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Multimodal assessment improves 
neuroprognosis performance in clinically 
unresponsive critical-care patients with 
brain injury

Accurately predicting functional outcomes for unresponsive patients with 
acute brain injury is a medical, scientific and ethical challenge. This prospective 
study assesses how a multimodal approach combining various numbers 
of behavioral, neuroimaging and electrophysiological markers affects the 
performance of outcome predictions. We analyzed data from 349 patients 
admitted to a tertiary neurointensive care unit between 2009 and 2021, 
categorizing prognoses as good, uncertain or poor, and compared these 
predictions with observed outcomes using the Glasgow Outcome Scale–
Extended (GOS-E, levels ranging from 1 to 8, with higher levels indicating better 
outcomes). After excluding cases with life-sustaining therapy withdrawal 
to mitigate the self-fulfilling prophecy bias, our findings reveal that a good 
prognosis, compared with a poor or uncertain one, is associated with better 
one-year functional outcomes (common odds ratio (95% CI) for higher GOS-E: 
OR = 14.57 (5.70–40.32), P < 0.001; and 2.9 (1.56–5.45), P < 0.001, respectively). 
Moreover, increasing the number of assessment modalities decreased 
uncertainty (OR = 0.35 (0.21–0.59), P < 0.001) and improved prognostic 
accuracy (OR = 2.72 (1.18–6.47), P = 0.011). Our results underscore the value 
of multimodal assessment in refi ning neuroprognostic precision, thereby 
offering a robust foundation for clinical decision-making processes for acutely 
brain-injured patients. ClinicalTrials.gov registration: NCT04534777.

Prognostic evaluation of unresponsive patients following acute brain 
injury is one of the most difficult medical, scientific and ethical chal-
lenges. Indeed, withdrawal of life-sustaining therapies (WLST) is the 
leading cause of death in this setting, and these decisions are based 
on the prognosis and patients’ wishes1–4. Disease-specific scores and 
decision algorithms have been developed to help physicians reduce 
uncertainty when predicting functional outcomes, especially for com-
mon etiologies such as anoxia5,6 and traumatic brain injury (TBI)7. These 
decision aids, as well as both recent European and US guidelines on 
the assessment of patients with disorders of consciousness (DoC), 

recommend using a multimodal assessment (MMA) combining several 
metrics derived from behavioral, neuroimagery and electrophysiology 
when initial behavioral assessment is non-univocal or in the presence 
of confounding factors4,8–11.

Although the idea of improving neuroprognosis performance 
by increasing the amount of available evidence seems to be a rational 
approach, it has not been empirically validated in clinical practice. 
Moreover, multimodal approaches increase the odds of discrepan-
cies across markers that could lead to choice paralysis or to biased 
decisions12,13.
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in Extended Data Figure 1. The median age was 53.2 (IQR, 35.7–63) 
years, and most of the patients were male (63.6%) and had a previously 
diagnosed medical condition (72%). The most common etiologies of 
DoC were anoxia (36.4%), TBI (18.9%) and stroke (14%). The median 
delay between brain injury and assessment was 33 (IQR, 23–53) days. 
The median time between the acquisition of the first and last marker 
was 6 (IQR, 2–13) days. According to expert behavioral examinations 
using the Coma Recovery Scale-revised (CRS-r), most of the patients 
(88%) were categorized as being in a minimally conscious state (MCS; 
46%) or in a vegetative state/unresponsive wakefulness syndrome  
(VS/UWS; 42%), with few patients being comatose (3.2%) or emerging 
from the MCS (EMCS; 8.8%)14. Overall, 16.6% of patients achieved a 
favorable outcome, defined as GOS-E ≥ 4, after 1 year. Patients with 
favorable outcomes were younger, had fewer previous medical condi-
tions and were most likely unconscious because of a TBI (37%; Table 1). 
Patients in a MCS had a one-year GOS-E of ≥4 more frequently than did 
patients in a VS/UWS (19.3% versus 3.4%), as previously reported15,16.

Disorders-of-consciousness-team prognosis predicts 
one-year functional outcome
The DoC-team prognosis based on MMA was significantly associated 
with one-year functional outcome. More precisely, a good prognosis  
was associated with a shift toward a better functional outcome, 

In this paper, we aimed to evaluate the performance of MMA in 
determining the neuroprognosis of patients with acute brain injury. We 
report a 12-year analysis of MMA performance in patients assessed at a 
specialized French medical center, and we provide evidence that MMA 
indeed decreases uncertainty and improves the accuracy of long-term 
functional outcome predictions.

Results
Population description
Of the 503 patients included in the cohort between January 2009 and 
August 2021, 349 intensive care unit (ICU) patients met our inclusion 
criteria, 114 (22.7%) were non-ICU patients and 40 (8%) had missing data. 
The vast majority (96%, n = 335) of the patients were referred from other 
ICUs for expert assessment of consciousness and neuroprognosis. The 
prognosis determined by the DoC team, a multidisciplinary group of 
neurointensivists, neurologists, neurophysiologists, neuroradiologists 
and neuroscientists, and one-year functional outcomes were available 
for 277 (79%) patients (Fig. 1).

Between 2009 and 2021, the median number of patients assessed 
for multimodal neuroprognostication per year was 26 (interquartile 
range (IQR), 22–31). Good, uncertain and poor prognoses were issued 
in 22%, 45.5% and 32.5% of cases, respectively. New markers have been 
integrated into the MMA over time, increasing from 4 to 12, as shown 

349 ICU patients assessed for 
neuroprognostication
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277 One-year functional outcome

231 (83.4%) GOS-E < 4 

46 (16.6%) GOS-E ≥ 4  

314 DoC-team reports 

69 (22%) Good prognosis

102 (32.5%) Poor prognosis

143 (45.5%) Uncertain prognosis

114 Non-ICU patients

83 (72.8%) Long-term care institution

19 (16.7%) Medical or surgical unit
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Fig. 1 | Flowchart and study design. Data-collection flowchart (left) and 
schematic illustrating study design (right). ICU, intensive care unit; DoC, 
disorder of consciousness; GOS-E, Glasgow Outcome Scale–Extended (levels 

range from 1 to 8, with higher levels indicating better outcomes); Se, sensitivity; 
Sp, specificity; PPV, positive predictive value; NPV, negative predictive value; 
AUC, area under the receiver operating characteristic (ROC) curve.
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compared with a poor or uncertain prognosis (higher GOS-E with a com-
mon OR of 26.76 (95% confidence interval (CI), 11.88–64.39), P < 0.001 
and 3.45 (95% CI, 1.92–6.23), P < 0.001; Fig. 2, left, and Supplementary 

Table 2). Although WLST decisions were more commonly made for 
those with a poor or uncertain prognosis (60.8% and 15.5%, respec-
tively, versus 4.5% for good prognosis), the association between a good 

Table 1 | Demographic and clinical characteristics of patients at time of admission for assessment

All ICU patients, n = 349 GOS-E < 4; n = 231 GOS-E ≥ 4; n = 46 *P

Age in years, median (IQR) 53.2 (35.7–63) 54.6 (39.6–64.7) 38.4 (22.3–56.3) 0.0002

Sex (male), n (%) 222 (63.6) 151 (65.4) 29 (63) 0.87

Previous medical history (5 missing data)

None, n (%) 97 (28.2) 57 (24.9) 19 (42.2) 0.028

Cardiovascular diseases, n (%) 172 (50) 122 (52.8) 15 (32.6) 0.022

  Arterial hypertension, n (%) 113 (32.9) 84 (36.4) 9 (19.6) 0.038

  Diabetes, n (%) 71 (20.6) 57 (24.7) 3 (6.5) 0.0054

  Heart disease, n (%) 62 (18) 43 (18.6) 3 (6.5) 0.050

Psychiatric disorders, n (%) 80 (23.3) 63 (27.3) 8 (17.4) 0.20

  Substance-use disorder, n (%) 47 (13.7) 38 (16.5) 3 (6.5) 0.11

  Depressive disorder, n (%) 39 (11.3) 31 (13.4) 4 (8.7) 0.47

Neurological disease, n (%) 41 (11.9) 34 (14.7) 1 (2.2) 0.015

  Stroke, n (%) 14 (4.1) 13 (5.6) 0 0.14

  Epilepsy, n (%) 14 (4.1) 10 (4.3) 1 (2.2) 1.0

  Cognitive dysfunction, n (%) 14 (4.1) 11 (4.8) 0 0.22

Cancer, n (%) 24 (7) 16 (6.9) 0 0.083

Etiology of DoC

Anoxia, n (%) 127 (36.4) 99 (42.9) 12 (26.1) 0.047

Traumatic brain injury, n (%) 66 (18.9) 26 (11.3) 17 (37) 6.3 × 10–5

Stroke, n (%) 49 (14) 31 (13.4) 3 (6.5) 0.23

  Ischemic stroke, n (%) 17 (4.9) 10 (4.3) 1 (2.2) 0.70

  Intracerebral hemorrhage, n (%) 22 (6.3) 15 (6.5) 2 (4.3) 0.75

  Subarachnoid hemorrhage, n (%) 10 (2.9) 6 (2.6) 0 0.59

Hypoglycemia, n (%) 15 (4.3) 13 (5.6) 0 0.14

Others, n (%) 66 (18.9) 39 (16.9) 11 (23.9) 0.29

  CNS inflammatory disease, n (%) 25 (7.2) 13 (5.6) 6 (13) 0.10

  CNS infectious disease, n (%) 6 (1.7) 3 (1.3) 1 (2.2) 0.52

  Status epilepticus, n (%) 9 (2.6) 6 (2.6) 1 (2.2) 1.0

  CNS metabolic or toxic disease, n (%) 6 (1.7) 5 (2.2) 0 0.59

  Encephalopathy, n (%) 17 (4.9) 11 (4.8) 3 (6.5) 0.71

  PNS disorders, n (%) 3 (0.9) 1 (0.4) 0 1.0

Mixed, n (%) 32 (9.2) 23 (10) 3 (6.5) 0.59

Brain injury–MMA delay in days, median (IQR) 33 (23–53) 29 (21–43) 35 (24–59) 0.094

Clinical state

CRS-r, median score (IQR) 7 (5–11) 6 (4–9) 11 (8–15) 7.5 × 10–9

Coma, n (%) 11 (3.2) 10 (4.3) 0 0.38

VS/UWS, n (%) 146 (42) 122 (52.8) 5 (10.9) 7.0 × 10–8

MCS minus, n (%) 82 (23.6) 51 (22.1) 14 (30.4) 0.25

MCS plus, n (%) 79 (22.6) 38 (16.5) 17 (37) 0.0037

EMCS, n (%) 31 (8.9) 10 (4.3) 10 (21.7) 0.0032

Mechanical ventilation, n (%) (12 missing data) 252 (74.8) 174 (75.3) 27 (58.7) 0.084

Tracheostomy, n (%) (14 missing data) 136 (40.6) 84 (36.4) 23 (50) 0.091

Gastrostomy, n (%) (31 missing data) 45 (14.2) 30 (13) 8 (17.4) 0.33

CNS, central nervous system; PNS, peripheral nervous system. MCS patients with language related behavior (i.e. command following, intelligible verbalizations or non-functional 
communication) were categorised ‘MCS plus’, and otherwise ‘MCS minus’. *Two-sided Wilcoxon rank-sum test or Fisher’s exact test were used, with no adjustment for multiple comparisons. 
Significant differences between the two groups of patients (GOS-E of 1–3 versus 4–8) are indicated by bold P values (P < 0.05). Reported sex is sex assigned at birth.
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prognosis and a better functional outcome remained significant after 
excluding patients for whom a WSLT decision was made (n = 80) or the 
decision was unknown (n = 18; common OR, 14.57 (95% CI, 5.70–40.32) 
and P < 0.001 when compared with poor prognosis; and 2.9 (95% CI, 
1.56–5.45) and P < 0.001 when compared with uncertain prognosis; 
Fig. 2, right, and Supplementary Table 2). Differences in values for each 
MMA marker corresponding to the DoC-team prognosis are available 
in Supplementary Table 1.

Multimodal assessment improves neuroprognosis 
performance
As the number of modalities increases, the proportion of uncertain 
prognoses decreases (57.5% versus 32.1% for fewer than six modali-
ties versus six modalities or more, respectively; OR, 0.35 (95% CI,  
0.21–0.59), P < 0.001). In addition, the accuracy of the DoC-team 

prognosis improves (66.1% versus 84.3%; OR, 2.72 (95% CI, 1.18–6.47), 
P = 0.011; Fig. 3, left). The same was true when excluding patients with 
WLST and those for whom the WLST decision was unknown (uncertain 
proportion decreases from 63.6% to 38.8%, and accuracy increases from 
50% to 73.5%; OR, 0.36 (95% CI, 0.19–0.69), P < 0.001; and OR, 2.73 (95% 
CI, 1.01–7.61), P = 0.040, respectively; Fig. 3, right). These effects remain 
significant when adjusted for time (Extended Data Fig. 2).

Performances of individual markers and DoC-team prognoses 
based on MMA (sensitivity, specificity and predictive positive and 
negative values) in predicting favorable outcomes are presented in 
Figure 4a (and Supplementary Table 3). Although some markers (for 
example, somatosensory evoked potential or electroencephalogram 
(EEG) reactivity) displayed a high sensitivity with a poor specificity, 
others (for example, global effect) displayed the opposite pattern. 
However, when compared with the DoC team’s MMA-based prognosis 
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or the multivariable classifier (described below), no individual mark-
ers demonstrated a superior accuracy (Fig. 4b and Supplementary 
Tables 4 and 5).

Performance of a multivariable classifier (sparse partial 
least-squares discriminant analysis, see Methods) trained on MMA 
markers (n = 200 patients) was similar to that of DoC-team prog-
noses (accuracy of 60% versus 63.5%, respectively, see Supplemen-
tary Table 4; AUC, 0.80 on the training set; mean ± standard error 

cross-validated AUC, 0.73 ± 0.01; Fig. 4b, right, and Extended Data 
Fig. 3) and was similar to individual prognostic-marker performance 
(Fig. 4b, left, and Supplementary Tables 4 and 5).

Discussion
In this study, we show for the first time that prognostication based on 
MMA reduces the uncertainty and increases the accuracy of predic-
tion of long-term functional outcomes in clinically unresponsive ICU 
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Fig. 4 | Performances of individual prognostic markers, DoC-team prognosis 
and multivariable classifier in predicting favorable outcomes.  
a, Performances of individual prognostic markers compared with the DoC-team 
prognosis performances, with all patients included (top) and after exclusion of 
those with WLST or for whom the WLST decision was unknown (bottom). The 
green color indicates the best performances (see Supplementary Table 3). Note 
that these figures are shown for a descriptive purpose only, because prognosis 

parameters have been calculated for different populations (see Supplementary 
Tables 4 and 5 for statistical comparisons). b, Performance of the multivariable 
classifier in predicting favorable outcomes (one-year GOS-E ≥ 4) compared with 
individual prognostic markers’ performances (left, training set ROC, patients 
with WLST or unknown decision excluded) and the DoC-team prognosis (right). 
See Supplementary Tables 4 and 5 for comparison of accuracy. FOUR, full outline 
of unresponsiveness score; FA, fractional anisotropy.
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patients with brain injuries. This result strongly supports the current 
guidelines for neuroprognostication.

Patients with a good prognosis have a 33% chance of achieving a 
favorable outcome, defined by a one-year GOS-E of ≥4, correspond-
ing to autonomy of up to 8 h per day (compared with chances of 20% 
and 0% for those with uncertain or poor prognosis, respectively). In 
the group of patients with good progneses, the proportion of those 
in a vegetative state (GOS-E = 2) is lower than in the uncertain or poor 
prognosis groups (1.8% versus 5.6% and 13.5%, respectively); however, 
there is an increased proportion of severe disability with dependency 
in this group (GOS-E = 3 for 36.4% versus 14.3% and 3.1%, respectively), 
a downside that will need to be addressed in future studies.

Notably, the number of modalities included in the MMA affects 
both uncertainty and accuracy: uncertainty decreases and accuracy 
increases when the number of modalities included in MMA increases. 
This study thus provides evidence to prompt physicians and policy-
makers to develop access to several neuroprognostication modalities 
(for example, based on EEG, event-related potential (ERP) and brain 
imaging), as put forth by several recent guidelines8–10, and not to rely 
on a single technique and/or otherwise, refer patients to a more spe-
cialized center17.

Considering the challenges of integrating MMA, it is difficult to 
speculate about the generalizability of our findings to other settings. 
However, our results primarily validate the concept that increasing 
the number of modalities in an assessment used by an expert team 
improves neuroprognostication performance. Far from being obvious, 
this result encourages further research into generalizing its relevance 
to other teams with varying levels of expertise. Although the number of 
possible combinations theoretically increases exponentially with the 
number of modalities, these modalities are not independent. Further-
more, the systematic approach that we took, including the qualitative 
weighting of each result in the light of the remaining evidence during 
the DoC-team meeting, helps mitigate this issue in most instances (for 
example, violation of expected hierarchical results, such as cognitive 
motor dissociation detection in a patient with deafness). This probably 
explains why uncertainty decreases with the number of modalities. 
Finally, although the construction of a precise decision tree was out 
of the scope of this work, our multivariable classifier paves the way 
for a more systematic approach that could be useful in optimizing the 
integration of MMA and reducing biases13,18.

Because our center is a tier-3 center within the recently proposed 
organization of DoC expertise in France17, complex cases are probably 
over-represented in our study. Consequently, it is possible that the 
performance of some individual prognostic markers could be better in 
a population including less complex cases. In addition, the small num-
ber of observations for some modalities could have limited the power 
to detect differences (for example, resting-state functional magnetic 
resonance imagery (fMRI) or somatosensory evoked potential (SSEP)).

The reported MMA neuroprognosis performance might be under-
estimated in the present study. Because our study period encompasses 
the last 12 years, the most recent—although validated—clinical tools 
that are routinely used in our center could not have been assessed prop-
erly (for example, the motor-command protocol19, the inextinguishable 
characteristic of the blink reflex20 and the most recent version of diffu-
sion tensor imaging analysis assessing the whole-brain white-matter 
fractional anisotropy21). Other recent techniques independent from 
language abilities, such as those assessing heart–brain interaction22,23 
and olfactory responses24 or transcranial magnetic stimulation with 
EEG25, could improve MMA neuroprognosis.

Because the number of modalities in the MMA increased over 
the study period, it is challenging to disentangle this factor from the 
increase in the experience and expertise of our DoC team over time 
(Extended Data Fig. 1). Nonetheless, accuracy did not significantly 
change between patients evaluated before versus after 2016, and the 
decrease in uncertainty seems to be better explained by the increasing 

number of modalities rather than the temporal factor (Extended Data 
Fig. 2). Finally, the fact that most of the DoC-team members (except 
B.R. and L.N.) have changed over the 12-year period of inclusion also 
advocates for the fact that the gain in performance is most likely due 
to the increase in the number of modalities rather than to increased 
experience.

Although the multivariable classifier did not perform better than 
the DoC team, it is worth noting that this study was not designed to 
compare these performances; consequently, it might lack power in that 
regard. However, integrating these two approaches in a new integrated 
MMA strategy could be promising. Indeed, analyses of the model’s 
weights (Extended Data Fig. 3) revealed informative features that did 
not appear to drive human decision-making (for example, age and 
delay from injury, see Supplementary Table 1). Combining objective 
multivariable classifier output with the specialist group’s expertise 
that takes into account MMA findings (as we did in this study with 
our DoC-team prognosis measure) might be the next step to improve 
prediction accuracy.

Finally, despite our effort to account for WLST, it is difficult to 
eliminate the self-fulfilling-prophecy bias completely. Previous studies 
have expressed concerns regarding patients who died following WLST 
but might have survived and potentially regained partial independ-
ence if life-sustaining treatments had been maintained. This classical 
bias can typically induce an overestimation of prognostic-test perfor-
mance26–28. In our study, patients with a poor prognosis who eventu-
ally died after WLST were, for example, more frequently subjected 
to mechanical ventilation without tracheostomy and gastrostomy. 
Because these factors both precede the MMA and facilitate the deci-
sion for WLST, it is plausible that a bias towards a poor outcome could 
have been introduced13.

We conclude by noting that although previous studies proved the 
added value using multimodal approaches to go beyond pure behav-
ioral observation and improve diagnosis in disorders of conscious-
ness4,8–10, the present study extends this finding to the challenging 
issue of neuroprognostication.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code 
availability are available at https://doi.org/10.1038/s41591-024-03019-1.
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Methods
Patients
We prospectively included all patients with brain injuries referred to 
our tertiary Neuro-ICU at La Pitié-Salpêtrière Hospital (Assistance Pub-
lique Hôpitaux de Paris - APHP Sorbonne Université, Paris, France) for 
expert assessment of consciousness and neuroprognosis in 2009–2021. 
Patients experienced sustaining consciousness disorders ranging 
from coma to MCS resulting from various types of brain injuries, such 
as anoxia, trauma, hypoglycemia, stroke or encephalitis. All reported 
patients were in the acute phase of their brain injury, defined by the 
requirement for ICU care. Patients with subacute or chronic inju-
ries who were referred from non-ICU facilities (for example, chronic 
rehabilitation or nursing-home units) were not included in this study. 
Demographic (age, sex assigned at birth) and clinical characteristics 
at the time of admission for assessment were collected prospectively.

Inclusion and ethics statement
The protocols of this observational study (NEURO-DoC/HAO-
006/20130409 and M-NEURO-DoC, NCT04534777) have been prereg-
istered and conformed to the Declaration of Helsinki and the relevant 
French regulations, and were approved by a local ethical committee 
(Ethical Committee of the French Society of Intensive Care Medicine - 
SRLF; Paris, France). Written informed information was delivered to and 
signed by a patient’s surrogate. Patients who recovered consciousness 
were given the opportunity to withdraw from the study.

Inclusion criteria:

	1.	 Consciousness disorder (acute, subacute or chronic, for which 
our expertise was requested to better characterize the diagno-
sis and prognosis of recovery)

	2.	 Brain injuries seen using computed tomography (CT) or MRI 
(for example, TBI, anoxia or stroke)

	3.	 Age between 18 and 80 years

Exclusion criteria:

	1.	 Deep sedation (for example, elevated intracranial pressure or 
refractory status epilepticus)

	2.	 Severe known neurodegenerative disease (for example, Alzhei-
mer’s disease)

	3.	 Pregnancy

Patients admitted before 2020 were enrolled under the Neuro-DoC 
protocol, which served as the precursor and provided the basis for the 
inclusion criteria of the current protocol (NCT04534777).

The results are reported in accordance with the Strengthening 
the Reporting of Observational Studies in Epidemiology guidelines 
for reporting observational studies29.

Patients’ evaluation and DoC-team meeting MMA integration
In our unit, MMA of consciousness and arrival at prognosis typically 
takes 1 week. During this time, patients undergo repeated behavioral 
assessments and electrophysiological, structural and functional brain 
imaging, as detailed below. As an expert tertiary center, we strive to 
integrate any newly published, robust and available prognosis markers 
into our MMA, ensuring that we use the most advanced approaches.

The synthesis of MMA takes place during an in-person meeting 
held by a dedicated team (the DoC team). This multidisciplinary group, 
comprising neurointensivists, neurologists, neurophysiologists, neu-
roradiologists and neuroscientists, deliberates on any discrepancies 
among various markers to reach a comprehensive understanding 
considering possible fluctuations and improvement during the week of 
exploration. These discussions culminate in a consensus report, which 
concludes with an optimistic (good), pessimistic (poor) or uncertain 
prognosis that is delivered to patients’ caregivers and relatives to 
inform decision-making on the goal of care. This final determination 
is hereafter referred to as the DoC-team prognosis.

During the weekly dedicated DoC-team meeting, we first present 
information about the patient to be discussed, reviewing their past 
and recent medical history; the etiology of their DoC; results from 
neurological examinations; behavioral scores; electrophysiological, 
structural or functional brain imaging; and all biological results. The 
meeting includes neurologists, intensivists, neuroradiologists and 
neurophysiologist experts in consciousness disorders.

We then systematically examine how well all these data con-
verge across modalities to a precise outcome in the light of the 
GOS-E scale. Etiology has a fundamental impact in modulating the 
importance of structural MRI findings (that is, quantified MRI dif-
fusion tensor imaging (DTI) of white-matter tracts) by increasing 
its importance, or weight, in patients with brain anoxia. Similarly, 
quality and how well a given result can be integrated in the light of 
other findings is fundamental (see red flags below). Considering the 
number of possible outputs and the complexity of the integration 
of multiple modalities, the weighting process is purely qualitative; 
similarly, there is no a priori universal percentage threshold for 
defining convergence. In any case, when a ‘reasonable convergence’ 
cannot be reached across exams and experts, we determine that the 
prognosis is uncertain.

We defined the following four items as potential red flags  
that decrease the value of specific exams and that can ultimately 
decrease our confidence and move our prognosis to the uncertain 
category:

•	 Unusual etiology, for which we cannot rely on substantial previ-
ous cases (for example, cerebral fat embolism or lasting doubt 
between anoxia and traumatic lesions in a patient with TBI with a 
documented resuscitated cardiac arrest).

•	 Data-quality issue (for example, movements during MRI scanning 
or EEG artifacts). For each of these techniques, we elaborated a 
data-quality assessment chart that automatically reports data 
quality level, facilitating fast comparison with previously pub-
lished quality requirements for given modality. We systematically 
tried to rerun data acquisitions to correct for this limitation, when 
possible.

•	 Strong suspicion of palsy, sensory deficit, spatial neglect or 
aphasia. For instance, for patients who are suspected to be deaf, 
the absence of auditory-based behavioral measures or auditory 
cognitive ERPs is underweighted. Similarly, the absence of motor 
behavior in paralyzed patients is underweighted. The same logic 
is applied to spatial neglect and aphasia.

•	 Violations of expected hierarchical results. For instance, we 
previously documented the hierarchical structure of cognitive 
ERPs elicited with the local–global task. Typically, a global effect 
is found in individuals who also show a significant local effect and 
early cortical responses to sounds. Therefore, a significant global 
effect without a significant local effect or without univocal early 
cortical responses to sounds would be underweighted or even 
disregarded.

Finally, to optimize group decision-making and mitigate potential 
biases, we adhere to basic principles13,30,31. More specifically, to prevent 
the anchoring effect and promote free speech, young trainees are 
actively encouraged to share their opinions before more experienced 
group members. This approach ensures that fresh perspectives are 
heard first, potentially enriching the decision-making process. To 
circumvent the pitfall of wishful thinking, our strategy involves a clear 
separation between discussions focused on neuroprognostic evalua-
tions and those pertaining to subsequent medical decisions, such as 
the goal of care. The latter deliberations are scheduled for separate, 
dedicated sessions and are informed by a broader range of factors 
(for example, advance directives, healthcare system limitations and 
the beliefs or perceptions of patients’ relatives)13.
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Multimodal assessment markers
Behavior. Behavioral assessment consisted of comprehensive neu-
rological examinations performed by trained neurologists or neuro-
intensivists (B.R., C.C., F.F., C.M., L.L., D.L., P.P., B.H., A.S., E.M., L.N.). 
In addition, for patients who were not receiving deep sedation or 
neuromuscular blockade, scoring was done at ICU admission, fol-
lowed by each day of electrophysiology assessments using the CRS-r, 
a six-dimension, 23-point scale of hierarchically arranged items32. 
Patients who had been referred to our tertiary neuro-ICU for expert 
assessment of consciousness and prognostication receive special 
attention in regard to any new or unusual clinical sign noted by our 
staff (physicians, nurses, physiotherapists and nurse assistants). 
Patients’ relatives are also systematically encouraged to communi-
cate any new and/or questionable behavior. Upon the identification 
of any novel sign, an additional CRS-r rating was conducted to doc-
ument the patient’s current clinical state as accurately as possible. 
Clinical categorizations (that is coma, vegetative state (also known as  
VS/UWS), MCS (‘minus’ or ‘plus’) or exit from MCS) were based on the 
best obtained CRS-r. In addition to this expert neurological assessment 
and CRS-r scoring, the FOUR score was added in 2011 (ref. 33). In 2020, 
caregivers’ collective assessments of consciousness (DoC-Feeling tool) 
and habituation of the auditory startle reflex were added. Based on the 
‘wisdom of the crowds,’ DoC-Feeling aggregates individual subjective 
perceptions of multiple caregivers using analog visual scales34. The 
habituation of the auditory startle reflex reflects cortical control of 
the blink reflex and has recently been proposed as a new sign of MCS20.

Electrophysiology. In addition to standard exploration (that is, bed-
side 12-electrodes spot EEG and, when indicated, SSEP), neurophysi-
ological explorations encompassed a high-density 256-electrode 
EEG (hd-EEG) system (EGI) using different paradigms. All patients 
underwent exploration with the auditory local–global paradigm35. 
This paradigm probes different levels of cortical responses to sounds 
(that is, N100, mismatch negativity, P3a and P3b, reflecting cortical 
response, unconsciousness and conscious access to novel sounds, 
respectively)36,37. In addition to ERPs, a multivariate automatic classifi-
cation of consciousness level based on the power spectrum, complexity 
and functional connectivity extracted from hd-EEG was implemented 
in 2015 (ref. 38) and the motor-command protocol probing brain activa-
tion in response to verbal commands (cognitive motor dissociation) 
on the EEG was implemented in 2021(ref. 19).

Structural and functional brain imaging. In addition to conventional 
structural brain imaging (standard CT or MRI scans), a quantified auto-
matic analysis of white-matter fractional anisotropy (WM-FA) from DTI 
MRI was implemented in 2015(refs. 39,40). This method compares nor-
malized WM-FA values measured in a large set of long-range white-matter 
tracts in each patient to those measured in a large cohort of patients with 
labeled outcomes, allowing functional outcome prediction.

Functional brain-imaging techniques, such as fMRI-resting state41 
and [8F]fluorodeoxyglucose-positron emission tomography metabolic 
index42,43, assessing the preservation of the default mode network to dif-
ferentiate patients in a VS/UWS and those in a MCS were implemented 
in 2013 and 2016, respectively.

DoC-team prognosis and multivariable classifier predictions
As mentioned above, DoC-team prognoses based on MMA were catego-
rized as: good (that is, when the DoC team concluded that a substantial 
improvement of consciousness could be expected, increasing the 
rationale of maintaining active and invasive life-support care), poor 
(that is, when the DoC team concluded that there was no evidence sup-
porting a substantial improvement of consciousness, questioning the 
rationale of continuation of life support) or uncertain (that is, when the 
DoC team concluded that the level of uncertainty prevented confident 
neuroprognostication).

In addition to this DoC-team prognosis performed at the time 
of the MMA, we also evaluated a post hoc multivariable classifier 
trained on the same MMA univariate markers to predict favorable 
outcomes and compared performances of these two MMA-based prog-
noses (DoC-team prognosis by the DoC-team experts and obtained 
from the multivariable classifier) against each other and univariate  
markers (Fig. 1).

Outcome
The primary outcome was the GOS-E (levels range from 1 to 8, with 
higher levels indicating better outcomes) at 12 months after the MMA. 
The interviewers who assessed the outcome through a structured 
telephone interview44,45 were blind to the results of the MMA conclu-
sion. When necessary, functional outcome was dichotomized between 
favorable (GOS-E level ≥ 4, corresponding to a recovery of conscious-
ness with the ability to be left up to 8 h during the day without assis-
tance) and unfavorable (GOS-E level < 4).

Medical decisions regarding the pursuit (that is, maintaining life 
support and without mentioning withholding), withholding (that 
is, continuing ongoing therapies without escalation in case of new 
organ failure) or withdrawal (that is, removing or stopping ongoing 
therapies) of life-sustaining therapy following MMA assessment were 
collected. To mitigate the potential impact of the self-fulfilling proph-
ecy, patients who underwent WLST following the MMA and those with 
missing information regarding the goal of care (unknown decisions) 
were excluded from the analysis.

Statistics
All the statistical analyses were performed using the R software version 
4.2.2 (R Development Core Team, 2022) with Rstudio version 1.4.1717.

Quantitative variables were expressed as median (with IQR) and 
compared using Wilcoxon rank-sum tests. Categorical variables were 
expressed as numbers (percentages) and analyzed using Fisher’s exact 
tests with OR and 95% CI, unless otherwise specified.

The association between the DoC-team prognosis and the out-
come was investigated using an ordinal shift analysis, achieved by fit-
ting a proportional odds logistic regression model to the GOS-E ordinal 
levels using the ‘polr’ function of the MASS R package (v7.3-58.1)46. The 
shift analysis does not require a cutoff to be determined to distinguish 
favorable and unfavorable outcomes, because a common OR is calcu-
lated for all cut points of the GOS-E scale, for which a value greater than 
one is indicative of an increased probability of a shift toward favorable 
outcomes (that is, higher GOS-E levels).

The performance of individual markers and DoC-team prognoses 
in predicting favorable outcomes was evaluated using sensitivity, speci-
ficity, positive and negative predictive values and accuracy for each 
test. The accuracy of the prognoses was defined as the percentage of 
patients with a correct prognosis (of good or poor) compared with the 
actual outcome. Trend analysis of uncertainty and accuracy according 
to the number of modalities included in the MMA was conducted using 
the Cochran–Armitage test47,48.

The multivariable classifier was developed using multivariable 
sparse partial least-squares discriminant analysis (sPLS-DA)49. This 
method was chosen for its ability to address both binary classification 
and feature-selection purposes, even in the presence of missing data 
in the prognostic variables. The mixOmics R package v6.22.0 (ref. 50)  
was used to determine an optimized combination of multimodal 
markers (derived from the models’ components as weighted sums of 
examination variables) by maximizing a criterion of covariance with 
the dichotomized GOS-E (≥4 or <4). For each component, the derived 
weights reflect the relative importance of the selected prognosis  
markers in discriminating the two groups. Missing data among the 
patients’ modalities were handled by the non-linear iterative partial 
least-squares algorithm51 implemented in the ‘splsda’ function49. Before 
modeling, model parameters (the number of components and the 
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number of multimodal prognosis markers to be retained on each com-
ponent) were determined using the ‘tune.splsda’ function with the 
balanced error rate criterion through a leave-one-out cross-validation 
procedure. The discriminative ability of the sPLS-DA model was 
assessed by a ROC analysis and two AUC values: one obtained on the 
training data set and the other calculated through a tenfold internal 
cross-validation procedure with ten repeats (mean CV-AUC ± standard 
error). Patients with WLST were excluded from this analysis (n = 200).

All statistical tests were two-sided, and the level of statistical sig-
nificance was set at P < 0.05.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All relevant data are presented in the main manuscript, Extended Data 
and Supplementary Information. Additional data will be made available 
upon reasonable request to the corresponding author within 2 months, 
in compliance with the European General Data Protection Regulation.

References
29.	 von Elm, E. et al. The Strengthening the Reporting of 

Observational Studies in Epidemiology (STROBE) statement: 
guidelines for reporting observational studies. PLoS Med. 4, e296 
(2007).

30.	 Kurvers, R. H. J. M. et al. Boosting medical diagnostics by pooling 
independent judgments. Proc. Natl Acad. Sci. USA 113, 8777–8782 
(2016).

31.	 Barnett, M. L., Boddupalli, D., Nundy, S. & Bates, D. W. 
Comparative accuracy of diagnosis by collective intelligence of 
multiple physicians vs individual physicians. JAMA Netw. Open 2, 
e190096 (2019).

32.	 Kalmar, K. & Giacino, J. T. The JFK Coma Recovery Scale–Revised. 
Neuropsychol. Rehabil. 15, 454–460 (2005).

33.	 Weiss, N. et al. The French version of the FOUR score: a new coma 
score. Rev. Neurol. 165, 796–802 (2009).

34.	 Hermann, B. et al. Wisdom of the caregivers: pooling individual 
subjective reports to diagnose states of consciousness in 
brain-injured patients, a monocentric prospective study.  
BMJ Open 9, e026211 (2019).

35.	 Bekinschtein, T. A. et al. Neural signature of the conscious 
processing of auditory regularities. Proc. Natl Acad. Sci. USA 106, 
1672–1677 (2009).

36.	 Faugeras, F. et al. Probing consciousness with event-related 
potentials in the vegetative state. Neurology 77, 264–268  
(2011).

37.	 Faugeras, F. et al. Event related potentials elicited by violations 
of auditory regularities in patients with impaired consciousness. 
Neuropsychologia 50, 403–418 (2012).

38.	 Sitt, J. D. et al. Large scale screening of neural signatures of 
consciousness in patients in a vegetative or minimally conscious 
state. Brain 137, 2258–2270 (2014).

39.	 Galanaud, D. et al. Assessment of white matter injury and 
outcome in severe brain trauma: a prospective multicenter 
cohort. Anesthesiology 117, 1300–1310 (2012).

40.	 Luyt, C.-E. et al. Diffusion tensor imaging to predict long-term 
outcome after cardiac arrest: a bicentric pilot study. 
Anesthesiology 117, 1311–1321 (2012).

41.	 Demertzi, A. et al. Intrinsic functional connectivity differentiates 
minimally conscious from unresponsive patients. Brain 138, 
2619–2631 (2015).

42.	 Stender, J. et al. Diagnostic precision of PET imaging and 
functional MRI in disorders of consciousness: a clinical validation 
study. Lancet 384, 514–522 (2014).

43.	 Stender, J. et al. The minimal energetic requirement of sustained 
awareness after brain injury. Curr. Biol. 26, 1494–1499 (2016).

44.	 Jennett, B., Snoek, J., Bond, M. R. & Brooks, N. Disability after severe 
head injury: observations on the use of the Glasgow Outcome 
Scale. J. Neurol. Neurosurg. Psychiatry 44, 285–293 (1981).

45.	 Lu, J. et al. A method for reducing misclassification in the extended 
Glasgow Outcome Score. J. Neurotrauma 27, 843–852 (2010).

46.	 Roozenbeek, B. et al. The added value of ordinal analysis in 
clinical trials: an example in traumatic brain injury. Crit. Care 15, 
R127 (2011).

47.	 Cochran, W. G. Some methods for strengthening the common χ2 
tests. Biometrics 10, 417–451 (1954).

48.	 Armitage, P. Tests for linear trends in proportions and frequencies. 
Biometrics 11, 375 (1955).

49.	 Lê Cao, K.-A., Boitard, S. & Besse, P. Sparse PLS discriminant 
analysis: biologically relevant feature selection and graphical 
displays for multiclass problems. BMC Bioinf. 12, 253 (2011).

50.	 Rohart, F., Gautier, B., Singh, A. & Lê Cao, K.-A. mixOmics: an R 
package for’omics feature selection and multiple data integration. 
PLoS Comput. Biol. 13, e1005752 (2017).

51.	 Wold, H. Path models with latent variables: the NIPALS approach. 
in Quantitative Sociology 307–357 (Academic Press, 1975).

Acknowledgements
We are very grateful to the patients and their families who participated 
in this study. We thank all the members of the PICNIC-Lab DoC team, 
led by L. Naccache and B. Rohaut and dedicated to the improvement 
of care for patients with disorders of consciousness, who (in addition 
to the authors) participated in the evaluation of patients with DoC 
over the past 15 years (alphabetic order): A. Arzi, A. Borden, R. Beauté, 
M. Breton, B. Coulibaly, E. Flo, A. Gonnard, V. Perlbarg, M. Quirens, A. 
Roussel, A. Ruyant-Belabbas, D. Sam Mine, J. Stender, Y. Worbe and 
J. Zyss. We thank the clinical fellows A. Grinea, P. Jaquet, A. Cao, A. 
Celier, G. Demoulin, M. Bahout, J. Devianne and T. Rambaud, and all 
the caregivers of the Pitié-Salpêtrière Hospital Neuro-ICU, led by  
F. Bolgert and later S. Demeret.
We thank the Direction de la Recherche Clinique et de l’Innovation 
(DRCI) de l’APHP (Sandrine Sagnes), the Paris Brain Institute – ICM for 
the Clinical Research Infrastructures (iCRIN) - Neurological Intensive 
Care (Meriem Bouguerra) and the Curing Coma Campaign initiative 
from the Neurocritical Care Society.
This work was supported by Sorbonne Université, the James 
S. McDonnell Foundation, FRM 2015, UNIM, the Académie des 
Sciences-Lamonica Prize 2016 (L.N.) and a PerMed grant (J.D.S.). The 
research leading to these results received funding from the program 
Investissements d’avenir ANR-10-IAIHU-06. There was no industry 
involvement in or support for the study. The authors vouch for the 
accuracy and completeness of the data and for the fidelity of the trial 
to the protocol.

Author contributions
B.R., J.D.S. and L.N. conceived the study. C.C. and B.R. designed the 
study. B.R., B.H., P.P., F.F., C.M., L.L.G., L.D.M., A.S., E.M.M., M.V., M.O.H., 
V.L., N.P., D.G., N.W., S.D. and L.N. were involved in data acquisition. 
B.R., C.C., B.H., P.P., F.F., F.R., J.-R.K., D.E., A.B.S., E.M.M., A.D., L.B., 
D.M., L.J., D.G., L.P., J.D.S. and L.N. were involved in data processing 
or interpretation. B.R., C.C. and F.X.L. analyzed the aggregated data 
and created the tables and figures. B.R., C.C., F.X.L., J.D.S. and L.N. 
interpreted the aggregated data. C.C. and B.R. drafted the paper that 
was reviewed critically by all authors for important intellectual content. 
B.R., C.C., B.H., P.P. and F.F. are responsible for the study design and 
drafting of the manuscript. B.H., P.P. and F.F. contributed equally as 
second co-authors. All authors had full access to all the data in the 
study, take responsibility for the integrity of the data and the accuracy of 
the data analysis and gave their final approval of the published version.

http://www.nature.com/naturemedicine


Nature Medicine

Article https://doi.org/10.1038/s41591-024-03019-1

Competing interests
J.D.S. and L.N. are shareholders and co-founders of Neurometers; L.P. 
is a shareholder and co-founder of Braintale. The other authors declare 
no competing interests.

Additional information
Extended data is available for this paper at  
https://doi.org/10.1038/s41591-024-03019-1.

Supplementary information The online version contains supplementary 
material available at https://doi.org/10.1038/s41591-024-03019-1.

Correspondence and requests for materials should be addressed to 
B. Rohaut.

Peer review information Nature Medicine thanks Joseph Giacino, 
Claude Hemphill, Nicholas Schiff and the other, anonymous, 
reviewer(s) for their contribution to the peer review of this work. 
Primary Handling Editor: Jerome Staal, in collaboration with the Nature 
Medicine team.

Reprints and permissions information is available at  
www.nature.com/reprints.

http://www.nature.com/naturemedicine
https://doi.org/10.1038/s41591-024-03019-1
https://doi.org/10.1038/s41591-024-03019-1
http://www.nature.com/reprints


Nature Medicine

Article https://doi.org/10.1038/s41591-024-03019-1

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

20
18

20
19

20
20

20
21

0

20

40

60

80

100

Years

Pa
tie

nt
s 

(%
)

"Uncertain" prognosis
"Poor" prognosis
"Good" prognosis

CRS-r 
EEG 
SSEP 
ERP

FOUR

RS-fMRI

qEEG 
FA

Motor task 
(CMD) 

PET-index DOC-feeling 
hASR

Years 
Number of patients (n) 
"Good" prognosis (%) 
"Poor" prognosis (%) 
"Uncertain" prognosis (%) 
Accuracy (%)* 
WLST(%)* 

2009 
32 

28.0 
8.0 
64.0 
40.0 
18.8

2010 
37 

12.9 
9.7 
77.4 
80.0 
20.0 

2011 
22 

16.7 
55.6 
27.8 
80.0 
35.7

2012 
18 
0 

50.0 
50.0 
100 
36.4

2014 
27 

22.2 
22.2 
55.6 
72.7 
33.3

2013 
13 

30.8 
7.7 
61.5 
25 

27.3

2019 
21 

27.8 
55.6 
16.7 
71.4 
35.3

2020 
24 

47.8 
30.4 
21.7 
58.8 
20.0

2021
26 

25.0 
62.5 
12.5 
78.6 
46.7

2018 
31 

16.1 
45.2 
38.7 
88.2 
31.0

2017 
42 

11.9 
33.3 
54.8 
89.5 
43.6

2016 
31 

31.0 
24.1 
44.8 
85.7 
27.3

2015 
25 

24.0 
40.0 
36.0 
80.0 
19.1

Extended Data Fig. 1 | Distribution of DoC-team prognosis and 
implementation of individual markers over the study period. When split 
on the median ( ≥ or < 2016), there is a significant decrease in the proportion of 
“uncertain” prognosis with a relative increase of “poor” prognosis (54.84% vs 
36.48%, OR = 0.47 [95%CI: 0.29 - 0.76], P = 0.001 and 25.81% vs 38.99%, OR = 1.83 
[95%CI: 1.11 – 3.06], P = 0.016, respectively) with no difference in terms of “good” 
prognosis (19.35%, vs 24.53%, OR = 1.35 [95%CI: 0.76 - 2.41], P = 0.279), accuracy 
(73.21% vs 78.95%, OR = 1.37 [95%CI: 0.58 – 3.16], P = 0.431) and WLST (26.5% vs 
34.51%, OR = 1.46 [95%CI: 0.83 - 2.60], P = 0.179). Two-sided Fisher’s exact test 

used with no adjustment for multiple comparisons. CRS-r: Coma Recovery Scale 
revised; (q)EEG: (quantitative) Electroencephalography; SSEP: Somatosensory 
Evoked potential; ERP: Event Related Potential (‘Local-Global’ paradigm); FA 
Fractional Anisotropy; FOUR: Full Outline of UnResponsiveness Score; RS-fMRI: 
Resting state – functional Magnetic Resonance Imaging; PET: Positron Emission 
Tomography; DoC: Disorder of Consciousness; hASR: habituation of Auditory 
Startle Reflex; CMD: Cognitive Motor Dissociation. *: for % Accuracy and % WLST 
the percentages are provided on n = 277 and 259, respectively.
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Extended Data Fig. 2 | Disentangling the effect of the number of modalities 
and of time on accuracy. Multivariable logistic regression models with splits on 
medians for time ( ≥ vs < 2016) and the number of modalities ( ≥ vs < 6) suggest 
main effects of the number of modalities on accuracy (OR = 3.13 [95%CI: 7.29 - 
7.88], P = 0.013, adjusted for time: OR = 0.77 [95%CI: 0.30 - 1.88], P = 0.568); and 

on “uncertain” prognosis (OR = 0.45 [95%CI: 0.25 - 0.81], P = 0.007, adjusted 
for time: OR = 0.61 [95%CI: 0.34 - 1.08], P = 0.088). Likelihood ratio tests did 
not advocate for an interaction effect of the number of modalities and time in 
both models (LRT, accuracy: χ2(1) = 0.003, P = 0.958, “uncertain” prognosis, 
χ2(1) = 0.307, P = 0.579).
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Extended Data Fig. 3 | Individual plot (left) and loading plot (right) of the 
multivariable (sPLS-DA) classifier model using two components with 
respectively 3 and 8 selected prognostic markers. CRS-r: Coma Recovery Scale 

revised; FOUR: Full Outline of UnResponsiveness; SSEP: Somatosensory  
Evoked Potential; ERP: Event Related Potential; EEG: Electroencephalography;  
FA: Fractional Anisotropy; GOS-E: Glasgow Outcome Scale Extended.
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