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Neuromodulation and Disorders of
Consciousness: Systematic Review and
Pathophysiology

Rajeev R. Dutta, BS' ©; Sheila Abdolmanafi, AS*; Alex Rabizadeh, BS>;
Rounak Baghbaninogourani, BS?; Shirin Mansooridara, MD>;
Alexander Lopez, MD, MS*; Yama Akbari, MD, PhD**>'®; Michelle Paff, MD*

ABSTRACT

Introduction: Disorders of consciousness (DoC) represent a range of clinical states, affect hundreds of thousands of people in the
United States, and have relatively poor outcomes. With few effective pharmacotherapies, neuromodulation has been investigated
as an alternative for treating DoC. To summarize the available evidence, a systematic review of studies using various forms of
neuromodulation to treat DoC was conducted.

Materials and Methods: Adhering to the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses)
guidelines for systematic literature review, the PubMed, Scopus, and Web of Science databases were queried to identify arti-
cles published between 1990 and 2023 in which neuromodulation was used, usually in conjunction with pharmacologic inter-
vention, to treat or reverse DoC in humans and animals. Records were excluded if DoC (eg, unresponsive wakefulness syndrome,
minimally conscious state, etc) were not the primary clinical target.

Results: A total of 69 studies (58 human, 11 animal) met the inclusion criteria for the systematic review, resulting in over 1000
patients and 150 animals studied in total. Most human studies investigated deep brain stimulation (n = 15), usually of the central
thalamus, and transcranial magnetic stimulation (n = 18). Transcranial direct-current stimulation (n = 15) and spinal cord
stimulation (n = 6) of the dorsal column also were represented. A few studies investigated low-intensity focused ultrasound (n =
2) and median nerve stimulation (n = 2). Animal studies included primate and murine models, with nine studies involving deep
brain stimulation, one using ultrasound, and one using transcranial magnetic stimulation.

Discussion: While clinical outcomes were mixed and possibly confounded by natural recovery or pharmacologic interventions,
deep brain stimulation appeared to facilitate greater improvements in DoC than other modalities. However, repetitive trans-
cranial magnetic stimulation also demonstrated clinical potential with much lower invasiveness.

Keywords: Coma, deep brain stimulation, disorders of consciousness, functional neurosurgery, neuromodulation

INTRODUCTION is characterized by lack of arousal and awareness, UWS is characterized
by some arousal but absent awareness, and MCS is characterized by
some arousal with minimal or inconsistent awareness.” DoC are esti-
mated to affect hundreds of thousands of people in the United States,
many arising from traumatic brain injuries (TBIs) and strokes.”

Owing to the burden of DoC, numerous pharmacologic and non-
pharmacologic interventions have been attempted. Pharmacologic

Disorders of Consciousness

Disorders of consciousness (DoC) are a group of conditions in which
consciousness, a state of awareness of the self and environment,
sentience, or being the subject of conscious states, is impaired.' DoC
include coma, unresponsive wakefulness syndrome (UWS) (also known
as the vegetative state), and the minimally conscious state (MCS). Coma
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treatments have included amantadine (dopamine agonist and N-
methyl-D-aspartate antagonist), modafinil, methylphenidate (thought
to act as a dopamine and norepinephrine reuptake inhibitor),
bromocriptine (D2 agonist), and zolpidem (GABA [y-aminobutyric
acid] agonist), among others, while nonpharmacologic treatments
have included neurorehabilitation and neuromodulation,”* among
others. These interventions are directed at increasing excitatory
signaling in the brain or stimulating neural plasticity. Even with a
variety of available treatment modalities, recovery from DoC is far from
guaranteed. A recent study suggested that under a third of patients
with a DoC eventually emerge from an MCS, regaining full con-
sciousness.” Other patients may remain in UWS or MCS or die. Given
that DoC can be associated with high nursing care costs and
numerous complications, such as infections and pressure ulcers,
effective treatment options for DoC are needed.

Neuromodulation

While pharmacologic interventions for DoC are the standard of
care, it is important to recognize that these interventions are not
effective in reliably producing emergence or improvement from
disordered states.® Accordingly, other interventions to supplement
pharmacologic treatment of DoC are highly desirable. Six forms of
neuromodulation have been reviewed in this study for the treat-
ment of DoC: deep brain stimulation (DBS), spinal cord stimulation
(SCS), low-intensity focused ultrasound (LIFU), median nerve stim-
ulation (MNS), transcranial magnetic stimulation (TMS), and trans-
cranial direct-current stimulation (tDCS).

DBS is an established intervention for the treatment of move-
ment disorders, epilepsy, and certain psychiatric conditions, such as
obsessive-compulsive disorder.” DBS involves implantation of
multicontact electrodes into specific brain regions, with subse-
quent delivery of electric current, controlled with adjustable stim-
ulation parameters.? Stimulation from DBS is thought to alter the
activity and firing patterns of cell bodies and axons within the
volume of activated tissue and may also modulate functionally
connected neural networks.

SCS is commonly used in the treatment of refractory radiculopathy
associated with persistent spinal pain syndrome.” Percutaneous or
paddle electrodes are placed in the epidural space over the spinal
levels corresponding to the painful regions of the body, and elec-
trical current is delivered through the dura to the neural elements.
The mechanism of analgesia is based on the gate theory of pain,
which proposes that synaptic transmission of pain signals from slow-
conducting pain fibers is blocked by electrical stimulation of the
substantia gelatinosa, which closes the “presynaptic gate.”'°

LIFU is a relatively novel approach to neuromodulation that uses
precise, high-frequency acoustic waves to alter brain activity (eg, in
the central thalamus in the case of DoC). The exact mechanism of
LIFU is currently unknown. The energy delivered by LIFU is believed
to produce mechanical effects that may increase the permeability
of membrane channels or plasma membranes, leading to alter-
ations in membrane conductance and excitability.''

MNS is a less invasive intervention that has been suggested to
improve nausea and vomiting, particularly after operations.'? The
mechanism is unknown but believed to be the same as that of
acupuncture performed at the pericardium 6 (P6) point located on
the ventral surface of the wrist. Accordingly, MNS is thought to
modulate brainstem nuclei of the vagus nerve, the nucleus tractus
solitarius, and the dorsal motor nucleus of the vagus, as suggested
by alternative medicine systems.'> MNS has also, more recently,

been trialed to modulate olfactory perception and treat tic
disorders.”>'*

TMS is a noninvasive procedure that uses a magnetic field to
induce transient currents in neural tissue according to Faraday’s law
of induction.'” It is often used in the treatment of symptoms in major
depressive disorder and less often implemented for epilepsy and
Parkinson’s disease.'®'® Since TMS targets are superficial cortical
areas, TMS is believed to elicit neurobehavioral changes in patients
with DoC by inducing electrophysiological changes in the cortex.'®

tDCS is another noninvasive modality, which uses scalp elec-
trodes to emit and receive a small electrical current that passes
through the soft tissues, skull, and presumably the brain.?° Similarly
to TMS, tDCS targets the cerebral cortex and is proposed to induce
neurobehavioral changes in DoC through altering the excitability of
cortical neurons.?'

Neuromodulation for DoC

Herein, we systematically review DBS, SCS, LIFU, MNS, TMS, and
tDCS interventions for DoC. Additionally, we discuss the relevant
pathophysiology by which these modalities are hypothesized to
achieve clinical efficacy (eg, improvements in connectivity, motor
skills, cerebral blood flow, neurotransmitter release, etc).

MATERIALS AND METHODS

Systematic Search for Neuromodulation in Disorders of
Consciousness: Animal and Human Trials

We queried the PubMed, Scopus, and Web of Science databases
using the following search terms: (Neuromodulation OR Deep Brain
Stimulation OR Stimulation) AND (Coma OR Disorders of Con-
sciousness). Records between 1990 and 2023 describing random-
ized control trials, clinical trials, and case reports were sought.

The PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines were followed,”” including primary
literature investigating the effects of neuromodulation in human or
animal trials. One author (Rajeev R. Dutta) screened the articles,
including randomized controlled trials, case studies, and case series
that examined DBS, SCS, LIFU, MNS, TMS, and tDCS. Articles were
excluded if the stimulation target was not identified, DoC were not
the primary clinical interest (eg, articles focused on treating dystonia
during a DoC were excluded), the article was unavailable in English,
or the candidate literature was secondary (eg, a literature review).
Owing to space constraints, several possible neuromodulation
techniques were a priori excluded (eg, vagus nerve stimulation,
electroconvulsive therapy, occipital nerve stimulation, sacral nerve
stimulation, etc). Accordingly, this review is not comprehensive in
scope, instead focusing on the six selected modalities.

Data including the number of participants, modality, etiology of
DoC, clinical outcomes, and physiological outcomes were extracted
from the records and reported descriptively (ie, without meta-analysis)
owing to the variety of clinical and physiological measures. Four
authors (Rajeev R. Dutta, Sheila Abdolmanafi, Alex Rabizadeh, and
Rounak Baghbaninogourani) extracted data from the studies.

Quality and Certainty Assessment

The quality of all included studies was assessed using the
ROBINS-I (Risk Of Bias In Non-randomised Studies - of Interventions)
tool (Cochrane, London, United Kingdom).”> A certainty assessment
was conducted using the GRADE (Grading of Recommendations
Assessment, Development and Evaluation) framework.?*** The
assessments were completed by one author (R.R.D.).
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RESULTS

There were 970 records identified through the searches of
PubMed, Scopus, and Web of Science. Duplicates were identified
by Rayyan (Rayyan Systems Inc, Cambridge, MA) and excluded,
resulting in 628 unique records.”® Four records were excluded
because they reported on the same patients reported in three
other included studies. Finally, 69 articles met the inclusion criteria.
In total, 58 human studies and 11 animal studies investigating
neuromodulation for DoC were included.

The systematic review process is shown in Figure 1.

Neuromodulation Targets for DoC in Humans

A total of 48 human studies were reviewed, including those that
investigated DBS (15 studies), SCS (6 studies), LIFU (2 studies), MNS
(2 studies), TMS (18 studies), and tDCS (15 studies) (Table 1).
Common targets included the primary motor cortex, dorsolateral

Records removed before screening:
'g Duplicate records removed (n=
g Records identified from: 302)
!é‘ Databases (n=1,003) —> Records marked as ineligible by
£ Registers (n=0) automation tools (n = 0)
2 Records removed for other
reasons (n=0)
~—
A4
Records screened » | Records excluded
(n=1701) (n=120)
A4
Regorts sought for retrieval Reports not retrieved
% (n=581) (n=0)
|
w
£
@ v
Reports assessed for eligibility Reports excluded:
(n=581) (n=512)
—
— A4
g Studies included in review
= (n=69)
<
=

prefrontal cortex (DLPFC), centromedian-parafascicular nucleus of
the thalamus (CM-pf), central medial thalamus (CM), and mesen-
cephalic reticular formation (MRF).

Of the DBS studies, 11 studies noted significant improvements in
coma scale scores (eg, JFK Coma Recovery Scale - Revised [CRS-R]),
and 4 of those studies observed emergence from DoC and return
to some daily activities of living (often with assistance) for at least
some of their participants (Table 1). Stimulation parameters varied
widely; for example, Yang et al*' performed 100-Hz stimulation for
15-minute on-off cycles for 12 hours a day for one year, while
Yamamoto et al*’ performed 25-Hz stimulation in 30-minute
installments every 2 to 3 hours for ten years. Overall, recoveries
were observed more often in MCS than in UWS. The relationship
between DoC etiology and successful therapy was unclear,
although Tsubokawa et al?’ and Yang et al*' suggested that
patients with TBI or “cerebrovascular accidents” (including stroke)
were more likely to benefit from DBS than patients with anoxia. By
contrast, Chudy et al** found that three out of four patients

Figure 1. PRISMA flow diagram of the systematic review process. [Color figure can be viewed at www.neuromodulationjournal.org]
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Table 1. Summary of Human Deep Brain Stimulation Studies.

Author, Sample size (DBS anatomical Etiology — time since injury

publication  target)

year

Tsubokawa  Eight patients with UWS (two TBI (n = 4), "cerebrovascular accident”
et al,”’ MRF, six “non-specific” (n = 3), anoxia (n = 1) — each >six mo
1990 thalamus)

Katayama 19 patients with UWS (MRF and/or Unspecified — each >six mo
et al,*® “non-specific” thalamus)

1991

Yamamoto  26—21 patients with UWF (19 TBI (UWS, n = 9; MCS, n = 3), “cerebro-
et al,”’ CM-pf, 2 MRF), 5 patients with vascular accident” (UWS, n = 9; MCS,
2005 MCS (CM-pf) n = 2), anoxia (n = 3) — each three mo

Schiff One patient with MCS (AIT-PR) TBI — six y
et al*

2007

Moll et al,*'  One anesthetized (GPi) Anesthetized patient with tremulous cer-
2009 vical dystonia (27-y history)

Wojtecki One patient (GCS 4, bilateral TBI (subarachnoid hemorrhage) — seven
et al,*? internal medullary lamina, and y
2014 reticular nucleus)

Magrassi Three patients—two with UWS TBI (n = 3; one UWS subdural hematoma,
etal® and one with MCS (AIT-PR) one UWS unspecified, one MCS sub-
2016 arachnoid hemorrhage) — each >six

mo

Chudy 14—10 patients with UWS and 4 TBI (UWS, n = 3; MCS, n = 1), hypoxic
et al* with MCS (CM-pf) encephalopathy following cardiac arrest
2018 (UWS, n = 7; MCS, n = 3) — UWS

range = 2.5-21.5 mo; MCS range = 65
dto 115y

Clinical outcomes

NGS scoring showed complete recovery for three
patients (one MRF, two thalamic), incomplete
recovery for one patient (thalamic), and no
improvement in four patients (one MRF, three
thalamic)

NGS scoring showed improvements for four patients,
some responsive to verbal commands and capable
of expressing language, only in chronic stimulation

Four out of five patients with MCS experienced full
recovery (resumed regular activities of living at
home), 8 of 21 patients with UWS emerged from
UWS—one resumed activities of living with
wheelchair assistance, and seven could commu-
nicate but remained bedridden

CRS-R score improvements were significant (p <
0.001) in arousal, limb control, and oral feeding

While under general anesthesia for DBS to treat
cervical dystonia, patient entered wakeful
unawareness with bilateral eye opening in
response to verbal commands

Modulation of beta and theta waves within the
central thalamus when presented with familiar-
addressing speech, with local field potential
oscillation recording suggesting involvement of CT

Average increase of CRS-R scores after 18 mo was
233 + 1.15. Two patients continued after 18 mo
and increased CRS-R scores by 3.00 + 0.00 for four
y. None regained full consciousness.

All patients experienced arousal reaction during
stimulation (eye opening, changed facial expres-
sions). Three out of four patients with MCS
emerged to full awareness, able to interact and
communicate—two of them live independently.
One patient with UWS regained responsiveness.
Three out of the four patients who showed
improvements had hypoxic encephalopathy.

Physiological outcomes

EEG showed arousal pattern, increased rCBF,
increased rCMRO,, and increased rCMRGL in whole
brain tissue for all patients during stimulation

EEG showed a transient increase of P,sq in four
patients by preceding stimulation of the MRF.
Chronic DBS resulted in a persistent increase of
P50 for the same patients.

A slight EEG desynchronization pattern was observed
and was exacerbated in patients with MCS. EEG in
the eight recovered patients with UWS showed a
prolonged latency in the fifth wave of ABR and
N20 of the SEP. P,sq was recorded with an
amplitude over 7 pV in both groups.

N/A

EEG showed a strong power change in the gamma
band (>60 Hz) during stimulation

In 6 out of 15 microelectrode positions, electrical
stimulation resulted in significant autonomic acti-
vation and reproducible behavioral expressions of
wakefulness

Theta phase was found to be coupled to the
amplitude of gamma waves locally in the thalamus
by scalp EEG. Thalamocortical coherence in the
theta band increased in response to familiar-
addressing speech.

EEG showed increased power of the theta and
gamma bands after one mo of DBS. Overall
spectral power increased in all patients (except
alpha and beta in MCS) after full course of DBS.

MRI showed progression of ischemic encephalopathy
with marked brain atrophy in all patients

(Continues)
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Etiology — time since injury

TBI (UWS, n = 1; MCS, n = 2), hemorrhagic
stroke (MCS, n = 2) — each =six mo (TBI
>oney)

TBl — 21y, five mo

TBI (UWS, n = 1; MCS, n = 1), cardiac arrest
(UWS, n=1; MCS, n = 2) — range 2-14
months

TBl — eight y

TBI (n = 4), hemorrhage (n = 3), anoxia
(n = 2)—range 6-12 mo

TBI (UWS, n = 3; MCS, n = 1), hemorrhage
(UWS, n = 3: MCS, n = 1), brainstem
infarction (UWS, n = 2)—each >three
mo (TBI =six mo)

TBI (UWS, n = 2; MCS, n = 6), stroke (UWS,
n =15 MCS, n =4), anoxia (UWS, n=7;
MCS, n = 3)—each >three mo

Clinical outcomes

The patient with UWS and one patient with MCS had
significantly increased average CRS-R scores
following surgery (p < 0.05). Two additional
patients with MCS experienced significantly
increased average CRS-R scores when stimulation
was turned on in a crossover phase (p < 0.05).

Improvements in sleep electrophysiology, including
re-emergence of alpha and delta waves after
daytime stimulation. Significant decrease in CRS-R
followed the end of stimulation (p = 0.0116).

All 5 patients raised to full awareness and were able
to communicate and interact

No significant changes in overall CRS-R scores,
although eye dilation, head raising, increased res-
piratory rate, and visual tracking throughout the
room were noticed

No significant overall changes in CRS-R scores,
although three patients experienced increases
ranging from 3 to 7 points

Six patients showed increased CRS-R scores, while
one patient (UWS bilateral) showed decreased
CRS-R score. The remaining three patients (with
brainstem hemorrhage or infarction) showed no
change in CRS-R score.

DBS patients showed significantly higher clinical
improvement in CRS-R scores after one y (p <
0.001). Patients with UWS showed significant
subscale increases in communication (p = 0.006)
and arousal (p = 0.005). Patients with MCS showed
significant increases in all six subscales (p < 0.001).

Physiological outcomes

The two patients with significant CRS-R increases also
experienced increased fluorodeoxyglucose meta-
bolism of the medial cortices

Normalization of stage 2 sleep spindles, SWS, REM
sleep, and waking alpha rhythms occurred during
DBS. Spindle power was reduced after DBS. SWS
delta power was significantly increased during and
after DBS. SWS alpha power was significantly
reduced during DBS and then rebounded after
DBS (p < 0.001).

Limbic and paralimbic cortices, the hippocampus,
and the amygdala demonstrated significant
increases in volume after 1 and 7 years after
stimulation

Lower stimulation frequency (50 Hz rather than 130
Hz) was associated with higher functional activity
across all four MEG bands

G_PCMI showed significantly increased functional
connectivity in whole brain, frontal lobe, central
lobe, frontal-central lobe, central-parietal lobe, and
frontal-parietal lobe

The six patients showing increased CRS-R scores also
showed increased functional connectivity by fNIRS
in the frontal, parietal, and occipital lobes. The
patient showing decreased CRS-R score showed
decreased functional connectivity by fNIRS. The
three remaining patients showed no change in
fNIRS.

N/A

MRF, mesencephalic reticular formation; CM-pf, centromedian-parafascicular thalamus; CM, central medial thalamus; AIT-PR, anterior intralaminar thalamic and adjacent paralaminar regions; GPi, globus
pallidus internus; CT, central thalamus; UWS, unresponsive wakefulness (persistent vegetative state); MCS, minimally conscious state; TBI, traumatic brain injury; NGS, Nihon University Grading Scale for
Persistent Vegetative State; CRS-R, JFK Coma Recovery Scale — Revised; rCBF, regional cerebral blood flow; rCMRO,, regional cerebral metabolic rate of oxygen; rCMRGL, regional cerebral metabolic rate of
glucose; P,so, cerebral evoked potential in response to painful stimulus (latency ~250 ms); SEP, somatosensory evoked potential; MEG, magnetoencephalography; G_PCMI, genuine permutation cross mutual
information; fNIRS, functional near-infrared spectroscopy; ABR, auditory brainstem response; MRI, magnetic resonance imagining; REM, rapid eye movement; SWS, slow-wave sleep; N/A, not applicable.
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é Table 1. Continued
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Figure 2. Neuromodulation techniques in human studies. Visual representa-
tion of (a) DBS of the centromedian nucleus of the thalamus, (b) DBS of the
nucleus cuneiformis, target for the MRF, (c) LIFU of the left thalamus, (d) TMS in
the left motor cortex, (e) tDCS in nonspecific frontal areas (anode, red; cathode,
blue), and (f) SCS in the cervical spinal region. [Color figure can be viewed at
www.neuromodulationjournal.org]

showing improvement from DoC had hepatic encephalopathy
following cardiac arrest rather than TBI. Further, Shu et al*
reported that no patients with brainstem hemorrhage or infarc-
tion showed improvement following CM-pf DBS (Fig. 2a), whereas
patients with TBI and hemorrhage in other brain regions did.
Although reported physiological outcomes were varied among DBS
patients, physiological results were generally consistent across
studies. For example, Dang et al*° and Shu et al*® both noted an
increase in functional connectivity in similar brain regions (frontal
and parietal regions) using genuine permutation cross mutual
information with electroencephalography (EEG) data and func-
tional near-infrared spectroscopy, respectively. Similarly, Tsubo-
kawa et al’” and Lemaire et al*® reported an increase in markers of
glucose metabolism following DBS. Other results include increases
in regional cerebral blood flow, P,5, amplitude (increased in MRF
DBS [Fig. 2b]), and changes in EEG theta and gamma power.?’ 2%

Similarly, studies implementing SCS all reported increases in
coma scale points, with five of the six studies showing some clinical
improvements (Table 2; Fig. 2f). Once again, stimulation parameters
varied widely, with Zhuang et al*’ and Yamamoto et al** even
varying stimulation parameters as an experimental variable
(between 70 Hz and 5 Hz and between 25 Hz and 5 Hz

respectively) without significant clinical effects. Morita et al*? and

Kanno et al*® noted “excellent” improvements to commands,
speech, and oral ingestion, particularly in patients with TBI rather
than patients with anoxia. Yamamoto et al** reported that seven
patients emerged from a MCS. Of the four SCS studies reporting
physiological outcomes, Kanno et al,** Yamamoto et al,** and
Zhang et al*® reported increases in cerebral blood flow, while Yang
et al*® observed increased functional connectivity between the
anterior medial and dorsomedial prefrontal cortex, along with
overall increased EEG activity.

Table 3 provides a summary of LIFU studies. Monti et a
reported the “first-in-man” LIFU study on a patient with TBI,
demonstrating emergence from MCS after ten sonications with an
average intensity of 720 mW/cm? for 30 seconds on/off aimed at
the right thalamus. The LIFU study by Cain et al*® reported signif-
icant increases in overall CRS-R scores one week after treatment (30
seconds on/off alternating for 10 minutes, 100-Hz pulse repetition
frequency, squamous temporal bone [Fig. 2c]), along with reduced
BOLD (blood oxygen level-dependent) signals (suggesting
increased deoxyhemoglobin and a lack of overoxygenation) and
variable changes in connectivity between certain brain regions.>°

The two MNS studies both demonstrated significant increases in
Glasgow Coma Scale (GCS) scores after treatment, with Wu et al
observing full recoveries in almost three-quarters of their
patients.’’*? However, neither of the MNS studies reported physi-
ological outcomes in addition to clinical outcomes. Cooper et al’’'
stimulated the right median nerve at 20 mA with a pulse width
of 300 S at 40 Hz for two weeks, either 8 or 12 hours a day. Wu
et al’? stimulated the right median nerve at 15 to 20 mA with a
pulse width of 300 pS at 40 Hz for two weeks, 8 hours a day. Table 4
provides a summary of the human MNS studies.

TMS showed mixed results for efficacy in treating DoC (Table 5;
Fig. 2d). Around half of the studies reported some significant
improvement in CRS-R scores, whereas the other half did not.
Further, as reported by Piccione et al,”* the effects of single-session
TMS are likely transient. However, other studies, such as those of
Bai et al,”’ Wu et al,®? and Zhang et al,®’ noted sustained
improvements, often associated with repeated TMS. The most
common target for TMS was the unilateral (often left, sometimes
right) dorsal prefrontal cortex (which tended to have more signif-
icant clinical improvements) and motor cortex areas (which tended
to have fewer significant clinical improvements). Legostaeva et al®
stimulated the angular gyrus and reported significant CRS-R
increases in patients with MCS, but not those with UWS. Stimula-
tion parameters varied widely, with length of stimulation ranging
from a single session to repeated stimulations over several days.”®

tDCS demonstrated mixed efficacy in treatment of UWS and MCS
(Table 6; Fig. 2e). Thibaut et al’”> and Naro et al,”®> for example,
found clinical improvements in patients with MCS, but not those
with UWS. Most of the tDCS studies targeted the DLPFC (seven
studies), which usually was associated with modest clinical
improvements (five studies). Naro et al’® targeted the middle cer-
ebellum (anode placed half a centimeter below the inion), which
led to significant improvements in CRS-R motor subscores, while
Huang et al’® stimulated the posterior parietal cortex, leading to
temporary improvements in consciousness. As in TMS, stimulation
parameters varied widely, although stimulation usually lasted
several weeks with fixed parameters in each study.

Overall, the six therapeutic modalities reviewed in this article all
demonstrated modest clinical coma scale score improvements.
There was variability in the extent of score increases among studies
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Clinical outcomes

Patients were categorized as “excellent” (reaction to
orders, speech, and oral ingestion) or “positive”
(changes in facial expressions, pursuit of gaze). Seven
patients were labeled as “excellent” and five were
labeled as “positive.”

Patients were categorized as “excellent” (reaction to
orders, speech, and oral ingestion), “positive”
(changes in facial expressions, pursuit of gaze), or
“unchanged.” Thirteen were lost to follow-up, 109
were labeled “excellent” or “positive,” and 92 were
labeled “unchanged.” Stimulation was most suc-
cessful in patients with TBI and least successful in
patients with anoxia.

Eight of 21 patients with UWS showed wave V activity
in ABR, 3 of whom emerged from UWS and were
able to communicate through speech or “other
responses,” but remained bedridden. Nine of ten
patients with MCS showed wave V activity in ABR,
seven of whom emerged from MCS. One of the
seven improved to moderate disability, while six
required wheelchair assistance at one-y follow-up.

Six of nine patients showed modest increases in CRS-R
(ranging 1-3 points), while the remaining three
patients were unchanged (UWS: one with TBI, one
with cerebral hemorrhage, one with stroke). The
highest increase (3 points) occurred in a 17-year-old
female with UWS from TBI.

Increase in CRS-R score from a preoperative score of 7
to a score of 19 at four wk after treatment onset

SCS significantly improved CRS-R scores at two wk after
start of treatment and one wk after end of treatment
(p < 0.05). Diagnostic improvements were observed
in 62% of patients with MCS and 20% of patients
with UWS. SCS for MCS- had significantly higher
effective rates than rates for UWS or MCS+ (p < 0.05).
No significant difference was observed in CRS-R
scores for 5-Hz vs 70-Hz stimulation.

Physiological outcomes

N/A

SPECT imaging showed more increases in rCBF for
patients who underwent SCS, with a more consistent
increase in rCBF for those with a preoperative rCBF
above the mean of all the participants

Average increase of 22.2% CBF observed during 5-Hz
cervical SCS. During 5-Hz SCS, bilateral upper
extremity muscle twitches were observed, while 25-
Hz SCS induced bilateral upper extremity
contractions.

Shorter stimulation intervals (30 s) were shown to
increase cerebral blood flow to the prefrontal cortex

EEG showed increased brain activity, amplitude, and
rhythm. fMRI showed significant changes in func-
tional connectivity in prefrontal cortex regions with a
trend toward normal controls.

N/A

UWS, unresponsive wakefulness (persistent vegetative state); MCS, minimally conscious state; TBI, traumatic brain injury; CRS-R, JFK Coma Recovery Scale — Revised; DCS, dorsal column stimulation; SPECT,
single-photon emission computed tomography; ABR, auditory brainstem response; rCBF, regional cerebral blood flow; fMRI, functional magnetic resonance imagining; N/A, not applicable.
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Table 3. Summary of Human LIFU Studies.

Author, Sample size (LIFU
publication year anatomical target)
Monti One patient with
et al,® 2016 MCS (GCS 7, right
thalamus)
Cain 11 patients—5 with UWS,
et al”” 2022 1 with MCS—, 5 with

MCS+ (central thalamus)

Etiology—time
since injury

TBI—19 d

Clinical outcomes

An increase in CRS-R score from

13 to 17 the day after

sonication was noted. Emergence

from MCS occurred.

One glioma/stroke, ten
TBl—each <six wk

LIFU showed a significant increase in
maximal responsiveness
based on CRS-Rj.gex Scores and total

raw CRS-R scores at one

wk after treatment. Changes in CRS-R

scores immediately

before and after LIFU were nonsignificant.

Physiological outcomes

N/A

MRI showed significantly reduced BOLD signals
in subcallosal and medial prefrontal cortex,
anterior cingulate, and stratum after LIFU
(ipsilateral to sonification). During LIFU, the
thalamus increased connectivity with the
central gyrus while decreasing connectivity with
the ipsilateral frontal polar cortex.

GCS, Glasgow Coma Scale; UWS, unresponsive wakefulness (persistent vegetative state); MCS, minimally conscious state; TBI, traumatic brain injury; CRS-R, JFK Coma Recovery Scale - Revised; BOLD, blood
oxygen level-dependent; N/A, not applicable; MRI, magnetic resonance imaging.

Table 4. Summary of Human MNS Studies.

Author, publication
year

Right MNS sample size

Cooper et al,”' 1999 Three patients with MCS

(plus three controls)
Wu et al,”” 2023 167 patients with “acute
coma”
(GCS 4-8) (plus 162
controls)

Etiology—time since injury

TBI — each <one wk from admission

TBI from “road traffic incidence”
(n=101), “fallen injury” (n = 36),
“violence” (n = 8), “others” (n=22) — each 7-14d

Clinical outcomes

Physiological
outcomes

Three patients experienced an average improvement of 4.0 on GCS  N/A
and average ICU stay of 7.7 d. Three controls experienced an
average improvement of 0.7 on GCS and average ICU stay of 17.0d.

121 out of 167 patients with MNS and 92 out of 162 controls N/A
regained consciousness within six mo after TBI. MNS was
associated with a higher conscious rate at six mo after injury.
Glasgow Outcome Scale Extended scores were significantly

higher

in patients with MNS patients at three and six mo after TBI. Full
Outline of Unresponsiveness scale scores were significantly

higher

in MNS patients at 28 d after injury.

MNS, median nerve stimulation; MCS, minimally conscious state; GCS, Glasgow Coma Scale; ICU, intensive care unit; TBI, traumatic brain injury; N/A, not applicable.
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Table 5. Summary of Human TMS Studies.

Sample size (TMS anatomical
target)

One patient with MCS (primary
motor cortex)

Six patients—three with MCS
and three with UWS (primary
motor cortex)

11 patients with UWS (primary
motor cortex—sham-
controlled crossover, 6 in
phase 1; 5 in phase 2)

Ten patients with UWS (motor
areas — sham-controlled for
patients with UWS with higher
CRS-R scores, ten healthy
controls)

One patient with MCS (DLPFC)

16 patients—5 with MCS and 11
with UWS (DLPFQ)

18 patients—7 with MCS and 11
with UWS (DLPFQ)

Six patients—three with MCS
and three with UWS (primary
motor cortex—sham-
controlled crossover, three in
phase 1; three in phase 2)

Etiology—time since injury

Right thalamic hemorrhage — >four y

TBI (UWS, n = 1; MCS, n = 2), hemorrhagic (UWS,
n =2 MCS,n=1) — each >12 mo

TBI (n = 2), anoxia (n = 9)—range 9-85 mo

Acute myocardial infarction (n = 5), ventricular
fibrillation (n = 5) — range 4-15 mo

Hypertensive cerebral hemorrhage (right basal
ganglia)—nine mo

TBI (UWS, n = 1; MCS, n = 1), anoxia (UWS, n = 4;

MCS, n = 1), intracranial hemorrhage (UWS, n =
5: MCS, n = 3), cerebral infarction (UWS, n = 1).
All patients on at least amantadine — each
>three mo.

TBI (UWS, n = 3; MCS, n = 1), anoxia (UWS, n = 4;

MCS, n = 2), intracranial hemorrhage (UWS, n =
3; MCS, n = 3), ischemic stroke (UWS, n = 1) —
each >three mo

TBI (UWS, n = 2; MCS, n = 2), hemorrhage (UWS,

n = 1), "hypoxic-ischemic” (MCS, n = 1) —
range 1-28 mo

Clinical outcomes

CRS-R increased from 13 to 19 immediately
following TMS; however, 7 h after stimulation,
CRS-R reverted to 14

An increase in CRS-R score from 10 to 18 was
observed in one patient with MCS (hemor-
rhagic), which lasted for 6 h after stimulation.
No other patients had clinically significant
findings.

No significant differences were found in CRS-R
scores or subscores after 20-Hz rTMS. No sig-
nificant differences were found in CGI-I scores.

Three patients experienced a transient, nonsig-
nificant increase in CRS-R scores

Increases in CRS-R score were observed from an
initial score of 8 to a score of 13 after 20 d of
rTMS

Significant increases in CRS-R scores were
observed in all 5 patients with MCS and 4 of the
11 patients with UWS (p < 0.007). Strong cor-
relation was found between CGl-I and CRS-R
scores (0.9191 Spearman’s r value).

No significant change in CRS-R scores between
patients following 1 d of rTMS or 20 d of rTMS

No significant differences were observed in CRS-R
scores following rTMS treatment. However, one
patient with MCS showed an improvement in
motor score.

Physiological outcomes

EEG pattern showed significant changes imme-
diately after TMS: enhancement of alpha band
activity, significant global increase in activation
of delta band, and a more diffuse activation of
the beta band. Similar patterns were observable
for 6 h after TMS.

Immediately after TMS, the motor threshold
significantly decreased and motor evoked
potential significantly increased for all patients.
In the patient with positive outcome, increases
in all EEG rhythms, power increase in alpha and
beta band, and increases in signal amplitude
that were maintained for 38 min were noted.

No significant differences in the semiquantitative
EEG parameters evaluated by the Synek scale
and an ad hoc semiquantitative scale

Three patients showed a transient modulation of
EEG motor evoked potential, short intracortical
inhibition, and intracortical facilitation

EEG TMS-evoked potentials showed increases in
activated channels. The perturbational
complexity index increased immediately after
rTMS. Global Mean Field Power was uncorre-
lated with healthy controls until immediately
after 20 d of rTMS treatment.

N/A

After 20 d of rTMS, patients with MCS experienced
a significant decrease in delta EEG band and
significantly increased beta band of the frontal
and central regions. Patients with UWS experi-
enced a significant delta band decrease in
frontal and left hemisphere brain activity.

No patients exhibited significant changes in EEG
findings following rTMS except for the patient
with improved motor function. This patient
experienced good EEG reactivity in response to
rTMS with a more significant increase in alpha
and beta power than other channels.
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Author,
publication
year

Liu et al,®"’
2018

Wu et al®’

2018

Legostaeva
et al,”
2019

Bender
Pape
et al”’
2020

Jang and
Kwon,*
2020

Ge et al®®

2021

Zhang
eta
2021

|I(7/

Sample size (TMS anatomical
target)

Seven patients with DoC
(unspecified MCS or UWS, pri-
mary motor cortex—random-
ized sham-controlled, plus 11
healthy controls)

Eight patients—four with MCS
and four with UWS (theta burst
stimulation, DLPFC)

38 patients—22 with MCS and 16
with UWS (angular gyrus)

Four patients—one with MCS
and three with UWS (DLPFC)

One patient with UWS (DLPFC)

15 patients with UWS (plus 17
UWS controls— DLPFC)

24 patients with UWS (plus 24
UWS controls— DLPFC)

Etiology—time since injury

Clinical outcomes

Physiological outcomes

TBI (n = 5), hemorrhage (n = 1), anoxia (n = 1) — No significant changes in CRS-R scores or brain FC  Functional connectivity, measured by fMRI, was

range, one to SiX Mo

Unspecified

TBI (UWS, n = 1; MCS, n = 11), anoxia (UWS, n =
15; MCS, n = 11) — each >three mo (TBI >one

y)

TBI (n =4) — range 1-15y

“Subarachnoid and intracerebral hemorrhages in
the left fronto-parieto-temporal lobes” —
multiple administrations at five and nine mo
after injury

TBI (n = 8), intracerebral hemorrhage (n = 7) —
each >two wk

Unspecified — each >three mo

following real or sham rTMS stimuli in the
patients with DoC

The CRS-R scores were increased in all four
patients with MCS and three patients with UWS
immediately after treatment. CRS-R scores at
one wk after treatment remained higher than
pretreatment levels.

CRS-R total scores significantly increased (p =
0.0001) after stimulation in the MCS subgroup
(improvements observed in 19/22 patients with
MCS). The greatest improvements were
observed in the visual, auditory, and verbal
scores. In the UWS subgroup, no significant
differences were found.

Increases in Disorders of Consciousness Scale-25
and auditory-language change occurred most
prominently in patients who had TMS treat-
ment for four wk followed by TMS and aman-
tadine treatment for four wk

CRS-R score improved from 4 to 13, two mo after
therapy, with the greatest subscore increases in
visual and motor functions

All patients remained in a stable clinical state
during routine medication and rehabilitation
course. A significant increase in the CRS-R
scores in the rTMS group was observed 20
d later. The median CRS-R score change in the
rTMS group improved by 3 points, whereas the
control group improved by 1 point.

CRS-R scores underwent higher increases in the
treatment group than in the control group
before treatment (+0.04), 30 d after treatment
(+1.54), and 60 d after treatment (+2.09)

not significantly enhanced in the patients with
DoC following rTMS. However, before stimula-
tion, it was noted that patients with DoC had
significantly altered functional connectivity
compared with controls (p < 0.001) (eg,
increased connectivity between the node of
the right lateral prefrontal cortex and left pre-
central/postcentral gyrus)

Spontaneous changes in EEG (eg, increased alpha
band power) were associated with behavioral
changes immediately after and one wk after
treatment, relative to baseline

N/A

Resting state functional connectivity (by blood
oxygen level-dependent time series data) was
increased in the language network for a patient
with neurobehavioral gains, while default mode
network irregularities were noted in all patients

Diffusion tensor tractography showed increases in
tract volume of the right prefrontal lobe in the
upper ascending reticular activating system,
two mo after therapy

N/A

The latency periods of each wave of the brain-
stem auditory evoked potentials in the treat-
ment group were shorter than those in the
control group after 30 and 60 d of treatment.
EEG grading indices were lower for the treat-
ment group compared with controls.

(Continues)
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Table 5. Continued

Author, Sample size (TMS anatomical
publication  target)
year

Chen et al,”® 50 patients with unspecified DoC
2022 (DLPFC — randomized sham-
controlled crossover)

69

Fan et al, 20 patients with unspecified DoC
2022 (DLPFC — plus 20 controls;
randomized sham-controlled)

Shen et al,”” 66 patients with UWS (33 primary
2023 motor cortex, 33 DLPFC —
plus 33 controls; randomized
sham-controlled)

DLPFC, dorsolateral prefrontal cortex; UWS, unresponsive wakefulness (persistent vegetative state); MCS, minimally conscious state; TBI, traumatic brain injury; CRS-R, JFK Coma Recovery Scale - Revised; CGH-,

Etiology—time since injury

TBI (n = 21), stroke (n = 19), anoxia (n = 10) —
range, one to three mo

TBI (n = 66) — range, one to three mo

Clinical outcomes

Significant improvements in CRS-R (p = 0.002) and
GCS scores (p = 0.0018) occurred in both sham
and treatment groups, although changes were
significantly greater in the treatment group
(CRS-R, p = 0.001 and GCS, p = 0.014)

TBI (n = 6), stroke (n = 14) — pu =54.15 £ 2528 d Significant improvements in CRS-R (p = 0.035)

were associated with the active TMS group
compared with the sham TMS group. No sig-
nificant difference in awakening ratio or hos-
pital stay was found.

Significant improvements in GCS (p < 0.05) and
CRS-R (p < 0.05) occurred in all three groups
after four wk of treatment (or sham treatment),
but primary motor cortex patients experienced
significantly higher improvements than both
DLPFC and controls (p < 0.05)

Clinical Global Impressions — Global Improvement scale; GCS, Glasgow Coma Scale; FC, functional connectivity; N/A, not applicable.

Physiological outcomes

Increases in somatosensory evoked potentials
(N20-P25 amplitude, p = 0.011) were reported.
Brainstem auditory evoked potentials normal-
ized in both groups (p = 0.013), with greater
effects in the treatment group.

N/A

Significant decreases in EEG reactivity and
somatosensory evoked potentials index (level
1 = normal central conduction time) were
found in the primary motor cortex and DLPFC
groups (p < 0.05) but were significantly more
pronounced in the primary motor cortex group
(p < 0.05)
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Table 6. Summary of Human tDCS Studies.

Author, Sample size (tDCS anatomical target)

publication

year

Angelakis  Ten patients—three with MCS and seven
etal’! with UWS (primary sensorimotor cortex
2014 or DLPFC — sham for one wk followed

by real stimulation for two wk)

Thibaut 55 patients—30 with MCS and 25 with
et al,’? UWS (DLPFC — randomized sham-
2014 controlled crossover)

Naro et al,”> 20 patients—10 with MCS and 10 with
2016 UWS (otDCS medial cerebellum — ran-

domized sham-controlled crossover)

Bai et al,”" 16 patients—7 with MCS and 9 with UWS
2017 (DLPFC — sham-controlled crossover)

Estraneo 13 patients—6 with MCS and 7 with UWS
etal” (DLPFC — randomized sham-controlled
2017 crossover)

Huang 33 patients with MCS (posterior parietal
et al,/® cortex — randomized sham-controlled
2017 crossover)

Thibaut ) 16 patients with MCS (prefrontal cortex —
et al’’ randomized sham-controlled crossover)
2017

Baietal® 17 patients—8 with MCS and 9 with UWS
2018 (DLPFC — sham-controlled crossover)

Martens 22 patients with MCS (DLPFC — random-
et al’? ized sham-controlled crossover)

2018

Etiology—time since injury

TBI (UWS, n = 3; MCS, n = 2), anoxia (UWS,
n = 4), "postoperative infarct” (MCS, n = 1)
— range, six mo to teny

TBI (UWS, n = 6; MCS, n = 19), anoxia (UWS,
n =9 MCS, n = 4), subarachnoid hemor-
rhage (UWS, n = 4; MCS, n = 3), “cerebro-
vascular accident” (UWS, n = 5; MCS, n = 3),
“mixed traumatic/anoxic” (UWS, n = 1; MCS,
n=1) —range 7dto 26y

TBI (UWS, n = 6; MCS, n = 7), anoxia (UWS,

n =4 MCS=3) — MCS: u=42y;, UNS:
H=2y

TBI (UWS, n = 2; MCS, n = 2), anoxia (UWS,
n =4; MCS, n = 3), hemorrhage (UWS, n = 2;
MCS, n = 2), ischemic stroke (UWS, n = 1) —
range 6-30 mo

TBI (UWS, n = 1), anoxia (UWS, n = 4; MCS,
n = 2), vascular (UWS, n = 2; MCS, n = 4)
each >three mo

TBI (n = 20), remaining unspecified — p = six
mo

TBI (n = 11), "non-traumatic” (n = 5) — range
5-365 mo

TBI (UWS, n = 3; MCS, n = 4), anoxia (UWS,
n=4; MCS, n=1), hemorrhage (UWS, n = 2;
MCS, n = 3) — range 6-35 mo

TBI (n = 10), cardiac arrest (n = 8), aneurysm
(n = 3), anoxia (n = 1) — range 10-401 mo

Clinical outcomes

All patients in an MCS showed clinical
improvement immediately after treatment
(within one wk after stimulation), according
to CRS-R scores. One patient with UWS (TBI)
changed status to MCS 12 mo after
treatment.

Thirteen patients in MCS showed a significant
treatment effect as measured by CRS-R total
scores. In patients with UWS, no treatment
effect was observed.

CRS-R scores showed improvement in MCS,
significantly so in motor scores. Clinical
improvements were not noted in patients
with UWS.

N/A—patients received TMS-EEG immediately
after tDCS

Five patients (three with MCS and two with
UWS) demonstrated increases in CRS-R
scores

A significant improvement in consciousness
was measured by average CRS-R on the fifth
day of tDCS (p = 0.012); however, these were
diminished after the tenth day

Significant CRS-R improvements at day 5 (p =
0.013) and one wk (p = 0.002) after last
stimulation were found. Nine patients were
labeled “responders,” meaning that they
demonstrated a new sign of consciousness
(eg, response to command, recognition of
objects, etc).

No significant effect of tDCS was found on
CRS-R scores

Home-based tDCS induced a significant clinical
improvement in consciousness at four wk
compared with after each sham phase (p =
0.043). No correlation was found between
etiology and clinical outcome.

Physiological outcomes

N/A

N/A

Increased theta and gamma band functional
connectivity was detected within fronto-
parietal networks in patients with MCS

Patients with MCS and UWS had varied cortical
excitability responses to TMS-EEG following
tDCS. Patients with MCS experienced longer
increases in global cortical excitability.

EEG changes in background activity were only
noted in patients with clinical improvement

N/A

N/A

Functional connectivity, measured by EEG
coherence, showed increased coherence in
theta and gamma bands in the MCS group
only

N/A

(Continues)
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Table 6. Continued

Sample size (tDCS anatomical target)

Ten patients (left DLPFC, three with MCS
and two with UWS; right DLPFC, one
with MCS and four with UWS) plus five
controls (three MCS and two UWS) —
randomized sham-controlled

11 patients with MCS (DLPFC — random-
ized sham-controlled crossover)

46 patients—23 with MCS, 17 with UWS,
and 6 who emerged from MCS (DLPFC
— randomized sham-controlled
crossover)

55 patients—26 with MCS and 29 with
UWS (prefrontal area, left FTPC, right
FTPC, DLPFC each for two wk) plus 50
historical controls (22 MCS and 28 UWS)

12 patients—10 with MCS and 2 who
emerged from MCS (left prefrontal tDCS
and mastoid tPCS: randomized sham-
controlled crossover)

33 patients—17 with MCS and 16 with
UWS (left prefrontal cortex) plus 29
controls (15 MCS and 14 UWS) — ran-
domized sham-controlled

Etiology—time since injury

TBI (n = 3), hemorrhage (n = 7) — controls TBI
(n = 2), anoxia (n = 3) — range 42-631 mo

TBI (n = 3), cardiac arrest (n = 3), aneurysm
(n = 4), meningitis (n = 1) — range 3-25
mo

TBI (n = 46) — median = 12 mo (range 5-47
mo)

TBI (n = 27), hemorrhage (n = 28) — controls
TBI (n = 19), hemorrhage (n = 31) — range,
two to ten mo

TBI (n = 4), anoxia (n = 1), stroke (n = 7) —
88 £ 105 mo

Clinical outcomes

No significant CRS-R changes occurred in any
of the three groups, either compared with
baseline or with one another

No significant CRS-R changes occurred at the
group level. Three DLPFC patients and 1
sham patient showed some behavioral
improvement.

No significant CRS-R changes occurred at the
group level. Five patients had behavioral
improvement only after real tDCS, con-
trasted with three patients with behavioral
improvements only after sham tDCS.

CRS-R increased significantly in both treatment
and control groups after eight wk (p < 0.01),
but increases were significant in the tDCS
group (p < 0.05). mGOS scores were signif-
icantly increased in the tDCS group (p <
0.05).

No significant CRS-R changes occurred in any
of the groups. tPCS and tDCS were both
well-tolerated.

TBI (n = 13), “Non-TBI" (n = 20) — controls TBI Trial stopped for futility. Subgroup analysis at

(n=10), "Non-TBI" (n =19) — p =41+ 235
wk (controls =30 + 15 wk)

three mo showed significant improvement
in patients with MCS with TBI etiology (p =
0.01).

Physiological outcomes

Left DLPFC stimulation increased functional
connectivity by EEG within and between the
left frontal lobe and other cortical regions
(p < 0.05). Right DLPFC stimulation
increased connectivity only within the right
frontal lobe (p < 0.05).

Higher EEG power in alpha band (central
regions) and theta band (frontal and poste-
rior regions) were found. Higher weighted
symbolic mutual information connectivity
was found between left and right parietal
regions.

After real tDCS, EEG complexity significantly
increased in theta bands (p = 0.035) and
delta bands (p = 0.002).

The tDCS group showed higher connectivity
(via EEG) between central and frontal
regions under painful stimulus compared
with the control group (p < 0.05), which was
associated with mGOS improvements

Significant differences in theta frontal func-
tional connectivity by EEG activity were
found between tDCS and [tPCS + sham]
groups (p = 0.04)

N/A

otDCS, oscillatory transcranial direct-current stimulation; DLPFC, dorsolateral prefrontal cortex; UWS, unresponsive wakefulness (persistent vegetative state); MCS, minimally conscious state; TBI, traumatic
brain injury; CRS-R, JFK Coma Recovery Scale - Revised; FTPC, fronto-temporo-parietal cortices; mGOS, Modified Glasgow Outcome Scale; tPCS, transcranial pulsed-current stimulation; N/A, not applicable.
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of the same treatment and in the physiological outcomes
measured. Furthermore, there were some common motifs across
the articles, such as changes in cerebral blood flow, functional
connectivity, and EEG patterns.

Neuromodulation Targets for DoC in Animals

Eleven animal studies were reviewed (Table 7), with nine studies
focusing primarily on DBS, one using LIFU, and one using TMS.
Within the DBS studies, nonhuman primates and rodents were
stimulated in brain regions including the central lateral thalamus
(CL), CM, pontine reticular nucleus, CM-pf, hippocampal CA1, lateral
hypothalamic area, and secondary motor area. DBS elicited
changes in physiological biomarkers of arousal across most studies
(eg, arousal via EEG, awakening, neuronal activity). Redinbaugh
et al*” noted decreased arousal levels with both low (10-Hz) and
high (200-Hz) frequencies of stimulation in the CL as measured with
EEG. This observation highlights the complex effect of DBS on
arousal depending on the frequency applied, emphasizing the
need for a standardized DBS protocol for DoC. Of note, DBS pro-
cedures varied greatly among the animal studies. Some studies
used clinical-grade DBS electrodes (particularly for nonhuman pri-
mates), with wide variations in stimulation patterns. For example,
Quinkert and Pfaff used a random number generator to determine
temporal patterns for stimulation in mice.8%%°

Bian et al”® studied the use of LIFU for DoC in mice. In this study,
stimulation of the ventral tegmental area (40 minutes, 586 kPa)
yielded arousal from isoflurane anesthesia—-induced unconscious-
ness. An increase in c-Fos expression (immediate early gene
expressed in neurons upon activation) was observed in the peri-
aqueductal gray matter and locus coeruleus, and the administra-
tion of D1 antagonists significantly prolonged time to emergence
from anesthesia in mice receiving ultrasound, reversing the effect
of the stimulation.”

TMS was trialed in 34 adult male Wistar rats by Keck et al.”® The
authors reported an increase in mesolimbic and mesostriatal
dopamine levels in urethane-anesthetized rats after repetitive TMS
in the right dorsal hippocampus, right nucleus accumbens septi,
and right dorsal striatum (although they did not report a correlation
with emergence from coma).

Quality and Certainty Assessment

Overall, there was moderate to high risk of bias among the studies
included in the present review. Most of the included studies were
retrospective, rather than prospective, and reported on small cohorts
of patients without controls or crossover phases (with exceptions,
particularly in TMS and tDCS studies, which possessed relatively
lower risk of bias)*?%%993% |n general, studies evaluating inter-
ventions for DoC face challenges in evaluating causal efficacy in
changes to symptoms given the spontaneity of clinical and physio-
logical changes observed in patients, including full recovery. Simi-
larly, only moderate certainty was assessed owing to moderate risk of
bias, relative imprecision (considering low sample sizes and lack of
sham-controlled designs, especially in DBS and SCS studies), and the
presumed publication bias typical for systematic reviews of this
kind.>> Wherever possible, randomization was achieved in studies
(along with sham-controlled crossover designs in TMS and tDCS
studies), but given the limited number of participants, the extent to
which severity of disease, age, and other demographic characteris-
tics are controlled for in studies with controls is notably limited. While
age, gender, and disease severity were reported in studies before

stimulation, it is still difficult to control for these factors, even in
sham-controlled experiments, which constitutes another limitation
for certainty. Further, stimulation parameters across modalities were
generally varied, highlighting the need for unified guidelines con-
cerning neuromodulation for DoC.

DISCUSSION

DoC: Pathophysiology and Neuromodulation

TBIs, strokes, and other cerebral insults can produce lesions that
result in DoC, including coma, UWS, and MCS. While coma consists
of both a lack of wakefulness and awareness, in which eyes are
closed and no purposeful responses can be elicited, wakefulness
and awareness can be dissociated in cases where wakefulness is
spared while awareness is impaired, such as in MCS and UWS
(vegetative states). Consciousness involves the intricate interplay of
multiple brain areas and neurotransmitter systems, including the
thalamus, cerebral cortex, amygdala, brainstem, and hippocam-
pus.”” While wakefulness appears to be primarily dependent on the
integrity of the brainstem reticular activating system, awareness
may be disrupted by lesions that compromise cortico-thalamic
connectivity,”® such as widespread bilateral cortical lesions or
bilateral thalamic lesions. Indeed, the importance of connectivity
between the thalamus and the cerebral cortex for awareness is
highlighted by the tendency of diffuse axonal injury and thalamic
damage to produce vegetative states (UWS).”

Ascending afferents from nuclei comprising the ascending
reticular activating system (also referred to as the MRF) play a key
role in facilitating wakefulness.'® The ascending reticular acti-
vating system comprises multiple nuclei residing in the upper
brainstem and midbrain tegmentum, including glutamatergic
neurons of the reticular formation, cholinergic neurons of the
pedunculotegmental nucleus, and cholinergic neurons of the lat-
erodorsal tegmental nucleus. These neurons project to brain
structures involved in arousal and consciousness, particularly the
intralaminar thalamic nuclei, which in turn modulate cortical
arousal.'®" A lesion analysis found that structural injuries within a
small region of the rostral dorsolateral pontine tegmentum were
significantly more often associated with coma compared with other
brainstem lesions, underscoring the role of the pontine tegmentum
in DoC.'°> The midline thalamic nuclei and rostral intralaminar
nuclei are believed to be particularly important for cortical arousal,
which is why they are often selected as targets for neuro-
modulation to treat DoC. Brainstem-thalamic connectivity in the
ascending arousal network has been shown to increase in recovery
from DoC, whereas persistent thalamic-temporal lobe disruption is
present in patients who do not recover from DoC.'%?

Within the spectrum of available treatments for DoC, neuro-
modulation has emerged as a distinctive innovative therapeutic
modality in the past few decades.'® These therapeutic approaches
use various techniques, including electrical or mechanical stimulation,
to modulate brain activity. Neuromodulation can be achieved through
either a noninvasive approach (eg, LIFU, TMS, tDCS) or a more invasive
approach that directly targets specific pathways in the nervous system
(eg, DBS, SCS, MNS). Given the relatively recent implementation of
neuromodulation for a wider range of clinical disorders, including
major depression and pain, neuromodulation has the potential to
produce promising outcomes for treating DoC.'®'%>'% Especially
considering that pharmacologic interventions have limited success in
treating DoC, neuromodulation might offer better success by directly
targeting the pathways involved in arousal and awareness.'”’”

www.neuromodulationjournal.org
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Table 7. Summary of Animal Studies Identified.

Animal

Macaques

“Non-human primate”

C57BL/6J mice

Sprague Dawley rats

Wistar rats

Sprague Dawley rats

Sprague Dawley rats

C57BL/6J mice

Author, publication year

Tasserie et al,*® 2022

Redinbaugh et al,*’ 2022

Baker et al,*® 2023

Quinkert and Pfaff®” 2012

Pillay et al”’ 2014

Ferndndez-Cabrera
etal” 2017

Feng et al,”* 2019

Dong et al,”* 2021

Claar et al,”* 2023

Sample size (anatomical target)

2 (right CM, plus 3 controls,
ventrolateral thalamus)

2 (CY)

1 (right CL)

26 (bilateral-CT)

9 (PnO)

7 (CM-pf, plus 6 control primary

auditory and primary motor cortices)

20 (hippocampal CAT1)

33 (LHA-DBS, plus 22 controls [sham
DBS, no output], 11 with TBI)

37 (10 MOs layer 2/3, 11 MOs layer 5/6,
8 SSp layer 2/3, 11 SSp layer 5/6)—10
received stimulation in multiple targets

Outcomes

DBS restored arousal from anesthesia-induced con-
sciousness loss in both animals, supported by char-
acteristic fMRI and EEG findings relative to controls.

Thalamic DBS at 10 Hz and 200 Hz induced “perturbed”
consciousness in anesthetized macaques, which was
accompanied by a substantial increase in lower-
frequency EEG and decreased consciousness.

Real-time changes in ECoG of the cortex and thalamus
were detected. Arousal from inattentive drowsiness
was induced using episodic CT-DBS in a healthy
control, associated with increased theta- and alpha-
band power.

CT-DBS increased generalized arousal measured by EEG
response and motor activity. A random number
generator was used in an experimental group to vary
temporal patterning of stimulation, but did not result
in significant changes to EEG. However, exposure to
daylight appears to increase EEG response to CT-DBS.

In isoflurane-anesthetized rats, PnO-DBS induced signif-
icantly reduced delta- and theta-band power and an
increase in functional connectivity in the left nucleus
basalis of Meynert and several paralimbic networks.
No behavioral responses were observed.

PFn-DBS decreased NMDAR GIuN1 gene expression in
the prelimbic and nucleus cingulate cortices, sug-
gesting that PFn-DBS modulates excitatory glutamate
signaling in these regions.

In anesthetized rats, high-frequency ranges of 100 to 200
Hz of random inter-pulse-intervals (IPI) induced syn-
chronized neuronal activity in the CA1 hippocampus,
whereas constant IPI stimulation did not induce this
activity.

Twenty-five (of 33) rats awakened from TBI, as opposed
to 5 (of 11) TBI controls. Upregulation of alpha-1-
adrenoceptor and orexin-receptor-1 with down-
regulation of GABA-beta-receptor expression was
observed in stimulated vs TBI control groups.

On average, more neurons responded to deep-layer
than to superficial stimulation, and more neurons
outside of the stimulated cortical area will be modu-
lated during deep-layer stimulation. Stimulation of
deep layers evoked two event-related excitatory
potentials during the awake period. Both anesthetized
and wakeful mice were studied.

(Continues)
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Table 7. Continued

Author, publication year Sample size (anatomical target) Outcomes

Animal

Procedure

Ultrasound of VTA led faster arousal from isoflurane

6 (VTA plus 6 controls)

Bian et al,”” 2021

(C57BL/6J mice

Ultrasound

anesthesia, higher c-Fos expression, and decreased
sensitivity to anesthesia compared with controls; the

effect of VTA ultrasound was blocked by adminis-

tering D1 antagonists.
Acute rTMS of 20 Hz of the right dorsal hippocampus,

34 (13 right dorsal hippocampus,

Keck et al,”® 2002

Wistar rats

TMS

right nucleus accumbens septi, and right dorsal

15 right nucleus accumbens septi,

striatum led to a significant rise in mesolimbic and

mesostriatal dopamine levels in urethane-

anesthetized rats.

6 right dorsal striatum plus 33 controls)

CM, central medial thalamus; CL, central lateral thalamus; PnO, pontine reticular nucleus; CM-pf, centromedian-parafascicular thalamus; PFn, parafascicular nucleus; LHA, lateral hypothalamic area; MOs,

secondary motor area; SSp, primary somatosensory area; VTA, ventral tegmental area; NMDAR GIuNT, NMDA receptor subunit GIuNT; EcoG, electrocorticography; N/A, not applicable.

Neuromodulation: Targets and Rationale
Deep Brain Stimulation

DBS delivers controlled electrical stimuli to specific brain regions,
such as the CM-pf or MRF, key brainstem and thalamic nuclei that
function in regulating consciousness. The CM-pf is the largest of the
truncothalamic nuclei, thought to be involved in pain signaling,
sensorimotor coordination, and consciousness.'°® Its connection to
the reticular activating system may explain its efficacy in promoting
arousal with DBS.'” For example, Shu et al** demonstrated
increased functional connectivity between frontal, parietal, and
occipital areas, which was associated with increases in CRS-R scores
after CM-pf DBS. Clinically, Yamamoto et al,*® Chudy et al,** and
Raguz et al*” reported patients’ emergence from MCS (and in some
cases UWS) after CM-pf DBS, which represents a higher incidence of
emergence from DoC compared with any other target. The MRF is
known for its role in integrating many vital neural systems for sur-
vival, with its extensive connections to other neuroanatomical
regions involved in arousal, making it an interesting target for DBS
for DoC."'® As Tsubokawa et al®” observed, increases in functional
connectivity with the MRF may play a role in ameliorating DoC
pathophysiology, potentially promoting arousal, cerebral blood flow,
cerebral oxygen metabolism, and cerebral glucose metabolism.

The studies reviewed on DBS for DoC suggested varied clinical
outcomes and physiological responses. Noteworthy findings
included improvements in neural response patterns, increased
cerebral blood flow, and increased metabolic rates during stimu-
lation. Significant enhancements in arousal, limb control, and oral
feeding were observed in some cases. While some studies reported
full recovery or emergence from DoC (in greater proportion from
MCS than from UWS), most did not. This variability of outcomes
illustrates the lack of standardized protocols among studies, the
heterogeneous patient populations (eg, underlying pathology, age,
sex), and the small sample sizes, both of which generate difficulty
in drawing definitive conclusions about the efficacy of DBS for DoC.
Additionally, the frequency of delivered stimulation may impact the
efficacy of DBS for DoC. For example, high-frequency stimulation,
such as that used for treatment of movement disorders, is known
to produce clinical effects similar to those of creating a lesion
(thalamotomy, pallidotomy). Conversely, DBS for pain produces
analgesia using lower-frequency stimulation. Depending on the
characteristics and location of the lesion causing DoC, the fre-
quency of stimulation might be considered in future investigations.

Spinal Cord Stimulation

Typically used for back pain, SCS has also shown some potential
in treating DoC.""" SCS uses a surgically implanted electrode in the
epidural space to stimulate the dorsal columns, but may also have
an effect on the ascending reticular activating system. Studies have
shown that SCS leads to increased cerebral blood flow and a
change in cerebrospinal fluid neurotransmitter concentration;
however, the exact mechanism by which this may help DoC has yet
to be elucidated. The systematic review yielded a limited number
of studies on SCS. Zhang et al*° reported modest increases in CRS-R
scores for six out of nine patients, accompanied by enhanced
cerebral blood flow with shorter stimulation intervals. Yang et al*®
documented a substantial increase in CRS-R scores and improved
brain activity, amplitude, and functional connectivity in a patient
with UWS. Zhuang et al*’ found that SCS significantly improved
CRS-R scores in a diverse patient sample, with diagnostic
improvements more prominent among patients with MCS than

]
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those with UWS. The efficacy of different stimulation frequencies
remains an area of investigation. Overall, SCS demonstrates some
limited potential in modulating consciousness-related outcomes.

Low-Intensity Focused Ultrasound

LIFU, a relatively novel technique, uses acoustic waves to alter
brain activity. Functional ultrasound, or the therapeutic use of
ultrasound, uses lower intensity than the ultrasound used for
ablative lesioning."'? LIFU excites or suppresses neuronal activity in
the targeted areas, with neuromodulation effects that could help in
DoC. The exact mechanism remains unknown (ultrasound produces
mechanical effects, but it is unclear how neuronal function is
impacted), with hypotheses involving thermal modulation and
changes in membrane permeability.'’ Despite this uncertainty,
studies have explored its effects on consciousness-related regions.
Cain et al*® studied LIFU in humans, and their results revealed a
significant increase in behavioral responsiveness after LIFU relative
to the patients’ initial functioning levels. While immediate changes
in neurobehavioral responsiveness were not observed, the study
emphasizes the potential time-dependent nature of recovery
following thalamic LIFU. Bian et al®® used LIFU to arouse mice from
anesthesia more quickly than controls. This effect was blocked by
the administration of D1 antagonists, which the authors interpreted
to suggest that dopamine D1 signaling promotes arousal from
anesthesia. These few results indicate an immense complexity to
the effect of ultrasound on DoC, emphasizing the need for future
standardized, controlled studies to evaluate its effectiveness.

Median Nerve Stimulation

The mechanism of MNS with respect to DoC is poorly under-
stood, but some authors have suggested that peripheral-to-central
dopamine signaling in the consciousness network may be
involved.'*'" It is important to acknowledge that the rationale for
MNS originates from early acupunctural attempts in traditional/
alternative medicine."®

Cooper et al’' reported significant recovery from coma following
MNS in three young decerebrated comatose patients who experi-
enced TBI compared with controls. Wu et al*” reported accelerated
improvement in consciousness and GCS, CRS-R, and Disability Rating
Scale scores in over 100 patients with traumatic coma who received
MNS. However, the lack of inclusion of any physiological data limits
further understanding of the mechanism of MNS for DoC.

Transcranial Magnetic Stimulation

TMS is thought to affect the brain by evoking transient currents
in neural tissue.'> The DLPFC, which was stimulated by approxi-
mately half of the TMS studies in this review (and most of the tDCS
studies), is thought to play a role in working memory, decision-
making, and executive control."">"1® Of note, the mesocircuit
hypothesis of recovery after brain injury, introduced by Schiff''”,
offers possible insight into the role of the DLPFC in recovery from
DoC. The hypothesis emphasizes the interrelated roles of the
thalamus, striatum, and the frontal cortex (in particular the DLPFC)
in interventions and recovery related to DoC.'"""'® Thus, it is
possible that electrical current generation in the dorsal prefrontal
cortex could contribute to arousal from the states of DoC. However,
the mechanism of TMS for DoC remains relatively underexplored,
and changes are likely to be transient given the transient nature of
TMS itself. Regardless, the noninvasive nature of TMS, paired with

the possibility of longitudinal changes with repetitive TMS, presents
a favorable risk-to-benefit ratio.

Because of a lack of understanding of the therapeutic mecha-
nisms of TMS in treating DoC, physiological markers in the studies
reviewed were varied. EEG changes, particularly in the alpha and
delta frequency bands, were the most frequently reported physi-
ological metrics. Changes in EEG activity were reported by Piccione
et al,>® Manganotti et al,>* Bai et al,>” Xia et al,> He et al,*° and Wu
et al.%% Jang and Kwon,® by contrast, examined volume changes in
the prefrontal cortex and found increases in white matter tract
volume within regions associated with the ascending reticular
activating system. In the rat study by Keck et al,’® increases in
mesolimbic and mesostriatal dopamine levels were found.

Despite some interesting clinical and physiological findings,
stimulation parameters used in the identified studies varied sub-
stantially, from length of stimulation, frequency of stimulation, to
periodicity of repetitions and other parameters. Thus, standardi-
zation with respect to TMS protocols for DoC is needed, at least for
the purpose of enabling meaningful meta-analyses.

Transcranial Direct-Current Stimulation

Similar to TMS, tDCS is thought to impact the brain through elec-
trical currents in neural tissue.”° Most studies have targeted the DLPFC,
suggesting that the role of this brain region in the mesocircuit was a
focus of most of modulatory efforts.''® As is the case with TMS, the
therapeutic mechanism of tDCS in DoC is not fully understood.

Physiological indicators of the effects of tDCS were largely
unreported by the studies reviewed. Naro et al”® and Bai et al’®
measured changes in functional connectivity associated with
tDCS. Naro et al”® reported increases in theta and gamma band
connectivity in frontoparietal areas while targeting the middle
cerebellum, which was limited to patients with MCS. Bai et al’®
similarly observed increases in functional connectivity only
among patients with MCS. This group also measured cortical
excitability and found relatively sustained increases in global
excitability following both tDCS and EEG-TMS in patients with
MCS.”* Overall, the interesting therapeutic implications of tDCS for
DoC are countered by a need for a better understanding of its
physiological effects.

Ethical Considerations and Indications

Given that the patient population affected by DoC is vulnerable,
numerous ethical dilemmas arise in treating conditions such as
coma, UWS, and MCS. The inability of the patient to communicate
and consent to medical decision-making presents a challenge in
initiating care, whether it involves end-of-life decisions, mainte-
nance, or therapeutic options such as neuromodulation.''® While
the presence of relatives and durable power of attorney may ease
the legal intricacies of determining care, ethical challenges remain
in advocating for neuromodulation. For example, evidence con-
cerning the efficacy of DBS, SCS, LIFU, MNS, TMS, and tDCS is
limited and mixed with respect to DoGC; thus, communicating
realistic expectations is critical. However, given a dearth of effective
options for treating DoC, with many patients facing poor progno-
ses, a medically conservative approach favoring life extension may
allow attempting neuromodulation for DoC, particularly when
other options have been exhausted.

In the interest of beneficence and restoring autonomy to patients
with DoC, neuromodulation may be an ethical course of action,
providing a possible route to improvement when others are
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absent.'?® When considering whether to attempt neuromodulation,
the likelihood of the patient’s benefit is central to decision-making.
Relevant factors may include likelihood and severity of disability if
therapy is successful, comorbidities, wishes of the patient, and other
clinical factors. For example, patients in MCS or UWS from trauma
appear to show more benefit from neuromodulation than patients
with systemic brain damage, likely in relation to relatively local dis-
tributions of cerebral injury.*' Factors such as clinical outcomes,
coma scales, and many others should be considered when weighing
the risks and benefits of neuromodulation for treating DoC.

Limitations, Future Directions, and Conclusions

While these studies suggest potential in applying neuro-
modulation for DoC, they also underscore the need for more
extensive, well-controlled trials. The identified studies exhibit a
moderate risk of bias, often relying on retrospective analyses and
small cohorts. Future studies should strive for prospective designs,
larger sample sizes, and rigorous controls to enhance the reliability
and generalizability of findings. Moreover, the heterogeneity in
targets, stimulation parameters, and measured outcomes across
studies complicates meta-analytic evaluation of these nascent data.
Standardization of protocols through an evidence-based approach
(eg, anatomical locations involved in the mesocircuit hypothesis,
frequency and amplitude parameters, etc) for the modalities
reviewed and a deeper understanding of individual variability are
imperative for advancing the field and improving the effects and
safety of neuromodulation for DoC. The long-term implications of
neuromodulation, especially in terms of sustained benefits and
potential adverse effects, warrant extensive investigation.

In line with the objectives of the Curing Coma Campaign, neu-
romodulation techniques applied to DoC, when deemed safe,
should be carefully documented and shared with the broader
research community to enhance the understanding of coma
neurobiology, long-term recovery options, and care of comatose
patients, and provide another potential therapeutic option for
patients.'”' While the techniques discussed in this article can
contribute to patient outcomes, they may also shed light on the
pathophysiology of disordered states of consciousness, enabling
further research and development in the future.

In conclusion, neuromodulation emerges as an interesting,
unique, and potentially promising avenue in treating DoC such as
UWS and MCS. Nuanced investigation of DBS, SCS, LIFU, MNS, TMS,
and tDCS in the future could reveal breakthroughs, and these
techniques (and potentially others heretofore unexplored) may
offer hope for patients with impaired consciousness.
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COMMENT

This paper extensively explores the potential of neuromodulation
technology in treating disorders of consciousness, systematically
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analyzing emerging methods such as tDCS, DBS, and ultrasonic neu-
romodulation. While these technologies show promise in restoring
consciousness and enhancing patients’ quality of life, they face several
key challenges. Firstly, the sample sizes and research designs of current
clinical trials remain limited. Despite encouraging preliminary results,
most studies are small-scale, single-center experiments lacking suffi-
cient statistical power and long-term follow-up, thereby limiting
comprehensive evaluation of long-term efficacy and safety. Future
endeavors should prioritize larger, multicenter randomized controlled
trials to validate these technologies across diverse populations. Sec-
ondly, the absence of standardized treatment protocols and evalua-
tion methods is a significant concern in current research. Diverse
parameters, treatment regimens, and assessment criteria utilized by
different research teams lead to inconsistent and incomparable
experimental outcomes. To advance clinical application and further
research, establishing unified clinical guidelines and standardized
assessment tools is imperative to harmonize findings and optimize
treatment strategies. Additionally, developing personalized treatment
strategies remains challenging. Given the varied etiologies and neural
network impairments in disorders of consciousness, tailoring optimal
treatment plans based on individual patient characteristics and med-
ical histories is crucial. Future research should focus on constructing
predictive models integrating neuroimaging and biomarkers to ach-
jeve precise and personalized medical interventions. While neuro-
modulation technology offers new hope for treating disorders of
consciousness, addressing its current challenges is paramount. Over-
coming limitations in experimental design, establishing uniform
treatment standards, and advancing personalized treatment

approaches will enhance the efficacy and durability of these tech-
nologies, thereby providing more effective and sustainable rehabili-
tation programs for patients. Looking ahead, the field of
neuromodulation holds promising avenues for the treatment of dis-
orders of consciousness. Advancements in technology and research
methodologies are anticipated to address current limitations and
expand therapeutic possibilities. Future studies could leverage inno-
vative neuroimaging techniques, such as functional magnetic reso-
nance imaging and EEG, to refine treatment protocols and personalize
interventions based on real-time brain activity patterns. Integration of
artificial intelligence and machine learning algorithms may enable
predictive modeling for optimizing treatment outcomes and predict-
ing patient responses more accurately. Moreover, ongoing collabora-
tions among multidisciplinary teams, including neuroscientists,
clinicians, engineers, and ethicists, will be pivotal in navigating ethical
considerations and ensuring the responsible adoption of neuro-
modulation technologies. This collaborative approach will foster a
robust framework for conducting larger-scale clinical trials with
rigorous methodologies, thereby establishing evidence-based guide-
lines and enhancing clinical practice. In conclusion, while challenges
persist, the evolving landscape of neuromodulation technology offers
promising prospects for transforming the treatment landscape of
disorders of consciousness. By harnessing interdisciplinary innovations
and advancing personalized medicine, we can strive towards more
effective, patient-centered care strategies and improve outcomes for
individuals affected by these challenging conditions.
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