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The use of cognitive evoked potentials in EEG is now part of the routine evaluation of non-communicating pa-
tients with disorders of consciousness in several specialized medical centers around the world. They typically
focus on one or two cognitive markers, such as the mismatch negativity or the P3 to global auditory regularity.
However it has become clear that none of these markers in isolation is at the same time sufficiently specific
and sufficiently sensitive to be taken as the unique gold standard for diagnosing consciousness. A good way for-
ward would be to combine several cognitive markers within the same test to improve evaluation. Furthermore,
given the diversity of lesions leading to disorders of consciousness, it is important not only to probe whether a
patient is conscious or not, but also to establish a more general and nuanced profile of the residual cognitive ca-
pacities of each patient using a combination of markers.
In the present study we built a unique EEG protocol that probed 8 dimensions of cognitive processing in a single
1.5 h session. This protocol probed variants of classical markers together with new markers of spatial attention,
which has not yet been studied in these patients. The eight dimensionswere: (1) ownname recognition, (2) tem-
poral attention, (3) spatial attention, (4) detection of spatial incongruence (5) motor planning, and (6,7,8) mod-
ulations of these effects by the global context, reflecting higher-level functions. This protocol was tested in 15
healthy control subjects and in 17patientswith various etiologies, amongwhich 13 could be included in the anal-
ysis. The results in the control group allowed a validation and a specific description of the cognitive levels probed
by each marker. At the single-subject level, this combined protocol allowed assessing the presence of both clas-
sical and newly introduced markers for each patient and control, and revealed that the combination of several
markers increased diagnostic sensitivity. The presence of a high-level effect in any of the three tested domains
distinguished between minimally conscious and vegetative patients, while the presence of low-level effects
was similar in both groups. In summary, this study constitutes a validated proof of concept in favor of probing
multiple cognitive dimensions to improve the evaluation of non-communicating patients. At a more conceptual
level, this EEG tool can help achieve a better understanding of disorders of consciousness by exploring conscious-
ness in its multiple cognitive facets.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Patients who survive severe brain injury sometimes remain in states
where they show either no signs of consciousness (vegetative state, VS)
or fluctuating signs of consciousness (minimally conscious state, MCS
(Giacino et al., 2002)). Careful clinical examination alone is often insuf-
ficient to detect signs of mental activity in these patients, because
of cognitive or motor limitations due to brain lesions (Rohaut et al.,
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2013; Schnakers et al., 2008). An extremeexample is the case of patients
with locked-in syndrome, who are fully conscious of themselves and
their environment but suffer fromparalysis following lesions to the ven-
tral pons, impeding behavioral responses (Patterson and Grabois, 1986;
Plum and Posner, 1972). Therefore it is essential to supplement behav-
ioral evaluation by neuroimaging methods such as functional magnetic
resonance imagery (fMRI) or electroencephalographic recordings
(EEG),withwhichwe can infer the patients' preserved cognition direct-
ly from their brain activity. EEG recordings in particular are of prime im-
portance because they can be recorded at bedside and offer an optimal
time-resolution to capture the respective dynamics of unconscious and
conscious cognitive processes.

Several EEG protocols are now routinely used in some clinical cen-
ters to inform the diagnosis of patients with disorders of consciousness
(DOC). Each protocol typically targets one or two EEGmarkers. Some of
these markers are very specific but not very sensitive, while others
show the converse profile. One such marker is the mismatch negativity
(or MMN), which signs the detection of a local deviance, e.g. one odd
tone within a series of identical tones (AAAAB) (Naatanen, 1995). This
marker is not specific to consciousness, since some comatose patients
show this effect (Fischer et al., 1999), but it is useful in predicting
good functional outcome (Luaute et al., 2005). In contrast, the detection
of a global deviance, such as detecting an odd series within repetitions
of identical series (for example a series of identical tones AAAAAwithin
repeated series containing one odd tone AAAAB) is only observedwhen
the subject is conscious and voluntarily attends to global regularities in
the auditory environment, thus qualifying this global effect as specific of
consciousness (Bekinschtein et al., 2009; Faugeras et al., 2012; Faugeras
et al., 2011). However this marker is not very sensitive, since it is absent
in conscious but inattentive healthy volunteers. Other important
markers include response to own name (Perrin et al., 1999), or markers
of motor preparation (Bekinschtein et al., 2008; Bekinschtein et al.,
2011; Cruse et al., 2011; Cruse et al., 2012; Goldfine et al., 2011). Al-
though each of these ERPmarkers shows some relevance in the evalua-
tion of DOC patients, none of them stands out as the single “gold
standard”. Also, none of them can summarize the others: they all test
different, possibly complementary, dimensions.

While the prevalent approach so far has been to search for a hypo-
thetical unique marker of consciousness, here we would like to argue
that a decisive advance could come from actually combining several
markers. The present study tries to establish a proof of concept: that it
is possible in practice to build a single protocol that probes many cogni-
tive functions within a single recording session to improve the evalua-
tion of DOC patients.

We built a single experimental protocol fromwhichwe could derive
most of the classical markers described above, as well as markers of
Fig. 1. Experimental design and behavioral results in controls. (A) Graphical summary of the ex
vocal control) was played on the left or on the right, followed by a target «beep» on the same si
press a button with the hand corresponding with the target side, the patients were instructed
group: the left panel shows average reaction times to the target across participants for correct
predictive context (75% of congruent trials, plain lines) as a function of the cue type (x axi
incongruent). Error bars represent ± the standard error of the mean (SEM). The right panel sh
spatial attention, which has not been tested in patients so far. We in-
cluded spatial attention because decades of research on healthy volun-
teers suggest that conscious perception is tightly related to the
allocation of attentional resources (Cohen et al., 2011; Mack and Rock,
1998; O'Regan et al., 1999; Rensink et al., 1997; Sergent et al., 2005;
Sergent and Dehaene, 2004). Recent studies even suggest that a key
event that makes a stimulus become conscious is the reactivation of
sensory representations by the attentional system (Sergent et al.,
2013; Thibault et al., 2016). While many current ERP markers call
upon general attention one way or another (Bekinschtein et al., 2009;
Chennu et al., 2013), to our knowledge no previous study has probed
such “outward oriented” attention in these patients. It could be particu-
larly revealing of whether a patient can become conscious of their
environment.

Our protocol was an auditory adaptation of the standard Posner cue-
ing protocol (Posner et al., 1980; Schroger and Eimer, 1996). Healthy
controls and patients were instructed to move the hand, or imagine
moving the hand, on the side of presentation of a target tone (motor
planning). Just before each target tone, a cue was played either on the
same or on the opposite side (temporal attention and spatial attention),
and this cue could be the participant's own name, another name, or a
non-verbal control (own name recognition) (Fig. 1A). In different ses-
sions the cue either predicted the future target's side with 75% validity,
orwas not predictive of the target's side (global versus local detection of
incongruence). So in total, this single protocol probed 8 different cogni-
tive dimensions: (1) own name recognition, (2) temporal attention (3)
spatial attention, (4) detection of spatial incongruence between the cue
and the target, (5) motor planning in response to the target and (6,7,8)
modulation of these effects by the global regularities (predictive value
of the cue).

With this multidimensional test, we tackled two important issues.
First, a better marker of consciousness might arise from multidimen-
sional probing. Secondly, while most research so far has focused on de-
tecting consciousness, in practice clinicians are in need for tools that not
only test whether a patient is conscious or not, but also establish amore
general and nuanced profile of the residual cognitive capacities of this
patient. This would be a precious tool for orienting care and rehabilita-
tion strategies, beyond the question of consciousness per se.

2. Materials and methods

2.1. Control participants

Fifteen healthy individuals participated in the control study (6
women, 9 men, aged 23 ± 3, 4 left handed). All participants gave writ-
ten informed consent before taking part in the experiment and received
perimental design: an auditory cue (either the subject's own name, another name or a non
de (congruent) or on the other side (incongruent). The control participants were asked to
to imaging squeezing their hand on the target's side. (B) Behavioral results for the control
responses, in the non-predictive context (50% of congruent trials, dotted lines) and in the
s) and spatial congruence between the cue and the target (blue for congruent, red for
ows the results on accuracy, with the same conventions.
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monetary compensation for their participation. The protocol conformed
to French regulation and the Declaration of Helsinki and was approved
by the ethics committee CPP Ile de France 1 (Paris, France). All control
participants were included in the analysis.

2.2. Patients

Patients were included following written informed consent from
their legal representative. The experimentwas conducted under the ap-
proval of the ethics committee CPP Ile de France 1 (Paris, France). The
patients were recorded without sedation for at least 24 h in order to
maximize their arousal and their level of cognitive performance during
the auditory task. All the EEGmarkers described herewere derived from
the same multidimensional protocol, acquired within a single EEG ses-
sion lasting 1.5 h. Behavioral evaluation of each patient with the CRS-
R (details below) was done just before this EEG session. Patients also
underwent the original version of the “Local-Global” EEG test, either
the day before or on the same day (Bekinschtein et al., 2009; Faugeras
et al., 2012; Faugeras et al., 2011). The markers of local or global incon-
gruence detection described here do not come from the routine “Local/
Global” EEG test but from the new protocol.

Among the 17 patients who underwent this protocol, 4 were
discarded from the analysis because of insufficient quality of the EEG re-
cording (patients details in SI Tables 1 and 2, EEG exclusion criteria
below). Thirteen patients were retained in the present analysis (SI
Table S1): 3 women and 10 men, with ages ranging from 25 to
63 years at the time of recording (mean = 46.1 years, sd = 14.6). The
delay since injury varied from 15 days to 8 years (mean delay =
19.6 months, sd = 29.7). The etiologies were traumatic brain injuries
(TBI) for six patients, stroke (ischemic and/or hemorrhagic) for six pa-
tients, and anoxia for one patient.

Clinical evaluation of consciousnesswas based on the French version
of the CRS-R scale (Schnakers et al., 2008), after careful neurological ex-
amination by trained neurologists (FF, BR, LN). This scale consists of 23
items divided in six subscales addressing auditory, visual, motor,
oromotor, communication and arousal functions. CRS-R subscales are
comprised of hierarchically arranged items. The lowest item on each
subscale represents reflexive activity while the highest items represent
cognitively mediated behaviors. This scoring enables a distinction to be
drawn between conscious (or exit MCS), minimally conscious (MCS)
and vegetative states (VS) (Schnakers et al., 2009) also called “unre-
sponsivewakefulness” (Laureys et al., 2010). One patientwas conscious
(patient number 15), 8 patients were MCS and 4 were VS at the time of
recording.

2.3. Stimuli and experimental procedure

All the EEG markers described here were derived from the same
multidimensional protocol, acquired within a single EEG session lasting
1.5 h. Auditory stimuli were presented via headphones. Each trial
consisted of a cue followed by a target with a fixed stimulus onset asyn-
chrony (SOA) of 550ms (Fig. 1A). The target was a brief tone composed
of three superimposed sinusoidal tones (500, 1000 and 2000 Hz), last-
ing 50 ms with a 7 ms rise and a 7 ms fall time. There were three ran-
domly interleaved cue types: the participant or patient's own first
name, another first name, and a non-vocal control matched to the
participant's own name. The participants' own names and the other
names were all digitally recorded with the same female voice in the
same “calling” intonation, using the software Audacity. For each partic-
ipant, the “other name”was matched in gender, number of syllables (1
2 or 3) and duration to the participant's own name, but with no similar
syllables. Names from close relatives or friends were excluded. Each
non-vocal control was created in Matlab by modulating a characteristic
frequency of the corresponding own name (mean frequency of the
spectrum) and two of its harmonics with the amplitude envelope of
the own name stimulus. In this way, the non-vocal stimulus preserved
some physical characteristics of the own name but did not sound like
a voice (Holeckova et al., 2006). For each participant, the three cues
were matched in peak amplitude and duration, and lasted between
400 ms and 500 ms across participants.

Each participant performed 3 blocks with a predictive context (75%
of congruent trials) and 3 blocks with non-predictive context (50% of
congruent trials). The two block types were alternated, and the starting
condition was randomized across participants. Each block consisted of
192 trials, 64 for each cue type (own name, other name or non-vocal
control), among which 32 were congruent in the 50% blocks, and 48 in
the 75% blocks. This resulted in a total of 96 trials for each cue type
and congruence condition in the 50% context, and 144 congruent versus
48 incongruent trials for each cue type in the 75% context.

2.4. EEG Acquisition and Preprocessing

We recorded high-density EEG sampled at 250 Hz and referenced to
the vertex using a 257-channel system (Electrical Geodesics Inc., Ore-
gon, USA). Preprocessing was performed using the Fieldtrip software
(Oostenveld et al., 2011) and custom scripts in Matlab. Continuous
datawere band-passfiltered between0.1 and20Hz for control subjects,
and between 0.5 and 20 Hz for patients, because patients showed im-
portant low-frequency noise. Data were then segmented from 750 ms
before to 1000 ms after each target “beep”. In a first pass of semi-auto-
matic artifact rejection, trials and channels whose variance across a ses-
sion exceeded a certain threshold were rejected, using the Fieldtrip
artifact rejection tool (3000 μV2 for control subjects, 5000 μV2 for pa-
tients, corresponding to standard deviations of 55 μV and 71 μV respec-
tively). Rejected electrodes (7% of the 257 electrodes on average) were
reconstructed by interpolating their neighbors in Fieldtrip. Data were
then visually inspected for remaining artifacts. In patients with exces-
sive eye-movements or blinks, these artifacts were removed from the
signal using a PCA procedure prior to segmentation: an ERP of the arti-
fact was derived by averaging the EEG signal around the time of the
blinks or the saccades detected in EOG. The first principal component
of this ERP, selective of the artifact, was removed from the continuous
EEG in components space and the remaining components were
reconverted in the native space. The preprocessed epochs were aver-
aged in synchronywith the target onset, transformed to an average ref-
erence, and corrected for baseline signal during a 200 ms period before
the onset of the cue. Four of the 17 patients had to be discarded from
further analysis because there had N30% of bad trials.

2.5. Statistics

2.5.1. Individual statistics of the GFP
For each experimental contrast, the presence of an effect was tested

on theGlobal Field Power (GFP)which is the root summed square of the
voltage of all electrodes at each time point (Lehmann and Skrandies,
1980). The GFP of the contrast between two conditions provides a com-
pact summary of the time course of an effect. GFPs were corrected for a
baseline period of 200 ms before cue onset.

To test for the significance of an effect in GFP, we performed two-
steps statistics: at the level of individual samples, and then at the level
of temporal clusters, based on the non-parametric cluster-level statistics
developed in the fieldtrip software (Maris and Oostenveld, 2007)
adapted to temporal clusters (Chennu et al., 2013). At the first level
we estimated the p-value of the effect at each time point using Monte
Carlo permutations (1000 randomizations). Only the time points with
a significant effect at p b 0.05 were retained. Significant time points
were then clustered based on temporal contiguity, and only the clusters
that were within the time window of interest were retained (see
below). Finally the cluster-level significance (pclust, one-sided) was es-
timated based on the sum of the GFPs within each cluster, using Monte
Carlo permutations (1000 randomizations). These cluster-level statis-
tics were intrinsically corrected for multiple comparison (Maris and
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Oostenveld, 2007). The analysis on control participants revealed that a
classical threshold at pclust b 0.05 was too conservative and produced
false negatives (SI Fig. 1). To date there is no consensus on the best
criteria for individual statistics in ERPs, as demonstrated in a recent
paper by Gabriel and collaborators (Gabriel et al., 2016). Herewe decid-
ed to use the analysis on controls to set a pragmatic cutoff at
pclust b 0.075, which was the best compromise to prevent false nega-
tives while keeping a low level of false positives. So, to summarize, an
effect was deemed present if and only if there was at least one cluster
of significant effects (p b 0.05 at each sample) within the time window
of interest, with pclust b 0.075.

The time window of interest varied with the different contrasts,
based on minimal a priori assumptions over the time period where
the effect should occur. For own name versus other name it was the in-
terval between cue and target i.e.−550 to 0 ms; for 75% context versus
50% context it was −500 ms to 500 ms; for spatial congruence effect
and its strategic modulation it was 100 ms to 800 ms; for the simple
“target Right versus Left” contrast it was 100ms to 800ms; for the effect
of cue side, revealing spatial attention andmotor anticipation before ac-
tual response to the target, the time interval was −400 to +200 ms
(any effect beyond 200 ms could reflect actual motor response to the
target); the same time window was used for the strategic modulation
of this effect by context.

2.5.2. Group-level GFP statistics in control subjects
The GFP statistics for the control group followed the same logic as

the individual statistics, using surrogate distributions through random-
ization of the condition labels across subjects. In contrast with the indi-
vidual statistics, the first level threshold for the group GFP statistics was
calculated at each time and not across all time points, so that the first-
level threshold varied with time. Indeed, at the group level, randomiza-
tions still retained general trendswith time such as ContingentNegative
Variations.

2.5.3. Analysis of the contingent negative variation (temporal attention)
The Contingent Negative Variation (CNV) is a classical waveform

that is observed when a first event makes the subject anticipate a sec-
ond event (Walter et al., 1964). It is characterized by a fronto-central
negativity whose intensity gradually builds up as the anticipated time
of the second event approaches. In the present design, the onset of the
target is entirely predictable following the cue, since the SOA is fixed
at 550ms. A strong CNV is thus expected in all experimental conditions.
Furthermore, the CNV is modulated by factors that increase the predict-
able character of the second target. In the present protocol, we have
such a manipulation: in separate session, the side of the probe either
predicts the side of the target (75% sessions) or not (50% sessions). If
subjects realize this spatial regularity, we should observe an additional
strategic modulation of the CNV, with a steeper slope in predictive
than in non-predictive sessions.

The topography of the CNV for the control groupwas used as amask
for probing the presence of a CNV andmodulation of CNV for each indi-
vidual. In the control group analysis, we first estimated for each control
subject the slope of the evoked potential across all trials between
−300 ms and−100 ms before target at each electrode site, using a lin-
ear regression of voltage over time. Electrodes showing a significant
negative slope at the group level (t-test of the slopes against zero,
p b 0.05, Bonferroni corrected) were considered as the CNV specific
electrodes (SI Fig. 2, top of the left column) and used as electrodes of in-
terest for individual patients and controls.

For each patient and each control, we estimated the slope between
−300 ms and −100 ms for each electrode of interest in each trial,
using a linear regression of voltage against time. An individual was con-
sidered having a CNV effect if N10 of the electrodes of interest showed a
significant negative slope across all experimental trials (t-test of the
slopes against zero, p b 0.05). Furthermore, an individual was consid-
ered having a strategic modulation of the CNV if N10 of the electrodes
of interest showed a more negative slope in predictive (75%) than in
non-predictive (50%) sessions (two-sample t-test of the slopes in both
conditions, p b 0.05). A “significant” CNV modulation was not consid-
ered if the primary CNV effect was absent.

2.5.4. Group comparisons statistics
We testedwhether the outcome of our cognitive assessments varied

according to the clinical categories by computing the Bayes factor of the
corresponding contingency tables (Gunel and Dickey, 1974) using the
JASP software (JASP, 2016). We report the Bayes factors using the
Raftery terminology (Raftery, 1995).

2.5.5. Source reconstruction
The cortical sources of the grand average effects observed in the con-

trol group were reconstructed using the Brainstorm software (Tadel et
al., 2011). The reconstruction was based on the MNI anatomical tem-
plate “Colin 27”. The overlapping spheresmethodwas used for comput-
ing the forward model. The dSPM method was used for source
reconstruction (Dale et al., 2000). For cortical sources visualization in
the figures, source activity cutoff was set at half of the maximum on
the scale, with a minimum size of 10 vertices.

3. Results and discussion

3.1. Behavioral results in the control group

In the control study, participants had to press a button as fast as pos-
sible on the side of the target, allowing a behavioral analysis. For each
participant and each of our 12 experimental conditions we excluded re-
action times (RTs) below 90 ms and above 1000 ms and extracted the
median reaction time across the remaining trials (a similar pattern of re-
sults was obtained when using themean instead of themedian). Fig. 1B
shows the group average RT and accuracy. Statistical significance of the
behavioral effects were assessed through repeated measures ANOVAs
on RTs and accuracy, with factors of Context (50% or 75%), Cue Type
(Own name, Other name, Non vocal), and Spatial Congruence (Incon-
gruent or Congruent), and separate repeated measures ANOVAs within
each Context.

In the 50% context, although the cue was not predictive of the target
side, participants were faster at reporting the target's side when it was
preceded by a spatially congruent cue, irrespective of the cue type
(ANOVA restricted to 50%: F(1.00,14.00) = 16.8, p = 0.001). They
were also more accurate for congruent than incongruent cues (ANOVA
restricted to 50%: F(1.00,14.00)= 7.9, p= 0.014). So both RT and accu-
racy indicated that the irrelevant cue automatically attracted spatial at-
tention, speeding and improving the response to the target when it was
on the same side. In sessions where the cue side predicted the target
side with 75% probability, reaction times for congruent cues further im-
proved by approximately 40 ms, while staying at a similar level for in-
congruent cues. This yielded an even stronger difference in RTs
between spatially congruent and incongruent trials in the 75% context,
irrespective of cue type (ANOVA restricted to 75%, main effect of con-
gruence: F(1.00,14.00) = 37.5, p b 0.001; general ANOVA, context x
congruence interaction: F(1.00,14.00) = 27.3, p b 0.001). This massive
improvement in RT for congruent cues in the 75% context was mirrored
by an important drop in accuracy for incongruent trials, yielding an even
greater difference in accuracy between congruent and incongruent cues
in the predictive than in the non-predictive context (ANOVA restricted
to 75%, main effect of congruence: F(1.00,14.00) = 17.9, p = 0.001;
general ANOVA context x congruence interaction: F(1.00,14.00) =
19.2, p = 0.001).

In contrast, there was no indication of an effect of the cue type, nei-
ther in RTs nor in accuracy.

In conclusion, this pattern of results suggests that control subjects
showed automatic orienting of attention in the 50% context. In the
75% context they strategically used the predictability of the cue to
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prepare their response to the target, thus yielding faster responses in
congruent trials, at a cost of a higher error rate in the 25% of trials
where the target was not on the same side as the cue.

3.2. Own name recognition

Contrasting the processing of the participant's own name versus
the other name in the control group revealed the classical P300 to
own name: a positive waveform over centro-parietal and occipital
electrodes occurring around 300 ms after stimulus presentation
(Berlad and Pratt, 1995; Folmer and Yingling, 1997) (Fig. 2A). The
separate topographies for own name and other name were domi-
nated by the CNV (fronto-central negativity, detailed in next sec-
tion) so that the P300 to own names was only visible in the
subtraction. According to source reconstruction (Fig. 2B.), an im-
portant source of the effect was located in midline structures, par-
ticularly in the posterior ventral cingulate cortex, as identified in
Fig. 2. Own name perception. (A) ERP contrast between trials where the cue was the partici
topographies evoked by the other name, the own name, and the difference at the time of pea
own name versus other name difference for the control group. (B) source reconstruction o
reconstructed activity in the posterior ventral cingulate cortex (Destrieux parcellation). (C and
one individual patient (D). For all GFP time courses, periods where the cluster-level p-value w
convention: red for pclust b 0.025, orange for 0.025 b pclust b 0.05, yellow for 0.05 b pclust
convention applies but for uncorrected p values (standard sample by sample t-test with no co
Destrieux parcellation (Destrieux et al., 2010). This matches the lit-
erature on self-referential processes, which identifies the posterior
cingulate cortex as a key component (Buckner and Carroll, 2007).
One study directly testing the PET activity correlating with the
P300 to own name also pointed to two midline structures: the
precuneus (slightly above the posterior cingulate cortex identified
here) and the medial prefrontal cortex (Perrin et al., 2005).

The P300 response to own name has been shown to occur even
in the absence of consciousness, notably during sleep stage II, al-
though with a delayed latency, around 600 ms (Perrin et al.,
1999). Previous studies on patients have shown that a P300 to the
patient's own name can be elicited in most MCS patients and
even in some VS patients, although again the latency was around
600 ms (Perrin et al., 2006). In the present study we observed a sig-
nificant P300 effect in most but not all control subjects (9/15, Table
1 and Fig. 2C for one sample control subject). The effect was present
in 4/8 MCS patients, and 1/4 VS patients (Table 1). It was absent in
pant's own name versus the other name for the control group. The left panel shows the
k of the group effect (350 ms). The right panel shows the time course of the GFP of the
f the effect for the control group at the time of the peak (350 ms), and time course of
D) Topographies and GFP time course of the effect for one individual control (C) and for
as below 0.075 are indicated under the curve by red to yellow lines with the following

b 0.075 (as indicated in C, right panel). For the source activity (B, right panel) the same
rrection).



Table 1
Individual EEG results.
An effect was considered as present in one individual (“Yes”) if and only if there was at least one cluster of significant effects (p b 0.05 at each sample) within the timewindow of interest,
with a cluster level p-value (pclust) lower than 0.075 (see Materials and methods). For the effects indicated as “present” with no further precision pclust b 0.05.
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Fig. 3. Temporal attention (CNV) and contextualmodulation. (A–D)CNV effect in the control group. (A) shows the evolution of the topography evokedby the cue, irrespective of its type, in
the 200mspreceding the target's expected time (at 550ms). The frontal negativity characteristic of the CNV increaseswith time both in the unpredictive and predictive context, butwith a
steeper slope in the predictive context, as can be seen on the topographies of the difference. (B) Accordingly, the GFP gradually increased between the cue and the target, with a steeper
slope in the predictive context (75% of congruent trials). Corrected p-value of the contextual effect (GFP of the difference between 75 and 50% context) are indicated on this graph,with the
same convention as in Fig. 2. (C) Group averaged topographies of the slope (nV/ms) estimated using a linear regression of the voltage of each electrode between 300ms and 100ms before
target for the 75% context, the 50% context and for the difference 75minus 50%. Electrodes showing a significant negative slope are highlighted (p b 0.05 uncorrected). (D) Reconstructed
sources are shown for the75% context, the 50% context and thedifference at a timepointwhereCNV culminates, just before target onset (−8ms). Thegraphs on the right show the activity
of two selected sources in the right inferior frontal sulcus and in the left anterior cingulate (Destrieux parcellation). (E–F) GFP time courses and slope topographies for an individual control
(E) and an individual patient (F). Conventions for statistical significance as in Fig. 2.
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the conscious patient. As expected from the literature, for most pa-
tients showing the effect, the latency of the P300 to own name was
shifted in time. It was the case for our sample patient, MCS7 (Fig.
2D). For this patient, the P300 also showed an atypical left lateral-
ization, which might be due to the patient's right craniotomy and
diffuse lesions over the right hemisphere.



Fig. 4. Spatial attention (ADAN) and contextual modulation. (A–D) Effect of cue side in the non-predictive context (50%). (A) GFP time course of the effect of cue side (right panel) and
corresponding topographies at 300 ms (left panel) for the control group. (B) Source reconstruction for the control group at 300 ms (left panel) and lateralization of the reconstructed
activity in premotor cortices towards the future target's side (premotor activity ipsilateral minus contralateral to the future target's side) when the cue is on the same side as the
future target (congruent, blue) or on the other side (incongruent, red). The premotor cortices correspond to the left and right middle frontal gyri of Destrieux parcellation. (C–D)
Topographies and time course of the effect of cue side in an individual control (C) and an individual patient (D). Time of the topographies is indicated with an arrow on the
corresponding GFP time course. (E–H) Modulation of the effect of cue side by the predictive context in the control group (E–F) and in the two individuals (G–H). Conventions for
statistical significance as in Fig. 2.
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3.3. Temporal attention (CNV) and contextual modulation of temporal
attention

Since there was a fixed temporal interval of 550ms between the cue
and the target, the cue predicted the moment of appearance of the tar-
get. This gave rise to a typical signature of temporal attention or “antic-
ipation”: the ContingentNegative Variation or CNV (Walter et al., 1964).
Because of the relatively short temporal interval between cue and tar-
get, the present paradigm only allowed to observe the early part of
the CNV (Rohrbaugh et al., 1976), whose amplitude is thought to relate
to physiological noradrenergic arousal (Brunia et al., 2012). In the con-
trol group, a typical CNV developed between the cue and the target
across all conditions, in the formof a fronto-central negativitywhose in-
tensity increased gradually towards the expected time of the target (Fig.
3A–C.). This effect was already observable in the 50% sessions, where
the cue only predicted the time of the target but not its side. It was fur-
thermodulated by the context: in the blockswhere the cue also predict-
ed the side of the target at 75%, the slope of the CNVwas steeper than in
non-predictive blocks (50%) (Fig. 3A–C). This modulation was signifi-
cant at the group level. Importantly, it was present before the target,
during a time period where the stimulation was the same in the 75%
or 50% context, and thus necessarily reflected knowledge of the general
context. Contextual modulations of anticipation have been described in
healthy subjects in many previous studies (Faugeras and Naccache,
2016; Scheibe et al., 2009; Scheibe et al., 2010). The contextualmodula-
tion observed here might be directly linked to the strategic switch
observed in behavior: when the cue was predictive, control subjects
prepared in advance their response to the target based on the cue side.

PreviousMEG studies have identified the anterior cingulate cortex as
a major cortical source of the CNV (Ioannides et al., 1994; Liu et al.,
1996). This was confirmed with joint fMRI and EEG recording: fMRI ac-
tivity in the anterior cingulate cortex correlateswith trial-by-trial varia-
tions in the amplitude of the CNV (Nagai et al., 2004). Accordingly,
source reconstruction revealed strong activation of the anterior cingu-
late as well as dorsolateral prefrontal cortex just before target onset,
with a temporal profile that mirrored the CNV (Fig. 3D).

One previous study in our group pioneered the use of the CNV for
probing temporal attention in non-communicating patients (Faugeras
et al., 2012). This study used the local-global protocol (Bekinschtein et
al., 2009): each trial consisted of a series of 5 regularly spaced sounds
played over a period of 650ms. In control participants, these series trig-
gered a CNV that started with the first sound and resolved shortly after
the last sound. A CNV was observed for some MCS as well as some VS
patients, suggesting that this “first level” CNV reflected an “automatic”
anticipation effect. However, its presence was associated with a higher
chance of also showing a “global effect”, a specific marker of conscious-
ness. So, although not specific of conscious processing, the presence of a
CNV might sign the preservation of important precursors of conscious-
ness. Indeed, it reflects the preservation of at least some functions of
the anterior cingulate and prefrontal cortex, two regions that are often
considered as essential nodes in conscious processing (Dehaene et al.,
2006; Dehaene et al., 2003; Rees et al., 2002).



Fig. 5. Local and global incongruence detection. (A–D) Effect of cue-target incongruence in the non-predictive context (50%), reflecting local incongruence detection (A) GFP time course of
the effect of cue-target congruence (right panel) and corresponding topographies at 480ms (left panel) for the control group. (B) Source reconstruction of the effect for the control group at
480 ms (left panel) and activity in the Inferior Frontal Sulcus (IFS, Destrieux) in the congruent and incongruent conditions. (C–D) Topographies and time course of the effect in an
individual control (C) and an individual patient (D). (E–H) Interaction between context and cue-target congruence. (E) In the control group, incongruent trials were processed
differently in the predictive versus non-predictive context, while congruent trials were processes similarly in the two contexts, reflecting global incongruence detection. (F) In source
reconstruction this effect could be seen for example in the middle posterior part of the anterior cingulated cortex (ACC). (G–H) Topographies and time course of the effect in an
individual control (G) and an individual patient (H). None of the patients showed both the local and global incongruence effect, hence different individual patients were chosen to
illustrate these two effects. Conventions for statistical significance as in Fig. 2. In (E) right panel, the cluster shown in grey had a corrected p value of 0.25.
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In the present study, a significant CNV was observed for each
and every control subject, for the conscious patient, for 5/8 MCS pa-
tients and 3/4 VS patients (Table 1 and SI Fig. 2) confirming that a
significant “first level” CNV can be observed in some VS patients.

The present protocol further probed whether the CNV was mod-
ulated by the strategic context. Although the strategic modulation
of the CNV was significant at the group level for control subjects,
only 5 out of 15 control subjects showed a significant modulation
at the individual level (Table 1, Fig. 3E, SI Fig. 2). Two MCS patients
showed a significant modulation (Fig. 3F), the conscious patient
did not, and none of the VS patient did (Table 1, Fig. 3F, SI Fig. 2).
As noticed before, this modulation denoted an understanding of
the context over a large time scale. It could come both from the in-
structions at the beginning of each session, and from the integra-
tion of the contingencies over several trials, in both cases
reflecting the preservation of high-level cognitive abilities
(Bekinschtein et al., 2009; Faugeras et al., 2012; Faugeras et al.,
2011). Interestingly, patient MCS 7, who showed a particularly
neat profile of CNV modulation (Fig. 3F), also showed the best out-
come from our pool of patients, with a GOS-E of 5 at 12 months
after the accident, meaning that he was able to look after himself
at home (Table 1). This might hint towards a potential prognostic
value of this new marker, which will be further investigated in fu-
ture studies.
3.4. Lateralized Potential to the cue: spatial attention and motor
anticipation

Another major novelty of the present protocol is the probing of spa-
tial attention. In the 50% context, there was no strategic advantage in
orienting attention to the cue or prepare a response to it, because the
cue side was unrelated to the target side. Still, the reaction times to
the target were influenced bywhether the preceding cue had been pre-
sented on the same or the other side (Fig. 1B.), denoting an automatic
orienting of spatial attention by the cue. In the control group, the cues
elicited a negative bias over the controlateral fronto-central electrodes
around 300 ms after the cue, such that the “left minus right cues differ-
ence” showed a bipolar topography over fronto-central electrodes (Fig.
4A). This effect cannot be attributed to the slightly asymmetrical pro-
cessing of lateralized sounds by the contralateral auditory cortex: if it
had been the case, it would have been observed at the time of the audi-
tory evokedN1 (100ms after the cue)with a less anterior focus. Instead,
the latency and topography of this effect were typical of an Anterior
Directing Attention Negativity (ADAN), which reflects a shift of atten-
tion induced by spatial cueing (Eimer and Driver, 2001; Eimer and
Van Velzen, 2002; Seiss et al., 2007). Source reconstruction indicated
lateralized activations in the frontal eye field and premotor cortices
(Fig. 4B.). These sources were in accordance with the generators of the
ADAN (Praamstra et al., 2005). Furthermore, since participants were
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asked to produce a lateralized response on the same side as the
lateralized stimulation, the present ERPs probably showed a mixture
of ADAN and cue-related lateralized readiness potential (LRP), a motor
preparation component (Deecke et al., 1976; Kutas and Donchin,
1980). We derived an index of lateralization of activity in the premotor
cortex in favor of the correct response to the target by performing the
following subtraction: Right Premotor (Target Right - Left) – Left
Premotor (Target Right - Left). As expected, this index showed a positive
bump after the target and just before the actual button press (Fig. 4B
right panel). What happened to this index before the target depended
on the spatial congruence of the cue: in congruent trials (blue), the
cue biased in advance this index towards the future side of the target,
whereas in incongruent trials (red), the cue biases this index in the op-
posite direction.We can see that this incorrect attentional and premotor
bias introduced a slight delay in the correct motor preparation in re-
sponse to the target (around 200 ms post-target), which probably ex-
plains the delay in reaction times (Fig. 1B).

This attention shift and action anticipation to the cue side in the 50%
context was observed in only 8 out of 15 control subjects (Fig. 4C, Table
1). It was not present in the conscious patient. It was the only marker
that was present in a greater proportion of VS patients (2/4) than MCS
patients (1/8) (Fig. 4D, Table 1). It is noteworthy that, in the present
protocol, lateralized solicitations were very frequent, which could in-
duce habituation in the attentional orienting system. This marker
might paradoxically detect patients with a deficient habituation mech-
anism, a hypothesis that remains to be formally tested.

3.5. Contextual modulation of lateralized potential to the cue

The lateralized potential to the cue (ADAN) was further modulated
by the strategic context. In the 75% context, in contrast with the 50%
context, there was a strong strategic advantage in shifting attention to
the cue side and planning a movement based on it, since the prepared
response could readily be applied to the target on 75% of the trials. So,
if participants understood the task, the attention shift and action antic-
ipation triggered by the cue should bemuch stronger in the 75% context.
This contextual modulation was indeed observed in the control group:
the lateralized ERP triggered by the cue was similar in topography but
significantly stronger in the 75% than in the 50% context (Fig. 4E). In
sources reconstruction, activity in premotor cortices before the target
was even more biased by the cue side in the 75% sessions, resulting in
a significant interaction of cue side with context on the lateralization
index in premotor cortex (Fig. 4F).

Although this strategic effect was significant at the group level for
controls, in individual tests it was found significant in only 3 out of 15
control subjects, (Fig. 4G, Table 1). This suggests that our correction
for multiple comparisons at the individual level might be too drastic.
Significant contextual modulation was observed in the conscious pa-
tient, in one MCS patient but no VS patient (Fig. 4H, Table 1).

3.6. Local incongruence detection

When the target appeared it could be on the same side as the pre-
ceding cue (congruent) or on the other side (incongruent). For spatially
incongruent targets, in contrast with congruent ones, we expected acti-
vations linked to the reorientation of attention aswell as themonitoring
of response conflicts (Petersen and Posner, 2012; Van Veen and Carter,
2002). Indeed, in incongruent trials, the cue attracted attention to one
side of space, and the target triggered a reorientation to the other
side; furthermore, the cue primed a motor response that was opposite
to the response to the target, a conflict that needed to be resolved in
order to produce the correct response. Both aspects reflect some incon-
gruence detection.

We first examined the spatial congruence effect in the 50% sessions,
where it denoted “automatic” orienting to the cue side despite its irrel-
evance to the task. In the control group, this contrast resulted in a strong
and sustained effect between 300 and 800 ms after the target (Fig. 5A).
The topography of this effect showed a strong negative focus over
frontocentral electrodes, and a strong positive focus over centro-occipi-
tal electrodes, which is reminiscent of a P300. This result is compatible
with previous findings on spatial auditory attention in control subjects
(Schroger and Eimer, 1996). In reconstruction, we found important
sources of this effect in the right inferior frontal sulcus, a key area of
the network involved in reorienting attention (Corbetta et al., 2002;
Corbetta and Shulman, 2002; Petersen and Posner, 2012) (Fig. 5B).
We also found activation in the anterior cingulate as expected frompre-
vious studies on conflict monitoring (Van Veen and Carter, 2002). This
incongruence detection effect (reorienting and conflict monitoring)
was present in 11 of our 15 control subjects (Table 1, Fig. 5C). It was
present in the conscious patient, in 4 of the 8 MCS patients, and 1 of
the 4 VS patients (Table 1, Fig. 5D).

3.7. Global incongruence detection

Again, our protocol allowed investigating how the strategic context
interacted with spatial incongruence detection. In the control group,
this analysis revealed a short period of interaction (~70 ms) around
230 ms after the target (Fig. 5E). Although this effect was significant
for uncorrected p-values, after correction for multiple comparisons
with our procedure (see Materials and methods) its cluster p value
was 0.12. This could be explained by the relatively short-lived nature
of this effect, such that variations in latency across participants could
have prevented observing a strong effect at the group level. Breaking
down this interaction into its different subparts revealed that incongru-
ent targets received a different treatment in the 75% context compared
to the 50% context: although stimulation was physically the same in
both contexts, incongruent targets in the 75% context induced a stron-
ger transient central negativity around 230ms, just before the response
(Fig. 5A). This central negativity could reflect the detection of a “global
deviant”: incongruent targets were rare events in the 75% context, but
not in the 50% context. In line with this interpretation, congruent tar-
gets, whichwere frequent in both contexts, did not evoke such differen-
tial activity. Although the topographywas reminiscent of theMMN, it is
important to note that the detection of deviance across 75% and 50%
context necessarily implied integrating probabilities over several trials,
i.e. several tens of seconds, a time scale forwhich the classical “automat-
ic”MMNdisappears. In studies using a “local-global” paradigm, the pro-
cessing of global deviants starts with a central negativity around
200 ms, and is followed by a strong and sustained positivity
(Bekinschtein et al., 2009; Faugeras et al., 2012; Faugeras et al., 2011).
It seems that in the present protocol, only the early part of this global
deviance detection effect was observed. Source reconstruction sug-
gested the involvement of the caudal part of the anterior cingulate cor-
tex (Fig. 5F). This effect was found significant in 8/15 controls (Fig. 5G,
Table 1), 1 MCS patient and 0/5 VS patients (Fig. 5H, Table 1).

3.8. Lateralized readiness potential to the target: motor planning

Asmentioned before, the present experimentwas not passive listen-
ing: all healthy volunteers were required to indicate the side of the tar-
get by pressing a button with their right or left hand. Similarly, patients
were instructed verbally, and reminded at the beginning of each block,
to squeeze or imagine squeezing their right of left hand in accordance
to the side of the target. In control subjects we observed, as expected,
a typical lateralized readiness potential, or LRP (Deecke et al., 1976;
Kutas and Donchin, 1980): around 200 ms after the target, just before
the actual button press, the potential was more negative over the
motor cortex controlateral to the response, so that the contrast “right
minus left target” yielded a typical lateralized topography (Fig. 6A). Ac-
cordingly, source reconstruction revealed lateralized activationsnotably
in the motor cortex and supplementary motor area (SMA; Fig. 6B). A
significant LRP was found in 8 out of 15 controls (Table 1), suggesting



Fig. 6.Motor planning (LRP). (A) Effect of target side in the control group,mostly reflecting a lateralized readiness potential (LRP). Topographies of the LRP at 230ms are shown on the left
panel. The time course of the GFP is shown on the right. (B) Source reconstruction of the target left minus right difference in the control group at 230ms (left panel) and time course of the
activity in the left and right motor cortex and SMA. Left and Right motor cortex were selected using the Destrieux parcellation (left and right precentral gyri). For selecting the
supplementary motor areas (SMAs), we used the left and right paracentral regions from the Desikan-Killiany parcellation, the Destrieux parcellation being less precise in this region.
(C-D) Topographies and time course of the effect in an individual control (C) and an individual patient (D). Conventions for statistical significance as in Fig. 2.
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that our threshold for individual statistics was too strict in this instance,
since all control participants did perform themotor task behaviorally. As
an example, control number 2 clearly showed a LRP with a standard
time course and topography, however this effect was not found signifi-
cant after our correction formultiple comparisons (Fig. 6C). A significant
LRP was found in 2/8 MCS patients, but none of the VS patients. Impor-
tantly, this means that these two MCS patients were trying to perform
the instructed task, and were imagining squeezing their hand on the
side of the target. One of these two MCS patients was the patient with
the best outcome (Fig. 6D). The slightly atypical topography can be at-
tributed to the right injury and craniotomy of this patient.

Note thatwe failed to observe evidence of command following in the
4 VS patients we tested here using the LRPmarker. Obviously our effec-
tive is too small to draw any conclusion, but this observation may be
discussed in the light of previous diverging reports about the ability to
detectmotor preparation in VS patients using EEG spectral powermod-
ulations (Cruse et al., 2011; Cruse et al., 2012; Goldfine et al., 2013;
Goldfine et al., 2011). Other studies, using electromyography or fMRI,



466 C. Sergent et al. / NeuroImage: Clinical 13 (2017) 455–469
hinted towards the possibility to detect motor planning in some pre-
sumably misdiagnosed VS patients (Bekinschtein et al., 2008;
Bekinschtein et al., 2011), but this issue is still under debate.
3.9. Synthesizing the multi-dimensional effects

In summary, we could derive, from a single protocol, 8 different ERP
indexes probing multiple cognitive domains with different levels of
complexity (Table 1, Fig. 7). We had 5 low-level effects and 3 high-
level effects, whichweremodulations of a low-level effect by the gener-
al context (75% or 50%). The different dimensions were:
Fig. 7. EEG cognitive charts. (A) Average statistical scores for the MCS+ Conscious group and t
this graph, the average scores in the control groupwere set to 100%, and the scores in the other g
1 (MCS N VS) over hypothesis 0 (MCS = VS) and conversely (BF10 and BF01, with BF10 = 1/BF0
there is positive evidence in favor of one of the hypothesis (BF N 3) according to Raftery's term
1. Perception (Own name recognition)
2. Temporal attention (CNV)
3. Spatial attention and anticipation of future action (ADAN to the cue)
4. Local incongruence detection (effect of spatial incongruence in the

50% context)
5. Motor planning (LRP to the target)
6. Contextual modulation of temporal attention (modulation of the

CNV)
7. Contextual modulation of spatial attention (modulation of ADAN to

the cue)
8. Global incongruence detection (modulation of spatial incongruence

detection by the global context)
he VS group over the 8 cognitive dimensions tested represented on a radar/spider plot. On
roupswere normalized according to this reference. (B) Bayes Factors in favor of hypothesis
1) on the different cognitive dimensions. The dotted lines denote the value beyond which
inology (Raftery, 1995) (C) Cognitive chart of each individual, without normalization.
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Following the same logic as clinical evaluation using a CRS-R scale,
the present protocol aimed at establishing for each patient a chart of
their residual cognitive capacities using ERPs. We represented these
ERP cognitive charts by plotting the statistical level of each ERP effect
(1-pclust in %) on a 8 axes spider plot, one for each ERP index (Fig. 7)
with the first level effects at the bottom, and the high-level effects at
the top. Fig. 7A shows the averaged statistical scores for the VS group
and the MCS group (including the conscious patient), normalized to
the control. The high level effects, on top of the chart, were only present
in the MCS group, not in the VS group, while there was no obvious dif-
ference between groups for the low-level effects. This was confirmed by
Bayesian statistics. Fig. 7.B. shows the Bayes factors for the distinction
between the MCS and VS patients along the different cognitive dimen-
sions. When taken individually, none of the cognitive dimensions was
conclusively more represented in MCS than in VS patients (all
BF10 b 3, (Raftery, 1995)), and there was positive evidence that low-
level spatial attentionwas similar in the two groups (BF01= 5). Howev-
er, when combining dimensions, there was positive evidence that MCS
patients were more susceptible that VS patients to show at least one
high-level effect, any of them (BF10 = 3.8). Conversely there was posi-
tive evidence that the two groups were similar when considering the
presence of at least one low-level effect, any of them (BF01 = 3.3).
This illustrates that combining several cognitive dimensions allowed
improvement in the patients' assessment.

The ERP cognitive charts for each individual are represented in Fig.
7C (see also Table 1). The absence of any effect in patient 8 (MCS) is sug-
gestive of a recordingproblem thatwas not detected during preprocess-
ing. The importance of combining several indexes, as revealed by the
Bayesian statistics, is clearly understandable when looking at individual
results. None of the MCS or conscious patients showed more than one
strategic effect, but the type of index that revealed strategic processing
varied across patients. If we had only used one high-level index, we
would have detected at most 2 patients with indications of high-level
processing, instead of the 5 patients detected here (Table 1).

Interestingly, the patient who showed the best outcome, and
regained functional communication at 12 months (MCS7 in Table
1) not only showed a strategic effect at the time of the test,
12 month before, he also was the patient with the greatest number
of low-level effects, including motor planning. This underlines an-
other reason why considering multiple indices might be impor-
tant: although strategic effects are probably good signs that
central executive processors are partially working, preserved
lower level functions such as own name recognition or local incon-
gruence detection might be essential for constantly stimulating re-
maining central processes. It seems reasonable to assume that the
potential for recovery relies on the conjunction of multiple pre-
served functions, in which case a multidimensional assessment of
cognition might be interesting also for prognosis.

It is noteworthy that, even in control subjects, the detection of the
different cognitive indexes was not perfect. This problem is not specific
to the present protocol or methods: individual statistics in ERPs are no-
toriously difficult, and, to date, there is no consensus on the best criteria
that should be used to detect an effect (Gabriel et al., 2016). Here, com-
bining the different dimensions drastically improved detection rate,
even in controls. So multidimensional testing might also be useful for
compensating this methodological problem.

4. Conclusion

Both pragmatic and theoretical reasons now point to multidi-
mensional testing as an obvious way forward for improving the
evaluation of DOC patients, and advancing our understanding of
these deficits (Bayne et al., 2016). The challenge was to build a
practical test that efficiently probed multiple cognitive dimensions
within a single protocol and a reasonable time slot, and to construct
the corresponding analysis pipeline. In particular, we had to define
technical landmarks to transform complex spatio-temporal EEG
signals into simple neuro-cognitive scores. The results of this initial
study suggest that the challenge has been met: for each of 15 indi-
vidual controls and 13 individual patients, we could derive from a
relatively complex experimental design, an interpretable chart of
their cognitive abilities along 8 dimensions (Fig. 7). These charts
come as direct echo of the theoretical proposition recently made
by Bayne and collaborators (Bayne et al., 2016).

Although some improvements can still be made to the protocol and
analysis in terms of statistical power, the advantages of multidimen-
sional testing were already potent in this initial proof of concept. Prob-
ing three high-level dimensions instead of one boosted the sensitivity in
detecting patients with some preserved central executive functions (5
patients instead of 2). Motor planning in response to instructions was
only found in MCS, not VS patients, in accordance with the clinical eval-
uation.When tested on larger populations, this dimension offers the po-
tential of detecting misdiagnosed VS patients who can covertly follow
instructions (Bekinschtein et al., 2011; Cruse et al., 2011). Finally,
there is some interesting indication that the potential for recovery
might rely on the combination of some preserved central function (at
least one high-level effect) with a large panel of preserved low-level
functions.

The presentmultidimensional approach is compatiblewith the glob-
al workspace model of consciousness (Dehaene and Changeux, 2011;
Dehaene et al., 2006): in this model, conscious access to a representa-
tion relies on the establishment of a stable phase of communication
and reinforcement between the areas primarily holding the representa-
tion (e.g. sensory areas), and more central areas that are able to main-
tain and use this information in a purposeful, non-stereotyped manner
(executive fronto-parietal areas). Therefore, although this model postu-
lates the existence of a single coremechanism for consciousness, name-
ly global sharing, this mechanism typically manifests itself in multiple
cognitive dimensions. In this model, the prerequisites for conscious ac-
cess to emerge would be some preserved attentional and executive
functions, some preserved lower-level functions and preserved connec-
tivity among these nodes. The protocol presented here probes several
executive and lower-level functions, but it does not focus on connectiv-
ity per se. Our protocol can easily be complemented with tools evaluat-
ing various aspects of spontaneous dynamics of EEG complexity and
functional connectivity (King et al., 2013; Sitt et al., 2014), which can
be acquired “for free” during the resting phases between test sessions.

In conclusion, although it stands to reason that a better evaluation of
patients should emerge from testing multiple cognitive dimensions in
EEG, in practice there has been no attempt so far in this direction, pre-
sumably because of practical obstacles. Herewe propose a compact pro-
tocol that probes 8 cognitive dimensions in one go, and demonstrate
that combining these dimensions does improve the patients' evaluation
compared to isolated dimensions. We hope that it can constitute a basis
for improving the evaluation of DOC patients in the future.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.nicl.2016.12.004.
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