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Background: Non-invasive brain stimulation (NIBS) techniques are now widely 
used in patients with disorders of consciousness (DOC) for accelerating their 
recovery of consciousness, especially minimally conscious state (MCS). However, 
the effectiveness of single NIBS techniques for consciousness rehabilitation needs 
further improvement. In this regard, we propose to enhance from bottom to top 
the thalamic–cortical connection by using transcutaneous auricular vagus nerve 
stimulation (taVNS) and increase from top to bottom cortical-cortical connections 
using simultaneous high-definition transcranial direct current stimulation (HD-
tDCS) to reproduce the network of consciousness.

Methods/design: The study will investigate the effect and safety of simultaneous 
joint stimulation (SJS) of taVNS and HD-tDCS for the recovery of consciousness. 
We will enroll 84 MCS patients and randomize them into two groups: a single 
stimulation group (taVNS and HD-tDCS) and a combined stimulation group (SJS 
and sham stimulation). All patients will undergo a 4-week treatment. The primary 
outcome will be assessed using the coma recovery scale-revised (CRS-R) at four 
time points to quantify the effect of treatment: before treatment (T0), after 1  week 
of treatment (T1), after 2  weeks of treatment (T2), and after 4  weeks of treatment 
(T3). At the same time, nociception coma scale-revised (NCS-R) and adverse 
effects (AEs) will be collected to verify the safety of the treatment. The secondary 
outcome will involve an analysis of electroencephalogram (EEG) microstates to 
assess the response mechanisms of dynamic brain networks to SJS. Additionally, 
CRS-R and AEs will continue to be obtained for a 3-month follow-up (T4) after 
the end of the treatment.

Discussion: This study protocol aims to innovatively develop a full-time and multi-
brain region combined neuromodulation paradigm based on the mesocircuit 
model to steadily promote consciousness recovery by restoring thalamocortical 
and cortical-cortical interconnections.
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Introduction

Disorder of consciousness (DOC) is caused mostly by disruption 
of thalamocortical and cortical-cortical connections due to extensive 
destruction of long-range white matter fiber tracts after severe brain 
injury (1). Typically, patients with DOC are classified into two levels 
of consciousness according to CRS-R: vegetative state/unresponsive 
wakefulness syndrome (VS/UWS), comprising those who retain only 
basic brainstem reflexes and sleep-wake cycles but no purposeful 
behavior, and minimally conscious state (MCS), comprising those 
who have fluctuating but reproducible signs of consciousness such as 
movement to command, visual pursuit, and localization to noxious 
stimulation (2).

In recent years, neuromodulation techniques have played an 
important role in treating neurological disorders through 
interventions on key hubs of the brain networks. taVNS is a novel 
NIBS technique that is safe and easy to use at home. It has been widely 
used and confirmed to have a good clinical effect on psychiatric 
disorders such as depression, insomnia, and cognitive disorders (3). 
In 2017, our team initially applied taVNS to patients with DOC and 
reported a case of a VS/UWS patient who improved to MCS after 
treatment (4). Briand et  al. (5) further proposed a vagal cortical 
pathway model and suggested that taVNS might enhance the afferent 
signals from the auricular branch of the vagal nerve, promoting 

activity of the tractus solitarius nucleus and spinal trigeminal nucleus. 
Then, the neural impulses along the ascending reticular activating 
system (ARAS) strengthened from bottom to top the thalamic-
striatal-cortical interaction to promote the recovery of consciousness 
(Figure 1) (5). Similarly, a subsequent longitudinal case study found 
another patient had improved from VS/UWS to MCS during taVNS 
treatment. However, the patient never fully regained consciousness 
after 6 months of continuous treatment and even had a downward 
trend in CRS-R after the end of treatment (6). Another study with a 
larger sample size reported that only 5 out of 14 DOC patients showed 
improvement in consciousness after treatment with taVNS (7). Similar 
results reported by Yu et al. (8) showed also that only 50% of patients 
with DOC had a good outcome after treatment. The fluctuation in the 
effective rate between study groups demonstrated that taVNS had a 
poor and unstable therapeutic effect on patients with DOC, which 
suggested a limited understanding of the underlying mechanism of 
taVNS for consciousness. That highlighted the urgent need for 
additional in-depth studies.

Yu et al. (8) further discovered a significant increase in cerebral 
blood flow in DOC patients with better prognoses after 1 month of 
taVNS treatment. The affected regions included the right thalamus, 
right caudate nucleus, left insula, superior temporal gyrus, left 
prefrontal cortex, precentral gyrus, and left occipital cortex. An EEG 
study also found that frontal–parietal and frontal-occipital 

FIGURE 1

Mechanism of action of simultaneous taVNS and HD-tDCS. taVNS, transcutaneous auricular vagus nerve stimulation; HD-tDCS, high-definition 
transcranial direct current stimulation; 5-HT, 5-hydroxytryptamine pathway; NE, norepinephrine; ARAS, ascending reticular activating system.
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connectivities were enhanced in MCS patients after 2 weeks of taVNS 
treatment (9). For the healthy subjects, a review pointed out that 
taVNS might commonly activate the thalamus, striatum, medial 
prefrontal cortex, and postcentral gyrus via the 5-hydroxytryptamine 
pathway of raphe nucleus and the norepinephrine pathway of locus 
coeruleus (5). In addition, studies using EEG have found increased 
power in lower frequency bands in healthy subjects after stimulation 
of taVNS, especially in the frontal and central regions (10). Based on 
the above evidence, we hypothesize that taVNS may initially activate 
the frontal regions at the cortical-cortical level. Then, these signals will 
disseminate to the parietal and occipital lobes through anatomical 
connections. However, the indirect weak effects via frontal cortex 
connectivity may not be enough to completely activate the posterior 
brain regions (Figure  1). According to the global workspace 
hypothesis, the formation and maintenance of consciousness required 
the integration of information from a large-scale frontoparietal 
network (11). Schiff et al. also proposed the mesocircuit model. They 
suggested that the initiation of consciousness relied on the 
interconnection via the thalamus between the frontoparietal network 
and anterior forebrain mesocircuit, which includes the frontal and 
prefrontal cortex and the striatopallidal negative feedback loop (1, 12). 
In conclusion, taVNS may modulate only a single neural circuit or 
local brain area, which cannot trigger the reconstruction of a complete 
consciousness network.

Transcranial direct current stimulation (tDCS) is another NIBS 
technique and is characterized by direct modulation of cortico-
cortical connections in a top-down manner (13). Conventional tDCS 
consists of two electrode pads. The anode increases the excitability of 
the target area through subthreshold weak stimulation, while the 
cathode acts as an inhibitor (14). It is generally accepted that the 
selection of stimulation sites is a critical factor influencing the 
moderator effect of tDCS on neural networks (15–17). The precuneus 
and posterior cingulate cortex (PCC) are key nodes of the default 
mode network (DMN) in the posterior brain region. The precuneus/
PCC and the posterior medial cortex were recognized as regions with 
the highest metabolic activity during the resting state in healthy 
subjects (18). In addition, the functional diversity and integration of 
the precuneus and PCC were significantly lower in patients with 
DOC than in healthy subjects (19). Another study further revealed 
that an increase in the metabolic ratio of the precuneus to the central 
thalamus was accompanied by improved levels of consciousness (20). 
Therefore, the activity of precuneus and PCC was correlated with the 
level of consciousness. Consequently, it was expected to be a potential 
stimulation site of tDCS in posterior brain regions to promote 
restoration of consciousness. A randomized, crossover, controlled 
trial found that nine patients with DOC showed behavioral recovery 
after repeated treatments of tDCS targeting the posterior parietal 
cortex (PPC) for 5 days. But the overall effective rate of the tDCS 
montages targeting the PPC was lower than the tDCS targeting the 
dorsolateral prefrontal (15). This disparity in effectiveness might 
be attributed to the diffuse current of tDCS that could not precisely 
and effectively stimulate the PPC. In this regard, HD-tDCS with a 
more focused stimulation current was developed to induce focal 
neural and specific behavioral changes. Guo et al. (21) used HD-tDCS 
targeting precuneus to treat patients with DOC and established that 
72% (9/11) of patients with DOC had a significant increase in CRS-R 
scores. Furthermore, the simultaneous EEG results indicated a 
significant change in central-parietal connectivity, suggesting that 

HD-tDCS activated a wide range of brain activity outside the target 
(21). Thus, it seemed that HD-tDCS had a clear modulatory effect on 
the posterior brain regions of patients with DOC. But the overall 
effective rate of HD-tDCS for consciousness recovery was still 
precarious due to different stimulation paradigms in various studies 
(21–23).

In summary, we  propose to enhance from bottom to top the 
overall activity of the anterior forebrain mesocircuit by using 
taVNS. Furthermore, HD-tDCS targeting precuneus will be used at 
the same time to compensatively enhance the frontoparietal network 
to overcome the issue that single NIBS techniques were insufficient to 
activate the large-scale consciousness circuit (Figure 1). Ultimately, the 
thalamocortical and frontoparietal network simultaneously will 
be maintained at a high level of excitability to restore the integrity of 
the consciousness network and accelerate the recovery of 
consciousness in patients with DOC. In the study, we will look into 
the clinical efficacy and safety of whole-time and multi-brain 
combined modulation to break the bottleneck of the unstable effect of 
NIBS techniques and deepen the understanding of the mechanisms of 
consciousness onset and maintenance in DOC patients.

Methods

Study design

The study is a prospective, randomized, controlled, double-blind 
clinical trial (Figure 2) that has been registered at the Chinese Clinical 
Trial Registry (ChiCTR2300069166). The study protocol is designed 
according to the Declaration of Helsinki and has been approved by the 
Ethics Committee of Beijing Tiantan Hospital, Capital Medical 
University (NO. KYSQ 2022-347-01). Informed consent will 
be  obtained from a patient-authorized legal representative due to 
patients’ disorders of consciousness.

Participants

The study has initiated in April 2023 and will continue until 
December 2024. A total of 84 MCS patients will be included in the 
Neurosurgery Inpatient Department of Beijing Tiantan Hospital. The 
inclusion and exclusion criteria are presented in Table 1.

Sample size

The sample size was calculated based on the effective rate. An 
improvement of at least 3 points in the CRS-R was considered an 
effective treatment. Previous studies found the effective rate of taVNS 
was 7% (n = 14) (7) and of HD-tDCS was 36% (n = 11) (21). Assuming 
the existence of a synergistic effect, the SJS group will have a higher 
effective rate of 43%, while the sham stimulation group will have no 
effect. Therefore, the two-sided 2 × 4 chi-square test in PASS (version 
15) was used for the sample size calculation of four groups. The test 
power (1-β) was 80% and the type I  error rate (α) was 5%. The 
calculated effect size W was 0.436, and then a dropout rate of 20% was 
considered. Finally, a total of 84 patients will eventually be enrolled, 
and each group will have 21 patients (Figure 2).
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Procedures

The randperm function of MATLAB (Version 2020b, MathWorks 
Inc., Natick, United States) will be used to generate 84 random integers 
in random order by the study leader. Each patient will be given a 
random number in the order of enrollment. The first randomization 
will divide patients into a combined stimulation group (1–42) and a 
single stimulation group (43–84) based on a 1:1 ratio. Patients in the 
combined stimulation group will be further randomized in a 1:1 ratio 
into the SJS group (1–21) and the sham stimulation group (22–42). 
Similarly, patients in the single stimulation group will also 
be randomly assigned in a 1:1 ratio to the taVNS group (43–63) and 
the HD-t DCS group (64–84).

The study protocol is a double-blind design. Each patient will 
be exposed to identical-looking simultaneous stimulation. Specifically, 
the SJS group will receive both positive stimulation of taVNS and 
HD-tDCS. In contrast, the sham stimulation group will receive sham 
stimulation of taVNS and HD-tDCS to eliminate potential brain 
effects caused by the physical compression of the instrument. The 
patients in the single stimulation group will receive one kind of 
positive stimulation by taVNS or HD-tDCS. They will also receive 
sham stimulation of another technique at the same time to blind 
patients/families and therapists/assessors.

All patients will receive treatment twice a day in the morning and 
afternoon for 4 weeks. There are 2 days’ rest every 5 days of treatment. 
Considering the high current intensity of SJS, the single stimulation 
time of taVNS, commonly for 30 min (24), will be adjusted downward 
to 20 min to reduce the burden on the patient’s brain.

The Ethics Committee of Beijing Tiantan Hospital will 
be responsible for independent security monitoring. Adverse events 
and unintended events will be  reported to them when every 10 
patients are included. They will further assess the causal relationship 
between the adverse reaction and treatment. If a serious adverse event 
is proven to have been caused by the treatment, the trial will 

be  terminated immediately. Appropriate medical emergency and 
protective measures will be given to patients at the same time.

Stimulations

The stimulation area of the taVNS (SDZ-IIB, Suzhou Medical 
Supplies Factory) will be bilateral auricles. A pair of clips will be placed 
on one side of the auricle and another pair of clips will be placed on 
the opposite side. A clip will have three carbon-impregnated silicone 
tips. The first tip will serve as the common end of the other two tips 
to support the posterior surface of the auricle. The second tip will 
be placed on the lateral scapha. The third tip will be placed on the 
medial auricular cavity to stimulate targets including cymba conchae 
and cavum conchae (Figure 1). The stimulator will provide electrical 
pulses of 1–1.5 mA with an alternate frequency between 4 and 20 Hz 
and a pulse width of 30 μs. Stimulus intensity will be routinely set at 
1.5 mA for each patient. We will turn down the current when the 
patient’s blood oxygen saturation is below 95%, heart rate increases by 
more than 20%, or the NCS-R score exceeds 3 points and shows a 
significant increase during stimulation compared to pre-stimulation. 
The stimulator will have no ramp-up and ramp-off of current during 
the stimulation. In addition, two identical-looking instruments will 
be used. One, called number 1, will be capable of normal stimulation 
as positive stimulation after the switching on. However, the other one, 
called number 2, will have no current output as a sham stimulation.

The HD-tDCS (4 × 1-C2, Soterix Medical Inc.) stimulation target 
will be the precuneus. Pz according to an international standard 10–20 
EEG system has been proven as a position overlying the medial 
parietal cortex and the precuneus (25). Therefore, the central electrode 
of HD-tDCS is placed at Pz, and the four return electrodes are placed 
at a distance of approximately 3.5 cm from the central electrode at Cz, 
P3, P4, and POz (Figure 1). The stimulation current is a constant 2 mA 
with a ramp-up time of 30 s and a ramp-down time of 30 s. According 

FIGURE 2

Study flow diagram. taVNS, transcutaneous auricular vagus nerve stimulation; HD-tDCS, high-definition transcranial direct current stimulation; NCS-R, 
nociception coma scale-revised; EEG, Electroencephalogram; CRS-R, coma recovery scale-revised.
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to simulation modeling from a realistic volumetric approach to 
simulate transcranial electric stimulation (ROAST) (26), the HD-tDCS 
montage can effectively activate the PPC and precuneus of patients 
with DOC (Figure 3A). In terms of sham stimulation of the HD-tDCS, 
its parameters will be  the same as positive stimulation with the 
difference that the voltage will rise to 2 mA and decrease immediately 
to 0 mA when the instrument is turned on. The positive and sham 
stimulation start buttons will be, respectively, covered by two labels 
called numbers 3 and 4.

The therapist will be informed of the HD-tDCS button number 
and the taVNS machine number that should be used for the treatment 
of each patient by the study leader before treatment. However, the 
therapist will not know the specific function of each number.

Neuroimaging assessments

T1-weighted brain images will be obtained using a 3.0 T magnetic 
resonance imaging (MRI) scanner (HD750, GE, United States) to 
evaluate the resting-state brain structure in each patient before 
enrollment. Patients with severe damage in the precuneus/PCC will 
not be  included in the study to ensure the effectiveness of 
HD-tDCS stimulation.

Behavioral assessments

The CRS-R was first proposed by Giacino et al. (2) to assess the 
level of consciousness in patients. The scale with a total of 23 points 
included six subscales of auditory, visual, motor, verbal, 
communication, and arousal levels (2). In the study, patients will 
be  evaluated independently by two trained clinicians. They will 
perform five repeated CRS-R assessments at least 2 weeks before 
enrollment to clarify the patient’s state of consciousness and clinical 
diagnosis. Finally, the highest CRS-R score will be  taken as the 
pre-treatment (T0) baseline score. Changes in CRS-R will be assessed 
at three time points during treatment to reflect the effect of treatment: 
1 week (T1), 2 weeks (T2), and 4 weeks (T3) (Figure 4).

Schnakers et al. (27) developed the nociception coma scale (NCS) 
to assess the nociception of patients with DOC, which included four 
subscales of motor response, verbal response, visual response, and 
facial expression (27). Subsequently, Chatelle et al. (28) excluded the 
visual subscale to propose a more sensitive new version called NCS-R 
(ranging from 0 to 9 points) for assessment of nociception compared 
to the NCS. They found that an NCR-R cut-off value of 4 points could 
differentiate MCS patients’ behaviors induced by nociceptive 
stimulation from behaviors induced by non-noxious stimulation (28). 
The NCS-R will be used before and during stimulation in the study to 
adjust the current intensity of taVNS.

EEG recording and microstate analysis

The resting 30-min EEG signal will be recorded at a 1,000 Hz 
sampling rate by 32 Ag/AgCl electrodes (Nicolet EEG V32, Natus 
Neurology, United States) according to the international standard 
10–20 EEG system (the detailed sites of 32 electrodes can be seen in 
Figure 1) at each time point. The impedance between the electrode 
and the patient’s skin will always be kept below 5 kΩ. EEG monitoring 
will be stopped when the patient is tired or asleep, and then the patient 
will be kept awake by stimulating the patient’s earlobe.

The EEG raw data will first be preprocessed offline in MATLAB 
(Version 2020b, MathWorks Inc., Natick, USA). The preprocessing 
will mainly consist of 2–20 Hz bandpass filters, 50 Hz notch filters, and 
down-sampling to 250 Hz. EMG and EEG artifacts will be removed by 
independent component analysis. Finally, all channels will 
be re-referenced to the average reference.

After the preprocessing, the 10-min noise-free EEG data will 
be imported into the Cartool toolbox1 for microstate analysis. Global 
Field Power (GFP) was the standard deviation of the amplitude at each 
point for all channels, which was used to characterize the 
instantaneous topographic field strength. When GFP was high, the 
topographic map maintained a relatively steady state and had a high 
signal-to-noise ratio (29). Therefore, the topographic maps 
corresponding to the GFP peak will be selected as the original maps 
for subsequent clustering analysis in this study. The clustering 
algorithm will be topographic atomize and agglomerative hierarchical 
clustering (30) with a range of clusters from 1 to 12. The optimal 

1 https://sites.google.com/site/cartoolcommunity

TABLE 1 Inclusion and exclusion criteria.

Inclusion

1. Diagnosed with MCS by coma recovery scale-revised;

2. Age: from 18 to 60 years;

3. More than 1 month after the initial brain injury;

4.  Consciousness is in a stable phase (no change in the total score of 

CRS-R) for at least 2 weeks before admission;

5. No cranial defect or extensive skull repair;

6.  Precuneus and posterior parietal should be intact on at least one 

side;

7.  Patient-authorized legal representative agreed to the experimental 

protocol and signed informed consent.

Exclusion

1.  Neurodegenerative diseases such as Alzheimer’s disease and Lewy 

body dementia;

2.  Disorders of consciousness caused by operation injuries or 

malignancy;

3. Time since onset less than 1 month (acute coma);

4. Patients with seizures that are difficult to control;

5. Patients are undergoing other clinical trials;

6. Pregnancy and lactation.

Withdrawal

1. Recurrent seizures during treatment;

2.  Life-threatening diseases such as severe lung infection, intracranial 

infections, and cerebral hernia;

3. Death;

4. Patient is lost to follow-up.
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number of clusters will be determined by the meta-criterion (31). 
Subsequently, the spatial correlation coefficient between each original 
map and the microstate template maps will be calculated to determine 
the microstate category to which the original maps will belong. Then, 
the microstate time series will be smoothed with time frames set to 8 
so that segments that are smaller than 30 ms will be rejected. In the 
end, four parameters of the EEG microstate will be calculated.

 (1) Duration: the average duration for which a microstate 
remains stable.

 (2) Occurrence: the mean occurrences of a microstate per second.

 (3) Coverage: the duration of a microstate divided by the total 
duration of all microstates.

 (4) Probability: the probability that a microstate transits to 
another microstate.

Follow-up period

Each patient will be followed up for 3 months (T4) after the end 
of treatment to observe residual effects and delayed adverse effects. 

FIGURE 3

(A,D) Electric field intensity map in stimulation model from ROAST of 2.0 mA HD-tDCS that targets precuneus using Pz as the central stimulation 
electrode and Cz, P3, P4, POz as peripheral return electrodes. (A) Sagittal brain activation map of the MCS patient; (D) Sagittal brain activation map of 
Colin27 template; (B,C) Head MRI of an MCS patient caused by traumatic brain injury. (B) Axis plane; (C) Sagittal plan. (E,F) Head MRI of Colin27 
standard template in the MRIcorn software. (E) Axis plane; (F) Sagittal plane.

FIGURE 4

Treatment and data collection flow diagram. T0: 2  weeks before treatment; T1: 1  week of treatment; T2: 2  weeks of treatment; T3: 4  weeks of 
treatment; and T4: 3-month follow-up. MRI, magnetic resonance imaging; taVNS, transcutaneous auricular vagus nerve stimulation; HD-tDCS, high-
definition transcranial direct current stimulation.

https://doi.org/10.3389/fneur.2023.1165145
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Zhuang et al. 10.3389/fneur.2023.1165145

Frontiers in Neurology 07 frontiersin.org

Follow-up visits will include outpatient visits, video calls, home visits, 
and surrogate assessments by other healthcare organizations. The 
follow-up will include an assessment of CRS-R and a recording of 
adverse effects. The frequency of follow-up will be every 2 weeks for 
the first month and once a month thereafter.

Data safety and management

The medical history, demographic data, behavioral data, MRI 
data, and EEG data of all patients will be stored in the departmental 
computer database by the study leader. The Ethics Committee of 
Beijing Tiantan Hospital will regularly check data security.

Statistical analysis

IBM SPSS Statistics 26 software will be used for statistical analysis. 
The measurement data will be tested for normal distribution by using 
Kolmogorov-Smirnov tests. Data conforming to a normal distribution 
will be  analyzed by ANOVA or repeated measures ANOVA for 
differences in each treatment group. Data not conforming to a normal 
distribution will be analyzed by the Kruskal-Wallis H test or Friedman 
test. Post hoc tests will be carried out with Bonferroni. Count data will 
be expressed as cases or percentages, and differences between groups 
for count data with all theoretical frequencies greater than 5 will 
be  tested by the chi-square test, otherwise, Fisher’s exact test will 
be  used. p < 0.05 will be  considered to indicate statistically 
significant differences.

Discussion

With the advancement of technology, more and more NIBS 
techniques are being developed and applied in the treatment of 
patients with DOC, and are divided into two main categories 
according to the different targets. One is top-down NIBS techniques 
such as tDCS and repetitive transcranial magnetic stimulation 
(rTMS). They regulate cortical activity levels via a cortico-thalamo-
cortical feedback loop (32). The other is bottom-up NIBS techniques, 
including taVNS and ultrasound deep brain stimulation. They 
intervene directly in the thalamus, and signals are further projected 
along ascending fibers to extensive cortical regions (8, 33). However, 
these single NIBS techniques of the treatment mechanisms and 
modulation paradigms are still being explored. Therefore, the overall 
effective rate is still low (34, 35).

In response, many researchers have begun to experiment with 
single-technique multi-targeted combined stimulation or multiple-
technique combined stimulation modulation paradigms (17, 36). A 
study reported that an MCS patient showed object recognition, 
movement to command, and significant non-functional 
communication after 2 weeks of SJS of tDCS and rTMS targeting 
inferior parietal lobes (IPL). The patient’s CRS-R improved from 9 to 
19 at the end of the follow-up. Meanwhile, they found that the 
improvement in CRS-R was accompanied by increased activities of 
IPL and PCC and improved connectivity in posterior brain regions 
(37). In addition, another study in 2021 reported that 30 healthy 
subjects had significantly stronger activation in the bilateral thalamus, 

pallidum, parahippocampal gyrus, dorsal raphe nucleus, and 
substantia nigra after SJS of taVNS and tDCS compared to any single 
stimulation, suggesting a significant synergistic effect (38). Thus, 
combined NIBS techniques are expected to break the upper limit of 
the effect of single modulation techniques.

The frontoparietal network, which is closely related to the 
recovery of consciousness, is composed mainly of two subnetworks: 
the executive control network (ECN) and the DMN (1). There is 
extensive competition between the two networks, which is necessary 
for flexible switching of attention. The ECN is responsible for external 
perception tasks. In contrast, the DMN is mainly involved in internal 
attention-directed cognitive processing such as autobiographical 
recall, imagining the future, and planning. Key nodes of DMN are 
divided into the medial prefrontal cortex in the anterior brain region 
and the precuneus/PCC and the inferior parietal lobe in the posterior 
brain region. It was reported that internal connectivity in DMN was 
significantly lower in VS/UWS than in MCS (39). Further study of the 
transient analysis found that disrupted functional connectivity in the 
alpha band of the anterior state between PCC and medial prefrontal 
cortex was accompanied by decreased level of consciousness, while 
high functional connectivity between the two regions indicated a 
positive prognosis in the distant future (40, 41). Thus, the 
interconnection of the two key anterior and posterior nodes within 
the DMN plays a key role in the generation of consciousness.

The precuneus is part of the superior parietal lobe and is located 
in the medial cerebral hemisphere. As mentioned in the introduction, 
it is hard for tDCS with low spatial resolution to focus current into the 
deep cortex. A recent study showed that HD-tDCS over Pz was able 
to activate the precuneus/PCC to improve memory retrieval 
performance in healthy subjects (42). As for patients with DOC, 
severe brain injuries often led to extensive damage and deformation 
of brain structures. The anterior forebrain mesocircuit was shown to 
be  vulnerable to multifocal brain injuries due to widespread 
anatomical connections, while the posterior brain regions were shown 
to be more likely to be well-preserved (1, 21). To clarify the depth of 
stimulation of HD-tDCS over Pz in patients with DOC, we enrolled 
an MCS patient. His left frontotemporal lobe was severely damaged 
(Figure 3B), but there was only slight atrophy in the posterior brain 
regions compared to healthy subjects (Figures  3C,F). Then, his 
simulation modeling from ROAST demonstrated that 2 mA HD-tDCS 
could still effectively activate the less damaged PPC and precuneus 
(Figure 3A). Most studies have also generally found that HD-tDCS 
over Pz can effectively enhance information processing in posterior 
brain regions to promote recovery of consciousness (43, 44).

Based on the aforementioned theories and evidence from previous 
clinical studies, we propose to use taVNS to increase the excitability 
of the anterior forebrain mesocircuit and utilize HD-tDCS to 
strengthen the activities in the precuneus to facilitate the 
reconstruction of the frontoparietal network. Finally, SJS of taVNS 
and HD-tDCS will help the cortical and subcortical networks 
interconnect with the thalamus as the hub to reproduce the complete 
consciousness network.

The protocol will include only MCS patients because they have 
better neural plasticity and benefit more from taVNS and HD-tDCS 
compared to VS/UWS (9, 44). In addition, the duration of treatment 
is a key factor influencing the outcome. A meta-analysis summarized 
eight clinical studies of tDCS for DOC and found better outcomes in 
patients who received more than five repeated tDCS sessions than 
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those who received only a single stimulation session (45). Wang et al. 
(9) used taVNS in 12 patients with DOC and none of them showed 
behavioral improvement after 2 weeks of treatment (9). In contrast, 
another study using a similar stimulation protocol but a longer 
stimulation time found that five patients regained consciousness, 
which might be  due to the long-term potentiation of taVNS to 
increase excitatory synaptic connections (8). Therefore, 1 month was 
set as the treatment cycle in the study. For the primary outcome, 
we  hypothesize that the SJS group will show a significant CRS-R 
increase after 2 weeks of treatment. This increase will be expected to 
reach its peak at 4 weeks post-treatment and remain during the 
3-month follow-up. In contrast, the single stimulation group will show 
a significant increase in CRS-R only after 4 weeks of treatment 
compared to baseline. As for AEs, although tDCS and taVNS caused 
some mild or transient AEs, neither of them induced serious AEs. A 
review pointed out that the most common AEs of tDCS in patients 
with stroke were itching, burning sensation, headache, tingling, 
sleepiness, difficulty in concentration, mild fatigue, skin redness, and 
dizziness. Likewise, the most common AEs of taVNS were ear pain, 
headache, tingling, dizziness, skin redness, fatigue, prickling, pressure, 
itching, and unpleasant feeling (46–48). In this study, we will judge 
pain AEs by the NCS-R and observe bedside changes in patients’ ears, 
scalp, expressions, and levels of arousal and sleep to detect their 
discomfort and fatigue because patients will be unable to subjectively 
report their symptoms. In addition, if patients exhibit great residual 
motor function (motor subscale of CRS-R ≥ 3), we will determine the 
areas of pain induced by stimulation according to the patient’s 
performance on localization to noxious stimulation.

EEG was particularly suitable for bedside assessment of NIBS 
techniques in DOC because of its high temporal resolution and 
simplicity of operation. Microstate was a reliable method to assess 
dynamical changes of large-scale organized brain activity by clustering 
EEG topography (49). Most studies reported that four typical 
microstates (A–D) were sufficient to explain EEG resting activity. A 
microstate always remained relatively stable for 80–120 ms, and then it 
rapidly switched to another. The activity characteristic of the microstate 
was similar to the transient and metastable brain activation pattern of 
conscious activity (50). In the diagnosis of consciousness, microstate 
D was the best to classify VS/UWS and MCS patients among multiple 
quantitative indicators of resting-state EEG (51). Similarly, a study 
found that microstate D was more frequent in MCS compared to VS/
UWS and was positively correlated with CRS-R. Further treatment of 
DOC by HD-tDCS for 2 weeks increased the frequency, duration, and 
coverage of microstate D in responders, while the duration and 
coverage of microstate C decreased (22) compared to the baseline. The 
latest study combined microstate C related to the salient networks and 
DMN (52) and microstate D related to the ECN as the L-R diagram. 
On the contrary, microstate A was related to the auditory network, and 
microstate B was related to the visual network, and both microstates 
were combined as the A-P diagram. It was found that the shorter 
duration of L-R diagrams and the higher incidence of A-P diagrams 
might reflect the higher-level language processing capacity of the brain 
in MCS (53). Therefore, microstate temporal dynamics features were 
reliable metrics to reflect the residual dynamic conscious activity of 
patients with DOC at the whole brain level. Microstates C and D might 
be associated with higher cognitive processing activities.

In conclusion, we intend to utilize combined stimulation to 
activate the intact consciousness loop and investigate the efficacy 

and safety of the new stimulation paradigm for speeding up the 
recovery of consciousness in patients with DOC. The protocol will 
additionally use EEG microstates that reflect global transient 
neural activity to evaluate the intervention mechanism of SJS on 
the dynamic activity of thalamocortical and cortical-cortical 
neural networks. These findings, in combination with clinical 
outcomes, will guide the subsequent development and 
optimization of the stimulation paradigm of combined modulation 
for multiple brain regions. The ultimate goal will be to achieve 
stable improvement in consciousness and confirm the importance 
of frontoparietal high-level connectivity for the formation and 
recovery of consciousness.
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Glossary

DOC Disorders of consciousness

NIBS Non-invasive brain stimulation

MCS Minimally conscious state

taVNS Transcutaneous auricular vagus nerve stimulation

HD-tDCS High-definition transcranial direct current stimulation

CRS-R Coma recovery scale-revised

NCS Nociception coma scale

NCS-R Nociception coma scale-revised

EEG Electroencephalogram

SJS Simultaneous joint stimulation

ARAS Ascending reticular activating system

VS/UWS Vegetative state/unresponsive wakefulness syndrome

MRI Magnetic resonance imaging

ECN Executive control network

DMN Default mode network

rTMS Repetitive transcranial magnetic stimulation

PPC Posterior parietal cortex

PCC Posterior cingulate gyrus

ROAST Realistic volumetric approach to simulate transcranial electric stimulation
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