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Abstract

Background Disorders of Consciousness (DoC) caused by severe brain injuries represent a challenging clinical entity,
which is easy to misdiagnosis and lacks effective treatment options. Repetitive Transcranial Magnetic Stimulation
(rTMS) is a non-invasive neuroelectric stimulation method that shows promise in improving consciousness for DoC,
especially in minimally conscious state (MCS). However, there is little evidence of its effectiveness, especially in RCT
studies.

Methods Twenty MCS patients participated in a double-blind, randomized, crossover, sham-controlled clinical
study to evaluate the safety and efficacy of rTMS for MCS. Subjects were randomized into two groups: one group
received rTMS-active for 10 consecutive days (n=10), and the other group received rTMS-sham for 10 consecutive
days (n=10). After a 10-day washout period, the two groups were crossed over and received the opposite treatment.
the rTMS protocol consisted of 2,000 pulses per day in the left dorsolateral prefrontal cortex (L-DLPFC), sent at 10 Hz.
The stimulation intensity was 90% of the resting motor threshold. Coma Recovery Scale Revised (CRS-R), the main
evaluation index, was evaluated before and after each phase in a double-blind manner. Meanwhile RS-EEG and
TMS-EEG data were acquired and relative alpha power (RAP), and perturbational complexity index based on state
transitions (PClst) were caculated.

Results One-way ANOVA revealed significantly higher scores in rTMS-active treatment compared to rTMS-sham
across various measures, including CRS-R total score, RAP, PClst (all P<0.05). Among the 20 MCS patients, 7 (35%)
were identified as responders following rTMS treatment. Compared to rTMS-sham, responder scores for CRS-R, RAP,
and PClst (all P<0.05) were significantly elevated after rTMS-active treatment. Conversely, there was no significant
difference observed in non-responders. Furthermore, post-hoc analysis revealed that baseline PClst was significantly
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higher in responders than non-responders. Upon a 6-month follow-up, CRS-R scores significantly increased in all
20 patients (P=0.026). However, the responder group exhibited a more favorable prognosis compared to the non-

responder group (P=0.031).

Conclusions Applying 10 Hz rTMS to L-DLPFC significantly increased consciousness level in MCS patients. PClst is a
neurophysiological index that has the potential to evaluate and predict therapeutic efficacy.

Trial registration www.ClinicalTrials.gov, identifier: NCT05187000.

Keywords Repetitive transcranial magnetic stimulation, Disorders of consciousness, Minimally conscious state, EEG,
TMS-EEG, Perturbational complexity index, Randomized control trial

Introduction

Disorders of consciousness (DoC) refers to a range of
awareness and cognitive disorders secondary to organic
brain diseases following severe brain injuries [1-3]. With
the advancement of critical care medicine, more patients
with severe brain injuries survive comas, leading to
prolonged disorders of consciousness, which increases
mental pain and economic burdens on them and their
families. This is accompanied by numerous social, ethical,
and legal issues [4] and poses a major challenge for clini-
cal neuroscience [5, 6].

DoC comprises vegetative state [7, 8], also called unre-
sponsive wakefulness syndrome (UWS) [9] and mini-
mally conscious state (MCS) [10]. The former is featured
by the absence of self-awareness expression, showing
only reflexive responses to stimuli and lacking aware-
ness of self or surroundings [8]. In the latter case, there
are clear signs of non-reflexes, cortical, cognitively medi-
ated behavior, along with conscious recognition of self or
surroundings [11, 12]. MCS could act as a bridge, with
its behavioral responses and the effectiveness of corti-
cal connections appearing to lie between those of indi-
viduals in a completely unconscious VS/UWS state and
healthy individuals with full consciousness [4]. Therefore,
diagnostic and rehabilitation therapy studies of MCS
patients allow for a natural model for exploring the con-
scious cortex and important evidence for DoC clinical
decision-making.

Until now, treatments for DoC have been limited. Phar-
macotherapy remains a crucial way for clinical treatment
[13, 14]. Amantadine facilitates the metabolism of low-
activity brain regions, accelerating consciousness recov-
ery in patients with DoC [15, 16]. Zolpidem can influence
the GABAergic system of limbic circuits in the brain,
with studies revealing its ability to partially restore the
normal metabolism of cortical cells after brain injury. It
could improve the consistency and complexity of behav-
ioral responses in patients with DoC [17, 18]. Besides,
intrathecal injection of baclofen (ITB), acting on the spi-
nal cord, can aid in motor neuron regeneration and help
improve consciousness [19, 20]. However, the effective-
ness of drug treatment is not satisfactory.

Notably, in recent years, repetitive transcranial mag-
netic stimulation (rTMS), a non-invasive brain stimula-
tion (NIBS) technique, has much to offer in modulating
cortical excitability and enhancing neuroplasticity. Mul-
tiple applications can also lead to long-term potentiation
(LTP) effects beyond the stimulation period [21], hold-
ing great popularity in the department of neurology and
rehabilitation. The left dorsal lateral prefrontal cortex
(L-DLPEC) represents a key component in the frontopa-
rietal network which includes the executive control net-
work (ECN) [22], involved in many advanced behavioral
and cognitive processes [23, 24]. Currently, it emerges as
one of the most promising targets of rTMS in restoring
consciousness in DoC patients.

Several studies have targeted L-DLPFC to improve the
level of consciousness in DoC patients, and to evaluate
the efficacy of rTMS in terms of behavioral, neurophysi-
ological, neuroimaging, and even hormonal level changes
[25-31]. He et al. [30] used resting-state EEG as an eval-
uation and prediction indicator after transient 20 Hz
rTMS treatment, showing that 10 patients with improved
consciousness. They classified these patients as respond-
ers, which were characterized by more preserved alpha
power and significant reduction in rTMS-induced delta
power. Chen et al. [31] found in a RCT with 50 patients
that 6 weeks of 10 Hz rTMS on L-DLPFC enhanced the
level of consciousness in DoC patients. It implies that
the elevation of neural connectivity levels may lay a
foundation for successful HE-rTMS treatment for DOC
patients.

TMS (single-pulse stimulation) combined with high-
density EEG (TMS-EEG) can record the effects of TMS
perturbation on the brain, which has become an effec-
tive way to measure brain activity [32]. Moreover, the
PCI/PCIst derived from TMS-EEG can describe the
spatio-temporal complexity of TMS-evoked potentials
to quantify cortical effective connectivity [33], serving
as an objective metric for assessing the efficacy of drugs
or brain stimulation [34]. This provides a relatively con-
venient, objective, and applicable assessment method for
DoC patients [35], bringing new hope for clinical diagno-
sis and treatment of DoC [36, 37].
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As such, TMS/rTMS could be a promising approach
for the DoC assessment and treatment. However, there
remains no clear evidence from any treatment guidelines
supporting the use of TMS/rTMS [3, 36]. This mainly
results from limited sample sizes and pilot studies of
published. Besides, some studies are insufficient in strong
objective evaluation metrics to support their findings [13,
38].

To this end, we designed a crossover randomized dou-
ble-blind controlled trial, which employed L-DLPFC as
the target of rTMS, along with the help of MCS, a con-
sciousness “bridge”, and EEG, offering a quantification of
the complexity of brain perturbations, investigating the
application of TMS in disease recovery for DoC patients.

Materials and methods

Participants

Between November 2021 to September 2023, a total of 20
MCS patients (10 males and 10 females) were recruited
into this study from the Department of Rehabilitation
Medicine of Zhujiang Hospital of Southern Medical
University.

All enrolled patients met the following specific cri-
teria. Inclusion criteria: (1) Those aged 18-70 years
old, with acquired brain injury of less than 1 year
and greater than 28 days; (2) Those without previous
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neuropsychiatric-related diseases; (3) Those without
ongoing use of sedative medications and medications
potentially interfering with brain stimulation, such as
Na*/Ca®* channel blockers or N-Methyl-D-Aspartate
receptor antagonists; (4) Those with stable vital signs; (5)
Those with family members voluntarily participating in
this study and providing Informed Consent Form (ICF);
(6) Those with structural integrity of the L-DLPFC and
M1 areas, as confirmed by CT/MRI. Exclusion criteria:
(1) Those participating in other IBS or NIBS trials; (2)
Those with uncontrolled seizures, i.e., seizures within 4
weeks before enrollment; (3) Those with contraindica-
tions of rTMS or TMS-EEG, such as skull metal implan-
tation, brain pacemaker, craniotomy at stimulating sites,
etc. All enrolled participants or their families willingly
provided their signatures on the ICF.

Study design

This study involved a cross-over randomized double-
blind sham-controlled clinical trial. Participant were
divided into two groups in a 1:1 ratio, with each group
receiving a total of 10 intervention sessions using 10 Hz
rTMS, actively targeting the left dorsolateral prefrontal
cortex (L-DLPFC), and 10 sessions of rTMS-sham. A
ten-day washout period was implemented between the
active and sham treatments (Fig. 1A). The total score

MCS patients
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Fig.1 Study protocol. (A) The crossover, randomized, double-blind, sham-controlled study protocol; (B) Details of rTMS parameters. CRS-R, Coma Recov-
ery Scale-Revised; EEG, Electroencephalogram; TMS-EEG, TMS combined EEG; L-DLPFC, left dorsolateral prefrontal cortex; RMT, resting motor threshold
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on the JFK Coma Recovery Scale Revised (CRS-R) [39]
after the two-phase treatment was utilized as the primary
outcome metric. Also, resting-state EEG (RS-EEG) and
TMS-EEG data were recorded synchronously to calculate
secondary outcome metrics, from relative alpha power
(RAP) to perturbational complexity index based on state
transitions (PClIst). The study was approved by the Eth-
ics Committee of Zhujiang Hospital of Southern Medical
University (2021-KY-092-01) and has been registered on
ClinicalTrials.gov (NCT05187000). It complied with the
requirements highlighted in the Declaration of Helsinki.

Randomization, blinding and allocation
Randomization was performed by a blinded staff member
of the Data Monitoring Committee (DMC) at Zhujiang
Hospital. He managed the electronic coding and ran-
domized patients into two groups in a 1:1 ratio using the
function of the statistical software SPSS 23.0 (IBM, USA).
Blind codes were enclosed in a sealed, opaque envelope.
rTMS coils labeled A or B, were wrapped in opaque white
plastic paper. The physical therapists were informed by
the DMC staff whether side A or B would be used first.
Qualified physical therapists from Zhujiang Hospi-
tal conducted the rTMS treatment. During the entire
trial, they administered rTMS-active or rTMS-sham
to patients independently and were not involved in any
evaluations, while remaining unaware of them. Two
attending physicians completed the patient’s primary/
secondary evaluation indexes. Throughout the entire
treatment process, neither doctors, therapists nor
patients were informed whether the intervention was
rTMS-active or rTMS-sham.

rTMS protocol

The rTMS protocol involved 10 days of active and sham
stimulation per patient, with a washout period of no less
than 10 days. The stimulation intensity was determined
by the resting motor threshold (RMT), i.e., a minimum of
5 out of 10 TMS single pulses in the M1 area evoked myo-
electricity with an amplitude of 50/ V in the first dorsal
interosseous muscle. The RMT was measured before the
first rTMS session of each stage. During treatment, the
patient was placed in a semi-recumbent position, and the
international 10-20 electrode distribution system was
utilized to position the figure-of-eight coil surface at a
45-degree tangential angle to the patient’s L-DLPFC (at
the F3 electrode) [31, 40]. After initially confirming the
target, we used a marker to make an offline mark on the
patient’s scalp, which was used as the stimulation target
in subsequent sessions. Stimulation parameters included
a frequency of 10 Hz, intensity at 90% of the RMT, 1-sec-
ond train duration, and 5-second inter-train interval,
with 20 min per session. Treatment occurred once a day
for a course of 10 sessions. Effective stimulation consisted
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of 200 effective stimulation series and 2,000 pulses at 90%
of RMT (Fig. 1B). rTMS treatment was performed in full
accordance with safety guidelines [41].

In this study, rTMS intervention was implemented
using the NTK-TMS-II300 transcranial magnetic stimu-
lator from Jiangxi Brain Modulation Technology Devel-
opment Co. Ltd. in China. The device can generate a
magnetic induction intensity ranging from 1.5 T to 8 T,
with a pulse width of 0.32ms+10%. The coil employed
was a Model IIB502 97-mm figure-of-eight coil. There are
two identical surfaces in this coil, i.e., surface A outputs
rTMS-active, and surface B outputs rTMS-sham.The for-
mer exhibits a high-frequency pulsed magnetic field gen-
erated by rTMS acting on the cerebral cortex, whereas
the latter doesn’t. It only presents noise and vibrations,
similar to those produced during pulse transmission.

Behavioral assessment

CRS-R currently proves the most sensitive scale in all
behavioral tests which keep the main clinical assess-
ments to evaluate the level of consciousness in patients
with DoC and remains widely used to distinguish from
EMCS, MCS+, MCS- or VS/UWS. It comprises 6 sub-
scales addressing auditory, visual, motor, oromotor/
verbal, communication, and arousal processes, in which
the score from the lowest to the highest represents the
reflexive activity to cognitively mediated behaviors on
each subscale [39]. In this study, CRS-R was given by two
experienced physician and physical therapist within 48 h
before enrollment, 24 h after the first round of rTMS,
24 h after the end of the washout period, and 24 h after
the completion of the second round of rTMS interven-
tions. These assessments aimed to evaluate the score
increase/decrease and the diagnostic changes, respec-
tively. The CRS-R assessment was executed when the
patients were in their best condition throughout the day.
Patients were classified as responders or non-responders
based on whether or not they progressed into the next
stage (e.g., MCS- to MCS+or EMCS, MSC+to EMCS).
At 6 months post-treatment, follow-up outcomes were
obtained through a structured telephone follow-up (with
video calls used if necessary) based on CRS-R.

EEG data acquisition and analysis

RS-EEG was performed using a TMS-compatible
64-channel event correlation system from Neuroscan
Australia (Compumedics Neuroscan, Neuroscan 8050),
in conjunction with a SynAmps2 EEG signal ampli-
fier. And a TMS-compatible 64-conducting polar cap
was placed in accordance with the International 10-20
system (Neuroscan, Quik-Cap) for data acquisition.
Conductive paste was applied before the test, and the
impedance of each electrode was maintained below 5 kQ.
A bandpass filter was set from DC to 1000 Hz, and the



Xu et al. Journal of NeuroEngineering and Rehabilitation

online sampling rate was set at 2500 Hz. During the data
acquisition, if sleep features (such as sleep spindle wave
or K-complex wave in the EEG) appeared, data acquisi-
tion was immediately suspended and the patient was
awakened using the standard CRS-R normative proce-
dure [39].

Preprocessing of resting-state EEG data was conducted
using EEGLAB 14.0.2.5b in the Matlab environment (ver-
sion: 2016a, MathWorks Inc, Natick, USA). The raw EEG
data were first performed band-pass filter within 1 to
45 Hz and downsampled to 500 Hz. Afterwards, the EEG
was divided into 5s segments and removed segments
with obvious artifacts. Bad channels were removed with
a limit of 10% of the total channels to ensure data qual-
ity. Then, the independent component analysis (ICA) was
used to remove non-EEG components, such as blinks and
muscle activity. Finally, the channels that were removed
in previous steps were interpolated, and an average refer-
ence was then performed. Data were considered invalid
if less than 80% of the final data segments were retained.

To calculate the relative alpha power (RAP), the
cleaned EEG data segments were further analyzed using
power spectral density (PSD) estimation. The Welch’s
method was applied, with a Hamming window of 5s
length and 50% overlap. The PSD was computed for each
5s segment and averaged across segments. The power
within the 8-14 Hz frequency band was extracted for
each channel and normalized to the total power within
the 1-45 Hz band to obtain the RAP.

RAP (8-14 Hz) was then computed for group-level
analysis. RAP is considered the key frequency band for
distinguishing between MCS and VS [42, 43], whereas
patients with DoC show lower RAP compared to normal
subjects [43]. For a given channel, the RAP is calculated
as follows:

P(8,14)
P(1,45)

RAP = x 100% Q)

where P(8,14) and P(1,45) denote the EEG band energies
in the range of 8—14 Hz and 1-45 Hz, respectively.

TMS-EEG data acquisition and analysis

TMS-EEG data acquisition was carried out using a Mag-
stim BiStim? stimulator with a figure-of-eight coil. The
intensity of the TMS pulses was tailored to the needs of
the test and was set concerning RMT of the individual.
The intensity of TMS-EEG evaluation was set at 100% of
the RMT of the patient, and the bandpass filter was set
from DC to 1000 Hz, with an online sampling rate of
2500 Hz. Patients were instructed to wear headphones
that produced the same spectral mixture of noise as gen-
erated during TMS stimulation. This measure aimed to
counteract the auditory response to TMS stimulation.
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Thin sponges were positioned at the contact area between
the stimulation coil and the scalp to minimize the effect
of vibration of the TMS coil. The trigger interval of the
TMS pulses was randomly varied between 2 and 2.4 s.
Before each recording session, the signal was checked in
advance. To obtain accurate evoked potentials, the left
M1 area was designated as the stimulation point, and a
total of 200 pulses were triggered. During TMS-EEG data
collection process, we used electromyography (EMG) to
observe the activity of the first dorsal interosseous mus-
cle, which ensured the accurate stimulation.

TMS-EEG data preprocessing was completed using the
TMS-EEG signal analyser (TESA) toolkit under EEGLAB
14.0.2.5b in Matlab environment (version: 2016a, Math-
Works Inc, Natick, USA) [44]. Firstly, the pulses were
detected and marked by TMS pulse features, and the
TMS-EEG recordings were divided into segments 500 ms
before and after each TMS pulse. The channels exhibited
prominent noise for most of the time were removed, with
a limit of 10% of the total channels to ensure data qual-
ity. Then, the data from —2 ms to 10 ms were removed
to avoid large-value magnetic field noise and the miss-
ing data were interpolated using a cubic function. Sub-
sequently, the data were downsampled to 1000 Hz. The
segments with obvious artifacts were removed, and all
patients data were retained at least 80% of original seg-
ments. The bandpass filter (1-100 Hz) and notch filter
(48-52 Hz) were performed. After that, fast ICA was
performed and components with TMS-induced arti-
facts were removed. Any remaining peak artifacts were
replaced using cubic interpolation. Then, fast ICA was
performed again and the components with blink, eye
movement, muscle movement and other non-EEG arti-
facts were removed. Finally, the channels that were
removed in previous steps were interpolated, and TMS-
EEG data were re-referenced to a common average.

The TMS-evoked perturbation complexity index (PCI)
of the patients was subsequently computed to assess the
patient’s level of consciousness. PCI is an index describ-
ing the spatiotemporal complexity of the TMS-evoked
potential [45], and is highly specific for identifying the
patient’s level of conscious activity. In this study, a deriva-
tive version of PCI, known as PCIst, was chosen, which
estimated the complexity of TMS perturbations by signal
decomposition and recurrence quantification analysis
(RQA) [46]. Wang et al. [47] conducted a TMS-EEG col-
lection of 30 healthy participants and 181 patients with
DoC and computed the value of PClst, suggesting a sig-
nificant and positive correlation between PClIst and the
level of consciousness. The PClst is calculated through
the following process:

Initially, N low-dimensional components are obtained
through singular value decomposition. For the n-th com-
ponent (n=1, 2, ..., N), distance matrices of data points
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are computed separately for the response and baseline
periods. These matrices are binarized based on a thresh-
old value ¢, resulting in the response transition matrix
and baseline transition matrix for the nth component
respectively. The complexity of the n-th component is
defined as the maximum weighted difference between
the average number of state transitions (ANST) during
the response period and the baseline period (denoted
respectively as ANST, ™ and ANST, ). This complexity
is represented as AANST,, and the calculation formula of
AANST, is:

AANST, = Ty [ANST* () — k x ANST!™(e%)] (2)

where T, represents the number of samples during the
response period, and ¢,* is the threshold value that maxi-
mizes the value of AANST,,

Finally, the PClst is defined as the sum of the complexi-
ties (AANST,) of each signal component:

N
PCIst=Y AANST, 3)

n=1

In this study, the baseline period for calculating PClst
was set from —250 ms to -50 ms, the response period
was set from 0 to 300ms, the singular value decomposi-
tion process selected principal components with the sum
of the variance share greater than 99% and the signal-
to-noise ratio (SNR) greater than 1.2, and & is set to 1.2.
Moreover, the PClst was calculated using EEG data from
all channels to capture a comprehensive measure of cor-
tical complexity.

Basic treatment and routine rehabilitation

All patients received routine medication, examination,
nursing care and rehabilitation programs for DoC at the
Department of Rehabilitation Medicine. The programs
primarily included passive limb range-of-motion train-
ing, electrical limb stimulation, barometric therapy,
respiratory therapy, swallowing therapy, gastrointestinal
rehabilitation and hyperbaric oxygen therapy.

Statistical analysis

The data were analyzed using SPSS 23.0 statistical soft-
ware. Two independent-sample t-test and chi-square
test were utilized for the baseline characteristic analy-
sis between the two groups. Considering the crossover
design, we initially assessed the significance of the stage
effect between the two sequences to evaluate the car-
ryover effect (i.e., the effect of the first treatment affect-
ing the second treatment period) before each evaluation
index. If the carryover effect was not significant at the
10% level to rule out a carryover effect of different
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phases, further analysis was performed. The univariate
general linear model ANOVA (Analysis of Variance) was
used to compare the main effects between rTMS type
(active and sham stimuli), phase, and patient, and to cal-
culate the CRS-R total score, RAP and the PClst, respec-
tively. Finally, we evaluated the prognosis by assessing
CRS-R scores for all patients at 6 months post-treatment.
All statistical assumptions were tested using two-sided
tests, and the statistical significance test level was set at
P<0.05, with parameter confidence intervals set at 95%.

Results

Initially, a total of 25 hospitalized patients were screened.
Yet, 3 patients failed TMS-EEG acquisition due to exces-
sive head movement during detection, and 2 patients’
family members did not agree to sign the ICF. Thus, 20
MCS patients successively completed all treatments and
were included in the final analysis (Fig. 2). Among them,
there were 6 with Traumatic Brain Injury (TBI), 10 with
non-Traumatic Brain Injury (nTBI), and 4 with Hypoxic-
ischemic Encephalopathy (HIE) with an average age of
50+14.24 years. There were no significant differences
in age (¢ = -1.382, p=0.184), time since injury (¢=1.052,
p=0.307), and baseline CRS-R score (¢ = -0.408, p=0.688)
between the two sequential groups (rTMS-active -
rTMS-sham vs. rTMS-sham - rTMS-active). No study-
related adverse events occurred.

A two-stage baseline CRS-R showed that the stage
effect was not statistically significant between the two
sequential groups (¢ = -1.207, p=0.235), indicating no
carryover effects. Furthermore, the univariate general
linear model ANOVA suggested that total CRS-R scores
were significantly higher in MCS patients after rTMS-
active than rTMS-sham (F=4.615, p=0.046) (Fig. 3A).
Next, we calculated RAP and PCIst after active and
sham rTMS stimulation in all patients. ANOVA sug-
gested that rTMS-active showed significantly higher RAP
(F=6.154, p=0.023) (Figs. 3B and 4A), and higher PClIst
at the group level, compared to rTMS-sham (F=4.961,
p=0.039) (Fig. 3C). Demographic and clinical character-
istics results are detailed in Table 1.

Based on the change in CRS-R scores after rTMS-
active, a total of 7 patients were considered responders
(35%), and they gained at least one indication of the next
stage of consciousness after rTMS-active. Responders
exhibited improvement primarily in the visual (8), audi-
tory (3), and motor (7), followed by the oral-motor (2)
and communication (2). These responders significantly
improved CRS-R scores at the group level with rTMS-
active compared to rTMS-sham (F=7.141, p=0.044).
In terms of neuroelectrophysiology, responders showed
a significant increase in RAP (F=5.202, p=0.048) and
PCIst (F=6.890, p=0.047) (Fig. 5) compared to rTMS-
sham after rTMS-active treatment. In contrast, no
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Assessed for eligibility (n= 25)

[ Enrollment ]

Excluded (n= 5)

Not meeting inclusion criteria (n= 3 )
Declined to participate (n=2)

Other reasons (n=0)

Randomized (n= 20)

v - 1 v

l Allocation |

p Allocated to control (rTMS-active) (n= 10) Allocated to control (rTMS-sham) (n= 10)
H Received allocated intervention (n= 10) Received allocated intervention (n=10)
A Did not receive allocated intervention (n=0) Did not receive allocated intervention (n=10)
S
E
1 l { 10 session Follow-Up ] l

Lost to follow-up (n=0) Lost to follow-up (n=0)

Discontinued intervention (n=0) Discontinued intervention (n=0)

[ Washout period ]
{ Allocation }

p Allocated to control (rTMS-active) (n= 10) Allocated to control (rTMS-sham) (n= 10)
H Received allocated intervention (n= 10) Received allocated intervention (n= 10)
A Did not receive allocated intervention (n=0) Did not receive allocated intervention (n=0)
S
E
5 ¢ { 20 session Follow-Up } l

Lost to follow-up (n=0) Lost to follow-up (n=0)

Discontinued intervention (n=0) Discontinued intervention (n=0)

After 180 days
Follow-Up

Lost to follow-up (n=0)
Discontinued intervention (n=0)

[ Analysis ]

Analysed (n=20)
Excluded from analysis (n=0)

Fig. 2 Flow diagram of the trial. Randomization, trial-group assignment, and follow-up in the trial
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Fig. 3 (A-C) Comparisons the difference between real and fake stimulation on CRS-R, RAP and PClst for all patients respectively; (D-F) Comparisons the
difference between real and fake stimulation on CRS-R, RAP and PClst for Responder and non-responder respectively; (G) Comparisons the difference
between all patients when the baseline and 180 days follow-up; (H) Comparisons the difference in CRS-R between Responder and non-responder at 180-
day follow-up; (I) Post-hoc analysis compares the difference in PClst between Responder and non-responder at baseline
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Fig. 4 RAP whole-brain topographic map differences. (A) Differences in RAP whole-brain topography in all patients after active/sham stimulation; (B)
Differences in RAP whole-brain topography between responders and non-responders after real/sham stimulation

significant difference was observed in non-responders
between rTMS-active and rTMS-sham (Fig. 3D-F).
Besides, we did not observe evidence of any significant
differences between Responders and non-responders in
age (P>0.05), gender (P>0.05), time to injury (P>0.05),
and the carryover effects of each baseline score or EEG.
Notably, our subsequent post-hoc analysis showed that
PClIst at baseline was significantly higher in the responder
group than in the non-responder group (F=0.066,
p=0.044), whereas the other outcome metrics (CRS-R
and RAP) did not show any significance (Fig. 3G-I).

In the ongoing prognostic analysis, all 20 patients were
successfully followed up. An independent-samples t-test
showed a significant increase in CRS-R score at 6 months
(t = -2.310, p=0.026) for these patients. However, com-
pared to the non-responder group, the responder group
revealed a better prognosis (¢=2.342, p=0.031).

Discussion

We investigated the effect of 10 Hz rTMS acting on
L-DLPFC in combination with conventional rehabilita-
tion for 10 consecutive days on the level of consciousness
and brain function in patients with MCS in a double-
blind randomized controlled trial. We first ruled out the
potential carryover effect associated with a crossover
design trial. Thus, the present study performed behav-
ioral and neuroelectrophysiology analyses without stage
differences in DoC patients. To the best of our knowl-
edge, we are the first one to suggest that rTMS-active
targeting the L-DLPFC significantly enhances the level
of awareness and cortical complexity in MCS patients
compared to rTMS-sham, both behaviorally and neuro-
physiologically, and contributing to a better prognosis at
the next 6-month follow-up. Besides, the present study
produced 7 responders out of 20 MCS patients. Com-
pared to rTMS-sham, they showed progress in at least
one subscale score of CRS-R scores after rTMS-active,
and a significant increase in RAP and PCIst, implying a
new height level of awareness and cortical response. In
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ID Age(sex) Etiology Post- Treatment CRS-R CRS-R A CRS-R CRS-R A rTMS re-
injury Allocation presham postsham rTMS-s  preactive postactive rTMS-a  sponder
(months)

1 19(M) HIE 7 active/sham 7(1-0-5-1-0-0)  7(1-0-5-1-0-0) 0O 7(1-0-5-1-  7(1-0-5-1-0-0) 0O Non-re-
0-0) sponder
2 50(F) Hemor- 25 active/sham 8(0-3-2-1-0-2)  9(1-3-2-1-0-2) 1 7(1-0-2-2-  7(1-0-2-2-0-2) 0 Non-re-
rhage 0-2) sponder
3 34(M) Hemor- 3 active/sham 10(2-3-2-1-0-2) 10(2-3-2-1-0-2) 0O 8(1-3-2-1-  10(2-3-2-1-0-2) 2 Non-re-
rhage 0-1) sponder

4 53(M) Hemor- 1 sham/active 7(1-1-3-1-0-1)  8(1-1-3-1-0-2) 1 7(1-1-3-1-  9(1-3-3-1-0-1) 2 Re-
rhage 0-1) sponder

5 68(F) Hemor- 8 active/sham 15(2-3-5-2-0-2) 15(2-3-5-2-0-2) 0 13(2-3-5-  17(2-4-6-2-1-2) 4 Re-
rhage 1-0-2) sponder

6  59(F) TBI 4.2 sham/active 13(2-3-5-1-0-2) 13(2-3-5-1-0-2) 0 13(2-3-5-  16(3-3-6-2-0-2) 3 Re-
1-0-2) sponder

7 49(M) TBI 33 sham/active 9(1-3-2-1-0-2)  9(1-3-2-1-0-2) 0 9(1-3-2-1-  10(1-3-3-1-0-2) 0 Re-
0-2) sponder

8  66(F) Hemor- 3.1 active/sham  14(1-3-6-2-0-2) 14(1-3-6-2-0-2) 0 1001-1-5-  14(1-3-6-2-0-2) 4 Re-
rhage 1-0-2) sponder

9  59(F) Hemor- 4.7 sham/active 10(2-3-2-1-0-2) 13(2-3-2-3-1-2) 3 13(2-3-2-  14(3-3-2-3-1-2) 1 Re-
rhage 3-1-2) sponder
10 52M)  TBI 2.1 active/sham  10(1-3-2-2-0-2) 10(1-3-2-2-0-2) 0 8(1-3-2-1-  10(1-3-2-2-0-2) 2 Non-re-
0-1) sponder
1 49(M)  Hemor- 46 sham/active  13(2-3-5-1-0-2) 13(2-3-2-3-1-2) 0 13(2-3-2- 14(2-3-5-2:0-2) 2 Non-re-
rhage 3-1-2) sponder
12 62(M) Hemor- 13 sham/active 9(0-1-5-1-0-2) 10(1-1-5-1-0-2) 1 9(0-1-5-1-  9(0-1-5-1-0-2) O Non-re-
rhage 0-2) sponder

13 68(M) HIE 2 active/sham  13(2-3-5-1-0-2) 13(2-3-5-1-0-2) 0 11(2-1-5- 13(2-3-5-1-0-2) 0 Re-
1-0-2) sponder

14 48(M) Hemor- 14 sham/active 11(0-3-5-1-0-2) 11(0-3-5-1-0-2) 0 11(0-3-5-  13(0-4-6-1-0-2) 2 Re-
rhage 1-0-2) sponder

15 18(M)  HIE 7.9 active/sham  10(1-3-2-2-0-2) 10(1-3-2-2-0-2) 0 8(1-1-2-2- 10(1-3-2-2-0-2) 2 Re-
0-2) sponder
16 52(M) TBI 1.5 sham/active 8(0-3-2-1-0-2)  8(0-3-2-1-0-2) O 8(0-3-2-1-  9(1-3-2-1-0-2) 1 Non-re-
0-2) sponder
17 49(M) HIE 22 active/sham  15(3-3-5-2-0-2) 15(3-3-5-2-0-2) 0 14(3-3-5-  15(3-3-5-2-0-2) 1 Non-re-
2-0-1) sponder

18 59(F) Hemor- 6 sham/active 11(2-3-3-1-0-2) 11(2-3-3-1-0-2) 0 11(2-3-3-  14(3-4-5-1-0-2) 3 Re-
rhage 1-0-2) sponder

19 33(F) TBI 52 active/sham  8(1-1-3-2-0-1)  9(1-1-3-2-0-2) 1 9(1-1-3-2- 17(3-4-5-2-1-2) 8 Re-
0-2) sponder
20 53(F) TBI 49 sham/active 9(1-3-2-1-0-2) 11(1-3-3-2-0-2) 2 9(1-3-2-1-  9(1-3-2-1-0-2) O Non-re-
0-2) sponder

CRS-R scores are described as follows: Total score (Auditory subscore-Visual subscore-Motor subscore-Oromotor/Verbal subscore-Communication subscore-
Arousal subscore); F=Female; M=Male; HIE=hypoxic-ischemic encephalopathy; TBI=Traumatic Brain Injury; CRS-R=Coma Recovery Scale-Revised; rTMS-a=rTMS-
active=rTMS-s, ITMS-sham. A=post-pre. In the last column, Responder=patients showing new signs of consciousness after rTMS; Non-responder=patients not
showing any new sign of consciousness taking into account the CRS-R assessments (pre and post rTMS-active and rTMS-sham) conducted during the study period.

contrast, the other non-responders showed no significant
improvements, which may be associated to whether the
cerebral cortex of MCS patients can respond to rTMS
(see the discussion below) [48].

rTMS represents a prominent NIBS method, gener-
ating pulsed magnetic fields that can penetrate extra-
cerebral tissues (scalp, bone, meninges) at specific
frequencies and sequences within the target area. It can
act directly on central nerve system tissues, resulting in
superficial axonal depolarization of the electric field and

activating networks in the cortex [49]. This study uti-
lized rTMS to directly stimulate key nodes of the ECN
and employs EEG/TMS-EEG to investigate changes in
the overall cortical complexity [50]. The present study
focused on rTMS’s direct stimulation of hub ECN, which
involves EEG/TMS-EEG to explore the alterations in
overall cortical complexity [51]. Although rTMS’s direct
impact on the excitability of the cortex on the surface of
brain networks, the significant perspective of treatment
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Fig. 5 TMS-evoked activity by butterfly plots of responder (A) and non-responder (B) groups

proves the plasticity-causing mechanism triggered by
multiple interventions [52].

At present, the physiopathologic mechanisms underly-
ing DoC remain poorly understood [53]. Previously, the
foundation for directing rTMS in the treatment of DoC
patients was mostly derived from stroke-related theories,
such as the interhemispheric competition model, vicari-
ation model, and bimodal-balance recovery model [54].
However, these theories focus on functional reorgani-
zation after focal brain damage, whereas DoC patients
mostly exhibit arousal/awareness dysfunction due to
severe brain damage [55]. DoC patients serve as natural
models for exploring the concept of consciousness. By
studying their treatment responses and cortical activ-
ity, we can gain insights into the nature, mechanisms,
and localization of consciousness. With the continuous
exploration in consciousness neuroscience, theories rep-
resented by global workspace theory (GWT) and meso-
circuit model have emerged as a research topic.

From the cortico-cortical and thalamo-cortical per-
spectives, it is believed that the hotspot of consciousness
is located in the front of the brain, and the consciousness
generated by the “ignition” works as a central hub in the
workspace [14, 56]. Building on above theories, current
studies are inclined to rTMS therapeutic targets towards
the L-DLPFC, the hub of the ECN and the mesocircuit
model. Additionally, the L-DLPFC is located on the sur-
face of the cerebral cortex, allowing rTMS to directly
activate orienting neurons on the horizontal plane of the
cortex [48]. In 2014, Naro et al. [25] first found that one
single application of rTMS facilitate transient enhance-
ment of consciousness and restoration of connectivity
in some cortical areas in 10 patients with UWS due to
hypoxia. Also, He et al. [30] included 25 DoC patients,
employing immediate resting-state EEG after a single
20 Hz rTMS stimulation as an evaluation and predictor.
Their study revealed an consciousness improvement in
10 patients classified as responders, characterized by a
more preserved alpha power and a significant reduction
in delta power after rTMS treatment.

To more thoroughly assess the effects of rTMS treat-
ment beyond merely the behavioral level, we employed

TMS-EEG, an effective tool for measuring cortical activ-
ity. Currently, TMS-EEG receives extensive concentra-
tion in central nervous system disorders researches [32,
57]. This technique allows researchers to observe and
analyze the functional integration (i.e., connectivity) and
information exchanges between different brain regions.
Thus, researchers can more deeply explore the functional
organization and information processing characteristic
of the brain across different states of consciousness [58]
Some studies have demonstrated the effectiveness of
TMS-EEG applications in assessing consciousness lev-
els and evaluating treatment effects in DoC patients [26,
59, 60]. To date, many methods have been developed
to quantitatively analyze the complex network proper-
ties of TMS-EEG, among which the PCI and its deriva-
tive version PClst are some of the most widely used. As
they demonstrated remarkable sensitivity in distinguish-
ing different levels of consciousness [61, 62]. The critical
property of PCI is the ability to effectively quantify the
integration and differentiation of brain networks [45].
This ability to reveal the dynamic interactions of neural
networks is the basis for effectively distinguishing differ-
ent levels of consciousness [63].

In this study, the level of consciousness (or cortical
responsiveness to TMS) characterized by PClst reflects
the fundamental level of brain function. The present
study showed that the overall PCIst level in patients was
significantly improved after rTMS-active compared to
rTMS-sham, and the corresponding CRS-R also indi-
cated a significant improvement in the level of conscious-
ness. This suggests that PCIst not only can quantify the
level of cortical response in DoC patients, but also can
serve as a powerful indicator for evaluating improve-
ments in brain function after treatment.

Furthermore, the relationship between the level of
brain function, i.e. the level of cortical responsiveness,
and the responsiveness of actual treatment is also of
great concern in this study. Bodart et al. [64] assessed
the level of consciousness in patients using PCI and
Fluorodeoxyglucose Positron Emission Tomography
(FDG-PET), demonstrating that patients with VS/UWS
exhibiting higher complexity and metabolism may have
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a better prognosis, even though they did not show any
overt consciousness. Wu et al. [65] showed that the level
of consciousness, characterized by functional connectiv-
ity strength, predicted treatment prognosis in patients
with brain injury. These studies indicate the importance
of considering individual differences in cortical response
when evaluating efficacy. Our study highlights that
patients with higher cortical complexity in MCS patients
may have a more positive response to treatment.

In our study, PCIst was found significantly higher
after rTMS-active than rTMS-sham in the responder
group, while no significant difference found in the non-
responder group. This indicated that PClIst, as a quan-
titative index of cortical response, may be beneficial in
predicting the response of DoC patients to rTMS treat-
ment. Specifically, the significant increase of PClst in
the responder group unveiled that the cortex of these
patients demonstrated a higher level of complexity and
integration after rTMS treatment, which is in line with an
increase in their CRS-R scores. In contrast, no significant
alterations in PCIst were found in the non-responder
group, indicating that these patients showed limited cor-
tical response to rTMS treatment and limited improve-
ment in the level of consciousness.

Afterwards, this study conducted a post-hoc analysis
to explore the difference between responders and non-
responders at baseline, hoping to further explore the
difference to rTMS treatment. Our findings suggest that
PClIst values were significantly higher in the responder
group than in the non-responder group (p=0.044). Our
results imply that PCIst not only distinguishes DoC
patients with different levels of consciousness [47], but
also has a positive predictive effect on the recovery of
MCS patients.

Subsequently, we explored the alterations in brain
activity patterns of MCS patients treated with rTMS
based on RS-EEG. The EEG spectrum analysis was used,
which has been widely used in DoC studies for extract-
ing information on neuronal rhythmic activity in differ-
ent frequency bands and functional states of the brain
[66]. The alpha band activity actively participates in the
operation of complex conscious activities and cognitive
functions, which is particularly important in the pro-
cess of recovering consciousness [67]. In DoC patients,
improved alpha power is positively associated with
increased CRS-R scores [68-70]. Moreover, our previ-
ous study also showed a significant improvement in the
relative power of the alpha frequency band in VS/UWS
patients after rTMS treatment, corresponding to an
enhanced state of consciousness [71].

This study further demonstrates that compared to
rTMS-sham, MCS patients show a significant increase
in RAP after receiving rTMS-active treatment. This
represents a positive modulation by rTMS on the alpha
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rhythm activity of the brain in MCS patients, corre-
sponding to behavioral scores. Meanwhile, we performed
the above analysis on the responder and non-responder
groups respectively. The results showed a significant
increase in the RAP of the responders, whereas non-
responders showed no significant increase. This suggests
that responders can enhance brain consciousness activi-
ties characterized by the alpha rhythm through rTMS
treatment.

Accurate diagnosis of DoC is important for effective
clinical treatment. Currently, the recommended approach
for assessing levels of consciousness involves multimodal
assessments (including CRS-R, EEG/ERP, fMRI and PET-
CT). This comprehensive method aims to achieve more
accurate confirmation of both consciousness level and
functional status, which are critical for influencing sub-
sequent clinical decisions.Even then, The obtained diag-
noses still represent the patient’s level of consciousness at
a specific moment. Consequently, some studies have pro-
posed multimodal assessments at multiple time points
to evaluate the recovery potential/prognosis of patients
[72]. However, it demands high patient compliance,
medical diagnostic conditions, and costs, which would
add more pressure on the patient’s family. In this study,
we found PCIst to be a significant indicator at baseline,
in distinguishing responder and non-responder groups,
based on their response to rTMS treatment. It provides a
potential neuro-biomarker to predict the recovery poten-
tial of patients for subsequent studies.

Ensuring safety is the primary prerequisite for admin-
istering rTMS therapy to patients with DoC. As such,
we excluded patients who had epilepsy or related com-
plications (such as paroxysmal sympathetic excitation,
fever, or sleep deprivation) within the last 2 weeks based
on a previous study. The safety parameters were estab-
lished following the latest rTMS safety guidelines [41].
Throughout the whole process, none of patients expe-
rience any adverse events, which is sufficient to dem-
onstrate the safety of the protocol and holds practical
significance for enhancing clinical guidelines. This study
not only demonstrated the feasibility of this protocol in
patients with VS/UWS, but also the effectiveness when
combined with other routine rehabilitation therapies.

The success of a cross-over double-blind RCT can
establish the overall treatment effects, while mitigat-
ing individual patient differences. Our team continued
the study of rTMS on MCS patients, which was built
on the previous finding from our previous study of VS/
UWS [71]. In this study, PCIst was used as an objective
evaluation tool for RCT for the first time, and a signifi-
cant difference in PCIst was found between responder
and non-responder identified by CRS-R at baseline after
10 consecutive rTMS-active sessions. In addition, we also
conducted a post-hoc analysis to examine the statistical
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power of the study, which was 0.811, demonstrating the
adequacy of the sample size. These results will offer new
insights for subsequent rTMS or even NIBS intervention,
precise diagnosis, or prognostic studies of DoC.

Limitations

However, this study still has some limitations. Firstly,
rather than using rTMS combined with MRI navigation
techniques, we used 10-20 international EEG systems
with F3 electrodes to localize the L-DLPFC. While an
absolutely precise location cannot be guaranteed, this
method is closer to clinical treatment and fewer hospitals
and institutions are equipped with navigation systems.
Therefore, our findings can directly provide guidance
for the clinical treatment of rTMS in patients with DoC.
Secondly, although MCS is the most representative cat-
egory of patients in DoC, future studies should include
more but not limited to VS/UWS, locked-in syndrome,
and cognitive-motor dissociation patients to obtain more
comprehensive clinical evidence for the rehabilitation
of consciousness disorders. We will focus on addressing
these issues in the next stage of research.

Conclusion

In conclusion, this crossover, double-blind RCT offers
new evidence for clinical application of rTMS in the
treatment of MCS patients. Specifically, the applica-
tion of 10 Hz rTMS on the L-DLPFC can significantly
enhance CRS-R, RAP, and PCIst in MCS patients. This
suggests that this treatment protocol may be the right
approach to improve the level of awareness and cerebral
functioning in MCS patients. Post hoc analysis revealed
that the PClIst of the responder was significantly higher
than that of the non-responder at baseline. This findings
could serve as a promising indicator for determining the
level of consciousness/brain function in patients with
DoC and might emerge as a potential neuro-biomarker
for predicting the potential of patient recovery.

Abbreviations

DoC Disorders of Consciousness

rTMS Repetitive transcranial magnetic stimulation
NIBS non-invasive brain stimulation

CRS-R Coma Recovery Scale-Revised

VS Vegetative State

Uws Unresponsive Wakefulness Syndrome

MCS Minimally Conscious State

EMCS Emerge Minimally Conscious State

LTP Long-Term Potentiation

RMT Resting motor threshold

TESA TMS-EEG signal analyser

PCl Perturbational complexity index

PClst Perturbational complexity index based on state transitions
RAP Relative alpha power

TBI Traumatic brain injury

nTBI Non-traumatic brain injury

HIE Hypoxic-ischemic encephalopathy

EEG Electroencephalogram

ICA Independent Component Analysis
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GWT Global Workspace Theory
L-DLPFC  Left dorsal lateral prefrontal cortex
ECN Executive Control Network

DMN Default mode network

CRC Clinical Research Center

SMU Southern Medical University

DMC Data Monitoring Committee
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