih.gov/. Accessed 5 Apr 2021.


https://doi.org/10.1016/j.resuscitation.2008.02.020
https://www.nichd.nih.gov/research/supported/ptn
https://www.nichd.nih.gov/research/supported/ptn
https://reporter.nih.gov/

	Proceedings of the Second Curing Coma Campaign NIH Symposium: Challenging the Future of Research for Coma and Disorders of Consciousness
	Abstract 
	Introduction
	The Patient’s Perspective
	Neurocritical Care Society in the Forefront of Curing Coma
	Biology of Coma and Consciousness
	Background
	Research Priorities for Biology of Coma
	Panel Discussion of the Approach
	Deliverables

	Coma Science Database
	Background
	Research Priorities for Coma Science Database
	Panel Discussion of the Approach
	Deliverables

	Neuroprognostication of Coma
	Background
	Research Priorities for Neuroprognostication
	Panel Discussion of the Approach
	Deliverables

	Care of the Coma Patients
	Background
	Research Priorities for Care of the Coma Patients
	Panel Discussion of the Approach
	Deliverables

	DoC and General Anesthesia
	Early Clinical Trials
	Background
	Research Priorities for Early Clinical Trials
	Panel Discussion of the Approach
	Deliverables

	Long Term Recovery
	Background
	Research Priorities of LTR WG
	Panel Discussion of the Approach
	Deliverables

	Ethical Considerations for the Patient in Coma
	Executive Summary
	Conclusions
	Acknowledgments
	References




