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Abstract

Objective: Recognition of potential for neurological recovery in patients who

remain comatose after cardiac arrest is challenging and strains clinical decision

making. Here, we utilize an approach that is based on physiological principles

underlying recovery of consciousness and show correlation with clinical recov-

ery after acute anoxic brain injury. Methods: A cohort study of 54 patients

admitted to an Intensive Care Unit after cardiac arrest who underwent stan-

dardized bedside behavioral testing (Coma Recovery Scale – Revised [CRS-R])

during EEG monitoring. Blinded to all clinical variables, artifact-free EEG seg-

ments were selected around maximally aroused states and analyzed using a

multi-taper method to assess frequency spectral content. EEG spectral features

were assessed based on pre-defined categories that are linked to anterior fore-

brain corticothalamic integrity. Clinical outcomes were determined at the time

of hospital discharge, using Cerebral Performance Categories (CPC). Results:

Ten patients with ongoing seizures, myogenic artifacts or technical limitations

obscuring recognition of underlying cortical dynamic activity were excluded

from primary analysis. Of the 44 remaining patients with distinct EEG spectral

features, 39 (88%) fit into our predefined categories. In these patients, spectral

features corresponding to higher levels of anterior forebrain corticothalamic

integrity correlated with higher levels of consciousness and favorable clinical

outcome at the time of hospital discharge (P = 0.014). Interpretation: Pre-

dicted transitions of neocortical dynamics that indicate functional integrity of

anterior forebrain corticothalamic circuitry correlate with clinical outcomes in

postcardiac-arrest patients. Our results support a new biologically driven

approach toward better understanding of neurological recovery after cardiac

arrest.

Introduction

Approximately 420,000 people experience sudden cardiac

arrest in the United States annually.1 Even though 80% of

patients die before receiving hospital care; survival and

functional outcomes have significantly improved because

of advancements in emergency and acute medical care.2

However, withdrawal of care decisions continue to drive

mortality rates after cardiac arrest, and accurate prognos-

tication of neurological outcomes is evolving.3,4

ª 2017 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and

distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

1

http://creativecommons.org/licenses/by-nc-nd/4.0/


An important factor in clinical decision making in

patients who do not readily wake up after cardiac

arrest is time to recovery of consciousness.5 In fact,

these patients have worse outcomes; up to 79% of

patients who remain comatose after cardiac arrest have

unfavorable long-term neurological outcomes, including

severe disability.6 An additional concern is the emerging

evidence that some patients show signs of preserved

consciousness even in the absence of purposeful motor

responses detectable at the bedside.7–11 These considera-

tions suggest that starting evaluation of brain networks

that are known to support consciousness very early in

the clinical course – even before consciousness is evi-

dent at the bedside – is important in order to better

understand the recovery process and the potential for

favorable neurological outcome in postcardiac arrest

patients.

However, little is known about the specific cellular or

network-level mechanisms that are crucial to recovery of

consciousness in post cardiac-arrest patients. As such,

tracking integrity of these brain circuits independently

from other brain areas that are sensitive to anoxic or

hypoxic conditions (such as motor areas, sensory areas,

etc.) is an important aspect of understanding the recovery

from anoxic brain injury.10

In this study, we aim to investigate neurological

mechanisms of acute recovery of consciousness after car-

diac arrest. As an initial approach, we apply a model

that is based on physiological principles relevant to the

recovery of consciousness in chronic severe brain inju-

ries. Specifically, we utilize four pre-defined EEG spectral

patterns that represent increasing functional preservation

of anterior forebrain corticothalamic circuit integrity.12,13

We label these dynamic regimes as “A”, “B”, “C”, and

“D” (and collectively refer to them as the ‘ABCD’

model); where “A” indicates complete loss of corticotha-

lamic integrity; “D” indicates full recovery of corticotha-

lamic integrity; while “B” and “C” represent interim

regimes with distinct physiological foundations. We

hypothesize that the emergence of these dynamic pat-

terns seen in patients recovering after chronic severe

brain injuries will also accurately index recovery of con-

sciousness in the acute phases of severe anoxic brain

injury, and as such, they will correlate with clinical out-

come.

The approach taken here represents only the initial

stages of possible quantitative analyses that can be aimed

at further assessing anterior forebrain corticothalamic

integrity in severe acute brain injuries. Future studies

using additional imaging, neurophysiological or invasive

measures will be needed to further elucidate the applica-

bility our model in the context of recovery from acute,

severe anoxic brain injury.

Methods

Study population

Fifty-four patients (32 male, 22 female) who suffered car-

diac arrest were enrolled as part of a prospective observa-

tional study assessing recovery of consciousness after

cardiac arrest. All consecutive patients admitted with car-

diac arrest to Columbia University Medical Center’s

(CUMC) Medical, Neurological, Cardiac, Cardiothoracic

and Surgical Intensive Care Units (ICUs) between April

2013 and July 2014 were approached. The study was

approved by the CUMC Institutional Review Board

(IRB). Standard clinical care of post-cardiac arrest

patients at CUMC includes targeted temperature manage-

ment protocol (hypothermia with target temperature of

33°C) and aggressive shivering control. None of the

patients received stimulants during the observation period

nor were placed on prophylactic anti-epileptic medica-

tions. However, patients were treated for all neurological

or medical conditions per standard of care as dictated by

the clinical team. Patients were included irrespective of

their age, sex, initial cardiac rhythm, location of the

arrest, and whether or not they underwent therapeutic

hypothermia protocol.

Theoretical foundation and underlying
model

Our general theoretical framework emphasizes the funda-

mental role of circuit mechanisms in the recovery of con-

sciousness after severe brain injuries. Two major circuits

have been identified to show graded relationships with

outcomes following coma, the anterior forebrain mesocir-

cuit14–16 and the frontoparietal network17–21 (Fig. 1). The

central thalamus is the key hub linking both net-

works.19,22,23 Excitatory output activity patterns of the

central thalamus are predicted to influence neocortical

dynamics that can be characterized based on identifica-

tion of spectral features of the EEG in terms of frequency

content, spatial distribution, and correlation struc-

ture.13,24,25 A model (the ‘ABCD’ model)12,13 built on

these predictions, in full form, defines specific regimes of

expected EEG activity that shift with transitions of

increasing functional reafferentation of the corticothala-

mic system and associated restoration of average neocorti-

cal neuronal membrane potentials.13,24,25 Furthermore, a

coarse-grained sequence of expected changes in spectral

shape based on this model sets a simple framework

for interpretation in the setting of structural brain

injury (Fig. 2). The model postulates that the “A”-type

spectrum (delta [<4 Hz] frequencies only) represents

complete functional corticothalamic deafferentation. In
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experimental studies of withdrawing all afferent input to

the cortex from the thalamus or surrounding cortical

areas EEG patterns demonstrate this spectral shape.26 The

“B”-type spectrum is characterized by theta (5–7 Hz)

activity and in in vitro models is seen when a low level of

afferent input to neocortical neurons result in sponta-

neous oscillations of Layer V pyramidal cells in this fre-

quency range.27 EEG obtained from patients with severe

structural brain injuries of varying etiologies demonstrate

spectral features consistent with the underlying model for

this proposed “B”-type mechanism.25 A full evaluation of

the consistency of this underlying physiological mecha-

nism requires measurement of coherence patterns which

also show a sharp peak of coherence only at the ~7 Hz

proposed to reflect a broad diffusive coupling of the

intrinsic oscillations.25 The “C”-type spectrum (co-loca-

lized theta and beta [~15–40 Hz]) arises in more fully

reafferented corticothalamic systems. “C”-type spectra are

expected when a deafferented thalamus fires in burst

mode and the afferent volley of synaptic activity is

received by relatively intact neocortical regions (a pattern

called ‘thalamo-cortical dysrhythmia’).28 Full evaluation

of “C” type dynamics requires assessment of the global

EEG dynamics and isolation of the specific contribution

and spatial localization of generators with linked theta

and beta spectral components.13 The “D”-type spectrum

(alpha [8–12 Hz] and beta) represents normal tonic firing

of the thalamus and normal resting cortical oscillations. A

complete, multi-channel quantified analysis was not possi-

ble with the EEG quality obtained in the ICU in this sam-

ple, therefore the ‘ABCD’ evaluations in this current

analysis are restricted to assessment of the spectral shape

of EEG activity over centroparietal electrodes. However,

these limited EEG channels provide a reasonable initial

assessment of the predicted dynamics under the ‘ABCD’

model because they are typically relativity free of muscle

artifact and directly reflect activity over the posterior

medial complex, a key element of the frontoparietal

network.21

Blinding of investigator performing EEG
analyses

All EEG analyses and ‘ABCD’ spectral categorization were

done by members of the investigational team who were

blinded to all clinical variables. This included clinical

details of the cardiac arrest, concurrent medications, clini-

cal examination, behavioral level of consciousness at the

time of the EEG recordings analyzed, and clinical out-

come scores. This investigator did not have any direct

patient contact and did not participate in collection of

the data. A second, blinded ‘ABCD’ spectral categoriza-

tion was also performed for verification purposes by an

investigator who was not involved in the first analysis and

had no prior experienced in ‘ABCD’ categorization or in

visual interpretation of EEG.

EEG procedures and analysis

All patients underwent continuous EEG monitoring after

cardiac arrest for at least 24 h after completion of thera-

peutic hypothermia protocol. Patients with concerning

clinical EEG findings may have required longer

monitoring at the discretion of the clinical team.

Collodion-pasted electrodes and standard clinical video-

EEG equipment were used for all recordings.29 For each

patient on each day when EEG recordings were available,

EEG segments were cut around times of maximally

aroused state, e.g., around the time of standardized bed-

side examination. After visual assessment of artifacts (e.g.,

eye blinks, major movement artifacts or possible artifacts

from other equipments present in the ICU), an average of

40–50 (range ~10–100), 10-second long artifact-free EEG

segments were selected for further quantitative analysis.

Power spectra was calculated for each channel using

Laplacian montage and Thomson’s multi-taper method30

with five tapers and plotted between 2 and 24 Hz.
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Figure 1. Conceptual framework of brain networks related to

consciousness and their relation to other brain areas. The central

thalamus (C-Th) serves as the central hub for networks important in

maintaining consciousness. According to the anterior forebrain

mesocircuit (AFM) model, activity of the central thalamus is

modulated by elements of basal ganglia (primarily inhibition from the

globus pallidus interna (GPi), which is – in return - inhibited by the

medium spiny neurons (MSN) of the striatum), that are also

influenced by alterations in afferent input from various cortical and

subcortical areas. The central thalamus is also the main relay between

and anterior and posterior complex of the frontoparietal network. The

central thalamus has widespread projections to anterior forebrain,

including the frontal cortex and striatum as well as to the posterior

medial parietal areas. (Elements of the AFM are shaded with gray.

Elements of the frontoparietal network are bracketed with dashed

lines).
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Spectral features (i.e., shape of the spectra) were visually

inspected and assigned to each of the pre-defined cate-

gories according to the ‘ABCD’ model. All available chan-

nels were inspected, however, given the electrically noisy

environment in the ICU frequently resulting in abun-

dance of artifacts in frontal and temporal channels, mid-

line and parasaggital centro-parietal leads (Cz, C4, C3, Pz,

P3, P4) were typically the most useful for determination

of the spectral categories. Representative examples of each

of the 4 categories of the ‘ABCD’ model are shown in

Figure 3. Importantly, reproducibility of the ‘ABCD’ spec-

tral categorization was verified by an independent visual

inspection of a representative centroparietal channel by

an investigator blinded to the results of the first catego-

rization (see above). This recategorization demonstrated

89% concordance with the first analysis and did not affect

the statistically significant differences in the results pre-

sented here.
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Analysis of behavioral level of
consciousness

We used the Coma Recovery Scale – Revised (CRS-R)31

to determine the level of consciousness of each patient.

The CRS-R ranges between 0 and 23 and composed of six

subscales that address auditory, visual, motor, oromotor,

communication, and arousal functions. Diagnostic cate-

gories within disorders of consciousness include coma, a

state of unarousable unresponsiveness; vegetative state

(VS), defined by periods of eye opening without recovery

of awareness of the environment and minimally conscious

state (MCS) which is characterized by the presence of

reproducible, but inconsistent goal-directed behaviors

without functional communication channels. Patients

emerging from minimally conscious state (EMCS) exhibit

reliable and consistent demonstration of interactive com-

munication or functional use of objects. To achieve the

maximally aroused state possible, sedative medications

were held prior to performing the CRS-R examination,

unless there were clinical contraindications. In addition,

CRS-R scores were typically obtained each day around

noon to control for possible diurnal fluctuations of

behavioral states.

Determination of clinical outcome

To determine clinical outcome, we recorded the Cerebral

Performance Categories (CPC) scale32 at the time of hospi-

tal discharge. CPC is a widely used, 5-point scale: 1 indicates

good cerebral performance; 2 indicates moderate cerebral

disability with independent activities of daily life; 3 indicates

severe cerebral disability requiring daily support but pre-

served consciousness; 4 indicates coma or vegetative state,

and 5 indicates brain death or death from other causes.

Statistical methods

Differences in clinical variables between sub-cohorts of

patients were determined using two-tailed T-test for con-

tinuous variables and Wilcoxon rank sum test for cate-

gorical variables. We used Chi square test to demonstrate

statistical difference between EEG spectral categories and

clinical outcome.

Results

Baseline characteristics of the patient
cohort

The cohort included 54 postcardiac arrest patients; slightly

more males (59%) than females (41%) with mean age of

60 years (range: 21–87, SD: 18). Initial cardiac rhythm was

V-fib/V-tach in 14 patients, asystole in 10 patients, pulse-

less electrical activity in 22 patients; this information was

not available for 8 patients. 44 patients underwent thera-

peutic hypothermia (for 1 patient this information was not

available). The mean time to return of spontaneous circu-

lation (ROSC) was 16 minutes (range: 1–90, SD: 15.1; data
were available for 48 patients).

All patients enrolled had at least one CRS-R examina-

tion during the observation period; however almost half

Figure 2. Conceptual framework of ‘ABCD’ spectral categories in relation to corticothalamic integrity. The “A”-type spectrum (delta [<4 Hz]

activity only) reflect global and profound downregulation of activity across the corticothalamic system and can be seen in severe structural injury

or as the consequence of very deep anesthesia.45 In the context of global dysfunction after cardiac arrest here, the A-type spectrum is

ambiguous. It may represent the complete loss of corticothalamic integrity with no surviving inputs to the cortex from the thalamus or

surrounding cortical areas26, or a functional loss that may be persist for some period of time when it is not possible to determine the potential of

cellular survival based on assessments of neuronal activity (representing a “transition zone”).46 Based on currently unknown variables3, either

overwhelming cell death occurs that leads to irreversible structural deafferentation (left side of the inverted U shape) or recovery of cellular or

network functions may arise with increasing evidence for preserved corticothalamic integrity (right side of the inverted U shape). The “B”-type

spectrum, characterized by a single theta (5-7 Hz) feature is proposed to occur when a low level of afferent input to neocortical neurons gives

rise to spontaneous oscillations of Layer V pyramidal cells in this frequency range27, indicating an initial stage of recovering corticothalamic

integrity.13,25 The “C”-type spectrum is expected to arise in the setting of incomplete recovery of corticothalamic integrity, specifically over

cortical regions receiving input from deafferented sectors of the thalamus that exhibit burst mode firing and produce co-localized theta and beta

(~15–40 Hz) oscillations over its cortical projections zones.28 The “D”-type spectrum is linked to normal, tonic firing mode of the thalamus, which

gives rise to a co-localized alpha (~8–12 Hz) and beta range over the assessed electrodes. The figure insert illustrates an example of co-existence

of “A” and “C” spectral shapes arising in a single subject 2.5 years following a cardiac arrest and therapeutic hypothermia (adopted and

modified from Forgacs et al., 201610). In this patient, near-total neuronal loss is suggested over the posterior aspect of the brain (including the

occipital cortex, primary motor cortex and parts of the parietal cortex) as demonstrated on the18FDG-PET image. Corresponding EEG recordings

over ‘Oz’ electrode show an “A”-type spectrum suggesting complete loss of corticothalamic integrity over the posterior areas. In contrast, relative

structural and functional preservation of the anterior forebrain (including the frontal cortex and bilateral thalami) is evident on18FDG-PET and also

suggested by the presence of a “C”-type spectrum over electrode ‘Cz’. Such sharp divergence between preservation of the anterior brain

structures and thalamus with apparent loss of primary visual and sensory-motor areas may represent a threshold phenomenon of cellular

survival.10 This phenomenon may be a consequence of variable rescue of cells that may remain in the transition zone in the acute phases of injury

with additional effect of therapeutic hypothermia that may also contributed to development of such striking dissociation in this patient.
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of the patients (n = 25) had more than one CRS-R scores

obtained. Of these longitudinal patients, 12 had an exami-

nation on 2 days, 9 had on 3 days, and 4 had on 4 or

more days. Of note, 2 patients did not have EEG record-

ings available for analysis on the same day when the

CRS-R examination was obtained.

Behavioral diagnoses based on the best observed CRS-R

on any day were as follows: 34 patients in coma or VS,

11 patients in MCS, and 9 patients in EMCS. Of the 25

longitudinal patients with multiple CRS-R scores, 7 had

improvement, 1 had worsening, and 17 had no change or

fluctuations in the behavioral level.

Clinical outcomes (CPC) at the time of hospital dis-

charge included CPC 1 in 2 patients, CPC 2 in 8 patients,

CPC 3 in 5 patients, CPC 4 in 6 patients, and CPC 5 in

30 patients, while 3 subjects had unknown CPC scores. In

83.3% of the patients who deceased (25 of 30), death fol-

lowed a withdrawal of care decision.

‘ABCD’ spectral categorization

Of the 44 patients with distinct EEG features in the

cohort, 39 (88%) fit into our predefined categories

(‘ABCD’ model) during at least one of the days of EEG

recording. The distribution of the best available spectral

categories among patients that fit into the ‘ABCD’ cate-

gories were the following: 10 patients had spectral features

consistent with “A” type only, 16 patients had “B” type,
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6 ª 2017 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

EEG Markers Of Corticothalamic Brain Integrity After Cardiac Arrest P.B. Forgacs et al.



11 patients had “C” type and 2 patients had “D” type

spectral features. Of the other 5 patients who had distinct

spectral features that did not fit to the ‘ABCD’ categories,

4 patients had alpha frequency feature only and 1 patient

who a beta frequency feature only. Of note, patients with

ongoing seizure activity during all available EEG segments

(n = 4) and those with overwhelming muscle artifact

(n = 3) or technical difficulties limiting EEG analysis

(n = 3) were identified and removed from the primary

analysis (a total of 10 patients).

Relationship of ‘ABCD’ spectral categories
and concurrent behavioral diagnosis

Figure 4 shows the relationship between EEG spectral cat-

egories and concurrent (same day) bedside behavioral

diagnoses based on CRS-R. For this analysis, in patients

with more than one CRS-R score available, EEG data col-

lected on the same day as the best available CRS-R score

were used. Importantly, in the two patients with normal

spectral features (“D” type), behavioral examinations were

consistent with recovery of consciousness (EMCS). In

addition, 18 patients with complete or severe loss of cor-

ticothalamic integrity (“A” or “B” type spectra) were in

VS/Coma. However, there were some discrepant results.

For example, 4 patients with “C” type spectra (suggesting

relatively preserved corticothalamic integrity) were in VS/

Coma or MCS. Importantly, 2 of these 4 patients eventu-

ally had good outcome at the time of hospital discharge

(CPC 1 or 2). Therefore in these 2 patients, corticothala-

mic integrity markers predicted good outcome earlier

than recovery of consciousness was detectable at the bed-

side. The other 2 such patients included one with no

CPC score available; and another who died after with-

drawal-of-care decision was made.

Relationship of ‘ABCD’ spectral categories
after cardiac arrest and clinical outcome at
hospital discharge

In the 36 patients who had EEG spectral features that fit

into the ‘ABCD’ model and also had a CPC score avail-

able, we found that the level of corticothalamic integrity

in the first days postcardiac arrest correlate with clinical

outcome at the time of hospital discharge (P = 0.014)

(Fig. 5).

Importantly, we did not find significant differences in

selected important clinical variables (age, ROSC, CRS-R

and CPC) between the ‘categorized’ subcohort used in

this outcome analysis above and the rest of the patients

in the cohort (the ‘non-categorized’ subcohort) (Fig. 6).

Of note, the differences in CRS-R and CPC showed a ten-

dency toward significance.

Discussion

Here, we demonstrate that predefined EEG spectral cate-

gories proposed by the ‘ABCD’ model are applicable to

recovery of consciousness in the context of acute severe

anoxic brain injuries. Although the present analysis lim-

ited evaluation of the model to EEG dynamics within a

small number of centroparietal channels, their spectral

shape correlates with clinical outcome and accurately

indicate concurrent levels of consciousness in patients

after cardiac arrest.
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We believe the approach taken here offers the first step

toward developing new strategies that are motivated by

physiological models to understand neurological recovery

in the acute phases of anoxic brain injury. Our approach

differs from current strategies that focus mainly on clini-

cal features to assess prognosis after cardiac arrest, such

as the neurological examination, somatosensory-evoked

potentials, and blood levels of neuron-specific enolase,

neuroimaging3, or visual analysis of the EEG33 early in

the course of recovery. Many of these assessments corre-

late with the outcome; however, their accuracy may

change with the advent of new therapies, as seen after the

introduction of various targeted temperature management

protocols.5,34,35 In contrast, the functional cellular and

network-level transitions captured in our ‘ABCD’ model

set plausible but falsifiable predictions for changes across

a range of relevant physiological variables present in

anoxic brain injury that affects synaptic input to neocorti-

cal neurons. Overwhelming structural injuries or dysfunc-

tion at the cellular level as a result of hypoxia, e.g.,

temporary or permanent impairment in energy produc-

tion (e.g. mitochondrial damage36) may limit recovery of

neuronal firing as captured in “A”-type spectra, even if

the cells themselves may survive. Widespread but partial

deafferentation across the corticothalamic system may

produce the pathological neuronal activity patterns seen

in “B”-type spectra27, whereas some “C”-type spectra may

associate with only relatively focal injuries or functional

alterations within the thalamus or overlying cortical

lesions.28 These distinctions in underlying mechanism

producing the ‘ABCD’ spectral features can be expected

to link to variable recovery patterns after cardiac arrest.

In some cases, further assessment of their regional varia-

tion may also reflect differences in neuronal cell type sen-

sitivities to hypoxia, for example, the well-known

sensitivity of posterior parieto-occipital regions (Fig. 2,

insert). This type of pattern may also underlie a recently

described isolation syndrome after severe anoxic brain

injury.10

The ‘ABCD’ model utilized in this study derives from a

combination of data obtained from both animal models

and observations made of recovery patterns in patients

with chronic disorders of consciousness resulting from

severe brain injuries.25,37,38 Emerging models of brain net-

works that are important in maintaining consciousness

emphasize the fundamental role of central thalamic activ-

ity and the functional integrity of its projections to corti-

cal areas.13,14,18,21,22 Based on these models (Fig. 1), it is

reasonable to expect specific spectral features related to

corticothalamic activity over the midline frontal and cen-

troparietal EEG channels, which are also tend to be less

artifact corrupted in ICU recordings. However, it is also

important to note that the ‘ABCD’ model in its full form

is based on a strict assumption of increasing functional

corticothalamic reafferentation starting with a fully dis-

connected corticothalamic unit (“A”-type spectrum). This

starting assumption places strong restrictions the possible

interpretation of the observed peaks in the “B” or “C”-

type spectra as average neocortical membrane potentials

increase.13 In addition, other models may also explain

some of the spectral features seen in the single channel

“C” and “D”-type spectra39, however, the prediction that

increasing corticothalamic integrity is associated with

these alternative interpretations would preserve their asso-

ciation with level of recovery. In fact, other correlates of

functional corticothalamic integrity, such as EEG organi-

zation during wakefulness and sleep9 and specific patterns

of cerebral metabolism19,40,41 are also associated with the

recovery of consciousness. In sum, while the presence of

isolated spectral peaks at the observed frequencies does

not alone provide strong evidence for the underlying

physiological models, the strength and novelty of our

approach is that it is based on a model that makes precise

and testable predictions. Further studies using multi-

channel quantitative analyses or imaging methods can

examine the specific predictions of each of the ‘ABCD’

spectral categories13 in the setting of acute severe anoxic

brain injuries and validate or refute our results. In addi-

tion, studies that apply invasive brain monitoring tech-

niques may provide the opportunity for more stringent

tests of our model, including confirmation of the pre-

dicted relationships between intracellular membrane

potentials of the neocortical neurons and the ‘ABCD’
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Figure 6. Comparison of patient sub-cohorts based on baseline

clinical variables. The ‘categorized’ subcohort included patients who

had EEGs with spectral features that fit to at least one of the

predefined ‘ABCD’ categories at any of the available days and had a

CPC score available (n = 36). All other patients were included in the

‘non-categorized’ sub-cohort. There were no significant differences

between the two sub-cohorts based on these selected clinical

variables. (ROSC, Return Of Spontaneous Circulation [in minutes];

CRS-R, Coma Recovery Scale – Revised; CPC, Cerebral Performance

Categories; SD, Standard Deviation; IQR, Inter Quartile Range; n.s.,

not significant; TT, 2-tailed T-test; WRS, Wilcoxon Rank Sum test).
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classification.14 We believe, however, that the above con-

siderations collectively provide not only a plausible con-

ceptual framework for our approach and rational

interpretation of our results, but an important proof-of-

concept toward further investigation.

Notably, we also found different spectral regimes than

our ‘ABCD’ categories in a small number of patients. In 4

patients, we observed an isolated alpha frequency feature

that might be considered a variant of “B” type. In fact, an

isolated alpha or theta feature (“alpha-theta coma”) is a

well-known finding on EEG in the setting of severe

anoxic brain injury and it is thought to emerge as a result

of dysfunction of thalamocortical pathways.42,43 In addi-

tion, coexistence of alpha-theta patterns with burst sup-

pression with frontocentral predominance in some

instances44 representing intrinsic conditions of strongly

hyperpolarized neocortical cells further support consider-

ing this feature as a variant of the “B”-type spectra.

Examination of the coherence structure of such isolated

alpha frequency features would allow a further testing of

their fulfilling “B” like dynamics.13,24,25 Additionally, a

single beta feature seen in one patient may be a variant of

the “C”-type spectra. Ultimately, if further studies find

similar or other intermediate spectral regimes consis-

tently, it is possible that a more fine-grained or different

spectral classification will emerge to characterize the phys-

iological states of the injured brain from anoxia.

There are several limitations of our study. First, this

study involved EEG data that were limited by the con-

straints of standard clinical care; therefore the EEG was

often removed before the patient regained consciousness

limiting our ability to adequately sample the different

behavioral states in these patients. Prospective studies

with serial EEG recordings and longitudinal behavioral

assessments throughout the progression of recovery of

consciousness will be needed to further validate our

results. Second, a large proportion of patients (25 of 30)

who died following a withdrawal of care decision may

have also affected our ability to collect sufficient amount

of data in these patients, which may have altered our

results. Third, the ‘ABCD’ categorization was not possible

in a subset of patients because of ongoing processes that

dominated the spectral power, such as ongoing seizures

or overwhelming myogenic artifacts. Introduction of spec-

tral analytical or artifact reduction methods that make

optimal use of small amounts of data may increase the

yield of finding correlates of underlying neuronal activity

in these cases. Other limitations include our relatively

small sample size, which did not allow sufficient power to

investigate subcohorts of patients, such as comparing

patients with or without utilization of therapeutic

hypothermia protocol; different initial cardiac rhythms or

effects of sedative medications on our measures.

Importantly, however, future studies may build on

these findings as our approach is potentially generaliz-

able to assess patients with alterations of consciousness

in intensive care units across a wide range of etiologies

and interventions. Our results are also potentially appli-

cable to track neurobiological processes relevant to

preservation of brain tissue and recognition of complica-

tions compromising cellular function in acute neurologi-

cal care settings (e.g., increased intracranial pressure,

vasospasm, loss of cerebral perfusion pressure etc.). In

addition, our measures may be also used to track effects

of neuroprotective or other specific restorative therapeu-

tic interventions employed in very early stages of severe

brain injuries.

In summary, this study brings a biologically motivated

approach toward understanding of the recovery of con-

sciousness in acute severe anoxic brain injury, using EEG

recordings that are already routinely collected in these

patients. However, further and extended studies are

needed to verify and extend our findings and to provide

a foundation for development of improved prognostica-

tion and therapeutic interventions in patients who remain

unconscious after cardiac arrest.
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