
TYPE Clinical Trial
PUBLISHED 26 November 2025
DOI 10.3389/fneur.2025.1634701

OPEN ACCESS

EDITED BY

Luodan Yang,
South China Normal University, China

REVIEWED BY

Zhen Yuan,
University of Macau, China
Guoping Peng,
Zhejiang University, China
Jingyang Shan,
Nanjing University of Posts and
Telecommunications, China
Candela Zorzo,
University of Oviedo, Spain

*CORRESPONDENCE

Zhiqian Tong
tzqbeida@ccmu.edu.cn

Xueping Liu
liuxueping1962@163.com

†These authors have contributed equally to
this work

RECEIVED 29 May 2025
ACCEPTED 03 November 2025
PUBLISHED 26 November 2025

CITATION

Huang X, Sun Z, Wu W, Lou L, Wang P,
Wang Q, Fu Y, Xu L, Song M, Zhu L, Huang J,
Ni S, Chen G, Liu X and Tong Z (2025)
Red-light photobiomodulation improves
cognition and neuropsychiatric symptoms in
post-stroke cognitive impairment: a
randomized trial. Front. Neurol. 16:1634701.
doi: 10.3389/fneur.2025.1634701

COPYRIGHT

© 2025 Huang, Sun, Wu, Lou, Wang, Wang,
Fu, Xu, Song, Zhu, Huang, Ni, Chen, Liu and
Tong. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Red-light photobiomodulation
improves cognition and
neuropsychiatric symptoms in
post-stroke cognitive
impairment: a randomized trial

Xuerong Huang1,2,3†, Zihui Sun1,4,5†, Weijie Wu1, Linli Lou1,
Panpan Wang5, Qin Wang5, Yuanyu Fu5, Liange Xu1,
Mengwan Song1, Lidong Zhu1, Jin Huang1, Shaobo Ni1,
Guangyong Chen1, Xueping Liu2,3* and Zhiqian Tong4,5*
1The Third Affiliated Hospital, Wenzhou Medical University, Wenzhou, Zhejiang, China, 2Department of
Geriatric Neurology, Shandong Provincial Hospital, Cheeloo College of Medicine, Shandong
University, Jinan, Shandong, China, 3Provincial Hospital Affiliated to Shandong First Medical University,
Jinan, Shandong, China, 4Department of Science and Education, Beijing Geriatric Hospital, Beijing,
China, 5Zhejiang Provincial Clinical Research Center for Mental Disorders, The Affiliated Wenzhou
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Introduction: Acute stroke patients often develop post-stroke cognitive
impairment (PSCI) and dysthymic disorders. Formaldehyde (FA) induces cognitive
decline and depression; while red light (RL) at 630 nm can degrade FA by
activating FA-dehydrogenase (FDH). This study investigates the therapeutic
effects of a novel RL device on cognitive function and neuropsychiatric
symptoms in patients with PSCI.
Methods: This was an exploratory, parallel-group, randomized controlled trial
with concealed allocation, assessor blinding and intention-to-treat analysis.
Stroke patients (n = 90) were enrolled. A total of 38 patients in the
PSCI group and 44 patients in the PSCI-RL group completed the study.
Participants were followed for 6 months, during which the intervention
phase comprised 3 months of RL therapy or sham stimulation, followed by
continued follow-up. Cognitive [Montreal Cognitive Assessment (MoCA)/Mini-
Mental State Examination (MMSE)], neuropsychiatric [Hamilton Depression
Rating Scale (HAMD), Hamilton Anxiety Rating Scale (HAMA)], and functional
[Barthel Index (BI)] assessments were conducted at baseline and 6 months. Blood
and urine levels of key enzymes and metabolites involved in FA metabolism
were quantified, including semicarbazide-sensitive amine oxidase (SSAO, an
FA-generating enzyme), FDH (an FA-degrading enzyme), cytochrome c (Cyt-c),
FA, hydrogen peroxide (H2O2, a marker of FA generation), and coenzyme Q10
(CoQ10, an endogenous FA scavenger).
Results: The phototherapy device improved cognitive abilities, reduced anxiety
and depression, lessened stroke severity, and enhanced daily living activities in
the PSCI-RL group at 6 months. Additionally, RL therapy altered FA metabolism,
as it lowered SSAO and H2O2 levels and increased FDH, Cyt-c, and CoQ10 in
blood and/or urine of PSCI patients.
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Conclusions: RL therapy may improve clinical symptoms in post-stroke patients
by modulating FA metabolism, suggesting a safe and promising approach for
treatment and rehabilitation.
Clinical trial registration: https://www.chictr.org.cn/showproj.html?proj=
159956, Identifier: ChiCTR2200058991.
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1 Introduction

With the increase of the aging population, the incidence of
stroke is also increasing. Stroke is one of the world’s leading causes
of death and disability (1, 2). This means a huge financial burden
on families and society (3). Post-stroke cognitive impairment
(PSCI) refers to a series of syndromes that meet the diagnostic
criteria for cognitive impairment within 6 months of a stroke
occurring (4). PSCI spans a clinical spectrum from mild cognitive
impairment (MCI) to severe post-stroke dementia (PSD) (5). PSCI
is primarily characterized by problems with executive function,
memory, attention, language, and visuospatial function (6). PSCI
occurs in about 1/3 of patients who experience a stroke (7). Of
particular note, a recent follow-up study revealed that PSCI could
occur in as many as 61% of patients 10 years after the stroke
onset (8). Patients with PSCI progressively worsen and 20%−30%
develop PSD (9). PSCI leads to poorer functional prognosis,
higher dependency, mortality, and risk of stroke recurrence in
patients (10).

Current interventions for PSCI include control of vascular
risk factors, pharmacotherapy (11), and various forms of physical
stimulation, such as repetitive transcranial magnetic stimulation
(rTMS) (12, 13), virtual reality rehabilitation training (14),
and phototherapy (PT) or photobiomodulation (PBM) (15).
Recent studies have implicated formaldehyde (FA) in cognitive
decline (16, 17) and emotional disturbances (18) in both
animal models and human subjects. At the mechanistic level,
preclinical research has demonstrated that 630-nm red light (RL)
therapy can ameliorate cognitive impairment and depressive-like
behaviors by activating formaldehyde dehydrogenase (FDH),
modulating FA metabolism, and attenuating oxidative stress
(19, 20). Given that oxidative stress is a central pathophysiological
process in both ischemic and hemorrhagic stroke (21, 22),
these findings provide a compelling rationale for investigating
RL therapy as a potential intervention for PSCI. However, the
current evidence is largely derived from animal experiments
and early preclinical studies; its efficacy, safety, and specific
mechanisms in humans—particularly in relation to FA
metabolic modulation—remain insufficiently substantiated
by clinical data.

Therefore, rigorously designed clinical trials are needed
to validate the therapeutic efficacy of RL therapy and to
elucidate its underlying mechanisms. Against this background,
the present study employs 630-nm red light therapy to
investigate its therapeutic effects in PSCI patients and
to further explore its role in regulating endogenous FA
metabolic pathways.

2 Method

2.1 Subjects

This study was conducted in the Third Hospital of Wenzhou
Medical University. A total of 90 patients with PSCI were recruited
in this study between September 2022 and June 2024. The study
procedures and protocols were approved by the Ethics Committee
of the Third Affiliated Hospital of Wenzhou Medical University
(Approval No. YJ2022008), and all participants or their guardians
signed a written informed consent form. The study was registered
on Chictr.org (China Clinical Trial Registry Unique Identifier,
registration number: ChiCTR2200058991), date of registration:
April 22, 2022.

The inclusion criteria were as follows: (1) diagnosis of acute
stroke according to the Chinese Medical Association’s diagnostic
criteria (23), with stable vital signs and confirmation by a
professional neuroradiologist via cranial CT or MRI; (2) pre-onset
Modified Rankin Scale (mRS) score of ≤2 points and no history
of cognitive impairment; (3) ability to cooperate with relevant
assessments and tests, and cognitive impairment [defined as a
Montreal Cognitive Assessment (MoCA) score <26] at enrollment;
(4) aged 40–80 years old; (5) enrollment within 2 weeks after
stroke onset.

The exclusion criteria are as follows: (1) severe hearing or
speech impairment; (2) various causes of mental abnormality
or epilepsy or inability to properly assess cognitive functioning;
(3) persons with cerebral and cardiac pacemakers; history of
specialty and multiple drug allergies; (4) those with a clear etiology
of cognitive impairment such as syphilis, ehrlichiosis, thyroid
dysfunction, VitB12 deficiency, Notch3 gene mutation, etc.; (5)
severe functional failure of vital organs and critical condition
with a life expectancy of fewer than 6 months; (6) anyone who
for any reason is unable to complete therapy, neuropsychological
evaluations, neuroimaging, or other examinations; (7) those who
are conducting other clinical trials or who, in the judgment of
the investigator, have other conditions that may interfere with
this study.

Case exclusion criteria: (1) inclusion of those found not to
meet the diagnostic criteria for PSCI (4) after inclusion and who
were inadvertently included; (2) included cases who have not
received the required intervention for various reasons; (3) other
treatments not within the scope of the regulation, in particular
the combination of other therapeutic measures (including drugs
or non-drugs) that have a significant impact on this clinical trial,
which affect the judgment of efficacy and safety, and is clearly not
in accordance with the protocol or is contrary to the protocol.
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FIGURE 1

The novel phototherapy device with red light and its effects on FA levels in the blood of PSCI patients (A–C). The penetration rate in this new 630-nm
RL device (D).

2.2 Equipment

The High-Energy Red Light Device, invented by Professor
Tong Zhiqian from our research group (China Invention
Patent: ZL2015103542675), and the novel wearable optoelectronic
integrated brain rehabilitation device (China Utility Device Quality
Supervision and Inspection Center of the National Medical
Products Administration and meets the standards of YY 0505-
2012 Medical Electrical Equipment—General Requirements for
Safety: Electromagnetic Compatibility and YY 0607-2007 Medical
Electrical Equipment—Particular Requirements for the Safety of
Nerve and Muscle Stimulators (Figures 1A–D). The new device
emitted 630-nm red light from LEDs, which was able to penetrate
a skull 0.8–1.0 cm in thickness with an estimated penetration rate
of approximately 48% (24) (Figures 1A–C). Then, we examined
the changes of FA-related metabolism including: semicarbazide-
sensitive amine oxidase (SSAO), FDH, Cyt-c, FA, H2O2, and
CoQ10 in the blood and urine in the PSCI patients with or without
RL therapy (Figure 1D). Model Patent: CN 209865048U were used
in this study. The device was manufactured by the Beijing Institute
of Major Brain Diseases and ZPARK Zhongguancun High-Tech

Enterprise, model JGHNY-Q. It has been tested by the Beijing
Medical Participant recruitment, assessment, intervention, and
follow-up were conducted in the Third Hospital of Wenzhou
Medical University. The case report forms were filled out and kept
in the Third Affiliated Hospital of Wenzhou Medical University.

2.3 Interventions

The PSCI-RL group received RL irradiation in addition to
conventional treatment for a period of 3 months. Treatment was
performed by researchers or caregivers trained in the operation of
the wearable brain rehabilitation device. As shown in Figures 1,
2, subjects wore LED helmets, LED belly bands, and electrode
pads while receiving transcranial and transabdominal irradiation
combined with manual electrotherapy. The irradiation wavelength
was 630 ± 15 nm, with each LED emitting 5 mW of power. The
power density was 20 mW/cm² over the anterior helmet LEDs,
40 mW/cm² over the posterior helmet LEDs, 5 mW/cm² over
temporal helmet LEDs, and 5 mW/cm² over the abdominal LEDs.
Each treatment session lasted 30 min, performed five times per

Frontiers in Neurology 03 frontiersin.org

https://doi.org/10.3389/fneur.2025.1634701
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Huang et al. 10.3389/fneur.2025.1634701

week, for a total intervention duration of 3 months. A treatment
schedule was developed for each participant in the intervention
group to ensure consistency. During the 6-month study period,
both groups received identical conventional rehabilitation and
manual electrotherapy delivered via electrode pads with active
electrical stimulation. The only difference was that the PSCI-
RL group underwent simultaneous RL irradiation (630 ± 15 nm)
through the LED helmet and abdominal belt, whereas in the PSCI
control group the red light devices were applied in the same manner
but kept switched off (sham stimulation). This ensured that both
groups received equivalent co-interventions in terms of electrical
stimulation, with the active RL component being the sole variable
between groups.

2.4 Clinical assessments

The evaluation of cognitive function and neuropsychiatric
symptoms, as well as the capacity to perform activities of daily
living (ADL), was conducted for all subjects. Assessments were
systematically administered at baseline and 6 months throughout
the study period.

2.4.1 MMSE
Mini-Mental State Examination (MMSE) is the most

commonly used assessment for measuring cognitive functioning
(25). The scale, encompassing a total score of 30 points, evaluates
domains such as orientation, memory, attention and calculation,
recall, and language. Higher scores on this scale are indicative
of superior cognitive functioning. It serves as a valuable tool for
monitoring alterations in a patient’s cognitive abilities over time.

2.4.2 MoCA
Relative to the MMSE, the MOCA has advantages for screening

for mild cognitive impairment, with high sensitivity and specificity
(26). Its total score is also 30, involving cognitive domains such
as memory, executive function, attention, language, abstraction,
naming, delayed recall, and orientation, with higher scores
indicating better cognitive function.

2.4.3 HAMA
Emotional states were assessed using the Hamilton Anxiety

Rating Scale (HAMA), which was developed by Hamilton in 1959
(27). It includes 14 items, all of which are rated on a 5-point scale
from 0 to 4; a total score of more than 29 may indicate severe
anxiety; if it is more than 21, there must be significant anxiety; if
it is more than 14, there is anxiety; if it is more than 7, there is likely
to be anxiety; and if the score is less than 7, there are no symptoms
of anxiety (28).

2.4.4 HAMD
There is also the Hamilton Depression Rating Scale (HAMD)

which was developed by Hamilton in 1960 (29). The 17-item
version, divided into seven factors, is used in this study, with most

items on a 5-point scale from 0 to 4, and a few on a 3-point scale
from 0 to 2. Total score <7: normal; total score 7–17: possible
depression; total score 17–24: definitely depressed; total score >24:
major depression.

2.4.5 NIHSS
The National Institutes of Health Stroke Scale (NIHSS) is a

standardized, quantitative tool used to objectively quantify the
severity of neurological deficits in acute stroke patients. Developed
in 1989 (30), the scale comprises 15 items that evaluate key
neurological domains, including level of consciousness, gaze, visual
fields, motor and sensory function, ataxia, language, and neglect.
The total score ranges from 0 to 42, with a higher score indicating
more severe neurological impairment. It is widely employed in
clinical trials and practice for its reliability and sensitivity to change.

2.4.6 BI
The Barthel Index (BI) is a validated and widely used ordinal

scale for measuring functional performance in basic activities
of daily living (ADL). Originally developed by Dorother Barthel
and Floorence Mahoney in 1965 (31), it assesses ten essential
activities: feeding, bathing, grooming, dressing, bowel control,
bladder control, toileting, chair-bed transfers, ambulation on level
surfaces, and stair climbing. The total score ranges from 0 to 100,
where a higher score denotes greater independence and reduced
need for caregiver assistance. Recognized for its simplicity, high
inter-rater reliability, and sensitivity, the BI remains a cornerstone
instrument in rehabilitation medicine and stroke outcome research.

2.4.7 mRS
The mRS is a widely used measure of global disability,

comprising seven grades from 0 to 6 that reflect the level of
functional dependence in daily activities (32). Higher scores denote
more severe disability and dependence, with 0 representing no
symptoms and 6 indicating death.

2.4.8 BPRs
The Brief Psychiatric Rating Scale (BPRS) is a clinician-rated

instrument designed to assess the severity of psychopathology
across a broad range of symptom domains. Developed by Overall
and Gorham in 1962 (33), the 18-item version used in this study
captures symptoms such as somatic concern, anxiety, emotional
withdrawal, guilt feelings, and unusual thought content. Each item
is rated on a 7-point scale (1 = not present to 7 = extremely severe),
with the total score providing a global index of psychiatric symptom
burden. It is frequently utilized to monitor treatment response in
patients with neuropsychiatric comorbidities.

2.5 Sample size calculation and random
allocation

This study was a randomized controlled trial with red light
irradiation plus conventional medication in the treatment group
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FIGURE 2

The therapeutic device: a 630-nm red light device used for the treatment of PSCI patients. (A) Photographs of the activated therapeutic LED light
source employed in the management of PCSI patients. (B) Images of patients undergoing treatment while wearing red-light device.

and conventional medication in the control group. The MoCA
score of the study subjects was the observed outcome indicator.
Based on a preliminary analysis of initially enrolled patients
that established the control group’s MoCA baseline at 12.12
± 5.01 points, and drawing on effect sizes reported in prior
effective interventions for PSCI (34), we set the expected MoCA
improvement in the RL treatment group at 4.2 points for sample
size calculation. Using PASS 2021 software, the sample size of the
PSCI-RL group was calculated to be N1 = 31 cases and the sample
size of the PSCI group was calculated to be N2 = 31 cases, taking
into account the loss of visits as well as the refusal of visits at
30%, the final minimum number of subjects needed for the PSCI-
RL group and the PSCI group was 45 cases each, for a total of a
minimum of 90 subjects to be included in the study. The formula is
calculated as follows (35):

n =
(
Zα + Zβ

)2 ∗ 2σ 2

δ2

The flow of study participants is shown in Figures 3, 4. A
total of 90 patients were enrolled, with both groups receiving
standard treatment for cerebrovascular diseases. Eligible patients
were randomly assigned in a 1:1 ratio to either the PSCI-RL
group (red light therapy) or the PSCI group (sham red light
therapy). The randomization sequence was generated using a
random number table, without stratification. Allocation was carried
out by a designated investigator who was aware of the treatment
assignments. To minimize bias, this study employed a single-
blind design: patients and outcome assessors were blinded to the
treatment allocation, while the interventionists were not blinded
due to the practical constraints of administering the therapy.
During the trial, one patient in the PSCI-RL group and seven
patients in the PSCI group withdrew. Ultimately, 44 patients in the

PSCI-RL group and 38 patients in the PSCI group completed the
intervention and follow-up.

2.6 Demographic data collection

The demographic characteristics of all participants,
encompassing age, gender, education level, body mass index,
medical history, medication list, and comorbidities, were
systematically documented in the case report form.

2.7 Blood and urine biomarkers

The 5 ml of fasting venous blood from subjects was drawn and
centrifugation was performed to obtain the upper layer of plasma
at 4 ◦C, 3,000 r, for 10 min. Urine was taken from the patient in the
morning. Blood and urine biomarkers of all subjects were measured
at baseline and 24 weeks. Detection of FA (NaFA), SSAO (YJ977822,
mlbio, China), FDH (YJ141255, mlbio, China), Cyt-C (H190-1-
2, Nanjing Jiancheng Bioengineering Insititute, China), CoQ10
(YJ403655, mlbio, China), and H2O2 (FT-P31666R, fantaibio.com,
China) levels was carried out according to the instructions of the
commercial kits, respectively.

2.8 Assessment of outcomes and safety
assessment

The primary objective was to test the safety and effects of RL
therapy on cognitive function, neuropsychiatric symptoms, and
activities of daily living in patients with PSCI. The secondary
objective was to: examine changes in the concentration or activity
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FIGURE 3

CONSORT 2025 flow diagram of participant progression through enrollment, allocation, follow-up, and analysis phases.

of blood biomarkers such as FA, FDH, SSAO, Cyt-c, and CoQ10.
The patients were monitored from the time of enrollment until
completion of the study for any adverse events defined in the
Common Terms Criteria for Adverse Events (CTCAE) version 5.0.
Reports of adverse events that might be related to the intervention
were also available after the study. The safety of the new wearable
brain rehabilitation device was assessed based on the incidence
and severity of adverse events such as headache, dizziness, or
nausea. Adverse events were reported immediately and managed
by experienced physicians. Details of these possible adverse events
and the treatment they received were recorded by completing a case
report form. Physical examination and necessary laboratory tests
such as routine blood tests, liver function, renal function, lipids,
glycated hemoglobin, and thyroid function tests. were completed
at the beginning of the study and the end of the study.

2.9 Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics
for Windows, Version 27.0 (IBM Corp., Armonk, NY, USA).
Continuous variables were presented as mean ± standard
deviation or 95% confidence intervals, and categorical variables as
frequencies and percentages. Differences in baseline demographic

and clinical characteristics between groups were assessed using
independent-samples t-tests for continuous variables and Chi-
square tests for categorical variables. The primary endpoint was
analyzed under the intention-to-treat (ITT) principle. Missing
data were assumed to be missing at random and were handled
using the Multiple Imputation procedure in SPSS (Analyze →
Multiple Imputation → Impute Missing Data), which generated
five imputed datasets. All baseline variables and outcome variables
were included in the imputation model to maintain internal
associations. Each imputed dataset was analyzed separately, and
pooled estimates were obtained automatically using Rubin’s rules.
Secondary and exploratory outcomes were analyzed in the per-
protocol (PP) population without imputation. A two-sided P value
<0.05 was considered statistically significant.

3 Results

3.1 Demographic statistics of baseline

There were no significant differences between the two groups
in terms of gender, age, body mass index, years of education, lipid
profile, underlying diseases, history, and measurement of each scale
as shown in the Table 1 (P > 0.05).
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FIGURE 4

Flow diagram of study design.

3.2 Changes in clinical outcomes after
treatment

Pre-treatment scale scores did not differ significantly between
groups (all P > 0.05), confirming baseline comparability. In the
intention-to-treat (ITT) analysis, after 3 months of intervention
both groups demonstrated significant within-group improvements
in MMSE, MoCA, and BI scores, as well as significant reductions
in HAMD, HAMA, NIHSS, and BPRS scores (all P < 0.05).
Between-group comparisons demonstrated that the PSCI-RL
group exhibited greater cognitive improvement than the control
group, as reflected by higher post-treatment MMSE and MoCA
scores. Specifically, the mean difference (MD) in MMSE was
3.36 (95% CI: 1.36–5.36), and the MD in MoCA was 3.48
(95% CI: 1.33–5.63), both favoring PSCI-RL. In addition,
depressive symptoms improved more in the PSCI-RL group,
with a HAMD mean difference of −1.53 (95% CI: −2.86 to
−0.20). No statistically significant between-group differences
were observed for HAMA, NIHSS, BI, or BPRS, with all 95%
confidence intervals crossing zero, suggesting that improvement
in these measures was similar between groups (Table 2). The
per-protocol (PP) analysis produced a highly similar pattern
of results, with consistent directions and levels of statistical

significance, thereby supporting the robustness of the ITT findings
(Supplementary Table S1).

3.3 Comparison of MoCA sub-item scores
between groups

There was no significant difference in the MoCA scores of
each sub-item between the two groups prior to RL treatment (P
> 0.05). However, post-treatment scores for naming, attention,
delayed recall, and orientation were significantly elevated (P <

0.05). Additionally, post-treatment scores for executive ability
and language ability in the PSCI-RL group were significantly
higher (P < 0.05). Patients in the PSCI-RL group demonstrated
significantly higher scores in executive ability, abstraction ability,
and orientation compared with the PSCI group (P < 0.05;
Supplementary Table S2).

3.4 Biochemical index in the blood

To evaluate changes in FA metabolism, blood FA levels were
assessed using the Na-FA probe, a specific FA-sensitive sensor
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TABLE 1 Comparison of demographic characteristics and baseline assessments between the PSCI and PSCI-RL groups.

Variables PSCI
n = 38

PSCI-RL
n = 44

t/χ² P value

Age (y) 64.50 ± 8.35 61.14 ± 9.66 1.674 0.10

Sex (male) 26 (68.4) 31 (70.5) 0.040 0.84

BMI (kg/m2) 23.81 ± 3.40 23.88 ± 2.92 −0.104 0.92

Education (y) 5.18 ± 2.64 5.77 ± 4.31 −0.756 0.45

Diabetes 19 (50) 20 (45.5) 0.169 0.68

Hypertension 31 (81.6) 35 (79.5) 0.169 0.82

Hyperlipidemia 21 (56.8) 27 (61.4) 0.177 0.67

CHD 1 (2.6) 1 (2.3) 0.000 1.00

AF 2 (5.3) 6 (13.6) 0.812 0.37

Stroke history 7 (18.4) 3 (6.8) 1.595 0.21

Drinking history 13 (34.2) 18 (42.9) 0.628 0.43

Smoking history 16 (42.1) 14 (32.6) 0.788 0.38

Thrombolysis 3 (7.9) 8 (18.2) 1.858 0.17

Thrombectomy 0 (0) 2 (4.7) 0.395 0.53

TG (mmol/L) 1.63 ± 0.81 1.81 ± 1.24 −0.752 0.45

TC (mmol/L) 4.28 ± 0.98 4.43 ± 1.00 −0.728 0.47

HDL (mmol/L) 1.05 ± 0.28 1.02 ± 0.22 0.549 0.58

LDL (mmol/L) 2.67 ± 0.92 2.72 ± 0.97 −0.230 0.82

GHB (%) 6.65 ± 1.49 6.77 ± 1.93 −0.712 0.48

TSH (mIU/L) 1.94 ± 1.20 1.81 ± 1.38 0.442 0.66

AF, atrial fibrillation; BI, Barthel Index; BMI, body mass index; CHD, coronary heart disease; GHB, glycated hemoglobin; HAMA, Hamilton Anxiety Scale; HAMD, Hamilton Depression Scale;
HDL, high-density lipoprotein; LDL, low-density lipoprotein; MMSE, mini-mental state examination; MoCA, Montreal cognitive assessment; NIHSS, National Institute of Health Stroke Scale;
PSCI, post-stroke cognitive impairment; PSCI-RL, post-stroke cognitive impairment-red light; TC, total cholesterol; TG, triglyceride; TSH, thyroid stimulating hormone.
Categorical data are expressed as number of cases (percentage). The term “Stroke History” in our study specifically refers to previous cerebrovascular events excluding the current stroke
being studied. “Drinking History” and “Smoking History” refer to a documented history of alcohol consumption and tobacco use, respectively, prior to the patient’s enrollment. Regarding
“Thrombolysis,” this refers only to patients who received thrombolytic treatment for the current stroke episode.

(36, 37). At 6 months, FA concentrations were significantly
lower in the PSCI-RL group compared with the PSCI group
(Figure 5A). These data indicate that RL therapy indeed enhances
FA degradation in PSCI patients associated with cognitive
improvement. Subsequently, we investigated alterations in FA-
metabolic enzymes, specifically focusing on FDH and SSAO. At
the 6-month assessment, FDH activity was significantly higher in
the PSCI-RL group, whereas SSAO levels were reduced relative
to the PSCI group (Figures 5B, C). These results suggest that
630-nm RL therapy activates FDH while concurrently inhibiting
SSAO in PSCI patients. We further investigated Cyt-c, an enzyme
that promotes CoQ10 generation, and FA can be scavenge by
CoQ10 (38). Cyt-c levels were significantly elevated in the PSCI-
RL group at 6 months compared with the PSCI group (Figure 5D).
Consistently, CoQ10 concentrations were also significantly higher
in the PSCI-RL group (Figure 5E). Together, these findings indicate
that 630-nm RL therapy enhances FA metabolism by stimulating
FDH activity, inhibiting SSAO, and promoting Cyt-c–mediated
CoQ10 generation.

3.5 Biochemical index in the urine

Urinary biomarkers demonstrated a pattern consistent with
blood measurements. At 6 months, urinary FA concentrations were

significantly lower, and FDH activity was significantly higher in the
PSCI-RL group compared with the PSCI group (Figures 5F, G). In
addition, urinary H2O2 levels were reduced, while CoQ10 levels
were elevated in the PSCI-RL group (Figures 5H, I). These findings
further support the conclusion that RL therapy enhances systemic
FA metabolism in PSCI patients.

3.6 Safety of RL therapy and its effects on
stroke relapse

In this study, reports of adverse events potentially associated
with the intervention were also accessible following the conclusion
of the study. The safety profile of the novel wearable brain
rehabilitation device was evaluated by examining the incidence
and severity of adverse events, including headache, dizziness, and
nausea. Adverse events were reported promptly and managed by
experienced physicians. The safety monitoring indicated that no
adverse events associated with the red-light therapy were reported
in PSCI patients, nor were any documented by the investigating
physicians. The intervention was well-tolerated.

In addition, we observed the relapse of stroke in both groups
during the study period. The results of statistics showed that the
relapse rate in the PSCI group (18.4%) was markedly higher than
that in the PSCI-RL group (2.3%; P = 0.037; Table 3).
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TABLE 2 Comparison of cognitive and neuropsychiatric outcomes between groups (MD and 95% CI).

Index Treatment PSCI
(n = 45)

PSCI-RL
(n = 45)

MD (95% CI) t P-value

MMSE score (x ± s) Pre-treatment 18.53 ± 5.13 18.07 ± 6.37 3.36 (1.36, 5.36) −0.383 0.703

Post-treatment 20.22 ± 5.65∗ 23.58 ± 4.14∗ 3.213 0.002#

MoCA score (x ± s) Pre-treatment 11.04 ± 4.50 12.07 ± 5.91 3.48 (1.33, 5.63) 0.923 0.359

Post-treatment 13.46 ± 4.88∗ 16.94 ± 5.49∗ 3.178 0.002#

HAMD score (x ± s) Pre-treatment 8.42 ± 3.73 9.31 ± 4.75 −1.53 (−2.86,−0.20) 0.987 0.326

Post-treatment 6.39 ± 3.17∗ 4.86 ± 3.28∗ −2.250 0.027#

HAMA score (x ± s) Pre-treatment 9.73 ± 3.51 10.24 ± 4.48 −0.34 (−1.39, 0.71) 0.602 0.548

Post-treatment 7.36 ± 2.24∗ 7.02 ± 2.79∗ −0.642 0.523

NIHSS score (x ± s) Pre-treatment 3.22 ± 1.72 3.51 ± 3.01 0.02 (−0.36, 0.40) 0.559 0.578

Post-treatment 0.79 ± 0.84∗ 0.81 ± 0.98∗ 0.135 0.893

BI score (x ± s) Pre-treatment 80.89 ± 17.53 78.78 ± 20.59 −1.71 (−5.75, 2.33) −0.524 0.602

Post-treatment 95.98 ± 8.59∗ 94.27 ± 10.83∗ −0.829 0.409

BPRs score (x ± s) Pre-treatment 22.38 ± 3.63 23.33 ± 4.51 −0.34 (−1.50, 0.82) 1.107 0.271

Post-treatment 20.92 ± 3.07∗ 20.58 ± 2.52∗ −0.558 0.578

∗Denotes a difference significant at P < 0.05 when compared with pretest values.
#Denotes a difference significant at P < 0.05 when compared with the control group.
BI, Barthel Index; BPRs, brief psychiatric rating scale; HAMA, Hamilton Anxiety Scale; HAMD, Hamilton Depression Scale; MMSE, mini-mental state examination; MoCA, Montreal Cognitive
Assessment; NIHSS, National Institute of Health Stroke Scale; PSCI, post-stroke cognitive impairment; PSCI-RL, post-stroke cognitive impairment-red light; MD, mean difference; CI,
confidence interval.

4 Discussion

In this exploratory study, patients received a 3-month
intervention with 630-nm RL therapy. At the 6-month follow-up,
the PSCI-RL group exhibited significantly higher MoCA and
MMSE scores and markedly lower HAMD scores compared
with the PSCI group. Biochemical analyses demonstrated that
RL therapy significantly modulated FA metabolism–related
parameters: FA levels in both blood and urine were notably
reduced, accompanied by decreases in SSAO and its by-product
H2O2, while FDH activity was significantly increased. Moreover,
the levels of Cyt-c and CoQ10 in the treatment group were
significantly higher than those observed in the PSCI group.

These therapeutic effects are consistent with an
emerging body of evidence supporting the cognitive and
neuropsychiatric benefits of PBM. Several studies have
demonstrated that PBM can enhance cognitive function in
various neurodegenerative conditions, such as traumatic
brain injury (39, 40), Alzheimer’s disease (41), and age-
related cognitive impairment (42), while other research has
highlighted its potential to relieve depressive symptoms (43).
Notably, the consistency between the ITT and PP analyses
(e.g., MoCA: MD = 3.66, 95% CI: 1.37–5.95 in PP analysis)
further supports the robustness and stability of the observed
treatment effects.

Furthermore, our study provides mechanistic insights into the
observed therapeutic effects, suggesting that they may be mediated
by the activation of FDH, which facilitates the degradation of FA
(20). Supporting evidence includes increased FDH activity and
CoQ10 levels, accompanied by decreases in SSAO and FA levels

in PSCI patients. FA is a well-recognized gaseous environmental
pollutant (44). However, endogenous FA is also present in all
vertebrate cell as a byproduct of several metabolic reactions, such
as methanol oxidation, and DNA or histone demethylation (45).
Excessive FA exposure has been shown to cause memory decline
in healthy adult mice (46–48), and FA accumulation in the brain
is known to increase progressively with age, correlating with
cognitive decline in humans (49). SSAO, expressed in vascular
endothelium and circulating blood, can generate both FA and
H2O2 (50). It has been found to have a strong relationship with
stroke and vascular dementia (51), because its activity is positively
correlated with intracranial hemorrhage in stroke patients (52),
and dementia degree in patients with Alzheimer’s disease (AD)
(51, 53). SSAO is considered to be a potential target for stroke
and AD (54). In contrast, FDH primarily functions to degrade
FA (55). It has been shown that an imbalance in the expression
and activity of SSAO and FDH is a key cause of FA accumulation
during aging (19, 56). RL therapy has also been reported to
enhance Cyt-c activity (57). Since excess FA inhibits Cyt-c
activity in mitochondria and reduces CoQ10 levels, it ultimately
induces neuronal death. However, CoQ10 as an endogenous FA
scavenger can reduce FA levels in the brain (38). Taken together,
these findings suggest that 630-nm RL therapy modulates FA
metabolism through upregulation of FDH and downregulation
of SSAO, thereby forming a coherent mechanistic pathway that
may underlie the observed cognitive and emotional improvements
in PSCI. Nevertheless, the precise upstream regulatory factors
and downstream signaling cascades involved in this metabolic
modulation remain to be fully elucidated, and further mechanistic
studies are warranted.
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FIGURE 5

Longitudinal changes in biochemical indices in blood and urine from baseline to 6 months. (A–E) Blood FA, FDH, SSAO, Cyt-c, and CoQ10. (F–I)
Urinary FA, FDH, H2O2, and CoQ10. *P < 0.05; **P < 0.01.

In recent years, PBM has been established and used to improve
cognitive dysfunction in brain diseases (58). RL (610–740 nm)
and NIR (750–1,100 nm) can penetrate the human skull (59).
Although the longer wavelengths of NIR in the 780–1,080 nm
range have a stronger penetration ratio of skull than RL, the
former also has a higher thermal effect on the brain than the
latter (60). The wavelength of 630 nm used in this new device
has less thermal effect than 680-nm RL (20). On the one hand,
gaseous FA exposure can induce cognitive decline in animals
(16) and humans (17). Injection of liquid FA directly promotes
depression-like behaviors in animals (18). Hence, this new device
of RL therapy could alleviate FA-related cognitive and mental
disorders in PSCI patients. On the other hand, PBM has other
mechanisms including an increase in cerebral blood flow (61)
and an improvement in brain energy metabolism (62), but a
decline in neuroinflammatory levels; thereby reducing the size
of cerebral infarcts (63). In addition, PBM has a positive impact
on muscle strength and mobility in stroke patients, improving

their ability to perform activities of daily living (64). Thus,
PBM is a promising and non-invasive approach for treating
PSCI patients.

In addition, we observed a lower rate of stroke recurrence
in the PSCI-RL group compared with the PSCI group during
the follow-up period. Although the study was not originally
powered or designed to evaluate recurrence as a primary endpoint
and the sample size was relatively limited, this finding is
noteworthy. One potential explanation is that improvements
in cognitive function and emotional symptoms following RL
therapy may facilitate better treatment adherence, more stable
lifestyle patterns, and greater engagement in secondary prevention
measures. Moreover, previous studies have shown that red-
light photobiomodulation can promote vasodilation mediated by
nitric oxide (NO) photorelease, enhance cerebral blood flow,
and improve microvascular perfusion (65). RL therapy has also
been reported to reduce neuroinflammatory responses, promote
neuronal survival, and support synaptic repair following ischemic
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TABLE 3 Stroke relapse within 6 months in the PSCI and PSCI-RL groups
[n (%)].

Index PSCI
(n = 38)

PSCI-RL
(n = 44)

Z/χ2 P-value

Relapse within
6 months

7 (18.4) 1 (2.3) 4.344 0.037∗

∗Denotes P < 0.05.
PSCI, Post-Stroke Cognitive Impairment; PSCI-RL, Post-Stroke Cognitive Impairment-
Red Light.

injury (66). These effects may collectively contribute to enhanced
neurovascular stability and improved resilience to recurrent
ischemic events.

However, given the exploratory nature of this study, caution
is warranted when interpreting this finding. The sample size
was modest, the follow-up period was limited, and unmeasured
confounders—such as medication adherence, vascular risk factor
control, and lifestyle behavior—may also influence recurrence
outcomes. Therefore, this observation should be considered
hypothesis-generating rather than conclusive. Future studies
with larger cohorts, longer follow-up durations, and stratified
recurrence-risk analyses are needed to determine whether
RL therapy may have a stabilizing effect on cerebrovascular
vulnerability or secondary prevention outcomes in PSCI patients.

This study has several limitations. First, a sham red-light
control was not implemented due to practical and technical
constraints. Although both groups used devices identical in
appearance and treatment procedures, and all sessions were
conducted individually to minimize perceptual awareness of group
allocation, a slight thermal sensation induced by 630-nm RL
cannot be entirely excluded. Future studies should refine the
treatment apparatus by removing the electrotherapy component
as an active co-intervention and incorporating a non-therapeutic
light-emitting sham device with simulated heating, while adopting
a double-blind design to further enhance methodological rigor.
Second, the dropout rate was higher in the PSCI group than
in the PSCI-RL group. Although most withdrawals were due to
personal or family-related reasons and participants were blinded
to group allocation, this imbalance may introduce bias and should
be taken into account when interpreting the findings. Third,
the follow-up duration was limited to 6 months; longer-term
studies are required to evaluate the durability of treatment effects.
Finally, although this exploratory clinical trial yielded encouraging
preliminary outcomes, larger, multicenter randomized controlled
studies with extended follow-up are needed to further validate
the efficacy, safety, and generalizability of 630-nm RL therapy
in PSCI.

5 Conclusions

In summary, this randomized controlled pilot study explored
the potential benefits and safety of 630-nm RL therapy in patients
with PSCI. The findings indicate that this novel PBM approach may
offer a safe and non-invasive option for post-stroke cognitive and
mental rehabilitation. However, given the exploratory design and

limited sample size, the results should be interpreted with caution
and require confirmation in larger, multicenter trials.
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