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ABSTRACT

Electroencephalographic activity in the context of disorders of consciousness is a Swiss knife like tool that can evalu-
ate different aspects of cognitive residual function, detect consciousness and provide a mean to communicate with
the outside world without using muscular channels. Standard recordings in the neurological department offer a first
global view of the electrogenesis of a patient and can spot abnormal epileptiform activity and therefore guide treatment.
Although visual patterns have a prognosis value, they are not sufficient to provide a diagnosis between vegetative state/
unresponsive wakefulness syndrome (VS/UWS) and minimally conscious state (MCS) patients. Quantitative electroen-
cephalography (qEEG) processes the data and retrieves features, not visible on the raw traces, which can then be clas-
sified. Current results using gEEG show that MCS can be differentiated from VS/UWS patients at the group level. Event
Related Potentials (ERP) are triggered by varying stimuli and reflect the time course of information processing related
to the stimuli from low-level peripheral receptive structures to high-order associative cortices. It is hence possible to
assess auditory, visual, or emotive pathways. Different stimuli elicit positive or negative components with different time
signatures. The presence of these components when observed in passive paradigms is usually a sign of good prognosis
but it cannot differentiate VS/UWS and MCS patients. Recently, researchers have developed active paradigms show-
ing that the amplitude of the component is modulated when the subject’s attention is focused on a task during stimulus
presentation. Hence significant differences between ERPs of a patient in a passive compared to an active paradigm can
be a proof of consciousness. An EEG-based brain-computer interface (BCI) can then be tested to provide the patient
with a communication tool. BCIs have considerably improved the past two decades. However they are not easily adapt-
able to comatose patients as they can have visual or auditory impairments or different lesions affecting their EEG
signal. Future progress will require large databases of resting state-EEG and ERPs experiment of patients of different
etiologies. This will allow the identification of specific patterns related to the diagnosis of consciousness. Standardized
procedures in the use of BCIs will also be needed to find the most suited technique for each individual patient.
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Infroduction well documented literature on EEG abnormalities

in comatose patients and patients in vegetative state
The electroencephalography (EEG) has a long his- (VS) or newly coined unresponsive wakefulness
tory of use in the intensive care unit, and there is a syndrome (UWS) (Laureys et al., 2010). The use of
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EEG as a diagnostic tool is subject to controversies
(Guérit, 2007), but the prognostic value of EEG
patterns when combined with the etiology is well
acknowledged (Zandbergen et al., 1998). However,
the study of patients with disorders of conscious-
ness (DOC) has experienced an important turn with
the definition in 2002 of the minimally conscious
state (MCS) as a state “characterized by inconsistent
but clearly discernable behavioral evidence of con-
sciousness and can be distinguished from coma and
VS/UWS by documenting the presence of specific
behavioral features not found in either of these con-
ditions” (Giacino et al., 2002). This new definition
has triggered the challenge to untangle VS/UWS
and MCS patients. At bedside, behavioral scales
such as the Coma Recovery Scale-Revised (CRS-R)
(Giacino et al., 2004) are used to assess patients.
This evaluation can give hints on the prognosis as
MCS patients have better recovery chances than
VS/UWS patients. Still, behavioral assessments are
subjective and not always accurate (Schnakers et al.,
2009a) hence the need of objective multimodal
assessments covering all aspects of brain function-
ing, ranging from the metabolism assessed with
positron emission tomography (PET), the structural
images captured with the magnetic resonance imag-
ing (MRI), the hemodynamic response obtained
with functional MRI, the structural changes in the
white matter observed with diffusion tensor imag-
ing (DTI) and the dynamics of cortical activations
measured with EEG. In the following only EEG
aspects of coma, VS/UWS and MCS patients will
be covered as the other brain imaging methods are
treated in detail in other papers of this issue.

Aside of standard clinical measurements, different
applications have originated from EEG. For exam-
ple, quantitative EEG (QEEG) consists in numerical
computations of parameters from the EEG such
as power spectra, connectivity values or entropy.
These parameters offer better validity than visual
scoring (Thatcher, 2010) and subsequently they
can be used to train classifiers in order to separate
groups of patients in different states. Next, evoked
potentials, allows the assessment of specific corti-
cal functions by measuring responses to repeated
given stimuli. Furthermore, the past twenty years
have seen advances in the field of brain computer
interfaces (BCI) using the EEG. Direct communica-
tion from the brain to a computer has been demon-

strated (Wolpaw et al., 2002; Birbaumer and Cohen,
2007). Such devices can be of great help to assess
consciousness in severe brain injured patients with
DOC. In the following, standard clinical EEG pat-
terns in coma and related states will be reviewed and
illustrated. Second, the investigation of gEEG meth-
ods will be presented followed by a description of
oscillatory brain activity in response to stimuli, i.e.
event related potentials (ERPs). Finally, advances in
brain computer interfaces and their applications at
bedside will also be discussed.

Standard clinical EEG

The EEG is often mandatory in the neurological
management. A routine clinical EEG recording lasts
approximately seven to thirty minutes. Electrode
failure and artifacts are common issues impeding
the quality of the recording; hence its duration must
be long enough to allow the practitioner to deter-
mine the background activity or main rhythm of
the patient. Moreover, some physiological or even
pathological events could be missed if the recording
duration is too short. To unravel some of these fea-
tures, clinical EEG often involve provocative tests
such as photic, auditory or painful stimulation.

Visual inspection of the EEG traces can give insights
on the origin and severity of the encephalopathy.
First of all the clinician must identify the predomi-
nant rhythm. Healthy awake adults display at rest a
posterior and symmetric alpha rhythm which oscil-
lates between 8 and 12 Hz depending on the subject.
The amplitude of the alpha rhythm increases when
the eyes are closed and decreases in case of stress.
The distribution and amplitude of the alpha rhythm
can differ between individuals, some do not exhibit
any alpha rhythm (approximately 2% of the world
population (Schomer, 2007)), others might have an
alpha rhythm of low amplitude. While most indi-
viduals have an alpha rhythm mainly distributed
over posterior regions, in some subjects it can be
concentrated on occipital leads and in others it might
be more widely distributed (Niedermeyer and Da
Silva, 2005). An irregular beta rhythm (13-30 Hz)
of smaller amplitude can be superimposed on the
alpha rhythm, especially when the eyes are opened
or when the subject is attentive to the environment.
Those beta rhythms are also often present in case of
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benzodiazepine intake. When the subject is tired and
drowsy, slower waves appear, and theta (4-7 Hz)
becomes the predominant rhythm. In deep sleep
states, the predominant rhythm is delta (0.5-4 Hz)
(see Fig. 1.I-11I for alpha, theta and delta waves).
Following a brain injury, whether it is of traumatic
or anoxic origin, the EEG can be altered and display
abnormalities. A visible main effect is a slowing of
the brain activity proportional to the severity of the
injury. If cerebral suffering is diffuse, the predomi-
nant rhythm is no longer posterior alpha but diffuse
theta or delta. In some cases of severe brain lesions
alpha or theta activity can be observed but it does
not resemble a normal adult alpha activity as it is
frontally distributed and not reactive to stimuli such
as eye opening or closing. These rhythms are coined
alpha-coma or theta-coma (Kaplan et al., 1999)
(see Figure 1.VII for an illustration of alpha coma).
Along with the diffuse slowing commonly observed
in DOC patients, several additional patterns have
been reported. In case of supratentorial lesions,
polymorphic focal delta rhythm can be visible over
the damaged regions (Brenner, 2005). If there is
asymmetric brain damage, the EEG will likely also
be asymmetric; the electrogenesis of one hemisphere
can appear almost normal whereas that of the other
is severely impaired. Still a precise location of a
lesion cannot be achieved with the EEG as its spatial
resolution is low. When the lesions are infratento-
rial, the EEG can display a close to normal activity
as it is sometimes but not always the case in locked-
in patients (LIS) (Markand, 1976; Patterson and
Grabois, 1986; Jacome and Morilla-Pastor, 1990;
Bassetti et al., 1994; Gutling et al., 1996; Gosseries
et al., 2009).

Another pattern found in DOC patients is termed
burst suppression, where bursts of slow waves min-
gled with high frequency transients are followed by
periods of flat EEG (see Fig. 1.VIII). When the entire
recording is flat or isoelectric, i.e. there is no cerebral
activity of more than two micro volts; the patient can
be in a state of electrocerebral inactivity (Husain,
20006) (Fig. 1.IX). In this case, repeated recordings are
necessary because an inactive EEG can be reversible
as it is the case after drug intoxication for example.
Furthermore, some VS/UWS patients can have an
inactive EEG since they no longer have cortical activ-
ity while brainstem electrical activity is not detected
by standard EEG recording (Brenner, 2005).

Along with these abnormal patterns, the EEG
recording can be very useful to detect epileptiform
activity which can take different forms such as
continuous generalized paroxysmal activity (Fig. 1.
V1), paroxystic bursts, periodic lateralized epileptic
discharges (Fig. 1.V), or focal sharp waves which
can indicate epileptic discharges due to a lesion. In
the case of therapeutic hypothermia after cardiac
arrest, the brain activity can be followed in real time
and helps guide the treatment (Rossetti et al., 2010).
The scoring of an EEG recording is subjective and
therefore dependent on the investigator. To assess
the severity of the state of DOC patient, Synek sug-
gested the use of a scale consisting of five grades
and including sub-grades (Synek, 1988). The num-
ber of the grade increases with the severity of the
injury, grade one being associated with regular
alpha and some theta, while grade two has a pre-
dominant theta that may be either reactive or non-
reactive. Grade three includes predominant delta
and/or spindles reactive or non reactive. Grade four
is reached when there is either burst suppression
activity or alpha/theta coma or low amplitude activ-
ity (< 20 pV). Finally grade five corresponds to
electro-cerebral silence (<2 uV). Another scale was
introduced by Young and colleagues to improve
inter-observer agreement (Young et al., 1997).
Furthermore, nomenclatures have been proposed
to formalize the reading of an EEG trace (Hirsch
et al., 2005).

Establishing a diagnosis solely based on a single
standard EEG is difficult since the patterns are not
specific of the etiology and the same subject can
have varying patterns in short intervals. A study
based on patients in persistent VS/UWS concluded
that there was no possible diagnostic use of EEG
(Kulkarni et al., 2007) due to its heterogeneous and
varying aspect. It can still be used to confirm the
diagnosis of brain death and can still be of diag-
nostic importance in some cases of complete LIS
patients.

Despite the limited diagnostic role of standard EEG
recording, a prognosis is possible but challenging as
one specific pattern can be found in encephalopathy
of different origins. Furthermore, the outcome does
not depend uniquely on the brain affection itself
but on the overall condition of the patient. EEG
information needs therefore to be backed up by
etiology in order to have insights on the prognosis.
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EEG Patterns
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Fig. 1. - Caption: Nine different EEG patterns of five second duration in a “standard zero” bipolar montage with
three electrodes on the right hemisphere (Fp2-C4, C4-T4 and T4-02) and three electrodes on the left hemisphere
(Fp1-C3, C3-T3 and T3-01).

I. Aloha waves in a control patient, the eeg is symmetric and there is a posterior distribution of the alpha waves
(higher amplitude at T4-02, T3-01). Il. Theta waves of 4 cycles per second showing a general slowing of the brain
electrical activity. lll. Delta waves oscillating at one cycle per second. It can be seen in deep sleep or coma. IV.
Triphasic waves, a distinctive but non-specific pattern linked to a moderate alteration of consciousness. V. Focal epi-
leptiform activity is a sign of underlying brain lesions; here it is well seen in the fronto-central right hemisphere (Fp2-
C4, C4-T4). VI. Generalized epileptiform activity. In the figure rhythmic spike waves are well visible on all electrodes.
VII. Alpha coma, a pattern of bad prognosis is visible within 72 hours following the injury. It consists in diffuse irregular
waves of 8-12 Hz. VIII. Burst-suppression, a pattern associated with a poor prognosis corresponds to brief periods of
bursts followed by periods of electrical silence (< 10 uV). It often precedes cerebral death. IX. Inactivity is described
as no cerebral electrical activity (< 2 uV). Except in cases of severe intoxication or hypothermia, it is irreversible.



126 R.LEHEMBRE ET AL.

For example, in the case of cardiac arrest coma,
reactivity is an important feature for good progno-
sis; indeed a recent study showed that in the case of
cardiac arrest, 10 out of 11 patients with reactivity
evolved positively while only one out of 18 patients
that presented a non reactive EEG had a good out-
come (Thenayan et al., 2010). General scales such
as the Synek scale also gave a significant correlation
with the variation of the level of cognitive function
between admission and after 3 months in traumatic
and non-traumatic patients (Bagnato et al., 2010). In
the case of coma due to cardiac arrest, burst suppres-
sion patterns are of bad prognosis (Niedermeyer and
Da Silva, 2005).

There has been much debate on the prognosis value
of alpha or theta coma. It was found that unreactive
alpha or theta coma is of bad prognosis but a reactive
alpha or theta coma can be associated with a better
outcome (Berkhoff et al., 2000). EEG variation car-
ries a better prognosis than an unvaried EEG, and
the presence of sleep patterns in night recordings of
patients are of better prognosis than if absent (Valente
et al., 2002). Furthermore, a recent study (Landness
et al., 2011) including 5 VS/UWS and 6 MCS show
that only MCS patients have sleep patterns, more
precisely rapid eye movement sleep and slow waves
cycles while the VS/UWS patients did not. Sleep pat-
terns could therefore be used as a diagnostic tool.

Quantitative EEG

Standard EEG scores can be different from one
reader to another. Furthermore not all the informa-
tion contained in the EEG can be unveiled by visual
inspection of the EEG traces and only qualitative
information can be retrieved.

With the advent of digital EEG technology, the
computation of complex parameters has been made
possible hence providing objective measures lead-
ing to a quantitative analysis of the EEG (qEEG).
For instance, one can compute the power spectral
density (i.e. the distribution of the power of a signal
in the frequency domain) at each electrodes thus
giving local power at each frequency. The level of
consciousness of a patient can be monitored with
measures of signal complexity such as entropy.
Levels of connectivity between electrodes can be
assessed with measures of synchronization, coher-

ence or mutual information (Nunez et al., 1997;
1999). Furthermore, using an inverse model, one can
project the information at the sensor level to a source
level and hence localize specific activity in the brain
such as epileptic focus.

To quantitatively analyze an EEG trace, a prepro-
cessing step is required. The EEG must be band
passed to remove slow direct current drifts due to gel
drying and to remove high frequencies such as mus-
cle artifacts and line noise. Then, segments contain-
ing artifacts such as eye blinks or other movements
are marked for removal. Artifacts removal can be
automated using Independent Component Analysis
(ICA) which decomposes the signal into independent
components (Comon, 1994). A component contain-
ing eye blinks or muscle tone can be removed and the
signal rebuilt from the remaining components. The
advantage of using ICA is that segments that would
have otherwise been discarded can be used for fur-
ther analysis, but the drawback is that it is unknown
whether if neural information is lost in the process.
Once artifact free segments of one or more seconds
have been extracted, power or connectivity is com-
puted on each segment and mean as well as standard
deviation values are obtained. Statistical analysis
can then be performed allowing the diagnosis and
prognosis of groups of patients. For an overview of
qEEG, see Tong and Takhor (2009).

The power spectral density can be computed with
the fast Fourier transform or with a wavelet trans-
form computed on the extracted segments (Tong and
Thakor, 2009). It can be expressed in absolute power
(uV?) or in relative power (%) for each individual
electrode or on a selected number of electrodes of
a region of interest. In patients with DOC, power in
higher bands such as alpha and beta decreases while
power in lower bands such as delta and theta increas-
es in relationship with the severity of the disorder
(Le6n-Carrion et al., 2008; Lehembre et al., 2012).
Measures of signal complexity such as the bispectral
index (BIS, Aspect Medical Systems, Newton, USA)
were initially developed for anesthesia monitoring
(Johansen and Sebel, 2000; Rosow and Manberg,
2001) but can be used to evaluate consciousness
levels in DOC patients. The BIS, a unit less measure
ranging from O (isoelectric EEG) to 100 (normal
activity) derives from a combination of temporal,
frequency parameters and bispectral measures. It can
be seen as a black box which parameters have been
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empirically set and optimized on a large database of
EEG recordings during anesthesia (Rampil, 1998).
In sleep, BIS values gradually decrease (Noirhomme
et al., 2009). In DOC patients, one study found
correlations between BIS values and scores of the
Glasgow Coma Scale (Gill et al., 2003). However,
although statistically significant, these correlations
were highly variable and thus difficult to use as a
diagnostic tool. Another study showed that at the
group level, VS/UWS patients have significantly
lower BIS than MCS patients although BIS values
do not allow the diagnosis of patients at the indi-
vidual level (Schnakers et al., 2008a), still measures
of BIS have a prognosis value as patients with a
higher BIS recovered better. Other flexible methods
based on entropy have been designed in order to
synthesize the EEG information into one number.
The Datex-Ohmeda S/5 entropy monitoring (GE
Healthcare, Helsinki, Finland) for instance imple-
ments a time-frequency balanced spectral entropy
which gives an information on the complexity of the
EEG. A recent study showed a 48% reduction of the
entropy in VS/UWS patients compared to controls
while in MCS patients it was only reduced by 18%
(Gosseries et al., 2011). More importantly, entropy
could discriminate VS/UWS and MCS patients with
a specificity and sensitivity of 90% in the acute
setting, it is therefore a candidate tool for diagno-
sis. Furthermore this study corroborates the idea
that VS/UWS have a decrease of neural network
complexity, as suggested by results presented with
yet another entropy measurement, the approximate
entropy (ApEn) (Sara and Pistoia, 2010). ApEn also
showed prognostic capabilities in a group of VS/
UWS patients, low values were associated with bad
outcome while higher values led to MCS, partial
or total recovery. Moreover, testing of ApEn under
three conditions, eyes closed, auditory and painful
stimuli, yielded similar results, and could quantify
the degree of complexity suppression as a function
of loss of consciousness (Wu et al., 2010).

The EEG can also quantify connectivity between brain
regions (Pereda et al., 2005). Connectivity is disrupt-
ed in patients suffering from DOC (Laureys, 2005),
it provides complementary information of diagnostic
and prognostic importance (Thatcher et al., 1991).
Coupling parameters between electrodes provide a
connectivity measure between underlying regions.
A broad array of methods can be used to assess this

coupling, correlation in the time domain, coherence
which is a linear correlation between two signals as
a measure of frequency, or non linear methods such
as mutual information. Such measures require care-
ful interpretation as they are entailed to two inherent
problems of the EEG, the reference problem and the
volume conduction problem. Indeed, a single refer-
ence adds a common component to all the signals
of all electrodes which will subsequently appear
coupled. To address this problem, bipolar montages
are used which provide reference free electrodes with
the drawback of reducing the number of available
electrodes. Volume conduction also adds artificial
coupling between electrodes. Indeed, electrical cur-
rents produced by neural assemblies diffuse through
the cerebrospinal fluid and the bone and are mea-
sured by different electrodes simultaneously, giving
rise to correlated electric signals. Hence, correlation
and coherence measures are affected by these biases
which will typically result in high values of con-
nectivity in neighboring electrodes. Still, coherence
is well-known, and easy to use, it is therefore the
most used method to assess connectivity in clinical
settings. A case study on a VS/UWS patient with
severe asymmetric brain damage revealed a drop
of coherence in the damaged hemisphere (Davey
et al., 2000). A decrease in coherence has also been
observed in MCS patients (Schiff et al., 2007).
Advanced connectivity methods aiming to answer
the volume conduction problem and offering more
information such as the directionality of the connec-
tion have been proposed such as the imaginary part
of coherency (Nolte et al., 2004), the phase lag index
(Stam et al., 2007) or granger causality (Pereda et al.,
2005). A preliminary study using the phase lag index
and the imaginary part of coherency showed that
MCS patients had stronger connections in theta and
alpha band than VS/UWS patients at the group level
(Lehembre et al., 2012). Likewise, granger causality
showed that patients in severe neurocognitive disor-
ders (SND), an upper boundary of MCS significantly
displayed more connections than MCS patients.
Furthermore, a classifier based on the number of con-
nections computed with granger causality achieved
a 100% accurate classification into MCS and SND
class of the 16 (7 MCS, 9 SND) patients included in
the study (Pollonini et al., 2010).

Finally, qEEG can also include approaches that
allow the reconstitution of cerebral activity using
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source reconstruction methods (Michel et al., 2004).
These methods are based on models of ranging
complexity, from spherical brain models to realistic
models based on magnetic resonance images. All
parameters computed at the electrode level can also
be computed at the source level, resulting in a better
spatial resolution and providing a 3D visualization
of the activity of the brain. Source reconstruction
techniques require however a minimum of 32 elec-
trodes, and 64 or more being recommended (Michel
et al., 2004). A prospective study including 50 VS/
UWS patients showed correlations between the level
of recovery at three months and the power of occipi-
tal sources in the alpha range (Babiloni et al., 2009).
Recovery level, either MCS or complete recovery of
consciousness could also be differentiated.

Event related potentials

Since the electroencephalography (EEG) cannot
quantify small changes induced by sensory, motor
or cognitive activities, more subtle functional varia-
tions can be investigated by averaging the EEG
activity, according to the onset of a repeated stimu-
lus. Averaging increases the signal to noise ratio
therefore revealing activity that is time-locked to
the stimulus while other non-stimulus related activ-
ity is averaged out. Event Related Potentials (ERP)
reflects therefore the time course of information pro-
cessing from low-level peripheral receptive struc-
tures to high-order associative cortices. ERPs are
frequently used in clinical routine and can be clas-
sified in two categories: short latency or exogenous
components, and cognitive or endogenous compo-
nents (Luck, 2005).

Short-Latency ERPs

Short-latency ERPs or exogenous ERPs are elicited
within a time range between 0 and 100 ms after the
presentation of a stimulus. They correspond to the
activation of the ascending pathways to the primary
cortex and are affected by the physical properties of
the stimulus. The absence of exogenous components
is a marker of poor outcome (Laureys et al., 2005b),
most patients who do not present these components
bilaterally die or end their life in a vegetative state.
The presence of short-latency ERP is however not
sufficient to be a good predictor of recovery since

well-preserved potentials are recorded in patient
who never recover.

Brainstem auditory evoked potentials (BAEP) are
most often used with sounds (“clicks”) using head-
phone. They are evoked in the first 10 ms revealing
the activity from the auditory nerve to the infe-
rior colliculus (Picton et al., 1974). The absence
of BAEPs is also a reliable marker of bad outcome
when there is no evidence of peripheral auditory
injury. However, the presence of normal BAEPs
does not indicate a good outcome (Fischer et al.,
1988; Garcia-Larrea et al., 1992; Guerit et al., 1993;
Fischer et al., 2001). Somatosensory evoked poten-
tials (SEP) are elicited by sensory electrical stimu-
lation of the median nerve at the wrists. Bilateral
absence of SEPs in coma patients is strongly related
with unfavourable outcome (i.e. death or VS/UWS)
especially in patients with hypoxia—ischemia etiol-
ogy (Cant et al., 1986; Lew et al., 2003; Logi et al.,
2003; Robinson et al., 2003). A large scale review
including 2891 patients can be consulted (Robinson
and Micklesen, 2004). All patients with good out-
come have developed normal SEPs but they are also
present in patients with unfavorable outcome (Cant
et al., 1986; De Giorgio, et al., 1993; Carter and
Butt, 2001; Amantini et al., 2005). Likewise, mid-
dle-latency auditory-evoked potentials (MLAEPSs)
appearing between 10 and 50 ms and possibly
related to the activation of primary auditory cortex
and thalamus is strongly associated, when absent,
with poor outcome in post-anoxic coma (Fischer
et al., 2006). Finally, visual evoked potentials,
elicited using flashing LEDs, are less used at the
intensive care because these are not systematically
present even in healthy subjects (Vanhaudenhuyse
et al., 2008).

Cognitive ERPs

Cognitive ERPs or endogenous ERPs are obtained
after 100 ms of the presentation of a stimulus
and reflect the activity of both cortical and sub-
cortical structures, including associative areas
(Vanhaudenhuyse et al., 2008). They depend on
the psychological significance of the stimulus and
are linked to the level of arousal or attention but
also to the experimental condition. Using passive
paradigms, cognitive ERPs assess residual cognitive
functions and with active paradigms, they can be
used to detect sign of consciousness in severe brain
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injured patients (Table I). Moreover, ERPs generally
appear to be good predictors of favorable outcome
(Daltrozzo et al., 2007). Five cognitive compo-
nents have been measured in DOC patients: the N1
component in response to a stimulus, the mismatch
negativity and the P3 in response to novelty, and the
N400 and P600 components in response to a seman-
tic change.

Passive paradigms

The N1 component is a negative inflection that
appears around 100 ms in response to any auditory
stimulus (Hillyard et al., 1973), showing an activa-
tion of the auditory cortex (Naatanen and Picton,
1987). The presence of a N1 in comatose patients
indicates that the primary auditory cortex is func-
tionally preserved. Some studies suggest that the
presence of the N1 component is a good marker
of recovery (Fischer et al., 2001; Lew et al., 2003;
Fischer et al., 2004) whereas others suggest that its
absence does not appear to be a predictor of bad out-
come (Glass et al., 1998; Guerit et al., 1999).

The mismatch negativity (MMN) is another nega-
tive component that appears around 100-250 ms
after any auditory change in a monotonous sequence
of sounds (i.e., an oddball paradigm) (Naatanen
et al.,, 1997), involving the primary auditory and
prefrontal cortices (Alho, 1995). Its low amplitude
implies that many repetitions are needed to observe
a response. As subjects do not need to be attentive
to the sound to detect a MMN, it indicates an auto-
matic response generated by a comparison process
between the afferent input and a memory trace
developed by the repetitive stimulation. MMN
is however not present in every healthy subjects.
As most of healthy subjects, a few patients with
DOC are likely to process sound deviance, mainly
when their state is not due to anoxia. Many stud-
ies showed a high prognostic value for recovery,
all etiology confounded (Kan et al., 1996; Fischer
et al., 2001; 2004; 2006; Kotchoubey, 2005;
Naccache et al., 2005). Using the subject’s own
name, another study also showed a prognostic val-
ues of the MMN in recovery of consciousness from
coma and VS/UWS patients (i.e., 4 of the 5 patients
showing a MMN response recovered to MCS 3
months later, the other 5 patients without MMN
response failed to show any clinical improvement)
(Qin et al., 2008). Comparing VS/UWS to MCS

patients, Kotchoubey et al. reported a MMN in
65% and 34% of them respectively, with complex
tones eliciting a MMN more frequently than pure
tones (Kotchoubey et al., 2005b). In 10 VS/UWS
patients, MMN amplitude has been shown to be
increased with recovery of consciousness, when
patients switched to MCS (Wijnen et al., 2007).
However, MMN cannot be used to differentiate
between VS/UWS and MCS patients (Kotchoubey
et al., 2005b; Fischer et al., 2010).

The P3 is a positive component generated when
subjects detect a rare and unexpected stimulus in
a regular train of standard stimuli (i.e., oddball
paradigm) (Sutton et al., 1965). MMN and P3 are
two different brain responses generated by similar
stimuli (deviant or novel) but they differ by their
latency after a stimulus. For an auditory potential,
P3 appears around 300 ms after the presentation
of the stimulus and for a visual potential it may
appear after 500 or 600 ms. The P3 corresponds to
the activation of a fronto-parietal network (Pegado
et al., 2010). Note again that as the MMN, not
all healthy subjects present a P3. Even if simple
sounds can generate a P3 or a MMN, they can
also be produced by more complex stimuli with
emotional valence that influence the amplitude of
the evoked potential (Kotchoubey and Lang, 2001;
Mazzini et al., 2001; Lew et al., 2003) leading to a
larger number of post comatose patients exhibiting
P3 response (Marosi et al., 1993; Signorino et al.,
1997). For example, the patient’s own name, which
is a salient attention-grabbing stimulus, is more
likely to generate a P3 than a simple sound (“click™)
(Perrin et al., 2006; Schnakers et al., 2008b). As the
MMN, in passive paradigms, P3 component does
not allow to distinguish between VS/UWS and MCS
patients (Kotchoubey, 2005b; Perrin et al., 2006;
Vanhaudenhuyse et al., 2008; Fischer et al., 2010).
Indeed, delayed P3 responses have been observed
following an own name stimulus in both VS/UWS
and MCS patients, suggesting partially preserved
semantic processing in non-communicative brain-
damaged patients (Perrin et al., 2006). The presence
of P3 in patients with impaired consciousness in the
acute stage seems also related to a good prognosis
(Yingling et al., 1990; Gott et al., 1991; Glass et al.,
1998; Guerit et al., 1999; Lew et al., 2003; Fischer
et al., 2008). Similarly to the MMN component, the
presence of a P3 component has also been found to
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Table I.- Event related potentials studies in patients with disorders of consciousness.

References Etiology Interval ‘ N ‘ Diagnostic Main findings
Passive paradigm
N1 Glass et al., TBI <3m 8 VS/UWS N1 in 87% of VS/UWS with longer laten-

1998 cy. No prognostic value for recovery.

Guérit et al., TBI/NTBI <bm 103 comatose N1 occurrence, latency and amplitu-

1999 (GCS<10) de related with GCS. Presence of N1
is good prognosis but no prognostic
value if absence of N1.

Lew et al., 2003 | TBI <Tw 22 comatose Prognostic value: N1 associated with

(GCS<8) favorable outcome.
Fischer et al., TBI/NTBI <3m 346 comatose Presence of N1 gives a probability of
2004 (awake vs awakening up to 87%.
unawake)
MMN Kane et al., TBI <1m 54 comatose Very good predictor of recovery.

1996 (GCS<8) Presence of MMN predicted return of
consciousness and preceded chan-
ges in GCS.

Kotchoubey TBI/NTBI na 79 VS/UWS, MCS, | MMN in 65% of VS/UWS and 34% of

et al., 2003 EMCS MCS. Complex (musical) tones elicit
MMN more frequently and of a larger
amplitude than pure fones.

Fischer et al., TBI/NTBI <2m 346 comatose Prognostic value for recovery. When

2004 (awake vs MMN present, 89% of patients awake-

unawake) ned. No patient with MMN became
permanently VS/UWS.

Kotchoubey TBI/NTBI 1-127m |98 VS/UWS, MCS, | Presence of MMN related fo a better

et al., 2005b EMCS outcome. No difference between VS/
UWS and MCS.

Naccache <3m 30 comatose Good predictor of awakening : MMN

et al., 2005 (GCS<8) predicted awakening with a specificity
of 93%, a sensitivity of 56%, and with a
positive predictive value of 90%.

Fischer et al., NTBI <2w 62 comatose Prognostic value with very high proba-

2006 (GCS<8) bility awakening when MMN present
and nonawakening when MMN are
absent.

Wijnen et al., TBI/NTBI <5m 10 VS/UWS MMN-amplitude and latency predicted

2007 the patients’ outcome on recovery to
consciousness.

Qin et al., 2008 | TBI/NTBI <bm 12 coma, VS/UWS, | Presence of MMN correlated with

MCS recovery of consciousness. Subject’s
own name is effective in evoking MMN
and has potential prognostic values in
predicting recovery of consciousness.

Fischer et al., TBI/NTBI 4-261m | 27 VS/UWS, MCS Presence of MMIN 19%. No difference

2010 between VS/UWS and MCS.

P3 Yingling et al., | TBI/NTBI <Im 8 comatose Presence of P3 is related to a good

1990 (GCS<10) prognosis in the acute stage.

Goftt et al., 1991 | NTBI <Im 20 coma Presence of P3 (30%) associated with
awakening (83%), but absence of a P3
did not preclude it. Presence of a P3
correlated with higher GCS.

Signorino et al., | TBI <lw 25 comatose Prediction of outcome. Emotional sti-

1997 (GCS<9) mulations increase number of respon-
ders (36% to 52%).No P3 in 40% with
50% of them died.

Table continued on the next page
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Table I.- Event related potentials studies in patients with disorders of consciousness.

References Etiology Interval Diagnostic Main findings
Glass et al., TBI <3m 8 VS/UWS Presence of P3 is compatible with a
1998 higher probability for improvement but
nondetection does not indicate bad
prognosis. Presence of P3 in 38% with
67% regained consciousness (Vs none
of the non-responders).
Guérit et al., TBI/NTBI <bm 103 comatose Occurrence, latencies and amplitudes
1999 (GCS<10) related with the GCS. Presence of P3
is good prognosis but no prognostic
value if absence of P3.
Lew et al., 2003 | TBI <lw 22 comatose Presence of P3 can predict a return
(GCS<8) of consciousness. P3 associated with
good clinical outcomes.
Kotchoubey TBI/NTBI 1-127 m 98 VS/UWS, MCS, No difference between VS/UWS and
2005b EMCS MCS.
Perrin et al., TBI/NTBI 2w-10 15 VS/UWS, MCS, No difference between VS/UWS and
2006 m LIS MCS. Patient’s own name more likely
fo generate a P3 than a simple sound.
P3 observed in all LIS and MCS and
in 3 of 5VS/UWS. Delayed P3 latency
for MCS and VS/UWS patients. Partial
preservation of semantic processing in
DOC patients.
Fischer et al., TBI/NTBI <3m 50 comatose Presence of P3 (42%) highly correlated
2008 (GCS<8) with awakening. P3 increases progno-
stic value of MMN alone.
Cavinato et al., | TBI 2-3m 34 VS/UWS P3 correlated with recovery of con-
2009 sciousness. P3 highly predictive of
recovery of consciousness.
Fischer et al., TBI/NTBI 4-261m | 27 VS/UWS, MCS No difference between VS/UWS and
2010 MCS. P3 in 26%.
N400 Schoenle and | TBI/NTBI na 120 VS, MCS, EMCS | Presence of N400 in some VS and in a
Witzke 2004 majority of (E)MCS. Semantic proces-
ses can be relatively preserved in DOC.
Kotchoubey TBI/NTBI 2-108 m | 30 VS/UWS, MCS, | Recognition of affective prosody in
et al., 2009 LIS 22%. Residual detection of affective mi-
smatch due tfo violations of emotional
context of stimulation in DOC.
Active paradigm
P3 Schnakers TBI/NTBI 1-288m | 22 VS/UWS, MCS Increase of the P3 in some MCS po-
et al., 2008b fients in active compared to passive
condition. No difference in VS/UWS.
Schnakers NTBI Tm 1 LIS Increase of the P3 in active compared
et al., 2009 fo passive condition.
P3&MMN | Bekinschtein TBI/NTBI Tw-6m |8 VS/UWS, MCS 3 out of 4 MCS presented a global ef-
et al., 2009 fect and only a local effect was obser-
ved in VS/UWS. Evidence of conscious
processing.

MMN = mismatch negativity; N = Number of patients; VS/UWS = vegetative state/unresponsive wakefulness syndrome; MCS = minimally con-
scious state; EMCS = emergence of MCS; LIS = locked-in syndrome; TBI = traumatic brain injury; NTBI = non fraumatic brain injury; w = weeks;
m: months; GCS = Glasgow Coma Scale.
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correlate with recovery of consciousness in 34 post-
traumatic VS/UWS patients (Cavinato et al., 2009).
The last component is the N40O which is a negative
potential appearing about 400 ms after the presen-
tation of a word. Its amplitude is increased if the
stimulus is discordant (phonological or semantic
mismatch) with respect to the context (word or sen-
tence) (Kutas and Hillyard, 1980). Semantic incon-
gruence can also lead to a P600 which is a positive
inflection 600 ms after the stimulus. Any positive or
negative change can therefore be considered in the
treatment of incongruence. Medial and lateral tem-
poral cortex, as well as the left frontal and parietal
cortex seem to contribute to N400 response (Smith
et al., 1986; Hagoort et al., 1996). These inflections
were observed in inattentive healthy subjects sug-
gesting that like the MMN and the P3, N400 and
P600 are also the result of an automatic process
(Perrin and Garcia-Larrea, 2003; Vanhaudenhuyse
etal., 2008). A N400 response to incongruous words
has been reported in some VS/UWS and in a major-
ity of MCS patients suggesting that semantic pro-
cesses can be relatively preserved in DOC patients
(Schoenle and Witzke, 2004). Similarly, recognition
of affective prosody has been observed in 6 of 27
VS/UWS and MCS patients as well as in three LIS
patients (Kotchoubey et al., 2009), suggesting resid-
ual detection of affective mismatch due to violations
of emotional context of stimulation in DOC patients.

Active paradigms

While passive paradigms help to detect residual
brain activity in severely brain injured patients, the
use of new active paradigms (i.e. tasks requiring
patient’s participation instead of passive listening)
can help to determine if the patient is conscious or
not (Table I). If the patient is conscious, EEG signal
can be used to assess the possibility of a functional
communication through brain computer interfaces
(BCI) (Kiibler, 2009; Millan et al., 2010). The case
of a 21-year old comatose woman who failed to
show any motor sign of consciousness after 49 days
following a basilar artery thrombosis (Schnakers
et al., 2009) illustrates the practical utility of dem-
onstrating voluntary brain activity in non-clinical
means. Only EEG evoked-potential based on com-
mand following (i.e., counting her own name in a
list of names) permitted to make the diagnosis of
complete locked-in syndrome (characterized by

tetraplegia, anarthria and paralysis of eye motility).
Indeed, in the active condition, when asking to count
her own name, the P3 response observed was larger
than while passively listening. This active own name
paradigm using P3 was also employed on a larger
number of DOC patients. Schnakers et al. studied 22
severely brain injured patients which were instructed
to count the number of times they heard their own
name. Some MCS patients, including patients only
showing visual tracking without behavioral com-
mand following, showed an increase of the P3
responses when counting their own name compared
to when listening to the names passively, docu-
menting again command following based on brain
activity only. VS/UWS patients did not demonstrate
such responses (Schnakers et al., 2008b). Similarly,
EEG-based evidence of conscious processing (i.e.,
count a deviant sound sequence in a series of beeps)
was demonstrated in 3 out of 4 MCS patients while
no voluntary modulation of evoked potentials was
observed in 4 VS/UWS patients (Bekinschtein et al.,
2009).

Brain-computer interface

Brain-computer interfaces (BCI) are systems allow-
ing the brain to communicate with the outside world
without going through the peripheral nerves and
muscles. They convert directly the brain activity into
control signals for electronic devices (Wolpaw et al.,
2002; Wolpaw, 2010). BCI based on EEG brain
activity can use different components such as the
P3, the sensorimotor rhythms (SMRs) or the slow
cortical potentials (SCPs).

The most widely component used in BCI is the P3.
The advantage of using the P3 is that it allows up to 36
different commands with visual stimuli. A visual BCI
has been developed using a matrix composed of letters
(Donchin et al., 2000) where the rows and columns are
illuminated one by one. Subjects have to focus their
attention on the letter they want to spell, generating a
P3 response after each illumination of the letter. With
this device, users can spell up to 8 letters per minute
with an accuracy of 80%. Communication could be
established in 5 out of 6 patients with amyotrophic
lateral sclerosis (ALS). Four of them continued to use
this system to communicate with the external world in
a daily routine (Nijboer et al., 2008a). This paradigm
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has also been adapted to the auditory modality (e.g.,
for blind people), although the performances achieved
are lower and higher concentration is required (Furdea
et al., 2009; Kiibler et al., 2009b). Another auditory
BCI has been developed for a binary communica-
tion (yes/no answer) (Sellers and Donchin, 2006)
where users hear a sequence of four stimuli (i.e., yes,
no, stop, go) presented in a random order. In order
to answer a question, participants have to focus on
either “yes” or “no” when hearing the sequence. A
stable P3 response corresponding to the answer (yes/
no) has been observed in healthy volunteers but also
in ALS patients, with a lower reliability (Sellers and
Donchin, 2006). The first BCI study used with DOC
patients was also carried out with this last paradigm in
order to test its reliability as a diagnostic tool (“is the
patient conscious?”). Results showed the benefits of
the system to improve detection of consciousness in
DOC patients. Two LIS patients were also evaluated,
one showed reliable ability to use the BCI but not
the other patient, suggesting that the system does not
confirm the absence of consciousness in case of nega-
tive results (Lulé et al., 2012). Other auditory BCI for
communication have also been proposed for ALS and
LIS patients (Kiibler et al., 2009; Halder et al., 2010).
A recent paradigm, the P3-Brain Painting, has been
developed to paint pictures using P3 brain activity
only enabling ALS and LIS patients to express them-
selves creatively (MiinBinger et al., 2010).

Changes in sensorimotor rhythms (SMRs) or mu
rhythms have also been employed in BCIs. SMRs
refer to an EEG activity of 8-15 Hz recorded in the
primary sensorimotor cortex (Wolpaw et al., 2002),
usually accompanied by a beta activity of 18-26 Hz.
This activity can be reduced or desynchronized
using preparation, execution, or imagination of
movement, particularly in the contralateral motor
cortex. An increase in the rate (or synchronization)
occurs after the execution of a movement and dur-
ing relaxation (Pfurtscheller and Lopes da Silva,
1999). The advantage is that these components do
not require the actual execution of the movement
but kinesthetic imagination is enough to make them
appear (Pfurtscheller et al., 1997). It is however only
possible to integrate two commands, more com-
mands leading to a decrease in classification accura-
cy. In healthy subjects, many BCls based on SMRs
have shown good results for writing words in both
visual (Scherer et al., 2004) and auditory (Nijboer

et al., 2008b) modality. A completely paralyzed
patient was also able to use a BCI based on SMRs
to communicate through a virtual keyboard with a
set of letters (Birbaumer et al., 1999; Neuper et al.,
2003). To select a letter, the patient had to perform
a mental task (i.e. movement imagery) and after
several months, he was able to control the keyboard
with an accuracy of 70%. The SMRs were also used
recently with DOC patients showing the ability of
three patients clinically diagnosed as VS/UWS out
of 16 to respond to the command (imagine squeez-
ing the right hand versus imagine moving all toes)
(Cruse et al., 2011).

Finally, slow cortical potentials (SCPs) are the low-
est frequencies generated by the cortex that can be
used for BCI. They consist in slow potential shifts
lasting 300 ms to several seconds. Negative SCPs
are usually associated with movement involving
cortical activation, while positive SCPs are associ-
ated with a reduction in cortical activity (Birbaumer,
1997). Again, this system involves only 2 com-
mands. Subjects learn to control their brain activity
through operant conditioning and are subsequently
able to move an object on a screen (Elbert et al.,
1980). People with ALS in advanced stages have
been able, after training, to use this device to write
words by increasing or decreasing their brain activ-
ity to select a target letter (Kiibler et al., 1999).

Summary

Electroencephalography encompasses a palette of
different techniques helping in the assessment of
consciousness in brain injured patients. We reviewed
herein results obtained with four main EEG-based
approaches in the prognosis and diagnosis of disor-
ders of consciousness.

First, standard clinical EEG, recorded in patients at
rest is a routine examination in neurological units.
In the context of comatose patients it is limited by a
low spatial resolution and has little diagnostic value.
It has however a prognosis value, in the cases of
alpha/theta coma, or burst suppression patterns, it is
of unfavorable prognosis. When the EEG is reactive
to stimulations, or has varying patterns, it is a sign
of better prognosis.

A step further can be taken with qEEG which gives
access to a wide spectrum of objective measurements
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of cerebral activity providing information on the state
of consciousness of a patient. Encouraging results
have shown differences between groups of patients at
the diagnostic and prognostic level. It is however not
possible at this date to identify a parameter provid-
ing a correct diagnosis at the individual level. Future
challenges will consist in linking the unmet temporal
resolution of the EEG to the spatial resolution of the
fMRI in order to have a better understanding of the
state of consciousness of patients.

A third approach coined event related potentials
is based on the averaging of stimulus time-locked
events, hence improving the signal to noise ratio of the
EEG. There are two categories of ERPs, firstly, short
latency ERPs or exogenous components are elicited
by external stimulations. When absent, these ERPs are
associated with bad outcome, although if present they
are not necessarily related to recovery. Second, endog-
enous components or cognitive ERPs aim to assess
cognitive residual functions (in passive paradigms)
and consciousness (in active paradigms). The different
components reviewed here, the N1, MMN, P3, N400
and P600 are all markers of good prognosis but can
be present in both VS/UWS and MCS patients. They
therefore cannot be used to establish a diagnosis in a
passive paradigm. This can be achieved with active
paradigms, where the patient is asked to focus on one
task (for example counting the number of occurrences
of own names). Indeed the amplitude of the com-
ponents is different in passive and active paradigms
hence providing a marker of consciousness.

Once that signs of consciousness have been observed
in a patient, EEG based brain computer interface
could prove useful in providing a mean of commu-
nication for patients in minimally conscious states.
Brain computer interfaces are in constant evolution
and transfer bit rates as high as 50 bit/min have been
reported. Preliminary studies in DOC underlined the
challenges of these patients as one LIS patient could
use the BCI while another could not. Furthermore,
visual BClIs have to be adapted as comatose patients
often have impaired eye movements or reduced
visual acuity. The same goes for auditory BClIs as
some patients have damaged auditory pathways.
Providing a direct communication pathway from the
brain in comatose patients requires therefore a case
by case adaptation and future research should aim to
identify for each individual the BCI design that will
allow the best performances.
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