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Abstract: Background: Post-stroke cognitive impairment (PSCI) affects patients’ quality of life, with hyperlipidemia 
being a key modifiable risk factor. Hyperbaric oxygen therapy (HBOT) may confer neuroprotection, but its effects on 
lipid metabolism and cognitive recovery in PSCI remain unclear. Objective: To evaluate the effects of HBOT com-
bined with conventional therapy on lipid profiles and cognitive function in PSCI patients. Methods: This retrospective 
cohort study included 115 PSCI patients divided into control (conventional treatment, n = 58) and HBOT (additional 
HBOT, n = 57) groups. Propensity score matching (PSM) balances baseline confounders were assessed. Outcomes 
included lipid parameters, cognitive scores [Montreal Cognitive Assessment (MoCA), Mini-Mental State Examination 
(MMSE)], and inflammatory markers. Results: The HBOT group showed significantly greater improvement in MoCA 
scores (4.00 ± 1.86 vs. 1.63 ± 1.79 points; mean difference 2.37, 95% CI 1.61-3.13, P < 0.001) and greater LDL-C 
reduction (-0.92 ± 0.54 vs. -0.35 ± 0.47 mmol/L; mean difference -0.57, 95% CI -0.78 to -0.36, P < 0.001). HBOT 
was independently associated with cognitive improvement (OR = 3.45, 95% CI 1.49-8.02), with LDL-C reduction 
mediating 21.07% of the cognitive benefit. Conclusion: HBOT combined with conventional rehabilitation significantly 
improves lipid metabolism and cognitive recovery in PSCI patients, potentially through lipid regulation and neuro-
vascular protection.

Keywords: Hyperbaric oxygen therapy, post-stroke cognitive impairment, lipid, cognitive function, propensity score 
matching, retrospective cohort study

Introduction

Post-Stroke Cognitive Impairment (PSCI) is 
one of the most common complications follow-
ing a cerebrovascular event, and its incidence 
has been increasing annually as the survival 
period of stroke patients has been prolonged 
[1, 2]. Epidemiological data show that approxi-
mately one-third of stroke survivors will exhibit 
varying degrees of cognitive decline within a 
few months after the onset of the disease,  
and this proportion is even higher in patients 
with recurrent and insidious strokes [3, 4]. PSCI 

not only severely affects the daily living abi- 
lities and social participation of patients but it 
also imposes a heavy burden on families and 
the medical care system [5]. What’s more, the 
decline in cognitive function has a complex bi- 
directional relationship with the risk of stroke 
recurrence, leading patients into a vicious cycle 
of difficulties [6, 7]. Therefore, exploring inter-
vention strategies to effectively delay or even 
reverse the progression of PSCI has become a 
key issue that urgently needs to be addressed 
in neurorehabilitation [8, 9].

http://www.ajtr.org
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Among the numerous risk factors for PSCI, 
lipid metabolic disorders are considered one 
of the core controllable factors [10, 11]. Hy- 
perlipidemia directly or indirectly affects neuro-
nal survival and synaptic plasticity by promot-
ing atherosclerosis, impairing cerebral blood 
flow, and triggering neuroinflammatory res- 
ponses [12, 13]. Clinical observations have 
revealed that patients with PSCI accompanied 
by hypercholesterolemia often exhibit more 
prominent impairments in memory and execu-
tive functions. Although the drugs can exert 
cardiovascular protection by reducing low-den-
sity lipoprotein cholesterol (LDL-C), their ef- 
fects on already-formed cognitive impairment 
are often limited and delayed [14, 15]. This  
suggests that, given lipid-lowering treatment, 
additional methods with greater neuro-repair 
potential may be needed to break the deadlock 
of the continuous decline in cognitive function.

Hyperbaric Oxygen Therapy (HBOT), a treat-
ment that improves ischemic and hypoxic con-
ditions by increasing the partial pressure of 
oxygen in tissues, has gradually gained atten-
tion in the field of neurological diseases in 
recent years [16, 17]. Its basic principle lies in 
inhaling pure oxygen in an environment with a 
pressure higher than the absolute atmospheric 
pressure, which can significantly increase the 
physical dissolved oxygen content in the plas-
ma, bypassing the oxygen-carrying capacity of 
damaged red blood cells, and directly supply-
ing oxygen to the hypoxic brain tissues [18, 
19]. This mechanism is particularly important 
for neurons in the “ischemic penumbra” after 
stroke and may reshape neural function by 
improving energy metabolism, inhibiting apop-
tosis, and promoting neural stem cell prolife- 
ration [20, 21]. In clinical practice, we have 
observed that some stroke patients who re- 
ceived HBOT not only recovered their motor 
limb function but also experienced unexpected 
improvements in memory, attention, and exec-
utive function. At the same time, the lipid pro- 
file test results of these patients often show a 
more favorable trend, prompting us to consider 
the quesion: Does HBOT, by regulating the li- 
pid metabolic pathway, indirectly or directly pro-
mote the recovery of cognitive function?

At present, there is insufficient research on  
the impact of HBOT combined with convention-
al rehabilitation on the lipid profile and cogni-

tive function of patients with PSCI. On the one 
hand, previous studies have mostly focused 
on assessing a single outcome indicator, lack-
ing an integrated analysis of the multi-dimen-
sional indicators of lipids and changes in cogni-
tive dimensions [22, 23]. On the other hand, 
due to the long duration of HBOT treatment  
and the significant heterogeneity in patients’ 
baselines, controlling confounding factors and 
clarifying causal relationships have always 
been challenges in clinical research design  
[24, 25]. This study was initiated in response  
to the aforementioned clinical background and 
research gaps. Our aim was to conduct a retro-
spective cohort study, using propensity score 
matching (PSM) to balance confounding fac- 
tors between groups, combined with general-
ized estimating equations (GEE) to handle lon-
gitudinal data, and introduce a mediation effect 
analysis model, to deeply explore the impact of 
HBOT on the serum lipid profile and cognitive 
function of patients with PSCI, as well as the 
underlying mechanisms. The innovation points 
of this study mainly lie in three aspects: First, 
at the effect verification level, we for the first 
time combined the detailed classification of 
lipid profiles [including apolipoprotein A1 (Apo 
A1), apolipoprotein B (Apo B), etc.] with multi-
dimensional cognitive assessment, attempting 
to depict the comprehensive profile of HBOT’s 
effect; Second, at the analysis method level, 
we comprehensively utilized multivariate re- 
gression, sensitivity analysis, and GEE, forming 
a multi-level statistical evidence chain from 
baseline matching to longitudinal tracking, 
from association verification to causal infer-
ence, to enhance the robustness of the con- 
clusion; Third, at the mechanism exploration 
level, by constructing a mediation effect mo- 
del, we attempted to quantify the contribution 
of lipid improvement in cognitive benefits, pro-
viding clinical clues for subsequent mechanism 
research. We hope that through this study, we 
can provide a new evidence-based basis for 
the comprehensive clinical management of 
PSCI and promote the individualized applica-
tion of HBOT in neurorehabilitation.

Research subjects and research methods

Research subjects

This was a single-center retrospective cohort 
study that continuously enrolled patients with 
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PSCI who visited the Neurology and Rehabi- 
litation Departments of Pudong New Area 
People’s Hospital in Shanghai from January 
2024 to June 2025. The study subjects were 
adult patients with a confirmed history of stro- 
ke, as determined by head computed tomogra-
phy or magnetic resonance imaging, who met 
the PSCI diagnostic criteria in the “Expert 
Consensus on Management of PSCI 2021”. A 
total of 157 cases were screened, and finally, 
115 patients who met the study requirements 
were included. They were divided into the treat-
ment group (57 cases) and the control group 
(58 cases) based on whether they received 
HBOT. To ensure the comparability of the two 
groups at the baseline, all included subjects 

tory impairment, which affects the cognitive 
assessment; (2) Comorbid with neurodegener-
ative diseases such as Alzheimer’s disease or 
Parkinson’s disease; (3) History of severe men-
tal illness or currently taking antipsychotic 
drugs; (4) Chronic obstructive pulmonary dis-
ease, uncontrolled heart failure, malignant arr- 
hythmia or hemodynamic instability; (5) Acti- 
ve malignant tumors or expected survival peri-
od < 6 months; (6) Pregnant or lactating; (7) 
Participated in other clinical trials within the 
past 3 months; (8) In the combined group, 
those who interrupted HBOT for a cumulative 
total of ≥ 5 times or experienced adverse 
events such as severe decompression sick-
ness or oxygen poisoning were excluded; (9) In 

Figure 1. Flowchart HBOT is Hyperbaric oxygen therapy. LDL-C is low-density 
lipoprotein cholesterol.

needed to be aged between 
45 and 80 years, have a stro- 
ke duration of 3 months to  
2 years, and have a Montreal 
Cognitive Assessment Scale 
(MoCA) score between 18 and 
25, indicating mild to moder-
ate cognitive impairment [26], 
as shown in Figure 1.

Exclusion and inclusion crite-
ria

Inclusion Criteria [27, 28]: (1) 
Age 45-80 years old; (2) First-
onset ischemic or hemorrhagic 
stroke, with a disease duration 
of 3 months to 2 years, con-
firmed by imaging, stable vi- 
tal signs, clear consciousness, 
and able to cooperate with 
assessment and training; (3) 
Meets the PSCI diagnostic cri-
teria as stipulated in the “Ex- 
pert Consensus on Manage- 
ment of PSCI 2021”, with a 
MoCA score of 18-25, indicat-
ing mild to moderate cogniti- 
ve impairment; (4) Those who 
are scheduled to receive HBOT 
must undergo otolaryngologi-
cal consultation to rule out 
eustachian tube dysfunction 
and ensure tolerance to pres-
sure changes.

Exclusion Criteria [29, 30]: (1) 
Severe aphasia, visual or audi-
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the control group, those who adjusted the rou-
tine plan or actively received HBOT were 
excluded.

Research plan

This study analyzed the clinical data of stroke 
patients through retrospective medical record 
review and data extraction. Based on whether 
they received HBOT, the patients were divided 
into the control and treatment groups. The 
medical records of both groups showed that 
they all received the basic intervention plan of 
routine secondary prevention and rehabilita-
tion treatment after stroke.

(1) The treatment plan records of the control 
group indicated that the intervention model 
was the widely used conventional comprehen-
sive rehabilitation model in clinical practice, 
which specifically included two major parts: 
drug treatment and rehabilitation training. In 
terms of drug treatment, according to the doc-
tor’s orders, some patients used the calcium 
channel blocker nimodipine to regulate cere-
bral blood flow; at the same time, brain pro- 
tein hydrolysate and cytidine diphosphate cho-
line were combined to promote nerve repair. 
Regarding dyslipidemia, the medical records 
showed that statin lipid-lowering drugs were 
selected based on the patient’s baseline lipid 
levels and clinical indications [31, 32]. The 
records for the rehabilitation training compo-
nent came from the rehabilitation therapists’ 
work logs. The log showed that the training 
implemented by the professional treatment 
team covered limb balance, gait correction, lan-
guage function, and training in daily living ac- 
tivities. The records indicated that the reha- 
bilitation training was conducted 5 times per 
week, each lasting 60 minutes, and the total 
intervention duration was 3 months.

(2) The intervention measures recorded for the 
treatment group show that, in addition to the 
conventional rehabilitation treatment, patients 
also received HBOT. The HBOT equipment was 
recorded as the Shanghai-made SHC2600/ 
8000 type medical air pressurization chamber. 
The recorded treatment parameters indicated 
that the treatment pressure was set to 2.0 
absolute atmospheres. The recorded treat-
ment process included three stages: pressure 
increase, stable-pressure oxygen inhalation, 
and pressure reduction. The pressure increase 
stage lasted for 20 minutes, using compress- 

ed air to increase pressure at a constant rate; 
the stable pressure stage involved the patient 
wearing a mask to breathe pure oxygen (with 
oxygen concentration recorded > 99.9%), and 
the oxygen inhalation lasted for 60 minutes; 
the pressure reduction stage also lasted for  
20 minutes, reducing pressure at a constant 
rate to normal pressure. The recorded treat-
ment frequency was once a day from Monday  
to Friday, with 10 treatments counted as one 
course; a total of 3 courses (30 treatments) 
were completed. The entire intervention period 
was recorded as approximately 3 months [33, 
34].

The medical records and nursing notes also 
show that all hyperbaric oxygen treatments 
were carried out under the supervision of me- 
dical staff. The pre-cabin health education, 
electrocardiogram monitoring within the cabin, 
emergency preparedness, and the rest pro- 
cess in the observation area after the treat-
ment are all documented. The medical records 
of the treatment group also include consulta-
tions with the otolaryngology department prior 
to enrollment to assess their tolerance to pres-
sure changes. Throughout the intervention pe- 
riod, the routine medication and rehabilitation 
training records of the treatment group patients 
showed that they all adhered to the plan, and 
hyperbaric oxygen treatment was used as an 
additional intervention rather than a substitute. 
Based on the retrospective data, this stratified 
intervention design provides a basis for evalu-
ating the incremental value of HBOT and ana-
lyzing its synergistic mechanism.

Hyperbaric oxygen therapy is conducted using 
the SHC2600/8000 medical air pressurization 
chamber produced in Shanghai. The treatment 
pressure is set at 2.0 absolute atmospheres 
(0.2 MPa). The specific operation process is as 
follows: After the patient enters the chamber, 
compressed air is used to gradually increase 
the pressure. The pressure increase process 
lasts for 20 minutes, during which the first 5 
minutes are the pressure adaptation period (no 
oxygen inhalation), and then the patient wears 
the mask to start breathing pure oxygen (oxy-
gen concentration > 99.9%) and continues to 
increase the pressure to the target pressure. 
After entering the stable pressure stage, the 
patient continues to inhale oxygen through the 
mask for 60 minutes without interruption. 
Then, the decompression stage begins, and the 
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patient continues to inhale oxygen while gradu-
ally reducing the pressure for 20 minut- 
es until the pressure inside the chamber re- 
turns to normal pressure and oxygen inhalation 
stops. The treatment frequency is once a day 
from Monday to Friday each week, with 10  
sessions constituting one treatment course. A 
total of 3 treatment courses (cumulatively 30 
sessions) are completed. The entire treat- 
ment process is monitored by dedicated me- 
dical staff throughout, and all operations are 
carried out in accordance with the “Clinical 
Application Technical Specifications for Hyper- 
baric Oxygen”.

Observation indicators

All indicators were collected at the baseline 
period (within 24 hours before the start of tre- 
atment) and after the intervention (48 hours 
after the last treatment). This was done to 
ensure consistency in the assessment time 
points.

The observed indicators in this study span mul-
tiple dimensions, including lipid metabolism, 
cognitive function, inflammatory response, ne- 
urotrophic status, and safety. The aim is to 
comprehensively evaluate the impact of HBOT 
on patients with PSCI and its potential me- 
chanism.

(1) Lipid metabolism indicators are the focus 
of this study, and a total of six detection items 
were included. Total cholesterol (TC), triglycer-
ides (TG), LDL-C, high-density lipoprotein cho-
lesterol (HDL-C), ApoA1, and ApoB - these six 
lipid indicators were collected from venous 
blood in the fasting state in the morning. The 
lipid profile test was conducted using the Ro- 
che Cobas 8000 series fully automatic bio-
chemical analyzer (c702 module), with the cor-
responding reagent kits being Roche’s ori- 
ginal reagents (total cholesterol: cholesterol 
oxidase - peroxidase - 4-aminoantipyrine phe-
nol method, batch number 20231201; TG:  
glycerol-3-phosphate oxidase-peroxidase-ami-
noantipyrine phenol method, batch number 
20231205; LDL-C: direct method, batch num-
ber 20231210; HDL-C: direct method, batch 
number 20231210; Apo A1 and Apo B: immu-
noturbidimetry method, batch number 2023- 
1215). Before the test, Roche’s original calibra-
tors were used for two-point calibration, and 
high- and low-level quality control samples 
(Roche PreciControl series) were simultane-

ously measured in each test batch. The intra-
batch coefficient of variation was 1.2%-2.5%, 
and the inter-batch coefficient of variation was 
2.1%-3.8%, both of which were in accordance 
with the reagent kit instructions and clinical 
laboratory quality control standards. The lipid 
profile test was conducted by collecting ven- 
ous blood in the fasting state in the early morn-
ing. The test was performed once at the base-
line (24 hours before the start of treatment) 
and once again after the intervention ended 
(48 hours after the last treatment). All blood 
samples were collected between 7:00 and 
8:00 in the morning. Patients were required to 
fast for at least 8 hours to ensure the stan- 
dardization of the testing conditions and the 
comparability of the results.

(2) The cognitive function assessment was  
conducted using the internationally recognized 
MoCA and the Mini-Mental State Examination 
(MMSE). The MoCA covers various cognitive 
domains such as attention and concentration, 
executive function, memory, language, visuo-
spatial skills, abstract thinking, calculation, and 
orientation, and is particularly sensitive to vas-
cular cognitive impairment, capable of detect-
ing subtle changes in mild cognitive impair- 
ment [34, 35]. The MMSE, as a classic cogni-
tive screening tool, is simple to administer and 
quick to complete, focusing on the assessment 
of orientation, memory, attention, and langua- 
ge functions, thereby facilitating rapid clinical 
understanding of the patient’s overall cogni-
tive level [36]. The two evaluations were inde-
pendently conducted by two neuro-psychologi-
cal assessors who had received unified train- 
ing at the baseline and after 3 months of tre- 
atment. The assessors were unaware of the 
patient groups. Before the formal assessment, 
the two assessors conducted a pre-assess-
ment on 20 non-participating patients and cal-
culated the intraclass correlation coefficient 
(ICC) to assess inter-rater reliability. The results 
showed that the ICC for the MoCA assessment 
was 0.94 (95% CI 0.88-0.97), and the ICC for 
the MMSE assessment was 0.92 (95% CI 
0.85-0.96), indicating good consistency am- 
ong assessors. During the formal assessment, 
every 10th patient was randomly selected by 
one assessor for synchronous re-evaluation by 
another assessor to ensure the continuous sta-
bility of assessment quality.

(3) Inflammatory-related indicators include 
high-sensitivity C-reactive protein (hs-CRP), 
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homocysteine (Hcy), and interleukin-6 (IL-6). 
The combined detection of these three indica-
tors helps reveal whether HBOT exerts neuro-
protective effects by inhibiting the inflammato-
ry pathway.

(4) The assessment of neurotrophic status 
selects serum brain-derived neurotrophic fac-
tor (BDNF) as the marker.

(5) Safety observation runs through the en- 
tire research process, focusing on adverse 
events related to HBOT and abnormal situa-
tions during the routine rehabilitation process. 
This includes middle ear barotrauma, manifest-
ed as ear pain, tympanic membrane conges-
tion or perforation; oxygen toxicity, which can 
affect the central nervous system and present 
as facial muscle twitching, visual field reduc-
tion, hearing changes or generalized tonic-clon-
ic seizures, or it can affect the lungs as chest 
pain, cough and breathing difficulties; blood 
pressure fluctuations, including hypertensive 
emergencies or orthostatic hypotension; and 
acute decline in cognitive function, which is 
dynamically monitored through the MMSE for 
[37]. All adverse events are recorded in de- 
tail, including the time of occurrence, clinical 
manifestations, treatment measures, and out-
comes, to comprehensively evaluate the clini-
cal safety of the treatment plan. During the 
treatment period, the cabin is equipped with 
electrocardiogram monitoring equipment and 
emergency medicines, and is continuously 
monitored by dedicated medical staff. If the 
patient experiences severe ear pain, chest 
tightness, anxiety, or changes in conscious-
ness, the pressurization process will be halted 
immediately, or an emergency plan will be in- 
itiated. If necessary, the treatment will be ter-
minated, and the patient will be urgently evacu-
ated from the cabin. All adverse events are 
meticulously recorded, including the time of 
occurrence, clinical manifestations, treatment 
measures, and outcomes.

Sample size calculation

This study was a retrospective design. The 
sample size was determined based on the ac- 
tual cases that met the inclusion and ex- 
clusion criteria, collected continuously from 
January 2024 to June 2025. A total of 115 
patients were included, and after PSM, there 
were 45 cases in each group. Since no prior 

sample size estimation was conducted, we per-
formed a post hoc power analysis to assess 
whether the current sample size was sufficient 
to detect key intergroup differences, focusing 
on the primary outcome measure (MoCA score 
change). Based on the minimum clinically im- 
portant difference (2.5 points) of the MoCA 
score after treatment in both groups in the pre-
analysis and a combined standard deviation 
(4.2 points), the calculated effect size of Co- 
hen’s d was 0.60. Under the two-sided test 
level α = 0.05 and with 45 cases in each group, 
the statistical power (1-β) of the current sam-
ple, calculated using G*Power software, was 
0.86, indicating that this study has an 86%  
confidence level to detect the true differenc- 
es in cognitive improvement between the two 
groups. For lipid indicators, taking the change 
in LDL-C as an example, the confidence level 
reached 0.82 based on the observed effect 
size of 0.55. The post hoc power analysis con-
firmed that, although the sample size was lim-
ited by the retrospective study’s circumstanc-
es, the current sample size still had sufficient 
power to verify the main research hypothesis, 
and the conclusion was reliable.

Statistical methods

First, a normality test was conducted for the 
continuous variables. For normally distributed 
data, the mean ± standard deviation was used 
to represent them, and the independent-sam-
ples t-test was employed for comparisons 
between groups; for non-normally distributed 
data, the median (interquartile range) was us- 
ed to represent them, and the Mann-Whitney  
U test was used. For categorical data, frequen-
cies (percentages) were used to summarize 
them, and the chi-square or Fisher’s exact  
test was used to compare groups. Multivariate 
Logistic regression was used to adjust for con-
founding factors and assess the associations 
between HBOT and lipid levels and cognitive 
improvement odds ratios (ORs) and 95% CIs.  
To utilize longitudinal data, GEE was used  
to evaluate the interaction effect of time and 
group, with an unstructured matrix set and  
the connection function selected based on the 
data type. Sensitivity analysis was conduct- 
ed by excluding those with poor compliance, 
changing the PSM matching ratio, and calculat-
ing the E-value. The propensity score matching 
method was used to perform 1:1 matching 
between the two groups of patients, with a 
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matching coefficient set at 0.02. The matching 
variables included age, gender, years of educa-
tion, stroke type (ischemic/hemorrhagic), dis-
ease duration, baseline MoCA score, baseline 
LDL-C level, history of statin use (yes/no), and 
baseline hs-CRP level. Among them, the history 
of statin use was included in the matching as a 
key confounding factor because it may inde-
pendently affect lipid levels and cardiovascular 
prognosis; the baseline hs-CRP was included in 
the matching as an alternative indicator of the 
inflammatory state to control the potential in- 
fluence of the inflammatory background on 
cognitive outcomes. After matching, the de- 
gree of overlap between the two groups’ scores 
was evaluated by drawing a propensity score 
kernel density plot. After matching, each group 
obtained 45 valid samples. There were no sta-
tistically significant differences in all matching 
variables between the groups (P > 0.05), and 
the absolute value of SMD was less than 0.1, 
indicating good balance between the groups 
after matching. Further, an intermediary effect 
model was used, with the HBOT group as the 
independent variable, the change in lipid value 
as the intermediary variable, and the change  
in MoCA value as the dependent variable. 
Bootstrap sampling was conducted 1,000 ti- 
mes to calculate the intermediary effect and 
95% CI. If the interval does not include 0, the 
intermediary effect is considered significant.  
All analyses were completed using SPSS 26.0 
and R 4.1.0, with a two-sided significance level 
of α = 0.05.

Ethical statement

This study strictly adhered to the relevant ethi-
cal guidelines of the “Helsinki Declaration”. The 
study protocol was approved by the Ethics 
Committee of Shanghai Pudong New Area 
People’s Hospital (No. 2023-K32). As this was 
a retrospective observational study, it collect- 
ed only data generated during routine clinical 
diagnosis and treatment, without involving 
additional interventions or invasive examina-
tions. Therefore, the ethics committee waived 
the requirement for signing an informed con-
sent form. During the research process, all 
patients’ personal information was anony-
mized, and unique research numbers were 
used instead of names and hospital numbers 
to ensure that the data could not be traced 
back to specific individuals during analysis and 
publication, thereby fully protecting patients’ 
privacy rights.

Results

Baseline data

Tables 1 and 2 show that before matching, 
there were 57 cases in the treatment group 
and 58 cases in the control group. The abso-
lute value range of SMD was between 0.010 
and 0.082, with most values being less than 
0.1, suggesting that the balance between the 
two groups was acceptable before matching, 
but there were still minor fluctuations. After 
PSM, 45 cases were included in each group. 
After matching, the differences in all indicators 
between the two groups (such as age (63.87 ± 
7.62 vs. 64.02 ± 7.91, t = 0.09, P = 0.93), base-
line MoCA (21.38 ± 2.41 vs. 21.33 ± 2.45, t = 
0.10, P = 0.92), LDL-C (3.45 ± 0.86 vs. 3.43 ± 
0.91, t = 0.11, P = 0.91)) were further reduc- 
ed. The P-values all approached 1.00, and the 
absolute values of SMD dropped below 0.053, 
indicating that the balance between the two 
groups reached an ideal state after matching, 
and the comparability was significantly im- 
proved.

Before matching, the mean propensity scores 
of the treatment group and the control group 
were 0.48 ± 0.12 and 0.52 ± 0.14 respec- 
tively, with a standardized mean difference 
(SMD) of 0.30. After matching, the mean scor- 
es of the two groups were 0.49 ± 0.09 and  
0.50 ± 0.09 respectively, with the SMD drop-
ping to 0.11. This indicates that matching sig-
nificantly improved the balance of propensity 
scores between the groups. There was signifi-
cant overlap in the score distribution ranges 
between the two groups (treatment group: 
0.31-0.67; control group: 0.33-0.68), and there 
were no extreme outliers, satisfying the overlap 
assumption. To further assess potential selec-
tion bias, we compared baseline characteris-
tics between successfully matched (n = 90) 
and unmatched (n = 25) patients, as shown in 
Table S1. Unmatched patients were significant-
ly older and had significantly higher baseline 
LDL-C levels, suggesting that the generalizabil-
ity of our findings to older adults or those with 
severe hyperlipidemia is limited. Introduce the 
analysis of unmatched patients and cite Table 
S1.

Adverse events

During the treatment period (Table 3), 9 ad- 
verse events occurred in the treatment group 
(20.0%), compared with 3 in the control group 
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Table 1. Comparison of baseline data of the first two groups of patients

Indicators Treatment 
group (n = 57)

Control group 
(n = 58)

Mean difference/ratio 
difference (95% CI) t/χ2 p SMD

Age (years) 63.52±7.84 64.17±8.03 -0.65 (-3.55-2.25) 0.44 0.66 -0.082
Male [n (%)] 32 (56.14) 34 (58.62) -0.02 (-0.21-0.16) 0.07 0.79 -0.050
Years of education (years) 9.47±3.21 9.28±3.45 0.19 (-1.03-1.41) 0.31 0.76 0.057
Ischemic stroke [n (%)] 43 (75.44) 44 (75.86) -0.00 (-0.16-0.15) 0.00 0.96 -0.010
Course of the disease (months) 8.94±4.37 9.21±4.52 -0.27 (-1.90-1.36) 0.32 0.75 -0.061
Baseline MoCA (Score) 21.46±2.38 21.29±2.51 0.17 (-0.72-1.06) 0.37 0.71 0.069
Baseline MMSE (points) 23.81±2.14 23.67±2.26 0.14 (-0.66-0.94) 0.34 0.73 0.064
TC (mmol/L) 5.43±1.12 5.38±1.18 0.05 (-0.37-0.47) 0.23 0.82 0.043
TG (mmol/L) 2.18±0.76 2.14±0.81 0.04 (-0.25-0.33) 0.27 0.79 0.051
LDL-C (mmol/L) 3.47±0.89 3.42±0.93 0.05 (-0.28-0.38) 0.29 0.77 0.055
HDL-C (mmol/L) 1.08±0.31 1.10±0.33 -0.02 (-0.14-0.10) 0.33 0.74 -0.063
ApoA1 (g/L) 1.16±0.24 1.18±0.26 -0.02 (-0.11-0.07) 0.43 0.67 -0.080
Apo B (g/L) 1.09±0.28 1.07±0.30 0.02 (-0.09-0.13) 0.37 0.71 0.069
Hs-CRP (mg/L) 4.83±1.64 4.71±1.72 0.12 (-0.49-0.73) 0.38 0.70 0.071
Hcy (μmol/) 15.67±4.23 15.38±4.41 0.29 (-1.29-1.87) 0.36 0.72 0.067
IL-6 (pg/mL) 7.84±2.56 7.69±2.63 0.15 (-0.80-1.10) 0.31 0.76 0.058
BDNF (ng/mL) 18.63±4.72 18.91±4.85 -0.28 (-2.03-1.47) 0.31 0.76 -0.059
Note: The measurement data are presented as mean ± standard deviation; MoCA is the Montreal Cognitive Assessment 
Scale, MMSE is the Mini-Mental State Examination, LDL-C is low-density lipoprotein cholesterol, TC is total cholesterol, TG is 
Triglyceride, HDL-C is high-density lipoprotein cholesterol, ApoA1 is Apolipoprotein A1, ApoB is Apolipoprotein B, hs-CRP is high-
sensitivity C-reactive protein, Hcy is homocysteine, IL-6 is interleukin-6, BDNF is brain-derived neurotrophic factor; SMD is the 
standardized mean difference, and an absolute value less than 0.1 indicates good inter-group balance.

Table 2. Comparison of baseline data of the two groups of patients after matching

Indicators Treatment 
group (n = 45)

Control group 
(n = 45)

Mean difference/ratio 
difference (95% CI) t/χ2 p SMD

Age (years) 63.87±7.62 64.02±7.91 -0.15 (-3.36-3.06) 0.09 0.93 -0.019
Male [n (%)] 25 (55.56) 26 (57.78) -0.02 (-0.23-0.18) 0.05 0.83 -0.045
Years of education (years) 9.38±3.14 9.41±3.28 -0.03 (-1.36-1.30) 0.04 0.97 -0.009
Ischemic stroke [n (%)] 34 (75.56) 35 (77.78) -0.02 (-0.20-0.15) 0.06 0.80 -0.053
Course of the disease (months) 9.05±4.28 9.12±4.41 -0.07 (-1.87-1.73) 0.08 0.94 -0.016
Baseline MoCA (Score) 21.38±2.41 21.33±2.45 0.05 (-0.95-1.05) 0.10 0.92 0.021
Baseline MMSE (points) 23.76±2.18 23.71±2.22 0.05 (-0.86-0.96) 0.11 0.91 0.023
TC (mmol/L) 5.41±1.09 5.39±1.14 0.02 (-0.44-0.48) 0.09 0.93 0.018
TG (mmol/L) 2.16±0.74 2.15±0.79 0.01 (-0.31-0.33) 0.06 0.95 0.013
LDL-C (mmol/L) 3.45±0.86 3.43±0.91 0.02 (-0.35-0.39) 0.11 0.91 0.023
HDL-C (mmol/L) 1.09±0.30 1.10±0.32 -0.01 (-0.14-0.12) 0.15 0.88 -0.032
ApoA1 (g/L) 1.17±0.23 1.18±0.25 -0.01 (-0.11-0.09) 0.20 0.84 -0.042
ApoB (g/L) 1.08±0.27 1.08±0.29 0.00 (-0.12-0.12) 0.00 1.00 0.000
hs-CRP (mg/L) 4.79±1.58 4.75±1.66 0.04 (-0.63-0.71) 0.12 0.91 0.025
Hcy (μmol/L) 15.52±4.18 15.44±4.29 0.08 (-1.67-1.83) 0.09 0.93 0.019
IL-6 (pg/mL) 7.78±2.49 7.73±2.58 0.05 (-1.00-1.10) 0.09 0.93 0.020
BDNF (ng/mL) 18.74±4.68 18.82±4.73 -0.08 (-2.02-1.86) 0.08 0.94 -0.017
Note: MoCA is the Montreal Cognitive Assessment Scale, MMSE is the Mini-Mental State Examination, LDL-C is low-density lipo-
protein cholesterol, TC is total cholesterol, TG is Triglyceride, HDL-C is high-density lipoprotein cholesterol, ApoA1 is Apolipopro-
tein A1, ApoB is Apolipoprotein B. The measurement data are presented as mean ± standard deviation; SMD is the standard-
ized mean difference. After matching, the absolute values of all indicators’ SMD were less than 0.1, indicating good inter-group 
balance.
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(6.7%). There was no statistically significant dif-
ference in the incidence of any adverse events 
between the two groups (χ2 = 3.53, P = 0.060). 
The most common adverse event in the treat-
ment group was middle ear barotrauma, with 5 
cases (11.1%) presenting as mild ear pain or 
tympanic membrane congestion. These symp-
toms were relieved after training with the eu- 
stachian tube pressure regulation. No tympa- 
nic membrane perforation or discontinuation 
of treatment occurred. In the control group, no 
middle ear barotrauma occurred. There was a 
statistically significant difference between the 
two groups (χ2 = 5.29, P = 0.021). Regarding 
blood pressure fluctuations, 3 cases (6.7%) in 
the treatment group and 2 cases (4.4%) in the 
control group were observed after adjusting 
antihypertensive drugs. Both were stable, and 
there was no statistically significant difference 
between the groups (P = 0.645). Mild anxiety 
occurred in only 1 case (2.2%) in the treatment 
group, and it was relieved after reassurance, 
allowing the patient to continue the treatment. 
One case of headache (2.2%) occurred in the 
control group and was considered related to 
routine medication. No serious adverse events 
such as oxygen toxicity, decompression sick-
ness, or acute decline in cognitive function 

were observed in this study. All adverse ev- 
ents were mild and resolved spontaneously or 
with simple treatment. No patient terminat- 
ed the treatment due to adverse events. The 
above results indicate that the HBOT protocol 
(2.0 ATA, cumulative 30 sessions) used in this 
study is well tolerated and safe in patients with 
mild to moderate PSCI, see Table 3.

Lipid metabolism

The lipid profile of the treatment group im- 
proved significantly more than that of the con-
trol group after treatment (Table 4). The TC 
level of the treatment group (4.28 ± 0.87 
mmol/L) was lower than that of the control 
group (4.92 ± 0.94 mmol/L), with a mean dif-
ference of -0.64 (95% CI -1.02 to -0.26), t = 
3.38, P = 0.001; LDL-C level of the treatment 
group (2.53 ± 0.71 mmol/L) was lower than 
that of the control group (3.08 ± 0.82 mmol/L), 
with a mean difference of -0.55 (95% CI -0.87 
to -0.23), t = 3.42, P = 0.001; HDL-C level of 
the treatment group (1.34 ± 0.28 mmol/L) 
was higher than that of the control group (1.18 
± 0.26 mmol/L), with a mean difference of 
0.16 (95% CI 0.05 to 0.27), t = 2.82, P = 
0.006. The changes in ApoA1 and B were con-
sistent with this.

Table 3. Comparison of adverse event occurrence between the two groups of patients
Type of adverse event Treatment group (n = 45) Control group (n = 45) χ2 p
Middle ear barotrauma 5 (11.1%) 0 (0.0%) 5.29 0.021
Blood pressure fluctuations 3 (6.7%) 2 (4.4%) 0.21 0.645
Mild anxiety 1 (2.2%) 0 (0.0%) 1.01 0.315
Headache 0 (0.0%) 1 (2.2%) 1.01 0.315
Any adverse event 9 (20.0%) 3 (6.7%) 3.53 0.060
Note: The data are presented as the number of cases (percentage); the comparison between groups is conducted using the 
chi-square test.

Table 4. Comparison of lipid metabolism indicators between the two groups of patients after treatment

Indicators Treatment group  
(n = 45)

Control group  
(n = 45)

Mean difference (95% 
Confidence Interval) t p

TC (mmol/L) 4.28±0.87 4.92±0.94 -0.64 (-1.02--0.26) 3.38 0.001
TG (mmol/L) 1.62±0.58 1.98±0.67 -0.36 (-0.62--0.10) 2.74 0.007
LDL-C (mmol/L) 2.53±0.71 3.08±0.82 -0.55 (-0.87--0.23) 3.42 0.001
HDL-C (mmol/L) 1.34±0.28 1.18±0.26 0.16 (0.05-0.27) 2.82 0.006
Apo A1 (g/L) 1.42±0.21 1.26±0.23 0.16 (0.07-0.25) 3.46 0.001
ApoB (g/L) 0.86±0.23 1.02±0.26 -0.16 (-0.26--0.06) 3.12 0.002
Note: MoCA is the Montreal Cognitive Assessment Scale, MMSE is the Mini-Mental State Examination, LDL-C is low-density 
lipoprotein cholesterol, TC is total cholesterol, TG is Triglyceride, HDL-C is high-density lipoprotein cholesterol, ApoA1 is Apolipo-
protein A1, ApoB is Apolipoprotein B.
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Table 5. Comparison of cognitive function scores between the two groups of patients after treatment

Indicators Treatment group  
(n = 45)

Control group  
(n = 45)

Mean difference (95% 
confidence interval) t p

MoCA (Score) 25.38±2.14 22.96±2.31 2.42 (1.49-3.35) 5.16 < 0.001
MMSE (Score) 27.14±1.86 25.08±2.03 2.06 (1.25-2.87) 5.03 < 0.001
Note: MoCA is the Montreal Cognitive Assessment Scale, MMSE is the Mini-Mental State Examination. After the treatment, the 
cognitive scores of both groups in the treatment group were significantly higher than those of the control group.

Table 6. Comparison of inflammatory factors and neurotrophic factors between the two groups of 
patients after treatment

Indicators Treatment group  
(n = 45)

Control group  
(n = 45)

Mean difference (95% 
confidence interval) t p

hs-CRP (mg/L) 2.86±1.12 3.74±1.35 -0.88 (-1.40--0.36) 3.37 0.001
Hcy (μmol/L) 11.24±3.18 13.67±3.52 -2.43 (-3.83--1.03) 3.44 0.001
IL-6 (pg/mL) 4.83±1.76 6.12±2.04 -1.29 (-2.09--0.49) 3.19 0.002
BDNF (ng/mL) 24.37±4.85 20.56±4.61 3.81 (1.83-5.79) 3.82 < 0.001
Note: Hs-CRP is high-sensitivity C-reactive protein, Hcy is homocysteine, IL-6 is interleukin-6, BDNF is brain-derived neurotroph-
ic factor. After treatment, the levels of inflammatory factors in the treatment group were significantly lower than those in the 
control group, while the level of BDNF was significantly higher than that in the control group.

Table 7. Multivariate logistic regression analysis of HBOT effects on clinical outcomes

Outcome indicators β SE Wald χ2 OR value (95%  
confidence interval) p

A reduction of ≥ 20% in LDL-C 1.12 0.41 7.46 3.06 (1.37-6.84) 0.006
An increase of ≥ 3 points in the MoCA test 1.24 0.43 8.31 3.45 (1.49-8.02) 0.004
The hs-CRP level decreased by at least 30% 0.96 0.38 6.38 2.61 (1.24-5.50) 0.012
BDNF increases by ≥ 20% 1.08 0.40 7.29 2.94 (1.34-6.45) 0.007
Note: BDNF is brain-derived neurotrophic factor; the covariates include age, gender, baseline score, stroke type, and duration.

Cognitive function score

Table 5 shows that cognitive function improved 
significantly more in the treatment group than 
in the control group after treatment. The MoCA 
score of the treatment group (25.38 ± 2.14 
points) was higher than that of the control 
group (22.96 ± 2.31 points), with a mean dif- 
ference of 2.42 (95% CI 1.49-3.35), t = 5.16,  
P < 0.001; the MMSE score of the treatment 
group (27.14 ± 1.86 points) was also higher 
than that of the control group (25.08 ± 2.03 
points), with a mean difference of 2.06 (95% 
CI 1.25-2.87), t = 5.03, P < 0.001.

Inflammatory factors and neurotrophic factors

After treatment, the inflammatory indicators in 
the treatment group were lower than in the 
control group (Table 6), whereas the neuro-
trophic factors were higher. The hs-CRP treat-
ment group (2.86 ± 1.12 mg/L) was lower than 

the control group (3.74 ± 1.35 mg/L), with a 
mean difference of -0.88 (95% CI -1.40 to 
-0.36), t = 3.37, P = 0.001; the IL-6 treatment 
group (4.83 ± 1.76 pg/mL) was lower than the 
control group (6.12 ± 2.04 pg/mL), with a mean 
difference of -1.29 (95% CI -2.09 to -0.49), t = 
3.19, P = 0.002; the BDNF treatment group 
(24.37 ± 4.85 ng/mL) was higher than the con-
trol group (20.56 ± 4.61 ng/mL), with a mean 
difference of 3.81 (95% CI 1.83 to 5.79), t = 
3.82, P < 0.001.

Multivariate logistic regression analysis

Table 7 presents the analysis results of the 
multivariate Logistic regression model, aiming 
to evaluate the independent association be- 
tween HBOT and the occurrence of clinically 
significant improvements in various outcome 
indicators. The adjusted confounding factors 
in the model include age, gender, baseline 
cognitive score (MoCA), baseline LDL-C level, 
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0.004). For inflammatory in- 
dicators, the probability of 
achieving a ≥ 30% reduction  
in hs-CRP in the HBOT group 
was 2.61 times that of the  
control group (OR = 2.61, 95% 
CI 1.24-5.50, P = 0.012). For 
neurotrophic status, the prob-
ability of achieving a ≥ 20% 
increase in BDNF in the HBOT 
group was 2.94 times that of 
the control group (OR = 2.94, 
95% CI 1.34-6.45, P = 0.007). 
This indicates that even af- 
ter considering potential con-
founding factors such as age, 
gender, and baseline severity 
of the disease, HBOT remains 
an independent protective fa- 
ctor for improving lipid pro- 
files, restoring cognitive func-
tion, reducing inflammatory le- 
vels, and enhancing neurotr- 
ophic status in patients with 
PSCI. The OR values are all 
greater than 2.5, and the  
lower limits of the 95% confi-
dence intervals are all greater 
than 1, suggesting that the 
clinical benefits brought by 
HBOT have a strong and ro- 
bust effect size.

The correlation analysis reve- 
aled a significant association 
between lipid changes and im- 
provements in cognitive func-
tion (Figure 2). As shown in 
Figure 2A, the reduction in 
LDL-C was moderately nega-

Figure 2. Scatter plots showing the correlation between changes in blood lip-
id levels and improvements in cognitive function. MoCA is the Montreal Cog-
nitive Assessment Scale, LDL-C is low-density lipoprotein cholesterol, HDL-C 
is high-density lipoprotein cholesterol. A. The change in LDL-C (ΔLDL-C) was 
negatively correlated with the change in MoCA score (ΔMoCA) (r = -0.52, 
95% CI -0.68 to -0.32, P < 0.001); B. The change in HDL-C (ΔHDL-C) was 
positively correlated with ΔMoCA (r = 0.38, 95% CI 0.18-0.55, P = 0.002). 
ΔLDL-C, ΔHDL-C, and ΔMoCA represent the changes from baseline to post-
treatment. Solid lines represent linear regression fit lines, and shaded ar-
eas indicate 95% confidence intervals.

stroke type (ischemic or hemorrhagic), and dis-
ease duration. After adjusting for these con-
founding factors, HBOT was significantly asso-
ciated with clinical improvements in multiple 
outcome indicators. For lipid indicators, the 
probability of achieving a ≥ 20% reduction in 
LDL-C in patients receiving HBOT was 3.06 
times that of the control group (OR = 3.06, 
95% CI 1.37-6.84, P = 0.006). For cognitive 
function, the probability of achieving a ≥ 3- 
point increase in MoCA score (considered the 
minimum clinically significant difference) in the 
HBOT group was 3.45 times that of the con- 
trol group (OR = 3.45, 95% CI 1.49-8.02, P = 

tively correlated with the increase in MoCA 
score (r = -0.52, 95% CI -0.68 to -0.32, P < 
0.001), meaning that the greater the decrease 
in LDL-C, the more significant the improve- 
ment in cognitive function. In contrast, as sh- 
own in Figure 2B, the increase in HDL-C was 
positively correlated with the increase in MoCA 
score (r = 0.38, 95% CI 0.18 to 0.55, P = 0.002). 
These correlations provided the prerequisite 
for the subsequent mediation effect analysis.

Generalized estimating equation analysis

The generalized estimating equation shows 
(Table 8) that there is a significant interaction 



HBOT impact on lipid profiles and cognition in PSCI

4337	 Am J Transl Res 2026;18(5):4326-4345

Table 9. Analysis of the mediating effect of lipid changes in the promotion of MoCA improvement by 
hyperbaric oxygen therapy

Mediating variable Type of effect Effect size Boot SE Boot 95% CI Percentage of 
intermediaries (%)

ΔLDL-C Overall effect 2.42 0.47 1.51-3.33 100.00
Direct effect 1.91 0.46 1.09-2.73 78.93

Indirect effect 0.51 0.18 0.16-0.87 21.07
ΔHDL-C Overall effect 2.42 0.47 1.51-3.33 100.00

Direct effect 2.15 0.45 1.27-3.03 88.84
Indirect effect 0.27 0.14 0.02-0.58 11.16

Note: LDL-C is low-density lipoprotein cholesterol, HDL-C is high-density lipoprotein cholesterol. ΔMoCA represents the 
difference between the post-treatment MoCA score and the baseline value; ΔLDL-C and ΔHDL-C represent the differences from 
the baseline values after treatment; The Bootstrap method was used to randomly sample 1,000 times; If the 95% confidence 
interval of the indirect effect does not include 0, it indicates a significant mediating effect.

effect between time and group on the primary 
outcome. For LDL-C, the time × group interac-
tion term was Wald χ2 = 7.47, P = 0.006; for 
MoCA, the time × group interaction term was 
Wald χ2 = 10.85, P = 0.001. This indicates that 
the treatment group showed a significantly  
faster decline in LDL-C and an increase in  
MoCA during the follow-up period compared to 
the control group, and the intervention effect 
accumulated and strengthened over time.

Mediation effect analysis

The mediation effect analysis further explored 
the potential mediating role of lipid changes in 
the cognitive improvement promoted by HBOT. 
Using the change value of LDL-C as the me- 
diating variable, the results showed that the 
indirect effect was 0.51 (95% CI 0.16-0.87), 
with a mediation proportion of 21.07%, indi- 
cating that the reduction of LDL-C partially 
mediated the improvement effect of HBOT on 
the MoCA score. Using the change value of 
HDL-C as the mediating variable, the indirect 
effect was 0.27 (95% CI 0.02-0.58), with a 

mediation proportion of 11.16%, suggesting 
that the increase of HDL-C also exerted a par-
tial mediating effect, but the effect intensity 
was lower than that of LDL-C. The above results 
are shown in Table 9.

The results of the sensitivity analysis

The sensitivity analysis verified the robustness 
of the main results (Table 10). The main analy-
sis (after PSM) showed that the improvement  
in MoCA from baseline in the treatment group 
(4.00 ± 1.86 points) was significantly greater 
than that in the control group (1.63 ± 1.79 
points), with a mean difference of 2.37 (95% CI 
1.61-3.13), t = 6.18, P < 0.001. This between-
group difference in the change score (ΔMoCA) 
is consistent with the post-treatment absolute 
scores presented in Table 4, where the treat-
ment group also showed superior cognitive per-
formance. After excluding those with poor com-
pliance, the mean difference was 2.54 (95% 
CI 1.78-3.30), t = 6.63, P < 0.001; the mean 
difference in the unmatched full sample an- 
alysis was 2.35 (95% CI 1.64-3.06), t = 6.55, 

Table 8. Interaction effect of time and grouping on the primary outcome as analyzed by GEE
Indicators Source β SE Wald χ2 p
LDL-C Time 0.34 0.12 8.03 0.005

Grouping 0.52 0.18 8.34 0.004
Time × Group 0.41 0.15 7.47 0.006

MoCA Time 0.47 0.14 11.27 0.001
Grouping 0.63 0.21 9.00 0.003

Time × Group 0.56 0.17 10.85 0.001
Note: MoCA is the Montreal Cognitive Assessment Scale, LDL-C is low-density lipoprotein cholesterol. The time × group interac-
tion effect was significant, suggesting that the treatment group showed a more pronounced improvement trend during the 
follow-up period compared to the control group.
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Table 11. Multivariate regression analysis of baseline BDNF levels and the degree of improvement 
in MoCA
Variable Beta value SE Standardized β t p 95% CI
HBOT group 2.38 0.45 0.48 5.29 < 0.001 1.49-3.27
Baseline BDNF level 0.31 0.13 0.22 2.38 0.018 0.06-0.56
Baseline MoCA 0.12 0.09 0.13 1.33 0.186 -0.06-0.30
Age -0.03 0.02 -0.12 1.50 0.137 -0.07-0.01
Male (referring to female) 0.28 0.38 0.07 0.74 0.462 -0.48-1.04
Note: HBOT is Hyperbaric oxygen therapy. BDNF is brain-derived neurotrophic factor. MoCA is the Montreal Cognitive Assess-
ment Scale. Dependent variable: ΔMoCA (the difference between the post-treatment MoCA score and the baseline MoCA 
score); HBOT group assignment (treatment group = 1, control group = 0); covariates included age, gender, and baseline MoCA 
score; R2 = 0.342, model F = 5.68, P < 0.001.

Table 10. The results of the sensitivity analysis

Analysis strategy
Improvement 

(points) of MoCA in 
the treatment group

Improvement 
(points) of MoCA in 
the control group

Mean difference 
(95% confidence 

interval)
p

Main analysis (after PSM) 4.00±1.86 1.63±1.79 2.37 (1.61-3.13) < 0.001
Exclude those with poor compliance 4.12±1.81 1.58±1.76 2.54 (1.78-3.30) < 0.001
Not all samples matched 3.92±1.94 1.57±1.83 2.35 (1.64-3.06) < 0.001
1:2 Match 4.03±1.88 1.71±1.85 2.32 (1.58-3.06) < 0.001
Note: MoCA is the Montreal Cognitive Assessment Scale. Across different sensitivity analysis strategies, the direction and 
significance of group differences are consistent, indicating that the results are robust and reliable.

P < 0.001; the mean difference in the 1:2 
matching analysis was 2.32 (95% CI 1.58-
3.06), t = 6.22, P < 0.001; after multivariate 
correction, the mean difference was 2.28 (95% 
CI 1.52-3.04), P < 0.001. Across all sensitivity 
analysis strategies, the direction of differences 
between the groups was consistent, the effect 
sizes were similar, and the 95% confidence 
intervals overlapped, confirming that the re- 
search conclusion was robust and reliable.

Subgroup analysis

Based on the median baseline BDNF level of 
18.9 ng/mL in the treatment group of 45 
patients, the patients were divided into the 
high BDNF group (n = 22) and the low BDNF 
group (n = 23). There was no statistically sig- 
nificant difference in baseline MoCA scores 
between the two groups (21.45 ± 2.38 vs. 
21.31 ± 2.45; t = 0.20, P = 0.844), and the 
groups were comparable. After treatment, the 
MoCA scores of both groups increased signifi-
cantly compared with baseline (all P < 0.001). 
The improvement in MoCA scores in the high 
BDNF group was 4.43 ± 1.92 points, and in 
the low BDNF group was 3.52 ± 1.74 points. 
The difference between the groups was sta- 

tistically significant (mean difference of 0.91 
points, 95% CI 0.02 to 1.80, t = 2.07, P = 
0.045), suggesting that patients with higher 
baseline BDNF levels showed greater cognitive 
improvement from HBOT.

Multivariate regression analysis (Table 11) fur-
ther corrected for age, gender, and baseline 
MoCA score. The results showed that the base-
line BDNF level was independently positively 
correlated with the degree of MoCA improve-
ment (β = 0.31, 95% CI 0.06-0.56, P = 0.018), 
and the HBOT group was also significantly as- 
sociated with MoCA improvement (β = 2.38, 
P < 0.001). The model’s fit R2 = 0.342, in- 
dicating that these variables could explain 
34.2% of the total variance in MoCA impro- 
vement.

These results suggest that the baseline BDNF 
level is an independent predictor of HBOT effi-
cacy. Patients with higher baseline BDNF levels 
in PSCI may achieve greater improvements in 
cognitive function from HBOT. This finding pro-
vides preliminary clues for the individualized 
application of HBOT and helps in screening 
potential beneficiaries in clinical practice. The 
above results are shown in Table 12.
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Discussion

This study, through a retrospective cohort de- 
sign, for the first time systematically revealed 
the synergistic improvement effect of HBOT  
on the lipid profile and cognitive function of 
patients with PSCI. Adding three months of 
HBOT intervention on top of conventional reha-
bilitation not only significantly decreased TC, 
TG, LDL-C, and ApoB levels but also increased 
HDL-C and ApoA1 levels. This improvement in 
lipid profile was accompanied by significant 
increases in the MoCA and MMSE scores. 
Mediation effect analysis showed that the 
reduction in LDL-C partially mediated the im- 
provement of cognitive function by HBOT, with 
a mediation ratio of 21.07%, providing new 
clues for understanding the neuroprotective 
mechanism of HBOT.

The close association between dyslipidemia 
and PSCI has been widely recognized. The lip-
id-regulating effect observed in this study is 
highly consistent with previous basic research. 
Dong et al. [38] found that after continuous 
10-day HBOT treatment in ApoE knockout mi- 
ce, abnormal lipid profiles and cognitive func-
tion decline were simultaneously improved. The 
mechanism involved hippocampal neuron pro-
tection. Kudchodkar et al. confirmed that HBOT 
alleviates atherosclerosis by inducing antioxi-
dant responses [39]. This study extends this 
finding to the PSCI population, demonstrating 
that 30 cumulative HBOT sessions at 2.0 ATA 
can reduce LDL-C by an average of 0.55  
mmol/L and increase HDL-C by an average of 
0.16 mmol/L, with clear clinical significance 
within the adjustment range.

In terms of cognitive function improvement, 
the MoCA score in the treatment group in- 
creased by 4.00 points from baseline, signifi-
cantly higher than the 1.63-point increase in 

the control group (group difference: 2.37 
points). Yang et al.’s prospective study of pa- 
tients with PSCI showed that the cognitive 
score after HBOT treatment was significantly 
better than that of the conventional treatment 
group, and that the serum inflammatory factor 
profile exhibited an anti-inflammatory pheno-
type [40]. Hadanny et al.’s randomized con-
trolled study on chronic stroke patients show- 
ed that cognitive improvement could still be 
achieved after HBOT treatment many years 
after disease onset, suggesting that the in- 
tervention time window of HBOT may be wider 
than that of traditional rehabilitation [41]. It 
may exert long-term effects by inducing neu- 
roplasticity. Khairy [42] recently published a 
case report that further supported these me- 
chanisms through imaging evidence: a stroke 
patient received 83 sessions of HBOT 15 
months after stroke onset, and DTI showed 
an increase in fractional anisotropy of white 
matter fibers, and SPECT showed a 15.83% 
increase in blood flow perfusion in the motor 
cortex and 15.92% increase in the frontal lobe 
cortex. Although this study did not collect 
imaging data, the association between lipid 
profile improvement and improvement in cere-
bral blood flow perfusion has been confirmed 
by previous studies. Gottfried et al. [43] pro-
posed that HBOT improves cognitive function 
by inducing neuroplasticity and angiogenesis. 
This study further reveals that lipid improve-
ment may be one of the upstream events of 
enhanced neuroplasticity. The inflammatory 
response plays a central role in the pathogen-
esis of PSCI. This study found that the levels of 
hs-CRP, IL-6, and Hcy in the treatment group 
were significantly lower than those in the con-
trol group, whereas the BDNF level was signifi-
cantly increased. Xin Chen et al. discovered, 
using a low-oxygen-induced cognitive impair-
ment mouse model, that HBOT could upregu-

Table 12. Subgroup analysis of the impact of baseline BDNF levels on the efficacy of hyperbaric 
oxygen therapy

Grouping
Number of 
examples 

(n)

Baseline MoCA 
(Score)

Post-treatment 
MoCA (score) ΔMoCA (points)

Group  
comparison 

t-value

Group com-
parison p 

value
The high BDNF group (≥ 18.9 ng/mL) 22 21.45±2.38 25.88±2.06 4.43±1.92 10.82 < 0.001

The low BDNF group (< 18.9 ng/mL) 23 21.31±2.45 24.83±2.19 3.52±1.74 9.70 < 0.001

Inter-group comparison - t = 0.20, P = 0.844 t = 1.66, P = 0.104 t = 2.07, P = 0.045 - -
Note: BDNF is brain-derived neurotrophic factor. The patients in the treatment group were divided into two groups based on the median baseline BDNF level of 18.9 
ng/mL; ΔMoCA represents the difference between the post-treatment MoCA score and the baseline MoCA score; there was no statistically significant difference in the 
baseline MoCA scores between the high BDNF group and the low BDNF group (P = 0.844), and they were comparable.
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late the expression of oleic acid and MBOAT2, 
alter membrane lipid composition, and reduce 
neuronal ferroptosis. Chen et al. systematically 
summarized that HBOT exerts neuroprotective 
effects through multiple pathways, such as reg-
ulating mitochondrial function, inhibiting neu- 
roinflammation, and promoting neurogenesis 
[44]. It has been noted that HBOT exerts neu- 
roprotective effects through multiple pathways, 
including regulation of mitochondrial function, 
inhibition of neuroinflammation, and promotion 
of neurogenesis and angiogenesis. The results 
of this study are consistent with the literature 
and further support the hypothesis that HBOT 
improves cognitive function through anti-in- 
flammatory and neurotrophic pathways. A  
case report published in SpringerLink further 
supported this through imaging evidence: 15 
months after stroke, a patient who received 83 
sessions of HBOT showed an increase in frac-
tional anisotropy of white matter fibers on DTI, 
and an increase of 15.83% and 15.92% in 
blood perfusion of the motor cortex and frontal 
lobe cortex on SPECT, providing a structural-
functional coupling basis for cognitive improve-
ment [42].

The mediating effect was found to be that 
LDL-C reduction partially mediates the cogni-
tive benefits of HBOT, with significant implica-
tions for the mechanism. The biological ratio-
nale is as follows: LDL-C is the core driver of 
atherosclerosis, and reducing its levels im- 
proves cerebral blood flow reserve; oxidized 
LDL-C has direct neurotoxicity; improving the 
lipid profile may enhance the integrity of the 
blood-brain barrier by alleviating vascular en- 
dothelial inflammation [45]. Boussi-Gross et 
al. previously proposed that HBOT improves 
cognitive function by inducing neural plasticity 
[46]. This study further reveals that improve-
ments in lipid profiles may be one of the 
upstream events underlying enhanced neural 
plasticity. The mediating proportion of 21.07% 
indicates that approximately 79% of the effect 
is mediated by other mechanisms, consistent 
with previous studies emphasizing multiple 
mechanisms, such as angiogenesis, synaptic 
remodeling, and improved mitochondrial func-
tion. In this study, hyperbaric oxygen therapy 
(HBOT) reduced LDL-C by 15.94% and TG by 
17.17%. The reduction rates of both were simi-
lar, but the clinical significance of LDL-C was 
more prominent. LDL-C is the main driving fac-

tor of atherosclerosis, and its reduction helps 
stabilize plaques, improve cerebral blood flow, 
and reduce the direct toxicity of oxidized LDL-C 
to neurons (Zhou et al., 2025). The reduction  
of TG may be more related to HBOT’s improve-
ment of tissue oxygen supply, reduction of insu-
lin resistance, and inhibition of fat breakdown 
[47]. The molecular mechanism by which HBOT 
regulates lipid metabolism is not yet fully un- 
derstood, but clues can be seen from existing 
basic research. Previous studies have shown 
that hyperbaric oxygen can inhibit hepatic tri-
glyceride synthesis by activating the AMPK sig-
naling pathway, while cholesterol metabolism 
is partially regulated by modulating hydroxy-
methylglutaryl-CoA reductase activity and LDL 
receptor expression. The complexity of this 
pathway may explain why the reduction rates 
of LDL-C and TG are not completely parallel.  
In addition, peroxisome proliferator-activated 
receptor gamma (PPARγ), a key nuclear recep-
tor regulating lipid metabolism and inflamma-
tory responses, has been shown in previous 
studies to alleviate lipid metabolism disorders 
and insulin resistance induced by a high-fat 
diet by activating the PPARγ signaling pathway 
[48]. Liver X receptor alpha (LXRα) is involved 
in the regulation of reverse cholesterol trans-
port and HDL synthesis, and some researchers 
have observed in an atherosclerosis model 
that HBOT can upregulate LXRα expression  
and promote cholesterol excretion [49]. In pre-
vious studies, the relationship between LDL-C 
and improvements in cognitive function was 
clearer, which is why this study analyzed it as 
an intermediary variable. Therefore, although 
the reduction rates of both were similar, LDL-
C’s core position in neuroprotection makes it a 
key target for HBOT to regulate lipid metabo-
lism. Although this study did not detect the 
above molecular markers, the improvement in 
the lipid profile (reduction in LDL-C and increa- 
se in HDL-C) was consistent with the activa- 
tion of the AMPK, PPARγ, and LXRα pathways, 
suggesting that these signaling pathways may 
be important targets for HBOT to regulate lipid 
metabolism. Future research should combine 
molecular biology techniques to further explore 
the signaling pathways by which HBOT regu-
lates lipid metabolism. This study found that 
baseline BDNF levels were positively correlat- 
ed with the cognitive improvement effect of 
HBOT. This finding is consistent with previous 
research trends in neurorehabilitation. BDNF, 
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as a neurotrophic factor, has a baseline le- 
vel that may reflect patients’ neural plasticity 
reserve capacity. Mechanistically, HBOT pro-
motes neuronal survival and synaptic plasti- 
city by increasing tissue oxygen pressure, and 
this process may require sufficient BDNF as a 
substrate. Therefore, patients with higher ba- 
seline BDNF levels may have a better neural 
repair foundation and thus respond more st- 
rongly to HBOT. This finding provides prelimi-
nary clues for the individualized application of 
HBOT: by detecting baseline BDNF levels to 
screen potential beneficiaries, it helps improve 
the cost-benefit ratio of the treatment. Future 
studies need to verify the clinical value of BDNF 
as a predictive marker through larger pros- 
pective studies with larger sample sizes and 
explore its optimal cutoff value.

From a clinical transformation perspective, 
HBOT, as a non-invasive physical therapy, can 
provide additional cognitive benefits beyond 
conventional medications and rehabilitation 
training, and is of practical significance for  
the comprehensive management of PSCI. Cu- 
rrently, the treatment of PSCI mainly relies  
on cholinesterase inhibitors, memantine, and 
statins, but the therapeutic effects are often 
unsatisfactory. The unique value of HBOT lies 
in the physical increase of blood oxygen pres-
sure: under a 2.0 ATA environment, the plasma 
dissolved oxygen content can increase by 7-12 
times, and the oxygen diffusion distance ex- 
pands from 30 μm at normal pressure to over 
100 μm. This physical effect is difficult to 
replace with drugs [50]. The HBOT protocol 
adopted in this study is 2.0 ATA at 60 minutes 
per session, with a total of 30 sessions (3 
courses, each consisting of 10 sessions). This 
protocol is based on the commonly used doses 
in previous studies on PSCI and post-stroke 
rehabilitation. However, there is currently no 
unified standard for the optimal number of 
treatments and the course schedule. Some 
studies have shown that the efficacy of HBOT 
may have a dose-effect relationship, but ex- 
cessive treatment frequency may increase the 
burden on patients and the risk of adverse 
events. Although this study did not set up di- 
fferent treatment groups for comparison, from 
the results of the generalized estimation equa-
tion of the time-group interaction effect, the 
improvement in cognitive function of the treat-
ment group showed a continuous upward trend 

over time, and no plateau was observed, sug-
gesting that 30 treatments may not have 
reached the maximum efficacy. In the future, 
prospective randomized controlled trials with 
parallel groups at different treatment frequen-
cies (e.g., 10, 20, or 30 times) can be conduct-
ed to determine the optimal dose and treat-
ment schedule for HBOT in PSCI patients, 
aiming to achieve the best balance between 
efficacy and resource investment. At the meth-
odological level of the study, this research bal-
anced confounding factors between groups 
using PSM, confirmed the interaction effect 
between time and group using GEE, and veri-
fied the robustness of the results through  
sensitivity analysis. After matching, each group 
had 45 samples. Post hoc power analysis sh- 
owed that for the primary outcome, the MoCA 
score, the power was 0.86. 

This study does have several limitations: The 
retrospective design cannot completely elimi-
nate unmeasured confounding factors. Althou- 
gh the E-value calculation shows that the as- 
sociation between unmeasured confounding 
factors and treatment and outcome needs  
an OR > 2.5 to overturn the conclusion; the 
single-center study limits the generalizability of 
the results; the follow-up period only covers the 
point at the end of treatment, and the long-
term efficacy maintenance situation could not 
be observed; thus the causal inference of the 
mediation effect analysis still requires caution, 
and there may be a bidirectional relationship 
between lipid changes and cognitive improve-
ment. The patients included in this study all 
had mild to moderate cognitive impairment 
(with baseline MoCA scores ranging from 18 to 
25), and the degree of dyslipidemia was mainly 
mild to moderate (with an average baseline 
LDL-C of 3.45 mmol/L). Therefore, the conclu-
sions of this study are mainly applicable to this 
population. For patients with severe cognitive 
impairment (MoCA < 18) or severe dyslipidemia 
(LDL-C > 4.9 mmol/L), the efficacy and safety  
of HBOT still need to be further verified. Addi- 
tionally, this study excluded patients with se- 
vere heart failure, chronic obstructive pulmo-
nary disease, and a history of mental illness, 
suggesting that such patients may not be able 
to tolerate HBOT or may have potential risks.  
In clinical practice, it is recommended to con-
duct rigorous screening for patients scheduled 
to receive HBOT, including an otolaryngological 
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consultation to assess eustachian tube func-
tion, cardiac function assessment, and base-
line cognitive function evaluation, to ensure the 
safety and effectiveness of the treatment.

This study is placed within the existing evi- 
dence framework. Multiple systematic reviews 
have preliminarily confirmed the positive im- 
pact of HBOT on cognitive function. A system-
atic review by Mariana Cannellotto et al., which 
included multiple high-quality studies, support-
ed the potential of HBOT to improve cognitive 
impairments caused by various etiologies [51]. 
Previous studies mostly focused on a single 
outcome measure and lacked multi-dimension-
al integrated analysis. This study constructed a 
more comprehensive effect spectrum by si- 
multaneously detecting six lipid indicators, two 
cognitive scales, three inflammatory indicators, 
and one neurotrophic factor, and attempted to 
integrate indicators at different levels throu- 
gh mediation analysis. Future research should 
conduct multi-center randomized controlled tri-
als to verify the causal relationship; extend the 
follow-up period to observe the persistence of 
therapeutic effects; combine functional mag-
netic resonance and positron emission tomog-
raphy and other neuroimaging techniques to 
explore the patterns of brain structure and 
function remodeling induced by HBOT; conduct 
in-depth exploration of the molecular pathways 
by which HBOT regulates lipid metabolism 
based on metabolomics and lipidomics; and 
explore biomarkers that predict the efficacy  
of HBOT to promote individualized treatment 
decisions.

Limitations

This study has the following limitations: First, 
the retrospective design itself cannot com-
pletely eliminate the influence of unmeasured 
confounding factors. Although propensity score 
matching, multivariate regression, and sensitiv-
ity analysis were employed, selection and infor-
mation biases may still persist. Secondly, as a 
single-center study, the sample size was rela-
tively small, and the follow-up period only cov-
ered the end of treatment. Therefore, the long-
term maintenance effects of hyperbaric oxy- 
gen therapy on cognitive function and lipid 
profile could not be observed. Thirdly, although 
the mediation effect analysis suggests that 
the reduction in LDL-C partially mediates the 

improvement in cognition, the mediation infer-
ence based on observational data should be 
interpreted with caution. There may be a bidi-
rectional relationship or common upstream 
regulatory factors between lipid changes and 
cognitive improvement. Fourth, there is a lack 
of objective evidence at the imaging and mo- 
lecular biology levels to support this. This stu- 
dy, based on correlations between lipid profiles 
and cognitive function, as well as an analysis 
of mediating effects, hypothesizes that hyper-
baric oxygen therapy may indirectly protect the 
neurovascular unit by improving lipid metabo-
lism. However, due to the limitations of the ret-
rospective design, this study did not detect 
direct markers of blood-brain barrier integrity 
(such as the cerebrospinal fluid albumin-to-
serum albumin ratio, tight junction proteins, 
etc.), and thus the above mechanistic inference 
lacks direct evidence. In the future, prospec- 
tive studies combined with cerebrospinal fluid 
detection or neuroimaging techniques (such 
as dynamic contrast-enhanced magnetic reso-
nance imaging) are needed to further verify the 
impact of hyperbaric oxygen therapy on the 
function of the blood-brain barrier, and the spe-
cific mechanisms by which it regulates lipid 
metabolism and neural plasticity still need to 
be further verified through in-depth basic re- 
search. Fifth, all the enrolled patients received 
statin therapy. Therefore, the research conclu-
sion is mainly applicable to the population of 
post-stroke cognitive impairment (PSCI) pa- 
tients who are currently receiving statin treat-
ment. Since patients who did not use statins 
were not included in this study, it is impossible 
to separately evaluate the lipid regulation effect 
of hyperbaric oxygen therapy without the back-
ground of statin use, nor can it distinguish the 
synergistic or additive relationship between the 
lipid-lowering effect of hyperbaric oxygen thera-
py and statins. Future studies can be designed 
to include PSCI patients who did not use sta- 
tins to more clearly evaluate the independent 
regulatory effect of hyperbaric oxygen therapy 
on lipid metabolism.

Conclusion

In conclusion, this study provides new eviden- 
ce for the application of HBOT in the treatment 
of PSCI, confirming that it can significantly 
improve the lipid profile and promote cognitive 
recovery. Moreover, the improvement in lipid 
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levels partially mediates the cognitive benefits. 
This discovery incorporates lipid metabolism 
regulation into the explanation framework of 
the neuroprotective mechanism of HBOT, pro-
viding theoretical basis and practical referenc-
es for optimizing the comprehensive interven-
tion strategy for PSCI. In the complex process 
of post-stroke rehabilitation, HBOT, as a treat-
ment method that acts on three targets - blood 
vessels, metabolism, and nerves simultane-
ously, deserves more attention and application 
in clinical practice.
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Table S1. Comparison of baseline characteristics between patients with successful matching and 
those with unsuccessful matching

Indicators Matched successful 
group (n = 90)

Unmatched 
groups (n = 25) t/χ2 P SMD

Age (years) 63.95±7.76 66.21±8.34 2.03 0.045 0.28
Male [n (%)] 51 (56.67) 15 (60.00) 0.09 0.763 0.07
Years of education (years) 9.40±3.21 9.25±3.45 0.31 0.757 0.05
Ischemic stroke [n (%)] 69 (76.67) 18 (72.00) 0.23 0.631 0.11
Baseline MoCA (Score) 21.36±2.43 21.42±2.51 0.11 0.915 0.02
Baseline LDL-C (mmol/L) 3.44±0.88 3.82±0.95 2.06 0.042 0.42
Baseline TC (mmol/L) 5.40±1.11 5.47±1.23 0.38 0.702 0.06
Note: MoCA is the Montreal Cognitive Assessment Scale, MMSE is the Mini-Mental State Examination, LDL-C is low-density 
lipoprotein cholesterol, TC is total cholesterol, TG is Triglyceride, HDL-C is high-density lipoprotein cholesterol. SMD represents 
the standardized mean difference. The age and baseline LDL-C levels of the unmatched patients were significantly higher than 
those of the matched group, suggesting that caution should be exercised when extrapolating the conclusions of this study to 
the elderly and patients with severe hyperlipidemia.


