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Background: Repetitive transcranial magnetic stimulation (rTMS) induces prolonged functional changes
in the cerebral cortex in normal conditions and in altered states of consciousness. Its therapeutic effects
have been variously documented.
Objective: The aim of this study was to investigate the reactivity of electroencephalography (EEG) and the
clinical response in six severely brain-injured patients in an altered state of consciousness (minimally
conscious state [MCS] or vegetative state [VS]). EEG rhythm and brain excitability were measured before
and after a protocol of high-frequency rTMS.
Methods: All six patients underwent clinical and neurophysiological evaluation before rTMS and
immediately thereafter. EEG data in resting state were acquired at the beginning of the exam (T0), after
rTMS (T1), and 38 min after rTMS (T2). From these data the power values were computed using Fast
Fourier Transform.
Results: rTMS over the motor cortex induced long-lasting behavioral and neurophysiological modifica-
tions in only one patient in MCS. No significant clinical or EEG modifications were detected in any of the
other patients, except for changes in motor threshold and motor evoked potential amplitude over the
stimulated motor areas.
Conclusions: The main finding of the study is the correlation between EEG reactivity and clinical response
after rTMS. Reappearance of fast activity and an increase in slow activity were noted in the one patient
with transitory arousal, whereas no significant reliable changes were observed in the other patients
showing no clinical reactivity.

� 2013 Elsevier Inc. All rights reserved.
Background

A persistent vegetative state (PVS) refers to a disorder of
consciousness in which severely brain-injured patients remain
in a state of wakefulness without detectable awareness. In this
extended state of unconsciousness, accompanied by nearly normal
cycles of sleeping and waking, the brainstem and thalamus are
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relatively spared, but cortical functional connectivity is limited or
absent. The electroencephalogram (EEG) of PVS patients in
a resting state is generally characterized by an increase of slow
EEG oscillations (delta and theta rhythms) and a decrease of fast
alpha oscillations [1]. In response to sensory inputs, Laureys et al.
reported that an electrical stimulation of the median nerve
could activate the primary somatosensory cortex, but not higher-
order multimodal areas that appear disconnected in vegetative
patients [2].

Persistently vegetative individuals have no signs of awareness of
themselves or their environment. Some may progress to a perma-
nent vegetative state (VS), generally 3 months after an anoxic brain
event and 12 months after brain trauma, while others may progress
to a minimally conscious state (MCS), in which integrated but
undersustained cortical functions are retained [3,4]. If the disorder
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persists for longer than 12 months after severe traumatic brain
injury, the state is generally considered to be immutable and no
treatment has been shown to accelerate recovery or improve
functional outcome [5,6]. Nonetheless, some studies have shown
unexpected preservation of large-scale cerebral networks in MCS
patients, a condition characterized by definite behavioral evidence
of awareness of self or the environment [7e11].

Neurostimulation to restore cognitive and physical functions is
an innovative and promising technique for treating patients with
severe brain injury. Deep brain stimulation (DBS) has been
proposed as an experimental therapeutic strategy that might
produce consistent and sustained effects of maintaining excitatory
activity within functionally disconnected forebrain neurons [12].
It is used in treating Parkinson’s disease, essential tremor, or
depression but it has not been tested in clinical trials. Besides its
invasiveness associated with surgical risks and complications,
another major barrier to its wider use is the syndromic heteroge-
neity and variance of subjects who might benefit from DBS.
Furthermore, the selection of potential recipients of DBS is limited
by the current inability to estimate cerebral function based on
bedside examination [13].

Among currently available non-invasive painless stimulation
techniques, single-pulse transcranial magnetic stimulation (TMS)
has been demonstrated to be effective for assessing motor cortex
excitability and the integrity of conduction along the central and
peripheral motor pathways. Similarly, repetitive transcranial
magnetic stimulation (rTMS) has been shown to induce prolonged
functional changes in cerebral cortex in normal conditions and
therapeutic effects in different diseases [14e17]. Several studies
suggest that the thalamocortical system can be engaged in rapid
causal interactions [18e22]. One way to study this phenomenon is
to perturb directly a subset of cortical neurons with TMS and
monitor the brain’s reaction using electroencephalography (EEG)
[23e27].

To date, few studies have focused on the use of TMS in patients
with impaired consciousness [28,29]. Recent advances in EEG-TMS
co-registration have shed new light on EEG reactivity in humans
[30e32]. For instance, Babiloni et al. demonstrated a relationship
between alpha EEG rhythm and conscious awareness [33]. They
showed that the parietal and occipital source power of alpha
rhythm was high in the normal subjects, low in the PVS patients
who recovered some level of consciousness at 3 months follow-up,
and practically null in the PVS patients who did not recover. Their
findings suggest that the sources of alpha rhythm are related to the
outcome of PVS patients at 3 months follow-up. Corroborating this
hypothesis, our recent study reported the reactivity of a single MCS
patient after brain stimulation, in which an increase in the alpha
band was correlated with functional improvement [34]. Also
Louise-Bender Pape et al. reported results of a 10 Hz rTMS protocol
applied to a MCS patient. They highlighted the therapeutic effect of
rTMS concluding that thirty application of rTMS protocol may
promote clinically significant neurobehavioral recovery in chronic
severe traumatic brain injury [29].
Table 1
Clinical profiles.

Case Age Gender Clinical diagnosis Etiology MRI

1 70 M MCS Hemorrhagic Right
2 37 F VS Traumatic Subd
3 67 M VS Hemorrhagic Mult
4 29 M MCS Traumatic Mult
5 38 M MCS Traumatic Ponto
6 27 M VS Hemorrhagic Right

DRS ¼ Disability Rating Scale.
Generally, in behaviorally awake but unresponsive VS patients,
TMS triggers a simple, local slow response that indicates a break-
down in effective connectivity, similar to that observed in uncon-
scious sleeping or anaesthetized patients [35e37]. In contrast,
in MCS patients, who show fluctuating signs of non-reflexive
behavior, TMS seems to trigger complex activations that sequen-
tially involve distant cortical areas ipsilateral and contralateral to
the site of stimulation.

Evidence from electrophysiological studies of stimulation over
a healthy primary motor cortex (M1) suggests that there is
a progressive increase in the excitability of local circuits during
rTMS, but not only. Remote changes in cortical and subcortical
activity, including associative regions such as the thalamus, caudate
nucleus, and putamen, may be involved in stimulation. The nature
of the remote effect of TMS is not well understood. The presumed
net facilitatory effect on neural activity in remote regions may be
produced by trans-synaptic or direct activation of cortico-cortical,
or cortico-subcortical neurons [38].
Hypothesis

On this basis, we hypothesized that rTMS could be a useful
means to investigate behavioral responsiveness in MCS patients,
with possible implications for non-invasive therapy, since the
majority of such patients show a consistent presence of residual
network properties underlying the expression of fragmentary
behavioral patterns [2,19].

The aim of this study was to investigate EEG reactivity and
clinical response in 6 severely brain-injured patients in a state of
altered consciousness. EEG rhythms and brain excitability were
measured before and after a protocol of high-frequency rTMS.
Methods

Patients

Six patients (5 men, 1 woman; mean age, 48 years, �standard
deviation [SD] 19.4 years) in VS or MCS, admitted to the Neuro-
rehabilitation Center of San Camillo Hospital, Venice, between April
and July 2008 or resident in an adjacent nursing home during the
same period, met the study inclusion criteria: absence of contra-
indications to TMS; stability of vital parameters; and >12 months
since injury event [4,39]. The clinical characteristics of the enrolled
patients are shown in Table 1.

Clinical features were assessed with the Disability Rating Scale
(DRS) and the JFK Coma Recovery Scale (JFK CRS-R) [40,41]. The JFK
CRS-R scale consists of 23 items in six subscales addressing audi-
tory, visual, motor, oromotor, communication and arousal func-
tions. The CRS-R subscales comprise hierarchically arranged items
associated with brainstem, subcortical and cortical processes. The
lowest item on each subscale represents reflexive activity, while the
highest item represents cognitively mediated behaviors.
findings Months since injury DRS

thalamic and intraventricular hemorrhage 48 27
ural hematoma and diffuse cortical lesions 34 26
ifocal bifrontal lesions 31 29
ifocal bifrontal lesions 94 24
mesencephalic lesion 36 23
centroparietal hematoma 12 28



Table 2
JFK CRS-R response profile.

Case Patients

1 (MCS) 2 (VS) 3 (VS) 4 (MCS) 5 (MCS) 6 (VS)

Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post

Auditory 2 4 1 1 2 2 2 2 1 1 0 0
Visual 2 4 1 2 2 2 1 2 1 1 0 0
Motor 3 6 2 2 3 3 3 3 3 3 2 2
Verbal 1 1 1 1 2 2 2 2 1 1 0 0
Communication 0 0 0 0 0 0 0 0 0 0 0 0
Arousal 2 3 2 2 2 2 2 2 2 2 0 0

JFK CRS-R ¼ JFK Coma Recovery Scale.
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In accordancewith the Declaration of Helsinki, written informed
consent to participate in the study was obtained from the patient’s
caregivers. The study design and protocol were approved by the
Local Ethical Committee of San Camillo Hospital.

Clinical and neurophysiological evaluation were performed by
the same neurologist before each rTMS session and immediately
thereafter.
Stimulation procedures

rTMS was performed using a Magstim-Rapid2 Stimulator
(Magstim Company Ltd, London, UK) which generates a maximum
magnetic field of 2.2 T. TMS was delivered through a figure-of-eight
focal coil oriented so that the induced electric current flowed in
a posterioreanterior direction over the left/right primary motor
cortex (M1) based on the presence of motor evoked potentials
(MEPs). The primary motor cortex has been used extensively for
rTMS studies because the effects of stimulation on motor system
are easy to quantify by measuring the size of MEPs. In addition
motor areas are densely interconnected with prefrontal cortical
areas and subcortical structures, creating an important functional
network to investigate.

MEPs were recorded from the left/right thenar eminence (TE)
muscle with Ag/AgCl surface electrodes fixed to the skin with
a belly-tendon montage. The amplified and band-pass filtered
(50 Hze20 kHz) electromyographic (EMG) signal was fed into
a Medtronic EMGMachine at a sampling rate of 5 KHz. The coil was
placed tangentially with respect to the scalp, with the handle
pointing backwards and laterally at a 45� angle away from the
midline. The stimulation coil was positioned with the handle
pointing backward and over the optimal scalp position to obtain the
highest motor evoked potential (MEP), corresponding approxi-
mately between C3/C4 and P3/P4 in all patients. Induced currents
were directed postero-anteriorly. The motor threshold (MT)
intensity was approached from individual suprathreshold levels
by reducing the stimulus intensity in 1% steps. MT intensity
was defined as the lowest stimulator output intensity capable of
inducing MEPs of at least 50 mV peak-to-peak amplitude in relaxed
TEmuscles in at least half of 10 trials over the optimal scalp position
[42]. Stimulus intensities are expressed as a percentage of
maximum stimulator output.

Generally, the click associated with the coil discharge propa-
gates through air and bone and can elicit an auditory N1eP2
complex at latencies of 100e200 ms [43,44]. In this study, we
inserted earphones to mask the coil-generated click in all patients
to avoid any effect of clicks in the modulation of cortical oscillatory
activities. A loud white noise (90 dB) was played through the insert
earphones to mask the coil-generated click [45].

Each patient underwent a session of 1000 stimuli delivered in 10
trains of 20 Hz rTMS at MT [46]. Each train lasted 5 s with a 20 s
inter-train pause. The magnetic stimulation was administered in
accordance with safety guidelines [39].
Experimental design

Spontaneous EEG acquisition and magnetic stimulation were
performed during the same experimental session, which consisted
of 5 conditions (steps):

1. baseline EEG acquisition (3 min) at T0, rest motor threshold
(rMT) and hot-spot detection over the left/right M1 area (left
for patients nos. 1, 2, 3, and 6; right for patients nos. 4 and 5),
MEP at 120% of MT.

2. rTMS over the left/right M1 area: 5 s of stimulation followed by
20 s of rest repeated 10 times; rMT detection and MEP at 120%
of MT.

3. EEG acquisition (3 min) at T1;
4. rest (35 min);
5. EEG acquisition (3 min) at T2.

EEG was recorded during all steps; the computer triggered the
magnetic pulses by insertion of a marker in a track of the multi-
channel EEG recording system. Data acquired at T0, T1 and T2 were
used to compute the power values.
EEG data recordings

EEG data were acquired using a magnetic resonance (MR)-
compatible EEG amplifier (SDMRI 32, Micromed, Treviso, Italy) and
a cap providing 21 TMS-compatible Ag/AgCl coated electrodes
(diameter 8 mm; thickness 0.5 mm) with 2 mm slits to interrupt
eddy currents, positioned according to a 10/20 system. The refer-
ence was placed anterior to Fz and the ground posterior to Fz, as in
previous studies using the same acquisition setup [47,48]. The EEG
data were acquired at a rate of 1024 Hz using the SystemPlus
software package (Micromed, Italy). 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.
EEG data analysis

Data were processed using an average reference. EEG record-
ings were band-pass filtered from 1 to 30 Hz using a Finite
Impulse Response (FIR) filter. A baseline correction was also
applied to all channels. EEG epochs with ocular, muscular and
other types of artifact were visually identified and manually
rejected. Three conditions were selected for the analysis: EEG in
resting state acquired at the beginning of the exam (T0), after rTMS
(T1) and 38 min after rTMS (T2). Segmentation into non-
overlapping epochs of 2 s was applied to all channels and for
each condition. A mean of 56.3 epochs of 2 s (about 112 s) were
used for the analysis at T0, 45 (90 s) at T1 and 60 (120 s) at T2. A
Fast Fourier Transform (FFT) was applied to non-overlapping
epochs, each containing 2048 data points, with maximum
resolution (0.5 Hz), and then averaged across epochs under the
same conditions. Density power spectra were estimated for all
frequencies between 0 and 512 Hz, then relative power (%) was
estimated for delta (1e4 Hz), theta (5e8 Hz), alpha (8e12 Hz) and
beta (13e30 Hz) frequency.

ANOVA for repeated measures was applied to relative powers,
MT and MEP, with the factor “time” (T0, T1, T2); the sphericity
assumptionwas assessed with Mauchly’s test. GreenhouseeGeisser
epsilon adjustments for non-sphericity were applied where
appropriate. Post-hoc paired t-test adjusted for multiple compari-
sons with Bonferroni method was used. Statistical significance was
set at P < 0.05.



Figure 1. Raw data from patient no. 6: EEG during rest condition T0 (A), immediately after rTMS T1 (B), 38 min after rTMS T2 (C) (EEG amplitude 70 mV/cm; EMG amplitude
100 mV/cm; ECG amplitude 300 mV/cm).
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Results

Clinical effects

A good clinical response was observed in only one of the 6
patients. A detailed account of the patient findings was the focus of
a separate study and reported independently [34]. After magnetic
stimulation, a remarkable improvement in reactivity was noted,
with active arousal mechanisms, eyes focused on examiner, and
small functional movements of the hand and arm on command. The
clinical effects lasted 6 h confirmed hourly by repeated JFK CRS-R
assessment [34]. Significant changes in the JFK CRS-R subscores



Figure 2. Grand average (5 patients) of delta, theta, alpha and beta relative powers (%) at T0, T1, T2. Bars represent standard error. Mean values of MEP (mV) and MT (%) at T0, T1, T2.
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are shown in Table 2 (patient no.1). None of the other patients
showed any clinically remarkable response.

Neurophysiological effects: EEG reactivity

No reliable, marked changes were noted in 5 patients after
transcranial stimulation in spontaneous EEG activity among T0, T1
and T2 (Fig. 1). A power decrease for all power bands, albeit not
significant, was observed immediately after stimulation and after
35 min, except for C4 and F3 where the delta power increased at T2
and for F3 where the beta power increased at T1 (Fig. 2).

In the one patient with clinical arousal (patient no. 1) we noted
good EEG reactivity: immediately after rTMS there was an increase
in signal amplitude that was maintained even after 38 min (Fig. 3).
A persistent increase in all rhythms, in delta rhythm in particular,
was observed at both T1 and T2. A power increase over baseline
was also observed in the alpha and the beta range (Fig. 4). The
percentage of the increase was lower than in the delta range, but it
was more evident at T1 than at T2.

Neurophysiological effects: motor threshold and MEP amplitude

The MT, measured before rTMS in order to determine the
stimulation intensity, showed a significant decrease after brain
stimulation (F(1.007,4.028) ¼ 34.801, P < 0.05), associated with
a significant increase in MEP amplitude (F(2,10) ¼ 7.964, P < 0.05)
in all 6 patients (Fig. 2). The decrease in MT was statistically
significant between T0 and T1 (P < 0.05) and between T0 and T2
(P < 0.05), while the increase in MEP was significant only between
T0 and T2 (P < 0.05 not corrected). Summarizing, the decrease in
MT and the increase in MEP amplitude were present at T1, after
rTMS, and at T2 (after 38 min). Increased motor excitability was
observed also in the 5 patients who showed no EEG reaction to
brain stimulation.

Discussion

In this study, a single session of 20-Hz rTMS over the motor
cortex induced some significant electrophysiological changes in
motor threshold and MEP amplitude in 6 patients in the vegetative
or minimally conscious state. In only one MCS patient, however,
were long-lasting (up to 6 h) behavioral and EEG modifications
associated with changes in motor excitability [34].

The isolated increase in MEP amplitude without changes in EEG
activity after rTMS might be related to short-range connectivity,
perhaps reflecting a functional correlate of strictly local activity
over the motor cortex [14,15,17]. If so, this could further confirm the
hypothesis that unambiguous vegetative state patients can activate
primary cortices but not higher-ordermultimodal areas that appear
disconnected [21,49].



Figure 3. Raw data from patient no. 1: EEG during rest condition T0 (A), immediately after rTMS T1 (B), 38 min after rTMS T2 (C) (EEG amplitude 70 mV/cm; EMG amplitude
100 mV/cm; ECG amplitude 150 mV/cm).
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Yet, we observed a correlation between EEG reactivity and
clinical response in a MCS patient after brain stimulation. The EEG
changes were related to the reappearance of faster activity (alpha
and beta) and the increase in slow waves (delta and theta), which
could represent a phenomenon of rTMS-induced excitatory neu-
romodulation. Modulation of cortical excitability with rTMS can
indeed influence behavior. Enhancement of motor cortex excit-
ability seems to speed up procedural learning in preserved brains
[50]. Repetitive TMS, more so than single TMS, can induce signifi-
cant perturbations, with deep effects on subcortical regions,
including increased dopamine release and long-lasting effects of
synchronization of slow and fast brain oscillatory activity [51e53].



Figure 4. Patient no. 1. Delta, theta, alpha and beta relative powers (%) at T0, T1, T2. Values of MEP (mV) and MT (%) at T0, T1, T2.
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Moreover, only the high-frequency stimulation can produce
a better desynchronization of EEG rhythms. Indeed, some studies
have investigated how TMS can modulate oscillatory activity when
delivered over M1. In those studies, TMS-induced oscillations have
been recorded after single pulse, as well as low and high-frequency
stimulation. The effects of rTMS on cortical excitability appear to
depend on the combination of stimulus frequency and duration:
short high-frequency rTMS seems to be more effective than longer
trains, and low-frequency rTMS requires longer applications [30].
Thus, single-pulse TMS induces a short topographically restricted
intensity-dependent synchronization [45]; TMS at 1 Hz frequency
can cause dose-dependent increase in power of oscillatory activity
and high-frequency trains (20 Hz) result in a progressively
increasingmodulatory effect, likely due to a temporal summation of
the effects induced by each single pulse, able to bring to resonance
the activity of a growing number of neurons of the targeted
sensory-motor network [54].

Themechanisms underlying rTMS on brain activity could also be
related to: a change in excitability not only at the cortical level but
also in deep structures and synchronization between spared areas
of the cerebral network, as documented by the increase in oscilla-
tory activity in the patient with arousal as compared to the
unreactive patients [28,35,37]. A possible explanation for the effect
of neurostimulation is the so-called mesocircuit hypothesis
according to which large-scale forebrain dysfunction may arise as
a result of at least three general mechanisms: 1) widespread death
of forebrain neurons (i.e., sufficient to produce brain death or
permanent VS); 2) widespread deafferentation and disconnection
of neurons; and 3) “circuit”-level functional disturbances due to the
loss of these neuronal connections [12].

The use of non-invasive rTMS stimulation to induce changes in
brain oscillatory activity in such patients represents a new, addi-
tional tool for brain investigationwhichmay allow to select patients
eligible for neurostimulation. The central thalamus and the frontal
lobe are closely linked through their direct cortico-thalamic
connections, including the supplementary motor, anterior cin-
gular, premotor and prefrontal cortex, and indirect links through
the frontal cortical-striato pallidal-thalamocortical loop systems.
Nearly a decade ago, Strafella et al. reported that rTMS can increase
brain excitability and induce the release of dopamine by acting over
the circuit. This could be the major hypothesis to explain the long-
lasting effect of brain stimulation [51].

There is mounting evidence that consciousness depends not
only on some specific circuits, but also on the capacity of remote
brain regions to interact through cortico-cortical and cortico-
thalamo-cortical connections [21,22,55e57]. The effective connec-
tivity measured by TMS/EEG could therefore distinguish between
conditions in which consciousness is present (alert wakefulness,



P. Manganotti et al. / Brain Stimulation 6 (2013) 913e921920
dreaming) and those in which consciousness is reduced or lost
(sleep and anesthesia) [35,36,58].

This preliminary study has some limitations. Well-designed
studies with larger sample size and more detailed data are
needed to confirm these conclusions. Our patient population was
heterogeneous, representing patients with different kind of lesions
and diagnosis. The effect of rTMS was found positive in only one
patient with thalamic lesion, whereas the other patients suffered
from multifocal cortical or subcortical lesions and showed no
changes in clinical assessment and oscillatory brain activity.
Therefore, we cannot exclude that the lack of EEG changes may
depend on the localization of brain damage. However, this finding
suggests that different neuronal populations are involved in the
electrophysiological phenomena induced by rTMS and that these
neurons may be affected differentially. Increasing the number of
patients could clarify this point and could lead to identify
a predictor of the clinical and electrophysiological response to rTMS
based on the electrical cortical activity or neuroimaging data
recorded at the baseline. Patient assessment including clinical and
neurophysiological tests was repeated 35 min after rTMS. We did
not investigate how long the rTMS-induced effects could last,
except in the one patient who manifested some clinical improve-
ment and was clinically evaluated for 8 h. Nonetheless, our study
encourages broader research programs, with studies using rTMS
and longer cognitive follow-up designed to clarify the duration of
the cognitive effects of stimulation and the impact of therapy on
MCS patients.

References

[1] Brenner RP. The interpretation of the EEG of stupor and coma. Neurologist
2005;11:271e84.

[2] Laureys S, Faymonville ME, Peigneux P, Damas P, Lambermont B, Del Fiore G,
et al. Cortical processing of noxious somatosensory stimuli in the persistent
vegetative state. Neuroimage 2002;17(2):732e41.

[3] Multi-Society Task Force on the Persistent Vegetative State. Medical aspects of
the persistent vegetative state. N Engl J Med 1994;330:1499e508.

[4] Giacino JT, Ashwal S, Childs N, Cranford R, Jennett B, Katz DI, et al. The
minimally conscious state: definition and diagnostic criteria. Neurology
2002;58:349e53.

[5] Lombardi F, Taricco M, De Tanti A, Telaro E, Liberati A. Sensory stimulation of
brain-injured individuals in coma or vegetative state: results of a Cochrane
systematic review. Clin Rehabil 2002;16(5):464e72.

[6] Giacino J, Whyte J. The vegetative state and minimally conscious state:
current knowledge and remaining questions. J Head Trauma Rehabil
2005;20:30e5.

[7] Boly M, Faymonville ME, Peigneux P, Lambermont B, Damas P, Del Fiore G,
et al. Auditory processing in severely brain injured patients: differences
between the minimally conscious state and the persistent vegetative state.
Arch Neurol 2004;61:233e8.

[8] Schiff ND, Rodriguez-Moreno D, Kamal A, Kim KH, Giacino JT, Plum F, et al. fMRI
reveals large-scale network activation in minimally conscious patients.
Neurology 2005;64:514e23.

[9] Schiff ND, Giacino JT, Kalmar K, Victor JD, Baker K, Gerber M, et al. Behavioural
improvements with thalamic stimulation after severe traumatic brain injury.
Nature 2007;448(7153):600e3.

[10] Owen AM, Coleman MR, Davis MH, Boly M, Laureys S, Pickard JD. Detecting
awareness in the vegetative state. Science 2006;313(5792):1402.

[11] Monti MM, Vanhaudenhuyse A, Coleman MR, Boly M, Pickard JD, Tshibanda L,
et al. Willful modulation of brain activity in disorders of consciousness. N Engl
J Med 2010;362(7):579e89.

[12] Schiff ND. Moving toward a generalizable application of central thalamic deep
brain stimulation for support of forebrain arousal regulation in the severely
injured brain. Ann N Y Acad Sci 2012;1265:56e68.

[13] Glannon W. Neurostimulation and the minimally conscious state. Bioethics
2008;22(6):337e45.

[14] Berardelli A, Inghilleri M, Rothwell JC, Romeo S, Currà A, Gilio F, et al. Facili-
tation of muscle-evoked responses after repetitive cortical stimulation in man.
Exp Brain Res 1998;22:79e84.

[15] Chen R, Classen J, Gerloff C, Celnik P, Wassermann EM, Hallett M, et al.
Depression of motor cortex excitability by low-frequency transcranial
magnetic stimulation. Neurology 1997;48:1398e403.

[16] Fuggetta G, Pavone EF, Fiaschi A, Manganotti P. Acute modulation of cortical
oscillatory activities during short trains of high-frequency repetitive trans-
cranial magnetic stimulation of the human motor cortex: a combined EEG and
TMS study. Hum Brain Mapp 2008;29(1):1e13.
[17] Ridding MC, Rothwell JC. Is there a future for therapeutic use of transcranial
magnetic stimulation? Nat Rev Neurosci 2007;8:559e67.

[18] Dehaene S, Changeux JP, Naccache L, Sackur J, Sergent, C. Conscious, precon-
scious, and subliminal processing: a testable taxonomy. Trends Cogn Sci
2006;10:204e11.

[19] Laureys S. The neural correlate of (un)awareness: lessons from the vegetative
state. Trends Cogn Sci 2005;9:556e9.

[20] Seth AK, Dienes Z, Cleeremans A, Overgaard M, Pessoa L. Measuring
consciousness: relating behavioural and neurophysiological approaches.
Trends Cogn Sci 2008;12:314e21.

[21] Tononi G. An information integration theory of consciousness. BMC Neurosci
2004;5:42.

[22] Tononi G, Koch C. The neural correlates of consciousness: an update. Ann N Y
Acad Sci 2008;1124:239e61.

[23] Akaishi R, Morishima Y, Rajeswaren VP, Aoki S, Sakai K. Stimulation of the
frontal eye field reveals persistent effective connectivity after controlled
behavior. J Neurosci 2010;30:4295e305.

[24] Casali AG, Casarotto S, Rosanova M, Mariotti M, Massimini M. General indices
to characterize the electrical response of the cerebral cortex to TMS. Neuro-
image 2010;49:1459e68.

[25] Ilmoniemi RJ, Virtanen J, Ruohonen J, Karhu J, Aronen HJ, Näätänen R, et al.
Neuronal responses to magnetic stimulation reveal cortical reactivity and
connectivity. Neuroreport 1997;8:3537e40.

[26] Morishima Y, Akaishi R, Yamada Y, Okuda J, Toma K, Sakai K. Task-specific
signal transmission from prefrontal cortex in visual selective attention. Nat
Neurosci 2009;12:85e91.

[27] Rosanova M, Gosseries O, Casarotto S, Boly M, Casali AG, Bruno MA, et al.
Recovery of cortical effective connectivity and recovery of consciousness in
vegetative patients. Brain 2012;135:1308e20.

[28] Lapitskaya N, Coleman MR, Nielsen JF, Gosseries O, de Noordhout AM.
Disorders of consciousness: further pathophysiological insights using motor
cortex transcranial magnetic stimulation. Prog Brain Res 2009;177:191e200.

[29] Louise-Bender Pape T, Rosenow J, Lewis G, Ahmed G, Walker M, Guernon A,
et al. Repetitive transcranial magnetic stimulation-associated neurobehavioral
gains during coma recovery. Brain Stimul 2009;2(1):22e35.

[30] Brignani D, Manganotti P, Rossini PM, Miniussi C. Modulation of cortical
oscillatory activity during transcranial magnetic stimulation. Hum Brain Mapp
2008;29(5):603e12.

[31] Plewnia C, Rilk AJ, Soekadar SR, Arfeller C, Huber HS, Sauseng P, et al.
Enhancement of long-range EEG coherence by synchronous bifocal trans-
cranial magnetic stimulation. Eur J Neurosci 2008;27(6):1577e83.

[32] Manganotti P, Formaggio E, Storti SF, De Massari D, Zamboni A, Bertoldo A,
et al. Time-frequency analysis of short-lasting modulation of EEG induced by
intracortical and transcallosal paired TMS over motor areas. J Neurophysiol
2012;107(9):2475e84.

[33] Babiloni C, Sarà M, Vecchio F, Pistoia F, Sebastiano F, Onorati P, et al. Cortical
sources of resting-state alpha rhythms are abnormal in persistent vegetative
state patients. Clin Neurophysiol 2009;120(4):719e29.

[34] Piccione F, Cavinato M, Manganotti P, Formaggio E, Storti SF, Battistin L, et al.
Behavioral and neurophysiological effects of repetitive transcranial magnetic
stimulation on the minimally conscious state: a case study. Neurorehabil
Neural Repair 2011;25(1):98e102.

[35] Ferrarelli F, Massimini M, Sarasso S, Casali A, Riedner BA, Angelini G, et al.
Breakdown in cortical effective connectivity during midazolam-induced loss
of consciousness. Proc Natl Acad Sci USA 2010;107:2681e6.

[36] Massimini M, Ferrarelli F, Huber R, Esser SK, Singh H, Tononi G. Breakdown of
cortical effective connectivity during sleep. Science 2005;309:2228e32.

[37] Massimini M, Boly M, Casali A, Rosanova M, Tononi G. A perturbational
approach for evaluating the brain’s capacity for consciousness. Prog Brain Res
2009;177:201e14.

[38] Wu T, Sommer M, Tergau F, Paulus W. Lasting influence of repetitive trans-
cranial magnetic stimulation on intracortical excitability in human subjects.
Neurosci Lett 2000;287:37e40.

[39] Wassermann EM. Risk and safety of repetitive transcranial magnetic stimu-
lation: report and suggested guidelines from the International Workshop
on the Safety of Repetitive Transcranial Magnetic Stimulation. Electro-
encephalogr Clin Neurophysiol 1998;108:1e16.

[40] Rappaport M, Hall KM, Hopkins K, Belleza T, Cope DN. Disability rating scale
for severe head trauma: coma to community. Arch Phys Med Rehabil
1982;63(3):118e23.

[41] Giacino JT, Kalmar K, Whyte J. The JFK Coma Recovery Scale-revised:
measurement characteristics and diagnostic utility. Arch Phys Med Rehabil
2004;85:2020e9.

[42] Rossini PM, Barker AT, Berardelli A, Caramia MD, Caruso G, Cracco RQ, et al.
Non-invasive electrical and magnetic stimulation of the brain, spinal cord
and roots: basic principles and procedures for routine clinical application.
Report of an IFCN committee. Electroencephalogr Clin Neurophysiol 1994;91:
79e92.

[43] Nikouline V, Ruohonen J, Ilmoniemi RJ. The role of the coil click in TMS
assessed with simultaneous EEG. Clin Neurophysiol 1999;110:1325e8.

[44] Tiitinen H, Virtanen J, Ilmoniemi RJ, Kamppuri J, Ollikainen M, Ruohonen J,
et al. Separation of contamination caused by coil clicks from responses elicited
by transcranial magnetic stimulation. Clin Neurophysiol 1999;110:982e5.

[45] Fuggetta G, Fiaschi A, Manganotti P. Modulation of cortical oscillatory
activities induced by varying single-pulse transcranial magnetic stimulation

http://refhub.elsevier.com/S1935-861X(13)00219-2/sref1
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref1
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref1
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref2
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref2
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref2
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref2
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref3
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref3
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref3
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref4
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref4
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref4
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref4
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref5
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref5
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref5
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref5
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref6
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref6
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref6
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref6
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref7
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref7
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref7
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref7
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref7
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref8
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref8
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref8
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref8
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref9
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref9
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref9
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref9
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref10
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref10
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref11
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref11
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref11
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref11
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref12
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref12
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref12
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref12
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref13
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref13
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref13
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref14
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref14
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref14
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref14
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref15
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref15
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref15
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref15
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref16
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref16
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref16
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref16
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref16
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref17
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref17
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref17
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref18
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref18
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref18
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref18
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref19
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref19
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref19
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref20
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref20
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref20
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref20
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref21
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref21
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref22
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref22
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref22
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref23
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref23
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref23
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref23
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref24
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref24
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref24
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref24
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref25
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref25
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref25
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref25
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref26
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref26
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref26
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref26
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref27
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref27
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref27
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref27
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref28
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref28
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref28
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref28
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref29
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref29
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref29
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref29
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref30
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref30
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref30
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref30
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref31
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref31
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref31
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref31
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref32
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref32
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref32
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref32
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref32
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref33
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref33
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref33
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref33
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref34
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref34
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref34
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref34
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref34
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref35
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref35
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref35
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref35
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref36
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref36
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref36
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref37
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref37
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref37
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref37
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref38
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref38
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref38
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref38
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref39
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref39
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref39
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref39
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref39
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref40
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref40
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref40
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref40
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref41
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref41
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref41
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref41
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref42
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref42
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref42
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref42
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref42
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref42
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref43
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref43
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref43
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref44
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref44
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref44
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref44
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref45
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref45


P. Manganotti et al. / Brain Stimulation 6 (2013) 913e921 921
intensity over the left primary motor area: a combined EEG and TMS study.
Neuroimage 2005;27(4):896e908.

[46] Praamstra P, Kleine BU, Schnitzler A. Magnetic stimulation of the dorsal pre-
motor cortex modulates the Simon effect. Neuroreport 1999;10:3671e4.

[47] Formaggio E, Storti SF, Bertoldo A, Manganotti P, Fiaschi A, Toffolo GM. Inte-
grating EEG and fMRI in epilepsy. Neuroimage 2011;54(4):2719e31.

[48] Storti SF, Formaggio E, Franchini E, Bongiovanni LG, Cerini R, Fiaschi A, et al.
A multimodal imaging approach to the evaluation of post-traumatic epilepsy.
Magn Reson Mater Phy 2012;25(5):345e60.

[49] Laureys S, Faymonville ME, Degueldre C, Fiore GD, Damas P, Lambermont B,
et al. Auditory processing in the vegetative state. Brain 2000;123:1589e601.

[50] Brasil-Neto JP, Cohen LG, Pascual-Leone A, Jabir FK, Wall RT, Hallett M. Rapid
reversible modulation of human motor outputs after transient deafferentation
of the forearm: a study with transcranial magnetic stimulation. Neurology
1992;42:1302e6.

[51] Strafella AP, Paus T, Fraraccio M, Dagher A. Striatal dopamine release induced
by repetitive transcranial magnetic stimulation of the human motor cortex.
Brain 2003;126(Pt 12):2609e15.

[52] Azila Noh N, Fuggetta G. Human cortical theta reactivity to high-frequency repet-
itive transcranial magnetic stimulation. Hum Brain Mapp 2012;33(9):2224e37.
[53] Rossi S, Hallett M, Rossini PM, Pascual-Leone A. The Safety of TMS Consensus
Group. Safety, ethical considerations, and application guidelines for the use
of transcranial magnetic stimulation in clinical practice and research. Clin
Neurophysiol 2009;120(12):2008e39.

[54] Veniero D, Brignani D, Thut G, Miniussi C. Alpha-generation as basic response-
signature to transcranial magnetic stimulation (TMS) targeting the human
resting motor cortex: A TMS/EEG co-registration study. Psychophysiology
2011;48(10):1381e9.

[55] Markowitsch HJ, Kessler J. Massive impairment in executive functions with
partial preservation of other cognitive functions: the case of a young patient
with severe degeneration of the prefrontal cortex. Exp Brain Res 2000;133:
94e102.

[56] Mataró M, Jurado MA, García-Sánchez C, Barraquer L, Costa-Jussà FR, Junqué C.
Long-term effects of bilateral frontal brain lesion: 60 years after injury with an
iron bar. Arch Neurol 2001;58:1139e42.

[57] Schiff ND. Recovery of consciousness after brain injury: a mesocircuit
hypothesis. Trends Neurosci 2010;33:1e9.

[58] Massimini M, Ferrarelli F, Murphy M, Huber R, Riedner B, Casarotto S, et al.
Cortical reactivity and effective connectivity during REM sleep in humans.
Cogn Neurosci 2010;1:176e83.

http://refhub.elsevier.com/S1935-861X(13)00219-2/sref45
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref45
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref45
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref46
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref46
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref46
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref47
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref47
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref47
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref48
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref48
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref48
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref48
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref49
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref49
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref49
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref50
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref50
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref50
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref50
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref50
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref51
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref51
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref51
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref51
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref52
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref52
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref52
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref53
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref53
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref53
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref53
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref53
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref54
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref54
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref54
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref54
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref54
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref55
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref55
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref55
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref55
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref55
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref56
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref56
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref56
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref56
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref57
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref57
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref57
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref58
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref58
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref58
http://refhub.elsevier.com/S1935-861X(13)00219-2/sref58

	Effect of High-Frequency Repetitive Transcranial Magnetic Stimulation on Brain Excitability in Severely Brain-Injured Patie ...
	Background
	Hypothesis
	Methods
	Patients
	Stimulation procedures
	Experimental design
	EEG data recordings
	EEG data analysis

	Results
	Clinical effects
	Neurophysiological effects: EEG reactivity
	Neurophysiological effects: motor threshold and MEP amplitude

	Discussion
	References


