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SUMMARY

Background.—Recovery trajectories of clinically unresponsive patients with acute brain injury 

are largely uncertain. Brain activation in response to spoken motor commands can be detected 

by electroencephalography (EEG), also known as cognitive motor dissociation (CMD). Here we 

explore the role of CMD in predicting time to recovery in acutely brain injured patients.

Methods.—We prospectively studied an observational cohort of clinically unresponsive, acutely 

brain injured patients (original cohort N=100, secondary cohort N=93). Machine learning was 

applied to EEG recordings to diagnose CMD by detecting brain activation to verbal commands. 

Functional outcomes were assessed with the Glasgow Outcome Scale-Extended at hospital 

discharge, 3, 6, and 12 months after injury. Survival statistics and shift analyses were applied 

to identify an association between CMD and time to and magnitude of recovery. The prediction 
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accuracy of our model built on the original cohort was determined using the secondary cohort. 

Patients that underwent withdrawal of life sustaining therapies were censored and death was 

treated as a competing risk.

Findings.—At 12 months, 28 of 193 (15%) unresponsive patients had a GOS-E of 4 or above. 

CMD was seen in 27 (14%) patients and was an independent predictor of shorter time to good 

recovery (HR5.6, 95%-CI 2.5–12.5), together with underlying traumatic brain injury (HR4.4, 

95%-CI 1.4–14.0), admission Glasgow Coma Scale score greater or equal to 8 (HR2.2, 95%-CI 

1.0–4.7), and younger age (HR1.0, 95%-CI 1.0–1.1). Amongst patients discharged home or to a 

rehabilitation setting, those diagnosed with CMD consistently had higher of functional recovery 

that those without CMD seen as early as 3 months after the injury (OR 4.5; 95%-CI 2.0–33.6).

Interpretation.—Recovery trajectories of clinically unresponsive patients diagnosed with CMD 

early after brain injury are distinctly different from those without CMD. Diagnosis of CMD may 

offer more precise counselling for families of unresponsive patients and potentially could help 

identify patients that benefit from rehabilitation.

Funding.—National Institute of Health NS106014, NS112760.
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INTRODUCTION

Predicting outcomes of acutely brain injured patients with disorders of consciousness (DoC) 

is imprecise.1 This presents challenges for guiding families in goals of care decisions and 

results in inadequate support to promote the recovery process of these patients, including 

inefficient allocation of rehabilitation resources. Access to and criteria that qualify patients 

for rehabilitation vary widely between health care systems,2,3 many requiring the ability 

to participate in rehabilitation services for a minimum amount of time. Increasingly it is 

recognized that recovery may be seen months and even years after the injury with earlier 

recovery typically seen in patients with traumatic brain injury (TBI).4 Late recovery and 

functional independence are possible for these patients including those that are unresponsive 

from brain injuries other than TBI3,5,6 and the potential of rehabilitation interventions to 

improve outcomes of brain injured patients cannot be overstated.6,7 The imprecision of 

predicting recovery of consciousness and long-term outcomes has been identified as a major 

gap in knowledge.8,9

Patients that demonstrate even inconsistent behavioural evidence of consciousness such 

as intermittent interactions with the examiner have a higher chance of later functional 

recovery.4 Unfortunately, bedside behavioural assessments alone are insufficient to 

accurately predict functional outcome trajectories.10–12 Detection of brain activation to 

motor commands using bedside EEG has been associated with 12 months functional 

outcomes and may increase the accuracy of predictions.13 This state, called cognitive-motor 

dissociation (CMD), indicates detection of volitional brain activity by task-based functional 

MRI or EEG in patients who appear unresponsive on bedside behavioural assessments, 

without the ability to meaningfully communicate with the examiner.14 Here we study the 
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recovery trajectory over the first year for acutely brain injured, unconscious patients with 

and without CMD admitted to a single intensive care unit.

METHODS

Patient Population.

We prospectively screened all patients with acute brain injury admitted to the Neurological 

Intensive Care Unit at Columbia University Irving Medical Center/ New York Presbyterian 

Hospital between July 2014 and May 2019. We published initial results on the original 

patient cohort (N=100)13 that was collected between July 2014 and September 2017. The 

secondary cohort (N=93) was collected between October 2017 and September 2021. As part 

of our standard practice and in accordance with guidelines regarding the EEG monitoring of 

ICU patients,15 all unresponsive patients were either monitored by continuous EEG or were 

anticipated to be connected to EEG monitoring within 12 hours after screening, unless death 

was imminently expected.

Inclusion.

We enrolled all patients who (1) were in a coma, vegetative state, or minimally conscious 

state–minus (defined as unresponsiveness with preserved visual fixation or pursuit, or 

localization to noxious stimuli), (2) were unable to follow spoken commands, (3) had 

sustained an acute brain injury of any kind, (4) were connected to or were expected to be 

connected to continuous EEG monitoring, and (5) spoke English or Spanish as their first 

language.

Exclusion.

We excluded all patients who (1) were less than 18 years of age, (2) had a pre-existing 

disorder of consciousness or confounding neurological condition (i.e., baseline aphasia or 

advanced dementia) prior to the onset of their presenting acute brain injury, (3) were deaf 

prior to the acute brain injury, (4) clinically recovered the ability to follow commands 

prior to enrolment, (5) did not want to participate or whose family did not want them to 

participate, (6) had uncontrollable seizures, or (7) had logistical reasons that hindered their 

enrolment.

Study Procedures and Data Collection.

Daily neurological examinations were performed, including an assessment of the patients’ 

ability or inability to follow simple spoken commands. The Coma Recovery Scale–

Revised16 (CRS-R, a six-dimension, 23-point scale of hierarchically arranged assessments) 

was used to categorize the patients’ clinical state of consciousness at the time of EEG 

recording, and to determine the presence of minimally conscious state-minus. Sedation 

was interrupted or decreased for neurological and CMD assessments if it was deemed 

safe by the attending physician during rounds. Patients assessed receiving deep sedation 

or neuromuscular blockade were not included (please refer to the supplement for details). 

The treating physicians, patients, and their families were unaware of the results of the EEG 

recordings, and these results were also not made available to treating clinicians to guide 

decisions regarding the WLST. Data on demographics, admission diagnosis, outcomes, 
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and complications that occurred during the hospital stay were prospectively collected. For 

purposes of analysis admission diagnoses were classified into structural brain injury with 

trauma, structural brain injury without trauma (i.e., intracerebral haemorrhage, subarachnoid 

haemorrhage, acute ischemic stroke), or non-structural brain injury (i.e., cardiac arrest, 

meningitis; see supplemental material for further details).17 Certain in-hospital variables 

(i.e., length of stay [LOS], diagnosis) were collected retrospectively for all patients through 

an electronic medical record review.

In addition, we used the same protocol to record EEGs in 10 and 5 healthy volunteers 

using motor commands presented in English and Spanish, respectively. Of patients alive 

at hospital discharge, we recorded the discharge disposition categorized for analysis into 

home-rehabilitation (e.g., home with or without services, and acute, subacute or outpatient 

rehabilitation) and higher-level support with limited rehabilitation services (e.g., skilled 

nursing facility, long term acute care hospital, and hospice).

Outcome Assessments.

Functional outcome was assessed with the Glasgow Outcome Scale–Extended (GOS-E; 

levels range from 1 to 8, with higher levels indicating better outcome).18,19 Data was 

obtained in a structured telephone interview at discharge, 3, 6, and 12 months post-injury 

by an interviewer trained in the collection of outcomes assessments. If the patient was 

unable to communicate, the patients’ functional status was obtained through a close relative 

or caretaker. Neither the interviewee nor the interviewer who performed the outcome 

assessments were aware of the results of the EEG assessment used to determine the patient’s 

clinical state of consciousness.

Motor Command Protocol and EEG Acquisition and Processing.

Motor commands consisting of “keep opening and closing your right hand” and “stop 

opening and closing your right hand” were presented to patients via single-use headphones 

throughout the EEG recording (3 blocks with 8 consecutive trials each for the left and 

right hand, respectively). Digital bedside EEG was recorded using a standard 21-electrode 

montage.15 Power in predefined frequency ranges was calculated for each EEG recording 

and was used to train a machine-learning algorithm (Support Vector Machine [SVM] 

with a linear kernel) to discern the EEG responses that followed the commands.20–22 

EEG analysis was subsequently used to identify patients with cognitive-motor dissociation 

(CMD) detected on at least one recording. SVM performance for each EEG was estimated 

as the area under the receiver-operating-characteristic curve (AUC), significance of the AUC 

determined by a one-tailed permutation test (after random shuffling with 500 training and 

evaluation repetitions, significance set at greater than 0.5), and accounting for multiple 

recordings in a patient (Benjamini–Hochberg false-discovery-rate method). Further details 

of the motor command protocol, cognitive motor dissociation classification method, and 

EEG acquisition and processing have been reported previously.13

Study Oversight.

This study was approved by our local institutional review board. We obtained written 

informed consent from the patients’ surrogates. Patients who recovered consciousness at the 

Egbebike et al. Page 4

Lancet Neurol. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



time of follow up were given the opportunity to withdraw from the study. There was no 

industry support for or involvement in the study, and all authors vouch for the completeness 

and accuracy of the data as well as fidelity to the study protocol. Results are reported 

according to the Strengthening the Reporting of Observational Studies in Epidemiology 

(STROBE) guidelines.23

Statistical Analysis.

The primary outcome investigated in the study was functional recovery defined as a GOS-E 

of greater than or equal to 4 (indicates the ability to be left alone up to 8 hours without 

assistance) assessed at hospital discharge, and at 3, 6, and 12 months following the injury. 

Secondary outcomes included shifts of GOS-E across all levels. Patients who underwent 

WLST or were lost to follow-up were censored,24 and death was treated as a competing risk.

1. To identify independent predictors of time to functional recovery (defined as a 

GOS-E greater or equal to 4) a sub-distribution hazard model was performed, 

accounting for death as a competing risk and stratifying by the original and 

secondary cohort.25 Additionally, restricted mean survival times (RMST) were 

used to compare the differences of the expected time to recovery over the 

complete follow-up time period of 12 months between CMD and non-CMD 

patients.26 Other predictors of recovery were adjusted for as covariates.

2. To determine models with the highest accuracy to predict time-to-recovery, first 

several regression models combining predictors identified above were built using 

the original cohort (N=100). Second, prediction accuracy for recovery of these 

models at hospital discharge, 3, 6 and 12 months after the injury was determined 

on the secondary cohort (N=93).27

3. To determine the significance of a shift across all levels of functional outcomes, 

a modified shift test was applied to the distribution of GOS-E scales comparing 

CMD to non-CMD patients that were alive at hospital discharge, accounting 

for possibly tied observations.28 To better interpret the shift effect, a common 

odds ratio across all cut points of GOS-E was estimated by a proportional-odds 

logistic regression model, which indicates the relative effect on the GOS-E 

increase for CMD patients.29

4. To determine an association between discharge disposition (higher-level care vs. 

a home-rehabilitation) and recovery amongst hospital survivors, the significance 

of CMD was tested by multivariate Mann-Whitney estimators,30 correcting 

separately for other predictors of recovery amongst patients discharged to a 

higher-level care or a home-rehabilitation setting. Additionally, a cumulative 

ordinal regression analysis was performed to predict GOS-E measurements 

across all follow-up time points, analysing discharge disposition and CMD.31

Categorical variables are presented as counts (percentages), and continuous variables 

presented as means (standard deviations) or medians (interquartile ranges [IQR]), as 

appropriate. Associations between variables and outcomes were assessed with a Wilcox 

rank-sum test for quantitative variables or chi-squared test for qualitative variables. All 

statistical tests were two-tailed. Variables with a P-value less than 0.10 in univariate analysis 
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were considered for multivariate backward stepwise models. We also tested for two-way 

interactions and the interaction of each variable with time in our final models. Statistical 

analyses were performed with R(version 4.0.3) statistical software.

Role of the funding source.

The funder had no role in study design, data collection, data analysis, interpretation of the 

study results, writing of the report, or the decision to submit the manuscript for publication.

RESULTS

Patient characteristics.

193 of 598 patients with acute brain injury that were screened met criteria to be included 

in this study (Figure 1). Included patients were similar to patients who were not included 

with regards to age, sex, and admission Glasgow Coma Scale score (Supplemental Table 1). 

Included patients were more frequently admitted for ICH (33% vs 16%), cardiac arrest (21% 

vs 18%), TBI (13% vs 11%), and SAH (15% vs 5%) when compared to excluded patients, 

while excluded patients had more commonly other diagnoses (10% vs 40%). The mean age 

for included patients was 63+/−17 years and 105 (54%) patients were men (Table 1). The 

first language of included patients was English in 144 (75%) and Spanish in 49 (25%).

Amongst the 193 included patients, those enrolled as part of the secondary cohort 

(N=93) had more frequently intracerebral haemorrhage and less frequently cardiac arrest 

or traumatic brain injury causing unconsciousness than patients form the original cohort 

(N=100; Supplemental Table 2).

Cognitive motor dissociation.

Brain activation to motor commands was seen in all 14 healthy volunteers tested in English 

or in Spanish. A total of 27 of 193 patients (14%; 16 from the original and 11 from the 

secondary cohort) were diagnosed with CMD on at least one bedside EEG recording, first 

diagnosed on a median of 5 days post-ICU admission (interquartile range, 3 to 10). The 

median [IQR] time between onset of brain injury and the first CMD assessment (1 [0,3] vs 

1 [0,4]) and the total number of auditory EEG recordings (2 [1,4] vs 1 [1,3]), did not differ 

between patients with and without CMD. When compared with non-CMD patients, CMD 

patients did not differ with respect to age, sex, race, primary language, premorbid modified 

Rankin scale, and underlying acute brain injury aetiology (Supplemental Table 3).

Hospital course and outcomes.

Mean duration of mechanical ventilation was 17 days [9–28] and 98 (51%) patients 

underwent tracheostomy prior to hospital discharge. Hospital complications included renal 

failure requiring dialysis in 23 (12%), cardiac arrest in 25 (13%), and sepsis in 75 (39%) 

patients. Overall hospital length of stay was 27 days [14, 41] and 56 patients (29%) 

underwent WLST. At hospital discharge, 71 (37%) patients were dead, 7 (4%) went to a 

hospice, 38 (19%) to long-term acute care hospital, 39 (20%) to a skilled nursing facility, 7 

(4%) to subacute rehabilitation, 27 (14%) to outpatient rehab, and 4 (2%) to home with or 

without services.
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Time to functional recovery.

By 3 months 12 (6%), at 6 months 21 (11%), and at 12 months 28 (15%) patients had 

recovered to a best GOS-E score of 4 or above. CMD and non-CMD patients continue to 

show increasing rates of functional recovery across all 3 follow-up time points (Figure 2, 

Supplemental Figure 1). Major improvements in CMD patients are seen already by 3 months 

after the injury, with 7 (26%) having recovered to a GOS-E of 4 or better amongst CMD 

patients compared to 5 (3%) without CMD (OR 11.3, 95%-CI 3.3–41.4, P=0.001). At 6 

months, with 9 (33%) having recovered to a GOS-E of 4 or better amongst CMD patients 

compared to 12 (7%) without CMD (OR 6.4, 95%-CI 2.3–17.4, P<0.001). At 12 months, 

11 (41%) CMD and 17 (10%) non-CMD patients had recovered (OR 6.0, 95%-CI 2.4–15.1, 

P<0.001). The majority of patients with CMD who recovered by one year (7 of 11, 64%) 

had recovered by 3 months, while the majority of patients without CMD who recovered (12 

of 17, 71%) made their recovery after 3 months. The 12-month RMST to recovery was 8.0 

months for CMD and 11.0 months for non-CMD patients. On average, CMD patients had 

a 3.0 months shorter (P=0.006, 95%CI 0.8–5.1) recovery compared to patients who did not 

have CMD.

Predictors of recovery.

Presence of CMD, age, TBI/SDH injury aetiology, and admission GCS were associated 

in the univariate analysis with time to functional recovery and functional improvement in 

proportional hazards models (Supplemental Table 4). Independent predictors of earlier time 

to recovery were diagnosis of CMD (HR5.6, 95%-CI 2.5–12.5), traumatic brain injury as 

the underlying brain injury (HR4.4, 95%-CI 1.4–14.0), admission Glasgow Coma Score 

less than 8 (HR2.2, 95%-CI 1.0–4.7), and younger age (HR1.0, 95%-CI 1.0–1.1; Figure 3). 

Among patients alive at hospital discharge, on follow-up the main shift to good outcomes 

occurs at 3 months (OR 5.9, 95%-CI 1.8–20.7), 6 months (OR 2.6, 95%-CI 0.9–7.4), and 

12 months (OR 1.1, 95%-CI 1.1–8.1; Supplemental Figure 2). At 3 and at 12 months after 

the injury, the distribution of shifts in GOS-E points integrated across all cut points of the 

scale was 1 point higher for CMD compared to non-CMD patients (Table 2). At hospital 

discharge there was no difference and at 6 months there was a trend for better outcomes in 

CMD patients.

Accuracy of the prediction models was compared between CMD alone, demographic (e.g., 

age) and clinical factors (e.g., admission GCS and brain injury aetiology), and all measures 

combined using the AUC from risk regression models in the presence of competing risks 

(Supplemental Figure 3; Supplemental table 5). The AUC increased from 71.4 to 77.2 

(P=0.02, increase of 5.8, 95%CI [0.9–10.6]) at 12 months by adding CMD to the final model 

including demographic and clinical factors.

Discharge disposition.

Amongst patients discharged alive (N=122), 38 (31%) were discharged to a home-

rehabilitation and 84 (69%) to a higher-level care setting. Patients discharged to a home-

rehabilitation setting had a higher chance of good 12 months outcomes when compared to 

those that were discharged to a higher-level care setting (OR 5.4 for GOS-E of 4 or above at 

12 months, 95%-CI [2.2–13.6]; P<0.001). CMD status did not predict discharge disposition 
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(OR 1.5, 95%-CI [0.5–4.2]; P=0.4). At the time of hospital discharge, there was a trend for 

a higher GOS-E scores amongst CMD patients compared to non-CMD patients that were 

discharged to a higher-level care setting (P=0.02, OR 2.0; 95%-CI 1.1–4.1). No difference 

in hospital discharge GOS-E was seen between CMD and non-CMD patients that were 

discharged home or to a rehabilitation setting (OR 1.2; 95%-CI 0.8–1.7; Figure 4).

Patients with CMD that were discharged home or rehabilitation setting had better functional 

outcomes on the GOS-E score at 3 months (P<0.001, OR 4.5; 95%-CI 2.0–33.6), 6 months 

(P=0.07, OR 1.9; 95%-CI 1.0–4.4), and 12 months after the injury (P<0.001, OR 2.6; 

95%-CI 1.4–6.2; Figure 4), accounting for other predictors such as age, admission GCS, 

and injury type. No significant difference was seen between CMD and non-CMD patients 

that were discharged to a higher-level care setting at any of the follow-up time points. 

In a multivariate longitudinal ordinal regression model amongst survivors, CMD (OR 7.2, 

95%-CI [2.0–26.6] p=0.003), discharge to a home or rehabilitation setting (OR 5.6, 95%-CI 

[1.7–17.7] p<0.001), and the interaction between time and discharge disposition (OR 1.3, 

95%-CI [1.2–1. 5] p<0.001) independently predicted of GOS-E improvement over time.

DISCUSSION

We found that 14% of patients without any behavioural signs of command following 

had evidence of command following detected by EEG within one week of injury in 

a consecutive series of patients with acute brain injury. Patients with EEG evidence of 

command following, also known as CMD, had higher rates of good functional recovery at 

all investigated time points, demonstrated a shorter time to recovery, and had a greater shift 

to recovery across all levels of functional outcome when compared to those without CMD. 

Shorter time to good recovery was predicted by CMD, underlying traumatic brain injury, 

and higher admission Glasgow Coma Score, with younger age having a minimal effect 

on time to recovery. Most patients with CMD that would recover by one year will have 

recovered by 3 months, while the majority of non-CMD patients that will recover do so after 

3 months. CMD patients discharged home or to rehabilitation settings continued to improve 

at all follow-up timepoints, which was not seen for non-CMD patients or CMD patients not 

discharged to a home or rehabilitation setting. Detection of CMD may allow more accurate 

predictions of recovery trajectories and could help identify patients that benefit most from 

rehabilitation interventions.

Patient cohort.

We studied patients following acute brain injury during the acute phase of hospitalization, 

which is important to consider as most cohorts studied for recovery of consciousness in the 

past were recruited in the early or subacute rehabilitation setting.32 We enrolled close to one 

third (N=193) of the 598 unconscious patients screened for enrolment. Slightly more than 

a third (N=201) of the screened cohort did not qualify for this assessment as they started 

following commands clinically prior to enrolment, had a confounding neurological illness 

prior to the acute presentation, uncontrollable seizures, were deaf, or were unconscious 

prior to the injury. The remaining third (N=204) of screened patients were not included 

due to logistical reasons, EEG disconnection, or family not providing consent. Our results 
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demonstrated that in healthy volunteers and patients brain activation to the paradigm was 

seen in both, English and Spanish, further supporting the generalizability of the approach. 

Comparing included to excluded patients, no differences in demographics or severity of 

neurological impairment on admission were seen but patients with brain haemorrhages (ICH 

or SAH), cardiac arrest, and TBI were slightly more commonly and patients with a mix of 

other diagnoses were less commonly enrolled than those that were excluded.

CMD was found to predict 12-month functional outcome in the original cohort of 100 

acutely brain injured patients.13 There were slight differences between the original and 

secondary cohorts, most importantly in the underlying aetiology for unconsciousness (in 

the secondary cohort intracerebral haemorrhage was more, and cardiac arrest and traumatic 

brain injury less common than in the original cohort). Likely these differences reflect 

a more aggressive enrolment approach of patients with brain haemorrhages. The fact 

that despite minor differences between the two cohorts, CMD was predictive of better 

functional outcomes at all follow-up time points both in the original and secondary cohort 

(Supplemental Figure 6) supports the generalizability of our findings.

Recovery trajectory.

We confirm that brain activation in response to spoken commands can be detected early after 

brain injury,13,22 and also that the detection of CMD in these patients is associated with 

better recovery at 12 months.13 Delayed recovery may be seen for unconscious patients in 

the rehabilitation setting,6,33 but recovery trajectories of unresponsive patients with acute 

brain injury are uncertain8 and accurate predictions that families are seeking are lacking.9 

We demonstrate here that recovery trajectories of patients with and without CMD are clearly 

different; importantly much earlier and that persistently greater degrees of recovery can be 

expected in CMD patients. CMD detection may represent part of the biological endotype 

as a reflection of underlying brain injury mechanisms allowing more precise predictions of 

recovery and identification of patients particularly amenable for therapeutic interventions 

such as intense rehabilitation efforts.9

We studied a cohort of unconscious patients with a mixture of underlying acute brain 

injuries, including structural with or without TBI and non-structural mechanisms. We 

demonstrated that CMD together with widely established predictors of recovery including 

a better neurological examination on hospital admission, traumatic brain injury causing 

the impairment of consciousness, and younger age, predicted time to recovery. Clinical 

trajectories of patients with varying underlying brain injuries may be quite different,4,6,33 

as supported by our multivariate analysis that identified TBI/SDH as a predictor of earlier 

time to recovery and found that CMD was particularly predictive for patients with non-TBI 

structural brain injury. Most functional recovery trajectory data so far centers around patients 

with TBI.6,33 Studies show delayed recovery of consciousness in TBI patients, with 59% 

of unconscious patients having regained consciousness by 1 year, and 74% by 5 years.6 In 

patients with non-traumatic disorders of consciousness, 17% were found to have recovered 

consciousness by 6 months, and an additional estimated 7.5% after 6 months.4,34 Delayed 

functional recovery has been proven possible in patients with acute brain injury, however, 

current bedside behavioural assessments are unable to accurately predict the trajectory of 
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functional recovery in these patients. We confirm here that younger patients and those with 

TBI causing unconsciousness not only have a greater chance for recovery but also a shorter 

time to recovery. In addition, the diagnosis of CMD particularly in patients with structural 

brain injury other than TBI may allow more accurate outcome predictions.

When applying prediction modelling based on population statistics to the bedside careful 

counselling of families is warranted. Importantly, failure to detect CMD is well established 

even in healthy volunteers14 as conscious patients may decide to not engage with the motor 

imagery or motor activation paradigm (false negatives, Supplemental Table 5). Patients with 

CMD may not recover (false positives) as functional recovery does not only rely on brain 

recovery and secondary complications during recovery may occur. These considerations 

need to be taken into account, when CMD is integrated into clinical practice.

Discharge disposition.

Criteria to qualify for rehabilitation services differ between health care systems but at a 

minimum our findings call into question the current practice of applying strict participation 

time cut-offs to identify the most promising candidates for rehabilitation services. We 

observed that CMD patients discharged home or to rehabilitation settings continued to 

improve at all follow-up timepoints, which was not seen for non-CMD patients or CMD 

patients not discharged to a home or rehabilitation setting. This observation needs to 

be interpreted with caution as our observational study design does not allow us to 

demonstrate that CMD patients that did not receive rehabilitation would have benefited 

from rehabilitation.

Limitations.

This study has several limitations. Firstly, it was conducted at a single centre with 

a relatively small sample, therefore its external validity is limited, and further larger 

observational studies are warranted to clearly define the reproducibility of this measure. 

It is worth noting that although the sample was relatively small, it is by far the largest 

to date and we were able to demonstrate reproducibility across two independent cohorts 

at our centre. Routine EEG is sufficient for the diagnosis when combined with time 

synchronized motor commands and the computational code to run the analysis is freely 

available for download.13 However, to serve as an early biomarker to predict later recovery, 

studies will now have to clearly define reproducibility across various sites and practice 

settings. Secondly, behavioural states are known to fluctuate and in chronic disorders of 

consciousness repeat assessments over several days have been recommended.35 For acutely 

brain injured patients in critical care this is often not practical due to the evolving illness 

with a non-stable neurological examination. Thirdly, longer term follow-up for years after 

the injury may establish a more complete recovery trajectory as increasingly small numbers 

of patients may demonstrate recovery up to ten years following brain injury.33 Fourthly, 

patients in the study may have experienced post-discharge hospitalizations or illnesses, 

which could have confounded measured outcomes. Outcomes in patients that were lost 

to follow-up are uncertain and secondary worsening is possible. However, the focus of 

this study is to investigate the potential to show recovery following brain injury. Fifthly, 

outcome measures were limited to crude outcome scales and future studies should include 

Egbebike et al. Page 10

Lancet Neurol. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



patient centred outcomes capturing cognition, mood, and quality of life. Sixthly, more 

complete phenotyping and endotyping including genetics, metabolomics, and standardized 

MR imaging protocols may support more accurate prediction schemes and allow further 

endotyping of acutely brain injured patients.9 Seventhly, we have included a heterogenous 

patient cohort but including patients with different underlying brain injuries allowed us 

to demonstrate that CMD is a behavioural state not restricted to a specific brain injury 

and predicts shorter time to recovery together with well-established predictors of more 

rapid recovery such as traumatic brain injury aetiology, younger age, and poor neurological 

function on hospital admission. This supports the generalizability of our findings. Eighthly, 

decisions about discharge disposition are complex and unaccounted factors including socio-

economic elements specific to a particular healthcare context may be the deciding force. 

These may or may not be easy to change even with the most precise prediction algorithms. 

Unmeasured factors that associate with CMD may also drive discharge decisions. It remains 

unclear if re-triaging patients with CMD from higher-level care to a home-rehabilitation 

setting would result in better outcomes for these patients as we did not perform a 

randomization procedure. Lastly, some patients underwent WLST, which always needs to be 

considered in natural history studies of acute brain injury. To take this into account patients 

who underwent WLST or were lost to follow-up were censored and death was treated as a 

competing risk.

In conclusion, our study shows that patients with CMD recover earlier after acute brain 

injury and to a larger degree than those without CMD. Prediction of time to recovery may 

allow enrichment of interventional trials aimed at supporting recovery of consciousness. 

CMD may serve as a biomarker that quantifies the residual integrative function of the 

injured brain. This is not a static measure but may serve as an indicator of possible recovery 

if detected.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RESEARCH IN CONTEXT

Evidence before this study

We searched PubMed for articles published by April 2022 using the following search 

terms (“brain injury”) AND (“acute” OR “early”) AND (“coma” OR “disorder of 

consciousness” OR “unconscious” OR “vegetative state” OR “unresponsive wakefulness 

syndrome” AND (“cognitive motor dissociation” OR “covert consciousness” OR “brain 

activation”) AND (“recovery” OR “prognosis” OR “prognostication”). We did not restrict 

the search by language or publication date and identified 30 articles. Twelve of these 

were on chronic disorders of consciousness, 11 were reviews or editorials, 2 were 

unrelated and 1 focused on how the diagnosis of cognitive motor dissociation (CMD) 

would be perceived by health care proxies and caregivers. Four were prospective studies 

that diagnosed CMD using MRI or EEG in patients early after brain injury. These studies 

demonstrated that CMD could be detected early after brain injury in the ICU setting 

in approximately 15% of patients and three found an association with a behavioural 

outcome, command following or functional recovery. One study found that patients 

diagnosed with CMD during the ICU stay were more likely to be able to take care of 

themselves for at least 8 hours in a day one year after the injury. No studies prospectively 

investigated the role of “cognitive motor dissociation” OR “covert consciousness” on 

predicting the time to functional recovery.

Added value of this study

This study demonstrates that the diagnosis of CMD in the ICU independently predicts 

earlier time to recovery. Other predictors include younger age, better admission 

neurological status, and traumatic brain injury as the mechanism of injury. Amongst 

patients discharged home or to a rehabilitation setting, CMD diagnosed in the ICU was 

associated with better functional outcomes seen as early as 3 months after the injury. 

Even though CMD patients discharged to a higher-level care setting without access to 

rehabilitation service, such as skilled nursing facilities, had a marginally better functional 

status at hospital discharge than those without CMD, no outcome differences were seen at 

any of the follow-up time points.

Implications of all the available evidence

These findings provide families of unresponsive, acutely brain injured patients with more 

precise guidance regarding the recovery trajectory. CMD allows bedside quantification of 

the residual integrative function of the injured brain that may represent the foundation 

for a biologically meaningful classification of patients required for the successful design 

of clinical trials aimed at promoting recovery of consciousness. CMD diagnosis may 

allow identification of patients that have a high potential to benefit from rehabilitation 

interventions, possibly also amongst patients that currently do not meet criteria to be 

discharged to a rehabilitation setting.
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Figure 1. 
Distribution of study population.

CMD, cognitive motor dissociation
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Figure 2. 
Recovery trajectory over the first year following acute brain injury

Alluvial plots representing individual GOS-E development across follow-up time points in 

patients with acute brain injury. Top plot CMD patients (N=27) and bottom plot non-CMD 

patients (N=166). Green lines indicate patients that recovered to a GOS-E of 4 or above 

at any point in time by one year after the injury, grey lines indicate patients were alive 

by 12 months but did not improve to a GOS-E of 4 or above, and black boxes indicate 

those patients that were dead by the time of these respective follow-up time-points. GOS-E, 

Glasgow Outcome Scale-Extended.
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Figure 3. 
Predictors of time to functional recovery

Independent predictors of time to good functional recovery (defined as a GOS-E of 4 or 

above) based on a Cox proportional hazards regression model in the overall population. We 

included all variables associated with recovery from the univariate analysis (Supplemental 

Table 4) in the multivariable models.
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Figure 4. 
Functional outcomes stratified by CMD diagnosis and discharge disposition.

NS, not significant; * P<0.05; ** P<0.01; *** P<0.001
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Table 1.

Characteristics of original, secondary, and combined study cohort.

Original cohort
(N=100)

Secondary cohort
(N=93)

Combined cohort
(N=193)

Demographics

 Age, years 60 +/− 17 65 +/− 16 63 +/− 17

 Male 56 (56%) 49 (53%) 105 (54%)

Aetiology of brain injury

 Intracerebral haemorrhage 25 (25%) 38 (41%) 63 (33%)

 Cardiac arrest 31 (31%) 9 (10%) 40 (21%)

 Subarachnoid haemorrhage 15 (15%) 13 (14%) 28 (15%)

 Traumatic brain injury/SDH 16 (16%) 9 (10%) 25 (13%)

 Acute Ischemic Stroke 3 (3%) 14 (15%) 17 (9%)

 Other* 10 (10%) 10 (11%) 20 (10%)

Behavioural Assessment

 Admission Glasgow Coma Scale 6 [3,8] 6 [3,8] 6 [3,8]

 Coma Recovery Scale-revised score, median 3 [0,5] 2 [0,5] 2 [0,5]

 Coma Recovery Scale-revised score, worst 1 [0,3] 1 [0,3] 1 [0,3]

 Coma Recovery Scale-revised score, best 3 [1,7] 3 [1,9] 3 [1,8]

Best DoC category

 Coma 44 (44%) 36 (39%) 80 (41%)

 Vegetative state 25 (25%) 23 (25%) 48 (25%)

 Minimally conscious state, minus 31 (31%) 34 (37%) 65 (33%)

EEG recordings

 Number of EEG recordings per patient 1 [1,2] 2 [1,3] 2 [1, 3]

 Onset of acute brain injury to first recording >0 [days] 65 (67%) 67 (72%) 132 (69%)

Primary language

 English 79 (79%) 65 (70%) 144 (75%)

 Spanish/Other 21 (21%) 28 (30%) 49 (25%)

CMD rate 16 (16%) 11 (12%) 27 (14%)

GOS-E of 4 or above

 Discharge 2 (2%) 2 (2%) 4 (2%)

 3 months 7 (7%) 5 (5%) 12 (6%)

 6 months 12 (12%) 9 (10%) 21 (11%)

 12 months 19 (19%) 9 (10%) 28 (15%)

*
status epilepticus (N=6), toxic metabolic (N=3), encephalitis (N=4), sepsis (N=2), each one with thrombotic thrombocytopenic purpura, 

neurosarcoidosis, brain tumor, CAR-T cell toxicity, and uremia

Categorical data are shown as number (%). Continuous and ordinal variables are shown as mean +/−standard deviation and median [interquartile 
range] if normally or not normally distributed, respectively.

Lancet Neurol. Author manuscript; available in PMC 2023 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Egbebike et al. Page 20

Table 2.

Shift in GOS-E between CMD and non-CMD patients at different follow-up time points.

OR
[95%-CI] P Value Distribution shift

Missing data

CMD
(N=27)

Non-CMD
(N=166)

Hospital discharge 7.2 [2.2–29.3] 0.001 0 0 (0%) 0 (0%)

3 months 5.9 [1.8–20.7] 0.005 + 1.0 3 (11%) 10 (6%)

6 months 2.6 [0.9–7.4] 0.05 + 1.0 2 (7%) 24 (15%)

12 months 3.0 [1.1–8.1] 0.02 + 1.0 1 (4%) 20 (12%)
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