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Abstract

Background: Disorders of consciousness (DOC) are one of the clinical hallmarks of severe traumatic brain injury (TBI). DOC impair
patient life quality and increase the burden on their families and society. Methods: A double-blind, randomized, controlled clinical trial
was conducted to determine the efficacy of routine rehabilitation combined with transcranial direct current stimulation (tDCS) in DOC
patients after TBI. A total of 78 DOC patients were randomly divided after TBI into two groups: participants in the treatment group
received routine rehabilitation combined with an active tDCS protocol. In contrast, participants in the control group received routine
rehabilitation combined with a sham tDCS protocol. An anode was placed over the left dorsolateral prefrontal cortex and a cathode was
placed over the right supraorbital area. The stimulation intensity was 2 mA. Both tDCS protocols lasted for eight consecutive weeks (20
minutes per day, six days per week). Patients were followed up for a further eight weeks. Glasgow Outcome Scale (GOS), Glasgow
Coma Scale (GCS), brainstem auditory evoked potentials, somatosensory evoked potentials and electroencephalogram were measured
at weeks zero, two, four, six, eight and sixteen from the start of tDCS. Results: Neither the GOS nor GCS scores differed significantly
between the two groups, while brainstem auditory evoked potentials, somatosensory evoked potentials and electroencephalogram scores
did. Conclusions: This study found that tDCS improves some neurophysiological parameters but not clinical outcomes of DOC patients
after TBI. Clinical Trial Registration: Chinese Clinical Trial Registry, ChiCTR1800014808 (The version is V.1.0). Registered on
February 7, 2018. http://www.chictr.org.cn/showproj.aspx?proj=25003.

Keywords: transcranial direct current stimulation; rehabilitation; disorders of consciousness; traumatic brain injury; randomized con-
trolled trial

1. Introduction
One of the leading causes of disability and death

among young people around the world, particularly in
South-East Asia and the Western Pacific, is traumatic brain
injury (TBI), which is caused by a force that directly or in-
directly affects the brain [1,2]. Each year, approximately
5.48 million people suffer from severe TBI [2]. For a vari-
ety of reasons, recently the incidence of TBI in China has
risen sharply, as has mortality [3]. Currently, the latter is
between 2.7% and 21.8% [3]. Disorders of consciousness
(DOC) are one of the clinical hallmarks of severe TBI and it
affects many patients with severe TBI. DOC refer to the se-
rious impairment in a patient’s recognition and perception
of their status and surroundings, including coma, vegetative
state (VS)/unresponsive wakefulness syndrome (UWS) and
a minimally conscious state (MCS) [4]. Coma may be de-
fined as a state of profound unawareness from which the

patient cannot be aroused. Crucially, eyes are closed and a
normal sleep-wake cycle is absent. This usually lasts only
a few days or weeks following acute brain injury [5]. Some
patients awaken from coma (i.e., open their eyes) but re-
main unresponsive (i.e., show only reflex movements with-
out response to command). This is UWS, and is also re-
ferred to as VS [6]. Such patients may open their eyes
but exhibit only reflex (i.e., non-intentional) behaviors and
are therefore considered unaware of themselves and their
surroundings. Patients in MCS show unequivocal signs of
non-reflex cortically mediated behaviors [7], occurring in-
consistently, yet reproducibly, in response to environmental
stimuli [8]. All patients are in coma immediately after a se-
vere TBI and only a few patients will successively develop
a vegetative state. The mortality rate is increased with the
length of coma [4].
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Detecting consciousness in unresponsive patients by
means of clinical examination is challenging. Since 1974,
the Glasgow Coma Scale has provided a practical method
for bedside assessment of impairment of the level of con-
sciousness, the clinical hallmark of acute brain injury
[9]. The Glasgow Outcome Scale has been used widely to
quantify outcomes in severe TBI trials [6]. Paradigms to de-
tect consciousness by means of positron emission tomogra-
phy (PET) functional magnetic resonance imaging (fMRI)
and electroencephalography (EEG) have been developed
during the past two decades to supplement the clinical eval-
uation of DOC [10]. Neurophysiological tests (EEG and
evoked potentials) are useful for assessing the degree of
awareness especially in the difficult context of withdrawal
of life-sustaining treatments [11]. In traumatic brain injury,
brainstem auditory evoked potentials (BAEP) is a good
prognostic indicator for traumatic brain injury, while the ab-
sence of all waves beyond wave 1 predicts an unpromising
prognosis [12]. The use of somatosensory evoked poten-
tials (SEPS) for positive prognosis in the presence of N20
has been proposed to investigate long-latency SEPS com-
ponents (P25, N35, N70). Their amplitudes were positively
associated with a good prognosis, but with a broad confi-
dence interval [13]. Although previous studies have failed
to demonstrate the usefulness of single components of the
early SEPS and short latency BAEP for predicting the clin-
ical outcome after TBI [14], they can be used as an integral
part of the clinical and prognostic assessment of patients
with DOC [15].

There are many therapies for recovering conscious-
ness, including pharmacology, surgery, rehabilitation and
alternative medical methods. Despite several previous re-
views that systematically evaluated the potential effective
treatments for DOC patients [16], such treatment is still
far from establishing any convincing clinical guidelines.
Given the limited evidence of its effect, non-invasive brain
stimulation, with little known clinical harm and adverse
effect, including transcranial magnetic stimulation (TMS)
and transcranial direct current stimulation (tDCS), is con-
sidered a relatively more acceptable therapeutic strategy.
tDCS provides a noninvasive brain stimulation technique in
which a 1–4 mA direct current is applied through the scalp
to regulate cortical excitability [17,18]. The stimulation can
be either anodal or cathodal depending on the direction of
the current flow. It has been found that anodal tDCS in-
creases the cortical excitability of motor cortex [19], while
cathodal tDCS reduces cortical excitability. Additionally,
it may affect nearby areas of the brain as well as the stim-
ulation area under the electrode [20] and may also alter
the functional connectivity between different brain regions
[21]. Moreover, the changes in cortical excitability follow-
ing a single stimulation can last for up to an hour if the du-
ration and intensity of the stimuli are sufficient [22]. tDCS
has been shown to have both short-term and long-term ef-
fects on patients with DOC [23,24]. There is evidence that

a single tDCS session can change the neurophysiological
indices in patients with prolonged DOC [25]. Thibaut et al.
[23] conducted a randomized double-blind controlled trial
to stimulate the left dorsolateral prefrontal cortex of DOC
patients and found that the consciousness state of 13 (43%)
MCS patients and two (8%) VS/UWS patients improved.
However, there are few reports on the effects of tDCS on
evoked potentials in DOC patients. Here, a hypothesis is
proposed that repetitive tDCS may alter the evoked poten-
tials of DOC patients after TBI and assist in recovery from
coma. A randomized controlled trial test was performed to
verify this. Moreover, recent studies show that the effects
of tDCS are influenced by gender. Generally, the effects of
tDCS are more pronounced in females [26,27]. Currently,
most trials exploring gender differences in tDCS efficacy
have focused on healthy populations, but there are few re-
ports focused on DOC patients. So gender differences were
also studied in DOC patients treated with repetitive tDCS.

2. Materials and Methods
2.1 Subjects

Subjects who met the following criteria were enrolled
in this study [28]: (1) Male or female coma patients aged
18–65 years, (2) Coma caused by severe TBI, (3) Coma that
lasted more than one week, (4) Magnetic resonance imag-
ing (MRI) of the head showed no obvious displacement,
structural damage, extensive brain structure necrosis and
obvious brain stem (not including the pyramidal tract) or
thalamic lesions where the lesion scope of each cortex did
not exceed 30% of one side of a brain region, (5) Condition
and vital signs were stable, and (6) Family members vol-
untarily agreed to let the participant participate in the study
and signed an informed consent.

Participants who received any of the following treat-
ments during the evaluation period were excluded: (1)
Anesthetics, psychotropics, muscle relaxants, sedatives,
sleeping pills, Ca2+ and Na+ channel blockers, (2) Ven-
tilator dependent (3) the course of DOC was longer than
one year, (4) Any material contraindicated by MRI appears
in the body such as pacemakers, dentures, metal prosthe-
ses, etc., or open craniocerebral injury or skull defects that
would contraindicate electromagnetic stimulation; seizures
or history of seizure, (5) Complicated with serious diseases,
(6) Progressive disorders of the nervous system, (7) Preg-
nancy, (8) Local skin injury or inflammation, (9) Hemosta-
sis, coagulation dysfunction, and anticoagulation therapy
users, as well as participants taking anticoagulants; (10)
Acute massive cerebral infarction and (11) Hyperalgesia in
the stimulus area.

Neurologists evaluated potential participants based on
the inclusion and exclusion criteria. Candidates for this
study must have met all listed requirements. Eligible indi-
viduals were assessed by a neurologist for DOC diagnosis
and assessment and their families provided informed con-
sent.
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2.2 Methods
The trial lasted a total of 16 weeks and was divided

equally between intervention and follow-up. Eighty hos-
pitalized DOC patients after TBI were randomized equally
into the treatment or control groups. The participants in the
treatment group received routine rehabilitation combined
with an active tDCS protocol and the participants in the con-
trol group received routine rehabilitation combined with a
sham tDCS protocol. Routine rehabilitation is an interven-
tion widely used in clinic to improve a participant’s level
of consciousness, including hyperbaric oxygen, cerebellar
nuclear stimulation, limb electrical stimulation and passive
limb range-of-motion training. All patients in this study re-
ceived the above interventions.

Both tDCS protocols lasted for eight consecutive
weeks (20 minutes per day, six days per week). The an-
ode was placed over the left dorsolateral prefrontal cortex
(DLPFC) centering at F3, and the cathode was placed over
the upper edge of the right orbit centering at FP2 (Interna-
tional 10–20 system). During and after each tDCS treat-
ment, adverse events and side effects were measured. One
participant found a slight redness of the skin on his fore-
head after treatment which recovered within an hour. After
repeated examinations during the test, the participant’s vi-
tal signs were stable. After verification, the operation pro-
cess, equipment status and treatment parameters were cor-
rect. Finally, this family withdrew informed consent and
the patient withdrew from the trial. None of the other par-
ticipants had skin damage under the electrodes.

Participants were followed for a further eight weeks.
In this period of time, medical staff followed up with the
participants’ caregivers by telephone every two weeks. The
prognosis and consciousness status of all participants were
evaluated from Glasgow Outcome Scale (GOS), Glasgow
Coma Scale (GCS), BAEP, SEPS and EEG measured at
weeks zero, two, four, six, eight and sixteen from the start
of tDCS. A flowchart of participant enrollment is shown in
Fig. 1.

An independent statistician from the Evidence-Based
Medicine Center, Nanchang University’s first affiliated
hospital, performed blinding and randomization.

This study used randomization and allocation of hid-
den blocks. All participants were randomly assigned to ei-
ther the intervention or control group in a 1:1 ratio. An in-
dependent statistician, who was not involved in the trial,
derived the order of randomization using the statistical soft-
ware SPSS 21.0 (IBMCorp., Chicago, IL, USA). Addition-
ally, results assessors and statisticians were blind to the ran-
dom ratings. The allocation of eligible participants was also
concealed from their caregivers and rehabilitation therapists
after assessing the demographic data of the participants.

Owing to the double-blind nature of this study, for
the “third-party” non-participating personnel who managed
and supervised the implementation of the blind method: (1)
Caregivers of participants were not allowed to open the en-

velopes indicating the order in which they were involved in
the study. The treatment prescription of the treatment and
control groups were respectively defined as mode A and
mode B. The treating practitioner only knew that they used
either mode A or B, but did not know the specific content
of a given prescription. Therefore, they did not know which
treatment a participant received. (2) Mode A was the active
tDCS and mode B was the sham tDCS; treatment outcomes
were assessed by third-party assessors who were unaware
of any given grouping. (3) Two unblinding steps were con-
ducted. The first step was group unblinding. Each patient’s
group (group A or B) was revealed, but it was not known
which group received active or sham tDCS. Statistical anal-
ysis was then conducted to clarify any difference between
groups A and B. In a second step, groups A and B were de-
fined as experimental group (active tDCS) or control group
(sham tDCS), respectively. Further analysis was then con-
ducted.

2.3 Intervention
2.3.1 Basic Treatments

All participants were given basic treatment in accor-
dance with the Guidelines for the Management of Severe
Traumatic Brain Injury [29]. The treating physician man-
aged each participant according to the guidelines and the
participant’s condition, including administration of medi-
cation and prevention of complications.

2.3.2 Hyperbaric Oxygen
Hyperbaric oxygen therapy is used to treat hypoxic

diseases and related disorders by breathing above atmo-
spheric pressure pure or high concentration oxygen. All
participants were treated in a hyperbaric oxygen chamber
(YC3200/0.3-22VII). According to previous studies [30],
the following parameters were set in the chamber: (1) Pres-
sure treatment adjusted to 1.8–2.0 atmospheres absolute;
(2) Plus and minus pressure time was 25 minutes; (3) After
the pressure in the oxygen chamber was adjusted by the reg-
ulator, the participant wore a mask and inhaled pure oxygen
twice every 30minutes and inhaled cabin air or pure oxygen
for 10 minutes between the two pure oxygen inhalations.

2.3.3 Cerebellar Nuclear Stimulation
Cerebellar nuclear stimulation is the use of a specific

range of low-frequency modulation currents on the human
body via a cerebellar top nuclear power stimulation de-
vice (headband) and limb neuromuscular electrical stimu-
lation device, using its electrophysiological effect to pro-
mote brain blood circulation and limb neuromuscular train-
ing. The cerebellar nuclei of all participants were stimu-
lated with an electronic stimulator (CVFT-MG201, Shang-
hai Qiankang Medical Technology Co., LTD, Shanghai,
China). Based on normal sensory threshold and tolerance,
to improve the brain’s posterior circulation, the therapist ap-
plied a 30-minute electrical stimulus (0~15 mA) to a cres-
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Fig. 1. Participant enrollment. Flowchart.

4

https://www.imrpress.com


cent electrode behind the participant’s ear.

2.3.4 Limb Electrical Stimulation
Limb electrical stimulation employs a low-frequency

pulse current, through a preset program to stimulate one or
more groups of muscles, induce muscle movement or sim-
ulate normal autonomous movement and to improve or re-
store the stimulated muscles or muscle group function. All
participants received limb electrical stimulation to the tib-
ialis anterior muscle. Two 4 cm × 4 cm electrodes were
used to stimulate the muscle in the longitudinal direction.
The current intensity was based on slight muscle contrac-
tion, with each treatment duration being 30 minutes.

2.3.5 Passive Limb Range-of-Motion Training
All participants undertook passive range motion train-

ing under the guidance of rehabilitation therapists. The
therapist performed full joint exercises on the participant’s
shoulders, elbows, hips and knees, each for 30 minutes.

2.3.6 Active tDCS
Participants in the treatment group received the active

tDCS protocol. The anodal electrode was positioned over
the left DLPFC centering at F3, while the cathodal electrode
was placed over the right supraorbital area centering at FP2
(International 10–20 system). The stimulation device used
was aMBM-I (Jiangxi Huaheng JingxingMedical Technol-
ogy Co., LTD, China). The current intensity was 2 mA, the
anode electrode size was a square of 5 cm and the cathode
electrode size was a square of 7 cm. The following treat-
ment parameters were used: (1) 20 minutes per treatment,
(2) Daily and (3) Six times per week (See schematic, dia-
gram, Fig. 2A).

2.3.7 Sham tDCS
Participants in the control group received the sham

tDCSwith the same electrode positions as active tDCS. The
tDCS occurred for only 30 seconds during the initial and
end stages, with no current for 19 minutes during the sham
treatment. Other parameters were consistent with those of
the treatment group (see schematic diagram, Fig. 2B).

2.4 Follow up
Medical staff followed up with the participants’ care-

givers by telephone every twoweeks after completion of the
tDCS protocol and evaluated the prognosis and conscious-
ness status of all participants in the hospital at week 16.

2.5 Trial Outcomes
2.5.1 Primary Outcomes
Glasgow Outcome Scale

The GOS was used to evaluate the recovery and out-
come of participants who suffered TBI. According to indi-
cators such as whether participants recovered sufficiently
to undertake work, study and self-care, the severity of the

Fig. 2. Schematic diagram of active (A) and sham (B) tDCS.

disability was divided into five grades: (1) Good recovery,
(2) Moderate disability, (3) Severe disability, (4) Vegetative
state and (5) Death. The higher the grade, the more severe
the condition.

2.5.2 Secondary Outcomes
Glasgow Coma Scale

The GCS was first introduced by Teasdale and Jennett
[31]. It is a short scale with a total of 15 points, including
three items: eye-movement, verbal and motion responses.
If the GCS score is 13 to 15 points and coma onset after an
injury is shorter than 20 minutes, a participant is defined to
have mild TBI; if the score is between 9 and 12 points and
coma onset is 20 minutes to 6 h after injury the participant
has moderate TBI; when scored between 6 and 8 points and
coma onset is longer than 6 h, the participant is considered
to have extremely severe TBI.

2.5.3 Brainstem Auditory Evoked Potential
BAEP has been used for more than two decades as

a sensitive indicator of lesions in the brain stem auditory
pathway. This test is widely used to assess brain function
in acute critical diseases and can also be used to assess the
severity of TBI [32]. The recording electrode was posi-
tioned at the top of the skull (Cz point), the reference elec-
trode was over the inner side of the earlobe on the same side
as the sound stimulus (A1 and A2 points), and the ground-
ing electrode was placed in the middle of the forehead (F
point). The impedance of the skin-electrode was less than
5 KΩ, the stimulus intensity was 100 dB above the hear-
ing threshold and the average stacking was ×1000. The
BAEP grading standard was initially proposed by Green-
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Table 1. The Hall grading standard of abnormal BAEP
condition.

Grade Description Score

I Normal 3
Normal latency and amplitude for major waves (l, III, V)
Normal interwave latencies (I-IIII-V)
Normal wave V/I amplitude ratio

II Mildly abnormal 2
Major waves clearly Discernable, but
Prolonged interwave intervals and/or
Reduced amplitude or major waves and/or
Reduced wave V/I amplitude ratio

III Moderately abnormal 1
Waves III and/or
V not repeatedly recorded

IV Markedly abnormal 0
Only Wave I, or
No wave

berg [33]. Later, many clinicians adopted this standard for
clinical research and improvements and many new meth-
ods have also been formulated. Hall [34] provided one of
the most detailed BAEP grading standards (Table 1). The
lower the score, the more severe the TBI coma.

2.5.4 Somatosensory Evoked Potentials

DOC can be predicted with high accuracy by the
SEPS, which stimulates the upper skin or peripheral nerves
[28]. Evoked potentials produced by this stimulation mode
are also called upper sense evoked potentials (USEP) [28].
Recording electrodes were placed on the top of the head (C3
’, C4 ’), Erb’s point, cervical spinous VII (C7), reference
electrode on the forehead (FPz), square wave pulse electri-
cal stimulation of bilateral wrist median nerve and lateral
elbow muscle cutaneous nerve running site. The stimula-
tion intensity was 5–15 mA and the scanning duration was
50 ms. SEPS recording should be done in a quiet state, the
room temperature should not be too high or too low. Grad-
ing was also according to the Greenberry standard (Table 2)
[35]. The lower the score, the more severe the TBI coma.

2.5.5 EEG Data

EEG is an effective tool for measuring, assessing and
predicting brain function. A NATION8128 ELECTRO en-
cephalograph was used to measure EEG changes in partic-
ipant brain function. Electrode placement was according
to the International 10–20 system and 16-lead recordings
were made. The nasal root, external foramen and occip-
ital tuberosity were divided into ten equal parts, with the
point at the top of the head. The electrode position was de-
termined by the intersection of the radius and concentric
circles centered at the top of the head. Electroencephalog-
raphy should be recorded in a quiet state at a room temper-

Table 2. The Greenberry standard of abnormal SEPS
condition.

Grade Description Score

I Normal 3
All waveforms are basically normal

II Mildly abnormal 2
Lack of waveform component after 50 ms
Prolonged incubation period

III Moderately abnormal 1
Only P15 and N20
Lacked waveform components after 20 ms

IV Markedly abnormal 0
Only P15, or
No wave

Table 3. Hockaday’s EEG grading criteria for DOC.
Grade Description Score

I Within normallimits 3
Alpha rhythm
Predominant alpha with rare theta

II Mildly abnormal 2
Predominant theta with rare alpha
Predominanttheta with rare delta

III Moderately abnormal 1
Delta, mixed with theta and rare alpha
Predominant delta. with no other activity

IV Markedly abnormal 0
A nearly flat recor
No EEG at all

ature that is neither too high nor too low. The score was
based on Hockaday’s [36] EEG grading criteria for DOC
(Table 3). The lower the score, the more severe the TBI
coma.

2.6 Sample Size

Sample size calculations were based on improvements
to the GCS score. A similar study found that GCS scores
following both active and sham tDCS were (12.44 ± 2.51)
and (10.43± 1.90) (n = 38), respectively [37]. Active tDCS
combined with a conventional rehabilitation strategy im-
proved the GCS by 2.01 points on average for participants
compared to those in a control group. Improvement mea-
sured according to the same sample size were obtained from
an estimation formula:

n =
2(µα+ µβ)2σ2

δ2

With a type I error of 5% (α = 0.05) and 90% power
(β = 0.10), 33 participants per group were estimated to be
required. Given a dropout rate of 20% during the study, at
least 40 participants per group were considered to be suffi-
cient.
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Fig. 3. GCS and GOS analysis of experimental results. *T0, T1, T2, T3 and T4 refer to weeks 0, 2, 4, 6 and 8 from the start of tDCS,
respectively. Follow-up refer to week 16 from the start of tDCS. (A) Changes in GOS scores of the two groups from week 1 to week
16. There was no statistical difference between the two groups during weeks 1 to 4, however the treatment group began to score higher at
the beginning of week 4. During follow-up, the GOS scores of the treatment group decreased, while the scores of the control group were
statistically similar. (B) Changes in GCS scores of the two groups from week 1 to week 16. There was no difference between the two
groups during weeks 1 to 16 and the treatment group began to score higher at the beginning of week 6. However, no statistical difference
was found during follow-up.

2.7 Statistical Analysis
SPSS21.0 software (IBM Corp., Chicago, IL, USA)

was used to analyze the data. Continuous variables of the
normal distribution are reported as mean and standard de-
viation in the descriptive analysis, while it was median and
quartile ranges that were reported for data that were not nor-
mally distributed. The t-test was used to analyze continu-
ous variables and the Fisher exact test for categorical vari-
ables to compare baseline characteristics between groups.
If statistical significance was identified, the inequality fac-
tors were treated as confounding variables in the final effi-
cacy analysis. For comparison of the primary or secondary
outcomes between groups, a t-test was used to analyze con-
tinuous data, and the Fisher’s exact test was used to ana-
lyze categorical data. If necessary, the general linear model
or the Logit model was used to adjust for confounding ef-
fects. Repeat measurements were analyzed using Analysis
of Variance (ANOVA). In the subgroup analysis, the main
results were stratified according to the gender of the partic-
ipants.

3. Results
Include a concise summary of the data presented in all

display items (figures and tables). Excessive elaboration of
data shown in display items should be avoided. Numerical
data should be analyzed using appropriate statistical tests
described in the Experimental Design and Statistical Anal-
ysis section. Authors must provide detailed information for
each statistical test applied. Report exact p values rather
than ranges (e.g., p = 0.048 rather than p < 0.05).

3.1 The Demographic Data

A total of 78 participants were included in this study,
39 in each of the treatment and control groups (Table 4).
One participant was withdrawn from the treatment group
following an ethics and informed consent request by the
family. One participant in the control group could not be
reached during the follow-up. The remaining 78 partici-
pants completed eight weeks of tDCS treatment and eight
weeks of follow-up from January 2019 to December 2021.

3.2 Glasgow Outcome Scale

Participants did not statistically differ for GOS scores
at the baseline (t = 0.19, p = 0.85). GOS levels of both con-
trol and treatment groups are increased from T0 (Control
2.92± 0.47 vs. Treatment 2.90± 0.44) to T4 (Control 2.95
± 0.58 vs. Treatment 3.28 ± 0.62). This indicates an ag-
gravated severity of a disability. Compared to the control
group, participants in the treatment group increased more
on GOS, but an F-test revealed no statistical difference (F
= 0.89, p= 0.21). The control group showed fewer increases
in scores but the same F-test results as the treatment group
(F = 0.30, p = 0.91). t-test results showed no statistical dif-
ference between the two groups (t = 1.43, p = 0.15). As a
result of eight weeks of follow-up, the scores for the treat-
ment group had a slight decrease. Additionally, t-test re-
sults revealed no statistical difference between the groups
(t = 1.09, p = 0.29). The results of the GOS scores are pre-
sented in Fig. 3A and Table 5.

3.3 Glasgow Coma Scale

GCS results were similar to the GOS scores. At base-
line, participants did not differ for the GOS test (t = 0.09,
p = 0.93). GCS levels of both control and treatment groups
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Table 4. Demographic information of participants.
Control group Treatment group χ2/t p

Age (years) 55.33 ± 9.63 56.49 ± 8.56 0.382 0.732
Gender (Male/Female) 19/20 18/21 0.402 0.998
Education (Years) 10.22 ± 3.32 9.96 ± 3.03 0.397 0.868
Time since coma (Days) 21.85 ± 7.41 22.12 ± 8.35 0.133 0.695
*At baseline, the two groups did not differ significantly in demographics.

Table 5. GOS analysis of experimental results.
T0 T1 T2 T3 T4 Follow-up F p

Control 2.92 ± 0.47 2.93 ± 0.50 2.90 ± 0.53 2.98 ± 0.55 2.95 ± 0.58 3.05 ± 0.60 0.30 0.91
Treatment 2.90 ± 0.44 2.91 ± 0.53 3.09 ± 0.57 3.03 ± 0.61 3.28 ± 0.62 3.20 ± 0.62 0.89 0.21
t 0.19 0.17 1.52 0.38 1.43 1.09
p 0.85 0.86 0.13 0.70 0.15 0.29
*T0, T1, T2, T3 and T4 refer to weeks 0, 2, 4, 6 and 8 from the start of tDCS, respectively. Follow-up refer to week 16
from the start of tDCS.

Table 6. GCS analysis of experimental results.
T0 T1 T2 T3 T4 Follow-up F p

Control 6.79 ± 1.04 6.80 ± 1.01 6.85 ± 1.08 6.82 ± 1.10 6.90 ± 1.12 7.03 ± 1.02 0.24 0.95
Treatment 6.77 ± 1.02 6.78 ± 1.00 6.90 ± 1.06 7.10 ± 1.06 7.09 ± 1.09 7.15 ± 0.92 0.64 0.66
t 0.09 0.09 0.21 1.15 0.80 0.55
p 0.93 0.93 0.84 0.26 0.43 0.59
*T0, T1, T2, T3 and T4 refer to weeks 0, 2, 4, 6 and 8 from the start of tDCS, respectively. Follow-up refer to week 16
from the start of tDCS.

Table 7. BAEP analysis of experimental results.
T0 T1 T2 T3 T4 Follow-up F p

Control 2.05 ± 0.50 2.06 ± 0.49 2.15 ± 0.47 2.26 ± 0.46 2.22 ± 0.44 2.20 ± 0.36 2.48 0.03
Treatment 2.04 ± 0.50 2.07± 0.49 2.23 ± 0.45 2.43 ± 0.30 2.52 ± 0.42 2.45 ± 0.38 3.41 0.01
t 0.09 0.09 0.77 1.93 3.08 2.98
p 0.93 0.93 0.44 0.57 <0.01 <0.01
*T0, T1, T2, T3 and T4 refer to weeks 0, 2, 4, 6 and 8 from the start of tDCS, respectively. Follow-up refer to week 16
from the start of tDCS.

increased from T0 (Control 6.79± 1.04 vs. Treatment 6.77
± 1.02) to T4 (Control 6.90 ± 1.12 vs. Treatment 7.09 ±
1.09). This indicates an improved degree of brain injury.
After week two, scores of the treatment group increased,
but the F-test showed no statistical difference (F = 0.64, p
= 0.66). Scores of the control group also increased, but ex-
hibited similar F-test results (F = 0.24, p = 0.95). There
was no statistical difference between the two groups based
on t-test results (t = 0.80, p = 0.43). After eight weeks of
follow-up, the result did not change (t = 0.55, p = 0.59).
The results of the GCS scores are presented in Fig. 3B and
Table 6.

3.4 Brainstem Auditory Evoked Potential

Electrophysiological results were slightly different
from the scores on the above scales. At baseline, the
two groups were not statistically different (t = 0.09, p =
093). BAEP levels of both control and treatment groups

are increased from T0 (Control 2.05 ± 0.50 vs. Treatment
2.04± 0.50) to T4 (Control 2.22± 0.44 vs. Treatment 2.52
± 0.42). This indicates an improved degree of brain in-
jury. BAEP scores in the treatment group continued to in-
crease and an F-test showed a statistical difference within
the group (F = 3.41, p = 0.01). Scores of the control group
also decreased and similar F-test results were obtained (F =
2.48, p = 0.03). t-test results showed a statistical difference
between the two groups (t = 3.08, p = 0.02). After eight
weeks of follow-up, the difference was still significant (t
= 2.98, p < 0.01). BAEP analysis is given in Fig. 4A and
Table 7.

3.5 Upper Sense Evoked Potentials

At baseline, the two groups were not significantly dif-
ferent (t = 0.18, p = 0.86). USEP levels of both control and
treatment groups are increased from T0 (Control 1.46 ±
0.50 vs. Treatment 1.44± 0.48) to T4 (Control 1.60± 0.49
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Table 8. SEPS analysis of experimental results.
T0 T1 T2 T3 T4 Follow-up F p

Control 1.46 ± 0.50 1.49 ± 0.49 1.56 ± 0.62 1.56 ± 0.58 1.60 ± 0.49 1.61 ± 0.50 2.57 0.02
Treatment 1.44 ± 0.48 1.44 ± 0.50 1.59 ± 0.47 1.62 ± 0.47 1.84 ± 0.44 1.83 ± 0.38 3.11 0.01
t 0.18 0.45 0.24 0.50 2.28 2.02
p 0.86 0.66 0.81 0.62 0.03 0.04
*T0, T1, T2, T3 and T4 refer to weeks 0, 2, 4, 6 and 8 from the start of tDCS, respectively. Follow-up refer to week 16
from the start of tDCS.

Table 9. EEG analysis of experimental results.
T0 T1 T2 T3 T4 Follow-up F p

Control 1.26 ± 0.44 1.28 ± 0.45 1.29 ± 0.46 1.25 ± 0.47 1.40 ± 0.48 1.38 ± 0.49 2.40 0.04
Treatment 1.24 ± 0.43 1.22 ± 0.47 1.41 ± 0.49 1.46 ± 0.50 1.63 ± 0.50 1.59 ± 0.49 2.56 0.03
t 0.20 0.58 1.12 1.91 1.99 1.90
p 0.84 0.27 0.27 0.05 0.04 0.06
*T0, T1, T2, T3 and T4 refer to weeks 0, 2, 4, 6 and 8 from the start of tDCS, respectively. Follow-up refer to week 16
from the start of tDCS.

vs. Treatment 1.84 ± 0.44). This indicates an improved
degree of brain injury. Scores in the treatment group (F =
3.11, p = 0.01) and control group (F = 2.57, p = 0.02) in-
creased significantly. According to the statistic quoted (p =
0.03) there is a statistical difference between the two groups
compared (at an alpha = 0.05). After eight weeks of follow-
up, the difference remained (t = 2.02, p = 0.04). The results
of the USEP are given in Fig. 4B and Table 8.

3.6 EEG Data

At baseline, there was no statistical difference be-
tween the EEG data of the two groups (t = 0.20, p = 0.84).
EEG scores of both control and treatment groups are in-
creased from T0 (Control 1.26 ± 0.44 vs. Treatment 1.24
± 0.43) to T4 (Control 1.40 ± 0.49 vs. Treatment 1.63 ±
0.50). This indicates improved degree of brain injury. The
increases in the control group were shown to be statistically
different by the F-test (F = 2.56, p = 0.03). The treatment
group also shows significant intra-group differences (F =
2.40, p = 0.04). t-test results showed a statistical difference
between the two groups at week eight (t = 1.99, p = 0.04).
However, after eight weeks of follow-up, the difference be-
tween the two groups disappeared (t = 1.90, p = 0.06). Re-
sults of EEG analysis are given in Fig. 4C and Table 9.

3.7 Gender Subgroup Analysis

In this study, gender subgroup analyses determined
that male and female participants in the treatment and con-
trol groups did not differ significantly in either the GCS or
GOS scores. With respect to BAEP and SEPS data, females
in the treatment group had higher scores, but the difference
was insignificant. Little difference was also found in EEG
scores between males and females (Fig. 5). Overall, no sta-
tistical difference in response to tDCS was found between
males and females in this study.

3.8 Side Effects

Ten percent (4/40) of participants’ left frontal skin
showed slight redness after active tDCS, but they recov-
ered within an hour. After repeated examinations during
the test, the vital signs of participants were stable with lit-
tle fluctuation. Following verification, the operation pro-
cess, equipment status and treatment parameters were cor-
rect. The family of one participant insisted on withdrawing
them from the study. The participant was withdrawn due to
revocation of consent. The study indicated that tDCS was
relatively safe under the condition of appropriate intensity,
with no malfunction either of the equipment or the proce-
dural standards.

4. Discussion
This study found that tDCS had no obvious therapeu-

tic effect on patients with TBI, which was inconsistent with
previous findings of repeated stimulation of the left dorso-
lateral prefrontal cortex (DLPFC) [38–41]. In this study,
no stratified statistical analyses was undertaken for patients
with UWS and MCS, as was the case with most previous
studies. It is conjectured here that the lack of therapeutic
effect may be related to the time after injury: At the start of
treatment, the average duration of coma was three weeks,
by which time the patient’s status had changed to UWS or
MCS. Due to the short time of injury and the small increase
in GCS score of the patients, it can be inferred that most of
the patients are in the state of UWS. Multiple studies have
reported clinical improvement immediately after treatment
in some patients with MCS but not UWS [38,39]. There-
fore, it is concluded that tDCS stimulation failed to achieve
a satisfactory effect of improving the state of conscious-
ness from behavioral changes estimated by GCS and GOS,
possibly because of the very low state of consciousness of
most patients (i.e., UWS). In addition, studies have shown
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Fig. 4. Data analysis of experimental results. *T0, T1, T2, T3 and T4 refer to weeks 0, 2, 4, 6 and 8 from the start of tDCS, respectively.
Follow-up refer to week 16 from the start of tDCS. (A) BAEP scores increased in both groups, with the treatment group increasing more.
(B) Both groups showed statistically significant increases in SEPS scores, but those in the treatment group were greater. (C) Both groups
showed a significant effect on EEG scores with the treatment group showing the greater increase.

Fig. 5. Data analysis of gender subgroups. *T0, T1, T2, T3 and T4 refer to weeks 0, 2, 4, 6 and 8 from the start of tDCS, respectively.
Follow-up refer to week 16 from the start of tDCS. (A) Statistically there were no differences between males and females between the
two groups for the GOS scores. (B) Females in both groups had higher scores. However, no statistical differences were found between
females and males in the two groups for the GCS. (C) BAEP data of female participants increased more in the treatment group, however,
no statistical difference was found. (D) No statistical difference was found between males and females in the SEPS data. (E) No statistical
difference was found in the EEG data between males and females in the two groups.

that although the specificity of judging the prognosis of pa-
tients with coma or vegetative state according to GCS score
is high, the risk of false positive prognostic results is also
high, and this phenomenon is especially common in cases
of severe TBI [42].

In the present work, these neuroelectrophysiological
indicators were used to evaluate the efficacy, which made
the results more objective. The BAEP score of the treat-

ment group improved more than that of the control group
from the second week, and reached the highest level at
the eighth week (2.52 ± 0.42). The SEPS score of the
treatment group improved more than that of the control
group from the fourth week and reached the highest in
the eighth week (1.84 ± 0.44). And the EEG scores de-
creased slightly in the second week, were improved more
in the treatment group than in the control group starting
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at the fourth week, and peaked at the eighth week (1.63
± 0.50). Similar to this study, Carriere et al. [25] found
that a single tDCS session could generate neurophysiolog-
ical changes, but had no relevant clinical effect in DOC
patients. Cavinato et al. [43] found that tDCS could in-
duce changes in cortical EEG oscillations, modulating the
travel of alpha and beta waves between anterior and pos-
terior brain areas when some cognitive functions were pre-
served. BAEP is a non traumatic neuroelectrophysiologi-
cal detection technique that utilizes computer technology to
stimulate the auditory nerve through short acoustic sounds
from headphones, with potentials recorded via the scalp
[44]. Many studies showed that BAEP has a high applica-
tion value in evaluating the degree of brain function damage
and predicting the prognosis of patients [45–47]. Su et al.
[48] found that BAEP combined with other neuroelectro-
physiological examinations can accurately and objectively
determine brain function after cardiopulmonary resuscita-
tion. Sand et al. [49] showed that if coma is caused by a
brain trauma, cerebrovascular episode or other neurological
disease, information about which sensory brainstem path-
ways are damaged can be obtained from SEPS and BAEP.
SEPS are potentials recorded in different parts of the so-
matosensory ascending pathway by stimulating the termi-
nal sensory nerves of the limbs [50]. Arciniegas et al. [51]
showed that SEPS are useful early prognostic markers with
high specificity (N20) and sensitivity (N70). Moreover,
N70 has additional potential value for improving the pre-
diction of good long-term functional outcomes. Liesiene et
al. [52] found that prognosis of patients with DOC may be
worse if pathological BAEP and correlate with patholog-
ical dynamic changes in EEG and TBI, diagnosed during
CT. EEG is an examination technique of brain bioelectrical
activity, which measures the spontaneous and rhythmic bio-
electrical activity in order to understand the brain function
status of subjects [53]. Scarpino et al. [54] showed that
specific EEG patterns were independent predictors of im-
proved consciousness at discharge in UWS patients. Some
studies showed that EEG provides accurate prognostic in-
formation in the early phase of coma [55–57]. Evoked
potential examination plays an increasingly important role
in predicting the rehabilitation and prognosis of patients
with craniocerebral injury and disturbance of consciousness
[58].

In terms of electrophysiologial parameters, there was
a significant statistical difference between the treatment and
control group, which indicated that the treatment effect in
the treatment group was better than in the control group.
When examining the results within the groups, the scores
after 8 weeks of treatment were significantly higher than
those before treatment. The results revealed that repeated
tDCS treatment can effectively improve the electrophysio-
logical activity of patients with DOC after TBI and promote
the recovery of consciousness. Conversely, an independent
sample t-test was used to compare the mean scores of the

GCS and GOS grading indexes. The differences between
the control and treatment groups before treatment were not
statistically significant. However, the results after 8 weeks
of treatment revealed that the scores in the treatment group
were significantly higher than those in the control group.
And within each group, the scores after 8 weeks of treat-
ment were significantly higher than those before treatment.
The results revealed that tDCS may have a long-lasting
tDCS effect. Some changes can only be observed after a
long period of tDCS treatment. In summary, the study re-
sults revealed that tDCS can promote the recovery of con-
sciousness in patients with DOC after TBI and can be used
as a rehabilitative treatment for patients with a disturbance
in consciousness.

It was surmised that neurophysiological changes were
possibly caused by increased excitability of the correspond-
ing brain regions and induced by the stimulation of DLPFC
by anodic tDCS. Currently, different electrode placements
have been tested in patients with DOC after TBI, but the
most effective location may be the DLPFC. Anodal tDCS
on the left DLPFC of MCS patients has been shown to im-
prove conscious behavior, whether after a single or repeated
stimulation [25,59]. fMRI has also shown that tDCS modu-
late functional connectivity between the PFC and thalamus
[60]. Moreover, electrophysiological responses and elec-
tric fields were significantly correlated over frontal corti-
cal areas [61], which represents strong electrophysiological
evidence that DLPFC- tDCS directly affects DOC. Addi-
tionally, it has been reported that the cumulative effect of
repeated tDCS treatment may modulate cortical excitability
through normalization of EEG patterns [43,62]. It has been
reported that short time application of tDCS at a cortical
level exerts a sub-threshold modulation of neuronal resting
membrane potential, modulates the firing rate of neurons
in response to an input, as observed in animal studies [63]
and may act on neuronal recruitment [64]. Anodic tDCS
can induce long-term enhancing-like effects when used to
prepare rodent brain slices [65]. These changes appear to
contribute to the regulation and normalization of cortical
function during and after tDCS.

Currently, most trials exploring gender differences
in tDCS efficacy have focused on healthy populations,
whereas, this study involved relatively comatose partici-
pants after TBI and found no significant gender-based dif-
ference. Disease may have masked gender differences in
tDCS outcomes. Further, the trial was a small sample,
single-center clinical trial, which may also be a factor.

5. Limitation and Outlook
The present study found that neither GCS nor GOS

scores significantly differed between the treatment and con-
trol groups. It is speculated that the treatment frequency
and duration are related. Adjustment of treatment parame-
ters may also have a more pronounced effect. Additionally,
the scales, both GCS and GOS, used to measure the results
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of this experiment may not have been appropriate. GOS is
used to predict the prognosis of coma rather than measure
the level of consciousness. Similarly, the GCS total score
was also found to be inaccurate in reflecting the level of
consciousness, which is a key indicator of the severity of
injury [66]. CRS-R, a more sensitive scale for measuring
consciousness, could allow for more accurate reporting [8].

In current clinical trials for the treatment of DOC after
TBI, there are no standard inclusion criteria for the possible
range of brain injury. Limited inclusion criteria may af-
fect the generalizations of corresponding results of a finite
group. Future sample sizes should be expanded to further
explore whether the therapeutic effect of tDCS is affected
by the extent of brain injury.

Further studies of the efficacy of tDCS in improving
DOC should be confirmed in more centers and with larger
sample trials. A greater number of hospitals should be re-
cruited to give access to the larger sample sizes required by
multi-center trials. Additionally, more accurate treatment
parameters, more sensitive outcome scales and more accu-
rate analysis of male and female differences should improve
the quality of future trials. Further, special attention should
be paid to the recording, treatment and statistics of adverse
reactions during treatment. Optimization of participant in-
clusion criteria and detailed subgroup analysis may also be
necessary. Only in this way can tDCS come to be usedmore
accurately and safely in clinical practice.

6. Conclusions

Notwithstanding the above limitations, the present
study provided relevant findings about the clinical and neu-
rophysiological effects of tDCS in patients with DOC af-
ter TBI. We did not observe relevant clinical changes after
repeated tDCS, neither the GOS nor GCS scores differed
significantly between the two groups. We observed, in-
stead, BAEP scores, SEPS and EEG scores are improved.
Although no significant changes in clinical outcomes were
observed, the improvement in these neurophysiological pa-
rameters is encouraging. The study results revealed that
tDCS can promote the recovery of consciousness in patients
with DOC after TBI and can be used as a rehabilitative treat-
ment for patients with a disturbance in consciousness.
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