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Abstract
The diagnosis and treatment of Disorders of Consciousness (DOC) present con-
siderable challenges, with disruption of neural oscillation synchronization and
connectivity representing one of the key neural mechanisms underlying DOC.
This article reviews the research progress of neural oscillations in DOC diagno-
sis and treatment from three perspectives: theoretical foundations, application
advances, and existing limitations. Neural oscillations are defined as periodic,
synchronous firing activities generated by neuronal populations under specific
conditions. In DOC of varying severity, significant differences are observed in
the spectral characteristics, phase synchronization, and responses to neuromodu-
lation of neural oscillations. EEG-based neural oscillation analysis reveals infor-
mation transmission and processing capabilities across different consciousness
levels, thereby facilitating more accurate differentiation of varying degrees of
DOC and enabling arousal therapy through modulation of neural oscillations.
Despite current challenges such as insufficient mechanistic research and slow
translational application, neural oscillations have demonstrated tremendous po-
tential in the diagnosis and treatment of DOC.
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Abstract

The diagnosis and treatment of disorders of consciousness (DOC) remain chal-
lenging, with disrupted synchronization and connectivity of neural oscillations
representing one of the key neural mechanisms underlying DOC. This review
examines research progress on neural oscillations in DOC diagnosis and treat-
ment from three perspectives: theoretical foundations, clinical applications, and
existing limitations. Neural oscillations refer to the periodic, synchronous fir-
ing activity of neuronal populations under specific conditions. Distinct differ-
ences in spectral characteristics, phase synchronization, and responses to neuro-
modulation are observed across varying severities of DOC. Electroencephalog-
raphy (EEG)-based neural oscillation analysis reveals information transmission
and processing capabilities at different consciousness levels, thereby facilitating
more accurate discrimination between DOC severities and enabling therapeutic
awakening through neural oscillation modulation. Despite current challenges
including insufficient mechanistic research and slow clinical translation, neu-
ral oscillations have demonstrated substantial potential in DOC diagnosis and
treatment.
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Literature Search Strategy

Literature was retrieved from PubMed, Cochrane Library, and Web of Sci-
ence using English keywords including “neural oscillation,” “electroencephalog-
raphy,” “consciousness disorder,” “diagnosis,” “treatment,” “therapeutic,” and
“perspective.” Chinese databases including CNKI, Wanfang Data, and SinoMed
were searched using Chinese keywords “神经振荡,” “脑电图,” “意识障碍,” “诊断,”
“治疗,” and “展望.” The search timeframe spanned from database inception to
June 20, 2023. Inclusion criteria comprised published literature with priority
given to high-quality journal articles. Exclusion criteria included studies with
insufficient data, duplicate publications, or unavailable full text.

1 Neural Oscillation Mechanisms in DOC

Consciousness emergence depends on complex brain network connectivity and
information processing. Two predominant neural mechanism hypotheses are the
disconnection theory and the information integration theory. The disconnection
theory posits that consciousness requires functional interaction between different
brain regions, particularly key systems such as the anterior-posterior cingulate
and default mode network. The information integration theory emphasizes that
consciousness formation necessitates rapid and effective information integration
across brain regions. Both hypotheses have limitations; wakefulness requires
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not only functional connectivity of critical systems but also optimized rapid in-
formation flow and integration among these systems. Neural oscillations reflect
and influence brain information transmission and integration through their fre-
quency, phase, and amplitude parameters, with disruption of neural oscillation
synchronization and connectivity leading to DOC.

Consciousness relies on feedback from deep-layer neurons to superficial-layer
neurons. Animal experiments have demonstrated that neurons in the thalamus
and deep cortical layers are highly sensitive to consciousness state changes, ca-
pable of driving and regulating neural oscillation patterns in superficial cortical
neurons to form critical consciousness circuits. This provides a theoretical foun-
dation for detecting consciousness loop injuries through technical analysis of
superficial neural oscillations. Different degrees of brain injury produce distinct
cortical neural oscillation patterns, and during consciousness recovery, a shift
in EEG peak frequency from the � band to the 𝛼 band has been observed. This
may result from recovery of inhibitory GABAergic signaling in specific (meso-
cortical) neural circuits, reflecting the transition from unconsciousness to wake-
fulness. Theoretically, detecting neural oscillation patterns and their changes
can probe consciousness-related brain network functions, detect residual con-
sciousness, assess potential for consciousness recovery, and promote awakening
through technical modulation to reinduce high-frequency neural oscillations.

2.1.1 Spectral Characteristics

Research has identified correlations between power changes in specific EEG fre-
quency bands (𝛿, �, 𝛼, etc.) and DOC severity. For instance, compared with
minimally conscious state (MCS) patients, unresponsive wakefulness syndrome
(UWS) patients show increased 𝛿 power and decreased 𝛼 power. However, recent
studies have found significant 𝛿 activity in the EEG of conscious patients, creat-
ing a paradox with earlier research that considered high-amplitude 𝛿 oscillations
as a marker of consciousness loss. Therefore, relying solely on single-band power
for DOC severity assessment has limitations. Researchers have developed EEG
analysis methods that integrate multi-band features to improve diagnostic ac-
curacy. The ABCD neuronal recovery model, based on combined 𝛿, �, 𝛼, and 𝛽
bands, displays contribution degrees of different frequency oscillations through
power spectral peaks and has proven valuable in DOC assessment.

The ABCD model reflects thalamocortical integrity by detecting specific cortical
neural oscillation patterns to determine consciousness levels, compensating for
clinical behavioral assessments that may overlook covert consciousness. Type
“A” shows power spectral peaks only in the 𝛿 range (0–4 Hz); Type “B” in
the � range (4–8 Hz); Type “C” in both � and 𝛽 ranges (13–24 Hz); and Type
“D” in 𝛼 (8–13 Hz) and 𝛽 ranges. Theoretically, progression from Type “A” to
“D” corresponds to completely disconnected, severely disconnected, moderately
disconnected, and intact thalamocortical network systems, respectively, with
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the cerebral cortex gradually generating higher-frequency oscillations, indicating
enhanced capacity for information integration and processing, and progressively
higher consciousness levels. Recent years have validated the ABCD model’s
application value in patients with post-cardiac arrest coma, acute traumatic
brain injury, and subarachnoid hemorrhage. Overall, spectral characteristics
have demonstrated advantages for rapid DOC screening in early stages, but
they cannot reliably reflect information flow changes between neural networks
mediated by synchronization. Current research remains largely exploratory with
small samples, unified assessment standards have not been established, and
guidance for treatment is lacking. From a clinical translation perspective, multi-
center large-sample validation and integration with other assessment indicators
are needed to establish a unified evaluation system for maximal clinical utility.

2.1.2 Phase Synchronization

Neural oscillations reflect rhythmic patterns of regional brain electrical activity,
while phase synchronization depicts precise temporal relationships between oscil-
lations in different regions from a dynamic perspective, reflecting both anatom-
ical connectivity conduction effects and functional collaboration mechanisms.
Synchronization of neural oscillations plays a critical role in consciousness state
maintenance and transition. Compared with spectral analysis, phase synchro-
nization analysis can more directly reflect connectivity changes between brain
regions, thereby indicating the degree of neural network damage in DOC pa-
tients. VS patients exhibit reduced phase synchronization between frontal and
posterior parietal regions compared with normal individuals, whereas MCS pa-
tients retain some degree of synchronous activity. Additionally, studies focusing
on acute DOC prognosis assessment have found that EEG signal synchroniza-
tion can predict patient outcomes, with survivors showing stronger EEG signal
synchronization than non-survivors.

The advantage of phase synchronization analysis lies in its ability to directly re-
flect functional coordination states between brain regions to determine patient
consciousness levels and prognosis. However, phase synchronization calculations
are complex, require high signal quality and stability, and interpretation of syn-
chronization patterns remains unclear. Current studies have small sample sizes,
and synchronization type selection and parameter design lack standardization.

2.2 Therapeutic Effects of Inducing High-Frequency Neural Oscilla-
tions in DOC

Non-invasive neuromodulation techniques such as transcranial direct current
stimulation (tDCS) and repetitive transcranial magnetic stimulation (rTMS)
have garnered attention for inducing high-frequency neural oscillations to im-
prove consciousness levels in DOC patients. These approaches are primarily
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based on the plasticity of neural oscillations and the “neural oscillation entrain-
ment” principle, whereby internal neural oscillation activity gradually synchro-
nizes with external rhythmic stimulation. Clinical studies have confirmed that
tDCS and rTMS can improve consciousness levels and restore awareness in some
DOC patients.

For example, Xie et al. applied 10 Hz high-frequency rTMS to the left dorso-
lateral prefrontal cortex (DLPFC) and observed significant increases in high-
frequency neural oscillations such as 𝛼 and 𝛽 waves and decreases in low-
frequency 𝛿 and � waves. Fan et al. similarly applied 20 Hz high-frequency rTMS
to the left DLPFC in DOC patients, observing increased high-frequency and de-
creased low-frequency neural oscillations, with some patients showing varying
degrees of consciousness improvement. The mechanism may involve rTMS acti-
vating the left DLPFC, increasing whole-brain cortical activity through cortico-
cortical and cortico-subcortical networks, repairing consciousness networks, and
restoring neural oscillations. Thibaut et al. applied tDCS to DOC patients,
observing significant increases in cortical 𝛾 waves, possibly through direct en-
hancement of high-frequency neural oscillation activity in cortical neurons by
tDCS anodes, thereby improving consciousness levels and enhancing informa-
tion processing and integration capabilities.

MCS patients show more significant therapeutic effects compared with UWS
patients, which may help clinicians better differentiate consciousness states and
serve as an important biomarker for distinguishing MCS from UWS. Recent
years have seen exploratory studies on combined multimodal awakening ap-
proaches and parameter comparisons, providing insights for precise and individ-
ualized awakening therapy. However, current research paradigms for various
neuromodulation techniques differ substantially, lacking unified fixed stimula-
tion parameters, treatment durations, and stimulation sites, as well as large-
sample multi-center studies. Determining appropriate parameters to reinduce
high-frequency neural oscillations for individualized treatment represents an im-
portant research direction for DOC awakening, though this field remains in
its infancy and requires more high-quality studies to validate the efficacy and
feasibility of related methods.

3 Limitations of Neural Oscillation Applications in DOC

Neural oscillation technology has demonstrated tremendous potential in DOC
assessment and treatment, but several limitations persist in practical appli-
cations. Regarding assessment, EEG-based neural oscillation evaluation has
limited spatial-temporal resolution, primarily restricted to cortical network as-
sessment with insufficient detection of subcortical networks. Relying solely on
spectral characteristics or phase synchronization has limited capacity for brain
function assessment. New analytical techniques such as microstate analysis
and artificial intelligence modeling are gradually demonstrating advantages in
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brain function evaluation, yet integrated brain function assessment models com-
bining neural oscillation-related technologies with other modalities remain un-
established. The mechanisms of non-invasive neuromodulation are not fully
elucidated; awakening therapy primarily focuses on chronic DOC, with limited
evidence for acute DOC awakening studies. Therapeutic efficacy shows indi-
vidual variation, mostly determined through behavioral assessment, with insuf-
ficient follow-up research on post-treatment neural oscillation pattern changes
and their relationship with prognosis.

4 Summary and Outlook

The process from neural oscillation generation to synchronization activity in dis-
tant regions plays a critical role in consciousness emergence and maintenance.
Disrupted neural oscillation synchronization and connectivity represents one of
the neural mechanisms of DOC, with different neural oscillation patterns ob-
served across varying DOC severities. Assessment of brain function damage
through spectral characteristics, phase synchronization indices, and responses
to non-invasive neuromodulation can help more accurately differentiate DOC
severities and facilitate better clinical decision-making. Inducing high-frequency
neural oscillations based on neural oscillation entrainment principles and neu-
ral oscillation plasticity to achieve DOC neural network restoration and con-
sciousness recovery represents an important future research direction for DOC
awakening.
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