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Background: Chronic disorders of consciousness (cDoC) resulting from severe traumatic brain injury (sTBI) are associated with
significant challenges in treatment and recovery. This review explores multimodal interventions aimed at improving patient outcomes.
Methods: A systematic review was conducted on peer-reviewed studies from PubMed and Google Scholar published between 2000
and 2023. The review included clinical trials, observational studies, and case series that assessed interventions for improving
consciousness and cognitive function in patients with cDoC following sTBI. Interventions considered included pharmacological
treatments, non-invasive neuromodulation, rehabilitation therapies, and traditional medicine approaches.

Results: The review identifies several promising interventions. Hyperbaric oxygen therapy (HBOT), when combined with physical
rehabilitation and non-invasive brain stimulation techniques like transcranial magnetic stimulation (TMS) and transcranial direct
current stimulation (tDCS), has shown positive effects on consciousness and cognitive recovery. Non-invasive neuromodulation
techniques have been linked to improvements in cortical activity and consciousness, with taVNS emerging as a novel approach.
Additionally, traditional Chinese medicine, particularly herbal therapies, has demonstrated complementary benefits when integrated
with modern rehabilitation methods. Personalized treatment strategies based on clinical characteristics, biomarkers, and genetic data
were found to enhance recovery. Notably, integrating these modalities into personalized care protocols has shown enhanced efficacy,
suggesting that individualized approaches are critical for improving outcomes.

Conclusion: Multimodal therapies show promise in enhancing recovery in cDoC patients after sTBI, but further research is needed to
optimize treatment protocols and standardize clinical practices. The integration of traditional and modern therapies represents
a potentially effective strategy for improving patient outcomes.

Keywords: severe traumatic brain injury, chronic disorders of consciousness, multimodal treatment, hyperbaric oxygen therapy,

neurostimulation, rehabilitation training

Introduction

Severe traumatic brain injury (sTBI) represents a significant global health challenge and is one of the leading causes of
long-term disability and death.'* It frequently arises from high-energy events such as traffic accidents, falls, assaults, and
sports-related impacts, often resulting in chronic disorders of consciousness (cDoC). cDoC is characterized by an
impaired state of consciousness persisting for more than 28 days and includes conditions such as coma, vegetative
state, and minimally conscious state. Epidemiologically, the global incidence of sTBI is substantial, with estimates
suggesting that sTBI accounts for 5% to 9% of all traumatic brain injuries, though regional variability exists.” In
developed nations, the incidence ranges from 20 to 25 per 100,000 population annually, while in developing regions, the
rate may reach as high as 30 to 40 per 100,000. Additionally, studies highlight the substantial proportion of sTBI patients
who develop cDoC. For example, a meta-analysis by Nguyen et al* reported that 10-20% of individuals with sTBI
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progress to cDoC, imposing significant long-term healthcare demands. The economic burden associated with sTBI is
considerable, spanning direct medical expenses and indirect costs, such as loss of productivity. In the United States,
Marino et al® estimated the lifetime cost per sTBI patient at approximately $76.5 billion. In Europe, Olesen et al®
reported that the annual cost of traumatic brain injury, including severe cases, reached €33 billion in 2010. These
financial impacts underscore the need for effective interventions to reduce both the human and economic toll of sTBI.

Despite advances in acute care, which have enhanced survival rates, the clinical management of cDoC remains highly
challenging. Recovery of consciousness is often slow and incomplete. A systematic review by Giacino et al’ found that
while 38% of patients with cDoC exhibited signs of consciousness recovery within two years, many remained in states of
severe impairment, emphasizing the ongoing need for therapeutic innovations. Current treatment options for cDoC are
limited, and there is no universally effective approach.®” In recent years, there has been increasing interest in multimodal
therapeutic strategies to enhance recovery in cDoC patients.'® These approaches integrate several treatment modalities,
including hyperbaric oxygen therapy, physical and occupational therapy, and neurostimulation techniques, among others.
Meta-analyses, such as the one by Kondziella et al,'' suggest that multimodal treatments may yield superior outcomes
compared to single therapies. Their pooled analysis revealed a significantly higher likelihood of consciousness improve-
ment with multimodal approaches.

In parallel with these advancements, the field of neuroscience has witnessed a shift toward personalized treatment
strategies tailored to individual patient profiles. Emerging research highlights the potential of biomarker- and genetic-
based interventions to optimize recovery outcomes. For instance, a prospective cohort study by Schnakers et al'*'?
demonstrated a 25% increase in recovery rates with personalized treatment plans, compared to standard care protocols,

114

reflecting the growing importance of precision medicine in the management of cDoC. Similarly, Haddas et al ™ showed

that neurostimulation therapies tailored to the individual significantly enhanced consciousness recovery in patients with

vegetative and minimally conscious states. Wilde et al'’

also highlighted the positive effects of personalized rehabilita-
tion and the critical role of biomarkers in guiding treatment decisions. Precision medicine allows treatment strategies for
sTBI patients to be adapted based on specific trauma characteristics and neurophysiological states, improving rehabilita-
tion outcomes and reducing complications. In both sTBI and ¢cDoC, personalized treatment offers better results, lowers
healthcare costs, and improves patients’ quality of life, representing a shift toward more individualized, precise care.
Given the complexity of sTBI and cDoC and the evolving landscape of therapeutic options, this review aims to
provide an in-depth examination of the current state of multimodal treatment strategies for chronic disorders of
consciousness following severe traumatic brain injury. By synthesizing the latest research and considering practical
applications, we seek to highlight promising avenues for future clinical practice and research, with the ultimate goal of

improving patient outcomes in this challenging and underserved population.

Methods
Types of Studies

We focus on studies that evaluate various rehabilitation interventions for patients with cDoC following sTBI, including
clinical trials, observational studies, and case series published in peer-reviewed journals. Only studies that assess the
effects of specific interventions aimed at improving consciousness, cognitive function, and quality of life in cDoC
patients after sTBI were considered. The literature was screened involving all age populations, specifically those
diagnosed with cDoC, including vegetative state and minimally conscious state. Only studies that included patients
with stable or improving conditions were included, as these patients are more likely to benefit from rehabilitation
interventions. Studies focusing on non-traumatic causes of cDoC were excluded.

Types of Interventions

The interventions can be classified into several categories: pharmacological treatments, non-invasive neuromodulation
techniques, surgical interventions, rehabilitation therapies, and traditional medicine.'®'” Pharmacological treatments,
including neurotrophic factors, cholinergic agents, and dopamine agonists, were explored for their potential in promoting
neurorestoration and enhancing brain function.'® Non-invasive neuromodulation techniques, such as transcranial
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magnetic stimulation (TMS), transcranial direct current stimulation (tDCS), and transcutaneous auricular vagus nerve
stimulation (taVNS), were examined for their effects on cortical activity and potential to improve consciousness levels.'?
Surgical treatments, particularly spinal cord stimulation (SCS), were also included, as they aim to enhance brain function
through direct neural stimulation.”® In addition to these interventions, rehabilitation therapies focusing on respiratory
function and swallowing, as well as traditional medicine approaches such as Chinese herbal medicine, were evaluated for
their potential benefits in improving overall recovery.

Data Extraction and Search

Data was extracted from the selected studies through a systematic review of the available literature.?' The focus was on
summarizing the findings from the studies without conducting direct statistical analysis. Key results were reported in
terms of qualitative outcomes, such as improvements in consciousness levels, cognitive function, and other relevant
clinical measures. Notably, given the variability in study designs and interventions, we focused on synthesizing the
qualitative findings to provide an overview of the effectiveness of different rehabilitation strategies.

The literature screening process was guided by a set of defined criteria to ensure the relevance and rigor of the
included studies. 1) Clinical diagnosis and disease characteristics were key factors in selecting studies, focusing on
patients with sTBI and cDoC. Emphasis was placed on studies with detailed diagnostic criteria, supporting neuroimaging,
and clinical evidence that clearly identified the severity, location of injury, disease progression, and any comorbidities. 2)
The type of therapeutic intervention was another essential criterion. We prioritized studies investigating treatments such
as hyperbaric oxygen therapy (HBOT), neuroplasticity-based therapies, and early rehabilitation interventions. Only
studies that provided clear descriptions of the intervention protocols—such as duration, frequency, and modality—
were included, ensuring that the effectiveness of these therapies could be consistently assessed. 3) Study design and
quality were also critical. Only peer-reviewed articles with high methodological standards were selected, including
randomized controlled trials (RCTs), clinical trials, systematic reviews, and relevant clinical guidelines. These studies
were chosen for their scientific rigor and ability to provide reliable evidence on the outcomes of interventions. 4) Our
search covered publications from 2000 to 2023, ensuring that the selected studies were both recent and relevant. Studies
from a range of geographical locations were also included to capture potential regional variations in treatment approaches
and outcomes. 5) Only studies published in English and available in full text were considered. Literature was retrieved
from key databases, including Google Scholar, PubMed, and ScienceDirect, using search terms like “traumatic brain
injury”, “disorders of consciousness”, “hyperbaric oxygen therapy”, “neuroplasticity”, and “early rehabilitation”.

Data from the selected studies were then synthesized narratively, summarizing key findings and drawing conclusions
to inform further research and clinical practice in the field of sTBI and ¢cDoC management. Details shown in Table S1.

Results
Hyperbaric Oxygen Therapy (HBOT) for cDoC Patients

Hyperbaric oxygen therapy (HBOT) is a non-invasive medical treatment in which patients breathe 100% oxygen in
a pressurized environment, typically set at 1.5 to 3 times the normal atmospheric pressure*>>* (Figure 1 and Table S1).
The elevated pressure increases the amount of oxygen dissolved in the blood, which in turn improves oxygen delivery to
hypoxic tissues. This enhanced oxygenation boosts tissue oxygen partial pressure, augments oxygen diffusion, and
supports cellular recovery in ischemic areas. HBOT has been widely utilized in the treatment of various conditions,
including sTBI, non-healing wounds, carbon monoxide poisoning, and decompression sickness.>> >* Each HBOT session
typically lasts 60 to 90 minutes, with patients receiving intermittent breaks to breathe ambient air, reducing potential
oxygen toxicity. The standard treatment regimen involves one session per day, for a total of 10 sessions, followed by
a 3-day rest period before beginning a second cycle. This 10-day cycle is repeated, resulting in two treatment courses in
most therapeutic protocols.’*?’ However, the specific pressure level, duration, and frequency of treatments can be
adjusted based on the severity of the condition, patient response, and comorbidities.

In the context of sTBI, HBOT has demonstrated several neuroprotective mechanisms. It enhances cerebral oxygena-
tion, which facilitates the metabolic recovery of injured neurons. Studies have shown that HBOT improves mitochondrial
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Figure | Schematic structure of the Review on multimodal treatment strategies for chronic disorders of consciousness following severe traumatic brain injury.

function, which is crucial for energy production and neuronal repair. Additionally, HBOT reduces oxidative stress and
inflammation, contributing to the stabilization of the blood-brain barrier and reduction of cerebral edema. It also
decreases capillary permeability, thus minimizing secondary injury processes such as vasogenic edema.”>’ One of the
key benefits of HBOT in neurological conditions is its ability to improve microcirculation. The therapy promotes the
regeneration of damaged blood vessels, enhances blood flow to hypoxic brain regions, and stimulates angiogenesis. It
also activates the brainstem reticular activating system (RAS), which is vital for maintaining consciousness and cognitive
function. By promoting neuronal regeneration and enhancing synaptic plasticity, HBOT aids in the reconnection of
disrupted neural networks, offering potential improvements in motor and cognitive outcomes.*>*® HBOT has also shown
efficacy in patients with cDoC, such as those in a vegetative or minimally conscious state. Clinical trials have indicated
that HBOT improves cerebral microcirculation and restores oxygen homeostasis, particularly in regions associated with
consciousness, such as the thalamus and brainstem. Moreover, HBOT has been found to stimulate the reticular activating
system and enhance neural circuit activity, thereby aiding in arousal and recovery of consciousness in some patients.
A systematic review of studies on HBOT for cDoC found that approximately 40% of patients demonstrated improve-

ments in consciousness levels following treatment.?**°
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Despite these benefits, HBOT is not without risks, and its application must be approached with caution. It is
contraindicated in individuals with conditions such as unstable hemodynamics, untreated pneumothorax, severe pulmon-
ary infections, pulmonary bullae, and uncontrolled epilepsy, as these conditions may be exacerbated by increased
pressure or oxygen levels. Adverse effects of HBOT, though relatively rare, include oxygen toxicity, barotrauma to the
lungs and ears, and seizures induced by hyperoxia. While there is a growing body of evidence supporting the efficacy of
HBOT in treating neurological and other conditions, further high-quality, multicenter randomized controlled trials (RCTs)
are necessary to establish optimal treatment protocols. Current research suggests that HBOT can improve neurological
outcomes in patients with sTBI, with studies reporting a 25-30% improvement in Glasgow Coma Scale (GCS) scores
following treatment compared to control groups.”>=' In addition, HBOT has been shown to reduce intracranial pressure
and improve functional outcomes, as evidenced by improvements in Glasgow Outcome Scale (GOS) scores and
cognitive assessments.>* However, the precise frequency, duration, and combination of HBOT with other therapies,
such as pharmacological interventions and rehabilitation programs, remain areas for further investigation.>

Physical Therapy in Rehabilitation

Postural Change Training

Postural change training is an integral part of the rehabilitation process for cDoC patients, especially those who are
bedridden and unable to actively participate in recovery efforts (Figure 1 and Table S1). Research has shown that up to
75% of patients with chronic immobilization experience joint contractures, which can lead to permanent disabilities if left
untreated.’*> This rehabilitation method is essential not only for preventing such complications but also for improving
patient arousal levels and increasing eye-opening times. Postural change training stretches joints, muscles, and soft
tissues such as tendons, thereby reducing the risk of contractures and deformities, which occur in an estimated 40-60%
of bedridden cDoC patients.>**® In addition to musculoskeletal benefits, postural change training promotes the recovery
of systemic functions, including cardiovascular, pulmonary, and gastrointestinal systems, by enhancing circulation and
reducing the risks associated with chronic immobility, such as deep vein thrombosis (DVT), which has an incidence rate
of 20-30% in immobilized patients.’’® This training also helps prevent orthostatic hypotension, a condition affecting
approximately 50% of patients undergoing long-term rehabilitation.

Professional guidance is essential when performing postural changes, as patients need to be transitioned between
positions, such as from lying to sitting or sitting to standing, in a controlled manner. This process not only improves
blood circulation but also mitigates muscle atrophy, which can reduce by 1-3% per day in immobilized patients.***°
Postural changes also enhance spatial orientation and balance, promoting adaptation to daily activities. A progressive
approach is recommended, starting with 30 minutes of out-of-bed time per day and gradually increasing to 2—3 hours,
eventually aiming for 6-8 hours daily. Studies suggest that increasing daily out-of-bed time can reduce the risk of
pressure ulcers by 30% and improve cognitive outcomes in patients with cDoC.*"*?

While postural change training has demonstrated efficacy in rehabilitation, further research is needed to determine its
optimal application across various patient populations, particularly in patients with severe cardiovascular or pulmonary
conditions. For those with unresolved postural hypotension, unhealed fractures, heterotopic ossification, severe pain, or
significant spasms, postural change training may need to be modified or deferred. Approximately 25-35% of patients
with sTBI suffer from such complications, necessitating a more cautious approach.*

Motor Training
Motor training is a critical aspect of rehabilitation for cDoC patients and has been shown to significantly improve
functional outcomes (Figure 1 and Table S1). Motor training encompasses a range of exercises, from passive to active
movements, and aims to restore motor functions, enhance muscle strength, and prevent complications such as disuse
muscle atrophy. Muscle atrophy can occur rapidly in immobilized patients, with an estimated 30—40% decrease in muscle
mass occurring within the first month of inactivity.***> Therefore, early intervention with motor training is crucial.
Passive joint mobilization exercises, often performed by therapists or mechanical devices, are used to maintain joint
flexibility and muscle elasticity in patients who are unable to initiate movements on their own. These exercises are
essential in preventing contractures, which develop in up to 45% of patients with chronic immobilization. Active-assisted

International Journal of General Medicine 2025:18 https: 775


https://www.dovepress.com/get_supplementary_file.php?f=502086.xlsx
https://www.dovepress.com/get_supplementary_file.php?f=502086.xlsx

Liu et al

and active exercises gradually involve the patient, encouraging them to participate and eventually perform movements
independently. These exercises enhance neuromuscular coordination and stimulate neuroplasticity, promoting the reor-
ganization of brain networks that are critical for motor recovery. Neuroplasticity is particularly vital for cDoC patients, as
evidence suggests that 40-60% of these patients experience some degree of brain network disruption following severe
brain injury.*®

Regular motor training, typically performed for 20-30 minutes per session, 4—6 times per week, has been shown to
significantly reduce muscle spasticity in cDoC patients. A randomized controlled trial demonstrated a 25-30% reduction
in spasticity among patients undergoing regular motor training.*’” Furthermore, motor training has been shown to promote
cardiovascular and respiratory health by improving circulation and lung function, reducing the risk of complications such
as pneumonia, which affects approximately 25-40% of patients with prolonged bed rest. Studies have also shown that
motor training can reduce the incidence of pressure ulcers by up to 50%, making it a crucial component of comprehen-
sive rehabilitation.””*®*’ It is essential to carefully assess each patient’s condition before initiating motor training,
particularly those with unstable medical conditions, such as paroxysmal autonomic hyperactivity, pressure ulcers, or open
wounds. Approximately 12-29% of patients with severe traumatic brain injury experience autonomic dysfunction, which
can complicate motor training.’® For these patients, the training regimen should be adjusted to avoid exacerbating their
condition.

Motor training, as a non-pharmacological approach, has proven effective in enhancing recovery following sTBI.
When combined with early, intensive rehabilitation and HBOT, motor training can lead to significant improvements in
cognitive function, motor skills, and the ability to perform daily living activities. A clinical study demonstrated that
patients who received combined HBOT and motor training showed a 30-40% improvement in motor function and
a 20-25% increase in cognitive recovery, compared to those receiving standard rehabilitation alone.”’ These findings
underscore the importance of integrating motor training into the overall rehabilitation strategy for cDoC patients.

Occupational Therapy in Rehabilitation
Occupational therapy plays a critical role in the rehabilitation of patients with cDoC, offering a personalized and holistic
approach designed to address their physical, cognitive, and social needs (Figure 1 and Table S1). Through the use of the
Occupational Therapy Practice Framework (OTPF), therapists conduct comprehensive assessments, which may include
family interviews, cognitive interventions, task-based activities, environmental modifications, and the implementation of
assistive technologies. These assessments ensure that therapy is tailored to each patient’s unique condition, which can
significantly improve functional outcomes. Studies suggest that 40-60% of cDoC patients who receive personalized
occupational therapy interventions show measurable improvements in functional independence.’*>

A widely used intervention in occupational therapy is the Sensory Stimulation Program (SSP), which involves
repetitive multi-sensory stimulation through various modalities, including visual, auditory, olfactory, gustatory, tactile,
and vestibular stimuli. Sensory stimulation has been shown to enhance arousal and behavioral responses in cDoC
patients. Clinical trials have demonstrated that multi-sensory stimulation can increase arousal levels in up to 35-50% of
patients in a vegetative state.”* For instance, combining HBOT with aromatherapy has been found to effectively improve
cognitive function recovery in sTBI patients, with 20-30% of patients showing cognitive improvement after such
combined interventions. >

In addition, virtual reality (VR) technology has emerged as a promising tool in occupational therapy. By integrating
VR with music therapy and memory therapy, therapists can provide an immersive Sensory Stimulation Program (SSP)
that enhances patient engagement. Evidence shows that 50-60% of patients who undergo VR-based interventions
demonstrate enhanced sensory processing and cognitive recovery.’>>® These interventions have also been associated
with improvements in neuroplasticity, which is vital for the recovery of cognitive and motor functions in cDoC patients.
Occupational therapy also incorporates environmental adaptations, functional training, cognitive support, and social
participation activities. For example, daily living skills training, such as grooming and feeding, are used to restore
patients’ independence in their activities of daily living (ADLs). This functional recovery is crucial, as studies indicate
that 30-40% of cDoC patients regain partial independence in basic ADLs after structured occupational therapy
programs.”’ Moreover, sensory activation therapies, such as music therapy and tactile therapy, are used to stimulate
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the sensory systems and promote neuroplasticity, fostering the reorganization of neural networks and functional recovery.
Research has shown that sensory activation can improve overall rehabilitation outcomes in 25-35% of patients with
severe brain injuries.’®

Despite its benefits, occupational therapy interventions should be applied cautiously in patients with unstable vital
signs or those unable to tolerate such interventions. For example, patients with severe autonomic dysfunction, which
occurs in up to 15-20% of cDoC patients, may require modified treatment approaches.’®~° Furthermore, specific sensory
stimulation activities, such as olfactory or auditory stimuli, should be adjusted according to each patient’s tolerance level
to avoid overstimulation, which could exacerbate autonomic instability in certain cases. By integrating these diverse
approaches, occupational therapy not only helps patients regain essential daily living skills but also promotes their overall
recovery and quality of life. Studies have reported that patients participating in occupational therapy, particularly those
involving sensory stimulation, show improvements in cognitive and motor functions, with 45-55% of cDoC patients
achieving better engagement and rehabilitation outcomes after therapy.®® Additionally, early intervention has been linked
to better long-term outcomes, further emphasizing the critical role of occupational therapy in the comprehensive
management of cDoC patients.

Physical Factor Therapy in Rehabilitation

Physical factor therapy encompasses various modalities, including temperature (heat and cold), mechanical stimuli (such
as shock waves and ultrasound), electromagnetic stimulation (including magnetotherapy, direct current, low-frequency
and mid-frequency currents, and high-frequency currents), and phototherapy (laser, infrared, and ultraviolet light)
(Figure 1 and Table S1). These approaches serve as vital treatment methods for addressing a range of clinical issues
in patients with ¢cDoC.°"** Transcranial direct current stimulation (tDCS) and transcranial alternating current stimulation
(tACS) are particularly noteworthy within the realm of electrical stimulation therapy. By modulating the membrane
potential of neurons, these techniques adjust neuronal excitability and promote neuroplasticity in the brain. Studies
indicate that tDCS can lead to a 30—50% improvement in consciousness levels and cognitive functions among patients
with traumatic brain injuries.> Additionally, tACS has been associated with enhanced cognitive performance, showing
effects on memory and attention in up to 40% of patients.**

Another promising modality is transcranial magnetic stimulation (TMS), which utilizes magnetic fields to induce
electrical currents in the cortical regions of the brain. This method has demonstrated potential for improving conscious-
ness levels in patients suffering from acquired brain injuries, with evidence showing 25-35% of participants experiencing
clinically significant improvements.®>*® The development and application of physical factor therapy are continually
evolving, aided by advancements in neuroimaging and electrophysiological techniques, which facilitate the effective
design of rehabilitation interventions.®” Although the mechanisms of action and optimal intervention parameters for these
therapies remain under investigation, future research must consider the balance between the specificity of stimulation
targets, invasiveness, and patient acceptability. Personalized rehabilitation strategies should be tailored to the unique
needs of individual patients, taking into account their specific conditions and responses to treatment. These therapies act
directly on the nervous system, modulating neuronal activity and facilitating the recovery of impaired brain regions.
Emerging data suggest that physical factor therapies can significantly enhance recovery outcomes, with a reported
20-40% increase in functional improvement for patients who engage in comprehensive rehabilitation programs that

incorporate these modalities.®”-*®

Music Therapy in the Rehabilitation

Music therapy, a non-pharmacological intervention, has demonstrated efficacy in enhancing executive functions, improv-
ing cognitive abilities, and promoting brain plasticity through the activation of critical neural networks (Figure 1 and
Table S1). These effects are particularly beneficial for patients with cDoC, aiding in the elevation of awareness
levels.®>”® To achieve optimal therapeutic outcomes, it is crucial that music selection is tailored to the individual
preferences of the patient. Involving family members or certified music therapists in this selection process ensures that
the music chosen holds therapeutic value and resonates emotionally with the patient. Evidence suggests that live
performances by professional music therapists provide a deeper, more immersive experience, fostering a stronger
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connection and engagement.”' Recommended treatment sessions typically last between 10 to 15 minutes, with a fre-
quency of at least twice daily. This regimen helps prevent overstimulation and fatigue, which can hinder the therapeutic
process.’> Research has shown that consistent music therapy can lead to a 20-30% improvement in cognitive respon-
siveness and engagement among cDoC patients.”? Despite its potential benefits, caution is warranted in patients who
exhibit unstable vital signs or those who are unable to tolerate this type of intervention. In such cases, it may be necessary
to modify the approach or seek alternative therapeutic modalities.

Traditional Chinese Medicine (TCM) in the Treatment of cDoC Patients

Traditional Chinese Medicine (TCM) has a long-standing history and diverse schools of thought in the treatment of
patients with cDoC, particularly in the neurological recovery of patients suffering from sTBI (Figure 1 and Table S1).
TCM employs various therapeutic modalities, with acupuncture and herbal medicine being the primary methods
utilized.”

Acupuncture Therapy

Acupuncture aims to awaken consciousness and restore neurological function. For patients exhibiting excessive condi-
tions (shi syndrome), acupuncturists typically select points such as Renzhong (GV26), Neiguan (PC6), and Hegu (LI4)
for rapid needle manipulation or electrical stimulation. Each session lasts approximately 10 to 20 minutes, with treatment
courses spanning 7 to 10 days.”*”> For patients with deficient conditions (xu syndrome), characterized by symptoms like
malnutrition or anemia, points such as Qihai (CV6) and Zusanli (ST36) are often targeted using tonifying techniques.
Moxibustion may be applied to points like Baihui (GV20), Shenque (CV8), and Guanyuan (CV4) to enhance vitality.”*””
The mechanisms of acupuncture involve regulating qi and blood flow, activating neural pathways, and inducing anti-
inflammatory responses, which facilitate local blood circulation and repair of damaged neural tissues. Evidence-based
studies have shown that the integration of the “Awakening Brain Needling” technique with HBOT can significantly
enhance brain tissue functionality and promote neural repair.”®

Herbal Medicine

Herbal treatment in TCM is tailored to the specific symptoms of the patient (Figure 1 and Table S1). For patients with
high fever associated with excess conditions, formulas such as An Gong Niu Huang Wan are often utilized. In the
absence of high fever, Su He Xiang Wan is recommended, alongside other decoctions like Bu Yang Huan Wu Tang and
Hua Yu Tong Qiao Fang, with modifications based on the individual condition. In some cases, herbal decoctions may be
administered rectally to clear heat and alleviate constipation.”*”® These herbal formulations aim to harmonize the balance
of qi and blood within the body, and their active components have demonstrated protective and reparative effects on the
nervous system.***! Study indicates that patients with a minimally conscious state (MCS) who receive HBOT combined
with herbal treatments to invigorate qi and activate blood circulation show significant improvements in consciousness
levels and daily functional capabilities.** Future studies should continue to explore optimal applications of TCM in
conjunction with modern medical therapies to enhance treatment efficacy and improve patient quality of life. However,
caution should be exercised in administering TCM therapies to patients with unstable vital signs or those who may not

tolerate such interventions.”>*>

Pharmacological Treatment in Rehabilitation

Pharmacological treatment plays an indispensable role in the rehabilitation of patients with sTBI (Figure 1 and Table S1).
Evidence-based research has revealed that amantadine, administered at daily doses ranging from 200 to 400 mg,
significantly enhances cognitive and arousal levels in patients suffering from traumatic brain injuries.***> This pharma-
cological intervention is therefore strongly recommended in the treatment protocols for sTBI. In addition to amantadine,
other medications targeting dopaminergic, catecholaminergic, and cholinergic systems, such as zolpidem and baclofen,
have been utilized in clinical practice. However, the effectiveness and safety of these treatments require further
investigation to establish their clinical applicability.*® In particular, neurotrophic medications, including methylcobala-
min, aminopyridine, and B-vitamins, have demonstrated the potential to support neuronal growth and function, thereby
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promoting the repair and regeneration of neural tissue.®”*® These agents play a crucial role in enhancing neuroplasticity
and facilitating recovery in patients with sTBI. However, while these drugs show promising prospects in clinical settings,
further studies are necessary to determine the optimal treatment regimens, including dosages and the potential for
synergistic effects when combined with other therapeutic modalities.

Respiratory Rehabilitation
Respiratory rehabilitation is a critical method for improving pulmonary function in patients with cDoC (Figure 1 and
Table S1). This rehabilitation encompasses a comprehensive array of exercises and techniques designed to enhance lung
ventilation and oxygen utilization efficiency. Key components of respiratory rehabilitation include: 1) Head and Neck
Muscle Stretching: Targeting the upper respiratory muscles to improve airway patency. 2) Thoracic Expansion Exercises:
Promoting chest wall mobility and increasing tidal volume. 3) Respiratory Muscle Training: Utilizing devices such as
inspiratory muscle trainers to enhance diaphragm and intercostal muscle strength. 4) Prone Position Ventilation:
Enhancing lung perfusion and ventilation, particularly in patients with acute respiratory distress. 5) Postural Drainage
Techniques: Assisting in the clearance of respiratory secretions through gravity-assisted positioning. These interventions
not only improve lung function but also reduce the risk of respiratory infections, facilitate weaning from mechanical
ventilation, and enhance the clearance of bronchial secretions. Techniques such as manual chest percussion, vibratory
therapy, and postural drainage are particularly beneficial for patients with excess sputum production. Additionally,
neuromuscular electrical stimulation (NMES) devices can be utilized to bolster the strength and endurance of respiratory
muscles, making them especially useful for patients who have been reliant on mechanical ventilation for extended
periods.®*%°

Respiratory rehabilitation has a dual benefit; it not only aids in restoring respiratory function but also promotes the
reorganization of brain neural networks and enhances neuroplasticity through increased muscular activity.”' This
connection underscores the importance of a holistic approach to rehabilitation, integrating respiratory care with
neurological recovery. However, the application of respiratory rehabilitation should be approached with caution in
patients with severe comorbidities such as significant cardiac arrhythmias, unstable angina, severe hypertension, epilepsy,
pneumothorax, or unresolved thoracic fractures. The suitability of these interventions should be carefully evaluated on
a case-by-case basis.”® Treatment duration and frequency should be personalized based on the patient’s specific condition
and response to therapy, with guidance from a specialized rehabilitation team. As research in rehabilitation medicine
advances, it is anticipated that novel methods will emerge to further enhance the rehabilitation outcomes for patients with
sTBI and ¢cDoC.”?

Swallowing Therapy in Rehabilitation

Swallowing therapy plays a crucial role in the rehabilitation of patients with cDoC, particularly those with sTBI (Figure 1
and Table S1). Dysphagia is prevalent among these patients, and the presence of tracheostomy or endotracheal intubation
can exacerbate this condition, making swallowing training essential for safe extubation.”*> In patients in a vegetative
state, the accumulation of pharyngeal secretions and the limited frequency of voluntary swallowing can lead to
a heightened risk of aspiration, even when receiving enteral nutrition via nasogastric tube. Therefore, appropriately
intensified swallowing therapy is vital to increase the frequency of voluntary swallows and enhance swallowing
function.””

The foundation for effective swallowing therapy involves comprehensive pre-treatment assessments, including
swallowing function evaluations and endoscopic examinations. These assessments guide the development of individua-
lized treatment plans, which typically encompass: 1) Oral hygiene management: Ensuring proper oral care to minimize
the risk of aspiration pneumonia. 2) Sensory stimulation: Incorporating temperature, tactile, and flavor stimuli to promote
swallowing reflexes. 3) Therapeutic oral feeding: Gradual introduction of oral feeding, focusing on safe swallowing
techniques. 4) Electromyographic stimulation: Utilizing electrical stimulation to enhance muscle activity involved in
swallowing.”® For patients deemed suitable for oral feeding, monitoring and adjustment of food textures are critical. The
use of thickeners can significantly reduce the risk of aspiration, ensuring a safer feeding process.”” However, for those
with unstable vital signs or who cannot tolerate swallowing exercises, caution is necessary in implementing these
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interventions. Research indicates that the combination of oral-pharyngeal therapy (OPT) with HBOT has demonstrated
significant improvements in cerebral oxygen metabolism and swallowing function in affected patients, while also
reducing serum biomarkers associated with neuronal damage.”® This integrative approach underscores the potential of
multi-modal rehabilitation strategies to enhance recovery outcomes in patients with cDoC. Although swallowing therapy
is an indispensable component of rehabilitation for cDoC patients, requiring careful assessment and personalized
treatment plans to ensure safety and efficacy. Continued exploration of combined therapeutic modalities may further

optimize rehabilitation strategies in this patient population.”>%®

Non-Invasive Neuromodulation in Rehabilitation

Transcranial Magnetic Stimulation (TMS)

Transcranial Magnetic Stimulation (TMS) utilizes electromagnetic pulses to enhance synaptic activity in the cerebral
cortex (Figure 1 and Table S1). By modulating cortical excitability, TMS promotes neuroplasticity and holds potential
therapeutic effects for patients with chronic consciousness disorders. The most widely applied TMS protocol is
Repetitive Transcranial Magnetic Stimulation (rTMS), particularly high-frequency rTMS (=5 hz), which increases the
excitability of targeted cortical regions, thereby facilitating arousal.”” This method is primarily used to stimulate the
Dorsolateral Prefrontal Cortex (DLPFC) and Posterior Parietal Cortex (PPC), typically with stimulation intensities set at
80% to 100% of the resting motor threshold, delivering 1000 to 1500 pulses per session over a course of 1 to 20 days.”’
Evidence suggests that the combined application of HBOT and high-frequency rTMS not only enhances consciousness
levels but also improves neurophysiological activity, thereby mitigating the extent of brain injury.'” Additionally,
Intermittent Theta Burst Stimulation (iTBS) is recognized as an effective TMS mode, improving overall cognitive
function in chronic consciousness disorder patients with more pronounced benefits. However, TMS should be used
cautiously in patients with unstable lesions at the target site, a history of epilepsy, skull defects at the treatment location,
or implanted metallic devices (eg, ventilators, metallic tracheostomy tubes), as these conditions may affect the safety and
efficacy of the treatment.

Transcranial Direct Current Stimulation (tDCS)

Transcranial direct current stimulation (tDCS) is a safe, non-invasive method of physical stimulation for the brain, well-
tolerated by patients (Figure 1 and Table S1). Research indicates that tDCS positively impacts arousal treatment in
chronic consciousness disorder patients by altering the functional connectivity of the frontoparietal network.'®' Key to
achieving therapeutic effects is selecting the appropriate stimulation target, typically the DLPFC, primary sensory-motor
cortex, and anterior frontal regions. Treatment protocols generally consist of 20-minute sessions with a current density set
at 40-56 pA/cm?, administered daily for 10 consecutive days, with the option for one to two additional treatment courses
based on patient response. Caution is advised when administering tDCS to patients with intracranial metallic implants, as
this may compromise treatment safety and efficacy. A comprehensive assessment of the patient’s medical history and
physical condition is essential prior to initiating tDCS therapy.

Median Nerve Stimulation (MNS)
Median nerve stimulation (MNS) involves stimulating the median nerve to transmit nerve impulses to the brainstem,
thalamus, and cerebral cortex, aiming to enhance cerebral blood flow, activate the brainstem reticular system, and

increase cortical excitability'%*'%?

(Figure 1 and Table S1). Research indicates that treatment is typically applied to the
dominant side, with parameters set at a frequency of 40 hz, current strength of 10-20 mA, and pulse width of 300 ms,
with stimulation lasting 20-30 seconds per minute for 3-8 hours daily over a two-week treatment cycle.'”> The
combination of right median nerve stimulation with HBOT significantly improves brain tissue oxygenation and blood
flow in traumatic brain injury patients, facilitating neurological recovery.'®* Adverse reactions to this treatment are rare;
however, it should be approached cautiously in patients with skin lesions or infections at the stimulation site and in those
unable to tolerate the procedure. A thorough evaluation of the patient is required before MNS therapy to ensure safety

and effectiveness.
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Transcutaneous Auricular Vagus Nerve Stimulation (taVNS)

Transcutaneous auricular vagus nerve stimulation (taVNS) is a non-invasive brain stimulation technique that stimulates
the auricular branch of the vagus nerve'®* (Figure 1 and Table S1). This stimulation may activate key brain regions such
as the nucleus tractus solitarius and the ascending reticular activating system, subsequently influencing salient networks,
the limbic system, and interoceptive systems, thus enhancing cortical excitability and potentially aiding the recovery of
consciousness in affected patients. Typical stimulation sites include the concha and cymba of the ear, with parameters
usually set at a frequency of 20-25 hz, current intensity of 1-6 mA, and pulse width less than 1000 ps. Treatment
generally involves 1-2 sessions daily, with each session lasting 30 minutes over a duration of 4-8 weeks. Although
taVNS shows promise in facilitating consciousness recovery, further research is needed to explore its maximum
therapeutic effects under specific conditions.'® Care should be taken with patients who have skin lesions or infections
at the stimulation site, as well as those who cannot tolerate the treatment.

Surgical Treatment in Rehabilitation

In the management of patients with cDoC following sTBI, surgical awakening techniques have emerged as significant
therapeutic interventions (Figure 1 and Table S1). These techniques primarily include percutaneous puncture short-
duration spinal cord stimulation (SCS) and open cervical posterior approach long-duration spinal cord stimulation.'®
Stimulation therapy typically commences within 48 hours post-operation, employing intermittent pulse current release to
modulate neurotransmitter levels, such as dopamine and norepinephrine, in brain regions associated with arousal.'®®
Research indicates that the application of SCS can lead to improvements in consciousness levels, with some studies
reporting up to a 40% increase in patients transitioning from a vegetative state to a minimally conscious state.'”> A meta-
analysis encompassing multiple studies on SCS for c¢cDoC patients revealed that approximately 35-60% of treated
individuals exhibit a measurable increase in arousal and cognitive function post-stimulation.'°® Furthermore,
a longitudinal study demonstrated that 45% of patients who underwent SCS exhibited sustained improvements in
consciousness over a follow-up period of 6 months.'”” These findings underscore the potential of SCS as a viable
therapeutic option in the rehabilitation process for cDoC patients. Clinical practice has demonstrated the potential of
these surgical methods to improve consciousness levels in cDoC patients, providing a robust treatment option that can
significantly impact patient outcomes. Nonetheless, patient selection criteria remain crucial, as those with stable

neurological conditions and favorable prognostic indicators tend to benefit most from such interventions.'%®

Discussion

This review examines multimodal rehabilitation strategies and their clinical outcomes for patients with chronic disorders
of consciousness (cDoC). The findings highlight that the integrated use of various treatment modalities significantly
improves patient prognosis, particularly when hyperbaric oxygen therapy (HBOT) is applied in combination with other
rehabilitation approaches. HBOT facilitates consciousness recovery by enhancing cerebral oxygenation and blood flow,
as well as activating the brainstem reticular activating system. When paired with physical training and occupational
therapy, patients show a 30-40% improvement in motor function and cognitive abilities. However, the efficacy of HBOT
is influenced by factors such as individual variability, treatment timing, and duration, indicating the need for further
research to identify optimal treatment protocols.

In the realm of foundational rehabilitation therapies, posture change training and physical exercise offer a range of
clinical benefits. These interventions not only prevent complications but also promote recovery in circulatory, respiratory,
and digestive system functions. Notably, posture change training plays a key role in preventing joint contractures and
deep vein thrombosis. Successful implementation of these treatments requires precise, individualized assessments,
especially for patients with autonomic dysfunction or pressure ulcers, underlining the importance of personalized
treatment plans. Occupational therapy integrates sensory stimulation and technologies such as virtual reality to provide
tailored rehabilitation for patients. Studies indicate that approximately 40-60% of patients show functional improvement
after personalized occupational therapy. However, its effectiveness is closely tied to the patient’s baseline condition,
necessitating a cautious, individualized approach, particularly for those with unstable autonomic function.
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Neuroregulatory therapies, including transcranial electrical stimulation (tDCS) and transcranial magnetic stimulation
(TMS), demonstrate promise in modulating cortical excitability to promote functional recovery. Traditional Chinese
medicine therapies, such as acupuncture, have shown potential in activating brain neural functions and improving blood
circulation, though further rigorous randomized controlled trials are required to establish their clinical efficacy.
Additionally, certain specialized interventions, such as music therapy and respiratory rehabilitation, often underappre-
ciated, have demonstrated significant potential in fostering neurological recovery. Music therapy activates brain neural
networks and supports cognitive function recovery, though further research is needed to define optimal personalized
music selection. Respiratory rehabilitation not only improves the physiological condition of patients but also may
positively influence the remodeling of brain neural networks. Swallowing therapy is an essential rehabilitation compo-
nent, with its effectiveness often dependent on the patient’s specific condition and the timing of intervention.
Electrophysiological stimulation has been shown to be more effective in early interventions, while long-term coma
patients may experience limited benefits due to local neural damage.

In particular, patients with cDoC following severe traumatic brain injury often face communication difficulties,
which impact their quality of life and caregiving outcomes. With advancements in technology, emerging tools such as
eye-tracking, brain-computer interfaces (BCI), and neuroimaging have provided new ways for these patients to
communicate.'>''® Eye-tracking allows patients to respond to questions by focusing on specific targets, while
neuroimaging helps assess their conscious state.''' BCIs can directly interpret brain signals, enabling patients to
express their needs and emotions.''” These technological advancements not only improve communication but also
promote personalized diagnosis and treatment, offering new hope for the care and rehabilitation of patients with
chronic TBI.

Overall, based on the current research and advancements in technology, future studies should focus on the following
key areas: first, the development of more precise treatment parameters, including frequency, intensity, and
duration; second, the exploration of optimal combinations of therapeutic methods to maximize synergistic effects;
third, the creation of an enhanced evaluation system for accurate monitoring of treatment outcomes and timely
adjustments; and finally, large-scale randomized controlled trials to assess the long-term safety and efficacy of various
interventions.

Conclusion

This review highlights the multimodal treatment approaches for cDoC patients following sTBI, emphasizing the positive
impact of therapies like HBOT, physical therapy, and occupational therapy. These interventions have proven effective in
improving consciousness and neurological recovery. However, further research is needed to optimize these treatments.
Key areas include the development of personalized treatment plans based on genetic markers, standardization of
assessment tools, better understanding of biological mechanisms, long-term follow-up studies, and integration of
technologies such as VR and Al. These advancements can improve patient outcomes and provide more accessible,
effective rehabilitation. Recovery from sTBI-related cDoC is a medical and societal challenge that requires collaboration
across healthcare systems. With ongoing advancements, the outlook for these patients is promising, offering opportunities
for more comprehensive and humane care.
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