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Abstract  

Objective: Determine whether acute behavioral, electroencephalography (EEG), and 

functional MRI (fMRI) biomarkers of consciousness are associated with outcome after 

severe traumatic brain injury (TBI).   

 

Methods: Patients with acute severe TBI admitted consecutively to the intensive care 

unit (ICU) participated in a multimodal battery assessing behavioral level of 

consciousness (Coma Recovery Scale-Revised [CRS-R]), cognitive motor dissociation 

(CMD; task-based EEG and fMRI), covert cortical processing (CCP; stimulus-based 

EEG and fMRI), and default mode network connectivity (DMN; resting-state fMRI). The 

primary outcome was 6-month Disability Rating Scale (DRS) total scores.  

 

Results: We enrolled 55 patients with acute severe TBI. Six-month outcome was 

available in 45 (45.2±20.7 years old, 70% male), of whom 10 died, all due to withdrawal 

of life-sustaining treatment (WLST). Behavioral level of consciousness and presence of 

command-following in the ICU were each associated with lower (i.e., better) DRS 

scores (p=0.003, p=0.011). EEG and fMRI biomarkers did not strengthen this 

relationship, but higher DMN connectivity was associated with better recovery on 

multiple secondary outcome measures. In a subsample of participants without 

command-following on the CRS-R, CMD (EEG:18%; fMRI:33%) and CCP (EEG:91%; 

fMRI:79%) were not associated with outcome, an unexpected result that may reflect the 

high rate of WLST. However, higher DMN connectivity was associated with lower DRS 

scores (ρ[95%CI]=-0.41[-0.707, -0.027]; p=0.046) in this group.  
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Interpretation: Standardized behavioral assessment in the ICU may improve prediction 

of recovery from severe TBI. Further research is required to determine whether 

integrating behavioral, EEG, and fMRI biomarkers of consciousness is more predictive 

than behavioral assessment alone.  

 

Keywords: traumatic brain injury; coma; consciousness; disorders of consciousness; 

cognitive motor dissociation; functional MRI; EEG; intensive care unit 

 

Abbreviations: CAP = Confusion Assessment Protocol; CCP = covert cortical 

processing; CMD = cognitive motor dissociation; CRS-R = Coma Recovery Scale-

Revised; DMN = default mode network, DoC = disorders of consciousness; DRS = 

Disability Rating Scale; EEG = electroencephalography; fMRI = functional MRI; GOSE = 

Glasgow Outcome Scale-Extended; ICU = intensive care unit; LoC = level of 

consciousness; MCS- = minimally conscious state without language; MCS+ = minimally 

conscious state with language; PTCS = post-traumatic confusional state; ROI = region 

of interest; TBI = traumatic brain injury; VS/UWS = vegetative state/unresponsive 

wakefulness syndrome 
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Introduction 

Recovery from severe traumatic brain injury (TBI) occurs along multiple different 

trajectories.  In the days following injury, clinicians have the difficult task of establishing 

a prognosis, which can range from death to return of all pre-injury functions. This 

predicted outcome is used to guide interventions, make recommendations about 

continuation or withdrawal of life-sustaining treatment (WLST), and determine whether 

rehabilitation services will be offered. Available prognostic models built on large clinical 

datasets are imprecise at the individual patient level because they rely on a narrow set 

of predictors (e.g., a single behavioral assessment, visual inspection of imaging data) 

and crude outcome categories (e.g., severe disability).1,2  

Reemergence of consciousness is a critical milestone of TBI recovery,3-6 as it 

suggests reintegration of subcortical and cortical brain networks7 and is a necessary 

precursor for return of communication and independence. Yet, the typical clinical 

assessment of consciousness consists of a coarse bedside behavioral examination, 

which may be confounded by a patient’s fluctuating level of arousal, central neurological 

deficits (e.g., aphasia, weakness), peripheral nerve injury, pain, or an examiner’s 

subjective interpretation of ambiguous responses.8 The clinical bedside behavioral 

assessment results in an approximately 40% rate of misclassifying conscious patients 

as unconscious.9-11  

Standardized behavior assessment with a tool such as the Coma Recovery 

Scale-Revised (CRS-R) improves diagnostic precision.11 However, up to 25% of 

patients with acute12-14 and chronic15-19 disorders of consciousness (DoC) who do not 

follow commands on behavioral assessment show signs of covert command-following, 
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referred to as cognitive motor dissociation (CMD),20 when assessed with task-based 

electroencephalography (EEG) or functional magnetic resonance imaging (fMRI). 

Patients with DoC can also demonstrate covert cortical processing (CCP),21,22 indicated 

by passive association cortex responses to auditory language stimuli, despite the 

absence of behavioral evidence of language comprehension and expression.23,24 An 

intact default mode network (DMN)25,26 identified by resting-state fMRI (rs-fMRI) has 

also been reported in unresponsive patients. CMD,13,14 CCP,24,27 and an intact DMN28-31 

have been associated with better outcome after severe TBI. However, most studies are 

unimodal,14 evaluate outcomes in the acute/subacute phase (e.g., hospital discharge),29 

or do not use a standardized behavioral assessment to determine level of 

consciousness.24,27,30 Furthermore, functional outcome measures used in prior studies 

(e.g., dichotomized determination of favorable versus unfavorable outcome on the 

Glasgow Outcome Scale-Extended [GOSE]) lack granularity and are not designed to 

assess the full spectrum of TBI recovery.   

In this prospective observational study of patients with acute severe TBI in the 

ICU, we identified behavioral, CMD, CCP, and DMN biomarkers that were associated 

with 6-month functional outcome on the Disability Rating Scale (DRS).32 We 

implemented recently proposed DoC clinical guidelines that recommend supplementing 

behavioral assessment with task-based EEG and fMRI33,34 and using the highest level 

of function evident on a multimodal assessment battery to establish diagnosis.34 Given 

that no single measure is ideally designed to capture outcomes in persons with DoC, we 

selected multiple secondary outcome measures identified recently by the Neurocritical 

Care Society Curing Coma Campaign as DoC Common Data Elements.35  
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Materials and methods 

Experimental design 

We prospectively screened all patients with TBI admitted to the Neurosciences 

ICU, Multidisciplinary ICU, and Surgical ICU at Massachusetts General Hospital (MGH) 

between September 2018 and December 2022. Enrollment inclusion criteria were: 1) 

age ≥18; 2) head trauma with Glasgow Coma Scale (GCS)36 score of 3-8 within 24 

hours, unconfounded by sedation, paralysis, hypoxia, hypotension, hypothermia, or 

concurrent medical illness; and 3) clinical evidence of a DoC defined as coma, 

vegetative state/unresponsive wakefulness syndrome (VS/UWS),37,38 or minimally 

conscious state (MCS)6,39 at time of screening. Exclusion criteria were: 1) history of prior 

brain injury or  neurological disease; and 2) non-English speaking.  

 Surrogate decision-makers were approached for consent ≥24 hours after injury, 

and informed consent was obtained in accordance with a research protocol approved by 

the Mass General Brigham Institutional Review Board. When approved by the clinical 

team, EEG was performed immediately after informed consent was obtained. fMRI was 

performed as soon as the patient was clinically stable for transport to the MRI scanner, 

as determined by the treating ICU clinicians. Whenever possible, the EEG and fMRI 

were scheduled within 24 hours of one another. Administration of sedative, anxiolytic, 

and/or analgesic medications was permitted for patient safety or comfort during the 

EEG and/or fMRI at the clinicians’ discretion.  

A cohort of healthy participants was enrolled from the community as a 

comparison sample. Healthy participants had no history of neurological, psychiatric, 

cardiovascular, pulmonary, renal or endocrinologic disease. They provided informed 
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consent and completed the same EEG and fMRI protocols as the patients. All patient 

and healthy participant assessments were performed using standard clinical EEG 

equipment and a clinical MRI scanner located in the MGH Neurosciences ICU.  

 

Neurobehavioral and outcome assessments 

We acquired demographic and clinical data at the time of enrollment in 

accordance with the National Institute of Neurologic Disorders and Stroke (NINDS) 

Common Data Element guidelines for TBI. Immediately prior to EEG and fMRI, each 

patient participant was assessed with the Coma Recovery Scale-Revised (CRS-R),40 a 

standardized behavioral measure that is recommended by multiple professional 

organizations for assessment of DoC.33,34 The examiner assigned each CRS-R rating a 

Test Completion Code (Supplementary Table 1) to document whether the assessment 

was valid, and if not, the rationale for this determination.  

We designated the DRS,32 assessed 6-months post-TBI, as the primary outcome 

measure because it was designed to evaluate a wide range of TBI outcomes, from 

coma to return to employment, and has been used in DoC clinical trials41 and 

observational studies.42 The DRS is also an NINDS43 and a Neurocritical Care Society 

Curing Coma Campaign DoC35 Common Data Element. However, the total score of the 

DRS lacks clinical significance and, unlike the GOSE,44,45 the DRS has not been 

endorsed by the US Food and Drug Administration (FDA) for TBI trials. For these 

reasons, we measured several secondary outcomes: 1) a dichotomous score based on 

the DRS (DRSDepend)
45 that is a more sensitive measure of dependency than the DRS 

total score or the GOSE; 2) the GOSE, as an ordinal total score, accounting for TBI and 
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any additional concurrent injuries (GOSE-All); 3) GOSE-All as a dichotomous variable 

(GOSE ≤3 [lower severe disability or worse] versus GOSE ≥4 [upper severe disability or 

better]); 4) the GOSE, as an ordinal total score, accounting for only the effects of the 

TBI rather than the TBI and concurrent injuries (GOSE-TBI)46; and 5) GOSE-TBI as a 

dichotomous variable. Each measure was evaluated in the full sample, a subsample of 

patients with a CRS-R diagnosis of coma, VS/UWS, or MCS- at the time of EEG or fMRI 

assessment, and a subsample of patients who survived to 6-months.  

Outcome assessment was conducted either in-person or via telephone by trained 

study staff who were unaware of the results of prior evaluations (i.e., outcome examiner 

was not aware of acute CRS-R, EEG, or fMRI results). Details regarding the CRS-R, 

CAP, DRS, and GOSE are provided in the Supplementary Materials.  

 

EEG data acquisition  

During the EEG assessment, participants were instructed to imagine opening and 

closing their right hand (i.e., active-motor-imagery paradigm) and listen to an audio 

recording of the Alice in Wonderland book (i.e., passive-language paradigm, see 

Supplementary Table 2 for task instructions). We acquired EEG data with a 19-

electrode clinical XLTEK EEG system (Natus Medical Inc.; Pleasanton, CA) and 

analyzed data using EEGlab47 and customized MATLAB (vR2016b) code (see 

Supplementary Materials) 

 

EEG biomarker classification using power spectral density 
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EEG preprocessing steps are described in the Supplementary Materials. We used a 

support vector machine with a linear kernel to classify the absolute power estimated at 

each electrode and averaged within four frequency bands, as previously described.12 

The output of this analysis is the accuracy of the classifier and a p-value that represents 

the probability that the classifier differentiated the task/stimulus and rest conditions by 

chance. This method was described in prior publications.48 We considered a patient to 

have a positive EEG response if p<0.05. EEG data were analyzed by trained study staff 

who had no knowledge of participants’ behavioral diagnosis. EEG biomarkers were the 

presence and accuracy of an EEG response to the active-motor-imagery and passive-

language tasks. 

 

fMRI data acquisition  

The fMRI assessment began with 10 mins of rs-fMRI (see Supplementary Table 2). 

Next, we administered two runs of the active-motor-imagery paradigm12, and two runs of 

the passive-language paradigm. MRI data were acquired with a 32-channel head coil on 

a 3 Tesla Skyra MRI scanner (Siemens Healthineers; Erlangen, Germany) located in 

the MGH Neurosciences ICU. The parameters of the BOLD fMRI sequence were: echo 

time (TE)=30 ms, repetition time (TR)=1250 ms, simultaneous multislice (SMS) 

factor=4, spatial resolution = 2 mm isotropic. The rs-fMRI sequence was the same as 

that used for task/stimulus-based fMRI. 3D T1-weighted multi-echo magnetization 

prepared gradient echo (MEMPRAGE) anatomical images were acquired at 1mm 

isotropic resolution for registration purposes.49 See Supplementary Materials for details 

about fMRI data acquisition. 
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Active-motor-imagery, passive-language, and rs-fMRI biomarker analyses  

The active-motor-imagery and passive-language fMRI analysis pipeline was 

described in a prior publication12  and is summarized in the Supplementary Materials 

Text and Supplementary Table 3. We also estimated rs-fMRI seed-based connectivity 

maps and ROI-to-ROI connectivity matrices to characterize patterns of functional 

connectivity within the DMN. Functional connectivity strength was represented by 

Fisher-transformed bivariate correlation coefficients from a weighted general linear 

model (weighted-GLM).50,51 Participants for whom the DMN z-statistic was within the 

95% confidence interval of the healthy control participants’ average DMN z-statistic 

were considered to have DMN connectivity that was within normal limits. fMRI 

biomarkers included the presence, spatial extent (percent of suprathreshold voxels in an 

ROI), and magnitude (z-statistic) of a response to the active-motor-imagery and 

passive-language tasks and the presence (within normal limits) and strength (z-statistic) 

of the DMN.  

 

Statistical Analysis 

First, we determined whether the CRS-R diagnosis was associated with 6-month DRS 

scores using the Kruskal-Wallis test. Then, we tested whether participants with 

evidence of command-following on either CRS-R, EEG, or fMRI (Composite Measure 

based on evidence of command-following, CMCommand) had lower 6-month DRS total 

scores than those who did not have evidence of command-following on any measure 

using the Wilcoxon rank sum test. We estimated the DRS median difference between 
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groups and associated 95% confidence interval using the Hodges-Lehman approach.52 

The approach of using evidence of command-following by any measure is consistent 

with the European Academy of Neurology DoC clinical guidelines, which recommend 

that DoC diagnosis be based on the highest level of consciousness identified by any 

assessment within a multimodal battery.34 Outcomes in participants in the CMCommand 

group (CRS-R behavioral diagnosis of MCS+ or PTCS [on one or both CRS-R exams], 

or positive responses to active-motor-imagery EEG, or positive responses to active-

motor-imagery fMRI) were compared to participants with a behavioral diagnosis of 

coma, vegetative state/unresponsive wakefulness syndrome (VS/UWS), or minimally 

conscious state minus (MCS-), and negative responses to active-motor-imagery EEG, 

and negative responses to active-motor-imagery fMRI. For this analysis, participants 

could have a maximum of 4 (i.e., 2 CRS-R, 1 EEG, and 1 fMRI) and a minimum of 2 

(i.e., 1 CRS-R and 1 EEG or 1 fMRI) command-following assessments. 

The presence of command-following on behavioral assessment1,5,53 or task-

based EEG/fMRI has been associated with better outcomes after severe brain 

injury.13,14,31 However, it is less clear whether recovery of lower-level signs of 

consciousness (i.e., MCS-, evidenced by behaviors such as visual pursuit), is also 

predictive of outcome.3,54 We therefore also tested whether participants with evidence of 

conscious awareness (regardless of command-following ability) by any assessment 

method (Composite Measure based on evidence of consciousness, CMConscious) had 

lower 6-month DRS total scores than those who did not have evidence of 

consciousness on any measure (i.e., CRS-R behavioral diagnosis of MCS-, or MCS 

plus (MCS+), or post-traumatic confusional state (PTCS) [on one or both CRS-R 
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exams], or positive responses to active-motor-imagery EEG or fMRI versus participants 

with a behavioral diagnosis of coma or VS/UWS, and negative responses to active-

motor-imagery EEG and fMRI). Participants could have a maximum of 4 (i.e., 2 CRS-R, 

1 EEG, and 1 fMRI) and a minimum of 2 (i.e., 1 CRS-R and 1 EEG or 1 fMRI) 

assessments of command-following (CMCommand) and consciousness (CMConscious).   

To determine which individual EEG and fMRI variables were associated with 6-

month DRS total scores, we calculated univariate Spearman’s correlation coefficients 

for continuous predictors or Wilcoxon rank sum tests for dichotomous predictors 

separately for participants with EEG assessments and for participants with fMRI 

assessments. Bootstrap confidence intervals for Spearman’s correlation coefficients 

were calculated, and a 95% confidence interval for the Hodges-Lehman estimate of the 

median difference is reported along with the Wilcoxon rank sum test p-values.  We 

scaled continuous variables and treated dichotomous variables as factors with 2 levels.  

Given that multimodal assessment for outcome prediction is most relevant for 

patients who have not recovered command-following we repeated these analyses in a 

subsample of participants with a CRS-R diagnosis of coma, VS/UWS, or MCS- at the 

time of EEG or fMRI. We also repeated all of analyses above with the secondary 

outcome measures. For outcomes that were dichotomized, we used logistic regression 

for both dichotomous and continuous predictors, and we report odds ratios, 95% 

confidence intervals and p-values.  Given the large number of secondary outcomes and 

predictor variables, we did not correct for multiple comparisons. We used R Statistical 

Software (v4.3.2; 2023-10-31) for all analyses.  
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Results 

Data availability and visualization 

 To facilitate data transparency, we release an interactive, comprehensive fMRI 

data visualization tool hosted at [GITHUB Link TBD] that can be downloaded at 

[ZOTERO Link TBD, temporarily hosted here]. Using INVISION, active-motor-imagery, 

passive-language, and rs-fMRI data can be investigated interactively to enhance the 

interpretability of our results.  We believe access to data at this level of granularity is 

consistent with the mission of the Open Science Framework55 as it facilitates 

transparency and reproducibility. 

 

Demographics and clinical characteristics 

 Of 770 patients with TBI admitted to one of three ICUs between 09/01/2018 and 

12/29/2022, 582 were excluded. The most common exclusion criterion was absence of 

a GCS total score <9 within 24 hours of admission (N=430, Figure 1). Among 187 

eligible patients, 133 were not enrolled. The most common reasons eligible patients 

were not enrolled were: death prior to approach for consent (N=57 died after WLST, 

N=8 died without WLST), surrogate refusal (N=27), and COVID-19 (N=14 admitted to 

the ICU during the COVID-19 pandemic when in-person research was not permitted, 

N=6 admitted after research activities resumed but tested positive for COVID-19 

infection).  

 We obtained written informed consent from the surrogates of 55 patients; N=3 

died from WLST prior to the start of research activities, N=2 did not receive EEG or 

fMRI due to family refusal, N=1 recovered from PTCS and was alert and oriented prior 
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to EEG/fMRI; and N=4 could not be reached for follow-up at 6-months post-TBI. The 

final sample of eligible patients who were assessed with fMRI, EEG, or both, and for 

whom 6-month outcome was available, was 45 (N=30 with EEG and fMRI, N=14 with 

EEG only, and N=1 with fMRI only; N=35 survived to 6-months, N=10 died in the ICU 

due to WLST). In this final sample of N=45, N=31 (68.9%) were male and the mean±SD 

age was 45.2±20.7 years (Table 1, Supplementary Table 4). The distribution of CRS-R 

and DRS scores is illustrated in Supplementary Figures 1 and 2 for the full sample and 

in Supplementary Figure 3 for participants who survived to 6-months. 

 EEG was performed on average two days prior to fMRI (EEG 

mean±SD=7.8±6.9 days post-injury; fMRI 10.0±7.5 days post-injury, p>0.05). EEG was 

performed within 24 hours of fMRI in 17 participants (Table 1). In these participants, 

only one CRS-R assessment was conducted; otherwise, a CRS-R assessment was 

conducted within 24-hours of EEG and separately within 24-hours of fMRI. Among the 

45 participants who were assessed 64 times with the CRS-R, nine CRS-R assessments 

(in N=8 participants) had at least 1 invalid CRS-R subscale (see Supplementary 

Materials, Supplementary Table 5). EEG data were discarded for the active-motor-

imagery paradigm of one patient participant, and the passive-language paradigm of 2 

patients because two runs of EEG data were not available (Table 1). At the time of 

EEG, CRS-R assessment indicated coma (N=6), VS/UWS (N=19), MCS- (N=10), MCS+ 

(N=7) or PTCS (N=2). At the time of fMRI, CRS-R examination indicated coma (N=3), 

VS/UWS (N=16), MCS- (N=5), MCS+ (N=4) or PTCS (N=3).  

 Among the N=44 patient participants assessed with EEG, positive responses to 

the active-motor-imagery paradigm were observed in 8/43 (18.6%; n=1 was excluded 
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due to data acquisition limitations, Table 1, Figure 2) and to the passive-language EEG 

paradigm in 39/42 (92.9%, n=2 were excluded due to data acquisition limitations). 

Among the N=35 subsample of participants with a CRS-R diagnosis of coma, VS/UWS, 

or MCS- at the time of EEG, a positive response to the active-motor-imagery EEG 

paradigm (i.e., CMD) was detected in 6/34 (16.2%) and to the passive-language EEG 

paradigm (i.e., CCP) in 30/33 (90.0%).  

 Among N=31 participants with fMRI data, positive responses to the active-motor-

imagery fMRI paradigm were observed in 8/30 (26.7%; n=1 completed the rs-fMRI scan 

but became agitated and could not complete the scan, Table 1, Figure 2) and to the 

passive-language fMRI paradigm in 24/30 (80.0%). Compared to a sample of healthy 

control participants, DMN connectivity was within normal limits in 12/31 (38.7%). Among 

the N=24 subsample of participants with a CRS-R diagnosis of coma, VS/UWS, and 

MCS-, positive responses to the active-motor-imagery fMRI paradigm (i.e., CMD) was 

detected in 8/24 (33.3%) and to the passive-language fMRI paradigm (i.e., CCP) in 

18/24 (75.0%). DMN connectivity was within normal limits in 10/24 (41.7%).  

 EEG and fMRI responses and connectivity can be detected even in patients with 

DoC receiving sedating interventions.12,13,29,30 Therefore, we included participants 

receiving these interventions and provide the types and doses of sedative, anxiolytic, 

and analgesic medications administered at the time of assessment in Supplementary 

Table 6. we provide this information for descriptive purposes. To illustrate the medical 

acuity of patients included in this study, we list each participant’s drains, lines, tubes, 

and monitors at the time of EEG and fMRI in Supplementary Table 7. Results for 

healthy participants are in Supplementary Materials and Supplementary Table 8, and 
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results for patient participants who were not followed at 6-months are in Supplementary 

Table 9. Individual participant data on secondary outcomes is in Supplementary Table 

10.  

 

Age and behavioral level of consciousness on the CRS-R are associated with 

outcome  

 Younger age (continuous variable) and DoC behavioral diagnosis (categorical 

variable representing the best CRS-R diagnosis that was available at the time of EEG or 

fMRI) were associated with significantly lower (i.e., better) 6-month DRS total scores 

(age: ρ [95%CI] 0.396 [0.070, 0.648]; p=0.007; CRS-R: p=0.014, Supplementary Table 

11). Pairwise group comparisons indicated that the DRS total score at 6-months was 

significantly lower in patients with a CRS-R diagnosis of MCS- versus coma (DRS 

difference in medians [CI]= 17[0, 29], p=0.035), MCS+ versus coma (27[5,29], p=0.004), 

PTCS versus coma (22[2, 25]; p=0.030) and in patients with MCS+ versus VS/UWS 

(11.7[1,27]; p=0.029, Figure 3). Only the MCS+ versus coma comparison survived 

Bonferroni multiple comparison correction. Similarly, DRS total scores were significantly 

lower in patients who were following commands (MCS+, PTCS) versus those who were 

not following commands (coma, VS/UWS) (-9[-20, -1]; p=0.011) and in those who were 

conscious (MCS-, MCS+, PTCS) versus those who were not conscious (coma, 

VS/UWS) (-11[-20, -2]; p=0.003) on the CRS-R (Table 2). Age and consciousness 

assessed by the CRS-R were also significantly associated with secondary outcome 

measures, although these associations were rarely observed in the subsample of 

participants surviving to 6-months (Supplementary Tables 12, 13, 14, 15, and 16). 
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Multimodal composite measures of command-following and consciousness 

associated with outcome  

 There was no statistical difference in 6-month DRS total score for participants 

with versus without command-following when the CRS-R was combined with results of 

active-motor-imagery EEG, fMRI, or both (CMCommand; Table 2, Figure 2). DRS total 

scores were significantly lower for participants with evidence of consciousness on either 

the CRS-R or active-motor-imagery EEG responses, the CRS-R or active-motor-

imagery fMRI, and the CRS-R or active-motor-imagery EEG or fMRI (i.e., components 

of CMConscious; CRS-R or EEG: -9 [-19, 0], p=0.030; CRS-R or fMRI: -10.67 [-20, -1], 

p=0.013; CRS-R or fMRI: -8 [-19, 0], p=0.037; Table 2). Supplementary Figure 3 

illustrates results in the subsample of participants who survived to 6 months. Evidence 

of consciousness based on components of CMConscious was also associated with 

significantly better outcome on DRSDepend (CRS-R or EEG: 4[1.15, 13.86]; p=0.029; 

CRS-R or fMRI: 4.09 [1.16, 14.43]; p=0.028), the continuous GOSE-All (CRS-R or fMRI: 

2 [0, 3]; p=0.018; CRS-R or fMRI or EEG: 2 [0, 3]; p=0.049) and dichotomous GOSE-All 

(CRS-R or EEG: 3.89 [1.1, 13.76]; p=0.035; CRS-R or fMRI: 4.2 [1.15, 15.37]; p=0.03, 

Supplementary Table 12). 

 

EEG and fMRI biomarkers associated with 6-month DRS and secondary outcomes  

Individual EEG biomarkers were not significantly associated with 6-month DRS total in 

the full sample, in subsamples, or with any secondary outcome measure (Table 3, 

Supplementary Tables 13, 15). Individual fMRI biomarkers were also not significantly 
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associated with 6-month DRS total in the full sample (Table 3). However, in participants 

with a CRS-R diagnosis of coma, VS/UWS, or MCS-, a higher z-statistic within the DMN 

was associated with a significantly lower 6-month DRS total score (-0.411 [-0.707, -

0.027]; p=0.046, Supplementary Table 16). In the full sample, rs-fMRI DMN connectivity 

was associated with better outcomes on DRSDepend (DMN connectivity within normal 

limits: 5.14 [1.03, 25.6]; p=0.046; DMN z-statistic: 32.4 [1.06, 990.42]; p=0.046) and 

continuous GOSE-TBI (DMN connectivity within normal limits: 2 [0, 4]; p=0.019; DMN z-

statistic: 0.436 [0.140, 0.713]; p=0.014, Supplementary Table 14). Similar results were 

observed for the GOSE-All outcome and in the subsample of patients surviving to 6-

months (Supplementary Figure 4, Supplementary Tables 14, 16). A higher percent of 

suprathreshold voxels in the STG ROI in response to passive-language fMRI was 

associated with better GOSE-All total scores (0.366 [0.01, 0.67]; p=0.047) and a similar 

trend was observed for the GOSE-TBI outcome (Supplementary Table 14).  

 

Sharing results with families and clinicians 

Results of active-motor-imagery and passive-language EEG and fMRI have diagnostic 

and prognostic clinical relevance, as evidenced by recent clinical guidelines33,34 that 

recommend these assessments for persons with DoC. For this reason, we elected to 

share the results of the active-motor-imagery and passive-language fMRI assessment 

with families and clinicians, if the surrogate expressed interest in receiving the 

information. All surrogates requested the fMRI results, which were shared within 24 

hours of data acquisition. The goals of care (i.e., “code status”) for all patients was the 

same before and after results were shared. We did not share results of EEG 
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assessments or of rs-fMRI DMN connectivity because when we began enrollment in 

2018, we did not have an approach for returning these results within 24hrs of data 

acquisition (Supplementary Table 17) as we do now.56  

 

Discussion 

In this prospective study of critically ill patients with acute severe TBI, we 

demonstrate that multiple features of the CRS-R behavioral assessment, including DoC 

diagnosis, evidence of consciousness, and evidence of command-following, are 

associated with less disability at 6 months post-TBI. Task-based EEG and fMRI 

evidence of command-following were also associated with outcome, but this relationship 

did not strengthen that of the CRS-R assessment alone. Individual active-motor-imagery 

and passive-language EEG and fMRI biomarkers, and resting-state fMRI biomarkers, 

were not associated with 6-month DRS total scores, the primary outcome measure, in 

the full sample. However, rs-fMRI DMN connectivity was associated with 6-month DRS 

total scores in a subset of patients who did not follow commands behaviorally, and with 

multiple secondary outcome measures in the full sample, though these analyses were 

not corrected for multiple comparisons. Collectively, our results indicate that even a 

single comprehensive, standardized behavioral assessment identifies patients with 

acute traumatic DoC who may make functional gains in their recovery. Advanced EEG 

and fMRI biomarkers may provide additional information about outcome but require 

further study in large multi-center cohorts.  

The potential value of leveraging advanced electrophysiologic and neuroimaging 

techniques for acute DoC prognosis has been demonstrated in multiple 
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studies.13
,

14
,

29,30
,

31,57-60
 However, these studies were conducted in samples with mixed 

traumatic and non-traumatic etiologies and routinely find that, compared to patients with 

non-TBI, patients with TBI have better outcomes. Moreover, large observational studies 

published over the past 5 years suggest that recovery of consciousness and in-home 

independence after acute severe TBI is not just possible, but common.42,61,62 Thus, 

while multiple studies, including this one, have detected a high rate of CMD on task-

based EEG and fMRI assessment of patients with DoC12,13,19, standardized behavioral 

assessment may be the most accurate, and feasible, tool for TBI prognostication.      

Published guidelines recommend that patients with DoC be assessed with 

standardized behavioral measures as well as task-based EEG and fMRI to establish 

diagnosis.33,34 We evaluated two composite measures as predictors in our prognostic 

models, CMCommand and CMConscious, because recovery of command-following and 

consciousness  have each been associated with better outcome after TBI,3,5,6,63 Of note, 

the composition of the CMConscious group and the CMCommand group is the same except 

that participants with a CRS-R diagnosis of MCS-, but no evidence of CMD (n=6), are in 

the CMConscious positive group but not the CMCommand positive group. Our observation that 

CMConscious was more consistently associated with outcome than CMCommand suggests 

that behavioral milestones other than command-following, which is frequently used in 

TBI prognostic models, may more accurately predict recovery.63 Command-following 

requires the integration of multiple cognitive processes (e.g., language comprehension, 

vigilance) and emerges after recovery of consciousness.64 Novel task- and stimulus-

based paradigms are needed to determine whether advanced EEG and fMRI can also 

be used to detect lower levels of consciousness.22  
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In prior studies, the presence of responses to active-motor-imagery tasks13,14 and 

passive-language stimuli,24,57,65,66 as well as intact DMN connectivity,31 were associated 

with better functional outcome. We included additional variables in our analyses that 

represent not only the presence, but the magnitude of these phenomena. For example, 

we investigated whether a response to active-motor-imagery fMRI (i.e., dichotomous 

present versus absent determination) as well as the magnitude and extent of the 

response (continuous z-statistic and proportion) were associated with outcome. We 

found that while the dichotomous determination of presence or absence of responses to 

active-motor-imagery tasks and passive-language stimuli, and intact DMN connectivity, 

were not associated with outcome, a greater response to passive-language fMRI and 

stronger DMN connectivity may be associated with better 6-month functional outcome.  

Nearly one in four participants (10/45) died due to WLST in the ICU, all of whom 

had a behavioral diagnosis of coma, VS/UWS, or MCS-. CMD was present in 3/10 of 

these participants. The absence of an association between CMD and outcome in our 

data may reflect our observation that only five participants who responded to the task-

based EEG or fMRI paradigm survived to 6-months. Furthermore, most surviving 

participants had moderate, minimal, or no disability at 6-months. Given that only 

participants with an acute behavioral diagnosis of coma, VS/UWS, or MCS- died (all 

from WLST), the relationship between behavioral level of consciousness and outcome 

may also reflect the high rate of WLST. Patients who appear unconscious at the 

bedside are more likely to receive a poor prognosis, leading to WLST and the observed 

association between CRS-R and outcome. This phenomenon is often described as a 

self-fulfilling prophecy.67,68 Despite growing evidence that recovery is possible after 
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severe TBI,62,42,61 WLST remains the leading cause of death in hospitalized patients 

with TBI,62,69,70 highlighting the importance of developing multimodal tools to improve 

outcome prediction for patients who have not recovered consciousness60 and statistical 

approaches for imputing outcomes for patients who die due to WLST.62 

There is no single optimal measure for assessment of outcomes after severe 

TBI. For this reason, we tested the association between 6-month outcome and multiple 

secondary outcome measures. Consistent with the DRS total score results, the 

presence of responses to active-motor-imagery and passive-language EEG or fMRI 

were not associated with secondary outcomes. The CMConscious composite measure, 

passive-language fMRI, and rs-fMRI measures of DMN connectivity were associated 

with most of the secondary outcomes in the full sample of participants. Thus, the results 

of the secondary outcomes did not identify additional EEG or fMRI biomarkers 

associated with 6-month outcome but suggest that DRSDepend and GOSE-TBI should be 

considered in future studies of DoC recovery.  

Our study includes a larger sample of patients with severe TBI compared to most 

recent studies focused on acute DoC prognostication.14,29-31 However, our high rate of 

WLST, inclusion of participants who were behaviorally following commands (and 

therefore more likely to have a good outcome regardless of EEG or fMRI findings), and 

restriction of enrollment to patients with TBI may have limited our ability to detect 

associations between some biomarkers and outcome. In one of the first studies to 

establish the predictive validity of CMD in patients with acute DoC, the presence of 

CMD, assessed using similar EEG methods to those employed in our study, was 

associated with approximately the same odds of recovery as an etiology of TBI.14 A 
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separate acute DoC prognostication study found that an etiology of TBI and level of 

consciousnesses were as, or more, predictive of 3- and 12-month30 outcome compared 

to EEG and rs-fMRI measures. These findings may explain the absence of an 

association between CMD and outcome in our TBI cohort, as the higher likelihood of 

functional recovery in patients with acute severe TBI, as compared to patients with non-

traumatic etiologies of acute DoC, may make a CMD diagnosis less prognostically 

relevant. 

 

Conclusions 

Establishing prognosis after severe TBI is a critical component of clinical management 

as it directly informs decisions about WLST and access to intensive rehabilitation. 

Current prediction models based on demographic information, visual evaluation of 

structural imaging and resting-state EEG, and bedside neurological examination are 

imprecise; they do not include standardized measures of consciousness or 

comprehensively assess brain function. We showed that a single comprehensive 

standardized behavioral assessment of consciousness is strongly associated with 

outcome 6 months after severe TBI. Serial behavioral assessment may further optimize 

prognostication60
 

71 and reduce premature WLST.62 While it may be infeasible to 

administer the full-length CRS-R serially, an abbreviated version of the CRS-R was 

recently developed and validated specifically for detecting consciousness (i.e., MCS-) in 

the ICU.72 EEG and fMRI measures of brain function, while promising, require further 

investigation before they are implemented in prognostic models for severe TBI.56 
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Figure Legends  

Figure 1: CONSORT Diagram of Participant Enrollment.  
Patients with traumatic brain injury (TBI) admitted to one of three intensive care units 
(ICU) at Massachusetts General Hospital between 09/01/2018 - 12/29/2022 were 
screened for eligibility. Of 770 admissions, the majority were excluded due to the 
absence of severe TBI (i.e., no Glasgow Coma Scale score < 9 in the first 24 hours, or 
recovery of orientation prior to approach for enrollment). Among eligible participants, the 
most common factor for non-enrollment was death due to withdrawal of life-sustaining 
treatment. We enrolled 55 participants, of whom 49 were assessed with either task-
based electroencephalography, functional magnetic resonance imaging, or both, and 45 
were followed at 6-months post-TBI. Abbreviations: DRS Disability Rating Scale; EEG 
electroencephalography; fMRI functional magnetic resonance imaging; GCS Glasgow 
Coma Scale; mo months; PI principal investigator; PTCS post-traumatic confusional 
state; WLST withdrawal of life-sustaining treatment. 
 
Figure 2: fMRI Group-level Results  
Functional magnetic resonance imaging (fMRI) results at the group-level are shown for 
the task-based fMRI motor-action paradigm, stimulus-based passive-language 
paradigm, and resting-state fMRI (columns) classified across the rows by healthy 
control participants, patient participants with a CRS-R diagnosis of MCS+ or eMCS, and 
patients with a CRS-R diagnosis of MCS-, VS/UWS, or coma. The last row includes 
only the patient participants with a positive response to the task-based fMRI motor-
action paradigm or stimulus-based passive-language paradigm, or within normal limits 
(i.e., within 95% confidence interval of healthy control participants) response on resting-
state fMRI. The blue area in the Active-motor-imageryand Passive-Language fMRI 
columns illustrate the regions of interest encompassing the supplementary motor 
area/premotor cortex (SMA/PMC) and superior temporal gyrus (STG), respectively. 
Red-yellow overlays in the Active-motor-imageryand Passive-Language columns 
represent  heatmaps of the percentage of participants (out of the total indicated in each 
cell) that have a positive response in the voxels shown. In the Resting State fMRI 
column, voxel color and intensity are modulated by the percentage of participants in 
each group with default mode network (DMN) correlations (red/yellow) or 
anticorrelations (purple/blue). No participants with a PTCS or MCS+ diagnosis had a 
positiveF response to active-motor-imagery fMRI. Among participants with a diagnosis 
of coma, VS/UWS, or MCS-, n=8 had a positive response to active-motor-imagery fMRI. 
Abbreviations: MCS-/MCS+ minimally conscious state without/with language function; 
PTCS post-traumatic confusional state; VS/UWS vegetative state/unresponsive 
wakefulness syndrome. 
 
Figure 3: Disability Rating Scale at 6-months in Participants Across Behavioral 
Diagnosis and Composite Measures of Command-following and Consciousness 
The 6-month DRS score is plotted for participants with each behavioral diagnosis based 
on the Coma Recovery Scale-Revised (CRS-R, [A]) and for participants who have 
evidence of command-following (CMCommand: CRS-R diagnosis of MCS+, or PTCS, or 
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positive response to active-motor-imagery EEG, or positive response to active-motor-
imagery fMRI, [B]), or evidence of consciousness (CMConscious: CRS-R diagnosis of 
either MCS-, or MCS+, or PTCS, or positive response to active-motor-imagery EEG, or 
positive response to active-motor-imagery fMRI [C]) on a composite measure. The 
behavioral diagnosis is based on the best CRS-R diagnosis obtained at the time of EEG 
or fMRI. Medians are indicated by a solid line and means are indicated by a dotted line 
in each box plot. Abbreviations: CMConscious composite measure of consciousness; 
CMCommand composite measure of command-following; DoC disorders of consciousness; 
MCS-/MCS+ minimally conscious state without/with language function; VS/UWS 
vegetative state/unresponsive wakefulness syndrome; PTCS post-traumatic confusional 
state.  
 
 
Figure 4: Disability Rating Scale at 6-months in Participants with and without 
Responses to Active-motor-imagery and Passive-language EEG and fMRI 
The 6-month DRS score is plotted for each participant with the circles shaded in black 
to indicate whether responses to the active-motor, passive-language, or both were 
detected on EEG (A) and fMRI (B). In panel B, the presence of intact default mode 
network (DMN) connectivity is further indicated with purple shading. Participants are 
ordered on the x-axis based on Coma Recovery Scale-Revised (CRS-R) diagnosis at 
the time of the EEG (A) or fMRI (B) assessment. Panels C-G illustrate group-level 
results for DRS total score based on the presence of a response to active-motor-
imagery EEG (C), passive-language EEG (D), active-motor-imagery fMRI (E), passive-
language fMRI (F), and intact DMN connectivity (G). Box plots are omitted when there 
are less than 6 data points in a group (e.g., no response to passive-language EEG, [D]). 
NA indicates that the data were not acquired (see Table 1). Abbreviations: DoC 
disorders of consciousness; MCS-/MCS+ minimally conscious state without/with 
language function; NA not acquired; PTCS post-traumatic confusional state; VS/UWS 
vegetative state/unresponsive wakefulness syndrome; WNL within normal limits (i.e., 
within 95% confidence interval of healthy control participants). 
 
Figure 5: Disability Rating Scale at 6-months in Participants with Varying Degree 
of Responsiveness to Active-motor-imagery and Passive-language EEG and fMRI 
The 6-month DRS score is plotted for each participant with the x-axis depicting the 
accuracy of the classifier for the active-motor-imagery (A) and passive-language (B) 
paradigms, percent of suprathreshold voxels within the supplementary motor 
area/premotor cortex (SMA/PMC, [C]) and z-statistic within the SMA/PMC (D) for the 
active-motor-imagery fMRI paradigm, percent of suprathreshold voxels within the 
superior temporal gyrus (STG, [E]) and z-statistic within the STG (F) for the passive-
language fMRI paradigm, and z-statistic within the default mode network (DMN, [G]). 
Dot colors represent behavioral diagnosis based on the Coma Recovery Scale-Revised 
(CRS-R). A thick outline indicates the response to the paradigm was positive. At the 
bottom of each scatterplot, vertical tick-marks represent healthy control data. 
Abbreviations: DoC disorders of consciousness; MCS-/MCS+ minimally conscious state 
without/with language function; NA not acquired; PTCS post-traumatic confusional 
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state; VS/UWS vegetative state/unresponsive wakefulness syndrome; WNL within 
normal limits (i.e., within 95% confidence interval of healthy control participants). 
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Table 1: Participant EEG and fMRI responses to active-motor imagery, passive-language, and rest 

ID 

EEG Variables fMRI Variables 6 mo Outcome 

Day 
of 

EEG 

CRS-R at 
EEG 

Active-Motor 
+/-  

(Accuracy) 

Passive- 
Language  

 +/-  
(Accuracy) 

Day  
of 

fMRI 

CRS-R  
at fMRI 

Active-Motor Paradigm Passive-Language  
Paradigm Resting-state 

DRS 
Total 

GOSE- 
ALL/TBI 

 
+/-  

(% SMA/PMC 
voxels)  

SMA/PMC  
Z statistic  

+/-  
(% STG  
Voxels)  

STG  
Z statistic  

+/- DMN  
(Z statistic)  

P1 17 coma - (0.47) - (0.47) NA NA NA NA NA NA NA 30 1     
P2a 4 coma + (0.54) + (0.86) 5 coma + (0.19) -0.13 + (34.15) 2.39 +(0.87) 5 4/4 
P3a 5 coma + (0.62) + (0.61) NA NA NA NA NA NA NA 30 1     
P4a 8 coma + (0.55) + (0.57) 9 coma + (0.50) 0.28 + (2.27) 0.46 -(0.66) 30 1     
P5 2 coma - (0.50) + (0.67) 9 coma - (0) 0.10 + (5.58) 0.50 0.52 12 3/3 
P6 3 coma - (0.52) + (0.75) NA NA NA NA NA NA NA 30 1     
P7 26 VS/UWS - (0.54) NAc 25 VS/UWS - (0) 0.26 + (6.00) 0.73 +(0.86) 30 1     
P8 5 VS/UWS - (0.51) + (0.60) 5 VS/UWS - (0) -0.54 + (34.74) 2.61 +(1.17) 2 7/8     
P9 6 VS/UWS - (0.51) + (0.70) 6 VS/UWS - (0) -0.19 + (5.91) -0.19 +(1.13) 6 3/8     

P10 4 VS/UWS - (0.53) - (0.53) 3 VS/UWS - (0) -0.21 - (0) -0.61 +(0.84) 2 6/7     
P11 12 VS/UWS - (0.54) + (0.60) 11 VS/UWS - (0) 0.28 + (35.42) 2.69 0.53 14 3/3 
P12a 2 VS/UWS - (0.50) + (0.58) 9 VS/UWS + (2.38) 0.46 + (5.48) 0.78 +(1.45) 16 3/3 
P13a 2 VS/UWS + (0.59) + (0.70) 2 VS/UWS + (0.77) 0.69 + (12.40) 0.99 0.25 9 4/4 
P14 14 VS/UWS - (0.53) + (0.79) NA NA NA NA NA NA NA 11 3/3 
P15 3 VS/UWS - (0.51) + (0.58) 4 VS/UWS - (0) -0.35 + (0.88) -0.07 0.28 30 1     
P16 3 VS/UWS - (0.54) + (0.54) NA NA NA NA NA NA NA 0 8/8 
P17 1 VS/UWS - (0.53) + (0.60) NA NA NA NA NA NA NA 30 1     
P18 2 VS/UWS - (0.52) + (0.69) NA NA NA NA NA NA NA 0 6/8 
P19a 6 VS/UWS - (0.51) + (0.56) 17 VS/UWS + (0.20) -0.10 + (0.66)a -0.11 0.40 23 3/3     
P20 3 VS/UWS - (0.51) + (0.55) 4 VS/UWS - (0) -0.04 - (0) -0.23 0.67 30 1     
P21 6 VS/UWS - (0.48) + (0.56) 16 VS/UWS - (0) -0.21 - (0) -0.32 0.67 22 2/2 
P22a 5 VS/UWS NAd - (0.52) 8 VS/UWS + (0.04) -0.06 - (0) -0.30 0.72 1 8/8     
P23 5 VS/UWS - (0.52) + (0.60) 4 VS/UWS - (0) -0.15 -(0) -0.10 0.53 23 2/2     
P24 34 VS/UWS - (0.48) + (0.75) 34 VS/UWS - (0) -0.60 +(20.28) 1.27 +(1.03) 4 5/5     
P25 11 VS/UWS - (0.50) + (0.62) 11 VS/UWS - (0) -0.24 +(6.80) 1.37 0.42 30 1     

P26a,b 2 MCS- + (0.57) + (0.56) 2 MCS- + (0.16) -0.16 - (0) -0.46 0.63 11 3/3 
P27b 2 MCS- - (0.53) + (0.61) 4 VS/UWS - (0) -0.46 + (4.65) -0.02 0.57 1 5/5 

P28a,b 18 MCS- + (0.57) + (0.63) NA NA NA NA NA NA NA 30 1     
P29b 15 MCS- - (0.49) + (0.67) NA NA NA NA NA NA NA 1 6/6 

P30a,b 2 MCS- - (0.52) + (0.60) 6 MCS- + (4.16) 0.50 + (34.44) 2.59 +(0.86) 3 5/6     
P31b,e 3 MCS- - (0.50) + (0.81) 8 eMCS - (0) 0.10 + (18.35) 1.44 0.47 5 3/3 
P32b 6 MCS- - (0.52) + (0.64) 10 MCS- - (0) -0.24 + (1.97) 0.10 0.59 3 4/4 
P33b 15 MCS- - (0.50) NAc NA NA NA NA NA NA NA 13 3/3 
P34b 8 MCS- - (0.53) + (0.78) 23 MCS- - (0) -0.83 + (19.63) 0.95 +(0.82) 14 3/3    
P35b 10 MCS- - (0.45) + (0.66) 11 MCS- - (0) 0.21 + (14.34) 1.24 +(1.14) 0 6/6     
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ID 

EEG Variables fMRI Variables 6 mo Outcome 

Day 
of 

EEG 

CRS-R at 
EEG 

Active-
Motor  

+/- 
(Accuracy) 

Passive- 
Language  

 +/- 
(Accuracy) 

Day  
of 

fMRI 
CRS-R at fMRI 

Active-Motor Paradigm Passive-Language  
Paradigm Resting-state 

DRS 
Total 

GOSE- 
ALL/TBI 

 
+/-  

(% SMA/PMC 
voxels)  

SMA/PMC  
Z statistic  

+/-  
(% STG  
Voxels)  

STG  
Z statistic 

+/- DMN  
(Z statistic)  

P36 a,b 15 MCS+ - (0.53) + (0.61) 21 MCS+ - (0) -0.21 + (4.17) 0.46 0.47 2 5/5 
P37a,b 9 MCS+ - (0.51) + (0.58) 9 MCS+ - (0) 0.16 + (15.94) 1.24 0.58 0 8/8 
P38 a,b 6 MCS+ - (0.50) + (0.62) NA NA NA NA NA NA NA 3 5/5 
P39 a,b,f 6 MCS+ - (0.51) + (0.74) 8 eMCS NA NA NA NA 0.65 10 3/3 
P40 a,b 4 MCS+ + (0.56) + (0.66) 15 MCS+ - (0) -0.09 + (15.76) 1.33 0.72 3 4/4 
P41 a,b 4 MCS+ - (0.46) + (0.59) NA NA NA NA NA NA NA 1 5/7 
P42 a,b 5 MCS+ - (0.51) + (0.72) 5 MCS+ - (0) 0.07 + (6.85) 0.77 +(1.03) 3 6/6 
P43 a,b 6 eMCS - (0.50) + (0.76) NA NA NA NA NA NA NA 8 NAg 

P44 a,b 17 eMCS + (0.59) + (0.77) NA NA NA NA NA NA NA 5 3/3 
P45 a,b NA NA NA NA 3 eMCS - (0) -0.22 + (48.95) 3.43 +(0.86) 0 8/8 

a participant meeting criteria for command following composite measure (CMCommand; CRS-R diagnosis of MCS+, or eMCS, or positive response to active-motor 
fMRI, or   positive response to active-motor EEG) 
b participant meeting criteria for consciousness composite measure (CMConscious; CRS-R diagnosis of MCS-, or MCS+, or eMCS, or positive response to active-
motor fMRI, or positive response to active-motor EEG) 
c Two or three (out of three) blocks of data were discarded due to breaks in the acquisition paradigm which resulted in a time lapse between rest and language 
blocks that exceeded 3 minutes, compromising the data analysis and interpretation 
d Paradigm instructions were not played  
e P31 had a CRS-R diagnosis of MCS- at the time of EEG   
f participant crawled out of the scanner after completion of resting-state fMRI scan, thus hand and language fMRI paradigms were not acquired 
g DRS was completed, for GOSE could not be obtained at the time of follow-up and participant could not be reached subsequently 
 
Participants with a CRS-R diagnosis of coma, VS/UWS, or MCS- who have positive (+) responses to the active-motor task on EEG or fMRI are considered to 
have cognitive motor dissociation (CMD); Participants with a CRS-R diagnosis of coma, VS/UWS, or MCS- who have positive (+) responses to the passive-
language task on EEG or fMRI are considered to have covert cortical processing (CCP) 
 
Abbreviations: CRS-R Coma Recovery Scale-Revised; DMN default more network; DRS Disability Rating Scale; EEG electroencephalography; fMRI functional 
magnetic resonance imaging; GOSE TBI/ALL Glasgow Outcome Scale-Extended considering only the effects of all injuries [GOSE-All], and the effects of the TBI 
only [GOSE-TBI]; mo month; N/A not applicable; SMA/PMC supplementary motor area/premotor cortex; STG superior temporal gyrus 
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Table 2: Association of CRS-R, EEG, and fMRI assessment variables with 6-month 
DRS total score 

Variable (n) Wilcoxon rank sum test  
Estimate [95% CI]; p-value 

CMCommand  (n=45) 
   CRS-R  
                y (n=11) 
                n (n=34) 

-9 [-20, -1]; p=0.011 

   CRS-R or EEG  
                y (n=17)  
                n (n=28)  

-2 [-12, 2]; p=0.334 

   CRS-R or fMRI  
                y (n=19)  
                n (n=26) 

-7 [-19, 0]; p=0.067 

   CRS-R or EEG or fMRI  
                y (n=21)  
                n (n=24) 

-2 [-12, 2]; p=0.313 

CMConscious  (n=45) 
   CRS-R  
                y (n=20)  
                n (n=25) 

-11 [-20, -2]; p=0.003a 

   CRS-R or EEG  
                y (n=24)  
                n (n=21) 

-9 [-19, 0]; p=0.030a 

   CRS-R or fMRI  
                y (n=26)  
                n (n=19) 

-10.67 [-20, -1]; p=0.013a 

   CRS-R or EEG or fMRI  
                y (n=27)  
                n (n=18) 

-8 [-19, 0]; p=0.037a 

a Statistically significant associations with 6-month DRS total score (p<0.05) 
 
Estimate reported is the Hodges-Lehman estimate of the median difference 
between a measurement from group 1 and a measurement from group 2.    
 
Abbreviations: CI confidence interval; CMCommand  Composite Measure 
including any assessment indicating command-following; CMConscious  
Composite Measure including any assessment indicating conscious 
awareness; CRS-R Coma Recovery Scale-Revised; DRS Disability Rating 
Scale; EEG electroencephalography, fMRI functional magnetic resonance 
imaging 
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Table 3: Association of CRS-R, EEG, and fMRI assessment variables with 6-month 
DRS total score 
 

Variable (n) Spearman’s correlation coefficient or  
Wilcoxon rank sum test  

EEG: Full Sample 
   Age 0.363 [0.058, 0.626]; p=0.015a 

   CRS-R Consciousb 
                y (n=19); n (n=25) -11 [-20, -2]; p=0.006a 

   Days to EEG 0.100 [-0.195, 0.424]; p=0.517 
   Active-motor [yes/no]  
                y (n=8); n (n=35) 3 [-4, 11]; p=0.278 

   Active-motor [% accuracy] 0.143 [-0.15, 0.431]; p=0.359 
   Passive-language [yes/no]  
                y (n=39); n (n=3)c 1 [-24, 21]; p=0.640 

   Passive-language [% accuracy] -0.080 [-0.386, 0.276]; p=0.614 

  
EEG: Coma, VS/UWS, MCS- Subsample  
   Age 0.369 [0.012, 0.665]; p=0.029 

   CRS-R Consciousb 
                y (n=10); n (n=25) -9 [-19, 0]; p=0.067 

   Days to EEG 0.174 [-0.189, 0.496]; p=0.318 
   Active-motor [yes/no]  
                yes (n=6); no (n=28) 5 [-4, 18]; p=0.272 

   Active-motor [% accuracy] 0.126 [-0.245, 0.455]; p=0.478 
   Passive-language [yes/no]  
                y (n=30); n (n=3)c 

2 [-19, 28]; p=0.569 

   Passive-language [% accuracy] -0.162 [-0.495, 0.214]; p=0.367 
  
fMRI: Full Sample  
   Age 0.389 [0.028, 0.705]; p=0.031a 

   CRS-R Consciousb 
                y (n=12); n (n=19) -9.07 [-20, -2]; p=0.010a 

   Days to fMRI 0.159 [-0.217, 0.528]; p=0.392 
   Active-motor [yes/no]  
                y (n=8); n (n=22) 

2 [-7, 10]; p=0.494 

   Active-motor [%suprathreshold] 0.150 [-0.2, 0.459]; p=0.428 
   Active-motor [ROI z-stat] 0.125 [-0.21, 0.483]; p=0.511 
   Passive-language [yes/no]  
                y (n=24); n (n=6) -3.80 [-19, 5]; p=0.549 

   Passive-language [%suprathreshold] -0.334 [-0.634, 0.032]; p=0.071 

   Passive-language [ROI z-stat] -0.241 [-0.562, 0.137]; p=0.20 
   Resting-state DMN [yes/no]  
                y (n=12); n (n=19) -6 [-16, 1]; p=0.148 

   Resting-state DMN [z-stat] -0.332 [-0.624, 0.025]; p=0.068 

  
fMRI: Coma, VS, MCS- Subsample  
   age 0.306 [-0.139, 0.687]; p=0.146 
   CRS-R Consciousb 
                y (n=5); n (n=19) -9 [-20, 2]; p=0.124 

   Days to fMRI 0.186 [-0.212, 0.564]; p=0.384 
   Active-motor [yes/no]  
                y (n=8); n (n=16) 0 [-13, 9]; p=0.902 

   Active-motor [% suprathreshold] -0.001 [-0.401, 0.391]; p=0.995 
   Active-motor [ROI z-stat] 0.155 [-0.230, 0.524]; p=0.469 
   Passive-language [yes/no]  0 [-17, 8]; p=0.947 
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                y (n=18); n (n=6) 
   Passive-language [% suprathreshold] -0.232 [-0.606, 0.187]; p=0.275 

   Passive-language [ROI z-stat] -0.109 [-0.512, 0.313]; p=0.611 
   Resting-state DMN [yes/no]  
                y (n=10); n (n=14) -9 [-20, 1]; p=0.093 

   Resting-state DMN [z-stat] -0.411 [-0.707, -0.027]; p=0.046a 

a Statistically significant associations with 6-month DRS total score (p<0.05) 
b MCS-, MCS+, eMCS vs Coma, VS/UWS  
c Only 3 participants did not demonstrate a positive response to passive-language with EEG 
assessment, therefore, the results should be interpreted with caution 
The CRS-R Conscious variable compares participants with a behavioral diagnosis of coma or 
VS/UWS versus those in MCS-, MCS+, or eMCS on the CRS-R 
 
Abbreviations: CI confidence interval; CMCommand  Composite Measure including any assessment 
indicating command-following; : CMConscious  Composite Measure including any assessment 
indicating conscious awareness; CRS-R Coma Recovery Scale-Revised; DMN default mode 
network; DRS disability rating scale; EEG electroencephalography, fMRI functional magnetic 
resonance imaging, MCS- minimally conscious state minus (without evidence of language 
function); mo months; n  no; ROI region of interest; SD standard deviation; VS/UWS vegetative 
state/unresponsive wakefulness syndrome; y yes 
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