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Consciousness as Information
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Figure 4. Relating integrated information to neuroanatomy and neurophysiology. Elements fire in
response to two or more spikes (except elements targeted by a single connection, which copy their input); links
without arrows are bidirectional. (A) Computing ! in simple models of neuroanatomy suggests that a
functionally integrated and functionally specialized network—like the corticothalamic system—is well suited to
generating high values of !. (B, C, D) Architectures modeled on the cerebellum, afferent pathways, and
cortical-subcortical loops give rise to complexes containing more elements, but with reduced ! compared to the
main corticothalamic complex. (E) ! peaks in balanced states; if too many or too few elements are active, !
collapses. (F) In a bistable (“sleeping”) system (same as in (E)), ! collapses when the number of firing elements
(dotted line) is too high (high % activity), remains low during the “DOWN” state (zero % activity), and only
recovers at the onset of the next “UP” state.

225CONSCIOUSNESS AS INTEGRATED INFORMATION

Tononi, 2008

Quantity of consciousness is a function of balanced 
integration and differentiation of information

Consciousness is simultaneously
• differentiated – each conscious state is one amongst a vast repertoire
• integrated – each conscious state is unitary and indivisible



Brain Networks in MEG

Source-reconstructed 
MEG brain networks 
from 10 minutes of 
resting state data

Default mode Visual Sensorimotor

Baker et al., 2015



Integration

Fig. 2. Cortical responses to TMS across the sleep–wake cycle. hd-EEG voltages and current densities are shown from a 
representative subject in whom the premotor cortex was stimulated with transcranial magnetic stimulation (TMS) (black arrow). (A) 
During waking, stimulation evokes hd-EEG responses first near the stimulation site (circle; the cross is the site of maximum evoked 
current) and then, in sequence, at other cortical locations, producing a long-range pattern of activation. (B) During slow-wave sleep, 
the stimulus-evoked response remains local, indicating a loss of cortical integration. At the same time, the response recorded from 
the electrode located under the stimulator (thick red trace) becomes a positive wave followed by a negative rebound. (C) During 
REM sleep, effective connectivity among distant cortical areas recovers, indicating a significant resurgence of cortical integration 
(adapted with permission from Massimini et al., 2007). Please see online version of this article for full color figure. 

Massimini et al., 2009

Cortical dynamics are complex and re-entrant during wakefulness



Differentiation 209 

Fig. 3. Loss of cortical integration and differentiation during slow-wave sleep. TMS is applied to premotor cortex (A) and to visual 
cortex (B) during wakefulness (left panels) and during slow-wave sleep (right panels). After source modelling, non-parametric 
statistics is performed to detect the significant currents induced by TMS. For each condition, the significant currents recorded during 
the entire post-stimulus interval are plotted on the cortical surface; on the right side of each cortical surface, the time series of the 
currents recorded from three selected areas (Brodmann areas (BA) 8, 6 and 19) are depicted (the time of stimulation is marked by a 
red line). With the transition from wakefulness to slow-wave sleep, distant cortical areas cease to be causally affected by the initial 
perturbation, indicating a break-down of cortical integration. At the same time, cortical responses to TMS become stereotypical, 
indicating a loss of cortical differentiation. Please see online version of this article for full color figure. 

intensities and in different cortical areas (Massi-
mini et al., 2007), one invariably obtains a 
stereotypical response: a positive wave followed 
by a negative rebound (Fig. 3). Interestingly, this 
positive–negative component develops towards a 
full-fledged sleep slow wave when TMS is 
delivered at increasing intensities in a scalp region 
around the vertex (Massimini et al., 2007). The 
prominent negative component of TMS-evoked 
slow waves is very likely to be associated with a 
widespread hyperpolarization in a large popula-
tion of cortical neurons, as is the case for 
spontaneous sleep slow waves (Cash et al., 2009; 
Massimini et al., 2004). Thus, it appears that the 
only way the sleeping brain can react to a direct 
cortical perturbation is by producing a slow wave 

that is either local (Fig. 2B) or global and non-
specific (Fig. 4B). 

What prevents the emergence of a differen-
tiated long-range pattern of activation during 
sleep? It is likely that the mechanism underlying 
the impaired capacity of the sleeping brain for 
integrated information is the same mechanism that 
underlies the occurrence of spontaneous sleep 
slow-waves, that is bistability in thalamocortical 
circuits (Tononi and Massimini, 2008). Upon 
falling asleep, brainstem activating systems reduce 
their firing rates, thus increasing the influence of 
depolarization-dependent potassium currents in 
thalamic and cortical neurons (McCormick et al., 
1993). Due to these currents, cortical neurons 
become bistable and inevitably tend to fall into a 

Massimini et al., 2009

Cortical dynamics are spatially 
differentiated during wakefulness
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Quantifying Consciousness

Spectral Decomposition Information Theory

Weighted Phase Lag Index
Chennu et al., 2014

Symbolic Mutual Information
King et al., 2016



Conscious Levels vs. Contents

Laureys, 2005

The neural correlate of (un)awareness:
lessons from the vegetative state

Steven Laureys

Cyclotron Research Center and Department of Neurology, University of Liège, Sart Tilman B30, 4000 Liège, Belgium

Consciousness has two main components: wakefulness
and awareness. The vegetative state is characterized by
wakefulness without awareness. Recent functional
neuroimaging results have shown that some parts of
the cortex are still functioning in ‘vegetative’ patients.
External stimulation, such as a painful stimulus, still
activates ‘primary’ sensory cortices in these patients but
these areas are functionally disconnected from ‘higher
order’ associative areas needed for awareness. Such
studies are disentangling the neural correlates of the
vegetative state from theminimally conscious state, and
have major clinical consequences in addition to empiri-
cal importance for the understanding of consciousness.

Vegetative patients look ‘awake’ but fail to show any
behavioral sign of awareness. For family members – and
inexperienced physicians and ethical policy makers – it is
difficult to accept that patients’ reflexive movements do
not reflect consciousness. This reveals their (understand-
able) lack of clarity about the nature of consciousness, and
especially its dual aspects of the dimensions of wakeful-
ness and awareness.

Recent neuroimaging studies are revealing how wake-
fulness and awareness can be separated in the vegetative
state, illuminating the relationships between awareness
and (i) global brain function, (ii) regional brain function,
(iii) changes in functional connectivity, and (iv) cortical
activation of primary versus associative areas in response
to external stimulation, highlighting issues concerning
the possible perception of pain.

Consciousness, awareness and wakefulness
Consciousness is a multifaceted concept that has two
major components: awareness of environment and of self
(i.e. the content of consciousness) and wakefulness (i.e. the
level of consciousness) (Figure 1). You need to be awake to
be aware (REM-sleep being a notable exception). The
contrastive approach as first proposed by Baars [1]
(comparing brain activation in circumstances that do or
do not give rise to consciousness in either of its two main
senses of awareness and wakefulness) is now widely
applied in functional neuroimaging studies. Very few
groups, however, have studied situations in which
wakefulness and awareness are dissociated. The most
tragic example is the vegetative state. Here, patients

‘awaken’ from their coma but show no ‘voluntary’
interaction with their environment.

Vegetative patients have their eyes wide open but are
considered – by definition – to be unaware of themselves or
their surroundings. They may grimace, cry or smile (albeit
never contingent upon specific external stimuli) and move
their eyes, head and limbs in a meaningless ‘automatic’
manner. The vegetative state is often, but not always,
chronic (the ‘persistent vegetative state’). Given proper
medical care (i.e. artificial hydration and nutrition)
patients can survive for many years.

How certain can physicians be that these patients are
completely unaware and insensate? As one author
expresses the dilemma, ‘Might a grimace in response to
pain not indicate a glimmer of awareness?’ [2]. It is known
that when the diagnosis is made with insufficient care, up
to one in three ‘vegetative’ patients actually are conscious
– at least ‘minimally conscious’ [2]. Clinical misdiagnosis
is partly explained by the inherent difficulties in detecting
signs of awareness in patients with fluctuating arousal

TRENDS in Cognitive Sciences 
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Figure 1. Oversimplified illustration of the two major components of conscious-
ness: the level of consciousness (i.e. wakefulness or arousal) and the content of
consciousness (i.e. awareness or experience). In normal physiological states (blue-
green) level and content are positively correlated (with the exception of dream
activity during REM-sleep). Patients in pathological or pharmacological coma (that
is, general anesthesia) are unconscious because they cannot be awakened (red).
Dissociated states of consciousness (i.e. patients being seemingly awake but
lacking any behavioral evidence of ‘voluntary’ or ‘willed’ behavior), such as the
vegetative state or much more transient equivalents such as absence and complex
partial seizures and sleepwalking (purple), offer a unique opportunity to study the
neural correlates of awareness.

Corresponding author: Laureys, S. (steven.laureys@ulg.ac.be).
Available online 3 November 2005

Update TRENDS in Cognitive Sciences Vol.9 No.12 December 2005556

www.sciencedirect.com
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Progressive Changes

Newcombe et al., 2015



Transcranial Magnetic Stimulation

at the time of recording, could signal that they were fully aware

through vertical eye movements. In Fig. 3 the number of sources

involved by the propagation of TMS-evoked maximum currents

(effective connectivity) is reported for all TMS/EEG sessions (Fig.

3A), all sites of stimulation (Fig. 3B) and all patients; clear-cut dif-

ferences in cortical effective connectivity discriminate between in-

dividual patients in a vegetative state and patients in a minimally

conscious state with a stable clinical diagnosis (Group I in Fig. 3A

and B).

Cortical effective connectivity recovers
in the brain of patients who recover
their ability to communicate
If effective connectivity among thalamocortical modules is a key

neurophysiological mechanism for some level of consciousness to

emerge, then it should clearly recover in the brain of an individual

patient before he recovers his ability to communicate reliably. To

test this hypothesis we performed longitudinal TMS/EEG measure-

ments in a group of five patients (Group II) who were recruited

from the intensive care as soon as they awakened from coma. As

assessed by means of the CRS-R (Supplementary Table 2), three

of these patients (Fig. 2A and Supplementary Fig. 3A) recovered

consciousness and functional communication, evolving from a

vegetative state through minimally conscious state to emergence

from minimally conscious state, whereas two patients (Fig. 2B and

Supplementary Fig. 3B) remained in a vegetative state. In all cases

the first TMS/EEG session (Session 1) was performed at least 48 h

after withdrawal of sedation, when patients opened their eyes and

were diagnosed as in a vegetative state. At this time, similar to the

patients in a vegetative state in Group I, TMS evoked a simple

wave and a local pattern of activation or no response at all

(Patient 17, anoxic) (Fig. 2B, Supplementary Fig. 3B and 4).

Figure 1 TMS-evoked cortical responses in Group I patients. A group of five vegetative state (VS, A), five minimally conscious state
(MCS, B), and two patients with locked-in syndrome (LIS, C) underwent one TMS/EEG session after 7 days of repeated evaluations by
means of the CRS-R. For each patient, the averaged TMS-evoked potentials recorded at one electrode under the stimulator (black trace)
and the respective significance threshold (upper and lower boundaries of the pink bands; bootstrap statistics, P5 0.01) are shown. The
sources involved by maximum cortical currents (10 most active sources) during the significant post-stimulus period of the global mean field
power are plotted on the cortical surface and colour-coded according to their location in six anatomical macro-areas as indicated in the
legend; the number of detected sources is indicated at the top right of each map. The time-series (colored traces) represent TMS-evoked
cortical currents recorded from an array of six sources (black circles on the cortical map in the legend) located !2 cm lateral to the midline,
one for each macro-area (Supplementary Fig. 1). The white crosses mark the sites of stimulation. For all patients, the responses to the left
parietal cortex stimulation are shown, except for one patient (Patient 5) in whom a significant response could only be detected in the right
hemisphere (Supplementary Fig. 2). EEG positivity is upward. L = left; R = right.

TMS/EEG in disorders of consciousness Brain 2012: 135; 1308–1320 | 1313
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Rosanova et. al., 2012, Casali et al., 2013

Balance between integration and 
differentiation of brain networks improves with 

level of consciousness

(mean ± SD, 0.39 ± 0.05;N = 15), and in all cases, PCI values were above
the maximum values observed during physiological and pharmacological
loss of consciousness. Similarly, in EMCS patients, PCI values were in-
variably above the sleep/anesthesia–loss of consciousness distribution,
with PCI ranging from 0.37 to 0.52 (mean ± SD, 0.43 ± 0.05; N = 14).

We assessed the significance of the stimulation site and level of
consciousness on PCI values (see Materials and Methods) and found
that PCI was significantly affected by the patient’s level of conscious-
ness (P = 3 × 10−8, F3,17.4 = 42) and that there were no significant
effects of stimulation site on PCI values (P = 0.9, F3,37 = 0.2). When
main effects were compared (Fig. 5B), MCS patients exhibited a mean
PCI value significantly higher than that in VS/UWS patients (P = 2 ×
10−5) and significantly lower than that in LIS patients (P = 0.0001).
Similarly, PCI in EMCS patients was significantly higher than that

in VS/UWS patients (P = 8 × 10−7) and significantly lower than that
in LIS subjects (P = 0.002).

DISCUSSION

Here, we have developed and tested a theoretically based measure of
consciousness, the PCI. Empirically, PCI provides a data-driven metric
that can discriminate level of consciousness in single subjects under dif-
ferent conditions: wakefulness; dreaming; the LIS; the MCS; the EMCS;
intermediate levels of sedation; NREM sleep; midazolam-, xenon-, and
propofol-induced loss of consciousness; and the vegetative/unresponsive
wakefulness state.

Various brain-based empirical measures have been proposed as po-
tential neurophysiological markers of the level of consciousness. These
metrics belong to one of two general categories (13). The first embraces
methods that aim to quantify the information or spectral content of
brain signals, such as the approximate entropy (20), the spectral en-
tropy (19), and the bispectral index [Aspect Medical System (31)]. The
second category includes methods that evaluate the spatial extent or
synchronization of brain activations, such as late event–related poten-
tials (32), measures of effective connectivity derived from dynamic
causal modeling analysis (33) or from TMS/EEG data (24, 34), and
Granger causality and coherence analysis of electrophysiological (17)
or metabolic time series (35). Although each of these metrics tends to
show group-level differences between specific conditions in which con-
sciousness is absent or present, they are less reliable when it comes to
detecting reproducible and graded changes in single individuals under
different conditions (sleep, anesthesia, and brain injury). For example,
the bispectral index is widely variable among subjects and anesthetic
agents (36) and cannot reliably discriminate between conscious and un-
conscious brain-injured individuals (37); similarly, late event–related
potentials, such as the mismatch negativity, P300 and P400, can be ab-
sent in conscious subjects and present in unconscious subjects (38, 39).
On the other hand, previous TMS/EEG measures of effective connec-
tivity may discriminate between individual patients but are qualitative
and insensitive to graded changes in the level of consciousness (24),

whereas coherence and Granger causality
can actually be increased during loss of
consciousness induced by propofol anes-
thesia (40, 41).

The index described here, PCI, gauges
at once both the information content and
the integration of the overall output of the
corticothalamic system by measuring the
algorithmic complexity of the brain’s response
to a perturbation. Unlike other measures of
complexity that are applied to spontaneous
brain signals, PCI only assesses informa-
tion that is generated through determinis-
tic interactions within the thalamocortical
system. In this way, the resulting measured
complexity is minimally affected by ran-
dom processes, such as noise and muscle
activity, or by patterns that are not genu-
inely integrated, such as those generated by
isolated neuronal sources or common driv-
ers. On the other hand, PCI is distinct
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Fig. 4. PCI is sensitive to graded changes in the level of consciousness.
(A) PCI calculated in six subjects (same subjects, 27 to 32, as Fig. 3A) during
wakefulness, intermediate, and deep levels of anesthesia with propofol. Right:
Box plots with the statistical significance between pairs of conditions (*P =
0.001, **P = 0.0004, repeated-measures ANOVA). (B) PCI calculated in one sub-
ject (subject 9 in Fig. 3A) during wakefulness, sleep stage 1 (S1), NREM, and
REM sleep. The gray and the red dashed lines represent the maximum
complexity observed during unconsciousness (PCI = 0.31) and the minimum
complexity observed during alert wakefulness (PCI = 0.44) across all subjects
(Fig. 3A), respectively.
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Fig. 5. PCI discriminates the level of consciousness in brain-injured patients. (A) PCI values for 48 TMS
sessions collected from 20 severely brain-injured patients (TMS was targeted to both left and right BA08 and
BA07, as indicated at top left). Right: Distribution of PCI values from healthy individuals. (B) Box plots for PCI
in brain-injured patients with the statistical significance between pairs of conditions (LMM: *P = 0.002, **P =
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Brain Connectivity in DoC



Variations with Interchannel Distance
To test the hypothesis of a change in brain-scale information
sharing, we investigated the relationship between wSMI and
the Euclidian distance separating the channels. For distances
below 5 cm, wSMI quickly dropped toward zero, as expected
given that this measure was designed to eliminate common
source artifacts (Figures 4A and S4A). We therefore avoided
these short distances and restricted our analyses to five
equally spaced distances for which the median wSMI values
were comparable at t = 32 ms. wSMI discriminated VS from
MCS at all but the shortest interchannel distance (Figure 4C).
The interaction of distance with consciousness state (VS
versusMCS)was significant when pitting the shortest distance
against any of the longer ones (all p < 0.028). Thus, wSMI is
robust to variations in interchannel distance except in the
very short range, suggesting that loss of consciousness is
associated with an impairment in information sharing over
medium-to-long distances. With nonweighted SMI, the differ-
ence between VS and MCS was weaker and was invariant to
interchannel distance (Figures S4C and S4D).

Discussion

Several theoretical models of consciousness predict that
brain-scale information sharing should provide a consistent
signature of conscious processing [1–6, 16–18, 21]. In agree-
ment with this prediction, we show that wSMI, which estimates
the amount of information shared by two EEG signals, in-
creases as a function of consciousness state and separates
vegetative state (VS) from minimally conscious state (MCS)
patients. This increase appears particularly prominent across
centroposterior areas and across medium and long inter-
channel distances.

These results supplement recent EEG studies investigating
the relationship between information sharing and loss of
consciousness using spectral-based functional connectivity
measures [13, 22]. The present work relies on a large group
of patients, which allowed us to demonstrate the indepen-
dence of our findings from etiology and delay since insult.

Moreover, our measure, unlike several traditional synchrony
measures, minimizes common-source artifacts and improves
the discriminability of consciousness states. Finally, we
show that its changes cannot be simply reduced to local
changes in entropy or power spectrum but reflects a genuine
change in information sharing particularly detectable over
medium and long distances across the scalp. A similar change
may also exist at shorter distances, but, due to common-
source artifacts, scalp EEG is unlikely to provide conclusive
information on this point.
The observed change in brain-scale information sharing

fits with earlier observations showing that the state of con-
sciousness can be affected by diffuse anatomical lesions to
the cortex and the underlying white matter as well as to the
thalamic and brain stem nuclei. In particular, several studies
have underlined the prominent role of diffuse white matter
lesions in persistent VS [23–26]. These anatomical lesions
may lead to functional deficits in thalamocortical [27, 28]
as well as corticocortical communication [15, 29–31] and
to abnormal default mode network activity in VS patients
[23, 30–34], all of which would result in reduced mutual infor-
mation over long corticocortical distances, as observed here.
wSMI could be computed after cortical source modeling,

but this step remains fraught with inaccuracies, particularly
given the patients’ frequent brain and skull damage [35].
Instead, our analyses were performed after applying a
current-source-density transform to EEG recordings, which
coarsely focalizes the effects over the corresponding cortical
regions. Topographically, the largest differences in informa-
tion sharing between VS and MCS patients were found over
centroposterior regions. Although this effect may appear at
odds with the preponderant role of the prefrontal cortex in
conscious processing [3, 6, 36], it fits with the recent identifi-
cation of posterior cingulate and precuneus as essential
hubs of cortical networks [3] and the correlation of mesiopar-
ietal activity with the state of consciousness [37]. In particular,
numerous studies have highlighted a frequent hypoactivation
of the precuneus and posterior cingulate in VS patients [38].
These areas participate in the default mode network and

Figure 2. wSMI Indexes Consciousness Independently of Etiology and Delay since Insult

The median wSMI across current sources is depicted for each state of consciousness (A). Error bars represent SEM. Significant pairwise comparisons are
denoted with asterisks. Analyses were reproduced for each etiology (B) and delay since insult (C and D). The results showed that median wSMI is mainly
affected by the state of consciousness and does not vary significantly across etiology or delays.

Current Biology Vol 23 No 19
1916

Brain Networks in DoC

Healthy

VegetativeMinimally Conscious King et al., 2013; Sitt et al., 2014

Long-distance information sharing
characterises consciousness in states 

of low awareness



Discriminating Levels of Consciousness

Sitt et al., 2014; Chennu et al, in prep



Classifying Behavioural Consciousness

𝞆2 = 19.91, p < 0.0001



Hidden Awareness in the Vegetative State

Healthy 
Volunteer

Vegetative 
Patient

Owen et al., Science, 2006, Monti et al., NEJM, 2010

fMRI



Brain Networks in the Vegetative State

Healthy adultVS Patient VS Patient

Chennu et al., 2014

Tennis -ve Tennis +ve



EEG predicts Outcomes

EEG characteristics predict GOS-E outcomes one year after assessment



EEG predicts Outcomes

Chi2 = 8.58, p = 0.003
EEG characteristics predict one-year outcomes



EEG and Admission Diagnosis

Admission diagnosis Admission + EEG diagnosis

EEG significantly improves accuracy of admission diagnosis

Fisher’s exact test odds ratio = 0.34, p = 0.01



Convergence in Individual Patients

Promising convergent evidence in a vegetative patient who was

P300b Tennis imageryRobust Small-world 
networks

but made a behavioural recovery to full consciousness within a year.



Neural Signatures of Consciousness

A range of EEG-derived brain measures track the level of consciousness
Machine-learning to develop classification tools available at the bedside

Figure 2 Scalp topography of the most discriminatory measures. The topographical 2D projection (top = front) of each measure [con-
tingent negative variation (CNV), mismatch negativity (MMN) and P300b (!P3b), normalized power in delta (|!|n) and alpha (|"|n) bands,
spectral entropy (SE), permutation entropy in theta band (PE#), Komolgorov-Chaitin Complexity (K) and weighted symbolic mutual
information (wSMI#)] is plotted for each state of consciousness (columns). The fifth column indicates whether the VS and MCS patients
were significantly different from one another (black = P5 0.01, light grey = P50.05, white = not significant, uncorrected for the number
of electrodes tested). The sixth column shows the statistics of a regression analysis of the measure across the four states of consciousness
(VS5MCS5CS5healthy controls (H). Black: P50.01, light grey: P50.05, white: not significant, uncorrected for the number of
electrodes tested).
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Current Challenges

• Machine learning has been 
applied to detect 
consciousness using EEG

• Significant divergence due 
to
– Arousal variation
– Motivation and cognitive state
– Signal quality and reliability

– A current research challenge
– Fundamental requirement for 

clinical utility
– And bedside deployment

alongside clinical assessment

VS patients classified as MCS based on their EEG activity, the

proportion of those who later showed signs of consciousness sig-

nificantly increased [recovery 521 days: 8 (32%); recovery within

21–42 days: 3 (12%); no recovery: 12 (48%); unknown: 2

(8%)].The number of subjects who recovered consciousness was

significantly higher for VS patients classified as MCS than for those

classified as VS [!2(2, n = 73) = 4.99, P = 0.025]. It should be

emphasized that clinical assessment at the time of the recording,

based on the full CRS-R or its subscores, neither predicted the VS

patients’ recovery nor the automatic classification category

(Supplementary material). We then investigated which of the

EEG measures that successfully identified the state of conscious-

ness were also efficient in predicting the recovery of VS patients.

Results show that the patients recovering from VS (recovery 542

days), relative to non-recovering ones, tended to exhibit a higher

contingent negative variation, higher normalized power in the

theta frequency band, and smaller phase-locking index in the

delta frequency band. These results should be considered explora-

tory, however, given that these results achieved significance only

at an uncorrected P50.05 level (Supplementary Table 7).

In summary, within a behaviourally indistinguishable group of

clinical VS patients, neurophysiological measures provided infor-

mation about the future improvement of consciousness, suggest-

ing a better functional status at the time of recording than the one

indicated by the clinical diagnosis.

Discussion
We systematically evaluated putative signatures of consciousness

in a large data set of high-density bedside EEG recordings of

patients suffering or recovering from disorders of consciousness.

An important feature of our study is that we included all patients

with disorders of consciousness within a !2-year period, thus

ensuring an unbiased sampling and maximizing clinical relevance.

By testing 92 candidate measures arising from previous empirical

and theoretical research, we showed that patients’ EEG contains

many useful features that discriminate between VS and CS. Each

of these measures can thus index consciousness, either directly, or

indirectly through its consequences on arousal, instruction under-

standing, active maintenance of stimuli and instructions in working

memory, and task monitoring, etc. Crucially, only a few of these

measures were effective in discriminating the minimal contrast be-

tween VS and MCS patients. We focus the discussion on this

subset of measures, which seem most relevant to the objective

identification of conscious processing from the patterns of EEG

activity.

Figure 5 Comparison of EEG-based classification with clinical
diagnosis and patients’ outcome. (A) Confusion matrix showing,
on the y-axis, the clinical diagnosis (VS, MCS or CS/Healthy),
and on the x-axis, the prediction using the automatic classifier
based on EEG measures (VS or MCS). The number of recordings
and their respective percentages within each clinical state cate-
gory are reported in each cell. For VS and MCS patients
EEG-based classification matches the clinical diagnosis in a ma-
jority of cases. Using the same classifier (trained to predict VS or
MCS state) the top cells show the predicted condition for CS and
healthy subjects. The majority of these recordings were classified
as MCS. Non-matching cells can suggest inappropriate classifi-
cations, but may also indicate that EEG measures are detecting
information unseen by clinicians. (B) The pie charts show the
clinical outcome of the VS patients, as a function of whether EEG
measures classified them as VS or in a higher state of con-
sciousness (MCS or CS). The probability of recovery was sig-
nificantly higher (P = 0.02) for patients classified into a higher
state of consciousness than for patients predicted to be truly VS.

Figure 4 Summary of the measures discriminating VS and MCS
patients. Each measure is plotted in a 2D graph. Acronyms
meanings can be found in the Supplementary material.
The x-axis indicates discriminatory power for each measure’s
average across trials, whereas the y-axis indicates discriminatory
power for their respective fluctuations across trials. For instance,
the Kolmogorov-Chaitin complexity (K) measure appears in the
bottom right quadrant, suggesting that its average value is
significantly higher in MCS than in VS, whereas its standard
deviation, conversely, is higher in VS than in MCS. Large circles
indicate significant measures (PFDR50.05). Non-significant
measures are indicated with small dots.
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Summary

• EEG Connectomics
– Applications in Disorders of 

Consciousness

• Shadows of underlying 
cortical networks
– Correspondence with resting 

networks from fMRI

• Applications
– Clinical diagnostics and 

prognostics
– Bedside monitoring



Evelyn Trust Project

Recently funded Evelyn Trust funded project to develop
• Feasible frameworks to take EEG to the patient
• Aim to longitudinally acquire and analyse functional EEG 

– right at the patient’s beside, in rehabilitation centres in Cambridgeshire
– Automated data analysis pipeline

• Develop clinically valuable EEG metrics and visualisations
– Assess their diagnostic and prognostic utility
– And relevance to individual patient trajectories

Read raw 
data
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Automatic 
quality control

Calculate 
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