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Background: Brain assessment shows great values in prognosis, treatment,

resource allocation, and decision-making for patients with disorders of

consciousness (DOC). However, less research focused on cortical conditions

of patients with unresponsive wakefulness syndrome (UWS).

Methods: We recorded resting-state EEG and TMS-EEG from post-anoxic

patients with UWS, diagnosed by repeated Coma Recovery Scale-Revised

(CRS-R). Measurements of functional connectivity and networks were

performed by phase lock value (PLV) and network parameters of graph theory

(average path length, clustering coefficient, and small-world). Global cortical

reactivity values (GCRV) were used to assess cortical excitability.

Results: The coefficient of variation (CV) presented marked inter-individual

variations of PLV (CV = 0.285), network parameters (CV > 0.2), and GCRV

(CV = 0.929) within these patients. The patients’ PLV and network parameters

at theta and alpha bands significantly correlated with their GCRV values.

Patients with higher PLV (r= 0.560, 0.406), as well as better preserved network

(lower average path length (r = −0.522, −0.483), higher clustering coefficient

(r = 0.522, 0.445), and small-world (r = 0.522, 0.445) at theta and alpha bands,

presented higher GCRV. The functional connectivity, which is significantly

correlated with frontal GCRV, is also mainly located in the frontal region.

These correlations were not significant at other frequency bands: Delta, beta,

and gamma bands.

Conclusion: These findings suggested that the CRS-R-diagnosed post-anoxic

patients with UWS had very different cortical conditions. Functional networks
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and cortical excitability measured by TMS-EEG could complement behavioral

assessment to assess these patients’ cortical conditions.

Significance: It provides a deeper understanding of neurophysiological

dysfunction in patients with UWS and hints to the clinics that

neural-electrophysiological assessment for such patients may be

necessary to acquire their brain conditions, which may benefit stratified

management for them.

KEYWORDS

functional connectivity, TMS-EEG, unresponsive wakefulness syndrome, global mean
field amplitude, graph theory

Introduction

Brain assessment is crucial for the treatment strategy making
of patients with disorders of consciousness (DOC) (Kondziella
et al., 2020). Patients with different cortical conditions showed
differentiated responses to treatment (Thibaut et al., 2015;
Naro et al., 2016). In clinics, behavioral scales are always
used to evaluate the conscious states of patients with DOC,
especially the Coma Recovery Scale-Revised (CRS-R) (Giacino
et al., 2004). However, it is always limited by the injured body
function of patients in their expression (Schnakers et al., 2009;
Gosseries et al., 2016), as it is based on behavioral responses
to external stimulation or commands. It reported that ∼40%
of patients with DOC may be misdiagnosed based on CRS-
R assessment (American Congress of Rehabilitation Medicine,
Brain Injury-Interdisciplinary Special Interest Group, Disorders
of Consciousness Task Force, Seel et al., 2010; Gosseries et al.,
2016). Therefore, CRS-R is not an effective and direct approach
to assess the brain conditions of patients with DOC.

Recently, multiple neural-electrophysiological technologies,
such as electroencephalography (EEG) (Lehembre et al., 2012a;
Bai et al., 2017b), concurrent transcranial magnetic stimulation
and EEG (TMS-EEG) (Casali et al., 2013; Formaggio et al.,
2016), and event-related potential (ERP) (Cruse et al., 2011,
2014), have been used to improve brain assessment of patients
with DOC. Studies using EEG features in assessing the
brain of patients with DOC are challenging and exciting.
A large body of research suggested resting-state EEG could
effectively evaluate cerebral cortex activity for the diagnosis,
prognosis, and treatment effect in patients with DOC (Bai
et al., 2017b). Among the complicated EEG characteristics,
the measurement of functional connectivity and networks
reflects the information interaction between distributed brain
regions and conforms to the concepts of “integration” in the
information integration theory, which was proposed to be the

Abbreviations: TMS, transcranial magnetic stimulation; DOC, disorders
of consciousness; UWS, unresponsive wakefulness syndrome; PLV, phase
lock value; GCRV, global cortical reactivity values.

foundation of consciousness (Tononi, 2004; van Vugt et al.,
2018). In general, the levels of functional connectivity of patients
with DOC were found to be consistent with their levels of
consciousness (Pollonini et al., 2010). This consistency was
proven by the correlation between connectivity measures and
clinical assessments of consciousness (Lehembre et al., 2012b).
Patients with higher levels of consciousness showed higher
power functional connectivity and better-connected networks
than those with lower levels of consciousness (Lehembre et al.,
2012b). In addition, EEG functional networks could predict
metabolism and complement systematic behavioral assessment
in DOC diagnosis (Chennu et al., 2017). Therefore, EEG
functional networks would be considered convincing features
in assessing neural-electrophysiological states of patients
with DOC.

Transcranial magnetic stimulation-EEG, as an emerging
technology, shows practical prospect in the assessment of the
brain of patients with DOC (Bai et al., 2016). TMS-EEG
can measure the interaction between various brain areas at
the millisecond level, thus revealing information on subjects’
cortical excitability and reactivity (Sarasso et al., 2014). In
patients with DOC, cortical excitability derived from TMS-EEG
could effectively differentiate different consciousness states, for
example, unresponsive wakefulness syndrome (UWS) formerly
called vegetative state (VS), minimally conscious state (MCS),
and locked-in syndrome (LIS) (Rosanova et al., 2012), and
predict the consciousness recovery of patients with DOC (Bai
et al., 2016). Patients with UWS show a simple, local cortical
response to TMS, while patients with MCS and LIS have
complex activations involving different brain areas and affecting
large-scale cortex after TMS. Moreover, TMS-EEG could detect
the immediate cortical responses to treatments, which would
not be observed by clinical assessment (Bai et al., 2017a). Casali
et al. (2013) quantified the cortical responses of TMS-EEG
and proposed the perturbation complexity index to measure
the level of consciousness. Several multi-modal studies also
provided evidence verifying that the TMS-EEG characteristics
correlate with the structural integrity (Bodart et al., 2018),
metabolism (Bodart et al., 2017), and cortical injury (Gosseries
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et al., 2015) of the patients with DOC. Therefore, because of
its high sensitivity to conscious alteration and close correlation
with the fundamental brain conditions, TMS-EEG would be
a critical technique to assess the brain conditions of patients
with DOC.

A large number of studies addressed EEG functional
networks and cortical excitability in patients with DOC. Less
of them, however, focus on exploring the brain conditions of
patients with UWS. Both traumatic and non-traumatic injuries
result in patients with UWS. Non-traumatic injuries, especially
anoxia, produce widespread damage to cortical and thalamic
neurons. However, patients with UWS after anoxia do not
invariably show diffuse neocortical neuronal loss (Schiff, 2010).
We hypothesize that the patients with UWS after anoxia,
especially the ones diagnosed by behavioral scales alone, would
have divergent cortical conditions. Brain assessment would
facilitate the inhomogenous management of such patients.
Therefore, this study used EEG and TMS-EEG to investigate
the functional networks of cortical excitability in post-anoxic
patients with UWS diagnosed by CRS-R and to improve our
knowledge of the cortical conditions of those patients.

Materials and methods

Patient

The clinical characteristics of patients are shown in Table 1.
All participants had suffered severe anoxia and showed no severe
cerebral atrophy by MRI scans. They had no epileptic history
or EEG epileptiform activity, pacemakers, aneurysm clips,
neurostimulators, or brain/subdural electrodes. All patients
received routine medication and rehabilitation courses but
no consciousness-influenced treatment in at least 2 months
before this study, including zolpidem, modafinil, midazolam,
and baclofen. None of the participants had suffered fever or
infections 1 week before the EEG and TMS-EEG recording.
Written informed consent to participate in this study was
obtained from patients’ caregivers. This study was approved by
the Ethics Committee of People’s Liberation Army (PLA) Army
General Hospital.

Behavioral assessment

Clinical assessment was carefully conducted by trained
neurologists using repetitive Coma Recovery Scale-Revised
(CRS-R) (Giacino et al., 2004). The CRS-R contains 23 items
separated into six subscales (the visual, auditory, motor, and
oromotor/verbal functions, communication, and arousal). Each
patient received a minimum of three times of CRS-R assessment
on the afternoon of a different day. The best result was kept as
the behavioral diagnosis.

Transcranial magnetic stimulation

A single TMS-EEG data acquisition session took 10–15 min.
Each patient received 200 single pulses of TMS tangentially at
the left dorsolateral prefrontal cortex (DLPFC) under navigation
(navigate by Brainsight system and mark the target site at the
electrode cap using a marking pen). DLPFC as a stimulating
target is widely used in DOC research (Rosanova et al., 2012;
Bai et al., 2016, 2017a). We used a Magstim R2 stimulator
with a 70 mm figure-of-eight coil (Magstim Company Limited,
Whitland, UK), which can produce a biphasic waveform with
a pulse width of ∼0.1 ms. The TMS handle rotated posterior-
laterally, approximately 45◦ to the middle line of the brain.
Stimulation intensity for each patient was set as 120% of their
resting motor threshold (RMT) (Ferreri et al., 2011). The RMT
was defined as the lowest TMS intensity that can evoke at
least 5 out of 10 EMG with an amplitude of > 50µV peak
to peak in the relaxed first dorsal interosseous muscle of the
right hand. During the TMS-EEG recording, subjects were
inserted earplugs, which continuously played a masking noise,
to avoid TMS-evoked auditory potentials by the click associated
with the TMS discharge. Bone conduction was attenuated
by placing a thin layer of foam between the coil and scalp.
Magnetic stimulation was administered in accordance with
safety guidelines (Wassermann, 1998).

Electroencephalography recordings
and pre-processing

Transcranial magnetic stimulation-EEG and 20 min of
resting-state EEG were recorded on the same day for all the
patients, with resting-state EEG first and TMS-EEG followed.
The signals were acquired by a TMS-compatible EEG recorder
with 62 channels (BrainAmp 64 MRplus, Brain Products), with
positions of the international 10–20 system. The equipment
used TMS-compatible sintered Ag/AgCl-pin electrodes, with the
skin/electrode impedance maintained below 5 k�. We set a
band-pass filtered at DC to 1,000 Hz in the recorder, while EEG
signals were digitized at a sampling rate of 2.5 kHz.

Offline analysis was performed using EEGLAB 12.0.2.5b,
running in a MATLAB environment (version 2013b,
MathWorks Inc., Natick, USA). For the TMS-EEG processing
(1) EEG signals were segmented into epochs starting from
300 ms before to 500 ms after the TMS pulse onset (Massimini
et al., 2005; Ferrarelli et al., 2010; Ferreri et al., 2011). (2)
Data from 10 ms before to 20 ms after the TMS pulse were
replaced using the cubic interpolation function of MATLAB
(Thut et al., 2011) to exclude the TMS artifacts. (3) The 50 Hz
power-line artifact was removed from the remaining trials using
a notch filter. (4) EEG signals were down-sampled to 500 Hz
and band-pass filtered (1–80 Hz). (5) Independent component
analysis (ICA) was used to identify the evoked artifacts (such as
eye movement, muscle artifacts, decay, and recharge artifacts),
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TABLE 1 Demographic details for the patients.

Patient Age Sex Cause Months
post-injury

CRS-R

Auditory Visual Motor Oro-
motor

Comm Arousal Total

P1 30 F Acute myocardial 7 1 0 2 1 0 2 6

P2 60 M Cardiac arrest 8 1 0 2 1 0 2 6

P3 50 F Cardiopulmonary
arrest

8 1 0 2 1 0 2 6

P4 35 M Cardiac arrest 9 0 0 2 1 0 2 5

P5 43 M Cardiac arrest 13 1 0 2 1 0 2 6

P6 42 F Cardiopulmonary
arrest

8 0 0 2 1 0 2 5

P7 52 F Cardiac arrest 6 1 0 2 1 0 2 6

P8 70 F Cardiac arrest 30 1 1 2 1 0 1 6

P9 62 M Cardiopulmonary
arrest

12 1 0 2 1 0 1 5

P10 23 F Respiratory infarction 8 1 1 2 1 0 2 7

P11 26 M Respiratory infarction 11 1 0 2 1 0 2 6

P12 34 F Respiratory infarction 9 1 1 2 1 0 1 6

P13 56 M Respiratory infarction 5 1 0 2 0 0 1 4

P14 28 M Cardiac arrest 6 1 1 2 1 0 1 6

P15 44 M Cardiopulmonary
arrest

12 1 0 2 1 0 1 5

Comm, communication; CRS-R, Coma recovery scale-revised; F, female; M, male; UWS, unresponsive wakefulness syndrome.

with visual inspection to assess scalp distribution, frequency,
timing, and amplitude. The components deemed to be artifacts
were removed using ICA (Casula et al., 2014). (6) Single trials
were carefully inspected to remove residual TMS artifacts. (7)
After the artifact reduction, at least 150 trials were preserved
for each patient, and the baseline was corrected over 300 ms
pre-stimulus. After processing, data were average-referenced;
TMS-evoked EEG response was obtained by averaging over
the trials.

For the resting-state EEG analysis (1) EEG signals were
down-sampled to 500 Hz and band-pass filtered (1–45 Hz).
(2) ICA was used to identify and remove the artifact-relevant
components, such as eye movement and muscle activation. (3)
The data were average-referenced and segmented into epochs of
10 s. Epochs with artifacts were removed by visual inspection.

Functional connectivity

Phase-locking value
In the present study, functional connectivity was measured

by PLV, which has been used in several previous studies (Rudrauf
et al., 2006; Holz et al., 2010; Fell and Axmacher, 2011). We
measured PLV in different frequency bands: full band (1–
45 Hz), delta (1–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta

(13–30 Hz), and gamma (30–45 Hz). In this study, we give a
brief description of the calculation. For the resting-state EEG
epochs, we evaluated the instantaneous phase ϕx(t) and ϕy(t)
of the pairwise channel, based on the Hilbert transform. Then,
the phase difference was defined by as follows:

1ϕxy (t) = ϕx (t)− ϕy(t) (1)

Several indices, based on the phase difference within the
short term, can be used to indicate the phase synchronization
between two series (Rosenblum et al., 2001). In this study,
PLV based on the circular variance of the phase difference was
applied as follows:

PLVxy =
1
N
|

N∑
t=1

ej1ϕxy(t)| (2)

This measure of PLV varies from 0 to 1, and the computation
involves no parameter choices. In this way, the functional
connectivity can be described by phase synchronization matrix
C, with each element of PLVxy.

Then, we used a surrogate method (the iterative amplitude-
adjusted Fourier transform method) to correct the false
coupling. In calculating the PLV between two channels, we
randomly shuffled the phase of one signal and kept its spectrum
unchanged. Then, a new surrogated PLV (PLVsurro) can be
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obtained. After surrogating over Nsum times (Nsum > 50), PLV
values greater than 95% statistical threshold (mean plus 1.96
times the standard deviation) of PLVsurro will be preserved, and
the other is set to zero.

Graph theoretical analysis
To further describe the functional connectivity, graph

theoretical analysis was performed based on the PLV matrix. The
nodes in the graph were represented by the electrodes, while the
links were defined by the measures of association between the
nodes in the study’s PLV values.

Graphs can be characterized by various measures; in this
study, synchronization matrix C was used to create weighted
graphs. Average path length represented the average number
of edges of the shortest path between the pairs of vertices. The
clustering coefficient denoted the likelihood that neighbors of a
vertex would also be connected to each other. Full definitions
for the calculation of the clustering index (Cw) and path length
(Lw) for the analysis of weighted networks have previously been
described by Stam et al. (2009). To calculate the clustering index
from weighted networks, the weights between node i and other
nodes j should be symmetrical (ωij = ωji) and, 0 ≤ ωij ≤ 1 as
proposed by Onnela et al. (2005). Indeed, both conditions are
readily fulfilled when using PLV values as a weight definition.
The weighted clustering index of vertex i was then defined as
follows:

Ci =

∑
k 6=i

∑
l 6=i,l 6=k ωikωilωkl∑

k 6=i
∑

l 6=i,l 6=k ωikωil
(3)

Note that in all sums, terms with k = i, l = i, or k = l were
skipped. The mean clustering of the total network was defined
as follows:

Cw =
1
N

N∑
i=1

Ci (4)

The length of a weighted path between two vertices was
then defined as the sum of the lengths of the edges of this path.
The shortest path Lij between two vertices i and j was the path
between i and j with the shortest length. The averaged path
length of the entire network was computed as follows:

Lw =
1

(1/N(N − 1))
∑N

i=1
∑N

j6=i(1/Lij)
(5)

In the aforementioned formula, the harmonic mean was
used to handle disconnected edges resulting in infinite path
lengths, that is, 1/∞→ 0 (Newman, 2003). The small-world
was then calculated as S = Cw

Lw .

Cortical excitability

Global mean field power
To measure the TMS-evoked global response, a GMFP was

used to describe the TMS-evoked potential (TEP). The GMFP

can be expressed as follows:

GMFP (t) =

√√√√ N∑
i=1

[Vi (t)− V̄(t)]2/N (6)

where Vi (t) is the signal averaged over trials measured on EEG
channel i at time t, V(t) is the signal averaged over trials and
channels at time t, and N is the number of channels. The
GMFP identifies the maximum amplitude of the evoked field
and is used to index the effect of TMS on global brain activities
(Komssi et al., 2004). At each time of TEP peaks, we performed
source modeling to investigate TMS-evoked cortical activation.
Brainstorm software (Tadel et al., 2011)1 was used to compute
the cortex, skull, and scalp meshes and co-register these meshes
with EEG sensor positions by rigid rotations and translations
of anatomical landmarks (nasion, left tragus, and right tragus).
Conductive head volume was modeled according to the 3-
spheres BERG method. The inverse solution was calculated on
TEP by using the weighted minimum norm constraint.

Global cortical reactivity value
A global cortical reactivity value was measured to quantify

the cortical responses to TMS pulses. First, a bootstrap method
was used to shuffle 1,000 times the time samples of pre-stimulus
activity (from −300 to −10 ms) of GMFP time series at a
single-trial level. The maximum value across all latencies was
selected at each shuffling, and the maximum distribution was
used to assess a threshold for determining the significance
of GMFP with a significance level of p < 0.01 (McCubbin
et al., 2008; Gosseries et al., 2015). Then, the significant voltage
values in post-stimulus (20–500 ms) of each GMFP time
series were cumulated as the global index of cortical reactivity
(Rosanova et al., 2009).

Statistics

Inter-individual variations of the features were assessed by
the coefficient of variation (CV) (ratio of the standard deviation
to the mean). Correlational analyses of the functional network
features (average PLV, average path length, cluster coefficient,
and small-world) with the GCRV were measured using Kendall’s
tau coefficient. P < 0.05 is the threshold for significance.

Results

Functional network and cortical
excitability

Figure 1 shows functional connectivity measured by PLV
of four patients at the full band. It also shows different

1 http://neuroimage.usc.edu/brainstorm
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strengths and patterns of connectivity within patients. Patients
8 and 6 showed marked and strong global connectivity (P8:
average PLV = 0.514, standard deviation = 0.229; P6: average
PLV = 0.393, standard deviation= 0.237). Patients 9 and 10 had
a relatively weak connectivity pattern (average PLV = 0.186 and
standard deviation = 0.142). For all the patients, CV is 0.285
(maximum value = 0.514, minimum value = 0.186, standard
deviation= 0.097, and mean= 0.340).

To further describe the functional network, we calculated
PLV and graphical network parameters at each frequency band.
Table 2 gives mean values and standard variance values of the
features at each frequency band. All the CV of the features
are greater than 0.2 (Figure 2). Among them, small-world
has the highest CV at each band, followed by the cluster
coefficient.

TMS-evoked potential and corresponding GMFP were
measured for all patients (Figure 3). Figure 3 gives four
samples of patients (P5, P11, P9, and P4). It showed that
the patients had very different cortical responses to TMS
in both temporal and spatial domains. P5 and P11 show
distinct evoked components and marked response power upper
threshold, but the evoked patterns are different between P5
and P11. In temporal, the evoked components in TEP of P11
mainly appear within 300 ms following TMS. However, P5 has
significant evoked peaks after 300 ms. In addition, P5 shows
more complex evoked components and stronger evoked power
(GCRV = 99.71 µV) than P11 (GCRV = 54.81 µV). On the
contrary, P9 and P4 show less evoked components and low
evoked power (P9: GCRV = 3.62 µV; P4: GCRV = 0.12 µV), as

shown at the bottom of Figure 1. This distinct inter-individual
difference could be found within all the 15 patients: CV = 0.929
(maximum value = 107.007, minimum value = 0.120, standard
deviation= 41.284, and mean= 44.440).

Correlation between the functional
network and the cortical excitability

As shown in Figure 4, the patients’ GCRV had a significantly
positive correlation with the average PLV of the global brain at
theta (r = 0.560, p = 0.005) and alpha (r = 0.406, p = 0.04)
bands. The patients with higher average PLV in functional
connectivity measurement showed higher GCRV in TMS-EEG
measurement. In addition, the connectivity, which significantly
correlated with the GCRV, either at theta or alpha bands (bottom
panel of Figure 4) was mainly located at the frontal region.
There was no significant correlation between the average PLV
and the patients’ GCRV at other frequency bands.

Significant correlations were found between the network
parameters and the patients’ GCRV (Figure 5). Patients’ GCRV
had a negative correlation with the average path length (theta:
r = −0.522, p = 0.009; alpha: r = −0.483, p = 0.015) and a
positive correlation with the cluster coefficient (theta: r = 0.522,
p = 0.009; alpha: r = 0.445, p = 0.025) and the small-world
(theta: r = 0.522, p= 0.009 alpha: r = 0.445, p= 0.025) at theta
and alpha bands. Table 3 shows that there was no significant
correlation between the GCRV with network features at other
frequency bands.

FIGURE 1

Functional connectivity measured by PLV of electrodes with overall brain in four patients (P8, P6, P9, and P10).
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TABLE 2 Average PLV and graphical network parameters (mean value and standard variance) at each frequency band.

Delta Theta Alpha Beta Gamma

Average PLV (0.367, 0.089) (0.359, 0.127) (0.342, 0.121) (0.306, 0.079) (0.285, 0.061)

Average path length (3.028, 0.722) (3.178, 0.950) (3.316, 0.979) (3.519, 0.823) (3.663, 0.748)

Cluster coefficient (0.334, 0.091) (0.325, 0.131) (0.307, 0.123) (0.265, 0.076) (0.243, 0.055)

Small-world (0.121, 0.059) (0.124, 0.086) (0.111, 0.077) (0.083, 0.041) (0.071, 0.026)

There was no significant correlation between the GCRV or
functional network parameters with their clinical assessment
(CRS-R), the patients’ age, and months post-injury.

Discussion

The present study measured functional network features
and cortical excitability features in post-anoxic patients with
UWS. Big inter-individual variations of functional connectivity
and cortical excitability were found in these patients. Some
patients had markedly cortical responses to TMS and strong
connectivity, whereas some patients showed relatively weak
connectivity and low cortical excitability. In addition, the
patients’ GCRV showed a significant correlation with their
functional connectivity and network parameters at theta and
alpha bands. The correlation did not exist at other frequency
bands, such as delta, beta, and gamma bands.

The functional connectivity can represent common inputs
from other brain areas, while the GCRV depends explicitly on
the influence that one neural system exerts over another at the
population level (Friston, 2011). In addition, a good network
showed more efficient configuration (small average path length,
high cluster coefficient, and high small-world) within the brain
regions: Each small cortical region was more willing to connect
to its neighbors, and it took them fewer steps to communicate
with each other. These features all reflect the “integration” of the
patients’ brains. They revealed very different cortical conditions
among the patients in the present study. Furthermore, the
residual brain network of patients with DOC correlated with
their residual brain metabolism. A strong association has been

FIGURE 2

Relative coefficient of variation of functional network
parameters.

demonstrated between functional connectivity and glucose
metabolism (Chennu et al., 2017). TMS-EEG can measure
cortical reactivity directly, and TEP presents the excitation
changes in cortical circuits on a millisecond time scale (Ferreri
et al., 2011; Bai et al., 2016). TMS-EEG study showed TMS
triggered a simple local excitation change in patients with UWS,
but TMS evoked MCS patients’ local and large-scale cortical
responses (Rosanova et al., 2012). In summary, TMS-EEG
measures proved a clear-cut difference in cortical excitability
between patients with UWS and MCS. In addition, TMS-EEG
also showed congruent results with glucose metabolism in
patients with DOC (Bodart et al., 2017). Therefore, for patients
with DOC, the residual functional network and preserved
cortical excitability may share a similar physiological basis:
cortical metabolism. To some extent, these findings provide a
possible explanation for the correlation results in the patients,
and patients who preserved better metabolism showed better
cortical excitability and functional networks. On the contrary,
studies of neuromodulation also support the findings: The
responses of DOC patients’ brains to external stimulation
depend on the residual brain network (Cavinato et al., 2015;
Thibaut et al., 2015).

The patients we addressed in the present study are rare in
clinics, as most of them tend to die within the first 2 years
after injury. Previous studies always tend to research the brain
conditions or consciousness states among patients with various
etiologies or just with a rough classification: TBI and non-TBI.
Less of them focused on homogenous groups such as post-
anoxic patients with UWS. In behavioral assessed post-anoxic
patients with UWS, studies reported that no significant EEG
responses were elicited by TMS, even when TMS was delivered
at high intensity at multiple stimulation sites (Ragazzoni et al.,
2013; Gosseries et al., 2015), but these studies only included
a few cases. Nevertheless, in such patients, different cortical
responses to stimulation were also reported in ERP research.
In three behavioral assessed post-anoxic patients with UWS,
one patient showed a distinct N1 component, while the other
two showed no meaningful evoked component (Ragazzoni
et al., 2013). The present study is the first to focus on the
brain conditions within such homogenous patients with UWS.
Consistent with our hypothesis, the inter-individual variations
denote the very different cortical conditions within the patients.
It was the first time found that some behavioral assessed post-
anoxic patients with UWS preserved good cortical excitability.
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FIGURE 3

TMS-EEG of four patients (P5, P11, P9, and P4). Black curves show butterfly plots of TEP at all electrodes. Blue curves show TEP at F3 electrode
(near target site). GMFP (red curves) was calculated based on the TEP. Red shadows show threshold values for determining significance of GMFP
with significance level at p < 0.01. Source model was performed at each peak of TEP.

FIGURE 4

Functional connectivity measured by PLV and the correlation with the global cortical reactivity values (GCRV). (A,B) Correlation (Kendall’s tau
coefficient) of global averaged PLV at theta (A) and alpha (B) band with the patients’ GCRV. Bottom panel shows the connectivity (red lines) that
significantly correlate with the patients’ GCRV. Black dots show electrodes associated with at least three red lines.

On the contrary, the strength of functional connectivity and
cortical excitability is generally consistent with conscious levels
of patients with DOC (Casali et al., 2013; Sitt et al., 2014).
Especially, the functional connectivity measured by phase

coupling at theta and alpha bands was demonstrated as an
efficient feature for capturing consciousness levels of patients
with DOC (Lehembre et al., 2012b). However, these findings
were not the case in the patients with UWS of the present study:

Frontiers in Neuroscience 08 frontiersin.org

https://doi.org/10.3389/fnins.2022.1071594
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-1071594 January 5, 2023 Time: 20:5 # 9

Li et al. 10.3389/fnins.2022.1071594

FIGURE 5

Correlation (Kendall’s tau coefficient) of the graphical network parameters with the patients’ GCRV. (A) Correlation of the average path length,
cluster coefficient, and small-world at theta band with the patients’ GCRV. (B) Correlation of the average path length, cluster coefficient, and
small-world at alpha band with the patients’ GCRV.

The functional networks showed no correlation with patients’
CRS-R. Of course, considering the high rate of misdiagnosis
when using CRS-R alone, there are enough reasons to speculate
that the patients with better cortical excitability and functional
networks may be actually in a better conscious state. Anyway,
the findings of the present study revealed a necessity of depth
assessment with the assistant of EEG or TMS-EEG. Acquiring
more details about the brain conditions of the patients with
UWS would raise diagnostic accuracy or improve stratified
management of them in clinics.

Further study is needed to validate the findings of the
present study. In the present study, the frontal region was
selected as a target for detecting cortical excitability, as we

TABLE 3 Correlation (Kendall’s tau coefficient) of functional network
features with the patients’ global cortical reactivity values at delta,
beta, and gamma bands.

Delta Beta Gamma

Average PLV r = 0.309
p= 0.218

r = 0.382,
p= 0.121

r = 0.236,
p= 0.359

Average path length r =−0.309,
p= 0.218

r =−0.418,
p= 0.087

r =−0.200,
p= 0.445

Cluster coefficient r = 0.319,
p= 0.308

r = 0.309,
p= 0.218

r = 0.164,
p= 0.542

Small-world r = 0.319,
p= 0.308

r = 0.309,
p= 0.218

r = 0.164,
p= 0.542

considered that the frontal region is a crucial hub participating
in the consciousness-related networks (Tononi, 2004, 2008;
Alkire et al., 2008; Schiff, 2010). Frontal excitability would
be very minded by non-invasive neuromodulation research
(Angelakis et al., 2014; Thibaut et al., 2014; Naro et al., 2015;
Cavaliere et al., 2016). In a way, it may lead to the results of
frontal-located connectivity, which significantly correlates with
GCRV. However, cortical excitability at other regions is still
needed to validate the findings. Meanwhile, the analysis was
conducted on UWS patients with the same cause (anoxia). More
samples with various etiologies should be included to investigate
whether the big inter-individual variations and correlations are
ubiquitous in patients with UWS. Finally, future research should
consider the relationship between the differences in cortical
activity and the prognosis of post-anoxic patients with UWS.

Conclusion

This is the first study which revealed that the post-anoxic
patients with UWS, who were diagnosed by repeated CRS-R
alone, had marked inter-individual variations of residual EEG
networks and cortical excitability. The functional connectivity
and cortical excitability showed significant correlations
in those patients. These findings suggest us to measure
functional networks and cortical excitability as complement
assessments for such patients. It proved great values of

Frontiers in Neuroscience 09 frontiersin.org

https://doi.org/10.3389/fnins.2022.1071594
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-1071594 January 5, 2023 Time: 20:5 # 10

Li et al. 10.3389/fnins.2022.1071594

neural-electrophysiological tools in assessing the brain
conditions of patients with DOC.
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