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Summary

The aim of this study was to look for differences in the
power spectra and in EEG connectivity measures be-
tween patients in the vegetative state (VS/UWS) and pa-
tients in the minimally conscious state (MCS).

The EEG of 31 patients was recorded and analyzed. Power
spectra were obtained using modern multitaper methods.
Three connectivity measures (coherence, the imaginary part
of coherency and the phase lag index) were computed. Of
the 31 patients, 21 were diagnosed as MCS and 10 as
VS/UWS using the Coma Recovery Scale-Revised (CRS-R).
EEG power spectra revealed differences between the
two conditions. The VS/UWS patients showed in-
creased delta power but decreased alpha power com-
pared with the MCS patients. Connectivity measures
were correlated with the CRS-R diagnosis; patients in
the VS/UWS had significantly lower connectivity than
MCS patients in the theta and alpha bands.

Standard EEG recorded in clinical conditions could be
used as a tool to help the clinician in the diagnosis of
disorders of consciousness.
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Introduction

Patients emerging from coma can go through different
states of consciousness. The vegetative state/unre-
sponsive wakefulness syndrome (VS/UWS) (1) is char-
acterized by wakefulness but absence of both self and
environmental awareness (2). ‘The minimally conscious
state (MCS) is a condition of severely altered conscious-
ness in which minimal but definite behavioral evidence
of self or environmental awareness is demonstrated’ (3).
The importance of a correct diagnosis of these two
states is twofold. First, MCS patients have better recov-
ery prospects than VS/UWS patients (4). Second, differ-
ent treatments are needed, depending on the patient’s
state of consciousness.

In clinical practice, several scales (5), based on behav-
ioral reactions to different stimuli, are used to evaluate
the state of consciousness. The Glasgow Coma Scale
(6) is widely used, however, recent studies show that for
chronic patients, the use of more advanced scales such
as the Coma Recovery Scale-Revised (CRS-R) (7) con-
siderably improves the diagnosis of patients emerging
from coma (8).

Nevertheless, bedside evaluation remains difficult, re-
quires expertise and may be dependent on the subjec-
tivity of the assessor. Thus, an automated method pro-
viding a paraclinical measure that allows a correct diag-
nosis of VS/UWS and MCS patients would prove help-
ful (9).

Through the use of external stimulations in passive and
active paradigms with different imaging and neurophys-
iological tools, several steps have been taken towards
this goal.

Studies based on passive stimulation have shown that
MCS patients display larger and more extensive activa-
tions than VS/UWS patients (10-14). However, VS/UWS
patients, too, can display significant activations, show-
ing that they retain some islands of preserved cognitive
function (15). Proof of higher level cognitive function can
be obtained with active stimulation (16-18), but in this
case absence of activation does not constitute proof of
absence of cognitive function, given that it is not possi-
ble to know whether the patient tried to perform the task
or not.

Hence, researchers are exploring resting-state activity,
which is stimulus independent and therefore does not
depend on the reaction of the patient.

An advance in this direction has been achieved using
the bispectral index, which was found to be lower in
VS/UWS patients than in MCS patients (19).

Although these results are promising, what they pro-
vide is only a general measure without physiological
detail; thus, a logical step forward would be to identify
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more precisely correlates of consciousness in the EEG
signal.

The level of integration and connection of networks in
the brain can be assessed by computing the connectiv-
ity between electrode sites. Most EEG clinical studies
use coherence (C) as a measure of connectivity be-
tween electrode sites. However, C values must be inter-
preted carefully since they can be contaminated by arti-
factual correlations between electrodes caused by the
reference, and by volume conduction. It has been
shown that C values are high for neighboring electrodes
then decrease as the distance between electrodes in-
creases (20,21). Furthermore, changes in C between
two electrodes can be a reflection of power or phase
variations at the reference site (22,23). Finally, C meas-
ures the correlation of both phase and amplitude simul-
taneously; it is therefore difficult to assess the individual
contribution of these two factors.

Efforts by researchers to address these pitfalls have
led to a flourishing algorithmic culture. Specific phase
approaches have been proposed, such as phase-lock-
ing statistics (24) and phase coherence (25), however
these do not resolve the volume conduction problem.
This issue has been addressed with a modified meas-
ure of C that takes into account only the imaginary part
of coherency (IC) (26). This approach is motivated by
the fact that volume conductions are instantaneous,
i.e. zero-lagged, and therefore only contribute to the
real part of coherency. Although some neural informa-
tion might be lost in the process of removing the real
part of coherency, the benefit is that the imaginary part
explains only true brain interactions. The influence of
the volume conduction is also minimized by using the
phase lag index (PLI) (27), which depends neither on
the signal amplitude nor on the amplitude of the phas-
es and takes into account only non-zero-lagged phase
coupling.

The objective of this study was to investigate the possi-
ble differences in low-density EEG recordings of MCS
and VS/UWS patients made in resting-state conditions.
In the following sections we describe the methods that
were used, the patient sample, the pre-processing steps
and how the power spectra and connectivity measures
were computed. The elecirode montages are also de-
scribed. The results presented refer to three main areas:
the comparison between MCS and VS/UWS, the etiolo-
gy analysis and the longitudinal analysis.

Materials and methods

We prospectively studied 31 brain-damaged patients
with disorders of consciousness (DOCs). Three MCS
patients (patients n. 13, 23 and 31, see Table 1) were
excluded due to movement or ocular artifacts (only pa-
tients showing at least 10 artifact-free 4-second epochs
were included). Of the 28 DOC patients included, 15
were studied in the acute/subacute setting (<3 months
post-injury); 15 were non-traumatic; 18 patients were di-
agnosed as MCS (15 males, aged 39+11 years; 8 chron-
ic >3 months post-injury; 7 non-traumatic) and 10 as
VS/UWS (6 males, 50+13 years; 5 chronic; 8 non-trau-
matic). The study was approved by the Ethics Commit-
tee of the Medical School of the University of Liege. In-
formed consent was obtained from the legal surrogates
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of the patients. All the patients were evaluated at the
University Hospital of Liege, Liege, Belgium. The diag-
nosis of the patients was based on repeated CRS-R as-
sessments (28). The clinical and demographic data are
shown in Table 1.

The EEG was recorded for 15 minutes in resting-state
conditions at 500 Hz sampling rate using a Vamp am-
plifier (Brain Products GmbH, Munich, Germany). Ten
cephalic EEG recordings (using the 10-20 positioning
system Fz, F3, F4, Cz, C3, C4, Pz, P3, P4, Oz; refer-
enced to the nose) and two electrooculograms, one
over the right eye and one below the left eye, and two
chin electromyography (EMG) recordings were ob-
tained.

The EEG recordings were visually inspected for artifact
removal using the FASST toolbox (29) and band-passed
into three frequency bands: delta (0.5-4 Hz), theta (4-8
Hz), alpha (8-12 Hz), using a first-order Butterworth fil-
ter. A low-order filter was chosen to minimize phase dis-
tortions due to filtering. Artifact-free epochs lasting at
least 4 seconds were extracted and power spectra, C,
IC (26) and PLI (27) were computed for each epoch and
next averaged over all data for each subject and for dif-
ferent combinations of electrodes.

The EEG and EMG power spectra were computed for
each epoch with a frequency resolution of 1 Hz. The av-
erage power spectra were then taken over all the
epochs for each subject and for each frequency band. A
multitaper method (30) was used with seven discrete
prolate spheroidal sequences as data tapers. Relative
power values were obtained for each band by comput-
ing the fraction of power at each band divided by the
sum of power across 1-48 Hz. We calculated mean rel-
ative power spectra for frontal (i.e., F3 Fz F4), posterior
(P3 Pz P4), left hemisphere (F3 C3 P3) and right hemi-
sphere (F4 C4 P4) derivations.

Connectivity studies measured C, IC (26) and PLI (27)
obtained from the instantaneous amplitude A(t) and the
instantaneous phase ¢(t,) which are derived from the an-
alytical signal z(1):

z(t) = x(t) + %(t) = A(t)e”"

where x(t) represents the real signal while X(f) is the
Hilbert transform of x(t), a complex value. The instanta-
neous amplitudes and phases were computed directly
from the real signal and the corresponding Hilbert trans-
form:

[ FOF

xX(1)

x(/

A1) = | x(0)

¢(t) = arctan(

Let A(t,) (respectively A(t)) and ¢(t,) (respectively ¢,
(t)) be the instantaneous amplitude and phase at
channel i (respectively j) and discrete time f. The
PLI, the C (i.e., the absolute value of coherency) and
the IC between channels /i and j at time f_were given
by:
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where A ¢, (t) = ¢,(t) — ¢,(t) is the phase difference be-

PLI, (1) = (ng??[Aﬂ._j(fk )]> | tween the two channels, sign(x) is the sign of x (i.e., 1 or
-1), <x> indicates the average of x, and |x| the absolute
184.3(8) value.
Ae ™ k These measures were computed for each epoch (values
C,-_ ; (f k ) =| Jﬁ— | were next averaged over all epochs), for each frequency
' \ f(A[)(Af) band and for each subject. All three connectivity meas-

ures were bounded between 0 (no connectivity) and 1 (to-
tal connectivity). The aim in using the IC and the PLI was

A, A; sin(iAg, (1)) to diminish the influence of common sources due to the
IC;'._,- (rk ) :| ' > > volume conduction effect (20). The main concept under-
\ (A; >< A_;- > lying the PLI is that of the asymmetry of the phase differ-

ence distribution, which implies that in the case of cou-

Table 1 - Demographic and clinical information

State n° Age G CRS-R Etio Interval since insult AfS ViS Mfs ofS CS AS

VS 1 62 M 6 A 260 AS N FW ORM N Eo
2 35 F 7 A 125 AS BtT FW  ORM N Eo
3 45 F 4 CVA 77 AS N AP Vv N Eo
4 47 M 3 A 7 AS N N ORM N  EoWS
5 54 M 4 A 169 AS N AP ORM N  EoWS
6 61 M 4 E 16 AS N FW  ORM N  EoWS
7 37 M 7 A 262 AS F AP ORM N Eo
8 31 M 3 T 184 N N AP ORM N Eo
9 69 F 3 T 8 AS N AP ORM N  EoWSs
10 61 F 5 A 34 N N FW  ORM N Eo

MCS 11 28 M 11 T 2299 RMC VP FW  ORM N Eo
12 31 M 1 A 604 AS VP AP Vv N Eo
13 28 F 1 T 800 RMC VP FW " N Eo
14 48 M 18 CVA 43 RMC OR AMR \ Nfl Eo
15 35 M 9 T 8602 AS VP FW \ N Eo
16 62 M 8 T 66 N PEM FW ORM N Eo
17 31 F 11 CVA 44 LtS PEM FW \ N Eo
18 36 M 6 T 340 N VP N ORM N Eo
19 48 M 14 T 16 RMC VS LNS \Y, F Eo
20 24 M 8 T 71 N VP FW ORM N Eo
21 46 M 21 CVA 569 CMC OR AMR 1\ Nfl A
22 24 M 8 T 318 RMC VP FW ORM N Eo
23 41 M 12 A 47 RMC VP N Vv Nfl Eo
24 37 M 1 T 128 RMC VP FW ORM N Eo
25 38 M 10 A 4542 N VP AMR ORM N Eo
26 44 F 10 CVA 80 AS VP FW Vv N Eo
27 58 M 9 T 56 AS VP FW ORM N Eo
28 35 M 14 T 24 RMC VP oM Vv N Eo
29 53 F 12 T 80 RMC VP FW ORM  Nfl Eo
30 42 F 15 CVA 23 RMC VP FW ORM  Nfl Eo
31 21 F 10 T 743 AS VP FW \ N Eo

Abbrevations: Age (years); G=gender; CRS-R= Coma Recovery Scale — Revised, total score; Etio=Etiology; A=anoxic; T=traumatic;
CVA=cerebrovascular accident; E=encephalitis; Interval since insult (days); AfS=Auditory Function Scale; CMC=consistent movement
to command; RMC=reproducible movement to command; LtS=localization to sound; AS=auditory startle ; N=none; V{S=Visual Func-
tion Scale; OR=object recognition; VP= visual pursuit; F=fixation; BtT=blink to threat; MfS=Motor Function Scale; AMR=automatic
motor response; OM=object manipulation; FW=flexion withdrawal; AP=abnormal posturing; N=none; OfS=Oromotor/Verbal Function
Scale; IV=intelligible verbalization; V=vocalization; ORM=oral reflexive movement; CS=Communication Scale; Nfl=non functional:in-
tentional; N=none; AS=Arousal Scale; A=attention; Eo=eye opening without stimulation; EoWS=eye opening with stimulation.
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pling between two signals, the first signal should be con-
sistently either in phase advance or in phase delay in re-
lation to the second signal. Since volume conduction is in-
stantaneous, phase differences that center around 0
modulo © are discarded and therefore perfect phase
matching signals have a PLI of 0 while two signals with a
constant phase lag would have a PLI of 1. The IC re-
moves the effect of volume conduction by removing the
real part of coherency which is responsible for instanta-
neous contributions. However, it differs from the PLI in
that it is dependent on the amplitude of the signals and on
the amplitude of the phase differences.

For connectivity assessments, data were analyzed us-
ing bipolar montages, avoiding influence of the refer-
ence, and assessing: i) left-right inter-hemispheric (em-
ploying F3 C3 P3, F4 C4 P4), ii) frontal-to-posterior (i.e.,
F3 Fz F4 P3 Pz P4), iii) left-hemisphere (F3 C3 P3) and
iv) right hemisphere (F4 C4 P4) connectivity measures.
Average connectivity values were computed on all these
subsets for the different frequency bands. Averages
were computed for all relevant connections. Bipolar
montages are illustrated in Figure 1.

Statistical analyses were performed in Matlab R2007b
(MATLAB version 7.5, MathWorks Inc., Natick, Massa-
chusetts). Permutation testing (10000 permutations)
compared relative power spectra for frontal, posterior,
left and right averaged electrodes and connectivity
measures for frontal-to-posterior, left-right inter-hemi-
spheric, left-hemisphere and right-hemisphere mon-
tages, looking for the effect of time (acute/subacute vs
chronic), etiology (traumatic vs non-traumatic) and diag-
nosis (MCS vs VS/UWS). Since most of the VS/UWS
patients were non-traumatic, the effect of etiology was
assessed only in the MCS patients.

The results were thresholded for significance at p<0.05
and corrected for multiple comparisons. In the following,
p<0.05* designates a significant result which does not
hold after multiple comparison correction and p<0.05**
designates a significant result after multiple comparison
correction.

A

T

Il/; 3 F4
\: |

7/

Figure 1 - Representative bipolar montages of (A) inter-hemi-
spheric, (B) frontal-to-posterior (C) left hemisphere and (D) right
hemisphere connectivity measurements
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Results

Relative power spectra were higher in the VS/UWS pa-
tients as compared to the MCS patients in the delta
band for all electrodes. There was a marked difference
for right hemisphere electrodes (0.223+0.04;
0.165+0.07; p<0.05**).

Relative power spectra were higher in MCS patients as
compared to VS/UWS patients in the alpha band for all
electrodes, again with a marked difference for right
hemisphere electrodes (0.0173+0.007; 0.0106+0.006;
p<0.05**).

None of the frequency bands in EEG and EMG showed
any difference between acute/subacute and chronic
DOC patients. No differences were found between trau-
matic and non-traumatic DOC patients.

Connectivity measures (C, IC and PLI) showed no dif-
ferences between acute/subacute and chronic DOC
patients or between traumatic and non-traumatic etiol-
ogy. Connectivity assessments based on classical co-
herence showed no difference between diagnostic
groups for any frequency band. There was a higher
frontal-to-posterior connectivity in the MCS as com-
pared to the VS/UWS group in the theta band as
measured by the PLI (0.127+0.03; 0.103+0.03;
p<0.05**) and the IC (0.134+0.02; 0.108+0.03;
p<0.05**). The PLI also identified a higher alpha con-
nectivity between hemispheres (0.0995+0.01;
0.0869+0.009; p<0.05**).

The power and connectivity results are illustrated in
Figure 2, and numerical details are provided in Tables
2 and 3.

Power Spectrum (%) - Frontal-to-posterior

0.2 - lvics
0.1 vs
0 .

C - Frontal-to-posterior

0.5

IC - Frontal-to-posterior
,*—| * %

B} ﬁﬁhlﬁ

PLI - Frontal-to-posterior

OQijﬁ.j-:lj

Delta Theta Alpha Beta

Values are means and standard deviations. *uncorrected p<0.05;
**p< 0.05 corrected for multiple comparisons.

Figure 2 - Power spectra (at posterior location), coherence, ima-
ginary part of coherency and phase lag index (of the left hemi-
sphere) in patients in the minimally conscious state (MCS,
n=18) and patients in the vegetative/unresponsive state
(VS/UWS, n=10)
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Table 2 - Power spectra and significance between patients in the minimally conscious state and patients in the

vegetative/unresponsive state in frontal, posterior, left and right hemisphere derivations and EMG.

Comparison MCS-VS/UWS

MCS VS/UWS sig

Frontal

Delta 0.172 +0.07 0.22 + 0.04 *

Theta 0.0523 + 0.02 0.0412 £ 0.03 -

Alpha 0.0142 + 0.005 0.011 + 0.006 -
Posterior

Delta 0.171 £ 0.06 0.224 + 0.04 2

Theta 0.0648 + 0.03 0.0435 + 0.03 *

Alpha 0.0176 + 0.008 0.0115 + 0.005 *
Left hemisphere

Delta 0.173 £ 0.07 0.221 +0.04 *

Theta 0.0589 + 0.03 0.0409 + 0.03 -

Alpha 0.0154 + 0.007 0.0109 + 0.005 *
Right hemisphere

Delta 0.165 = 0.07 0.223 +0.04 >

Theta 0.058 +0.02 0.0409 £ 0.03 *

Alpha 0.0173 £ 0.007 0.0106 + 0.006 **
EMG

Delta 0.113 £ 0.08 0.0848 + 0.09 -

Theta 0.0348 = 0.02 0.0272 + 0.02 -

Alpha 0.0166 + 0.01 0.0211 + 0.01 -

Abbreviations: MCS=minimally conscious state; VS/UWS=vegetative state

Values are means and standard deviations. “uncorrected p<0.05;**p<0.05 corrected for multiple comparisons

Table 3 - Connectivity comparisons between patients in the minimally conscious state and patients in the vegetative/unre-

sponsive state.

IC

MCS VS sig MCS VS sig.
Inter hemisphere
Delta 0.133 +/- 0.02 0.151 +/- 0.04 - 0.138 +/- 0.02 0.149 +/- 0.02 -
Theta 0.108 +/- 0.02 0.108 +/- 0.03 - 0.118 +/- 0.02 0.111 +/- 0.02 -
Alpha 0.0995 +/- 0.01 0.0869 +/- 0.009 * 0.114 +/- 0.02 0.0994 +/- 0.01 *
Frontal-to-posterior
Delta 0.144 +/- 0.02 0.133 +/- 0.03 - 0.147 +/- 0.02 0.127 +/- 0.03 *
Theta 0.127 +/- 0.03 0.103 +/- 0.03 ** 0.134 +/- 0.02 0.108 +/- 0.03 **
Alpha 0.101 +/- 0.02 0.0918 +/- 0.03 - 0.114 +/- 0.01 0.103 +/- 0.03 -
Left hemisphere
Delta 0.155 +/- 0.03 0.155 +/- 0.03 - 0.137 +/- 0.02 0.122 +/- 0.03 *
Theta 0.136 +/- 0.03 0.113 +/- 0.02 * 0.12 +/- 0.03 0.1 +/- 0.02 *
Alpha 0.114 +/- 0.02 0.1 +/- 0.02 * 0.107 +/- 0.01 0.0971 +/- 0.02 -
Right hemisphere
Delta 0.158 +/- 0.03 0.157 +/- 0.03 - 0.128 +/- 0.01 0.121 +/- 0.02 -
Theta 0.135 +/- 0.03 0.124 +/- 0.03 - 0.114 +/- 0.02 0.104 +/- 0.02 -
Alpha 0.114 +/- 0.02 0.104 +/- 0.03 - 0.103 +/- 0.02 0.0966 +/- 0.02 -

Abbreviations: PLI=phase lag index; IC=imaginary part of coherency; MCS=minimally conscious state; VS=vegetative state
Values are means and standard deviations of the phase lag index and imaginary part of coherency in three frequency bands (delta,

theta, alpha) for all bipolar montages (inter-hemisphere, frontal-to-posterior, left and right hemisphere). *uncorrected p<0.05; **p<0.05
corrected for multiple comparisons.
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Discussion

Quantitative analysis of the EEG of 28 DOC patients
showed that the relative power in the delta band was
higher in the VS/UWS group than in the MCS group.
However a drop in alpha power was observed in
VS/UWS patients compared to MCS patients. Connec-
tivity measurements showed that MCS patients had a
better connected network in the theta and in the alpha
bands. No differences were found in the acute vs chron-
ic or in the traumatic vs non-traumatic settings.

The results in the delta band are in line with a previous
study (31) which compared a group of MCS patients
with patients affected by severe neurocognitive disor-
ders (SNDs) and showed that the power in the delta
band increased with the severity of the disorder, while it
decreased in higher frequency bands. Thus, VS/UWS
patients have a more marked slowing of brain electrical
activity than MCS patients. Such observations have al-
ready been reported in clinical EEG inspection (32,33).
Furthermore, EEG connectivity showed that MCS pa-
tients have better connected networks than VS/UWS
patients. This result goes in the same direction as the
results of a recent study in which SND patients consis-
tently displayed a higher number of connections than
MCS patients (34); thus, the level of connectivity could
be related to the severity of the disorder.

A previous study showed that EEG could be used to di-
agnose DOC patients using the bispectral index (19),
which was originally used to monitor the level of anes-
thesia and provides a unitless number between 0
(death) and 100 (fully awake). The advantage of the ap-
proach presented herein is that it offers features that can
be interpreted from a physiological point of view and can
thus provide a better understanding of the underpin-
nings of brain electrical activity. The IC and the PLI,
which previously had never been used with DOC pa-
tients, succeeded in finding differences between MCS
and VS/UWS patients, while standard coherence failed.
However, these results were obtained at the group lev-
el, and further work needs to be done to disentangle
VS/UWS and MCS patients at the individual level. Fur-
ther improvements will include a higher density elec-
trode cap to allow the use of source reconstruction tech-
niques for better localization of the brain activity.
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