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Background: Advances in neuroimaging have significantly enhanced our
understanding of brain function, providing critical insights into the diagnosis
and management of disorders of consciousness (DoC). Functional near-
infrared spectroscopy (fNIRS), with its real-time, portable, and noninvasive
imaging capabilities, has emerged as a promising tool for evaluating functional
brain activity and nonrecovery potential in DoC patients. This review explores
the current applications of fNIRS in DoC research, identifies its limitations, and
proposes future directions to optimize its clinical utility.

Aim: This review examines the clinical application of fNIRS in monitoring DoC.
Specifically, it investigates the potential value of combining fNIRS with brain-
computer interfaces (BCls) and closed-loop neuromodulation systems for
patients with DoC, aiming to elucidate mechanisms that promote neurological
recovery.

Methods: A systematic analysis was conducted on 155 studies published
between January 1993 and October 2024, retrieved from the Web of Science
Core Collection database.

Results: Analysis of 21 eligible studies on neurological diseases involving
262 DoC patients revealed significant findings. The prefrontal cortex was the
most frequently targeted brain region. fNIRS has proven crucial in assessing
brain functional connectivity and activation, facilitating the diagnosis of DoC.
Furthermore, fNIRS plays a pivotal role in diagnosis and treatment through its
application in neuromodulation techniques such as deep brain stimulation
(DBS) and spinal cord stimulation (SCS).

Conclusion: As a noninvasive, portable, and real-time neuroimaging tool,
fNIRS holds significant promise for advancing the assessment and treatment
of DoC. Despite limitations such as low spatial resolution and the need for
standardized protocols, fNIRS has demonstrated its utility in evaluating residual
brain activity, detecting covert consciousness, and monitoring therapeutic
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interventions. In addition to assessing consciousness levels, fNIRS offers unique
advantages in tracking hemodynamic changes associated with neuroregulatory
treatments, including DBS and SCS. By providing real-time feedback on cortical
activation, fNIRS facilitates optimizing therapeutic strategies and supports
individualized treatment planning. Continued research addressing its technical
and methodological challenges will further establish fNIRS as an indispensable
tool in the diagnosis, prognosis, and treatment monitoring of DoC patients.

KEYWORDS

functional near-infrared spectroscopy, disorders of consciousness, neuromodulation,
brain-computer interface, monitoring and assessment

1 Introduction

Although clinical advancements have significantly reduced
mortality rates, they have also led to an increase in the number of
patients with disorders of consciousness (DoC) (1). Patients with
DoC require prolonged and intensive clinical management,
imposing a significant burden on families and society. DoC
encompasses conditions characterized by diminished awareness or
impaired cognition of oneself and the surrounding environment,
including coma, vegetative state (VS)/ unresponsive wakefulness
syndrome (UWS), and minimally conscious state (MCS). Patients
in a VS/UWS exhibit intermittent wakefulness without any signs
of self-awareness or environmental recognition (2). In contrast,
patients in an MCS demonstrate fluctuating but reproducible signs
of conscious awareness through clinical motor responses, although
their level of awareness is unstable (3). MCS is further subdivided
into MCS+ and MCS—, reflecting higher and lower levels of
behavioral responsiveness, respectively (4, 5). The Coma Recovery
Scale-Revised (CRS-R) is widely regarded as the most reliable
clinical tool for diagnosing patients with prolonged DoC (6).
However, clinical consensus-based assessments are associated with
a misdiagnosis rate of approximately 40% (7).

Patients with DoC require prolonged and intensive clinical
management, imposing a significant burden on families and society. In
the past few years, the advancement of neuroimaging techniques such
as functional magnetic resonance imaging (fMRI), positron emission
tomography (PET), and electroencephalography (EEG) has provided
objective diagnostic tools for assessing cognitive function, predicting
neurological recovery, and determining prognosis in patients with
disorders of consciousness (8, 9). EEG offers advantages in its superior
temporal resolution and real-time responsiveness, however, its low
spatial resolution and susceptibility to artifacts limit the diagnostic
accuracy of DoC. In contrast, fMRI and PET provide high spatial
resolution but are hindered by high costs, low portability, and limited
real-time responsiveness (10, 11). Functional near-infrared
spectroscopy (fNIRS) emerges as a promising alternative technique,
offering a non-invasive, portable, and high temporal resolution for
monitoring brain activity. Unlike fMRI and PET, fNIRS enables long-
term bedside monitoring, making it particularly suitable for DoC
patients. Additionally, {NIRS is less sensitive to motion artifacts than
fMRI, enhancing its feasibility in clinical settings (12, 13). By facilitating
early and accurate diagnosis, {NIRS provide valuable insights in
guiding targeted interventions, reducing unnecessary treatments,
shortening hospitalization durations, and alleviating the financial and
logistical burden on healthcare systems. Ultimately, it optimizes
healthcare resource allocation for DoC patients.
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fNIRS is a non-invasive optical neuroimaging technique that
utilizes near-infrared light (700-900 nm) to measure changes in
tissue concentrations of oxy-hemoglobin (HbO), deoxy-hemoglobin
(HbR), and total-oxyhemoglobin (HbT), providing (14-16). The
selection of near-infrared light is based on its unique optical
properties rather than its penetration depth. Within the near-
infrared spectrum, light exhibits minimal absorption by water and
significant absorption differences between HbO and HbR, enabling
fNIRS to differentiate chromophores effectively. This “optical
window” allows light to penetrate several centimeters into cortical
tissue, facilitating reliable measurements of hemodynamic changes
in highly scattering biological tissues (17-19). Advancements in
fNIRS instrumentation, including continuous wave, frequency
domain, and time domain systems, have further improved its
sensitivity and broadened its clinical and research applications.
These advancements have enabled the integration of fNIRS with
other modalities, such as EEG, for comprehensive assessments of
brain function (20, 21) fNIRS offers several strengths, including its
non-invasive nature, portability, real-time measurement
capabilities, and continuous repeatability (22-24). Compared to
fMRI, fNIRS is less sensitive to interference from devices such as
hearing aids, pacemakers, or cochlear implants, making it valuable
for monitoring scalp oxygenation in patients with such medical
implants (25). fNIRS has demonstrated its utility in identifying
functional differences in key brain regions, including the occipital
lobe, temporal lobe, and prefrontal lobe, in patients with various
types of DoCs (26, 27). Moreover, it can detect neural responses to
active stimuli in MCS and assess brain activity during verbal and
motor imagery (MI) tasks, providing critical insights into residual
cognitive and functional capacities (28-30).

As a non-invasive neuroimaging technique, fNIRS has gained
significant attention in the field of DoC. It has demonstrated high
sensitivity in diagnosing varying degrees of DoC, evaluating and
predicting changes in brain function, and monitoring therapeutic
outcomes (31). Notably, NIRS offers unique advantages in assessing the
effects of neuromodulator therapies on DoC patients (32, 33). By
providing real-time insights into neural responses and treatment efficacy,
NIRS serves as an essential tool for guiding and optimizing treatment
strategies. This review provides an overview of the clinical applications of
fNIRS from 1993 to 2024, with a focus on the latest advances in fNIRS
technology for DoC patient assessment, functional neuromodulation
therapies, and brain-computer interfaces (BCIs) (Table 1). The flowchart in
Figure 1 illustrates the search strategy, including keyword retrieval and
paper screening processes. Additionally, recent clinical studies are
summarized in Table 2, with data sourced from the World Health
Organization (WHO) International Clinical Trials Registry Platform
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TABLE 1 Summary of fNIRS studies conducted on DoC patients to date.

Sample sex/age

General characteristics of the patients

Number of
repetitions or

Duration of
DoC (months)

Types of
external

Sample
size (VS/

Etiology

fNIRS system
(cwy/

fNIRS

Brain regions of
interest for

Channels
rate of SD

Type of
analysis

MCS) stimuli measurement wavelengths/ = probe emission
duration sample rate)
5TBI, 10 Both sides of PreM and
Zhao et al. 15 DoC:7 F and 8 M; 16 Passive CW, 690 and 830 nm, Network
15 MCS Intracerebral 1 ~ 12 months Resting state 5 min SMA, FEE, Brocas area, 53 channels
(65) HC paradigms 20 Hz analysis
infarction FPA, and DLPFC
23 DoC:8 F and
4TBIL 5 PFC was selected: both
Liu et al. 15 M,50 + 19 years 11 UWS/VS CW, 695 and 830 nm, Network
Encephalitis, 6 27 ~ 138 days Resting state 5 min sides of BA 9, BA10, 28 channels
(80) 24 HC:8 F and and 12 MCS 100 Hz analysis
HIE, 8 Vascular BA44, BA45, and BA46
16 M,30 + 7 years
Functional
Moriya et al. 8 DoC:6 F and Within 2 weeks after
8 DoC 8 Stroke Resting state 10 min CwW The bilateral PFC 2 channels Connectivity
(117) 2 M,70.8 + 11.8 years stroke
Analysis
8aSAH, 2
22 DoC:15 F and ischemic stroke, Each block (resting
Frequency
Bicciato 7 M,68.8 + 10.9 years 5 VS/UWS 2 Encephalitis, Resting state state, music, resting
/ /,25Hz The prefrontal brain 2 channels domain
etal. (118) 6 HC:2 Fand and 17 MCS | 4ICH, 4 NCSE, and music state) lasted from 4 alysi
analysis
4 M,41.2 £ 12.6 years 1SDH, 1 to 7 min. v
Encephalitis
10 pDoC:7 F and
Functional
Luo et al. 6 M,51.50 (27.50, 64.50) CW,760 and 850 DAN, DMN, FPN, SEN,
10 pDoC / / Resting state 5 min 63 channels | Connectivity
(119) 13 HC:5 F and 5 M,44.00 11 Hz VAN, VIS.
Analysis
(27.00, 54.00)
16 DoC:9 F and 7 M, aged
Xin et al. 60.75 + 19.74 years 10 VS and 6 CW,730 and Network
/ 1 ~ 48 months Acupuncture 3 blocks PEC 48 channels
(120) 6 HC:2 Fand 4 M, aged MCS 850 nm,28 Hz analysis
22-33 years
7 TBI, 10
9 COMA, 7 Functional
Liuetal. Hemorrhagic | A:8.0 ~ 9.5 months CW,780+ 805 and
28 pDoC:18 M and 10 F VSand 12 Acupuncture 8 blocks DLPFC, PMC, and S1 20 channels | Connectivity
(121) injury, 11 B:7.1 ~ 82.2 months 830 nm,13.33 Hz
MCS Analysis
Ischemic injury
Time-
Straudi et al. 10 MCS:3 Fand 7 M, CW,760 and
10 MCS 10 TBI 5.5+ 5.4 years tDCS 2 blocks Frontal brain regions 24 channels domain
(122) aged 35.5 + 12.6 years 850 nm,3.47 Hz
analysis
(Continued)
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TABLE 1 (Continued)

General characteristics of the patients fNIRS

Channels
rate of SD

Type of
EREWAN

Duration of
DoC (months)

Number of fNIRS system
repetitions or (CwW/

Brain regions of
interest for

Types of Task
external type

Sample
size (VS/

Etiology

Sample sex/age

e 12 buep

ABoj0INaN Ul s191uU0I4

0

610" uISIa1U0L

MCS) stimuli measurement wavelengths/  probe emission
duration sample rate)
2 Head trauma,
3 Cerebral
hemorrhage, 1 Time-
Zhang et al. 9DoC:4 Fand 5M, 17— 7VSand 2 CW,690 and
Stroke, 3 3 ~ 28 months SCS 4 blocks PFC 8 channels domain
(33) 64 years MCS 830 nm,100 HZ
Hypoxic analysis
ischemic
encephalopathy
2 Head trauma,
4 Anoxic, 1
Stroke, 1 Time-
10 DoC:5 F and 5 M, aged 8 VSand 2 5 frequencies, 4 CW,690 and
Sietal. (92) Cerebral 4 ~ 28 months SCS PFC 4 channels domain
17-64 years MCS blocks per frequency 830 nm,100 HZ
trauma, 2 analysis
Cerebral
hemorrhage
Functional
Zhu et al. CW,730 and
1DoC, M, 78 years old 1 DoC TBI 5 months SCS 7 times The prefrontal lobe 16 channels | Connectivity
(87) 850 nm, 11 Hz
Analysis
6TBI, 1
Hypothalamus
Hemorrhage, 1
Basal Ganglia
Hemorrhage, 1
13DoC:4Fand9 M, aged = 9 VSand 2 CW,730 and The frontal, parietal, and Network
Luetal. (32) Cerebellar 3 ~ 18 months DBS 4 blocks 34 channels
18-75 years MCS— 850 nm,11 Hz occipital lobes analysis
Hemorrhage, 2
Brainstem
Hemorrhage, 2
Brainstem
Infarction
(Continued)
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TABLE 1 (Continued)

General characteristics of the patients fNIRS
Sample sex/age Sample Etiology Duration of = Types of Number of fNIRS system  Brain regions of Channels Type of
size (VS/ DoC (months) external repetitions or (CwW/ interest for rate of SD analysis
MCS) stimuli measurement  wavelengths/  probe emission
duration sample rate)
4 Trauma, 2
Brainstem
Shu et al. 11 DoC:2 F and 8 M, 24 9 UWS/VS 2 times, 4 blocks CW,730 and The frontal, parietal, and Network
infarction, 5 3 ~ 18 months DBS 34 channels
(123) HC and 2 MCS— each time 850 nm,11 Hz occipital lobes analysis
Cerebral
hemorrhage
4 Trauma, 4
Cerebral
Shu et al. 10 DoC:3 F and 8 VSand 2 2 times, 4 blocks CW,760 and The frontal, parietal, and Network
hemorrhage, 2 3 ~ 18 months DBS 34 channels
1) 7 M,37 ~ 75 years MCS each time 850 nm,11 Hz occipital lobes analysis
Brainstem
infarction
LF music
(31-180 Hz)
26 DoC:4 F and 1 HCP, 12 HIE, Functional
Yin et al. intervention, CW,760 and DLPEC, PEC, PMC, S1,
22 M,27 ~ 99 years; 20 26 MCS 5CH, 4 MG, 4 / 3 blocks 42 channels Connectivity
(124) MF music 850 nm,10 Hz and M1
HC CI Analysis
(180-4 k Hz)
intervention
Active
18 DoC:4 Fand 14 M, paradigms | Active paradigms:5 T
me-
Luetal. 47.83 + 12.88 years; 15 14 VS and 4 8 Stroke, 5 TBI, (MI) and blocks; CW,760 and H17 the prefrontal
1.7 ~ 25.2 months MI and SON 5 channels domain
(125) HC:8Fand7 M, MC 5 Anoxic passive passive paradigms:5 830 nm,10 Hz cortex alvsi
analysis
25.93 + 6.62 years paradigms blocks Y
(SON)
(Continued)

e 12 buep

908%251'52021N3u}/68¢¢ 0T


https://doi.org/10.3389/fneur.2025.1524806
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

ABoj0INaN Ul s191uU0I4

90

610" uISIa1U0L

TABLE 1 (Continued)

General characteristics of the patients

age 26.2 years

Sample sex/age Sample Etiology Duration of = Types of
size (VS/ DoC (months) external
MCS) stimuli
6 TBI, 11
19 DoC:4 F and 10 UWS and 9
Sietal. (83) Stroke, 2 63 ~ 4,380 days MI
15 M, 14 ~ 66 years MCS
Anoxia
16 pDoC:6 F and
4TBI, 5
Kempny 10 M,18 ~ 68 years, 10 5 VS/UWS
Anoxic, 7 1.8 ~ 80.9 months MM and MI
etal. (36) HC:6 F and 4 M, mean and 2 MCS
Stroke
age 40 years
5DoC:1 Fand 4 M, aged
3 TBI, 1 Stroke,
Lietal (28) | 30-49,6 HC:2Fand 4 M, 5MCS 2 ~ 48 months MI
1 Anoxia
aged 22-33
Abdalmalak 1 Guillain-
1 DoC, M, 75 years old 1 DoC / MI
etal. (126) Barré syndrome
2 MCS:1 E78 years old,
1 Wernicke- Mental
Kurz et al. 1M, 31 years old, 10
2 MCS Encephalopathy, / arithmetic
(127) HC:2 F and 8 M, mean
1 Polytrauma tasks

Task
type

Active

paradigms

Number of
repetitions or

fNIRS system
(cwy

fNIRS

Brain regions of
interest for

Channels
rate of SD

Type of
EREWAN

measurement wavelengths/  probe emission
duration sample rate)
6 questions, 4 blocks Time-
CW,760 and PFC, PMC and primary
per question, 24 48 channels domain
850 nm,10.2 Hz sensorimotor cortex
blocks in total. analysis
The premotor area and Time-
MM: 20 blocks CW,760 and
supplementary motor 16 channels domain
MI: 20 blocks 850 nm,10.24 Hz
area and over the PMC analysis
5 questions, 4 blocks Time-
CW,690 and
per question, 20 PFC, PMC 50 channels domain
830 nm,28 Hz
blocks in total. analysis
time-resolved
3 questions, 5 blocks functional near- The supplementary Time-
per question, 15 infrared motor area and the 4 channels domain
blocks in total. spectroscopy,760 and premotor cortex analysis
830 nm,80 MHZ
Time-
CW,760 and
20 blocks Frontal brain regions 47 channels domain
850 nm,3 Hz
analysis

TBI, traumatic brain injury; HIE, Hypoxic-ischemic encephalopathy; Vascular, Cerebrovascular events; aSAH, aneurysmatic subarachnoid hemorrhage; aSDH, aneurysmatic subdural hemorrhage; ICH, intracerebral hemorrhage; CH, cerebral hemorrhage; CI, cerebral

infarction; CW, continuous wave; DBS, Deep brain stimulation; tDCS, transcranial direct current stimulation; PreM, Premotor; SMA, supplementary motor area; DAN, dorsal attentional network; DMN, default mode network; FPN, frontoparietal network; SEN,
sensorimotor network; VAN, ventral attentional network; VIS, visual network; FEF, frontal eye fields; FPA, frontopolar area; DLPFC, dorsolateral prefrontal cortex; PFC, the prefrontal cortex; MM, motor movement; MI, motor imagery; DAN, dorsal attentional
network; DMN, default mode network; S1, primary somatosensory cortex and M1, primary motor cortex. PMC, primary motor cortex.
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Functional Near-Infrared Spectroscopy for the Assessment and Treatment of Patients with
Disorders of Consciousness

Web of Science Core Collection database :TS= (DoC* OR "disturbance of consciousness" OR "consciousness
disorders" OR "conscious disturbance" OR "consciousness disorder") AND TS= (fNIRS OR "functional near-
infrared spectroscopy")

Inclusion Criteria: Only articles : o
published in English Exclusion Criteria: Retracted papers

|

155 papers

Neurological related fnirs in DoC

!

Part 1 Part 2

Basic principles and mechanisms of fNIRS Clinical applications of fNIRS in DoC

| | } |

Monitoring and Quantitative evaluation
fNIRS System Assessment of Residual of Neuromodulation
Consciousness therapy effects

Technical principle and
application of fNIRS

Regular channel Quantitative evaluation of Neuromodulation Therapy Effects
30mm -- 40mm i ivati

Detector  Source  Detector

Deep brain stimulation  Spinal cord stimulation

Short channel
10--151

Scalp
Skull
CsF

‘““‘ Grey mater
White mater

FIGURE 1
Flow chart.

(ICTRP'). This review also explores emerging trends in clinical 2 Basic P rinci P les of fNIRS
applications while addressing the current challenges and limitations of
using fNIRS to inform DoC treatment strategies (Figure 2). 2.1 Technical principle fNIRS

The light within the 700-900 nm range, referred to as the
‘optical window’, possesses several distinct characteristics: firstly,

1 https://trialsearch.who.int/ it can penetrate tissues such as the scalp and skull to reach the
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TABLE 2 Summary of ongoing clinical trials of fNIRS registered by WHO at home and abroad in the last 10 years.

Registration Public title Inclusion criteria Study type = Observations/ Expected

number: treatment end time
measures

Control group A. Meet the diagnostic criteria of chronic
disorders of consciousness. B. Age 18 to 60 years old,
gender is not limited. C. Consciousness disorder for 3 to
6 months. D. Cerebral cortical structures are relatively
intact on at least one side of the brain, and there is no
serious damage to brainstem structures. E. Normal or
diminished cerebral metabolism, but the metabolism of
the brainstem is essentially normal and NIR assessment
is appropriate. F. No contraindications to NIR testing,
no contraindications to EEG testing, and no cerebral
structural abnormalities as determined by the imaging
Interventional study10
physician. G. Able to cooperate in observing adverse

patients underwent
events and efficacy. H. Female patients with a negative

Quantitative Group A stimulation
pregnancy test. I. Cardiac, pulmonary, hepatic, and renal

regulation of parameter modulation
functions are essentially normal. Expected survival time:

spinal stimulation after completion of SCS
>3 months. J. Written informed consent signed by the

characteristics of surgery: frequency
patient’s legal representative. Treatment group A. Meet

disorders of 5 Hz, voltage 2 V, pulse
the diagnostic criteria of chronic disorders of Interventional December 31,

ChiCTR2400085830 consciousness width 210 pV,

consciousness and have undergone SCS implantation. B. | study 2025

based on alternating ON (30 s)
Age 18 to 60 years old, gender is not limited. C. 3 to

photoelectric and OFF (3 min) of
6 months of impaired consciousness and failure of

synchronous SCS, repeated 10 times,
conventional treatment methods to promote awakening.

brain function and three data
D. Cortical structures are relatively intact on at least one

detection collections were

side of the brain, and there is no serious damage to
completed within one
brainstem structures. E. Normal or diminished cerebral
week for each patient.
metabolism, but the metabolism of the brainstem is
essentially normal and NIR assessment is appropriate. F.
No contraindications to NIR testing, no
contraindications to EEG testing, and no cerebral
structural abnormalities as determined by the imaging
physician. G. Able to cooperate in observing adverse
events and efficacy. H. Female patients with a negative
pregnancy test. I. Cardiac, pulmonary, hepatic and renal
functions are essentially normal. Expected survival time:

>3 months. J. Written informed consent signed by the

patient’s legal representative.

(1) The new brain trauma was diagnosed by head

imaging and met the evaluation criteria of consciousness
Based on
disorder. (2) After 3 days of surgical treatment, there are
functional near
still conscious disorders, and the score of Glasgow
infrared
Coma Scale (GCS) is less than 13. It is estimated that the
spectroscopy, the
ICU stay will be no less than 14 days. At present, the
effect of
condition is stable, with no serious infection and stable
acupuncture on
vital signs. (3) Consciousness was clear before injury, Interventional December 31,
ChiCTR2400083564 brain network Acupuncture
and there was no primary disturbance of consciousness study 2025
activation in
and serious cerebrovascular disease. (4) The age is

18 ~ 60 years old. (5) No skull defect. (6) The family

members signed the informed consent form and

patients with
consciousness

disorder after
volunteered to participate in the study. (7) No
brain injury was
acupuncture treatment was performed in the last
studied
2 weeks. (8) No contraindications to acupuncture:

needle sickness, hemophilia, severe skin infection, etc.

(Continued)
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TABLE 2 (Continued)

10.3389/fneur.2025.1524806

Registration Public title Inclusion criteria Study type  Observations/ Expected
number: treatment end time
measures
Patient 1. Patients meeting the European Society of
Neurology guideline PDoC criteria (more than
4 weeks after brain injury). 2. UVS/VS or MCS were
diagnosed after 5 CRS-R assessments within 1 week.
Modulation of 3. The cause was clear and the vital signs were
cerebral cortex stable. 4. MMN amplitude of auditory evoked
activity by potential test was >0.6 pV and < 3 pV; 5. Age 18- Group: Patient control
auditory sensory 75 years old. 6. Right-handed. 7. Have not group placebo
Interventional
ChiCTR2300074202 stimulation in participated in other clinical studies in the past 4 Group: Patient July 31, 2026
stu
patients with 3 months. 8. Sign an informed consent form signed Y intervention group
disorder of by a family member or authorized person. Healthy FAST scheme
consciousness: An | person 1. Match the age of the patient, between 18
fNIRS study and 75 years old, regardless of gender; 2. Good
health, no circulatory system, nervous system,
mental and metabolic disorders and other diseases;
3. Having full capacity for civil conduct; 4. The
subject voluntarily signs the informed consent.
Application and
1. Meet the B6:C7diagnostic criteria for UWS as proposed
construction of
by Giacino in 2010 for the international diagnosis of MCS
outcome
in 2002; or have had MCS or UWS in the past and now
prognostic model
have EMCS; and normal individuals; 2. Patients without a Multidimensional
in prolonged
recent tendency to improve consciousness who have been Observational stimulus (sensory, December 31,
ChiCTR2300072736 disorders of
ill for more than 1 month; 3. No sedative or antiepileptic study motor, cognitive) 2025
consciousness
medication within the last 1 month; 4. No significant assessment
patients based on
cerebral edema and no severe brain atrophy; 5. Age 18—
functional near
70 years; 6. Normal control or informed consent signed by
infrared
the patient’s family.
spectroscopy
1. Refer to Wang Zhongcheng Neurosurgery to
formulate diagnostic criteria for the formation
mechanism of craniocerebral injury coma and the
timing of recovery-promoting treatment: (1) There is
an obvious history of craniocerebral injury and
cerebral hemorrhage, and some patients have a
history of brain herniation; (2) Patients with severe
craniocerebral injury diagnosed by head CT or MRI
Euroregulatory
and clinical examination (such as observation of
mechanisms of
pupils, etc.) and admitted to hospital within 24 h
thalamo-cortical
after injury; (3) GCS score for coma, coma of more Routine rehabilitation +
circuit rTMS in Interventional
ChiCTR2300071307 than 6 h after injury or deterioration of Transcranial magnetic April 30, 2025
consciousness study
consciousness within 24 h after injury and coma stimulation (1HZ)
disorders based
again for more than 6 h; (4) Under the age of 70; (5)
on multimodal
Survival period >72 h with stable vital signs, case
techniques
observation for 72 h after surgery, no active
intracranial hemorrhage; (6) All are inpatients in the
intensive care unit of our hospital, and have medical
records; (7) The patient’s family members gave
informed consent to the treatment and signed the
informed consent form. Those who meet the above
diagnostic criteria can be included in the treatment
observation cases.
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intracranial space; secondly, the overall absorption coefficients
of chromophores (water, hemoglobin, etc.) are relatively low,
ensuring that the light is not entirely absorbed before it exits the
scalp and reaches the detector; and lastly, there is a significant
difference in the absorption coefficients of HbO and HbR within
this range. Consequently, it is possible to select two or more
wavelengths and, by leveraging the differences in absorption
coefficients between HbO and HbR at these wavelengths,
separately determine the concentration changes of HbO and
HbR. After near-infrared light is emitted from the source, it
passes through the scalp, skull, and cerebrospinal fluid, entering
the cerebral cortex where it undergoes absorption, scattering, and
refraction before reaching the detector, exhibiting a typical
“banana” shape, as shown in Figure 3. The typical {NIRS system

10.3389/fneur.2025.1524806

consisted of several sources and detectors with a 3 cm source-
detector separation (34). During the data analysis process, the
modified Beer-Lambert law (MBLL) (35) is applied to infer
backward from changes in light intensity to calculate changes in
hemodynamic responses, which allows for the deduction of
neural activity in the brain, and subsequently, the analysis of the
synergistic actions between various brain regions during
task execution.

In the field of DoC, fNIRS plays a pivotal role in assessing residual
consciousness by measuring changes in hemodynamics and evaluating
brain functional connectivity (31). It can also assess brain activity in
DoC patients using MI task paradigms (36). Additionally, fNIRS is
effective in evaluating treatment efficacy by monitoring oxygenation
changes during various therapeutic interventions (32).

Monitoring and Assessment of Residual Conciousness

Resting State Connection Diagram Task State Activation Diagram

Limitations Prospects

Signal quality Improvement of technical precision

Spatialresolution fNIRS-based hyper scanning

Standardized approach

Large-scale research
Changes in brain structure 9

Limitations of single mode Multi-modal fusion

FIGURE 2

clinical applications.

Methods for diagnosing and assessing different levels of DoC by fNIRS. fNIRS technology has made recent advances in the direction of deep brain
electrical stimulation, spinal cord electrical stimulation, and brain-computer interfaces. fNIRS has problems and challenges, as well as trends in future

Quantitative evaluation of Neuromodulation Therapy Effects

Deep brain stimulation Spinal cord stimulation

Brain-computer interface
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30mm -- 40mm

Detector Source Detector

FIGURE 3

The technical principles of fNIRS. The detector is the receiving light source, and the source is the emitting light source. Generally, the detector and
source are 3-4cm for adults and 1-1.5 cm for children. The changes in light intensity of the emitting and receiving light sources respond to changes in
blood oxygen concentration in the cerebral cortex and then speculate on neuronal activity.
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2.2 fNIRS system

fNIRS is a non-invasive imaging technology that measures
blood oxygenation changes in brain tissue, offering significant
potential in assessing patients with DoC (37). Key aspects of
fNIRS use in DoC include system types, sensor configuration,
and data analysis methods, each of which has a profound impact
on measurement accuracy, data complexity, and clinical
applicability. Table I presents a comprehensive overview of the
application of fNIRS in patients with DoC. The table is organized
into two main sections: Patient Information and Equipment
Details. In the Patient Information section, key demographic and
clinical details are provided, including age, gender, etiology, and
time since onset. Additionally, the paradigms employed in the
studies are summarized, encompassing resting-state assessments,
active paradigms (e.g., MI tasks), and passive paradigms (e.g.,
subject’s name). The Equipment Details section outlines the
technical aspects of the studies, such as the specific fNIRS
systems used, the number of channels employed, and the
analytical methods applied. It also includes information on the
targeted brain regions selected based on the experimental design
and clinical objectives, highlighting the tailored approach for
evaluating DoC patients.

2.3 fNIRS instrumentation

fNIRS systems can be classified into three main categories:
continuous wave (CW), frequency domain (FD), and time domain
(TD) systems. CW systems are the most used fNIRS systems. They
utilize a constant-intensity near-infrared light source to measure
absorption differences across various wavelengths, thus estimating
relative concentration changes in HbO and HbR (19). CW systems
are relatively simple, low-cost, and allow for rapid data acquisition,
making them ideal for bedside monitoring and high-throughput
CW
concentration changes, lacking the capacity to provide absolute

research. However, systems measure only relative
concentrations of HbO and HbR. Without information on photon
travel time or phase shift, CW systems have inherent limitations
in accuracy (38). FD technology employs intensity-modulated
near-infrared light, where the incident light intensity is modulated
with a sinusoidal wave at a frequency of 100-200 MHz on top of

a steady-state value (39). As the incident light propagates through

10.3389/fneur.2025.1524806

tissue, it experiences attenuation and scattering, leading to a
reduction in the amplitude of the high-frequency sinusoidal wave
and a phase delay. By detecting the emitted light and demodulating
it, amplitude attenuation and phase shift can be utilized to obtain
the tissue’s absorption and scattering coefficients. From these
optical parameters, the absolute concentrations of oxygenated and
deoxygenated hemoglobin in the tissue can be determined (40).
FD systems use modulated light sources to measure phase shifts
and amplitude variations, enabling the estimation of absolute
HbO and HbR concentrations (40). FD systems provide high
accuracy and absolute concentration measurements, which are
critical for precise hemodynamic assessments in DoC patients.
Compared to CW systems, FD systems are more complex and
expensive, limiting their widespread application in clinical
settings (25). TD systems emit ultrashort light pulses and measure
the distribution of photon travel times within tissue, capturing
detailed absorption and scattering properties (41). TD systems
offer the most precise measurements of absolute concentrations
and tissue scattering, making them suitable for in-depth research.
TD systems are the most complex and costly, with high data
processing demands, making them less feasible for routine clinical
use. TD systems and FD systems can provide more detailed
information, but their technology is more complex, and the
equipment is significantly more expensive than that of CW
systems, with lower signal-to-noise ratios, thus limiting their
applications (42). The vast majority of near-infrared imaging
instruments utilize CW systems. In cases where absolute
concentrations of HbO and HbR are required, FD systems offer a
higher signal-to-noise ratio and faster acquisition speed compared
to TD systems, but it is slightly inferior to TD systems in
distinguishing between scattering and absorption effects and in
terms of depth resolution (16, 42). A comparative analysis of three
technologies is presented in Table 3.

2.4 Arrangement of fNIRS optodes

The number and placement of fNIRS sensors (light sources and
detectors) significantly impact measurement accuracy and spatial
resolution. A higher number of {NIRS optodes enables greater cortical
coverage and precision, but it also increases data volume and
complexity. Configurations typically range from a few to dozens of
optodes, depending on the areas of interest (20).

TABLE 3 Comparison of fNIRS systems with three different modulation techniques.

Continuous wave (CW)

Frequency domain (FD) Time-resolved (TD)

Measurement signal Relative optical intensity change Relative optical intensity and phase change Time-of-flight curve and relative
optical intensity change

Functional parameter Relative Hb Absolute Hb Absolute Hb

SNR High Moderate Low

Depth resolution Low High Moderate

Instrument size Some bulky, some small Bulky Bulky

Instrument cost Some low, some high Very high Very high

Level of application maturity High Moderate Low

Hb, Hemoglobin; SNR, Signal-to-Noise Ratio.
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The International 10-20 system is widely adopted in {NIRS studies
for its standardized and consistent approach to optode placement,
ensuring optimal coverage of critical cortical regions such as the
prefrontal, parietal, and temporal lobes. Approximately 70% of fNIRS
studies in DoC research utilize montages based on the 10-20 system
due to its reliability and compatibility with existing neuroimaging
methods (41, 43). This system facilitates cross-study comparisons and
provides a foundation for interpreting functional brain activity in
DoC patients. However, alternative optode configurations have also
been employed to meet specific research and clinical needs. High-
density optode grids, for instance, offer improved spatial resolution,
allowing for more detailed mapping of cortical activation patterns.
Despite their advantages, these configurations often require more
complex data processing and are less portable, making them
challenging to implement in bedside settings (16). Conversely, sparse
optode arrangements prioritize portability and ease of application,
particularly in clinical environments. While these setups are
advantageous for rapid assessments, they may compromise spatial
resolution and limit the ability to detect activity in deeper cortical
regions (44). Hybrid approaches, which combine high-density grids
for key cortical areas with sparse arrangements for peripheral regions,
aim to balance these trade-offs (45). These variations in optode
placement underscore the importance of selecting appropriate
configurations based on study objectives and patient conditions. The
flexibility of fNIRS in accommodating different sensor montages
highlights its adaptability and potential for diverse clinical and
research applications in the DoC field.

2.5 Data analysis methods in fNIRS

Theoretically, fNIRS data would solely encompass the blood
oxygenation signal components induced by experimental tasks.
However, in practical data acquisition processes, various types of noise
are inevitably superimposed on the data. The sources of noise in
NIRS data are diverse: the measurement system, physiological origin,
and head/body motion (46). Below are several common types of
NIRS noise and their removal methods. Firstly, systemic physiological
changes affect cerebral hemodynamics. The primary physiological
factors that can confound fNIRS measurements include fluctuations
in the partial pressure of carbon dioxide (PaCO2) (around 0.2-0.6 Hz),
systemic blood pressure (around 0.1 Hz), and alterations in heart rate
(around 0.8-1.6 Hz) (47, 48). Secondly, signal drift is a pervasive type
of noise in fNIRS brain imaging signals, typically manifesting as slow
fluctuations over extended periods. Signal drift can alter the baseline
of fNIRS signals. The sources of fNIRS brain imaging signal drift are
complex and include interference noise during the signal acquisition
process of the imaging system (such as the effects of the machine
gradually warming up during operation), as well as the slow head
movements of the subject that are imperceptible to the naked eye
during the experiment. Thirdly, head motion and motion artifacts
(MA) are a common type of noise in fNIRS signals; subject head
movements or limb activities may lead to poor contact between the
optodes and the scalp, often reflected as large jumps in the signal.
Generally, fNIRS has a low signal-to-noise ratio, and without
“denoising,” it will directly affect the subsequent calculation of
individual hemodynamic response indicators and may even lead to
false group activations. Bandpass filtering can be used to remove
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high-frequency cardiac signals and low-frequency drifts in the optical
signal (49). It is crucial to pay special attention to not disrupt the
frequencies related to the experimental tasks during the filtering
process. Otherwise, the expected activation results cannot be obtained.
Nevertheless, the frequency range of respiratory and Mayer wave
oscillations coincides with that of the hemodynamic response, thus
precluding their simple elimination via bandpass filtering (50). Due
to the abundance of capillaries in superficial tissues such as the scalp,
skull, and meninges, physiological fluctuations such as respiration and
heartbeat, as well as task-related autonomic nervous activities, can
cause changes in the concentration of hemoglobin in these capillaries.
When near-infrared light passes through these superficial tissues,
changes in the concentration of hemoglobin in the superficial vessels
also lead to variations in the optical attenuation of {NIRS. Superficial
physiological noise has a significant impact on fNIRS signals (51).
Currently, the short-channel subtraction has been considered the ‘gold
standard’ to reduce the responses from the extracerebral tissue in
fNIRS data (52). The optical path of short interoptode channels is
relatively shallow, generally passing only through superficial tissues
without reaching the cerebral cortex. Therefore, it is generally believed
in the academic community that short interoptode channels primarily
record superficial physiological noise. This method employs additional
short-distance fNIRS channels to record the superficial physiological
noise and subsequently removes it from the signal (53). Alternative
approaches are data-driven signal processing methods that decompose
the fNIRS signals into its brain and systemic components, e.g.,
principal component analysis (PCA) (46). In previous publications,
PCA has been widely used to remove head motion and motion
artifacts in fNIRS data (54-56). In DoC patients, sensor placement
strategies that reduce susceptibility to movement artifacts are
particularly valuable given the limited ability of these patients to
remain still (57, 58).

Time-domain analysis evaluates changes in light intensity over
time to correlate hemodynamic responses with specific tasks or
stimuli. In DoC research, this method is widely used to assess brain
responses to external stimuli, helping to detect residual cognitive
activity. For instance, Pipeline 1 involves preprocessing steps such as
motion artifact removal and signal detrending, followed by task-based
averaging to identify significant activation. Pipeline 2 incorporates
additional steps like deconvolution modeling to enhance temporal
resolution, allowing for the differentiation of overlapping
hemodynamic responses. A recent meta-analysis revealed that 70% of
studies employed Pipeline 1 due to its simplicity, while 30% utilized
Pipeline 2 for more complex paradigms. Pipeline 1 is advantageous for
rapid analysis but is limited in detecting subtle temporal changes,
whereas Pipeline 2 provides greater accuracy at the cost of
computational complexity (16, 44). Frequency Domain Analysis
examines the power spectral density of fNIRS signals, capturing brain
wave activities such as alpha and theta waves, as well as low-frequency
oscillations (0.01-0.1 Hz) (45). Frequency domain analysis is useful
for understanding neural networks and functional connectivity
changes in DoC patients. By combining multi-channel data, spatial
analysis generates maps of brain activity, allowing for the visualization
of functional distribution across different cortical areas (59). Spatial
analysis generates brain activity maps by combining multi-channel
data to visualize functional distribution across cortical areas.
Techniques such as t-maps, derived from statistical comparisons of
task versus baseline HbO levels, are commonly employed to identify
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active regions. Additionally, functional nodes and network hubs are  applications in DoC patients. In the upper-left green frame, the
identified through clustering algorithms, offering insights into the  focus is on the diagnostic and assessment capabilities of {NIRS for
spatial organization of neural networks. This approach has beenused =~ DoC patients. This includes detecting residual consciousness
to map activity in regions like the PFC, SMA, and FPA, providinga  during resting states and evaluating brain activation during task
detailed understanding of localized brain functions (45, 60). This  states. These applications underscore the potential of {NIRS as a
approach provides valuable insights into the regional brain activity = non-invasive tool for identifying preserved cognitive and motor
patterns in DoC patients. Functional connectivity analysis assesses the ~ functions in patients with DoC. The lower-left blue frame
synchronized activity across brain regions, revealing the organization =~ addresses the main limitations and prospects of fNIRS. Key
of functional networks (16). Changes in functional connectivity offer ~ challenges include limited spatial resolution, signal interference
essential information on the integrity of neural networks, making this ~ from extracerebral tissues, and the need for advanced signal
approach particularly useful in DoC assessments. processing techniques. Future advancements, such as improved
In summary, {NIRS is a promising tool for DoC assessment, with ~ sensor designs and multimodal integration with other imaging
unique advantages such as non-invasiveness, portability, and real-time ~ modalities, are anticipated to enhance the accuracy and clinical
monitoring capabilities. This discussion highlights several gaps in  utility of fNIRS. In the yellow frame on the right, the therapeutic
current research on fNIRS for DoC applications and potential  applications and future potential of fNIRS are explored. Emphasis
directions for future studies: Current DoC studies predominantly  is placed on its integration with neuromodulation techniques,
utilize CW systems, with limited exploration of FD and TD systems ~ such as DBS and SCS, to monitor and optimize therapeutic
in clinical settings. Future studies should investigate FD and TD  outcomes. Additionally, the development of BCIs presents a
systems to improve accuracy and enable absolute concentration  promising direction for combining fNIRS with advanced
measurements. Furthermore, increasing sensor density and  neurotechnology to refine treatment strategies and improve
optimizing placement strategies for critical cortical regions, such as  patient prognoses.
the PFC and SMA, could enhance spatial resolution and reduce From 1993 to 2024, 243 institutions have participated in fNIRS
MA. Finally, adopting multidimensional analyses, including spatial ~ research (Figure 4). Research on fNIRS spans 35 countries, with the
and connectivity measures, may uncover complex network dynamics ~ United States leading in publication output: the earliest
in DoC patients, advancing diagnostic and therapeutic strategies. U.S. publications date back to 2002, with 40 articles. The U.S. also
holds the strongest intermediary position in collaborative networks.
China ranks second, with 35 publications. Although China’s
3 Clinical a pplications of fNIRS in DoC engagement in NIRS research began later than the U.S., the minimal
difference in publication volume underscores China’s growing interest
Figure 2 provides a comprehensive summary of the application  and active involvement in fNIRS research (Figure 5). In China, fNIRS
of fNIRS in the field of DoC, highlighting its current and future  research is mainly conducted at leading cognitive psychology
roles in clinical and therapeutic contexts. The figure is divided into  institutions such as Beijing Normal University. fNIRS research
four sections, including a schematic representation of fNIRS involves psychology, sociology, aerospace, and other related

Chinese Academy of Sciences
Western University (University of Western Ontario)
National Taiwan University

University of Michigan System University of London
University of Copenhagen National Yang Ming Chiao Tung University
University of Michigan University College London

State University of New York (SUNY) System

Yele Universfty Institute of Automation
Princeton University
University of Texas System

\

o Capital Medical University

Eberhard Karls University of Tubingen
Nankai University

Beijing Information Science & Technology University University Zurich Hospital

University of Queensland
University of Electronic Science & Technology of China

Harvard University

FIGURE 4

Institutional Contributions to fNIRS Research. Each node in the figure represents a research institution. The font size of the institution name
corresponds to the number of articles published, with larger font sizes indicating higher publication output. The density of connections between nodes
reflects the level of collaboration between institutions, with thicker or denser connections signifying stronger cooperative relationships.
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cognitive-behavioral research (61, 62). In the medical field, {NIRS is
increasingly used in psychiatry, pain management, rehabilitation, and
neurosurgery. Its applications range from disease diagnosis to
supporting the development of brain-computer interface technologies,
demonstrating its growing importance as an auxiliary clinical
diagnostic tool (63-65). These statistical diversities of the literature
represent the current research hotspots of fNIRS in the field of DoC,
highlighting the expanding role of fNIRS in bridging cognitive science
and clinical medicine, paving the way for future research and
practice advances.

3.1 Monitoring and assessment of residual
consciousness

Numerous studies suggest that the human brain operates within
a sophisticated network for functional connectivity and integration.
This network exhibits a delicate balance between spontaneous
segregation and integration during neuronal activity, which is essential
for cognitive, perceptual, or motor signaling (66, 67). Its strength is
typically assessed using correlation coeflicients and quantified using
graph-theoretic topological analysis of resting-state data (68, 69).

In patients with DoC, the functional connectivity of the
resting-state brain network is significantly disrupted, with
diminished strength compared to that of healthy individuals (70).
Specifically, the functional connectivity in the frontal lobes,
particularly the frontal pole region and the right dorsolateral
prefrontal cortex, is severely impaired in patients with MCS (71-
73). CRS-R remains the clinical gold standard for distinguishing
between VS and MCS (74). However, behavioral assessments based
on the CRS-R are prone to subjective, influenced by the clinical
assessor’s understanding of DoC criteria and their application of
quantitative scales. Such variability may result in biased or
erroneous diagnoses (6, 75, 76) To address these limitations,

10.3389/fneur.2025.1524806

objective assessment tools are essential for accurately evaluating
the sensory, motor, and cognitive functions of DoC patients and
for predicting neurological recovery (76, 77). These tools provide
a crucial complement to subjective assessments, enabling more
reliable and standardized evaluation methods. Experimental
paradigms for detecting and assessing levels of consciousness
typically fall into two categories: resting-state brain functional
connectivity analyses and task-based brain response analyses, the
latter of which includes both passive and active paradigms.

3.1.1 Resting-state paradigm

The fNIRS resting-state paradigm is primarily utilized to
evaluate the functional brain state of patients with DoC. It allows
clinicians to more accurately assess patients’ level of
consciousness, thereby supporting informed clinical management
and decision-making. After mitigating noise from physiological
artifacts, such as respiration and heartbeat, resting-state fNIRS
data analysis can produce robust correlation maps and theoretical
indicators. These indicators represent functional connectivity
between brain regions, offering valuable insights into spontaneous
brain activity in the absence of specific tasks and its relationship
with disease (78, 79).

Liu et al. demonstrated the efficacy of resting-state fNIRS in
detecting residual neurofunctional connectivity, confirming its
effectiveness in identifying the status of DoC patients (80). Similarly,
Urquhart et al. highlighted the feasibility of using fNIRS in various
functional connectivity metrics, showing how physical activity
influences cortical networks across different frequency bands (81).
Furthermore, He et al. assessed residual consciousness in 18 DoC
patients using resting-state fNIRS and applied graph-theoretic
analyses to improve classification accuracy. Their findings provided
valuable insights into the diagnosis of DoC patients and enhanced
understanding of the pathological mechanisms underlying DoC,

thereby advancing prospects for neurological recovery (31).
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3.1.2 Active paradigm

Using the fNIRS, patients with DoC can be assessed for residual
consciousness through passive tasks and active commands-based
paradigms. In clinical practice, fNIRS has demonstrated its value in
identifying patients with locked-in syndrome or impaired consciousness,
thereby expanding its clinical applicability (12). “One approach involves
measuring changes in prefrontal blood oxygenation in response to
auditory stimuli. For instance, patients are asked to listen to two simple
questions and imagine answering ‘yes or ‘no.”. Results showed that some
of the MCS patients and one patient with UWS exhibited blood
oxygenation changes consistent with patterns observed in healthy
controls, indicating residual verbal comprehension and volitional
expression (42). Another study demonstrated that three out of five MCS
patients produced with one patient answering all questions accurately
using this method. This study confirms the feasibility of the fNIRS in
detecting residual cognitive abilities in DoC patients through active
command-driven MI (28). fNIRS technology provides a non-invasive and
reliable means to measure neuronal activity and assess stimulus-response
relationships in DoC patients, offering critical insights into their potential
for neurological recovery. This capability can significantly influence their
future treatment strategies and clinical management.

Patients with different types of docs are instructed to imagine
performing simple or complex movements, such as speaking or shaking
a fist, to assess their motor function and recovery potential using MI tasks
under active command, which can be divided into visual and motor tasks.
These tasks, categorized as visual or motor, are closely linked to the
corticomotor system, as demonstrated by visual and kinesthetic imagery
(82). One study found that some MCS could follow commands to imagine
shaking a fist with either their left or right hand. The cortical
hemodynamic changes measured by fNIRS in these patients were
consistent with those observed in healthy controls (36). Another study
compared the hemodynamic responses of the MCS and UWS patients
during imagery tasks, revealing that the MCS group exhibited higher
hemodynamic responses and better CRS-R scores, whereas the UWS
group showed no significant changes (83). These findings suggest that
MCS patients have greater potential for neurological recovery.
Furthermore, fNIRS has proven to be a convenient and effective tool for
detecting residual communication and awareness in DoC patients.

3.1.3 Passive paradigm

NIRS can assess different degrees and types of Docs by detecting
cognitive or perceptual responses to stimuli that do not require active
participation or response. These stimuli may include touch, images,
and sounds. For instance, one study used fNIRS to measure prefrontal
blood oxygenation changes in patients with prefrontal blood oxygen
changes in patients with VS, MIS, and MCS as they listened to
recordings of their names and unfamiliar names (84).

3.2 Quantitative evaluation of
neuromodulation therapy effects

Neuromodulation therapy plays a pivotal role in treating
refractory neurological disorders such as epilepsy, Parkinson’s disease,
and depression (85, 86). This technology encompasses both
non-invasive and implantable approaches, delivering electromagnetic
stimulation or chemical agents to targeted regions of the management
of DoC, SCS and DBS are the most commonly employed
neuromodulation techniques (87).
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3.2.1 Deep brain stimulation

The precise mechanism of action of DBS remains unclear, but it is
widely believed to regulate neurotransmitter release, inhibit abnormal
neural activity, stimulate synapse activity and neural remodeling, and
alleviate symptoms of brain dysfunction (88). The first documented
use of DBS in treating DoC was reported in 1969, demonstrating its
potential to restore conscious arousal and pathways following loss of
consciousness (89, 90).

DBS is a critical tool in neuromodulation and monitoring cognitive
function during stimulus on and off periods is essential to evaluate its
modulatory effects. A recent study utilized {NIRS to measure blood
flow changes in the frontal, parietal, and occipital lobes. The findings
revealed that global communication efficiency correlated significantly
with the CRS-R index (slope = 57.384, p < 0.05, r = 0.483), while no
significant relationship was observed between changes in
communication strength across six brain lobes and the CRS-R index
(91). The integration of fNIRS into DBS therapy provides valuable
insights into its impact on neurological restoration and recovery in
DoC patients. This combination underscores the potential of fNIRS-
based functional connectivity analysis as a powerful quantitative

assessment tool in neuromodulation research and clinical applications.

3.2.2 Spinal cord stimulation

SCS has been studied using the fNIRS passive paradigm. Unlike
fMRI, fNIRS is unaffected by metallic implants, such as deep or spinal
cord stimulators, making it suitable for assessing real-time activity
changes during neuromodulation therapy in patients with DoC. This
capability provides crucial clinical guidance for regulating the
frequency and duration of stimulation during SCS therapy. Zhang et al.
reported a significant increase in cerebral blood volume in the
prefrontal and occipital cortex when SCS was applied at a stimulation
interval of 30 s. Their findings suggest that optimizing stimulation
intervals can promote neurological function recovery in DoC patients,
offering robust evidence and a feasible research paradigm for further
quantitative assessment of treatment effects (33). Si et al. measured
hemodynamic changes in the prefrontal and occipital lobes of DoC
patients at varying frequencies using SCS. They observed that high-
frequency SCS at 70 and 100 Hz significantly enhanced the cerebral
hemodynamic response in the prefrontal region, with SCS at 70 Hz
notably improving functional connectivity between the prefrontal and
occipital lobes (92). In conclusion, fNIRS-based visualization enhanced
the standardization of SCS therapy and supports neurological recovery
in DoC patients.

Additionally, fNIRS-based the
standardization of SCS therapy and supports neurological recovery in

visualization ~ enhances
DoC patients. Additionally, closed-loop neuromodulation techniques
such as repetitive transcranial magnetic stimulation (rTMS) and vagus
nerve stimulation (VNS) are widely employed in DoC treatment.
However, research combining these techniques with fNIRS remains
limited. Future studies exploring the use of fNIRS to evaluate the
therapeutic effects of rTMS and VNS in DoC may provide valuable
insights into the advancement of neuromodulation strategies.

3.3 BCI

BCI technology enables direct interaction between the brain and
external devices by deciphering neural activity, serving as a means of
communication and neurological function recovery. It has been
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applied in various fields, including communication, artificial
intelligence, and biomedicine. In recent years, fNIRS-based BCI has
shown significant potential in facilitating communication for patients
with DoC. Natio et al. demonstrated the feasibility of using fNIRS to
analyze cerebral blood flow, enabling communication with
amyotrophic lateral sclerosis patients in complete locked-in syndrome.
This study highlights the potential of {NIRS in establishing effective
(93). Notably, fast and efficient fNIRS-BCI
communication has been achieved in as little as 2 s (94).

BCI systems

MI and mental arithmetic are the two most common paradigms in
fNIRS-based BCI applications. The MI paradigm is particularly
suitable for patients with severe physical impairments, as it does not
require intact thalamocortical tracts (95). Linguistic imagery tasks,
where patients can imagine speaking sentences, words, or numbers, are
also employed to evaluate language-related brain activity and assess
nerve conduction, linguistic function, and prognosis (84, 96, 97).
fNIRS has been used to measure blood oxygenation changes in the
frontotemporal lobes of doC patients imagining themselves uttering a
sequence of numbers. Some MCS patients exhibited blood oxygenation
patterns consistent with those of healthy controls, suggesting residual
memory and language production abilities, as well as potential for
rehabilitation (98). Integrating fNIRS with EEG enhances BCI
performance, creating a weighted assessment system capable of stable
long-term monitoring (99). Mental arithmetic, involving simple
calculations without external aids, is another widely used paradigm.
Since the prefrontal cortex is less prone to data noise due to minimal
hair interference, it is often the preferred region for NIRS studies (100,
101). Mental arithmetic has been successfully applied in BCI research
with both brain-injured patients and healthy controls (100).

The fNIRS-based BCI classification approach currently lacks the
consistency needed to meet the performance standards required for
practical, real-world applications. A “real BCI” refers to a system
designed for dynamic, real-world environments that demands high
classification accuracy (typically >80%), robustness across users and
settings, sufficient information transfer rates, and ease of use. These
criteria are critical for reliable applications in clinical and assistive
technologies. Recent research has demonstrated promising
advancements in this area. Zhang et al. developed a convolution-based
conditional generative adversarial network (CGAN) with an improved
Inception-ResNet architecture for fNIRS-BCI classification. Their
method, tested on MA and mental singing (MS) tasks, achieved a
maximum accuracy of 92%, showcasing its potential for high-precision
applications (102) Similarly, Jinuk et al. utilized a deep convolutional
neural network to distinguish between idle-state and mental arithmetic
tasks, achieving classification accuracies exceeding 85%. This approach
reduced the need for extensive calibration sessions, thereby improving
the practicality of subject-independent fNIRS-BCI systems (103). In
addition to widely used machine learning algorithms such as support
vector machines (SVM) and linear discriminant analysis (LDA),
channel selection methods based on positive Z-scores have been
employed to enhance fNIRS-BCI performance. The Z-score method
significantly improved classification accuracies, achieving 87.2 + 7.0%,
88.4 +6.2%, and 88.1 £ 6.9% (p < 0.0167) for left MI vs. rest, right MI
vs. rest, and mental arithmetic vs. rest, respectively. This approach was
further validated using an open-access dataset of 17 subjects (104).

BCI systems have been extensively applied to detect cognitive
functioning and consciousness in patients with DoC. For example,
Guger et al. reported that BCI systems enable efficient and effective
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communication in patients with locked-in syndrome (105).
Additionally, EEG-BCI systems have been used to detect mood
alterations and command-following abilities in one-third of DoC
patients (106). While the utility of BCI systems in neurological
applications is well-documented, research specifically on {NIRS-based
BCI systems for DoC patients remains limited. Preliminary findings
from other populations suggest that fNIRS-BCI technology could
provide valuable insights into brain function. However, its feasibility
and effectiveness in supporting prognostic judgment and clinical
decision-making for DoC patients require further validation.
Nevertheless, the non-invasive nature, portability, and cortical activity
assessment capabilities of fNIRS-BCI systems position them as
promising tools for aiding functional and cognitive recovery in DoC
patients. Continued research in this field could establish a robust
foundation for integrating fNIRS-BCI into clinical practice.

4 Limitations and prospects
4.1 Limitations

fNIRS is an innovative neuroimaging technique capable of
assessing residual consciousness and potential neural functions in
patients with DoC. By utilizing various near-infrared brain imaging
paradigms or tasks, fNIRS can explore cortical structures and neural
network restoration, providing valuable guidance for diagnosis,
evaluation, and treatment (107, 108). However, several limitations and
challenges remain. These include issues with signal quality, spatial
resolution, and the lack of standardized protocols, all of which require
further investigation and refinement for clinical use. Technical
challenges in fNIRS data collection often arise from craniocerebral
injuries, such as the effects of intracranial hemorrhages on imaging
and poor signal quality due to suboptimal contact between cranial
surgical probes and the scalp. Additionally, structural changes in the
brain may further degrade signal quality in functional regions (109,
110). Furthermore, fluctuations in alertness, awareness, and
concentration in DoC patients present another challenge, complicating
the reliability of fNIRS measurements.

4.2 Prospects

Among neuroimaging modalities for DoC detection, EEG and
fMRI are more commonly used. EEG offers high temporal resolution
and has advanced task-based paradigms for assessing and classifying
DoC patients, while fMRI provides high spatial resolution and unique
insights into functional brain networks. However, fNIRS has emerged
as a promising tool for DoC assessment, offering moderate spatial and
temporal resolution, superior portability, and cost-effectiveness.
Future research in the following areas could enhance its utility.

4.2.1 Improvement of technical precision

Most NIRS research has focused on detecting brain activity
through sensorimotor activity in MI paradigms. However, its sensitivity
for detecting task-related activation in single-subject data remains
inadequate for clinical applications. Many studies rely on simpler, less
sensitive continuous-wave devices. Advancing the use of high-channel-
density frequency-domain and time-domain fNIRS systems could
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enable the capture of clinically meaningful brain responses at higher
resolutions. Developing sensitive fNIRS markers for MI, particularly
in the sensorimotor cortex, which is easily accessible via scalp-based
sensors, would be invaluable for DoC patients.

4.2.2 Multi-modal fusion

Multimodal brain imaging can address the limitations of single
modalities by extracting complementary features. Integrating fNIRS with
other neuroimaging methods, such as EEG, could provide a more
comprehensive and accurate assessment of DoC. Advanced machine
learning techniques, including artificial neural networks, could further
enhance the sensitivity of fNIRS (111). Recent studies combining fNIRS
and EEG for BCI applications have shown that these techniques can meet
clinical standards for DoC assessment. The consistent and complementary
nature of EEG and fNIRS signals—EEG offering high temporal resolution
and fNIRS providing insights into neurovascular coupling—has proven
effective. For instance, coupling between fNIRS oxygenated hemoglobin
(0.07-0.13 Hz) and EEG band power (1-12 Hz) in the frontal region has
been shown to predict consciousness recovery following acute brain
injury. Such findings highlight the potential of fNIRS-EEG as a valuable
addition to multimodal neuromonitoring (112, 113). Some studies use
fMRI to improve the modeling of fNIRS-collected brain data to provide
an initial roadmap and for fMRI researchers to add fNIRS experimental
assays to their study subjects (114). Mixed-modality imaging may become
the future standard for assessing disorders of consciousness.

4.2.3 Large-scale research

Understanding the relationship between fNIRS signals and
patients’ consciousness states requires larger datasets. Different types
of DoC may exhibit distinct fNIRS signal patterns, necessitating
extensive clinical studies to classify and validate these differences.
Large-scale research will be crucial for verifying the validity and
feasibility of fNIRS as a reliable tool for detecting and evaluating
consciousness in DoC patients.

4.2.4 fNIRS-based hyperscanning

Hyperscanning, which allows simultaneous recording of neural
signals from two or more participants, was first applied to fNIRS in
2012 to study neural activation during social interactions (115). For
example, eye contact between individuals activated relevant neural
systems that could not be captured under static conditions. The central
subcentral gyrus (BA43) was selectively activated during eye contact,
demonstrating connections to facial, linguistic, sensorimotor, and
executive functions. This study provided insights into the continuous,
bidirectional flow of social interactions. Future fNIRS research could
focus on sensory processes underlying coherent neural activity during
real-time, spontaneous human interactions, offering new avenues for
understanding social and neural dynamics (116).

5 Conclusion

This review highlights recent advances in the application of {NIRS for
DoC while addressing its current challenges and limitations. As an
emerging neuroimaging technique, {NIRS provides a unique capability to
explore residual consciousness and potential neural functions in DoC
patients, offering valuable guidance for diagnosis, prognostic assessment,
and therapeutic management. However, significant challenges remain,
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including issues with signal quality, spatial resolution, standardized data
analysis, and its limited ability to elucidate specific mechanisms of neural
recovery. Addressing these challenges will require continued research and
technological development.

The integration of multiple imaging modalities to jointly assess
consciousness states presents a promising avenue for improving
clinical diagnosis and prognosis. fNIRS stands out as a non-invasive,
portable, and reliable method for assessing neural activity and
evaluating therapeutic outcomes in DoC patients. Its ability to capture
real-time brain function changes positions it as a critical tool for
guiding treatment strategies and monitoring the efficacy of
neuromodulation therapies. Nevertheless, further research is essential
to enhance its accuracy, spatial resolution, and integration with other
neuroimaging techniques, thereby unlocking its full clinical potential.
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