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Abstract

Among the existing research on the treatment of disorders of consciousness (DOC), deep brain stimulation (DBS)
offers a highly promising therapeutic approach. This comprehensive review documents the historical develop-

ment of DBS and its role in the treatment of DOC, tracing its progression from an experimental therapy to a detailed
modulation approach based on the mesocircuit model hypothesis. The mesocircuit model hypothesis suggests

that DOC arises from disruptions in a critical network of brain regions, providing a framework for refining DBS targets.
We also discuss the multimodal approaches for assessing patients with DOC, encompassing clinical behavioral scales,
electrophysiological assessment, and neuroimaging techniques methods. During the evolution of DOC therapy,

the segmentation of central nuclei, the recording of single-neurons, and the analysis of local field potentials have
emerged as favorable technical factors that enhance the efficacy of DBS treatment. Advances in computational
models have also facilitated a deeper exploration of the neural dynamics associated with DOC, linking neuron-level
dynamics with macroscopic behavioral changes. Despite showing promising outcomes, challenges remain in patient
selection, precise target localization, and the determination of optimal stimulation parameters. Future research should
focus on conducting large-scale controlled studies to delve into the pathophysiological mechanisms of DOC. It

is imperative to further elucidate the precise modulatory effects of DBS on thalamo-cortical and cortico-cortical func-
tional connectivity networks. Ultimately, by optimizing neuromodulation strategies, we aim to substantially enhance
therapeutic outcomes and greatly expedite the process of consciousness recovery in patients.
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Background

Disorders of consciousness (DOC) arise from severe
brain injuries, such as trauma, stroke, or anoxia, leading
to profound loss of awareness. DOC is generally classi-
fied into two primary states: vegetative state/unrespon-
sive wakefulness syndrome (VS/UWS) and minimally
conscious state (MCS) [1]. Patients in VS/UWS are
devoid of self-awareness and environmental perception,
while those in MCS exhibit intermittent indications of
consciousness, such as variable emotional and directional
behaviors [2]. In China, the prevalence of DOC approxi-
mates one million, with 50,000-100,000 new cases every
year, representing a considerable burden on society and
families [3, 4]. Positive outcomes remain scarce despite
treatment efforts, including audiovisual and tactile stim-
ulation, non-invasive electromagnetic stimulation, and
hyperbaric oxygen therapy [5]. The challenge of identi-
fying effective interventions for patients with impaired
consciousness persists, highlighting the necessity for
advancing research and therapeutic strategies in this cru-
cial field.

Among the primary etiologies of DOC—trauma,
stroke, and anoxia—patients with post-traumatic DOC
generally demonstrate better short- and long-term sur-
vival rates and recovery of consciousness compared to
those with non-traumatic causes. Analysis of clinical
progress reveals that patients in the VS/UWS recover
more slowly than those in the MCS [6, 7]. VS/UWS
patients typically show improvements within 1-2 years
after the onset, with most regaining some responsive-
ness but only a minority reaching MCS. In contrast, most
MCS patients achieve full consciousness within the first
year, with only a few showing diagnostic transitions out
of MCS in the subsequent 1-2 years [8]. These findings
underscore the need for targeted therapeutic interven-
tions for MCS patients to support the restoration of full
consciousness and reduce motor dysfunction.

Recent advancements in neuromodulation techniques
hold promise for enhancing consciousness and cogni-
tive function. Deep brain stimulation (DBS) has demon-
strated success in treating neurological disorders such
as Parkinson’s disease and dystonia, and it also shows
potential as a treatment for DOC. One study indicates
that DBS can improve synaptic activity in relevant brain
structures, regulate arousal, and facilitate cognitive
recovery, particularly when targeted at the central thala-
mus (CT) [9].

A notable advantage of neuromodulation lies in its
precision in targeting specific brain regions and net-
works, which can markedly enhance network activity and
expedite functional recovery in DOC patients [10, 11].
This review investigates the role of DBS in DOC treat-
ment, examining its historical development, techniques
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(Fig. 1a), mechanisms (Fig. 1b-d), clinical evaluation
methods (Fig. le-g), and technological progress (Fig. 1h-
k). Through a thorough examination of existing research,
this review aims to highlight DBS’s therapeutic benefits,
particularly its potential to elevate consciousness and
support neural circuit recovery in DOC patients.

The application of DBS in the management of DOC has
garnered significant interest among researchers. Studies
concentrating on enhancing arousal through DBS fre-
quently target the centromedian-parafascicular complex
(CM-Pf), CT, and globus pallidus internus (GPi). Precise
localization of target nuclei is essential for successful
surgery, and histological or magnetic resonance imaging
(MRI)-based atlases for thalamic segmentation improve
the accuracy of nucleus localization. Assessing the rhyth-
micity and connectivity of local field potential (LFP)
within nucleus clusters assists in evaluating the therapeu-
tic efficacy of DBS.

Modeling at the neuronal, mesoscopic, and brain state
levels provides a comprehensive view of the pathophysi-
ological mechanisms underlying DOC, enabling the anal-
ysis of oscillatory states related to arousal, perception,
and motor function in DOC patients. These aspects are
elaborated upon in subsequent sections.

History of DBS in treating DOC

In 1949, Moruzzi et al. [12] carried out experiments link-
ing electrical stimulation of the thalamus or midbrain
to arousal in the forebrain. Building upon this, Mclardy
et al. [13] observed in coma patients that deep brain
electrode stimulation could elicit certain neuropatho-
logical changes in 1968. Hassler et al. [14] applied DBS
to patients with DOC in 1969, targeting the basal part
of the right pallidum and the left latero-polar nucleus of
the thalamus. They observed notable improvements in
arousal and temporary behavioral enhancements, which
lasted only 19 d. In 1979, Sturm et al. [15] demonstrated
improved communicative behavior in DOC patients fol-
lowing DBS, reinforcing its therapeutic potential. With
the increasing understanding of DOC and DBS, applica-
tions have expanded. Targeting the CT with DBS (CT-
DBS) enhanced patients’ environmental responsiveness
and motor function, underscoring its benefits [16].

In the 1980s, clinical studies conducted in Japan on
MCS and VS/UWS patients disclosed that DBS targeting
the CM-Pf complex yielded substantial improvements:
some MCS patients regained communication abilities,
and one showed promising recovery (Fig. la) [17, 18].
Electroencephalography (EEG) recordings indicated
increasing reactivity over time, and cerebrospinal fluid
transmitter levels verified the effectiveness of DBS.

The 1990s marked significant progress in implantable
neurostimulators, facilitating research on the long-term
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Fig. 1 (Seelegend on next page.)

effects of DBS in DOC patients [19, 20]. Japanese studies
were the first to report this advancement, with Yamamoto
et al. [21, 22] conducting an extensive study involving 128
DOC patients, including 21 VS patients receiving DBS
in the midbrain reticular formation or CM-Pf complex.

Among them, 8 exhibited EEG desynchronization and
specific brainstem responses. Of the 21 MCS patients
treated with CM-Pf DBS, 5 showed clinical improve-
ment [21, 22]. Continuous DBS enhanced awareness and
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behavior, with some patients regaining communication
skills and reintegrating into family life [17].

In 2007, Schiff et al. [9] conducted a clinical trial
administering CT-DBS to a patient with post-traumatic
MCS persisting for 6 years. The results demonstrated that
CT-DBS effectively enhanced awareness, suggesting its
potential to counteract frontal lobe arousal deficits after
brain injury. The “central thalamic microcircuit” hypoth-
esis was proposed to explain consciousness impairment
in DOC patients [23].

The initial DBS studies emphasized its variable effi-
cacy, depending on specific circumstances [24, 25].
In 2016, Magrassi et al. [25] reported positive out-
comes in patients undergoing chronic stimulation for
18-48 months. These patients exhibited enhanced 6 and
y EEG power spectra and improved coma recovery scale-
revised (CRS-R) scores (CRS-R: Developed by the JFK
Johnson Rehabilitation Institute at JFK Medical Center,
USA, to differentiate subtle neurobehavioral functions
and monitor consciousness recovery). The severity of
limb spasticity and the frequency/severity of pathologi-
cal movement were also reduced. Subsequent studies
with larger sample sizes further evaluated DBS’s efficacy
[26-33]. Meanwhile, Chudy et al. [34] found that the
10-year single-center study of 32 DOC patients treated
in the CM-Pf nucleus reported a 21.9% improvement
rate of consciousness. Yang et al. [32] revealed that 37
patients undergoing bilateral monopolar stimulation at

(See figure on previous page.)
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100 Hz achieved a 32.4% improvement of consciousness
within 1 year, significantly higher than the 4.3% of the
conservative group. DBS effects were particularly supe-
rior in MCS patients. A predictive nomogram based on
various factors confirmed DBS’s potential in DOC treat-
ment. Despite the limited number of cases, two addi-
tional clinical observations have also demonstrated that
stimulation at 100 Hz can induce an elevation in the level
of consciousness [30, 33].

A recent study by Schiff et al. [35] disclosed that 5
patients with moderate to severe traumatic brain injury
(TBI) presented improved executive and cognitive abili-
ties following DBS to the central lateral (CL) thalamic
nucleus and the medial dorsal tegmental tract. Their find-
ings support the central thalamic microcircuit hypoth-
esis, suggesting that inadequate CL activation leads
to reduced frontal lobe network function after injury.
The overall efficacy of DBS for DOC patients was 40%
(58/145, based on clinical behavior scale improvements).
Among the studies, Tsubokawa et al. [17] reported the
highest efficacy at 50% (4/8), while Chudy et al. [26]
observed the lowest at 28.6% (4/14), excluding case stud-
ies and retrospective analyses (Fig. 2, Table 1).

The current absence of globally recognized clinical
strategies for DBS in DOC patients stems from the pau-
city of published randomized controlled trials, which has
led to hesitation within the clinical community. Although
previous clinical studies on DBS for DOC have shown

Fig. 1 Current progress in DBS for DOC. a The CM-Pf is a common DBS target in DOC patients. While the mechanisms of DOC remain partially
comprehended, the focus has shifted from isolated brain regions to a comprehensive neural network perspective, spanning macroscopic

and microscopic levels. Proposed models for DOC include: the mesocircuit model (b), which describes a unifying mechanism based on anterior
forebrain mesocircuit downregulation; cortico-subcortical circuit research (c), extending from the thalamus to the cortex or striatum,

along with neurotransmitters from thalamic nuclei, which offer novel insights into DOC pathophysiology; brain-network research (d), which
suggests that functional activation within the default mode network (core network) and executive control network (higher-order network)

is essential for maintaining consciousness. e In clinical settings, diagnostic scales such as GCS, FOUR, CRS-R, CNC, RDS, SMART, and SECONDs

are used to stratify consciousness levels in DOC patients. Notably, CRS-R can distinguish between MCS and versus patients. The multimodal
approach to DOC diagnosis includes: neuroelectrophysiology (f) and neuroimaging technique (g), providing critical insights into cortical

and thalamic damage as well as residual consciousness. Here, reduced thalamocortical and thalamostriatal outflow, due to diminished input

to striatal MSNs, leads to a failure to reach the discharge threshold. This results in the loss of active inhibition from the striatum to the globus
pallidus internus, which typically exerts inhibitory control over its targets. Technological advancements have furthered the treatment of DOC. h
Thalamic nuclear segmentation reveals the distribution of thalamic subnuclei at an individual level, which is essential for understanding thalamic
integrity and guiding personalized DBS interventions. i Spike detection techniques identify single-neuron activity, extracting action potentials
and firing rates to distinguish thalamic nuclei, assist in the localization of CT-DBS, and assess CT activity across consciousness levels. j LFP reflects
low-frequency neural discharges, with unique rhythmic patterns indicative of neuronal activity or disease-related functions. Furthermore, in some
exploratory studies, the characteristic alterations of LFP are monitored in real-time via implanted targets. Based on these LFP signatures, efficient
and energy-saving adaptive closed-loop neural modulations are being designed. k Multi-level modeling, integrating microscopic neurons,
mesoscopic neural clusters, and circuits into macroscopic brain states, enables the virtual reconstruction of DOC patient networks, providing
valuable insights into their complex neural architecture. CT central thalamus, DBS deep brain stimulation, DOC disorders of consciousness, UWS
unresponsive wakefulness syndrome, MCS minimally conscious state, MCS'emergence from minimally conscious state, DT diffusion tensor imaging,
fMRI functional MRI, EEG electroencephalography, ERP event-related potential, TMS transcranial magnetic stimulation, GABA Gamma-Aminobutyric
Acid, VS vegetative state, CM-Pf centromedian-parafascicular complex, LFP local field potentials, GCS Glasgow coma scale, FOUR full outline

of unresponsiveness, CRS-R coma recovery scale-revised, CNC coma/near coma, SMART sensory modality assessment technique, RDS Rappaport
disability rating scale, SECONDS simplified evaluation of consciousness disorders, IPG implantable pulse generator



Yang et al. Military Medical Research (2024) 11:81

1968. McLardy et al. [13]
Left thalamus and left
intralaminar nuclei
and reticular formation

2007. Schiff et al. [9]

thalamic nuclei
1993. Cohadon et al. [20]

CM-Pf

1979. Sturm et al. [15]
Right rostral part of the
lamella medialis thalami

and Left nucleus reticulatus
polars thalami

2014. Wojtecki et al. [24]

Page 5 of 25

Bilateral anterior intralaminar

2017. Chudy et al. [26]
Unilateral CM-Pf

2022. Hisse Arnts et al. [30]
Bilateral CM-Pf

2019. Gottshall et al. [28]
Bilateral CT

2024. Yang et al. [32]

Bilateral CT Bilateral CM-Pf

C

1990. Tsubokawa et al. [17]
Unilateral CM-Pf and
mesencephalic reticular formation

2005. Yamamoto et al. [21]

1969. Hassler et al. [14] ]
Unilateral CM-Pf and

Left lateropolar nucleus of the
thalamus and right pallidum

Bilateral anterior intralaminar

013. Yamamoto et al. [22]
Unilateral CM-Pf

mesencephalic reticular formation

{—o

e

2016. Magrassi et al. [25] 2021. Marina et al. [29]
CM-Pf

thalamic nuclei
2022. Dang et al. [31]

Bilateral CM-Pf
2018. Lemaire et al. [27] © o0

Bilateral pallidum and
bilateral thalamus

2023. Shu et al. [33]
Bilateral CM-Pf or
right CM-Pf

Fig. 2 A chronological timeline depicting the involvement of various research and their stimulation targets (including CT and CM-Pf)

in the development of DBS therapy for DOC. Since the 1960s, DBS has been investigated for its potential therapeutic efficacy in patients

with DOC. Early observations made by Mclardy et al. [13] and Hassler et al. [14] demonstrated temporary improvements in arousal and behavior.

As understanding grew, targeted DBS of the centromedian-parafascicular (CM-Pf) complex enhanced environmental responsiveness and motor
function. Japanese studies during the 1980s and 1990s further confirmed its efficacy, with clinical improvements and EEG changes reported

[17,18, 21, 22]. Schiff et al. [9] demonstrated the effectiveness of CT-DBS in elevating awareness in post-traumatic MCS patients. Recent studies,
inclusive of those by Magrassi et al. [25] and Chudy et al. [26], have shown positive outcomes in patients undergoing chronic stimulation, featuring
enhanced EEG power spectra and improved CRS-R scores. Yang et al. [32] found that bilateral monopolar stimulation at 100 Hz achieved remarkable
consciousness improvement rates, particularly in MCS patients, further supporting the potential of DBS in DOC treatment. CT central thalamus,
CM-Pf centromedian-parafascicular complex, DBS deep brain stimulation, DOC disorders of consciousness, CRS-R coma recovery scale-revised

promising outcomes, the scarcity of large-scale rand-
omized trials and standardized protocols remains a sig-
nificant obstacle. Promoting DBS as a treatment option
for DOC patients necessitates further research, a deeper
understanding of DOC pathophysiology, and careful eth-
ical deliberation.

The mesocircuit model

The theoretical foundation for employing DBS to treat
DOC is based on the mesocircuit hypothesis proposed by
Schiff et al. [23] in 2010. This hypothesis contends that
the CT is crucial in the circuit responsible for conscious-
ness, acting as a relay for cortical commands and sensory
signals (Fig. 1b). Through stimulating CT neurons, DBS
influences both the thalamus-cortex and thalamus-stri-
atum pathways, facilitating the regulation of abnormal
brain metabolic activity [10, 36].

The CT plays a distinctive role in supporting executive
functions in the forebrain, regulating arousal by receiv-
ing input from the brainstem/basal forebrain arousal
system and the frontal cortical system (Fig. 1c). Severe
brain injury disrupts neuronal connectivity, leading to
circuit dysfunction, reduced synaptic excitability, and

decreased excitatory neurotransmission. At the neuronal
level, medium spiny neurons (MSNs) in the striatum
are essential for maintaining excitability in the anterior
forebrain through inhibitory projections to the globus
pallidus (GP), which inhibits CT function [23, 37]. Acti-
vation of MSNs suppresses the CT, thereby promoting
thalamocortical afferents. Central thalamic neurons have
extensive connections with the striatum and regulate its
background activity. Cases of diffuse brain injury exhibit
decreased neural connectivity between the striatum, CT,
and frontal cortex, significantly reducing MSN output
[23, 38].

Concerning the effects of DBS on neural cells within
the targeted nuclei, early experimental evidence supports
the hypothesis that DBS inhibits neuronal activity at the
stimulation site, and somatic inhibition emerges through
several mechanisms. Firstly, high-frequency stimulation
in vitro can induce sustained nerve membrane depo-
larization, deactivating sodium channels and increasing
potassium currents to prevent the initiation or propaga-
tion of action potential (known as depolarization block)
[39]. Additionally, DBS may act via synaptic mechanisms,
activating inhibitory presynaptic terminals on cell body
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afferents, thereby prolonging neuronal conduction time
or inducing inhibition [40]. Evidence also suggests that
DBS can enhance neural activity by activating axons and
dendrites within the stimulation area, increasing the out-
put frequency of action potential [41]. These findings
imply a dissociation between somatic and axonal neu-
ronal activity. Computational models indicate that axons
and dendrites have lower stimulation thresholds than cell
bodies, suggesting that most somatic effects probably
result from the propagation of stimulation effects from
local membrane arborization rather than the cell body
itself [10, 40]. Consequently, DBS may induce action
potentials in afferent fibers within the stimulation area,
and in some cases, targeting these tracts has become a
primary focus of DBS treatment [40, 41].

Following the mesocircuit hypothesis, enhancing the
excitatory output of the CT via DBS has the potential
to restore normal function in the central circuitry for
patients with severe brain injury and DOC by exerting a
stable regulatory effect on this circuit. This theory par-
tially explains how DBS applied to CT promotes wakeful-
ness from a clinical perspective [9, 28]. Kundu et al. [38]
proposed that the integrity of the reticular structure, cor-
tex, and thalamic circuit is of crucial importance for the
effectiveness of DBS in DOC; however, this integrity is
not consistently maintained in patients with severe brain
injuries.

Studies using rodent models have offered strong evi-
dence that DBS can modulate arousal and overall brain
activity. DBS has been demonstrated to enhance arousal
and locomotor activity in mice with multiple traumatic
injuries [41]. The CL nucleus in the CT is critical in this
process, as it receives input from the brainstem reticular
activation system and projects to the cortex, particularly
its deep layers in the frontoparietal region [42]. In rats,
optimized CL activation extensively stimulated forebrain
regions, including the frontal cortex, sensorimotor cor-
tex, and striatum, resulting in a remarkable transition
from sleep to wakefulness [41]. Similarly, Jordy et al. [36]
found that CT-DBS administered to anesthetized rhesus
monkeys increased arousal and excitability in specific
brain regions, facilitating the restoration of resting-state
excitability related to consciousness and sensitivity to
auditory stimuli. These studies provide insights into how
DBS may improve DOC.

Brain-network

In the evolving field of consciousness theory, current
approaches emphasize identifying explanatory links
between neural mechanisms and diverse aspects of con-
sciousness (Fig. 1d). A normative and comprehensive
theory of consciousness (TOC) encompasses four pri-
mary categories: higher-order theories (HOTs), global
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workspace theories (GWTs), integrated information
theory (IIT), and retrospective and predictive process-
ing theories [43]. These frameworks offer academic
viewpoints for observing contemporary states of con-
sciousness. Specifically, GWTs propose that conscious-
ness depends on the integrity of functional or dynamic
connections within the frontal-parietal regions, and
impairment in these connections can lead to varying
degrees of consciousness loss [43]. These theories pro-
vide useful perspectives for understanding the origins
and mechanisms of consciousness [44].

The recovery of brain activity during DOC rehabili-
tation is closely associated with the functioning of the
anterior forebrain mesocircuit [23, 45, 46] and the fron-
toparietal network [47, 48]. This network includes the
frontal lobe, prefrontal cortex, and a negative feedback
loop between the striatum and thalamus, influencing the
information flow back to the cortex and striatum [23].
The frontoparietal network consists of two subnetworks:
the default mode network (DMN) and the executive con-
trol network (ECN). The DMN is anchored by nodes in
specific brain areas, such as the medial prefrontal cortex,
posterior cingulate gyrus, and precuneus. Studies have
shown that DMN changes are correlated with the severity
of DOC in patients [47, 49, 50]. Recent research indicates
that alterations in the precuneus and inferior parietal
lobule contribute to DMN changes due to reduced inhib-
itory function of the striatum and decreased coupling
between the striatum and thalamus [50].

In contrast, the ECN is anchored by nodes in the dor-
solateral prefrontal cortex and lateral parietal cortices.
Further studies on the interactions of ECN and DMN
indicate decreased connectivity across different con-
sciousness states, with dual-task paradigms playing a sig-
nificant role. At a specific stimulus intensity, only ECN
activation enables conscious perception, while DMN
activation does not [51-53]. Thibaut et al. [54] found
metabolic impairments in both networks in VS/UWS
patients, preserved ECN metabolism in MCS patients,
and partial recovery in both networks only in EMCS
patients. This implied that partial metabolic recovery of
these networks may characterize the recovery of MCS. In
non-human primate studies, electrical stimulation target-
ing the CL has been demonstrated to induce arousal from
anesthesia-induced coma, providing strong evidence for
connectivity between frontoparietal circuits and anterior
networks through this brain region [55, 56].

Evaluation of patients with DOC

Scale of clinical behavior

The central circuit hypothesis accounts for conscious-
ness loss following brain injury, identifying cortical and
subcortical structures, including the CT, as key elements
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[10, 57]. With a robust theoretical foundation, DBS tar-
geting CT has shown positive effects in clinical studies
involving DOC patients. Accurately assessing the neuro-
modulatory effects of DBS is essential for understanding
its neural mechanisms, optimizing technical parameters,
and facilitating consciousness recovery in DOC patients
(Fig. 1e).

Conventional bedside assessment tools and neuro-
surgical rating scales, such as the Glasgow coma scale
(GCS), have limited utility for monitoring progress in
patients with prolonged consciousness disturbances [58].
The Full Outline of UnResponsiveness (FOUR) score is
more sensitive than the GCS in detecting different brain-
stem function levels in the acute phase of severe brain
injury [59]. It assesses brainstem reflexes, breathing, and
early consciousness indicators, such as visual pursuit,
thereby providing improved monitoring for comatose
and VS/UWS patients. The Coma/Near Coma (CNC)
scale, introduced in 1992, quantifies clinical changes in
severely brain-injured, vegetative state patients. It covers
traumatic and non-traumatic injuries, with 5 levels rang-
ing from “no coma” to “extreme coma” Scores are based
on 11 items assessing sensory, perceptual, and basic
responses, facilitating the identification of patients likely
to respond to rehabilitation, with 95 — 97% interrater
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reliability. Rappaport et al. [60] detail the Disability Rat-
ing Scale (DRS), with scores from 0 (complete recovery)
to 30 (death), based on phone interviews with patients’
guardians or caretakers, structured to minimize errors
and capture behavioral details. The simplicity and accu-
racy of DRS contribute to its reliability in distinguishing
patients’ functional independence [61]. It is more sensi-
tive than the Glasgow outcome scale (GOS) in detecting
clinical changes in severe head trauma cases.

Among these scales, the Wessex Head Injury Matrix
(WHIM) is recommended, though with certain caveats
[62]. It captures changes in VS/UWS patients with post-
amnesia, being particularly sensitive to MCS transitions
often missed by the GCS, although its reliability and sen-
sitivity are lower than those of the Coma Recovery Scale-
Revised (CRS-R) [62]. Other scales, such as the Western
Neuro Sensory Stimulation Profile (WNSSP) [63], the
Sensory Modality Assessment Technique (SMART) [64],
and the Disorders of Consciousness Scale (DOCS) [65],
have standardized administration and scoring procedures
and are moderately recommended by the American
Congress of Rehabilitation Medicine (ACRM) (details in
Table 2).

Among these measures, the CRS-R uniquely incorpo-
rates diagnostic criteria for coma, VS, and MCS into its

Table 2 The application of scales and scores for the assessment of disorders of consciousness

Scale Content Estimated time No. scales (items) Features of evaluation
GCS Eye, motor, verbal 5 4(15) Not sensitive to differentiate MCS patients
GOS Physical disability and mental state 5 5(5) Main evaluation tools for prognosis from good
recovery to death; Unable to distinguish VS
from MCS
CRS-R  Auditory, visual, motor, oral, communication, 25 5(23) The specific behavioral response to specific sensory
arousal stimuli; Each item is standardized and operable; It
is a relatively recognized evaluation scale
FOUR  Eye response, motor response, respiration, brain- 10 4(15) Make up for the defect that the language function
stem reflexes in GCS scale can't be tested due to mechanical
ventilation; Have the value of outcome prediction
WNSSP  Visual tactile, olfactory, arousal/attention, audi- 45 5(32) Needs to rely on visual understanding and tracking
tory, expressive communication
WHIM  Basic behaviours, social/ communication, atten- 30 - 60 4 (58) For detecting the changes of consciousness recov-
tion/ cognitive, orientation/memory ery in each stage; It takes longer to evaluate
SMART  Auditory, vision, tactile, olfactory, gustatory, wake- 60* 8 (60) Evaluation from multi-modal sensory stimulation
fulness, motor, communication response; It takes a long time; It requires higher
professionalism
DOCS  Auditory, visual, tactile, sensory, swallowing, 45 8 (23) Evaluate the overall level of neurobehavioral
olfactory response
DRS Awakening and awareness, cognitive depend- 10 8(32) Quantitative evaluation of disability degree
ence, social and psychological adaptability of patients with severe brain injury in the process
from coma to return to society
CNC Visual, auditory, command following, threat 10 8(32) Rappaport is an extension of its previous DRS scale,

response, olfactory, tactile, pain, vocalisation

which is easy to learn, fast to complete, effective
and predictive of prognosis

GCS, Glasgow coma scale; GOS, Glasgow outcome scale; CRS-R, coma recovery scale-revisited; FOUR, full outline of unresponsiveness score; WNSSP, western
neurosensory stimulation profile; WHIM, Wessex head injury matrix; SMART, sensory modality assessment technique; DOCS, disorders of consciousness scale; DRS,

disability rating scale; CNC, coma/near-coma scale
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administration and scoring system. It has been particu-
larly effective for assessing consciousness changes before
and after treatment. Schiff et al. [6] utilized the CRS-R to
measure improvements in patient awareness following
DBS. Similarly, Magrassi et al. [25], Dang et al. [31], and
Adams et al. [66] reported changes in CRS-R scores after
DBS. While these scales provide a foundation for quanti-
fying DBS-induced conscious behavior changes, further
investigation into the neural regulatory mechanisms of
DBS is necessary.

Neuroelectrophysiology

EEG

EEG is of great value in consciousness research, offering
precise measurement of neural electrical activity with
high temporal resolution [67, 68] (Fig. 1f). Numerous
EEG-based features have been put forward to elucidate
the pathophysiology of DOC, and various clinical assess-
ment methods have also been described [69]. Since basic
EEG features are correlated with synaptic activity and
subcortical influences within cortical circuits over time,
clinical EEG traces provide insights into the functional
integrity of thalamocortical networks in DOC patients
[70, 71]. Based on the current understanding of brain
oscillations, some EEG patterns in DOC may indicate
disconnections (or deafferentation) within and between
cortical and subcortical structures [72—-74].

The mesocircuit hypothesis suggests that severe brain
injuries, regardless of the cause, may directly (thalamo-
cortical and brainstem-thalamus) or indirectly (striatum-
thalamus) reduce the activity of central thalamic neurons
within the ascending arousal system [75]. Consequently,
there is a hierarchical relationship between the extent of
deafferentation, thalamic activity patterns, and EEG pat-
terns. CT neurons can be classified based on the levels
of deafferentation: quiescent neurons (“A type” and “B
type”), neurons entering a bursting mode (“C type”), and
neurons transitioning into a tonic firing mode (“D type”)
[76]. These modes are believed to signify an increasing
excitatory drive, particularly within anterior forebrain
thalamocortical circuits [41]. Restoration by the thala-
mus and a shift to tonic firing support typical wakeful
EEG activity, characterized by specific oscillations (o and
[), corresponding to the D-type pattern [37].

Forgacs et al. [77] evaluated DOC patients using MRI
and fluorodeoxyglucose positron emission tomography
(FDG-PET), correlating the findings with EEG results.
They reported intact wakeful EEG structures, including
dominant posterior rhythms, across all patients. A new
EEG classification based on three descriptors—predomi-
nant background frequency, anterior—posterior gradient
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organization, and the presence of diffuse/focal slowing
—has been proposed. This classification encompasses 4
EEG categories: normal, mild abnormal, moderate abnor-
mal, and severe abnormal [77]. It demonstrated 61% sen-
sitivity and 75% specificity for diagnosing MCS in DOC
when a normal/mildly abnormal background was pre-
sent. Estraneo et al. [78] introduced a fifth category, the
low voltage pattern, which is more commonly observed
in VS/UWS patients. These two studies are strongly
recommended in the latest European Academy of Neu-
rology DOC Diagnostic Guidelines for DOC diagnosis
[79]. Analysis indicates that a normal or mildly abnormal
background reliably identifies MCS with high specificity
but low sensitivity.

Several studies have explored clinical EEG features for
predicting the prognosis of DOC patients. Bagnato et al.
[80] initially demonstrated the prognostic utility of EEG
for 3-month outcomes using the Synek classification.
Subsequent studies focused on a limited set of standard
EEG features—total amplitude, dominant frequency,
and reactivity [collectively termed the Amplitude Fre-
quency Reactivity (AFR) score]—which were correlated
with 3-month DOC outcomes [80, 81]. Specifically, a
reduced overall EEG amplitude and a dominant § fre-
quency (<4 Hz) were significantly associated with poorer
outcomes, while a dominant a frequency and preserved
reactivity predicted recovery [81].

Functional connectivity (FC) techniques, particularly
those based on EEG, hold significant potential by assess-
ing cortical integrity and inter-regional communication.
EEG-based functional connectivity (EEG-FC) evaluates
the synchronization and interactions between neural
activities across brain regions, providing a non-invasive,
cost-effective, and routine approach for assessing brain
function in DOC [82]. However, caution is necessary:
improved FC after neuromodulatory interventions, such
as transcranial direct current stimulation (tDCS) or phar-
macological treatments, does not always equate to com-
plete consciousness restoration, as increased connectivity
may indicate partial recovery or compensatory mecha-
nisms rather than full functional restoration [83, 84].
Additionally, patients with similar clinical diagnoses may
exhibit distinct FC patterns, complicating the interpreta-
tion of results. Furthermore, the effects of neuromodu-
latory interventions on EEG-FC can be transient and
may not consistently correspond with long-term clinical
improvement. Therefore, while EEG-FC shows promise
as a tool for assessing consciousness in DOC and may
emerge as a new standard for evaluating cortical integrity
due to its correlation with clinical measures like the CRS-
R, increased FC should be interpreted with caution, as it
may not signify complete consciousness recovery [84].
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Quantitative EEG (QEEG)

QEEG analysis can assess the integrity and activation
level of the thalamic-cortical system by examining the
EEG signal power spectrum. Current research reveals
a significant decrease in 0 (4—8 Hz) and a (8—13 Hz)
frequency bands in VS/UWS patients in comparison
with MCS patients, while the 8 (<4 Hz) frequency band
shows the opposite trend [85-87]. QEEG studies sup-
port a negative correlation between EEG spectral slowing
and CRS-R scores, validating the clinical concept of EEG
slowing. Sitt et al. [88] analyzed 92 EEG-derived metrics
in 181 DOC patients, finding that low-frequency energy,
EEG complexity, and information exchange serve as cru-
cial indicators for distinguishing levels of consciousness,
effectively differentiating MCS from VS/UWS.

Various EEG analysis methods have been developed for
processing brain signals, including entropy, which quanti-
fies regularity. Higher entropy values signify a state closer
to wakefulness, while lower values imply a state closer to
unconsciousness. This metric facilitates the exploration
of the relationship between brainwave frequency fluctua-
tions and consciousness levels [69, 89]. Several computa-
tional approaches calculate entropy, such as approximate
entropy, Lempel-Ziv complexity, and cross-entropy,
which may identify VS/UWS and MCS or correlate with
clinical scores [90]. The percentage of o microstates
within the combination index (power in o and § fre-
quency bands, entropy, and microstates) has been proven
effective in distinguishing VS/UWS from MCS [91].

In recent years, the field of DOC has adopted machine
learning (ML) techniques, such as decoding and multi-
variate pattern analysis, for analyzing EEG data. These
methods involve training classifiers on EEG data and
diagnostic labels, enabling them to learn patterns that
distinguish consciousness states. The reliability of these
classifiers is evaluated on independent datasets to deter-
mine their diagnostic accuracy. The ultimate aim is to
develop an automated, standardized bedside assessment
tool for DOC [92]. Meanwhile, there are non-invasive
EEG-based brain-computer interfaces (BCI) being uti-
lized in the diagnosis and prognosis of patients with
DOC. By analyzing the EEG signals, medical profession-
als can obtain insights into the neural activity and poten-
tial consciousness levels of patients with DOC [93, 94].

Event-related potential (ERP)

ERP is a valuable tool for assessing sensory informa-
tion processing and basic cognitive functions in DOC or
comatose patients [95-98]. A meta-analysis has shown
that late evoked potentials, particularly P300 waves, are
potent predictors of consciousness recovery in DOC
patients [99]. ERP, or “endogenous response’, reflects neu-
ral activity and cognitive processing during embedded
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stimulus tasks. Using multiple ERP markers in a single
test improves diagnostic sensitivity, facilitating the iden-
tification of patient-specific residual cognitive functions.
Recent ERP research has focused on auditory processing
levels (auditory, perceptual, and semantic) [100, 101] and
various cognitive dimensions, such as novel spatial atten-
tion markers [102]. For instance, Gui et al. [101] recently
examined rhythmic brainwave responses associated with
tracking words, phrases, and sentences using a hierarchi-
cal language paradigm. Their findings in predicting the
prognosis of DOC patients have been promising, achiev-
ing 80% accuracy.

Transcranial magnetic stimulation (TMS)-EEG
A method for directly assessing functional integration
and differentiation within the thalamocortical circuit
involves measuring the complexity of brain response to
stimulation. The degree to which different neuron groups
interact as an integrated whole (integration) to generate
complex dynamics (differentiation) can be evaluated by
applying transcranial magnetic stimulation and record-
ing EEG responses [103]. This approach enables direct
cortical neuron stimulation and measures the impact of
initial activation on the brain with high spatiotemporal
resolution.

Two studies on small groups of DOC patients revealed
a similar correlation between TMS-evoked potentials
(TEP) and consciousness levels [104, 105]. Casali et al.
[106] subsequently developed the Perturbational Com-
plexity Index (PCI), which quantifies the information
generated by large-scale causal interactions within the
thalamocortical system and presents it as a single score.
A recent study used TEP data from a large DOC cohort
(38 MCS and 43 VS/UWS patients) to calculate the PCI,
demonstrating very high sensitivity (94%) in detect-
ing MCS [107]. This sensitivity may be attributed to the
inherent causal mechanism indicated by cortical per-
turbations, increasing § power/synchrony [72], reduced
long-range connectivity [83], and the loss of complexity
often observed in unconscious patients [88, 107]. These
electrophysiological studies enhance our comprehension
of the effects of DBS in DOC patients, underscoring the
necessity for further research to elucidate the treatment
mechanisms of DBS.

Neuroimaging

Neuroimaging is essential for exploring the neural basis
of human consciousness (Fig. 1g). Structural imaging
identifies and localizes brain damage in DOC patients,
while functional imaging reveals the activity patterns and
mechanisms underlying this damage. Traditional head
computed tomography is accessible, facilitating rapid
data collection, lesion localization, and early mortality
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prediction for acute DOC cases, including TBI, hemor-
rhage, and hypoxic-ischemic encephalopathy. However,
due to its low sensitivity, computed tomography is rarely
used alone in clinical practice to detect most physical
abnormalities in DOC patients [79]. Structural MRI is the
most direct approach for visualizing brain abnormalities
and diagnosing DOC. Since DOC patients often present
with diverse cortical injuries, an injury network map-
ping technique has been proposed to study distributed
cortical networks related to arousal, enabling automatic
organization segmentation for volume or morphological
analysis. A recently applied enhanced tree technique in
regional volume information analysis achieved 90-98%
classification accuracy for VS/UWS and MCS [108, 109].

Diffusion tensor imaging (DTI)

DTI is a specialized form of MRI. With the use of DTI,
a strong correlation was observed between widespread
white matter disconnection, particularly in the fornix,
and DOC following severe brain injury [110]. Abnor-
mal structural connections have also been identified
within the basal ganglia, frontal cortex, and thalamus
in DOC patients [111]. The degree of interhemispheric
disconnection, such as complete separation, serves as
an independent biomarker for consciousness [112]. An
innovative DTT study found that ML algorithms achieved
up to 100% accuracy in distinguishing thalamocortical
tracts reaching the frontal lobe, parietal lobe, and soma-
tosensory motor area [113]. Reduced connectivity in
subcortical arousal pathways has recently been shown
to be a sensitive indicator for DOC [114]. Recent multi-
center studies demonstrated the predictive value of DTI
for 1-year outcomes, surpassing structural and clinical
assessments for both traumatic and anoxic patients [115,
116]. Additionally, the combination of DTI with MRI
spectroscopy predicted long-term outcomes for trau-
matic patients, achieving 86% sensitivity and 97% speci-
ficity for non-recovery prediction after 1 year [117]. In
diagnostic applications for DOC patients, a recent study
employed DTI to identify measures potentially distin-
guishing VS/UWS from MCS patients. Diffusion patterns
in MCS and VS/UWS patients differed significantly in
subcortical white matter and thalamic regions, but not
in the brainstem. Furthermore, DTI characterized etio-
logical differences in VS/UWS patients, with brainstem
abnormalities confined to the traumatic brain-injured
group [118].

Functional MRI (fMRI)

fMRI technology assesses subtle changes in magnetic
resonance signals resulting from blood oxygen level-
dependent (BOLD) variations within microvasculature
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across brain regions. The evaluation of time-related
BOLD signals with fMRI is beneficial for evaluating DOC
patients.

Among DOC patients, beyond the limited bedside
assessments, communication ability can be assessed
through advanced techniques (e.g., fMRI, EEG, or ERP).
Notably, PET and fMRI reveal brain metabolic activ-
ity, uncovering residual higher-order brain functions
in patients otherwise diagnosed with VS/UWS, includ-
ing cross-sensory processing, language, learning, emo-
tion, and pain perception [47, 119, 120]. The preserved
connectivity within isolated networks provides evi-
dence of severe impairment in expressing the functions
of the surviving brain modules, which is interpreted as
an indication of residual covert cognition or conscious-
ness. Observing the brain activation areas reflecting con-
sciousness and cognition in only a few subjects through
neuroimaging highlights the ability to generate voluntary
“brain behaviors”, suggesting partially preserved con-
sciousness [121].

A preliminary study indicated that connectivity con-
figuration occurred at a lower frequency in VS/UWS
patients than in controls [122]. A multicenter study con-
firmed that consciousness relies on the brain’s ability
to sustain rich and dynamic activity [123]. Subsequent
research demonstrated that integrating dynamic func-
tional connectivity in predictive modeling strategies can
forecast CRS-R scores and reduce individual heterogene-
ity in statistical analyses [124]. Schiff et al. [9] employed
fMRI in a cross-control experimental paradigm, under-
scoring the importance of preserving brain function in
DOC patients to achieve the positive regulatory effects
of DBS. Additionally, Raguz et al. [29, 125] observed that
DBS could lead to volume growth in the cerebral cor-
tex and subcortical structures through brain MRI scans,
suggesting this mechanism may contribute to enhanced
patient awareness via DBS.

PET-computed tomography (PET-CT)

PET-based diagnosis of metabolic abnormalities in the
brain has driven the advancements in neuroimaging.
Early functional imaging patterns using FDG and oxy-
gen-15 labeled water (H,'°O) are commonly utilized PET
molecular markers for the evaluation of DOC. FDG-PET
studies have shown a 40 — 50% decrease in whole-brain
metabolism in DOC patients [119] and reduced cortical
effective connectivity in VS/UWS patients [126]. H,'>O-
PET studies suggest that consciousness recovery seems
to be associated with restored functional connections
between the thalamus and cortex [127, 128]. A compara-
tive study on PET activation across DOC states revealed
that the metabolism of the frontoparietal network was
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better preserved in MCS patients compared to controls
[129]. One study even proposed that FDG-PET could
predict long-term recovery in VS/UWS patients, show-
ing higher predictive accuracy than subsequent fMRI
evaluations [130].

Through reciprocal interactions with subcortical
neurons, matrix neurons support wakefulness and set
perceptual thresholds, while core neuron cortical inter-
actions maintain content and enable perceptual consist-
ency [131]. Annen et al. [132] used FDG-PET and EEG
to evaluate cortical and subcortical regions in healthy
individuals and DOC patients. Their findings highlight a
close correlation between subcortical metabolic balance
and consciousness, with increased metabolism being
associated with higher consciousness levels. Notably, the
relationship between parietal-occipital and lateral frontal
cortices and subcortical glucose uptake is significant in
DOC patients, forming the frontoparietal network (FPN)
critical for identifying consciousness. Linear mixed-
effects analysis disclosed a negative correlation between
6-wave power and glucose uptake in DOC, while a-wave
power positively correlated with glucose uptake in both
DOC and recovered patients [133].

Behavioral, electrophysiological, and neuroimaging
studies provide compelling evidence of the regulatory
impact of DBS on DOC. In their review of DBS research
within DOC, Vanhoecke et al. [134] and Rezaei Haddad
et al. [135] emphasized the importance of neuroimaging
and neuroelectrophysiological techniques in evaluating
the regulatory effects of DBS.

Technical issues concerning DBS treatment of DOC
Central thalamic nucleation localization and segmentation
The thalamus, a critical component of the diencepha-
lon, is indispensable for various neurological processes
[136-140]. Despite its broad division into anterior, lat-
eral, and medial subnuclei, distinguishing these units
in clinical MRI scans remains challenging. Neverthe-
less, identifying individual thalamic subnuclei is vital for
understanding thalamic anatomy and function and for
guiding interventions such as DBS (Fig. 1h). Thalamic
mapping techniques over the past two decades can be
classified into two main categories: histology-based and
MRI-based atlases. While histology-based atlases remain
the gold standard, MRI-based atlases offer superior speed
and capacity. The brain parcellation criteria in both
approaches focus on substructures that are structurally
or functionally similar [139].

Histological atlases enable detailed delineation of tha-
lamic regions. The atlases developed by Krauth et al.
[140] and Gallay et al. [141] segment the unilateral thal-
amus into 7 subregions using chemical markers. Ste-
reotactic atlases divide the unilateral thalamus into 38
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subregions, and Goto et al. [142] created a 3D atlas with
107 subregions. A recent probabilistic atlas combining
histological and in vivo structural MRI data produced 13
parcellated subregions [143]. However, these methods
are invasive, labor-intensive, and require manual labeling.

MRI-based atlases offer non-invasive and efficient
alternatives to histological atlases, including those
derived from structural MRI, fMRI, and diffusion MRIL
Middlebrooks et al. [144] enhanced the fast gray mat-
ter acquisition T1 inversion recovery MRI sequence for
improved visualization, while Traynor et al. [145] intro-
duced a T1-T2 MRI method with 6 thalamic subregions.
Techniques such as magnetization-prepared rapid gradi-
ent-echo MRI provide distinct thalamic nuclei contrast
[146], and Su et al. [147] proposed a multi-atlas segmen-
tation optimized for the thalamus, yielding 12 subre-
gions. Susceptibility-weighted imaging and quantitative
susceptibility mapping facilitate structure-based thalamic
parcellation [148, 149]. MRI-based atlases are beneficial
for non-invasive and efficient thalamic research.

fMRI-based atlases extract BOLD signals from resting-
state fMRI data, facilitating the assignment of voxel to
subregions. Zhang et al. [150] identified 5 and 31 func-
tional thalamic subregions, respectively, through differ-
ent methods. Kumar et al. [151] applied transient BOLD
signal correlation to enhance histological consistency,
resulting in 15 subregions. Tian et al. [152] introduced
an innovative method using eigenvectors and eigenval-
ues from a group-level similarity matrix to perform “fiber
tracking’, dividing the thalamus into 8 regions.

Diffusion MRI-based atlases provide valuable insights
into the anatomical connections and microstructures of
thalamic nuclei. Patriat et al. [153] identified 9 cortical
regions, offering strong functional confidence but pre-
senting weaker structural consistency. Yang et al. [154]
employed DTI to divide the thalamus into 16 subregions.
Jonasson et al. [155] improved this approach through the
level set algorithm, while Ye et al. [156] proposed a more
flexible method based on the mean shift algorithm to
overcome existing limitations.

The advancements in the spatial resolution of diffusion
MRI have facilitated the estimation of fiber orientation
distribution. Kumar et al. [157] employed the diffusion
tensor model and high-resolution diffusion MRI for voxel
clustering based on dominant diffusion orientation and
spatial location. Although the tensor model is simple, the
orientation distribution function (ODF) offers superior
parcellation performance in high angular resolution dif-
fusion imaging. Battistella et al. [158] classified the thala-
mus into 7 regions using ODF data, aligning with Morel’s
histological atlas. The eighth-order spherical deconvo-
lution for ODF estimation demonstrated remarkable
regional specificity, with distinct differences between
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thalamic regions [159]. These techniques provide valu-
able tools for thalamic research, each with its unique
advantages and challenges, enhancing our understanding
of thalamic organization and function. Further progress
in thalamic parcellation will deepen our knowledge of
brain connectivity and function in health and disease.

In summary, this overview of thalamic parcellation
methods and individualized atlases categorizes them
into four groups: histology-based, structural MRI-based,
fMRI-based, and diffusion MRI-based. Challenges
remain, such as the absence of a universally accepted
benchmark, limited integration of multimodal infor-
mation, and restricted options for subcortical nuclei
mapping. While resting-state fMRI is commonly used
for individualized subcortical partitioning, diffusion
MRI - which offers stable fiber orientations and struc-
tural connectivity — is still underutilized for atlas indi-
vidualization. Addressing these challenges will advance
our understanding of the thalamus and its role in brain
function.

Microelectrode signal characteristics in the CT

According to the mesocircuit hypothesis, the CT plays
an essential role in the mechanisms underlying DOC [10,
23, 26, 160]. The CT is also a primary target for DBS in
DOC and anesthesia recovery research [9, 25, 34, 161].
Hence, current research on microelectrode signal of
DOC primarily focuses on the CT [161, 162], facilitating
target localization, understanding electrophysiological
mechanisms, and guiding individualized parameter set-
tings of CT-DBS.

Given that trauma-induced changes and brain atro-
phy can affect the accuracy of map localization, micro-
electrode data recording from the CT is frequently
conducted before DBS electrode implantation to confirm
the optimal placement (Fig. 1i) [9, 25, 154, 155]. Since CT
activity is already reduced with impaired consciousness,
the impact of intraoperative anesthesia during microelec-
trode recording must be minimized [23]. Magrassi et al.
[25] decreased the end-tidal concentration of sevoflurane
to 0.5 — 0.7%, which was well below the MAC90 thresh-
old, to maintain signal quality.

Microelectrode signals frequently undergo single-
neuron activity analysis for the characterization of the
CT. Once the activity of individual neurons is identified
through spike detection and classification, features such
as action potential amplitudes, firing rates, spike inter-
vals, and burst firing patterns are extracted [163]. These
single-neuron activity features assist in distinguishing
thalamic nuclei, localizing CT-DBS targets, and evalu-
ating CT activity at different consciousness levels [164,
165]. For instance, Redinbaugh et al. [55] observed signif-
icantly lower firing rates of CT neurons during anesthesia
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or non-rapid eye movement (NREM) sleep, which were
associated with lower consciousness levels, compared to
the waking state. Magrassi et al. [162] classified CT neu-
rons into spiking neurons (SN), which fire single action
potentials, and bursting neurons (BN), which fire action
potential trains of varying durations. They found a 50%
decrease in active neurons in the CT of VS/UWS patients
compared to MCS patients, with less than 17% of neu-
rons exhibiting both types of bursting. These findings
suggest that lower consciousness levels correspond to
reduced CT firing rates, indicating disrupted and desen-
sitized CT activity in DOC patients. However, conscious-
ness assessment remains limited to a coarse-grained level
due to the small sample size.

Drover et al. [76] proposed an “ABCD” classification
scheme that organizes the relationship between deaf-
ferentation levels in DOC following severe brain inju-
ries, CT state, and expected EEG patterns. The ABCD
model categorizes degrees of cerebral deafferentation
and their impact on neocortical neurons, as measured
through EEG. A key prediction is that graded functional
deafferentation across the neocortex correlates with an
anterior—posterior gradient, resulting in progressive
patterns of neuronal firing rates in the EEG power spec-
trum, aligned with cortical metabolic activity from severe
downregulation to full recovery. Patients with severe
anoxic brain injuries in a vegetative state may exhibit
these “A-type” EEG spectral features [57]. The A-type
spectral background is characterized by slow EEG oscil-
lations of approximately 1 Hz, indicating complete func-
tional cortical-thalamic dedifferentiation. In contrast, the
oscillatory frequency of the type B cortical circuit ranges
between 5 and 9 Hz, reflecting a degree of cortical activa-
tion but still a relatively low dedifferentiation level, lead-
ing to a quiescent neuronal state. In a healthy and intact
cerebral cortex without deafferentation, the resting aver-
age membrane potential is —55 mV, and EEG power spec-
tra show a peak in the a range (8—12 Hz) with additional
peaks at higher frequencies (“D-type” spectra) [10]. For
patients recovering from DOC, the full restoration of
thalamic facilitation and a shift to ubiquitous tonic firing
restore typical wakeful EEG activity, characterized by a
and P oscillations, by the “D-type” pattern.

The mesocircuit hypothesis delineates the ABCD
model, reflecting the changes in CT activity across con-
sciousness levels [10, 160, 166]. Giacino et al. [161]
observed minimal CT activity in three MCS patients,
correlating with the lowest consciousness level (AB
phase) of the ABCD model. As consciousness levels
increase towards MCS, representing the C phase, the CT
often exhibits bursting activity. Based on thalamocorti-
cal dysrhythmia, Llinds et al. [167, 168] proposed that CT
neurons begin low-frequency bursting when they reach
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the depolarized membrane potential. This bursting activ-
ity has been associated with positive neurological symp-
toms, including neurogenic pain, abnormal movements,
tinnitus, epilepsy, and neuropsychiatric symptoms [169].
Furthermore, CT burst activity is higher under anesthe-
sia and NREM sleep than in wakefulness [55]. CT activity
normalizes as consciousness approaches full restoration,
moving to the D phase, characterized by tonic discharges.
However, direct evidence for CT activity in phases C and
D is lacking, necessitating future large-scale validation.

In DOC patients, less damage is correlated with bet-
ter-preserved CT discharge activity. Enhanced thalamic
activity may aid in restoring the thalamocortical region,
the ascending arousal network, and potentially the entire
functional connectivity of the brain, thereby improving
prognosis [35, 67, 170-174]. The potential of CT micro-
electrode signals in predicting consciousness recovery
presents a promising avenue for future research.

LFP signaling in the CT

LFP represents the low-frequency portion (below
approximately 300 Hz) of extracellular field potentials
generated by membrane currents in neurons near the
recording electrode (within 0.5-3 mm of the electrode
tip) [175]. Distinct LFP rhythms or connectivity changes
across brain regions may signify specific neuronal activ-
ity states or disease-related functions. In consciousness
research, LFP recording has been pivotal for examining
rhythmic properties and connectivity features during
sleep, anesthesia, and consciousness disturbances. This
research involves correlating consciousness shifts across
brain regions by analyzing LFP cadence and connectivity
characteristics (Fig. 1j).

Consciousness-related LFP studies have primarily
focused on rhythmic components, including §, 0, o, f3,
and y rhythms. Donoghue et al. [176] recorded LFP in
the hypothalamus of anesthetized rhesus monkeys, iden-
tifying 1 Hz slow-wave oscillations during unconscious
states. Similarly, Xu et al. [177] observed this LFP pattern
in rodent models of post-epileptic coma induced by tha-
lamic CL-DBS. Both studies demonstrated arousal and
electrophysiological reversals in unconscious states fol-
lowing bilateral CT electrical stimulation, accompanied
by improved behavioral responses. Huang et al. [178]
monitored thalamic function in DOC patients using LFP
recorded by a macroelectrode, finding higher amplitude
10 Hz oscillations in the CT of MCS patients compared
to VS/UWS patients, suggesting a possible connection to
residual consciousness. Wojtecki et al. [24] induced LFP
activity in the CT of a DOC patient using familiar lan-
guage stimulation, resulting in modulation of oscillatory
activity in the 0 and B bands within the central thalamus
and coupling an increase in thalamocortical coherence
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in the 8 band. He et al. [179] found that, following DBS
treatment in 23 DOC patients, 11 (47.8%) showed con-
sciousness improvement. By recording CM-Pf nucleus
LFP, a positive correlation was noted between higher fir-
ing rates, increased multi-unit activity (MUA) raw power
in the high y band, enhanced normalized a band power,
and stable MUA in the 0 band, correlating with better
outcomes.

Cortical LFP activity also varies with consciousness
levels. In 2018, Nourski et al. [180] performed electrocor-
ticography (ECoG) on the auditory and prefrontal cortex
during an auditory task under propofol anesthesia. They
identified local and global effects as mean evoked poten-
tials, detecting high y frequency bands. During wake-
fulness, both effects were observed in certain cortical
regions, with mean evoked potentials being more wide-
spread than high y activity. A study conducted by Nourski
et al. [181] in 2021 recorded ECoG signals in the primary
auditory, auditory-related, and prefrontal cortices of epi-
lepsy patients during an auditory vowel sequence task in
both awake and anesthetized states. They found that as
anesthesia deepened, auditory evoked potentials (AEPs)
diminished in the superior temporal gyrus and adja-
cent auditory cortex. The core auditory cortex exhibited
reduced AEP amplitude, changed high y band activity,
and increased inter-trial response variability.

Functional connectivity between thalamocortical
and cortical regions is crucial for consciousness. Dono-
ghue et al. [176] recorded LFP signals in macaques
under propofol anesthesia, noting reduced coherence
in higher frequency bands during unconsciousness. In
2020, Redinbaugh et al. [55] observed increased 6§ band
coherence but decreased o and low y coherence in anes-
thetized macaques, indicating altered cortical processing.
Thalamocortical coherence decreased with anesthesia
but improved with effective stimulation. Additionally,
Wojtecki et al. [24] revealed enhanced thalamocortical
0 coherence in DOC patients in response to language
stimuli.

In awake and anesthetized primates, DBS target-
ing the intralaminar thalamus has been demonstrated
to reverse the unconscious state induced by propofol.
Synchronized EEG and fMRI revealed that electrical
stimulation enhanced the identification and output of
the intralaminar thalamus drive networks responsible
for rapid arousal during slow-wave oscillations [182].
Consciousness was linked to the functional connectiv-
ity of thalamic, thalamocortical, and cortical pathways,
such as the ascending reticular activating system, cen-
tral circuit, and cortical network, which is weakened in
DOC patients. Solovey et al. [183] showed increasing
instability and greater coherence across cortical regions
as consciousness returned after anesthesia. Propofol
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anesthesia induced persistent slow oscillations in vis-
ual and oculomotor cortical networks [184], while slow
cortical potentials persisted in the somatomotor cortex
during anesthesia induction [185]. Matthew et al. [186]
demonstrated a shift in functional connectivity from the
temporal to frontal cortex during reduced consciousness,
resembling changes observed under anesthesia and sleep.

Currently, there is no specific animal model for DOC
research, which primarily focuses on altered conscious-
ness states during sleep, anesthesia, and seizures.
Advances in neurophysiological techniques can deepen
our understanding of individual mechanisms in con-
sciousness disorders, improving clinical diagnosis, treat-
ment, and prognosis prediction [187].

Computational modeling of therapeutic DBS for DOC
Computational modeling serves as an indispensable tool
for comprehending the pathogenesis of DOC and analyz-
ing the oscillatory dynamics among arousal, awareness,
and movement states in DOC patients. This goal-driven
state modeling of DOC bridges the gap between the
intrinsic properties of the brain and external behaviors,
offering critical insights for interpreting neuromodula-
tion mechanisms and developing neuromodulation strat-
egies (Fig. 1k).

Multi-level modeling of microscopic neurons, meso-
scopic neural clusters and circuits, and macroscopic
brain states enable a virtual reconstruction of DOC. At
the microscopic level, computational models depict the
dynamics of cell membrane activity, changes in ion con-
centration, and characteristics of ion channels, analyz-
ing the nonlinear mechanisms of neuron subtypes and
dendrites [46, 188, 189]. At the mesoscopic level, these
models simulate essential neural circuits, analyzing the
looping mechanisms of DOC states, neural regulation,
and arousal [45, 190, 191]. At the macroscopic level, the
model employs multi-dimensional data (e.g., MRI, EEG,
and PET signals) to reconstruct the three-dimensional
(3D) brain state, reproducing the “personality state” of
DOC [45, 192].

The interaction of neural mechanisms over both short
and long timescales is of crucial significance for con-
sciousness [193]. Annemarie et al. [194] proposed that
the brain’s intrinsic temporal hierarchy, measured by
the autocorrelation window (ACW) and intrinsic neural
timescales (INT), is associated with cognitive functions.
In primates, a longer prefrontal ACW is correlated with
longer task delays. Human fMRI and EEG studies have
demonstrated a direct correlation between the resting-
state ACW and higher-order cognition. Buccellato et al.
[193] compared EEG measures across consciousness
levels, finding a significant correlation between ACW
and alpha peak frequency (APF) in conscious states,
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which was disrupted in unconscious states. This sup-
ports the alignment of neural timescales with environ-
mental inputs as being essential for consciousness. Zilio
et al. [195] studied EEG dynamics in locked-in syndrome
(CLIS) patients and healthy individuals under anesthesia
and sleep states, unveiling that EEG temporal features,
such as power-law exponent (PLE) and Lempel-Ziv
complexity (LZC), distinguished arousal levels in CLIS
patients, indicating reduced and unstable consciousness.
This intra-individual variability may function as a bio-
marker for arousal/vigilance fluctuations.

From a dynamic perspective, state-space models
exhibit the evolution of neural states under stimuli.
Microscopic system state-space models have shown that
alterations in the gating variables of T-type calcium ion
channels in DOC can induce changes in the firing of tha-
lamic neurons, leading to burst firing of thalamic cells
and approximately 3-7 Hz synchronic oscillatory behav-
ior in the thalamic nucleus [46, 196].

Additionally, multi-compartmental cortical neuron
models suggest that DOC may stem from weakened
inter-compartmental coupling in cortical neurons, hin-
dering the projection of conscious content to the tha-
lamic nucleus through specific coding pathways. Schiff
et al. [9, 35] further put forward the mesocircuit model
at the network level, elucidating DOC mechanisms and
providing a framework for dynamic explanations and
investigations of stimulation mechanisms at diverse
arousal, awareness, and motor function levels. Redin-
baugh et al. [55] found that 50 Hz stimulation in the
CT of primates could evoke awakening in anesthetized
subjects, observing a rhythm transition in thalamic and
cortical networks from 8 (1-4 Hz) to a (8—13 Hz). This
research links microscopic neural dynamics to macro-
scopic behaviors, offering an academic interpretation of
neural properties and network rhythm transitions from
anesthesia to arousal.

The rapid growth of neural data resulting from
advancements in electrophysiology and imaging tech-
niques poses challenges to traditional neuroscience in
analyzing the perturbation mechanisms of conscious-
ness. The incapacity to effectively analyze this data has
impeded the further development of arousal techniques
for consciousness disorders. However, artificial intel-
ligence (Al), particularly deep learning, offers novel
solutions.

Deep learning can reduce data dimensionality, sim-
plify the representation of brain dynamics, decode hid-
den features of consciousness disturbances, and facilitate
the study of neural regulation to arouse consciousness
[197]. Virtual brain models based on structural connec-
tivity estimation, functional connectivity mapping, and
spatiotemporal dynamics modeling of individual nodes
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can characterize the features of a whole-brain network.
A mean-field model, describing brain dynamics at a sin-
gle point in time and space, can link networks of coupled
oscillators on a macroscopic scale [49, 198]. This explicit
depiction of macroscopic dynamics in microscopic terms
offers a pathway to uncover the relationship between
network coupling properties and neuronal oscillator
dynamics in consciousness disorders. Consequently, con-
sciousness perturbation state models act as effective tools
for analyzing the dynamic properties of these systems,
facilitating identify and regulate network states at differ-
ent consciousness levels.

Unmet needs and future perspectives in DBS

for DOC

Despite significant advancements in treating DOC
through DBS, numerous unmet needs remain, presenting
abundant opportunities for improvement and discovery.
One of the most urgent challenges is accurately identify-
ing patients who will benefit the most from the interven-
tion. Currently, neuroimaging and electrophysiological
detection technologies provide valuable insights from
various perspectives, facilitating patient stratification
and personalized treatment evaluation. However, clinical
adoption has been slow, hindered by a shortage of high-
quality research to support the inclusion of these detec-
tion methods in clinical guidelines.

Secondly, precise target localization and implanta-
tion are prerequisites for effective treatment. Tradition-
ally, the identification of thalamic nuclei has relied on
histological atlases. Recently, MRI-based atlases have
proved superior, offering a rapid, non-invasive, and
accurate alternative. These techniques have deepened
our comprehension of thalamic regions associated with
consciousness, enabling further exploration of thalamic
organization and function.

Currently, DBS practices frequently rely on a trial-and-
error approach to determine optimal stimulation set-
tings, restricting precision and efficiency. Nevertheless,
goal-driven modeling of DOC states presents a ground-
breaking approach, enabling a comprehensive, multi-
scale examination of DOC brain states, ranging from
microscopic neuronal to macroscopic observational lev-
els. This approach facilitates the simulation of brain state
changes during stimulation, paving the way for adaptive
closed-loop neuromodulation strategies. Consequently,
DBS stimulation could be tailored for shorter durations
and greater efficacy in restoring consciousness.

The next phase should entail rigorous large-scale con-
trolled studies, with an emphasis on leveraging DBS
to induce neuroplasticity within the brain to elicit sus-
tained, self-perpetuating recovery mechanisms for DOC
patients. The integration of AI and Al algorithms for
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analyzing complex neurological data holds the potential
to revolutionize patient assessment, treatment planning,
and DBS outcome prediction. This might lead to the
development of more personalized, adaptive, and effec-
tive DBS therapies, transforming DOC treatment.

Conclusions

In conclusion, DBS for treating DOC holds consider-
able promise in neurology and neuroscience. This review
explored the complex details of DBS, examining its ana-
tomical and functional bases within the CT and various
technological advancements and methodologies aimed
at optimizing its application. The significance of DBS in
treating DOC lies in its potential to restore or enhance
consciousness in patients with brain injuries or disorders.
The CT, essential for regulating cognitive and emotional
functions, is a critical target for treatment. DBS offers
hope to patients and their families by potentially improv-
ing the quality of life and facilitating functional recov-
ery. However, DBS in treating DOC has limitations. The
variable outcomes among patients, the complex mecha-
nisms of DBS therapy, and the long-term effects and
potential side effects of DBS remain ongoing challenges.
Addressing these constraints will require further rigorous
research and development.

The prospects for DBS in the treatment of DOC are
promising. Researchers will continue to refine DBS tech-
niques, enhancing the precision of electrode placement
and stimulation parameters. A deeper comprehension
of the biological mechanisms underlying DOC and the
intricate neural networks involved holds the potential
for more personalized and effective treatments. With
advancements in neuroscience and medical technology,
innovative therapeutic approaches may emerge, provid-
ing even greater hope for individuals with DOC.

In summary, DBS therapy represents a significant
advancement in the treatment of DOC, holding the
potential to improve outcomes and enhance the qual-
ity of life for affected individuals. While challenges and
uncertainties persist, ongoing research and technological
progress are essential to fully unlocking DBS’s potential
as a transformative treatment for DOC in the future.
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