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Abstract

This proceedings article presents the scope of pediatric coma and disorders of consciousness based on presentations
and discussions at the First Pediatric Disorders of Consciousness Care and Research symposium held on September
14th, 2021. Herein we review the current state of pediatric coma care and research opportunities as well as shared
experiences from seasoned researchers and clinicians. Salient current challenges and opportunities in pediatric

and neonatal coma care and research were identified through the contributions of the presenters, who were Jose |.
Suarez, MD, Nina F. Schor, MD, PhD, Beth S. Slomine, PhD Erika Molteni, PhD, and Jan-Marino Ramirez, PhD, and moder-
ated by Varina L. Boerwinkle, MD, with overview by Mark Wainwright, MD, and subsequent audience discussion. The
program, executively planned by Varina L. Boerwinkle, MD, Mark Wainwright, MD, and Michelle Elena Schober, MD,
drove the identification and development of priorities for the pediatric neurocritical care community.
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Introduction

The Neurocritical Care Society’s Curing Coma Campaign
has ignited the advancement of research and care for
patients with disorders of consciousness (DoC), fueling a
new DoC focus group within the Pediatric Neurocritical
Care Research Group (PNCRG). Given the relative lack
of well validated technological and examination-based
diagnostic and prognostic assessment tools for children
with DoC, the initial initiative of the PNCRG DoC Focus
Group was to host the First Pediatric Disorders of Con-
sciousness Care and Research symposium. This event
took place virtually on September 14th, 2021, to dis-
cuss opportunities for collaborative clinical and bench
research, learn from the experience of researchers in
the field, and provide information about future efforts.
The event was attended by~ 75 people, who were pedi-
atric neurocritical care intensivists, neurologists, advance
practice providers, medical students, residents, fellows,
and research coordinators.

Thus, because the symposium was designed to inform
and inspire our research and care community, five dif-
ferent interested parties presented, one representing
the Neurocritical Care Research Central, one represent-
ing the National Institute of Neurological Disorders and
Stroke (NINDS), and three DoC investigators. The Neu-
rocritical Care Research Central representative over-
viewed the Curing Coma Campaign (CCC) mission,
committee structure, and current progress toward identi-
fied goals. The NINDS representative discussed the cur-
rent state of funded pediatric DoC studies relative to the
proportion of other works for prospective and pointed to
relevant viable funding opportunities. Of the three DoC
investigators, the first explained current pediatric DoC
examination-based standardized neurobehavioral meas-
ures, the second reviewed advanced technological DoC
biomarkers, and the third explored bench side work on
DoC network mechanisms.

These parties’ contributions summarized here highlight
the committees tasked with developing various aspects of
research and clinical care innovation needed for pediatric
patients with a DoC. This is the beginning phase of this
project, with great potential for promoting pediatric DoC
care advancement.

Background

Recent technological advancements enable detection of
states of covert consciousness when a patient appears
to be in coma but has higher awareness [1] and predic-
tion of DoC outcomes. This progress for adults with
DoC has inspired the pediatric coma caregiving com-
munity to launch similar efforts so that children and
neonates may come to similarly benefit from these and
future discoveries of cure of coma.

Severe acquired catastrophic brain injury, con-
genital, and other forms of relatively pediatric-centric
brain dysfunction, when leading to DoC, including
coma, unleashes disastrous consequences for the life
of the patients and their families [2]. DoC encompass
a spectrum of impairments that include alteration in
arousal and/or awareness of self and the environment.
The spectrum of DoC is currently classified into five
clinical states, as defined for the general population by
consensus-based guidelines [3]. The DoC are defined
by a combination of bedside-exam-based behavioral
markers and technological instrumental assessments
employed in coma and beyond (Table 1, Fig. 1). Each
state has different prognostic implications: coma, unre-
sponsiveness wakefulness syndrome/vegetative state
(UWS/VS), minimally conscious state (MCS), and
emergence from minimally conscious state (eMCS) [4—
6]. In addition to covert consciousness, the often con-
fused functional locked-in syndrome with clear signs of
awareness is further defined in Table 1.

A key practice gap stems from the lack of definition
of the neural correlates and developmental-behavioral
milestones of consciousness corresponding to respec-
tive states and developmental stages of consciousness
in younger children and neonates; consequently, the
DoC diagnoses have higher uncertainty, and the subse-
quent treatment and outcomes for these children remain
unclear [2].

Tools that can determine DoC in adults with absolute
certainty do not exist. Recent guidelines recommend
that any adult with DoC should be diagnosed with the
highest level of consciousness ascertainable based on
a multimodal approach that may include comprehen-
sive behavioral assessment, electroencephalography
(EEG), or task [14] and resting state fMRI (tb-fMRI and
rs-fMRI) [14—16]. The most recent of the professional
society guidelines (European Academy of Neurology,
2020) acknowledges the relative paucity of pediatric data
and posits that it is reasonable to consider application
of the advanced measures [15]. Given the alternative of
lack of checking for covert consciousness, or any of the
otherwise defined neural correlates of good DoC recov-
ery, in the context of relatively early withdrawal of life-
sustaining therapies (WoLST), removal of treatments
prolonging life that are no longer desired or do not pro-
vide comfort to the patient as determined by the patient
or patient proxy [17], in DoC [18], such implementation
may be the most ethical option, if available.

In pediatric populations, since the time of the most
recent guidelines, advanced magnetic resonance imag-
ing (MRI) and EEG technologies have been clinically
applied to the diagnosis or outcomes of DoC [19-25].
Clinical application of tb-fMRI and rs-fMRI after acute
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Table 1 Definitions and assessment of states of DoC

DoC

Coma

UWS/VS
MCS

eMCS

Covert consciousness

Behavioral features used to classify states of disorders of conscious-
ness

Complete absence of arousal and awareness; No periods of wakefulness;
eyes are closed [7]

Clear periods of sleep and wakefulness; responses are reflexive [8]

Periods of sleep and wakefulness with evidence of inconsistent, sustained,
reproducible purposeful or voluntary behavior [3]; MCS has been divided
into MCS— and MCS+[9]

MCS- low-level behavior without language (visual fixation, visual tracking,
localization of noxious stimulation, appropriate smiling or crying to
emotional stimuli)

MCS+ high-level behavior with language (e.g.,, command following; intel-
ligible verbalizations; intentional communication) 3]

Clear and consistent functional object use and/or functional communica-
tion (e.g., consistent, accurate yes/no responses)

A state of MCS+ or eMCS identified when volitional brain activities is detected by task-based fMRI or EEG in individuals who display behavioral
features of coma, VS/UWS, or MCS-, and thereby do not show command following at the bedside [10]. Synonymous terms are covert cognition and
cognitive motor dissociation (CMD) [1, 11, 12]. A subtle but key distinction among these terms centers around the possibility of covert awareness
and falsely negative task-based test. The limitation of the task-based command designed to illicit activation of the putative supporting network(s)
may not be among the remaining network supporting covert consciousness. Thus, CMD is defined by network activation to command. Whereas
covert consciousness is broader term encompassing CMD and awareness that is not necessarily detected by an applied task-paradigm, such as in
those with language deficits precluding command following but have intact alternate higher-level networks. Less specific is the term covert pro-
cessing, which is defined by network processing of internal or external stimuli that may or may not be occurring in a state of awareness. Examples
include night terrors or severe brain injury with only an isolated set of networks with processing capacity not linked to potential for awareness

LIS

eMCS defined by the process of recovery from brainstem injury with quadriplegia and aphonia with full awareness. In this process there is recovery of
cognitive abilities, arousal regulation impairment, and eye movements (classically vertical and blinking) [13]

AM

Not a DoC, but highlighted here to demonstrate this entity’s deficits that bear some overlap with eMCS typically after cerebellar surgery in which
there is command following but with significant response delays, functional use of objects but inconsistently, sustained visual pursuit, purposeful
but reduced or absent spontaneous movement, present sleep—wake, and partial awareness of the self in this condition [13]

VS/UWS vegetative state/unresponsive wakefulness syndrome, MCS minimally conscious state, fMRI functional magnetic resonance imaging, EEG
electroencephalogram, CMD cognitive motor dissociation, LIS Locked-in Syndrome, AM akinetic mutism

brain insult, when early WoLST may be impacted, has
been reported [19-22, 24]. These findings indicate the
potential in children for diagnosis of covert conscious-
ness, for detection of seizure onset zones not detectable
by EEG (thought to be due to deeply located pathological
networks), and for studying their association with long-
term cognitive, motor, and epilepsy outcomes [21-24, 26,
27]. In chronic pediatric DoC, fMRI and diffusion tensor
imaging also show associations with outcomes [28, 29].
Prior to these studies, certain extensively studied prog-
nostication tools have shown relatively high rates of false
negatives in children; these tools include somatosen-
sory evoked potentials [30], brainstem auditory evoked
response [31], standard electroencephalogram EEG [32],
structural MRI [33], and Transcranial Doppler Ultra-
sound [34].

The current approach to DoC outcome prognostica-
tion for children does not incorporate technologically
advanced solutions, that query for covert conscious-
ness or covert processing, or developmentally—and
outcome—validated behavioral bedside examinations

measures; rather prognostication currently depends on
clinician expertise, and therefore relies heavily on serial
clinical examination. These clinical examinations are
largely centered on phenotypically expressed function
and serial assessments, to determine whether changes
in behavioral responses are unequivocal, durable, and
significant. A commonly used pediatric coma scale is
the pediatric Glasgow Coma Score [35] and another, less
commonly applied, is the pediatric Full Outline of Unre-
sponsiveness score [7, 36, 37]. Each have significant limi-
tations: for example, Glasgow Coma Score is limited in
intubated and nonverbal children. The validated scale
includes children younger than 2 years old. However,
of those younger than 2 years, the age distribution and
number with DoC is unknown from the only study avail-
able (range 10 days after birth to 17.9 years old, standard
deviation 5.3 years, mean 8.3 years; 327 study partici-
pants were less than 2 years old, of which 15 had trau-
matic brain injury [TBI]) [38, 39]. In addition, neither of
the tests have been validated to determine DoC sever-
ity nor the desired accuracy and resolution at clinically
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Fig. 1 Multidimensional assessment of consciousness with pediatric
consideration. Patients in coma are evaluated for overt cognition and
motor function using the Coma Recovery Scale—Pediatrics (CRS-P),
among other available measures, which classifies the patient’s DoC. In
those who emerge from a minimally conscious state with language
(MCS+) to a confusional state, the Confusion Assessment Protocol
differentiates between a confusional state, cognitive dysfunction, and
full recovery in adults and older children. When there is no behavioral
evidence of language function (MCS-), task-functional MRI (fMRI)

or EEG evidence of command-following indicates cognitive motor
dissociation, fMRI or EEG responses within an association cortex
during passive stimuli indicate covert cortical processing, and an
absence of fMRI or EEG responses indicates a true negative fMRI/

EEG classification. In pediatrics, the feasibility hurdles of task-fMRI/
EEG (requirement of current awake state, developmental level of
adequate cognition for test instruction comprehension, trained
bedside technician, and extra equipment) may be overcome by rest-
ing state fMRI-based identification of DoC, possibly covert cognition,
treatable pathological networks, and stratification of both recovery
and epilepsy potential [19-25]. Patients with behavioral evidence of
language or higher cognition are classified as false negatives if there
are no fMRI or EEG responses, and as true positives if there are fMRI
and EEG responses. CLIS, complete locked-in syndrome; LIS, locked-in
syndrome; MCS—, minimally conscious state without language; VS/
UWS, vegetative state/unresponsive wakefulness syndrome. *Patients
with LIS are identified by the presence of consistent purpose-

ful movements, typically vertical eye movements, and a reliable
movement-based communication system. Patients with LIS who
demonstrate inconsistent movements would not be distinguishable
by behavioral measures from patients with CLIS, cognitive dysfunc-
tion, confusional state or MCS. Some patients with LIS are able to
communicate via assistive communication devices. Adapted with
permission from Edlow et al. [6]

relevant difference in outcome prognosis in children.
Comparatively, the Coma Recovery Scale- Revised (CRS-
R) is the gold standard behavioral assessment for adults
[40]. A modified version of the CRS-R for pediatrics was
developed, with promising results; the CRS-Pediatric
(CRS-P) differentiated between responses compatible

with arousal in UWS and eMCS in patients and healthy
children as young as 12 months [41]. Compared with cur-
rent assessments, new ones incorporate the impact in
quality of life from different perspectives. Two outcome
scales by Bedell et al. [42] and Soo et al. [43] were devel-
oped for children and include quality of life components
utilizing the World Health Organization International
Classification of Functioning and Disability.

The effect of underlying cause of coma and many other
factors when prognosticating or evaluation of coma
in children is understudied. Supportively, the practice
guidelines for diagnosis and management of DoC in chil-
dren are lacking [44, 45]. Of the 18 recommendations in
the 2018 practice guideline update, three of them refer
to pediatrics only to state that established therapies and
prognostication tools for children are not established
[14]. Pediatric outcomes after acquired brain injury differ
across a multitude of factors that increase the complex-
ity and reduce reliability of the forecast. The exception
of a few specific subgroups such as pediatric in-hospital
cardiac arrest [46, 47]. Outcomes after TBI, as in adults,
varies as a function of severity of injury and second-
ary insults. In children under one year of age, prognos-
tication is even more challenging in part because coma
assessments are less reliable particularly in the neonate
[48]. In one retrospective study of children with cata-
strophic brain injury, 70% of the population died after
withdrawal of life-sustaining support, whereas the major-
ity of survivors improved significantly after months to
years after injury [49]. In children under one year of age,
prognostication is even more challenging in part because
coma assessments are less reliable particularly in the neo-
nate [48]. In one retrospective study of children with cat-
astrophic brain injury, 70% of the population died after
WoLST, while most survivors improved significantly after
months to years after injury [49].

Thus, age-developmental level groups and broader
array of etiology than adults, to name a few, precluding
confident prognostication in many patients. Thus, the
developmental stage and pediatric-specific neuroplas-
ticity dramatically increases the variability of behavio-
ral expression of consciousness impacting recovery, and
cloud capacity of biomarkers lacking incorporation of
these factors. Steering away from less specific behavioral
based or gross measures of brain function toward bio-
markers more intimately measuring correlates of covert
consciousness stands to circumvent the insurmountable
degree of variability in pediatric acute brain injury for
more accurate neuroprognostication, as it has already
done so in adults. For example, the neonatal acute
brain injury study with acute phase rs-fMRI had more
associations with outcomes than other standard tests,
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event-related potentials, and quantitative EEG also show
promise across developmental capacities [22, 44].

Families who live this experience and navigate their
child’s a state of severe impairment, are tasked in being
a proxy to patient values while participating in care and
legal determinations based on multiple other considera-
tions including fulfilling resources for possibly a lifetime
of care, as well as cultural and religious concerns. Parents
reported that often a deeper level of family—community
support was not present due to the need for enduring
along with the child’s prolonged course, and the parent
burden of advocating gave them a feeling of being at odds
with the care and community members [50]. It appears
these sentiments may follow a three phased process with
the first characterized by the urge to be protective of life,
the second is being protective from suffering, and the
final is being protective of what remains to rebuild life
[51].

Despite advancements in current family support in sur-
rogate decisions, these provider-family communications
have yet to impact the long-term psychological distress
of the family, nor do they well address racial dispari-
ties in care experiences [52—54]. Thus, there is room for
improvement in the care team approach in this environ-
ment. Families have expressed a desire for direct and
clear information about condition and prognosis, as well
as uncertainties, which have impacted recent care recom-
mendations [54].

There is scant information to inform therapy during
the acute phase of pediatric DoC. Amantadine, thus far,
is the only well validated therapy, though other medica-
tion-based neuromodulating and neurostimulants have
suggested benefit [2, 15, 18, 55, 56]. As the current guide-
lines and future pathways described by the CCC experts,
advanced therapies in various stages of validation of
adults include neuromodulation through stimulation
from sources such as deep brain stimulator, vagal nerve
stimulation, and transcranial magnetic stimulation. These
may also be shown to improve outcomes in children.

Early initiation of inpatient rehabilitation after TBI
indicated acute care improves outcomes [57, 58]. How-
ever, only 27% of children in the US transfer to inpatient
rehabilitation [59], pointing toward limited access. The
limited access by all supportive data is financially driven.
Total health care costs after moderate and severe TBI
in children are 88% higher than for mild TBI despite
accounting for~3% and 97% of this patient population,
respectively [60]. In the United States, White children are
more likely to receive inpatient rehabilitation compared
with Black children, despite higher incidence of TBI-
acute care in the later [61]. Age, insurance status, and
geographical location are associated with inpatient reha-
bilitation in children after TBI-acute hospitalization [59].

Children without insurance coverage were 68% less likely
to transfer to inpatient rehabilitation, compared with
those with Medicaid coverage.

Socioeconomic status can influence the recovery in
terms of behavioral, social, and academic outcomes
[62, 63] after severe TBI in children. More behavioral
problems, and worse adaptive ability or academic per-
formance following severe TBI are found in the lower
economic rank [64—66]. Family dysfunction and car-
egiver burden negatively impact the long-term recovery
[67-69], and worsen social outcomes [70].

In making WoLST determinations, families of children
reported the most to least important factors were based
on suffering (64%), quality of life (51%), influence of phy-
sician-delivered prognosis (43%), and financial burden
(7%) [71].

The pediatric arm of the Neurocritical Care Society
and the PNCRG are aware of the relative lack of well vali-
dated technological and examination-based diagnostic
and prognostic assessment tools for children with DoC
and the validated means of well integrating them into
care of children taking into consideration family perspec-
tives. For this purpose, this symposium took place, and
this article intends to summarize the symposium and
leaderships’ contributions, discussed in Parts I-VI below.
From these discussions, Table 2 describes the summary
of symposium-driven prioritized research needs and sug-
gested approaches to advance the pediatric DoC research
and clinical practice.

CCC and International Efforts: Update by Jose I. Suarez,
MD.

The Neurocritical Care Research Central and sub-
committees have worked efficiently to address expert
opinions and identify knowledge gaps to improve the
standard of care in patients with DoC. For this purpose,
the CCC was officially launched at the 17th Neurocriti-
cal Care Society Annual Meeting in Vancouver in Octo-
ber 2019 [18]. The principal objective for the CCC is to
tackle the goal of coordinating a global public health and
research effort around the unifying concept that coma is
a treatable medical entity. To achieve this objective, the
CCC identified three principal elements: coma and DoC
endotyping, biomarkers, and proof-of-concept clinical
trials. The CCC seeks to break down barriers to global
research, advocacy, and awareness by increasing knowl-
edge about patients with DoC, enhance scientific efforts
to understand coma, describe current clinical manage-
ment, and to define knowledge gaps. The first CCC and
Scientific Advisory Council meeting served to frame the
initial scientific challenges. The second meeting was vir-
tual due to the coronavirus disease of 2019 pandemic.
The proceedings from the meetings detailing the expert
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determinations and discussions on future research for
common DoC were published [18, 72].

The process involves three major steps. The first step is
creating the CCC community, in which pediatric repre-
sentation has been a success. The second is designing and
employing the CCC infrastructure (Fig. 2), and finally, the
third is tackling the “grand challenge” of improving con-
sciousness recovery [73]. The CCC’s Scientific Advisory
Council is a small group of individuals who direct the
campaign’s mission and promote interactions between all
the modules and working groups.

Eight major workgroups were created to develop the
scientific roadmap of the CCC across several domains: (1)
Coma Science/Biology of Coma, (2) Coma Database, (3)
Funding and Incentives, (4) Care of Comatose Patients,
(5) Rules of Engagement, (6) Ethics, (7) Prospective Stud-
ies, and (8) Common Data Elements (CDE). In addition,
eight modules were established to focus on the execution
of the CCC priorities and outreach: (1) Coma Data Sci-
ence, (2) Implementation Science, (3) Community of Col-
laborators, (4) Investigators Toolkit, (5) Engagement, (6)
Member Sites, (7) Expert Liaisons, and (8) World Coma
Day.

The DoC CDE project was developed in collaboration
with the NINDS (Program Officer: Carolina Mendoza-
Puccini), which aims to improve DoC clinical research
using content standards that allow clinical researchers

to systematically collect, analyze, and share data across
the research community. The final DoC CDE pro-
ject is expected to be finalized by the end of 2022. The
impact of the project is to reduce time and subsequent
cost of developing data collection instruments, reduce
study start-up time, promote consistent data collec-
tion, improve data quality, and encourage collaboration
between studies.

The Prospective Studies working group developed
World Coma Day, a virtual symposium spanning 24 h
including people from around the world. The World
Coma Day was designed to inform and share expert
experiences related to coma care and research. The idea
is not only to identify what is known, but also to inform
on how to gain access to the data, learn from each other’s
experience, avoid replication of mistakes, and learn from
successes. For example, World Coma Day 2022 featured
interviews with the first pediatric patients discovered to
be in covert consciousness with their families [19, 20,
74, 75] which emphasized the potential for the advanced
brain-network based markers in children with coma.

The most recent addition is the Care of Comatose
Patients working group headed by Daiwai Olson, a
registered nurse from University of Texas Southwest-
ern, and Gisele Sampaio Silva from the University
of Sao Paulo in Brazil. The objective of this working
group is to focus on the science of current care and

Mission Control
»

v

Steering Committee

Coma Data tation |
Science Science
[ ity of | Investigator
__Collaborators | Toolkit
Engagement Member Sites

Expert Liaisons World Coma Day

Advisory Council

Coma Prospective
Science Studies
" Funding and ~ Common Data
Incentives Elements
Rules of Care of the
Engagement Patient In Coma
Ethics

Existing
Datasets

Fig. 2 Organizational structure of the Curing Coma Campaign. Reprinted with permission [73]
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investigate evidence-based best practices of bedside
care in coma, especially in relation to nursing prac-
tices. One main area of investigation would be the
determination of practice variability with the aim to
standardize such heterogeneity of care and its impact
on patient outcome.

There is also a governance group who establish the
campaigns policies of scientific review and rules of
engagement for the working groups and with this, the
development of principles of scientific collaboration
and participation to set clear expectations about data
use and sharing and publication authorship.

In addition, the CCC has been working directly with
Dr. Jeremy Brown, Director of the Office of Emergency
Care Research, at NINDS, thereby demonstrating to
the community the importance of this effort. Moreo-
ver, the Neurocritical Care Foundation (NCCF) was
recently approved by the Neurocritical Care Society
Board of Directors with the idea of encouraging phil-
anthropic funding. Since its inception in early 2022,
the NCCF’s main goal has been to foster collabora-
tion between individuals and entities that support and
perform neurocritical care research projects including
those related to the CCC.

The Prospective Studies and the Existing Data-
base work groups continue exploring other research
funding opportunities. The campaign is focusing on
NINDS based funding, but other federal agencies are
being explored such as other areas within the National
Institutes of Health (NIH), Patient-Centered Out-
comes Research Institute, and philanthropic funding.

The Mission Control is the centralized manager,
interacting with all the operational modules and work-
ing groups, while promoting their independence. For
example, the Engagement Module led by Theresa
Human and Stephan Mayer, have been very active at
overseeing the investigator toolkit and management of
social media, including the World Coma Day.

Since the CCC was launched, the common message
has been to provide hope for those patients with DoC,
including children, and advocate to improve health,
and making research a top priority given the lack of
cohesion and direction across neurocritical care. To
reach the goal, the Neurocritical Care Society encour-
ages involvement from primarily researchers, clini-
cians, and trainees (Fig. 2).

Funding for CCC Initiatives: A Focus on Children,

as reviewed by Dr. Nina F. Schor, MD, PhD.

Background: Current Status

Currently NIH-funded DoC research, as determined
using a query of publicly available NIH database,
Reporter [76], revealed that, as of July 2021, 886 active

grants to study research related to the keyword “con-
sciousness” were funded by the USA’s NINDS, the “neu-
rological institute” Fig. 3 breaks these grants down by
topical focus and demonstrates the prominence among
funded grants of research related to TBI, epilepsy, and
basic mechanisms of consciousness. An analogous
search for active grants related to the intersection of the
keywords “consciousness” and “children” revealed 100
grants were funded by NINDS. Figure 4 demonstrates the
prominence of TBI, epilepsy, and malaria. Related to sup-
pressed consciousness, a focused initiative on childhood
cerebral malaria was ongoing through the Fogarty Inter-
national Center at NIH.

These data underscore several important points. First,
in this temporal snapshot of NINDS-funded grants, only
11% of grants related to consciousness involve the study
of consciousness in childhood. Second, TBI and epilepsy
account for a higher percentage of studies of conscious-
ness in children than in adults. Third, studies of chil-
dren predominate among studies of infectious causes of
abnormalities of consciousness. Fourth, studies of chil-
dren account for half of studies of metabolic causes of
abnormalities of consciousness.

NINDS-funded studies of basic mechanisms of con-
sciousness predominantly involve adult model systems,
whereas mechanistic studies of developmental aspects of
consciousness appear to be uncommon. In addition, less
commonly studied aspects of consciousness in childhood
than in adults include vascular disorders, ingestions,
cardiopulmonary arrest, and health and health care dis-
parities. It is not possible from these data to distinguish
among possible reasons for this discrepancy. However,
pediatric critical care medicine is a very young research
discipline relative to its adult-focused counterpart [77],
making it likely that a lower frequency of submission of
proposals to study developmental aspects of conscious-
ness is a contributor to this discrepancy.

Objectives: Future Aims
Over approximately 1.5 years, NINDS worked and part-
nered with patients, grantees, trainees, and colleagues in
the industrial and advocacy communities to create the
2021-2026 NINDS Strategic Plan (https://bit.ly/NINDS
StrategicPlan) [78]. Many of the critically important but
understudied aspects of consciousness in childhood are
reflected in the priorities of the NINDS Strategic Plan.
Eleven cross-cutting themes (https://bit.ly/NINDS
Cross-cuttingStrategies) [79] overarch the Strategic Plan.
They include equity, diversity, and inclusion; rigor and
transparency; investigator-initiated research; innovative
team science; neuro-ethics; patient engagement; access
to technology; valuing the entire spectrum of model
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Topical Distribution of NINDS Grants on "Consciousness” (n=886)
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systems for research; data sharing and data science; col-
laboration and partnership; and leveraging the unique
NINDS intramural research program to understand bio-
logical function and improve human health.

Three of these themes, namely: equity, diversity, and
inclusion; neuro-ethics; and patient engagement in
study design and operationalization, will facilitate our
understanding of the cultural, philosophical, ethical,
and socioeconomic determinants and significance of
consciousness and disorders thereof in childhood. Both
investigator-initiated and team science will be critical
contributors to the science of the future. Innovation in
study design and analysis is necessary to ensure that the
complexities of developmental modulation of the mani-
festations and outcomes of DoC are understood. Rigor,
transparency, and data sharing are essential elements of
the generation of any credible, useful body of scientific
knowledge, especially one that impacts children and fam-
ilies so robustly. Democratization of access to technol-
ogy; valuing the whole spectrum of experimental models,
from in vitro and ex vivo assays to cellular studies like
those using induced pluripotent stem cells to organoids
to animal and human studies; and collaboration and part-
nership, including that between the extramural scientific
community and the unique resources and capabilities of
the intramural NIH workforce, will bring everything we
can to bear on the science and medicine of childhood
coma.

The objectives of the Science Taskforce of the NINDS
Strategic Planning Initiative underscored the fact that
NINDS feels strongly that the scientific community itself
should define what is important and what is topically
current and that NINDS should fund the very best sci-
ence in whatever topical areas are the subjects of submit-
ted applications.

Consequently, the scientific objectives (https://bit.ly/
NINDSNeuroscienceResearch) [80] of the Strategic Plan
do not refer to a specific disease or part of the nervous
system. Rather, they aim to understand the basic sci-
ence of the healthy nervous system and develop and
validate biomarkers for disease, resilience, susceptibility,
and recovery in the nervous system; accelerate devel-
opment of individualized treatments for disease that
improve quality of life, resilience, and recovery in the
nervous system; optimize use of developed treatments;
develop individualized testing and monitoring of dis-
ease in the nervous system; develop individualized pre-
ventive strategies for disease in the nervous system; and
advance health equity, including ensuring the accessibil-
ity, availability, and acceptability of developed diagnostic
strategies, therapies, tests, monitoring, and preventive
strategies to all people.

In short, NINDS hopes to get grant application submis-
sions for studies of, for example, consciousness and dis-
orders thereof in childhood from the most basic science
to the most directly translational studies.

In its decisions about which grant applications to fund,
NINDS funds first those applications judged by study
sections, most of which are assembled and run by the
NIH Center for Scientific Review and not by any of the
NIH institutes, to be the most meritorious science. The
priority score assigned to a proposal by a study section
is the most important determinant of whether it will be
funded by NINDS. In addition, applications from high
priority investigators, including early-stage investigators,
investigators whose funding will run out and who need a
one-year “bridge” to submitting their revised application,
and investigators who bring a unique background and
perspective to the science of their work; and applications
that focus on high priority issues, recently including the
coronavirus disease of 2019 pandemic, may receive spe-
cial consideration from NINDS.

Finally, special, congressionally mandated initiatives,
including Helping to End Addiction Long-term, Brain
Research through Advancing Innovative Neurotechnolo-
gies, and Alzheimer’s disease related dementia, are con-
sidered in the context of funds allocated solely for use in
these initiatives (https://bit.ly/NINDSFunding) [81].

Future directions: Advancements from pediatric neurocritical
care and the CCC

NINDS believes the future is yours to create and ours to
enable and fuel! As you envision your research endeavors,
you should ask yourself the following critical questions:

+ What do those in the field think are the most impor-
tant questions and issues?

+ What do the patients and families affected by DoC
think are the most important questions and issues?

+ What new tools are needed or need to be validated
(particularly for use in children) to answer those
questions and solve those issues?

+ What populations have not optimally benefited from
currently available answers and solutions?

NINDS wants to fund the very best science, launch
new investigators, sustain current excellent investigators,
and train and build a diverse workforce in service of its
mission: to seek fundamental knowledge about the brain
and nervous system and to use that knowledge to reduce
the burden of neurological disease for all people (https://
bit.ly/NINDSMission) [82]. We at NINDS are grateful for
your partnership and look forward to enabling the future
you imagine and fueling, with you, the health and well-
being of children and families!
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Validity of Exam-Based (Neurobehavioral) Biomarkers

of DoC in the Pediatric Age Spectrum (Infant, Child,
Adolescence) and Pediatric Outcome Assessments,

as reviewed by Beth Slomine, PhD.

This section focuses on neurobehavioral assessment for
diagnosing states of DoC in children, especially very
young children, and describing methods for assessment
of long-term neurobehavioral outcomes (Fig. 5).

Neurobehavioral Assessment

Several neurobehavioral measures have been developed
to detect behavioral biomarkers of DoC and eMCS in
adults. The Coma Recovery Scale — Revised (CRS-R) has
the highest evidence for adequate reliability and validity
in adults compared to others available [40]. The CRS-R,
however, has not been validated in children. Understand-
ing the bedside exam-based behavioral biomarkers of
DoC is particularly challenging in the youngest children
due to their limited repertoire of developmentally appro-
priate skills that are consistent with conscious behavior
as described in adults.

To better assess the behavioral features of DoC in
young children, the CRS-Pediatrics (CRS-P) was devel-
oped and c preliminary validation of this tool has been
reported in a typically developing cohort of very young
children [41]. Investigation of behavioral responses to
CRS-P items across distinct age levels is an initial step
toward clinical application of this tool. When developing
the CRS-P, modifications were made to make the meas-
ure more pediatric-friendly.

Two of the main modifications of the CRS-P include
changes to the two behavioral indicators of eMCS [func-
tional communication (FC) and functional object use
(FOU)]. On the original CRS-R, FC is defined as accu-
rate yes/no responses to 6/6 yes or no questions; FOU
is defined as demonstrating use of two different objects
functionally on command to 4/4 trials. For the FC item
of CRS-P, a picture book modality was added to promote
age-appropriate engagement in very young children, and
for the FOU item of the CRS-P, scoring criteria were

changed to allow spontaneous occurrences to be credited
if required response criteria were met (instead of only
scoring responses to commands to use the objects).

The CRS-P was administered to 33 children ages
8-59 months (49% men, 85% White). Interrater reliabil-
ity for the CRS-P subscale scores was strong, suggest-
ing that the CRS-P can be reliably administered in very
young children. All children who were at least 12 months
of age showed FOU (#=29) and no child displayed FC
without FOU. Of those 29 children who displayed FOU,
13 (45%) also displayed FC. Of those who demonstrated
FC, the youngest was 29 months of age. Importantly, 4/29
children (13.7%) displayed FOU only with the CRS-P
modifications, and 2/13 (15%) displayed FC only with the
CRS-P modifications [40].

Findings demonstrate that these modifications to the
FC and FOU items of the CRS-R were useful in captur-
ing behavioral biomarkers consistent with eMCS in typi-
cally developing children. Moreover, FOU can be seen in
children as young as 12 months of age whereas FC was
not observed until at least age 2 years. Results suggest
that the CRS-P is appropriate for clinical use in children
who are at least 12 months of age and had normal devel-
opment prior to brain injury. Given that language-based
behavioral biomarkers of eMCS are not consistently pre-
sent in typically developing children under the age of
3 years, even with the CRS-P modifications, the CRS-P
should be used cautiously with young children who may
not yet have developed the necessary language skills to
demonstrate FC and who have injury-related or preexist-
ing visual and motor impairments that may impact their
ability to demonstrate FOU.

In another study, in parallel to the development and
preliminary validation of the CRS-P, behavioral fea-
tures of very young children (n=54; 6-months through
5 years) who were admitted to an inpatient rehabilita-
tion facility following TBI or acquired brain injury were
explored [83]. At admission to inpatient rehabilitation, on
average 38 days after injury, 15 children displayed char-
acteristics consistent with VS (28%), 15 demonstrated

(See figure on next page.)

using the picture book question set.

Fig. 5 Functional Object Use (FOU) and Functional Communication (FC) on the Coma Recovery Scale — Pediatrics (CRS-P) in a Typically Develop-
ing Sample of Young Children. A Percent of sample meeting criteria for FOU and FC by age on CRP-S. Twenty-nine (88%) of the 33 participants
displayed at least one of the two behaviors that signal emergence into a conscious state using either the original or modified CRS-P criteria. All 29
exhibited FOU, while 13 (45%) also showed FC. There were no cases in which FC occurred in the absence of FOU. Two of the participants who dem-
onstrated FC were < 3 years of age (29 and 32 months). The remainder of the sample were at least 3 years old. B Percent meeting criteria for FOU by
age on the original Coma Recovery Scale- Revised and CRS-P. FOU, defined by CRS-R as movements generally compatible with a specific function
of object, was observed in all children over 12 months of age. A total of four (13%) of the 29 children who did not exhibit FOU based on the original
CRS-R scoring instructions met the modified criteria for FOU. € Percent meeting criteria for FC by age on the original Coma Recovery Scale- Revised
and CRS-P. Thirteen children, all at least 29 months of age, demonstrated functional communication (defined in the CRS-R as clearly discernible

and accurate verbal or gestural “yes” or “no” responses to six consecutive visual or aurally based situational orientation questions or by the modified
CRS-P criteria, which require clearly discernible and accurate verbal or gestural “yes” or “no” responses to six consecutive questions about images in

a picture book). Among these 13 children, two participants (ages 32 and 37 months) who did not display FC utilizing the original CRS-R met criteria
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A — Percent meeting criteria for FOU and FC by age on the CRS-P
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Fig.5 (See legend on previous page.)

characteristics consistent with MCS (28%), and 24 dem-  of contingent affect (an emotional reaction consistent
onstrated characteristics consistent with eMCS (44%).  with the situation that suggests awareness of the environ-
The most common feature of MCS was demonstration  ment); however, only two children were classified as MCS
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due to demonstrating contingent affect only. Other com-
mon features of MCS included visual fixation or pursuit,
automatic motor behavior, and contingent communica-
tive intent. No children in MCS showed command-fol-
lowing or intelligible verbalizations. Of those in VS at
admission, 9/15 children (60%) emerged to MCS and
none to eMCS by discharge. Of those in MCS at admis-
sion, 5/15 children (33%) emerged from MCS by dis-
charge, and none were classified as UWS/VS at discharge.

Similar to the CRS-P development and validation study
[41], FOU (based on spontaneous behavior) was observed
in all children in eMCS, and FC was observed in a sub-
set. Also, the youngest child showing FOU at admission
was 12-months of age, and the youngest showing FC was
older (20-months-old). Taken together, results of both
studies highlight the need for pediatric-specific behavio-
ral biomarkers of DoC, especially in very young children,
as visual and motor skills may be most applicable in diag-
nosis states of DoC, and language-based skills may be less
applicable. Moreover, using pediatric-specific behavioral
biomarkers, identification of states of DoC at admission
to inpatient rehabilitation may have important prognos-
tic implications.

Long-Term Outcomes Assessment

Research exploring long-term neurobehavioral outcomes
after pediatric DoC is limited. As a result, little is known
about the natural history of DoC and predictors of out-
come [14]. There are many challenges to studying long-
term outcomes after pediatric DoC, including the small
number of patients with prolonged DoC at individual
centers, lack of coordinated care for children pediatric
DoC which results in loss to clinical and research follow-
up, and limited set of measures available to capture the
full range of outcomes across the entire pediatric age
range. Moreover, studies requiring onsite follow-up at
an academic medical center to collect outcomes place a
high burden of time and resources on professionals and
families. Using clinical data from follow-up appoint-
ments at a medical center and obtaining information via
telephone follow-up are two methodologies that have
potential to successfully address these challenges. Below
are two examples of studies of long-term neurobehavio-
ral outcomes in children with a period of pediatric DoC.
In one study, clinical follow-up data were used and, in the
other, caregiver-report of child functioning obtained via
telephone was utilized.

In one study, outcomes were obtained via chart review
in 37 children ages 2—18 years who were admitted to a
pediatric inpatient facility with DoC following TBL
Mean time from injury to rehabilitation admission was
28 days. Those included had follow-up at 1-year and
either another follow-up appointment (>2 years after

injury) or died after their 1-year visit [84]. Clinical notes
were reviewed at 1-year and most recent follow-up (2 to
12 years after injury) to rate the Glasgow Outcome Scale-
Extended for Pediatrics (GOS-E peds) and determine
state of DoC. By 1-year follow-up, 3 (8.1%) were in VS,
7 (18.9%) were in MCS, and 27 (73.0%) were eMCS. By
most recent follow-up, four patients died and two more
emerged (one in MCS +at 1-year emerged by 1.3 years
post injury; one in MCS- at 1-year emerged by 2.2 years
post injury). Among the 33 survivors, 69.2% (9/13) in VS
at admission emerged, whereas 95% (19/20) in MCS at
admission emerged (x> [1]=4.07, p=0.04). None of the
three individuals still in VS at 1 year showed improve-
ment by the most recent follow-up. Of the 33 surviving
to the most recent follow-up, 6 (18.1%) improved on the
GOS-E Peds between 1-year and most recent follow-up.

Results highlight that most children in DoC at admis-
sion for rehabilitation after TBI are at high risk for long-
term disability, although most emerged from MCS. A
minority showed gains in functioning more than 1-year
post-injury. Limitations include the small sample size
from one institution with data collected over 14 years.

In another study, feasibility and utility of measures of
long-term outcomes collected via telephone interview
was examined in a convenience sample of 41 caregivers
of children from two different hospitals who were admit-
ted to inpatient rehabilitation in a state of DoC follow-
ing either traumatic or acquired brain injury, using the
Vineland-3, a detailed measure of neurobehavioral func-
tioning, and the Glasgow Outcome Scale — Extended
for Pediatrics (GOS-E Peds), a much shorter measure of
global neurological functioning [85, 86]. All those who
consented completed the interview. Time from injury
to follow-up ranged from 1 to 17 years since injury
(mean=>5 years). Administration time of the GOS-E
Peds ranged from 2 to 10 min (m=3.14) and the Vine-
land-3 ranged from 13 to 101 min (m=50.38). While
less than 10% of patients were rated as vegetative on the
GOS-E Peds (the lowest score in survivors), 19.5% earned
the lowest possible score on the Vineland-3.

Findings from this convenience sample suggest that
telephone administration of the GOS-E Peds and Vine-
land-3 are feasible and complementary in capturing
long-term outcomes in children with a history of DoC
after brain injury for traumatic or acquired etiologies; if
both measures are used together, range and variability
are maximized. Neither measure captures the behaviors
necessary to classify a state of DoC and other measures
may be needed to supplement, should this be an outcome
of interest. As such, caution is needed when using these
measures when state of DoC is an outcome of interest.

Importantly, while improvement can occur after pedi-
atric DoC, significant long-term disability and a high
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level of ongoing needs is common. In both the TBI and
mixed brain injury samples described above, the largest
proportion of children (43% and 54% respectively) fell
in the “lower severe disability” category on the GOS-E
Peds (requiring assistance for activities of daily living in
the home every day) [61, 62]. Moreover, the caregivers
who participated in the telephone outcomes study [62]
reported that 80% of the children required a wheelchair,
51% had a feeding tube, and 51% had unmet healthcare
needs at the time of follow-up [86].

Taken together, our understanding of pediatric DoC is
in its infancy. Future research exploring neurobehavio-
ral tools for assessment of states of DoC and describing
long-term outcomes after pediatric DoC require larger
sample sizes that will only be achieved through multi-
center collaboration and use of CDE to allow for compar-
ison across centers.

2.4. Use of Medical Devices and Technological Instru-
mentation for Assessing the Neurorehabilitation Path
and Outcome after Acquired Brain Injury in the Pediatric
Population, as reviewed by Erika Molteni, PhD.

DoC misdiagnosis rates may be as high as 20% for
adults using neurobehavioral tools [87). In children the
rate of misdiagnosis can only be higher, due to incomplete
development of some assessed abilities. In addition, inac-
curate or erroneous diagnosis affects the formulation of
a precise long-term prognosis, which can impact short-
term decisions, such as the treatments offered, and the
WoLST.

WoLST is inhomogeneous across countries, as different
legal contexts make interruption of therapy for persons in
VS a variegated practice. For example, in Europe, sharp
differences have been estimated for WoLST between Italy
(8% of cases), Spain (34%), France (50%) and England
(85%) [88]. Three percent of all deaths among pediatric
intensive care unit admissions are related to poor neuro-
logical status leading to the WoLST [89]. In the neona-
tal population, 2—6 per 1000 live births have acute brain
injury, of which 1.5 per 1000 is from neonatal hypoxic
ischemic encephalopathy [90, 91]. These patients have
20% moderate to severe morbidity and 25% mortality,
with 91% of deaths due to withdrawal of life-sustaining
therapy (WLST) [92]. In most, WoLST is informed by the
DoC examination linked to brain imaging and electro-
physiology [18]. However, because there are no consensus
definitions of neonatal and young children consciousness
or DoC [2], the link between exam and imaging-electro-
physiology is inherently unknown. Since consciousness
cannot be clearly defined nor thereby determined or, at
best, encompass less specific DOC categorizations than
older children and adults, then reliance on imaging-
electrophysiology in WoLST determinations will remain
higher in neonates and young children. The combination

of average DoC misdiagnosis rates (e.g., ~40%) and high
WoLST rates (e.g., ~85%) determines high rates of inap-
propriate interruption of treatment in patients with a
DoC (in this example, ~8.5% of interruptions in patients
who had better condition than the one diagnosed, if
assuming equal chances of optimistic and pessimistic
misdiagnosis) [93]. The scientific community, together
with the clinical practitioners, has the responsibility to
decrease this rate as much as possible.

Assessment through medical devices or instrumen-
tation can assist in decreasing the diagnostic and prog-
nostic errors. The two main techniques used in pediatric
DoC are neurophysiology recordings and brain imaging
through computed tomography (CT) and MRIL.

Neurophysiology methods, particularly electroenceph-
alography, are not new to the field. EEG is applied in vari-
ous DoC etiologies, including TBI and encephalitis. For
decades it has been assisting the characterization of fac-
tors that hamper recovery or mask signs of consciousness
such as status epilepticus, epilepsy, jerks, myoclonus, and
paroxysm, including the identification of seizure foci [94].
Nowadays, EEG is also used to identify the cortical reac-
tivity to cognitive or emotional stimuli; It helps exclude
cases of “locked-in” syndrome and covert cognition; and
it is deemed to have some prognostic value [6, 95, 96].
For these reasons, its use is extended beyond the acute
brain injury, in the post-acute and chronic phase of DoC.

Emergence from a coma toward UWS/VS and then
higher levels of consciousness corresponds to the pro-
gressive restructuring of the circadian rhythm, includ-
ing the alternation of sleep and wake periods. Children’s
sleep is sensibly different from adults’ sleep, and it gen-
erally consists in fewer sleep stages, faster cycles, and
higher total number of rapid eye movement periods.
Consequently, sleep scoring needs specific criteria in
DoC, which are not the same for adults and children.
Polysomnography is the method used to record the sleep
patterns, identify the sleep stages, and build hypnograms
(i.e., diagrams of sleep stages and duration). A specific
scale for the visual classification of sleep stages in chil-
dren with DoC is available [97]. Also, the presence of
“figures” of sleep (e.g., spindle, slow wave) is considered
a good prognostic indicator, as it entails the integrity of
the underlying generative brain networks [98, 99]. The
regulation of parietal slow wave activity build-up has also
been put forward as prognostic indicator for DoC, which
needs further confirmation [100].

Evoked potentials are also used to determine progno-
sis. During the acute phase of disease after acquired brain
injury, the preservation of brainstem activity has prog-
nostic value to determine survival. Brainstem auditory
evoked response are applied to assess the presence of
residual brainstem activity and/or the extent of brainstem
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damage, despite high false negative rate. This assessment
is often performed when the patient is still in a coma, in
combination with other tests, and once transitioned to
MCS, there is less need for this assessment [101]. Fur-
thermore, sensory pathways are often damaged or dis-
rupted in pediatric patients with DoC: they are assessed
through somatosensory evoked potentials, which pro-
vide indication on the integrity of the sensory pathways
to the brain, from peripheral nerves to the spinal cord
and brain, and through visual or auditory potentials to a
lesser extent. Event Related Potential (ERPs) evaluation
is applied for cognitive evaluation, most often during the
post-acute phase of disease.

Recent literature indicates that protocols should
include multimodal stimulation, to address different sen-
sory pathways and provide stimulation to virtually all the
sensory system and associated brain networks [14, 102].
In any case, the somatosensory pathways and the audi-
tory evoked potentials provide the advantage that they
do not require active participation by the patient. In
addition, patients’ fatigability is coped with by delivering
stimuli with high salience and emotional content [102] in
short sessions. In case of event related designs, the pro-
tocol is kept simple, and cognitive requests basic [103].
Importantly, the reliability of ERPs in healthy children is
low, which creates obstacles to the employment of ERPs
as biomarkers.

Neuroimaging, and CT in particular, is largely used
in the early diagnosis and monitoring of acquired brain
injury. However, nonionizing neuroimaging is increas-
ingly employed during the post-acute and chronic phases
of disease to assess children with DoC. This includes the
surveillance of hydrocephalus and atrophy through struc-
tural imaging; the observation of white matter inflamma-
tion, degeneration or change in microstructure, and tract
disruption, typically through diffusion weighted MRI
[104]; and the assessment of anatomical plasticity occur-
ring in correspondence with treatment [105]. In this last
case, however, cautious interpretation should be applied,
not to infer causality beyond the study design.

Functional and metabolic imaging are the pillar
of instrumental DoC assessment. Positron Emission
Tomography (PET) enables the assessment of the meta-
bolic consumption in the brain, which is known to be
reduced in patients with DoC. In adults, it was observed
that brain glucose consumption in the vegetative state
can decrease by some measure until —40% or —50% of
regular consumption during acute acquired brain injury,
and by some measure until —30% or —40% of consump-
tion during the subacute and chronic stages, thus includ-
ing prolonged DoC [106]. In children with DoC, the PET
is employed in acquired brain injury infrequently, prob-
ably due to long-term radiation risks, an historical lack

of normative data, lack of consensus on the reference
brain area(s) to be selected, and the absence of informa-
tion on the theoretical threshold for the decrease in glu-
cose consumption to transition from the VS to the MCS
and above. Nowadays, reference tables are available for
children, and some case studies employing PET in chil-
dren with DoC have been published [96, 107, 108]. Over-
all, pediatric DoC PET studies showed marked global
18F-fluorodeoxyglucose uptake reduction in all corti-
cal and subcortical regions in both brain hemispheres,
including the basal ganglia, cerebellum, and brainstem,
which suggests severe and diffuse glucose hypometabo-
lism, in the same range of adults with UWS/VS. Single
photon emission computed tomography (SPECT) simi-
larly revealed mild or moderate hypoperfusion in the
frontal and temporal cortices, as well as in the cerebellar
hemispheres. Also, PET and SPECT have been success-
fully employed to assess metabolic modifications induced
in the brain by pharmacological interventions such as
zolpidem administration [96].

Functional MRI (fMRI) is employed to passively inves-
tigate the integrity of the default mode network and other
brain networks involved in awareness through the resting
state technique, as well as to detect covert cognition by
recording brain activity probatory of active participation
contingent to environmental stimulations or requests
[6]. In children with DoC, fMRI has been applied in case
studies and small case series only [21, 24, 28]. In neo-
nates with acute brain injury, rs-fMRI has shown associa-
tion with consciousness (as defined by this study related
to degree of responsiveness to environmental stimuli),
mortality, developmental outcomes, and epilepsy [22]. At
term, the default mode network was recently shown to
integrate information across diverse sensory and higher-
order functional modules, which is interpreted as the
generative mechanism building conscious awareness,
and thus, may allow for future consciousness and devel-
opmental capacity determination after mild to severe
acute brain injury [109]. In adults, cohort studies asso-
ciating rs-fMRI findings with DoC outcomes are avail-
able; however, the intrapatient repeatability of recordings
remains a requirement for assessment. Similarly, pedi-
atric research should strive to obtain reproducibility of
single-subject results and monitor the risk of false posi-
tives introduced by those who opt to employ voxel-wise
analysis through general linear models combined with
the conduction of multiple statistical tests.

In DoC, due to the variety of different etiologies and
multiplicity of brain lesions, the severity of acquired
brain injury at initial presentation does not fully explain
the trajectory of recovery, nor the outcome. Instrumen-
tal assessment is useful to obtain information at differ-
ent stages of the disease course, and to reduce diagnostic
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and prognostic uncertainty. In particular, the modeling
of the DoC trajectory over time can incorporate instru-
mental information and assist with diagnosis of DoC and
prediction of DoC evolution. This field is understudied in
pediatrics, and existing works only incorporate informa-
tion from neurofunctional-behavioral scales in recovery
trajectories after severe acquired brain injury [110-112].
However, trajectory modeling has the potential to assist
precision medicine, being a flexible tool, which can
account for virtually any factor affecting a patient’s per-
sonal recovery (e.g., treatments, infections, noninfec-
tious complications, environmental modulators) through
incorporation of a multiplicity of data types (scales, imag-
ing, neurophysiology). Analogously, trajectory modeling
can assist identifying endotypes, i.e., patients who have
similar disease course, as demonstrated in Fig. 6 [112].
Such trajectory modeling is the statistical modeling of the
time course of clinical measurements, scales, and quan-
titative measurements from images, neurophysiology
examinations, or wet biomarkers. This is usually intended
to capture the evolution of the patient’s condition over
time. If a treatment is offered in the modeled timeframe,
methods can be applied to study the effect of treatment
on outcome. Alternatively, patient’s early data can be
used to predict whether the patient will respond to treat-
ment through the expected recovery or response trajec-
tory, based on data from previous study participants.
Trajectory modeling can also isolate the pure effect of
treatment from the concurrent effects of other factors

affecting recovery, thus contributing to reduce sample
sizes in clinical trials [104].

Artificial intelligence can also be employed to identify
which data are most informative to patients’ classifica-
tion, as well as to the prediction of their future outcome
or prognosis [113]. This includes the possibility to train
algorithms on modeled trajectories of disease to infer
the future course of patients, for whom early clinical
and imaging data (e.g., at admission and in acute phase)
are available only. In pediatric DoC, the limited dimen-
sions of existing databases, due to frequent small size
of the available databases of cohorts, make classical
machine learning (i.e., nondeep learning methods) the
first methodological choice. However, tasks for which
large databases (i.e., big data) are available, such as the
classification of brain lesions in CT scans of patients with
TBI, can make use of deep neural networks; these grant
automatic data driven feature extraction ahead of classi-
fication [114], allow the establishment of highly specific
automated solutions, and have the potential to transfer
learning from adult databases to pediatric data when
appropriate network architectures and training designs
are deployed.

In summary, neurophysiology, and imaging offer
assessment opportunities in pediatric DoC. These tech-
niques have largely been explored in regard of their fea-
sibility, but more research is needed to identify reliable
and repeatable instrumental biomarkers for pediatric
DoC. Mathematics and statistics will provide tools for
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modeling the disease evolution. Also, improvement in
study designs will increase the level of evidence in this
field. Strategic and multicentric data acquisition will also
assist in this task.

Developmental Neuroscience from a Bench Perspective
with a Focus on Brain Circuits, as Reviewed by Jan-Marino
Ramirez, PhD

The human brain is continuously active whether we are
awake or asleep [115]. Many neurons in the cortex are
rhythmically active [116], yet their activity is mostly
desynchronized during the awake state. The generation
of this baseline persistent activity consumes close to 95%
of brain’s metabolic energy [117, 118]. Transitioning from
awake into the sleep state, this desynchronized persistent
activity is altered. The neurons become hyperpolarized
in a synchronized manner, which leads to the genera-
tion of the rhythmic up states and down states. However,
there are many different rhythmic states in the neocor-
tex, which includes the delta rhythm, beta rhythm, and
theta rhythm. These rhythmic activities are integrated
with activities in hippocampus, amygdala, striatum, and
cerebellum. Indeed, to generate brain functions, these
different rhythms must interact. In doing so, neocorti-
cal activities interact with many brain regions including
the hippocampus, thalamus, and basal ganglia [119-121].
The complex coordinated integration of rhythmic activi-
ties across the entire brain emerges from the activities of
numerous distributed rhythmogenic microcircuits and
their circuit interactions.

Most brain regions are capable of intrinsically gen-
erating rhythmic activities when isolated from the rest
of the brain. Maintained in culture medium that mim-
ics the extracellular ionic composition of the brain, thin
slices obtained from the medulla will generate respira-
tory rhythmic activity (Fig. A) [122], while neocortex will
generate rhythmic up and down states that are reminis-
cent of deep sleep (Fig. B) [123-127]. Modifications of
the culture medium could keep these organotypic slices
alive and rhythmically active for several weeks not only
in mouse tissue [128], but also when these slices were
obtained from resected human cortical tissue [129]. Con-
nected in the intact brain, the respiratory rhythm con-
trols breathing, while the up and down states are critical
for memory consolidation. During sleep, up and down
states are synchronized with the neocortex and hip-
pocampus. Animal models for Alzheimer disease reveal
that the synchronization between hippocampus and neo-
cortex is lost [130]. Because of the loss of neuronal inter-
actions, the animals are incapable of memory formation.
Another example for the disturbance of functional inter-
actions occurs in epilepsy. Synchronized rhythmic activ-
ity across different brain regions spreads during seizures.

Thus, most networks in the brain can intrinsically
generate rhythmic activity, and brain functions emerge
through the complex interactions between multiple
intrinsically active networks. The ability of most brain
areas to generate activity intrinsically may have clinical
implications, as it raises the hope that functionally impor-
tant circuit interactions can be potentially reactivated, in
the case that the connectivity is lost or disturbed. A great
example is spinal cord injury, for which brain computer
interface technologies are being developed to bypass the
site of injury, to reactivate spinal circuits that are still
intact but disconnected. To what extent brain computer
interface technologies or other approaches can be clini-
cally used to reestablish brain-wide functional integra-
tion is still an open question.

These considerations are relevant for curing coma
because a loss of connectivity renders the neocortex
intrinsically active which results in the loss of func-
tional integration. Depending on how much conductiv-
ity is still intact or lost there are cases of MCS and other
cases of a total unconscious state. It will be important
to understand which circuit interactions are critical to
maintain conscious state and to leverage this understand-
ing for restoring consciousness under the various coma
conditions.

The loss of functional integration in coma conditions,
however, is typically not only restricted to higher brain
functions. Functional disintegration frequently also
affects the control of important autonomic functions
involved in cardiorespiratory coupling [131, 132]. Such
disturbances are driven in part by reactive oxygen spe-
cies that can be produced by inflammation, heavy metals
such as lead, biotic stress, air pollutants or intermittent
hypoxia [133, 134]. ROS production is known to have
multiple effects on network interactions that control car-
diorespiratory coupling, which has been studied in detail
for an intrinsically active network that is critical for the
generation of the respiratory rhythm: the Pre-Botzinger
complex, as detailed in Fig. 7 [135]. Considering dysau-
tonomia and the disintegration of brainstem networks
as one of the consequences of network disintegration as
seen in coma and many other neurological conditions
such as in Rett syndrome, and epilepsy, familial dysauto-
nomia is clinically important [136—138].

In conclusion, there is an urgent need to understand
how central neuronal networks generate intrinsic activ-
ity, how the interactions between these networks lead to
a functional integration and the emergence of brain func-
tions, and how injury, or hypoxia, disrupts these interac-
tions. In the context of a loss of consciousness and coma,
it will be interesting to learn how thalamocortical inter-
actions contribute to consciousness. This may lead to a
better understanding in which way during unconscious
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chemosensory organ that is critical for cardiorespiratory coupling. Activation of the carotid body by intermittent hypoxia leads to a system-wide
upregulation of Hypoxia-Inducible Factor 1-alpha, a prooxidant gene regulator that activates a cascade of prooxidant genes [133, 134]. Neurons in
the Central Nervous System are also affected by intermittent hypoxia produce hydrogen peroxide and reactive oxygen species (ROS). The effect of
chronic intermittent hypoxia on that tissue is reflected in an increased lipid peroxidation. Chronic intermittent hypoxia also affects the pre-Botzinger
complex, as neurons in the respiratory network lose excitability resulting in desynchronization and disturbances in rhythmogenesis [140, 141]. The
preBotzinger complex neurons activate the hypoglossal nucleus (panel A) and due to such synchronization failure in the rhythmogenic networks,
hypoglossus-mediated apnea occurs, causing an obstruction and pharyngeal collapse (panel €). The pre-Bétzinger complex inhibits the cardiovagal
neurons located in the Nucleus ambiguous (panel A). Thus, disturbances in the interactions between the Pre-Bétzinger complex and the cardio-
vagal neurons lead to a decrease in heart-rate variability. Interestingly, these desynchronizations are driven not by the hypoxia, but by the reactive
oxygen species. By applying reactive oxygen species scavengers, the rhythmic activity can be restored, including activation of the hypoglossus [137]

states thalamocortical control is lost. Determining the
degree of loss of connectivity will be an important step in
the diagnosis of minimally conscious states.

Conclusions

The expert perspectives were discussed during the First
Pediatric Disorders of Consciousness and Research
Symposium, and future efforts are promising. The pedi-
atric critical care community is aware of the extensive
lack of developmentally appropriate diagnostic assess-
ments for children and reliable outcomes measure-
ments. Through the CCC, the Neurocritical Care Society
offers infrastructure to develop research and engage our

community. Relative underrepresentation of pediatrics in
this area at NIH and NINDS exists, but with the encour-
aging thoughts that there are many excellent oppor-
tunities for grant funding. The importance and need to
explore advanced biomarkers and behavioral outcome
measures across all pediatric age ranges is clear. The goals
are to gain understanding of the mechanisms underlying
coma and DoC, to develop safe interventions, and deter-
mine the impact of those interventions. For this purpose,
global collaborations are needed not only to improve the
science behind coma and DoC in the pediatric popula-
tion, but to convert these findings into improvement of
care.
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