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Abstract In patients without a behavioral response, non-
invasive techniques and new methods of data analysis can
complement existing diagnostic tools by providing a method
for detecting covert signs of residual cognitive function and
awareness. The aim of this study was to investigate the brain
oscillatory activities synchronized by single-pulse transcra-
nial magnetic stimulation (TMS) delivered over the primary
motor area in the time—frequency domain in patients with the
unresponsive wakefulness syndrome or in a minimally con-
scious state as compared to healthy controls. A time—fre-
quency analysis based on the wavelet transform was used to
characterize rapid modifications of oscillatory EEG rhythms
induced by TMS in patients as compared to healthy controls.
The pattern of EEG changes in the patients differed from that
of healthy controls. In the controls there was an early syn-
chronization of slow waves immediately followed by a
desynchronization of alpha and beta frequency bands over the
frontal and centro-parietal electrodes, whereas an opposite
early synchronization, particularly over motor areas for alpha
and beta and over the frontal and parietal electrodes for beta
power, was seen in the patients. In addition, no relevant
modification in slow rhythms (delta and theta) after TMS was
noted in patients. The clinical impact of these findings could
be relevant in neurorehabilitation settings for increasing the
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awareness of these patients and defining new treatment
procedures.
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Introduction

Assessment of non-communicative patients with disorders
of consciousness remains a clinical challenge. Modern
medicine has increased the chance of survival for patients
with severe impairment or injury but also the number of those
surviving for prolonged periods in an unresponsive wake-
fulness syndrome [UWS], previously known as vegetative
state, (Laureys etal. 2010) and in a minimally conscious state
(MCS). The current gold standard in detecting consciousness
relies on clinical assessment derived from standard and
functional imaging modalities and behavioral assessment.
However, possible confounding factors and the mechanisms
underlying impaired brain function may not be fully con-
sidered. The absence of behavioral evidence of command-
following is not necessarily indicative of the true absence of
awareness (Owen et al. 2006).

Recent neuroimaging and electrophysiological studies
have demonstrated that some brain-injured patients retain a
range of cognitive capacities despite minimal or no beha-
vioural evidence of awareness. Using functional magnetic
resonance imaging (fMRI), Monti et al. (2010) evaluated
patients with severe brain injury during a motor imagery
and a spatial imagery tasks. A small portion of patients
with UWS or in MCS had brain activation reflecting some
awareness and cognition. Differently, an electroen-
cephalography (EEG) study (Goldfine et al. 2011)
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investigating brain response to motor and spatial naviga-
tion tasks in three patients reported a task-dependent
modulation of EEG, though the patterns of change differed
from those of the controls.

An innovative approach for studying brain functioning is
by triggering oscillatory brain activity with a perturbation
method, e.g. direct stimulation. EEG-transcranial magnetic
stimulation (TMS) co-registration has shed new light on EEG
reactivity in humans. TMS offers an advantageous way to
assess brain function in patients with disorders of conscious-
ness because it does not depend on the integrity of sensory and
motor pathways and it does not require active subject partic-
ipation (Gosseries et al. 2014). When combined with simul-
taneous EEG recording, TMS allows to investigate the
distribution of synaptic activation and to make inferences on
local excitability and area-to-area functional connectivity in
the central nervous system (Komssi et al. 2002). Moreover,
EEG-TMS can be employed at the bedside.

Most studies to date have focused on EEG response to
TMS, interpreted as evoked potential (the TMS evoked
potential: TEP), (Bonato et al. 2006; Del Felice et al. 2011;
Ilmoniemi et al. 1997; Izumi et al. 1997; Paus et al. 1998;
Thut et al. 2003; Thut and Pascual-Leone 2010) by
investigating the characteristics of cortical reactivity and
connectivity. This response (TEP) is time-locked to the
event and it is detected by averaging techniques. The basic
assumption is that the evoked activity has a relatively fixed
time-delay to the stimulus, while EEG activity behaves as
additive noise. In fact, the TEP can be used to study the
reactivity of a target area by using its amplitude, thus
allowing quantification of the state of the brain (Veniero
et al. 2010) and tracking the connectivity of both intra-
hemispheric and interhemispheric cortical networks
(Rosanova et al. 2012). Stimulus-induced rhythmic EEG
activity, which is not phase locked to an event, and not
detected by the time domain analysis (averaging tech-
niques), but can be detected by frequency analysis (Pfurt-
scheller and Lopes da Silva 1999). In that case, activity that
is not phase-locked to the onset of the TMS pulse is can-
celled out due to averaging. It is, however, possible that the
TMS pulse induces responses that are not necessarily
phase-locked to the onset of the pulse, for example changes
in spontaneous oscillatory activity. The application of
EEG-TMS co-registration has opened new and intriguing
lines of research in the study of the brain response yielding
a wealth of data on rhythmic brain activities (Fuggetta et al.
2005, 2008; Manganotti et al. 2012, 2013a; Noh et al.
2012; Thut and Miniussi 2009; Napolitani et al. 2014) and
on the connectivity of brain areas during the wake state or
sleep (Massimini et al. 2005). Cortical response to TMS
has been variously described, but only few studies have
examined consciousness disorders (Rosanova et al. 2012;
Ragazzoni et al. 2013; Tallus et al. 2013).

The time—frequency analysis is fundamental when the
goal is to investigate the several reactive EEG frequencies,
each exhibiting unique temporal and topographic patterns
in association with functional brain activation. This
approach allows defining the time course of the slow and
fast oscillations and evaluating the rhythms modifications
as well as the TMS-locked response. Accordingly, wavelet-
based techniques are being increasingly used for processing
non-stationary EEG recordings with respect to oscillatory
behavior (Samar et al. 1999) as well as for evaluating the
effects of a magnetic (Manganotti et al. 2012, 2013a;
Rosanova et al. 2009) or electric stimulation (Formaggio
et al. 2013), during robot-assisted motor performance
(Formaggio et al. 2015), and during EEG-functional mag-
netic resonance imaging co-registration (Formaggio et al.
2011, 2014; Storti et al. 2010).

Recently, Manganotti and colleagues used a time—fre-
quency analysis based on the wavelet method to charac-
terize rapid modifications of oscillatory EEG rhythms
induced by single-pulse TMS in healthy subjects. Stimu-
lation induced a rapid desynchronization over the frontal
and central-parietal electrodes mainly in the alpha and beta
bands, followed by a rebound of synchronization, and a
rapid synchronization of delta and theta activity
(Manganotti et al. 2012). Afterwards, during awake, awake
after sleep deprivation and in sleep, they observed a sleep-
related slight desynchronization of alpha, mainly over the
frontal areas and a widespread increase in theta synchro-
nization applying the same method of analysis to investi-
gate EEG response to TMS (Manganotti et al. 2013a). This
method is appealing for detecting dynamic changes in the
regional neural oscillatory activity of cortical areas and for
correlating the modulation of these induced oscillations to
different brain states.

The aim of this study was to investigate the brain
oscillatory activities synchronized by single-pulse TMS
delivered over the primary motor area (M1) in the time—
frequency domain in UWS and MCS patients as compared
to healthy controls. These findings could drive the sys-
tematic development of neurophysiological and stimulation
paradigms to assess brain function and cognitive capacity
after severe brain injuries (Manganotti et al. 2013b).
Moreover, the clinical impact could be relevant in the
neurorehabilitation setting for increasing the awareness of
these patients and defining new treatment procedures.

Materials and Methods
Patients and Controls

Five patients (3 women, 2 men; mean age, 59.6 years £+
standard deviation [SD] 15.5 years) with UWS or in MCS,



Table 1 Demographic and clinical profiles of patients

No. Age  Sex Clinical diagnosis  Aectiology MRI findings Months since injury ~ DRS
1 47 Female  UWS Anoxic Parietal-occipital lesions 29 26
2 61 Male UWS Anoxic Diffuse anoxic-ischemic lesion 8 26
3 72 Male UWS Haemorrhagic  Right thalamic lesions 72 29
4 41 Female  UWS Haemorrhagic ~ Right mesencephalic lesions 12 24
5 77 Female  MCS Ischemic Multifocal brainstem and thalamic lesions 27 21

admitted to the Neurorehabilitation Center of IRCCS San
Camillo Hospital, Venice, met the study inclusion criteria:
absence of contraindications to TMS; stability of vital
parameters; and at least 12 months after the injury event
(Giacino et al. 2002; Wassermann 1998). The clinical
characteristics of the enrolled patients are shown in
Table 1. Clinical features were assessed with the disability
rating scale (DRS) (Rappaport et al. 1982).

Control data from five healthy subjects (1 woman, 4
men; mean age 25.7 years; = SD 4.2 years) were obtained
in a previous study (Manganotti et al. 2012). In accordance
with the Declaration of Helsinki, written informed consent
to participate in the study was obtained from the healthy
volunteers and the patients’ caregivers. The study design
and protocol were approved by the Local Ethical Com-
mittee of IRCCS San Camillo Hospital.

Transcranial Magnetic Stimulation

TMS was delivered using a Magstim-Rapid2 Stimulator
(Magstim Company Ltd, London, UK) and a figure-of-
eight focal coil over the left/right M1 based on the presence
of motor evoked potentials (MEPs). MEPs were recorded
from the left/right thenar eminence muscle with Ag/AgCl
surface electrodes fixed to the skin with a belly-tendon
montage.

Stimulus intensity was set at 110 % of motor threshold
(MT) intensity. The MT intensity was approached from
individual suprathreshold levels by reducing the stimulus
intensity in 1 % steps (Rossini et al. 1994).

A white noise (90 dB) was played through the ear-
phones to mask the coil-generated click, to avoid any effect
of clicks in the modulation of cortical oscillatory activities
(Nikouline et al. 1999; Tiitinen et al. 1999) during both
resting state and stimulation conditions.

Spontaneous EEG, acquired in resting state condition
(the basal EEG), and single-pulse magnetic stimulation
were performed during the same experimental session; 50
stimuli were delivered at 110 % of MT (a minimum inter-
trial interval (ITI) of 6 s and a maximum of 8 s) over the
left/right M1 area. During TMS the computer triggered the
magnetic pulses by insertion of a marker in a track of the
EEG recording system.

EEG Data Recordings and Analysis

EEG data were acquired at a rate of 1024 Hz as in
Manganotti et al. (2012) using a magnetic resonance (MR)-
compatible EEG amplifier (SD MRI 32, Micromed, Tre-
viso, Italy) and a cap providing 30 TMS-compatible
coated-electrodes positioned according to a 10/20 system.
To avoid saturation, the EEG amplifier had a resolution of
22 bits (range, & 25.6 mV). An anti-aliasing hardware
band-pass filter was applied with a bandwidth between 0.15
and 269.5 Hz.

Time—frequency analysis was performed with continu-
ous Morlet wavelet transform in delta (1-4 Hz), theta
(4-7 Hz), alpha (8-12 Hz), and beta (13-30 Hz) ranges. A
family of complex Morlet wavelets was constructed at
1 Hz frequency intervals. Each wavelet function has a
Gaussian distribution in the time (SD: o) and frequency
domains (SD: oy) around the centre frequency f and it
depends on a parameter, the number of oscillations (fy/Gy),
which has to be chosen by the user. The number of oscil-
lations in each data window can be critical and there is no
rule for determining this parameter. We chose these
parameters to better investigate power changes as the
optimal compromise in time—frequency using the fre-
quency ranges specified above and a temporal window of
5 s. Our wavelet family was computed using a ratio of 4
oscillations for delta, 7 for theta, 12 for alpha, and 30 for
beta bands.

Wavelet transform was applied to each epoch of basal
EEG (24 epochs) and to each single post-stimulus trial (43
trials). The relative power (%), calculated by dividing the
power of the frequency band (delta, theta, alpha, beta) with
the power of 1-30 Hz, was estimated for the two condi-
tions (basal and post-stimulus). The reference basal relative
power for each frequency band was calculated by averag-
ing wavelet spectra across time and frequency, obtaining
one value for each band. The mean and the standard
deviation of relative power among epochs were computed.
The post-stimulus relative power was computed by aver-
aging wavelet spectra in the frequency ranges of interest,
producing a power time course for each trial and each
band. Profiles for each subject were averaged from the
post-stimulus trials and normalized to the basal value



(expressed as 1). In this way we can appreciate the dif-
ference in power within and between groups. The
researcher paid special attention to have an EEG in
“awake”, with eyes open, and without periods of sleep
throughout the recording session.

Statistical analysis was performed using SPSS software
package (SPSS Inc., Chicago, IL). Analysis of covariance
(ANCOVA) with Bootstrap was applied using the four
factors “group” (patients, controls), “condition” (basal
EEG, post-stimulus), “frequency range” (delta, theta, alpha
and beta), “electrodes” (F3, Fz, F4, C3, Cz, C4, P3, Pz,
P4), and the “age” as covariate. The mean of not-nor-
malized power in the 5-s interval (one value for each
electrode) was considered as the dependent variable.

In order to check whether post-stimulus activity differed
significantly from the basal EEG for each group and in
order to compare the power time course of the patients to
that of healthy subjects, ANCOVA for repeated measures
was applied to the relative power with the factors “group”
(patients, controls), “condition” (basal EEG, post-stimu-
lus), “time” (10 values for each electrode, the mean of
relative power in the 500-ms intervals) and the “age” as
covariate.

Grand mean topographic maps showing power at dif-
ferent frequency ranges were computed for the patient and
the control groups. The topographical maps allowed us to
verify the power distribution on the whole scalp at a
specific time-point corresponding to the maximum or
minimum of the C3 power time course for each band in the
controls. ANCOVA with Bootstrap was applied to nor-
malized relative power computed at the specific time-point,
for each band, using the factors “group” (patients, con-
trols) and “electrodes” (F3, Fz, F4, C3, Cz, C4, P3, Pz,
P4), and the “age” as covariate.

A post hoc paired sample two-tailed ¢ test adjusted for
multiple comparisons with the Bonferroni method was used
in all the statistical analysis. Statistical significance was set
at p < 0.05, corrected.

Results

ANCOVA applied to the average power values in time
showed a significant main effect for the factor “frequency
range” F(3575) = 603.331; p < 0.001 (Bootstrap statistics).
There was a significant interaction between “group” and
“frequency range” F(3575) = 70.106; p < 0.001; “elec-
trodes” and “frequency range” F(24,575) = 3.396;
p < 0.001; “group” and “condition” and “frequency range”
F(3575) = 3.885; p < 0.05. There was no significant effect
for the factor “group” or for the covariate “age”.
Mentioned below are the times/latencies in which EEG
modifications were observed and are related to the time in

the processed epochs and not to latency with respect to
TMS. Trials of 5 s were selected from 35 ms to 5035 ms
after the stimulus (Manganotti et al. 2012).

Delta Band

The delta power in the controls was characterized by an
increase, with a peak at about 0.5 s, followed by a gradual
reduction in power until reaching the basal condition
(Fig. 1). This initial synchronization was significant
(p < 0.05, Bonferroni corrected) in C3, and evident in Fz,
F4, C4 and P4. In the patients, the power did not signifi-
cantly change over time and remained above the basal
value for the entire time. The differences between patients
and controls were significantly evident (p < 0.05, Bonfer-
roni corrected) only in C3 during the last 500 ms.

Theta Band

The theta relative power increased significantly from the
basal value in the first 0.2 s only in F4 (Fig. 2) in the
controls. The increase was followed by a rapid decrease. A
power significant increase in F4 from 7 to 9 s and in the
last 500 ms after stimulation was also noted. The only
significant differences, as compared to the basal EEG,
observed in the patients were the power decrease in F4
from 0.5 to 4.5 s and from 2.5 to 4 s. As observed in the
controls, the pattern of increase was also detected in the
patients (in P3 and Pz), though no significant changes were
found. No significant differences were observed between
patients and controls.

Alpha Band

In the controls, TMS induced a marked decrease in power
over both sensorimotor areas (C3 and C4) and in Fz and P4,
followed by a progressive synchronization in time, espe-
cially over the parietal (P3, Pz, and P4) electrodes (Fig. 3).
A decrease, as compared to the basal EEG, was also
observed in the patients immediately after the stimulation
in F3, Fz, and Cz. In Cz the power remained below the
basal value during the entire post-stimulus interval. As
compared to the controls, no significant differences were
found.

Beta Band

In the controls, there was an initial, rapid power decrease in
the beta band mainly in Fz, C3 and P4 followed by a
marked increase in beta power over the sensorimotor areas,
and more specifically, over C4 (Fig. 4). A synchronization
was also observed from 4 to 5 s after stimulation in P3, Pz
and P4. As noted in the alpha band, an opposite pattern was
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Fig. 1 Average relative wavelet power and standard error in delta
range (1-4 Hz), after single-pulse TMS, in controls (red) and patients
(black). (*) above the bars indicates values significantly different
from basal level. Data are analyzed from 35 ms to 5035 ms after the

observed in the patients immediately after the stimulation,
with an increase of power in F4, C3, C4, P3, Pz and P4. No
significant differences were observed between patients and
controls.

Patients Versus Controls at the Specific Time-Point

ANCOVA applied to normalized relative power computed
at the specific time-point showed a significant main effect
for the factor “age” in delta (F(1239) = 42.039;
p < 0.001), alpha (F(1239) = 17.096; p < 0.001), beta
(F(1239) = 35.611; p <0.001) and “group” in delta
(F(1239) = 96.386; p < 0.001), alpha (F(1239) = 40.422;
p < 0.001), beta (F(1239) = 61.544; p < 0.01). There was
a significant interaction between “group” and “electrodes”
in delta range F(29,239) = 1.461; p < 0.05. A post hoc
t test showed significant differences between patients and
controls in delta for all the electrodes (except for Pz)
(p < 0.05, Bonferroni corrected).

The grand average maps, computed at the time point
corresponding to the maximum (delta and theta bands) or

Control

stimulus onset. The green area represents the time interval in which
the relative power time course computed in patients differs statisti-
cally from that computed in healthy subjects (Color figure online)

minimum (alpha and beta bands) of the C3 power time
course detected in the controls, showed a delta power
decrease in the patients as compared to the controls over
C3 and over Fz, and a theta decrease over the frontal (Fz,
F4), central (Cz) and parietal (P4, PO3) regions (Fig. 5).
An opposite pattern was observed in the alpha and beta
bands where an alpha power increase was noted over both
the sensorimotor cortex (C3, C4) and over the fronto-cen-
tral electrodes. Power decrease was observed in beta range
over frontal (FCS5, F3, Fz) and centro-parietal (Cz, Cpl,
PO3) electrodes.

Discussion

This study investigated the time course of different patterns
of brain oscillatory activity induced by single-pulse TMS
in patients with altered state of consciousness. An opposite
pattern of EEG power in alpha and beta bands was detected
in the patients as compared to the controls. TMS represents
an input to the brain that can be helpful to quantify the
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Fig. 2 Average relative wavelet power and standard error in theta
range (4-7 Hz), after single-pulse TMS, in controls (red) and patients
(black). (*) above the bars indicates values significantly different

local response and the dynamic spatial spreading pattern of
the induced activity. In particular, analysis of brain oscil-
latory activity by quantitative EEG can be a useful tool to
assess thalamo-cortical function and can help to understand
the mechanisms underlying the modifications of the level
of consciousness in persons with UWS and MCS.
Different techniques and protocols have been developed
and applied to assess neuroplasticity in patients with disor-
ders of consciousness. Combined EEG and TMS has been
used to study the effect of a single-pulse TMS on slow
evoked potential (TEP). A recent study (Rosanova et al.
2012) applied TMS with high-density EEG to evaluate the
effective connectivity in severely brain-injured, non-com-
municating patients. In the patients with UWS, TMS stim-
ulation triggered a simple, local response indicating a
breakdown in effective connectivity, similar to that observed
in unconscious sleeping or anaesthetized subjects. In con-
trast, in MCS patients, TMS triggered complex activations
that sequentially involved distant cortical areas ipsilateral
and contralateral to the site of the stimulation. In another
study, Tallus et al. (2013) compared the brain responses
between conscious patients with mild brain injury and

from basal level. Data are analyzed from 35 to 5035 ms after the
stimulus onset. No significant differences were observed between
patients and controls (Color figure online)

controls and found altered brain reactivity and connectivity
in the former as compared to the latter. This pattern of
response was explained as a compensatory mechanism of
recovery. TEP results suggest that cortical reactivity and
connectivity are severely impaired in all patients with UWS,
whereas in most MCS patients TEPs are preserved but show
abnormal features (Ragazzoni et al. 2013). A new measure,
the Perturbational Complexity Index (PCI), has been
recently developed to assess the brain capacity of con-
sciousness by evaluating the amount of information con-
tained in the integrated response of the thalamo-cortical
system to a direct TMS perturbation (Casali et al. 2013). PCI
has been shown to provide a data-driven metric that can
discriminate the level of consciousness in single subjects
under different conditions. In a recent review, the authors
summarized that EEG response to TMS collapses when
consciousness is lost during deep sleep, anesthesia, and
vegetative state, while it recovers when consciousness res-
urges in wakefulness, during dreaming, in the minimally
conscious state or locked-in syndrome (Sarasso et al. 2014).

Differently from those studies, here we assessed the
power time-course modifications by comparing changes in
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Fig. 3 Average relative wavelet power and standard error in alpha
range (8-12 Hz), after single-pulse TMS, in controls (red) and
patients (black). (*) above the bars indicates values significantly

EEG oscillatory activity induced by single-pulse stimula-
tion to evaluate the pattern of slow and fast oscillatory
activities in terms of frequency modification, compared to
the basal EEG. The basal EEG acquisition was performed
in a resting state condition, differently from other approa-
ches applied to the study of TEP, where the evoked high
amplitude EEG deflections are usually baseline corrected
using a very short epoch of some ms preceding the stim-
ulus. Our aim was to compare the changes in oscillatory
activity induced on EEG by the stimulation to a reference
value (resting state condition), devoid of any external
perturbation.

Our results showed that the pattern of EEG changes in
the patients differed from that of the controls. Because of
the conservative nature of the Bonferroni correction for
multiple comparisons, few results reached statistical sig-
nificance; nevertheless the main modifications of the
rhythms were anyway marked. In the controls there was an
early synchronization of slow waves (delta and theta)
immediately followed by a desynchronization of alpha and
beta frequency bands over the frontal and centro-parietal
electrodes, whereas an opposite early synchronization,

different from basal level. Data are analyzed from 35 to 5035 ms after
the stimulus onset. No significant differences were observed between
patients and controls (Color figure online)

particularly over C3 and C4 for alpha and beta, and over
the frontal and parietal electrodes for beta power was seen
in the patients. In addition, the patients showed no relevant
modifications of slow rhythms (delta and theta) after TMS.
The ANCOVA applied to the average power values in time
did not show any significant difference between patients
and controls, except for delta range at C3 in the last 500-ms
interval after stimulation; however, a significant difference
between groups was observed at the time point corre-
sponding to the maximum in the healthy subjects in the
delta band over all the electrodes.

The ability of TMS to increase slow oscillatory activity
immediately after stimulation in controls may indicate
enhanced fronto-parietal susceptibility to magnetic field
fluctuations in this frequency. EEG theta oscillations dur-
ing resting state seem to reflect long-range cortical network
activity (Destexhe et al. 2007) that increase between pre-
frontal and parietal neocortical regions during working
memory and encoding tasks (Sarnthein et al. 1998; Mizu-
hara and Yamaguchi 2007), and is seen as a functional
binding of widely distributed cortical assemblies (Sauseng
et al. 2007). Our TMS appears sufficient to induce a
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Fig. 4 Average relative wavelet power and standard error in beta
range (13-30 Hz), after single-pulse TMS, in controls (red) and
patients (black). (*) above the bars indicates values significantly

perturbation of intact cortical networks oscillating in theta
frequency range measurable during a short time period in
the immediate aftermath of stimulation, but limited to
healthy controls. This could be explained by the functional
impairment of the fronto-parietal network and its connec-
tions of the vegetative state.

Another result that characterized our findings was a
secondary desynchronization of faster activity. Berger
described the phenomenon of “alpha blocking”, alpha
power suppression during eyes opening, as a top-down
activation process (Berger 1930). This basic finding dating
from the earliest work in electroencephalography demon-
strates that alpha suppression, in terms of desynchroniza-
tion, may primarily reflect top-down sensory processing.
Alpha waves can be recorded over the visual cortex, above
the sensory-motor cortical area (usually referred to mu, or
somatosensory alpha rhythm), over the supplementary
motor area, as well as above the middle temporal cortex.
Alpha synchronization/desynchronization is a common
feature of activity of these sensorimotor cortices and play a
key role in modulating cognitive functions such as per-
ceptual learning (Sigala et al. 2014). The idling role of

different from basal level. Data are analyzed from 35 to 5035 ms after
the stimulus onset. No significant differences were observed between
patients and controls (Color figure online)

alpha oscillations has been replaced by the inhibition
hypothesis which states that the amplitude of alpha oscil-
lations is suppressed in specialized sensorimotor areas
when processing sensory stimuli while it emerges in areas
that are not explicitly involved in the task (Kelly et al.
2006; Thut et al. 2006). Other investigators have found an
alpha desynchronization effect correlated with subsequent
behavioral performance, suggesting that the alpha decrease
is associated with an enhanced excitability of cortical areas
in charge of processing stimuli (Snyder and Foxe 2010; Mo
et al. 2011). Therefore, alpha event-related desynchro-
nization seems to be a correlate of activated cortical net-
works related to information processing (Klimesch 1997),
selective attention (Suffczynski et al. 2001), and motor
preparation (Pfurtscheller et al. 2000).

Fuggetta et al. (2005) observed that single-pulse TMS
produces an increase in power in both the alpha and beta
bands, in healthy subjects, unlike the self motor finger
movement which produces a well-known decrease in alpha
and beta powers. In this study, spectral estimation was
performed using fast Fourier transform which does not
detect dynamic changes. To overcome this limitation,
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band, computed in healthy
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methods that can monitor the temporal variation of EEG ~ wavelets, to detect alpha and beta dominant oscillations,
power are needed. Rosanova et al. (2009) applied the evoked by TMS, in the occipital and parietal cortex,
event-related spectral perturbation, based on Morlet  respectively, in the first 200 ms after stimulus. In this study




we used wavelet-based methods to detect the temporal
modulation of brain oscillations in the main frequency
bands. The initial decrease of power in the alpha and beta
bands, followed by a more prominent increase of power in
beta activity over the ipsilateral and contralateral M1, is
simultaneously associated with an early increase in delta
power over the central and frontal areas, followed by a
slow return to background activity.

On the basis of these findings, we may presume that
immediately after single-pulses TMS the cortical networks
are put in a state of excitation similar to that observed for
cognitive processing, inducing a large desynchronization of
alpha power (Klimesch et al. 2003). The causal nature of a
close relationship between EEG alpha oscillations and
human behavior has been pointed out by demonstrating
that enhanced alpha power by repetitive trancranial mag-
netic stimulation (rTMS) can improve cognitive task per-
formance (Klimesch et al. 2003). As explained by
Klimesch, the alpha reactivity, measured by event-related
desynchronization (ERD), depends on the amplitude of
alpha oscillations acquired in a reference period (resting
state condition) that precedes the task performance. Cog-
nitive performance is related to the amplitude of ERD
which depends on the power in the reference period.
Subjects with large alpha power have significant ERD and
this is associated with good performance in different tasks.
rTMS at alpha frequency can enhance alpha power in the
reference period, improving task performance, and can be a
useful therapeutic tool for patients with cortical
dysfunctions.

On the other hand, the synchronization of fast rhythms
(alpha and beta) over sensorimotor areas in patients with
disorders of consciousness could support the notion that
large amplitudes of synchronized alpha activity reflect a
brain state of reduced information processing (Pfurtscheller
2001). This synchronization, accompanied by a non-reac-
tive theta activity, could represent a rearrangement of
dynamic cortical patterns in disorders of consciousness.

In a state of unconsciousness, a circuit-based mechanism
is known to be capable of producing strong power in the
theta range after severe or moderate deafferentation at the
level of the neocortex and thalamus. Deafferentation of the
neocortex leads to intrinsic membrane oscillations at theta
frequencies and deafferentation of the thalamus from its
cortical inputs leads to bursting in the wakeful state and
increased theta power in the EEG (Llinds et al. 1999;
Williams et al. 2013). The absence of modifications in EEG
power could be explained by the inability of distributed
regions of the brain to interact through divergent cortico-
cortical and cortico-thalamo-cortical connections.

Klimesch et al. (1994) provided good evidence that theta
power is related to the encoding of new information and to
episodic memory and that a task related increase in theta
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power reflects the successful encoding of new information.
Because theta power increases in a large variety of dif-
ferent tasks it seems plausible to assume that theta power
reflects at least in part unspecific factors such as e.g.,
attentional demands, task difficulty and cognitive load
(Klimesch et al. 1994). In particular, they demonstrated
that theta synchronization and upper alpha desynchro-
nization are related to episodic and semantic memory
performance, respectively. Furthermore, slow oscillations
have been proposed to play a key role in NREM in sup-
porting the information processing related to the experi-
ences of the previous awake period and slow sleep-
associated consolidation of memory (Ji and Wilson 2007).

In light of this, our study further supports the hypothesis
for a reduced computational capability, as represented by a
lack of theta synchronization/alpha desynchronization after
single-pulses TMSs in patients with UWS. From a more
general perspective, our findings indicate that a particular
pattern of synchronization/desynchronization in different
frequency bands after single TMS pulses could be an
indicator for encoding processes that are impaired in
patients with consciousness disorders.

The novelty of the present method consists in the
application of a time—frequency analysis to the rapid and
slow brain oscillations induced by TMS in patients with
disorders of consciousness. This preliminary study has
several limitations. Well-designed studies with a larger
sample size and more detailed data are needed to confirm
our observations. Our patient population was heteroge-
neous and included patients with different types of lesions
and diagnosis. As well known, EEG frequency changes can
occur as a function of age and it would be very interesting
to acquire EEG data in a consistent sample of healthy
subjects in the same range of ages of the patients. Although
in our study the mean age of patients differed from con-
trols, it had no significant effect as a covariate in the
statistics applied to the average power values in time and to
the mean of relative power in the 500-ms intervals. How-
ever, a significant influence of age was observed in all the
frequency ranges, except for theta, in the ANCOVA
applied to the relative power at a specific time point.
Further investigations on larger populations are needed to
generalize the results of our study to the clinic, translate
insights from research to clinical implications in uncon-
sciousness patients, and find a conclusion. Nonetheless, our
findings suggest that different neuronal populations are
involved in the electrophysiological phenomena induced
by TMS and that these neurons may be affected differen-
tially. Moreover, our data add important insights into the
patterns of oscillatory activity during TMS and indicate the
potential this new approach to analysis holds in the eval-
uation of cortical oscillatory activity time changes in
patients with disorders of consciousness. The aim of this



study was not to discriminate between conscious and
unconscious patients but to describe the different neuro-
physiological time—frequency responses to TMS as com-
pared to healthy subjects in order to better understand the
pathophysiology of loss of consciousness.

Patients with consciousness disorders constitute a major
challenge for diagnosis, prognosis and treatment. Certain
electrophysiological and neuroimaging methodologies may
not be sufficient to select patients for a specific treatment
(Yamamoto et al. 2013). The combination of different
electrophysiological and neuroimaging techniques (e.g.,
EEG, magnetoencephalography [MEG], fMRI, perfusion
MRI, TMS) could be useful to deepen our understanding of
brain function and improve diagnosis. Moreover, the
multimodality approach may offer new insights into the
physiopathology of consciousness disorders and help to
define novel non-invasive treatment procedures. In patients
without behavioral responses, non-invasive techniques and
new methods of data analysis can complement existing
diagnostic tools by providing a method for detecting covert
signs of residual cognitive function and awareness.
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