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Abstract Evaluation of consciousness needs to be sup-

ported by the evidence of brain activation during external

stimulation in patients with unresponsive wakefulness

syndrome (UWS). Assessment of patients should include

techniques that do not depend on overt motor responses

and allow an objective investigation of the spontaneous

patterns of brain activity. In particular, electroencepha-

lography (EEG) coherence allows to easily measure func-

tional relationships between pairs of neocortical regions

and seems to be closely correlated with cognitive or

behavioral measures. Here, we show the contribution of

higher order associative cortices of patients with disorder

of consciousness (N = 26) in response to simple sensory

stimuli, such as visual, auditory and noxious stimulation. In

all stimulus modalities an increase of short-range parietal

and long-range fronto-parietal coherences in gamma fre-

quencies were seen in the controls and minimally con-

scious patients. By contrast, UWS patients showed no

significant modifications in the EEG patterns after

stimulation. Our results suggest that UWS patients can not

activate associative cortical networks, suggesting a lack of

information integration. In fact, fronto-parietal circuits

result to be connectively disrupted, conversely to patients

that exhibit some form of consciousness. In the light of

this, EEG coherence can be considered a powerful tool to

quantify the involvement of cognitive processing giving

information about the integrity of fronto-parietal network.

This measure can represent a new neurophysiological

marker of unconsciousness and help in determining an

accurate diagnosis and rehabilitative intervention in each

patient.
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Introduction

In the last decades, medical advances have allowed more

severely impaired patients to survive. Consequently, the

number of patients with unresponsive wakefulness syn-

drome (UWS, previously known as vegetative state. Lau-

reys et al. 2010) for prolonged periods has proportionally

increased (Beaumont and Kenealy 2005). The UWS is a

condition in which a person has full or partial preservation

of sleep-wake cycles and autonomic functions, but shows

no evidence of reproducible and purposeful behavioral

responses to external environment (The Multi-Society Task

Force on PVS 1994; Zeman 2001).

Currently, clinical practice primarily relies on behav-

ioral assessments to detect conscious awareness, without

considering possible confounding factors and mechanisms

producing impaired brain function. However, there is a

growing consensus that the assessment of patients with
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impaired consciousness should include techniques that do

not depend on overt motor responses and allow an objec-

tive bedside exploration of the spontaneous patterns of

brain activity (Owen et al. 2006; Boly et al. 2009; Zeman

2009; Fingelkurts et al. 2013a).

Electroencephalogram (EEG) represents a suitable

choice to measure the activities of large-scale cortical

networks closely related to behavior and consciousness, it

is easily available and can overcome small movement

artefacts and the presence of surgical metallic clips that

often hamper use of neuroimaging (Harrison and Connolly,

2013; Fingelkurts et al. 2012a). In addition, average pro-

cessing of the EEG when a repeated stimulus is delivered

can help in quantifying small brain changes induced by

sensory and cognitive activity (Lehembre et al. 2012b). Of

particular interest, the presence of event related potentials

(ERPs) seems to represent a high prognostic value for

recovery of patients with disorders of consciousness

(DOS), reflecting the time course of information processing

(Fischer et al. 2006; Kotchoubey, 2005; Cavinato et al.

2011).

Despite the known usefulness of EEG in predicting

recovery from coma and other neurological disorders

(Young 2000; Zandbergen et al. 1998), there is scarce

evidence reporting its predictive value in UWS recovery.

Then, evoked potentials are valuable markers of good

prognosis, but their utility as a diagnostic tool is still object

of controversy (Guérit, 2007). Reasonably, this could be

due to the inadequate EEG classification produced with

traditional qualitative studies and the imprecise analysis of

data (Wallace et al. 2001).

An alternative approach is represented by quantitative

EEG analysis that consists in computations of parameters

from the EEG, such as power spectra (Piccione et al. 2010;

Manganotti et al. 2013) and connectivity values. This

approach offers higher reliability than qualitative visual

inspection of recordings. Especially the coherence, that is a

measure of degree of association or coupling of frequency

spectra between different times series, can provide comple-

mentary information of diagnostic and prognostic value,

measuring functional relationships between pairs of neo-

cortical regions (Hallett 1999; Pereda et al. 2005). Indeed,

EEG coherence appears closely correlated with cognitive or

behavioral measures, providing an index of the integrity of

inter-regional networks and communication between corti-

cal areas, as well as with subcortical structures (e.g., thala-

mus and basal ganglia) thatmediate this connectivity (Davey

et al. 2000; Srinivasan et al. 2007; Van der Hiele et al. 2007).

In this sense, a high coherence between EEG signals at dif-

ferent sites of the scalp hints at an increased functional

interplay between the underlying neuronal networks.

Some authors have investigated connectivity in the

unresponsive wakefulness syndrome. Laureys et al. (2000)

identified functional disconnections between intralaminar

thalamic nuclei and prefrontal and anterior cingulate cor-

tices in patients suffering from DOC, demonstrating the

importance of fronto-parietal network (FPN), but equally

of cortico-thalamo-cortical circuits. Similarly, a case study

on a UWS patient with severe asymmetric subcortical brain

lesion showed a drop of coherence in the damaged hemi-

sphere (Davey et al. 2000). The authors argued that the

EEG coherence seems to be partially determined by sub-

cortical structures and a damage of that circuitry can

underlie the permanent state of unconsciousness. In fact,

the activity of thalamo-cortical gating systems mediates

neural mechanisms of perception (Schiff and Plum 2000).

A decrease in coherence has also been observed in mini-

mally conscious state (MCS) patients (Leon-Carrion et al.

2008). The authors stressed the importance of preservation

of prefrontal-parietal networks that may account for the

differences in the level of awareness of DOC patients.

Further, using EEG operational synchrony measure (Fing-

elkurts et al. 2012b) demonstrated decrease in the cortex

functional connectivity during unresponsive wakefulness

state and, to a smaller extent, in a minimally conscious

state, especially between areas involving in the default

mode network (Fingelkurts et al. 2013b). Compatible

findings have been reported by Lehembre et al. (2012a) and

Boly et al. (2009).

In addition in order to measure resting cerebral con-

nectivity, evaluation of awareness needs to be supported by

the evidence of brain activation during external stimulation

in patients with UWS. Indeed, research in animals suggests

that an intense information flow links cortical and sub-

cortical relays of the somatosensory system (Sherman

2005). As a consequence, distributed processing seems to

allow an acceleration of the process needed to achieve

complex behavioral domains, such as somatosensory per-

ception (Jiang et al. 1991; Mesulam 1990; Waterhouse

et al. 1993).

Multisensory stimulation has already been used as an

intervention for the recovery of consciousness in patients in

coma or with UWS. Although some encouraging results

have been reported (Oh and Seo, 2003), no studies have

demonstrated a reliable evidence to support the effective-

ness of this technique and there is a consistent lack of

assessment tools (Lombardi et al. 2002).

The present study examined neural responses to

unstructured auditory, visual and noxious stimuli in a group

of DOC patients and healthy controls in order to objec-

tively assess cerebral processing during basic sensory

activation. The use of EEG coherence could detect the

possible persistence of remaining neural network activity

allowing to assess the residual network properties that

underlie the expression of fractional behaviors observed in

UWS.
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Methods

Patients

Twenty-six patients (9 women, 17 men; mean ± SD age,

53 ± 12) from 4 study centers across north Italy meeting

the diagnostic criteria for unresponsive wakefulness syn-

drome or minimally conscious state and fifteen age-mat-

ched healthy controls (6 women, 9 men; mean ± SD age,

49 ± 18) were assessed for recruitment. Table 1 summa-

rizes clinical and demographic features of the patients.

Alteration of consciousness was caused by ischemic or

hemorrhagic stroke in twelve patients, anoxia in nine

patients, and traumatic brain injury in five patients. Patients

were admitted between 16 and 22 months after the injury.

Patients with unstable clinical conditions, such as heart

and pulmonary failure, or a previous history of neurologi-

cal, audiological or psychiatric disorders were excluded.

No psychotropic drugs were being administered during the

period of EEG recordings. All patients underwent a battery

of neurophysiological tests to assess the integrity of

afferent pathways. Normal or slightly delayed brain stem

auditory evoked responses were seen in the participants.

Somatosensory evoked potentials obtained by stimulation

of the median nerve at wrist showed the presence of pri-

mary motor cortex responses (N20). Visual evoked

responses generated from goggle-mounted flash stimulator

could be recorded in all patients.

Assessment of consciousness was provided by three

scales: the Disability Rating Scale (DRS), the Coma

Recovery Scale Revised (CRS-R) and the Western Neuro

Sensory Stimulation Profile (WNSSP) (Rappaport et al.

1982; Giacino et al. 2004; Ansell and Keenan 1989). We

adopted three scales to have a more fine-grained assess-

ment of the level of consciousness, recognizing that a

behavior is not simply random or reflex, but contingent to a

given stimulus. Only if the three scores were referable to

the same level of consciousness patients were included in

the study. Then, on the basis of the DRS score at admis-

sion, patients were classified into two groups. The first

group consisted of 15 patients with a DRS scored C22

(vegetative and extremely vegetative states); they did not

show any behavioural sign of awareness. The second group

included 11 patients with a DRS lower than 22 who could

be considered as in a MCS because some signs of pur-

poseful behavior could be observed, even if highly

inconsistent.

The present study was approved by the Research Ethics

Committee (REC) of the Scientific Foundation ‘‘San

Camillo’’ and was compliant with the declaration of Hel-

sinki guidelines. All legal representatives gave written

informed consent for the patients to participate. Each healthy

volunteer signed his/her written consent documents.

Stimulation

The procedure was the same for either stimulation condi-

tion. Participants were seated upright in a chair located in a

sound-attenuated laboratory. All participants had an eyes-

closed baseline EEG recorded for 10 min at the beginning

of the session. This baseline recording was analyzed to

determine each subject’s dominant activity. Participants

were then provided visual, acoustic and electrical stimuli.

For the acoustic stimulation, participants were stimulated

via TDH-49 earphones with alternating polarity clicks. The

estimation of auditory threshold was traced by the wave V

detection which is clinically used as a robust indicator that

the central nervous system detected an auditory stimulus

(Kochhar et al. 2007). The participants exhibited large and

reproducible waves V at an intensity of 90 dB. This

threshold was chosen as the acoustic stimulus intensity and

presented at a 10 Hz rate. During visual stimulation, each

participant received unstructured intermittent photic stim-

ulation with light flash at a frequency of 15 Hz and

intensity of 18 ft Lamberts. Electrical stimulation was

applied over the median nerve at wrist. Stimulus intensity

was set to elicit sustained thumb twitching at a frequency

of 3 Hz.

In order to avoid adaptation to stimuli, participants

received stimulation in three sessions of 1 min each, with

EEG recording occurring simultaneously. A post-session

eyes-closed EEG was recorded for 1 min after every

minute of stimulation. The same procedure was repeated

for each type of stimulation. The order of stimuli presen-

tation was counterbalanced between participants.

EEG Recordings and Analysis

Before and after each stimulation session, EEG was

recorded from 21 electrodes in accordance with the Inter-

national 10/20 System, with the common reference placed

anterior to Fz and the ground behind Pz. The electroocu-

logram (EOG) was recorded bipolarly to detect both ver-

tical and horizontal eyes movements.

EEG signals were sampled at 256 Hz and pass-band

filtered in the range of 0.5–50 Hz. The independent com-

ponent analysis (ICA) was performed to detect, separate

and remove activity in EEG records from ocular, muscular

and cardiac sources to obtain artefact free EEG data. The

data were subsequently divided in non over-lapping epochs

of 2 s. All sweeps were inspected visually to detect further

artefacts exceeding 75 lV which were removed manually.

EEG segments free of artefacts were used in the analysis.

Calculation of coherence, defined as the spectral cross-

correlation between two signals normalised by their power

spectra, was performed using Matlab platform (version 7.6)

and was calculated according to the following equation:
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Table 1 Clinical and structural

imaging data of DOC patients

DRS Disability Rating Scale,

CRS-R Coma Recovery Scale

Revised, WNSSP Western

Neuro Sensory Stimulation

Profile

Patient No./

gender/

age(years)

DRS CRS-

R

WNSSP Diagnosis Cause Months

from

trauma

MRI findings

1/M/28 24 4 8 UWS vascular 20 Diffuse right hemisphere

2/F/46 21 6 16 MCS anoxia 21 Diffuse anoxic-ischemic

lesion

3/F/49 20 11 34 MCS vascular 16 Diffuse left hemisphere.

Parathalamic hematoma

4/F/32 22 7 14 UWS trauma 18 Cortical contusions in the left

temporo-parietal lobes

5/F/54 24 4 8 UWS vascular 19 Right temporal, parietal and

occipital lobes

6/M/42 20 9 52 MCS vascular 20 Right frontal, temporal and

parietal lobes

7/M/58 21 6 37 UWS vascular 18 Bilateral temporal and

parietal lobes

8/M/48 19 11 36 MCS vascular 16 Diffuse left hemisphere/right

temporal and parietal cortex

9/F/57 20 11 52 MCS anoxia 20 Diffuse anoxic-ischemic

lesion

10/M/45 23 4 11 UWS vascular 21 Bilateral temporal, parietal

and occipital lobes

11/M/72 22 6 9 UWS vascular 18 Right frontal, temporal and

parietal lobes

12/M/39 21 9 11 MCS trauma 19 Bilateral frontal lobes

13/M/58 24 5 29 UWS anoxia 20 Diffuse anoxic-ischemic

lesion

14/M/66 21 9 16 MCS vascular 18 Right frontal and temporal

lobes Right thalamus

15/F/74 23 6 9 UWS anoxia 18 Sovratentorial anoxic-

ischemic lesions

16/F/66 21 9 12 MCS anoxia 20 Diffuse anoxic-ischemic

lesion

17/M/48 20 11 18 MCS trauma 16 Bilateral temporal and

occipital contusions

18/M/62 26 6 8 UWS anoxia 16 Diffuse anoxic-ischemic

lesion

19/M/57 24 6 9 UWS anoxia 18 Diffuse anoxic-ischemic

lesion

20/M/65 24 3 10 UWS vascular 20 right temporal and parietal

lobes. Corpus callosum,

mesencephalus

21/F/59 21 14 34 MCS anoxia 16 Diffuse anoxic-ischemic

lesion

22/F/57 26 6 3 UWS anoxia 21 Diffuse anoxic-ischemic

lesion

23/M/65 18 14 61 MCS vascular 18 Diffuse anoxic-ischemic

lesion

24/M/30 21 11 31 MCS trauma 21 Left temporal lobe. Left

cerebral peduncle

25/M/41 22 9 9 MCS trauma 22 Bilateral frontal lobes

26/M/51 20 9 52 MCS vascular 19 Diffuse left hemisphere/right

temporal and parietal cortex
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Coh2xyðf Þ ¼
Pxyðf Þ
�
�

�
�
2

Pxxðf ÞPyyðf Þ
;

where Pxy(f) is the cross-power spectral density and

Pxx(f) and Pyy(f) are the respective auto-power spectral

densities of two signals. Coherence was computed over a

frequency range of 0.5–50 Hz, with a resolution of 0.5 Hz.

The mean values were estimated in the delta (0.5–4 Hz),

theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz), and

gamma (30–50 Hz) ranges, in rest condition and after each

stimulation. Coherence was computed for all possible

pairwise combinations of the 19 leads, resulting in 171

combinations for each frequency band. Differences of

coherence, with respect to EEG at rest, were computed in

different frequency bands for the two groups, controls and

DOC patients, for the three different stimulations: visual,

acoustic and noxious.

Statistical Analysis

SPSS package was used for statistical analysis.

Fisher’s Z transformation of coherence values in each

derivation was implemented to normalize the distribution

of coherence. The differences between the groups were

assessed by ANOVA and included ‘group’ (UWS, MCS,

and controls) as between-subjects factor and ‘condition’

(pre- vs. post-stimulation), ‘electrode pair’ (171 coherence

values) and ‘band’ (delta, theta, alpha, beta, and gamma

frequency bands) as within-subjects factors. Greenhouse–

Geisser corrected values are reported. Post-hoc comparison

between the two conditions was calculated by using paired

sample t tests corrected for multiple comparisons with

Bonferroni criterion.

Short-range connections of an anterior network with

electrode positions Fp1, Fp2, F3, Fz and F4, a posterior

network including electrodes P3, Pz, P4, O1 and O2 and

long-range connections of a FPN with electrode sites F3,

Fz, F4, P3, Pz and P4 were averaged to yield two short-

range values (anterior and posterior) and one long-range

value (fronto-parietal), in order to discriminate between

short and long-range frontal and parietal connections.

Thus, a second ANOVA with factors ‘condition’ (pre vs.

post-stimulation), ‘band’ (delta, theta, alpha, beta, and

gamma frequencies) and ‘connection’ (anterior short-

range, posterior short-range, fronto-parietal long-range)

was analysed and Greenhouse–Geisser corrected values are

reported.

Pearson correlation was conducted to investigate the

possible relations among clinical and neurophysiological

data of coherence at rest and after stimulation in DOC

patients.

Statistical significance was defined as p\ 0.05.

Results

Resting State

As shown in Fig. 1, in resting condition UWS patients had

significantly lower alpha coherence over the parietal

regions than controls and minimally conscious state

patients (p = 0.03 and p = 0.04, respectively). In addition,

higher frontal and fronto-parietal theta coherences were

seen in the unresponsive wakefulness syndrome partici-

pants (p = 0.03; p = 0.02).

Visual Stimulation

The first repeated measures analysis of variance revealed

significant main effects for factors ‘electrode pair’

(F44/1144 = 13.53; p\ 0.001) and ‘band’ (F4/104 =

2.98; p = 0.02). Significant interactions ‘electrode pair’

* ‘group’ (F88/1144 = 8.10; p\ 0.001), ‘electrode pair’

* ‘band’ (F176/4576 = 2.92; p = 0.001) and ‘electrode pair’

* ‘condition’ (F44/1144 = 7.84; p\ 0.006) were found. In

addition, a four-way interaction between factors ‘group’,

‘electrode pair’, ‘condition’ and ‘band’ (F352/4576 = 2.76;

p = 0.02) was also observed. This interaction indicates a

higher gamma coherence, compared to rest, after visual

stimulation in the frontal short-range and fronto-parietal

long-range connections in the healthy controls compared to

the patients, as seen in Fig. 2. In addition, a significant

lower gamma activity was seen in the posterior short-range

connectivity.

The second ANOVA showed significant main effects

for factors ‘band’ (F4/104 = 3.12; p = 0.05), ‘connection’

(F2/52 = 7.35; p = 0.008) and significant interactions

between ‘connection’ and ‘group’ (F16/208 = 3.59;

p = 0.03) and ‘condition’ * ‘group’ (F1/26 = 4.03;

p = 0.02) confirming a high fronto-parietal fast frequency

coherence in the healthy controls after visual stimulation.

Acoustic Stimulation

The within-group analysis of the first ANOVA revealed

that after acoustic stimulation, significant main effects for

‘electrode pair’ (F44/1144 = 12.15; p\ 0.001) and ‘band’

(F4/104 = 5.80; p = 0.006) were seen. Interactions ‘elec-

trode pair’*‘group’ (F88/1144 = 7.79; p\ 0.001) and

‘electrode pair’*‘band’ (F176/4576 = 2.67; p = 0.007) were

found. These effects are contained in a significant three-

way interaction between factors ‘band’, ‘condition’ and

‘electrode pair’ (F352/4576 = 11.67; p = 0.005).

After acoustic stimulation, gamma showed an increase

of coherence in a distributed fronto-parietal and intra-

parietal network in the control group and minimally con-

scious state patients (Fig. 2).
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For the second ANOVA, in addition to factors ‘con-

nection’ (F2/52 = 10.02; p = 0.002) and ‘band’ (F4/104 =

4.06; p = 0.02), interactions between factors ‘connection’

and ‘group’ (F4/52 = 4.03; p = 0.02) and ‘connection’ and

‘band’ (F8/208 = 8.62; p\ 0.001) reached significance.

Most importantly a significant three-way interaction ‘con-

dition’, ‘band’ and ‘connection’ (F8/208 = 12.15;

p\ 0.001) and a four-way interaction ‘condition’, ‘band’,

connection’, and ‘group’ (F16/208 = 3.69; p = 0.003)

indicates that long-range and posterior short-range gamma

connections are increased in the MCS and control groups

rather than the UWS patients after auditory stimulation.

Electrical Stimulation

After peripheral electrical stimulation, there were signifi-

cant main effects for ‘electrode pair’ (F44/1144 = 15.80;

p\ 0.001). In addition, significant interactions between

‘electrode pair’ and ‘group’ (F88/1144 = 8.55; p\ 0.001),

‘electrode pair’ and ‘band’ (F352/4576 = 3.34; p = 0.001),

and ‘condition’ and ‘band’ (F4/104 = 4.29; p = 0.02) were

seen. These interactions were synthesised in a significant

four-way interaction between ‘band’, ‘condition’, ‘elec-

trode pair’, and ‘group’ (F352/4576 = 1.68; p = 0.04) indi-

cating a significant increase of beta and gamma long-range

coherence in the minimally conscious state patients and

controls after peripheral electrical stimulation.

The second analysis of ANOVA revealed a significant

main effect for factor ‘connection’ (F2/52 = 10.37;

p = 0.002) and a two-way interaction involving ‘connec-

tion’ and ‘group’ (F4/52 = 3.67; p = 0.03). This indicates

higher long-range fronto-parietal connections in the con-

trols than unresponsive wakefulness syndrome patients.

Correlation Between Clinical and Electrophysiological

Data

A significant inverse correlation between the DRS and the

EEG coherence of the parietal short-range connections in

beta and gamma bands at rest was found (p = 0.008),

Fig. 1 Difference maps of Fisher-Z transformed coherence values at

rest between groups for theta and alpha frequencies. Note the higher

posterior alpha coherence in controls and minimally conscious state

patients and the higher theta coherence in frontal and fronto-parietal

regions in unresponsive wakefulness syndrome patients compared to

other groups. CTRL controls, MCS minimally conscious state, UWS

unresponsive wakefulness syndrome
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indicating that patients with higher disability had a lower

coherence in the fast frequencies over the posterior areas.

Discussion

In the present study, we investigated whether different

kinds of stimulation in the altered state of consciousness

lead to specific patterns of physiological changes by means

of quantitative EEG analysis.

Here, connectivity measurements at rest showed that the

unresponsive wakefulness syndrome patients had a lower

connected network in alpha frequency in the posterior

cortical regions than controls and MCS patients, in addition

to a higher and widespread theta coherence. Accordingly,

previous studies have suggested a relation between excess

of slow wave activity and reduced level of awareness in

brain injury population (Leon-Carrion et al. 2008; Fing-

elkurts et al. 2012b). Thus, power in slow activity could be

considered a good neurophysiological indicator of state of

consciousness. However, since the spectrum of EEG in

DOS is greatly variable, it appears to be difficult to

quantify different EEG features and address their predic-

tive value. To overcome this limitation, the sensory stim-

ulation approach has most frequently been advocated for

enhancing selective attention by regulating the environ-

ment in patients with limited capacity for information

processing. As it still remains unclear whether sensory

Fig. 2 Topography of the significant differences, with respect to

EEG at rest, of the coherence in different frequency bands for the two

groups, controls (left panel) and DOC patients (right panel), for the

three different stimulations: visual, acoustic and noxious. The colour

scale codes the degree of EEG coherence as compared to resting

(baseline) condition with eyes closed. Red represents strong enhance-

ment and blue reduction after stimulation
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stimulation modifies the clinical condition of UWS

patients, we investigated whether different kinds of stim-

ulation could lead to specific neurophysiological response

patterns.

In our study, quantitative EEG data revealed cortical

electrophysiological changes restricted to healthy and

minimally conscious state participants after sensory stim-

ulation. These changes can be summarized in a modulation

of cortical coherence in short-range parietal and long-range

fronto-parietal areas within a gamma frequency range. By

contrast, UWS patients showed no significant modifica-

tions in the EEG patterns after stimulation.

In a healthy brain, neurons can engage in synchronized

oscillatory activity in the gamma-frequency range when

responding to sensory stimuli and their oscillatory pat-

terning can be enhanced with arousal and attention

(Rodriguez et al. 2004). The effects of visual, auditory and

peripheral electrical stimuli might have mechanisms in

which the basal forebrain nucleus basalis of Meynert and

the anterior cingulate cortex play a crucial role. The

nucleus of Meynert is indeed the origin of the cortical

cholinergic system and is essential for the level of cortical

activity and cognitive processes, such as working memory

(Shinotoh et al. 2003). At the same time, the anterior cin-

gulate cortex can be activated by high-intensity electric

stimulation of the median nerve at the wrist together with

primary and secondary somatosensory cortices, bilateral

insular and posterior parietal cortex (Laureys et al. 2002;

Kwan et al. 2000).

External somatosensory stimulation could be considered

as a type of enriched environment and promote cholinergic

activity to the basal forebrain and its connections, in par-

ticular, the neocortex. Cognitive functions that depend on

cholinergic activity and control such as the ability to focus

attention and to retain stimulus features in short- and long-

term memory are associated with increased synchronization

of responses in the gamma frequency range (Mueller and

Gruber 2000; Fries et al. 2001; Grueber et al. 2002). In fact,

it has been demonstrated that neuronal gamma band is

significantly increased in cortex activated by the presence of

electrical, visual or auditory stimuli, and is enhanced among

neurons activated by an attended stimulus (Sadaghiani et al.

2009; Brunet et al. 2013). Gamma frequency activity thus

appears to be an attentionally modulated correlate of stim-

ulus drive, diffused within and between different cortical

areas, encompassing anterior cingulate, insular, prefrontal

and posterior parietal cortices, and represents a likely target

of top-down modulation (Laureys et al. 2002).

The increase of gamma connections in long-range

fronto-parietal areas that we found in the MCS and healthy

control groups could suggest that posterior sensory repre-

sentations may be consistently activated by a frontally

located control mechanism.

Our results suggest that the increase of gamma activity

in the fronto-parietal interconnections in MCS patients and

healthy controls may represent the engagement of brain in

continuous information gathering and representation of self

and the external environment (Fries 2009). State of con-

sciousness could be associated with the activation of a

network involving forebrain arousal functionally coupled

with parts of frontal cortex and posterior sensory integra-

tion regions. In particular, the anterior cingulated cortex

(ACC), a medial prefrontal area, has been proposed to play

a critical role in consciousness by integrating cognitive-

emotional processing with the state of arousal and the

intent-to-act (Paus et al. 2001). The ACC is a key site of

behavioral self-regulation and is closely connected with

parietal cortex (Posner et al. 2007). Interactions between

these areas can be reinforced by exposure to sensory

stimulation as a method of environmental enrichment.

On the other hand, unresponsive wakefulness syndrome

patients showed impaired functional connections between

distant cortical areas and, in particular, of the fronto-pari-

etal associative cortices. In fact, numerous studies have

reported that sensory stimulation could activate partially

preserved restricted sensory representations, but not

higher-order multimodal areas from which they appear

disconnected (Laureys et al. 2006).

Thus, the level of preservation of FPN may explain the

different manifestations of awareness between minimally

conscious and UWS patients, indicating the possible per-

sistence of remaining cortical and cortico-subcortical net-

work activity in the formers and a functional disconnection

in the FPN circuit in the patients with UWS (Schiff et al.

2002).

In the light of this, the coherence between frontal and

parietal areas could represent a new neurophysiological

marker of unconsciousness and help in determining the

diagnosis of unresponsive patients, together with behav-

ioral evaluations. In fact, an accurate diagnosis is essential

to plan the most suitable rehabilitative needs customized

for each patient. Rehabilitation strategies for patients with

DOS should provide medical and neurorehabilitative care

in an attempt to facilitate where possible emergence from

these compromised levels of neurologic function, as well as

to minimize complications associated with them.

In the second place, the use of specific tools in the

neurobehavioral assessment of DOC patients, such as the

study of EEG coherence in the FPN, could be helpful to

test the efficacy of new rehabilitative strategies based on

programs of pharmacological, multisensory, cognitive or

transcranial stimulation by correlates specifically oriented

to the quantification of the neural functions related to

consciousness. This could represent one of the key points

to guarantee the better chance to recovery in each unre-

sponsive patient.
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