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Abstract

Objective This study aims to evaluate the efficacy and safety of adjunctive hyperbaric oxygen therapy (HBOT) in
acute ischaemic stroke (AIS) based on existing evidence.

Methods We conducted a comprehensive search through April 15, 2023, of seven major databases for randomized
controlled trials (RCTs) comparing adjunctive hyperbaric HBOT with non-HBOT (no HBOT or sham HBOT) treatments
for AIS. Data extraction and assessment were independently performed by two researchers. The quality of included
studies was evaluated using the tool provided by the Cochrane Collaboration. Meta-analysis was conducted using
Rev Man 5.3.

Results A total of 8 studies involving 493 patients were included. The meta-analysis showed no statistically significant
differences between HBOT and the control group in terms of NIHSS score (MD = -1.41, 95%Cl = -7.41 to 4.58), Barthel
index (MD=8.85, 95%C| = -5.84 to 23.54), TNF-a (MD =-5.78, 95%C| =-19.93 to 8.36), sSICAM (MD = -308.47, 95%C|
=-844.131t0 13227.19), sVCAM (MD =-122.84, 95%C| = -728.26 t0 482.58), sE-selectin (MD=0.11, 95%Cl =-21.86 to
22.08), CRP (MD =-5.76, 95%Cl = -15.02 to 3.51), adverse event incidence within <6 months of follow-up (OR=0.98,
95%Cl=0.25 to 3.79). However, HBOT showed significant improvement in modified Rankin score (MD=0.10,
95%Cl=0.03 t0 0.17), and adverse event incidence at the end of treatment (OR=0.42, 95%Cl=0.19 to 0.94) compared
to the control group.

Conclusion While our findings do not support the routine use of HBOT for improving clinical outcomes in AlS,
further research is needed to explore its potential efficacy within specific therapeutic windows and for different
cerebral occlusion scenarios. Therefore, the possibility of HBOT offering clinical benefits for AIS cannot be entirely
ruled out.
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Introduction

Stroke is a severe cerebrovascular disease recognized
by the World Health Organization as one of the lead-
ing healthcare problems worldwide [1]. Acute ischaemic
stroke (AIS) is the predominant subtype, accounting for
approximately 85% of all strokes [2, 3]. It results from the
blockage of cerebral blood vessels by thrombi or other
emboli, leading to insufficient oxygen and nutrient supply
and subsequent necrosis of brain tissue [4]. AIS ranks as
the second leading cause of death globally [5]. Even for
those who survive, stroke often leads to various compli-
cations and sequelae, including motor impairments, cog-
nitive deficits, and speech disorders. The high mortality
rate, disability rate, and significant economic burden on
patients, families, and society [6] make it imperative to
explore effective treatment methods for AIS.

The primary effective treatments for AIS are throm-
bolysis and thrombectomy [7, 8]. Administering intrave-
nous thrombolysis within 4.5 h can benefit patients, with
earlier treatment yielding greater benefits [9]. Compared
to thrombolysis, mechanical thrombectomy has a longer
therapeutic window. A previous study indicated benefits
from mechanical thrombectomy within 24 h after stroke
onset [10]. However, strict time windows and indica-
tions limit the application of these interventions. In such
cases, conventional medical treatment is generally used,
such as aspirin and statins for preventing further platelet
aggregation and limiting infarct expansion. Additionally,
non-pharmacological, non-invasive therapies like oxy-
gen therapy, acupuncture, and electrical stimulation are
sometimes used alongside conventional methods and are
gaining increasing attention. Studies increasingly suggest
these therapies may offer potential therapeutic benefits
for AIS patients [11, 12].

Local neuronal ischemic hypoxic necrosis is generally
considered the primary cause of brain tissue damage in
AIS [13]. Hyperbaric oxygen therapy (HBOT) is com-
monly used as an adjunctive treatment for AIS [14], aim-
ing to improve tissue oxygenation and restore neuronal
activity in metabolically compromised regions. A study
showed that HBOT can increase arterial oxygen ten-
sion by raising dissolved oxygen levels in plasma, thereby
enhancing tissue oxygenation [15]. Furthermore, animal
research has demonstrated that HBOT can stimulate the
expression of nutrient and neurotrophic factors in rats
with IS, promoting the homing of bone marrow-derived
mesenchymal stem cells to the ischemic brain area and
enhancing cellular repair [16]. However, the application
of HBOT in AIS remains controversial [17]. Some stud-
ies indicate that HBOT exerts neuroprotective effects
through multiple pathways and targets [18, 19]. How-
ever, other studies suggest that HBOT does not appear
to improve outcomes in AIS patients [14, 17]. Previ-
ous meta-analyses have shown no substantial evidence
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supporting the use of HBOT during the acute phase of
IS to improve clinical outcomes [14, 20]. However, these
studies did not completely rule out the possibility of clini-
cal benefits of HBOT, and many scale data and biomarker
data were not included in these analyses. Addition-
ally, subsequent clinical studies on HBOT for IS treat-
ment have emerged, demonstrating positive therapeutic
outcomes.

Therefore, we aim to conduct a meta-analysis of clinical
trials of adjunctive HBOT for AIS, focusing on patients
who did not receive thrombolysis/thrombectomy. This
research will clarify the therapeutic role of HBOT for
AIS by explaining these conflicting results and informing
clinical management.

Methods

Study registration

The protocol for this systematic review was registered
on the PROSPERO platform on May 19, 2023, with the
registration ID CRD 42,023,424,572, and this study was
implemented following the PRISMA statement [21].

Search strategy

A comprehensive search was conducted in seven data-
bases, including PubMed, Embase, Web of Science,
Cochrane Library, ClinicalTrials.gov, EudraCT, and
WHO International Clinical Trial Registry Platform.
The search covered all English-language literature from
the inception of each database up to April 15, 2023.
The search terms encompassed “ischemic stroke” and
“hyperbaric oxygen” The search terms included “Isch-
aemic Stroke,” “Cryptogenic Embolism Stroke,” “Wake up
Stroke,” “Hyperbaric Oxygenation,” and “Hyperbaric Oxy-
gen Therapy”” Search terms and strategies were adjusted
and refined based on the requirements of each database
to ensure a thorough search across all databases. Detailed
search strategies are provided in Appendix 1.

Inclusion and exclusion criteria

Study type

All randomized controlled trials (RCTs) of HBOT treat-
ment in AIS were included, while non-randomized
studies, observational studies, animal experiments, quali-
tative studies, case reports, expert opinions, and letters
were excluded.

Participants

The study population included patients with AIS of any
gender or age. All patients were diagnosed with ischemic
stroke using CT or MRI, and those with hemorrhagic
stroke were excluded. Additionally, all study participants
had no clear contraindications for oxygen therapy.
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Interventions

The experiment group received adjunctive HBOT com-
bined with conventional medical treatment. In some
cases, HBOT may be combined with other rehabilitation
methods like acupuncture or rehabilitation training, but
these methods are identical for both the experimental
and control groups (apart from blinding strategies like
sham HBOT). Trials involving patients who received
thrombolysis/thrombectomy were excluded.

Outcome measures

To assess the effects of HBOT on AIS, the following out-
comes were considered as primary outcome measures:
(1) NIHSS score; (2) Barthel index; (3) modified Rankin
Scale score; (4) TNF-a; (5) sSICAM; (6) sVCAM; (7) sE-
selectin; (8) CRP. Secondary outcome measures included
the number and severity of adverse events.

Data extraction

After the literature search, titles and abstracts of the
retrieved articles were imported into EndNote 20 soft-
ware. After removing duplicate records, two reviewers
(Xuezheng Li and Lijun Lu) independently read the titles
and abstracts of the articles to exclude studies that clearly
did not meet the inclusion criteria. Subsequently, a full-
text screening was conducted to determine the eligibility
of potentially relevant studies. For eligible articles, data
extraction was independently performed by two review-
ers. Extracted data consisted of general information (e.g.,
first author, publication year, sample size, randomiza-
tion method, group allocation), participant characteris-
tics (e.g., gender, age, duration of disease), intervention
details (e.g., frequency of therapy, hyperbaric oxygen
parameters, start time), outcome data, follow-up results
and time, and adverse event information. Any discrep-
ancies were resolved by a third reviewer (Yu Min). If
specific data were not provided but only presented in
graphical form, Engauge Digitizer 10.8 software was used
for data extraction from the graphs.

Quality assessment

Each included study was assessed for risk of bias using
the Cochrane Collaboration’s tool [22]. The items in
the tool were divided into seven domains: (A) random
sequence generation; (B) allocation concealment; (C)
blinding of participants and personnel; (D) blinding of
outcome assessment; (E) incomplete outcome data; (F)
selective reporting; (G) other biases. Each domain of the
included studies was rated as low, high, or unclear risk of
bias, and classified as “yes” (low bias for items a-e, high
bias for items f-g), “no” (high bias for items a-e, low bias
for items f-g), or “unclear” (lack of relevant information
or uncertain bias). Two reviewers (Xuefeng Fu and Hao
Li) independently performed the assessment, and any
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discrepancies were resolved by a third reviewer (Wen
Yang).

Statistical analysis

Statistical analysis of the included RCTs was conducted
using Review Manager 5.3 software. The data included
both dichotomous variables and continuous variables.
For dichotomous variables, odds ratios (ORs) with 95%
confidence intervals (CIs) were calculated, while mean
differences (MDs) with 95%Cls were calculated for con-
tinuous variables. Heterogeneity among the studies was
assessed using the I test. If I*<50%, a fixed-effects model
was used to analyze the data. Conversely, if I*>50%, a
random-effects model was employed. Publication bias
was examined using a funnel plot.

Results

Literature screening process and results

Figure 1 shows the PRISMA flowchart of the process and
results of literature search. A thorough eligibility screen-
ing was conducted as per the PICOS (Population, Inter-
vention, Comparison, Outcome, Study design) principle.
A total of 1455 articles were retrieved from 7 databases.
After removing duplicates (325 articles), a total of 1130
articles remained. Following the initial screening, 343
articles were obtained, out of which 332 irrelevant arti-
cles were excluded after full-text reading. We carefully
read the remaining 11 articles [13, 23—-32]. Among them,
two studies [13, 23] were excluded because they did not
report the outcomes of interest, and one study [24] was
also excluded because the experiment was terminated
prematurely. Finally, 8 studies [25-32] were eligible and
included, and their quality was assessed.

Basic information of included studies

The basic information of the included studies is pre-
sented in Table 1. A total of 8 articles were included.
These articles were published between 1995 and 2023
and were all in English. The total number of eligible cases
was 493, including 239 in the experimental group and
254 in the control group. Among these trials, two [26,
28] administered HBOT only once, while the remaining
six trials had HBOT sessions of no less than seven times.
One article [28] reported dropouts, and 5 articles [25-28,
30] conducted follow-ups with a duration not exceeding
six months. The reported outcome measures included:
(1) NIHSS score in five articles [25, 26, 29, 30, 32]; (2)
Barthel index in two articles [26, 29]; (3) modified Rankin
score in two articles [26, 27]; (4) TNF-a in two articles
[29, 32]; (5) SICAM in two articles [26, 31]; (6) sVCAM
in two articles [26, 31]; (7) sE-selectin in two articles [26,
31]; (8) CRP in two articles [29, 32]; and (9) mention of
adverse reactions in four articles [27, 28, 30, 32]. Addi-
tionally, the HBOT intervention modes varied among
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Fig. 1 Flow diagram for the selection of the included studies

the 8 studies, which could potentially affect the efficacy
of HBOT. Therefore, we collected data on HBOT param-
eters, intervention duration, start time, etc., from each
study, which are presented in Table 2.

Quality assessment of included studies

The quality assessment of the included studies is shown
in Fig. 2A and B. Using the Cochrane Collaboration’s
tool for assessing the risk of bias, we identified 7 stud-
ies [25-27, 29-32] with a high risk of bias. Furthermore,
the Oxford Centre for Evidence-Based Medicine Lev-
els of Evidence was utilized to ensure the quality of the
included literature. In this scale, the scores for each study
were 2b or higher, as listed in Table 1. Publication bias
was assessed using a funnel plot, as depicted in Fig. 3.
The symmetrical curve indicates low publication bias of
these studies. A summary of the results for each article

text:
Irrelevant articles (n=332)

Reports excluded:
Included no outcomes of
interest for this review (n=2)
Interrupted the trial (n=1)

was conducted, and the outcomes of HBOT were catego-
rized as “beneficial “possibly beneficial,” “no difference,’
or “possibly harmful)” as listed in Table 1.

Primary outcome measures

NIHSS score

Five articles reported the NIHSS score at the end of treat-
ment, with 130 participants in the experimental group
and 134 in the control group. Meta-analysis was per-
formed on 4 RCTs using a fixed-effects model, as shown
in Fig. 4A. The results indicated that although the HBOT
group showed improvement, there was no statistically
significant difference (MD = -1.41, 95%CI = -7.41 to
4.58, P=0.64). Furthermore, two publications reported
follow-up results with a follow-up duration of one month
each. Subgroup analysis was performed, revealing no
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Table 2 The modes of HBOT intervention in the 8 RCTs
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Study FiO, Pressure Begin time Treatmenttime  Therapy duration
Chen 2012 100%0, 2ATA Within 3~ 5days after stroke onset 60 min qd, 10days

Chen 2018 100%0, 2.5ATA NR 60 min Once
Nighoghossian 1995 100%0./air" 1.5ATA/1.5ATA* Within 24 h after stroke onset 40 min/40min® a total of 10 dives
Rusyniak 2003 100%0,/100%0,"  2.5ATA/1.14ATA*  Within 24 h since symptom onset 60 min/60min* Once

Zhu 2022 NR 2ATA NR 80 min g3d, 36days

Imai 2006 100%0, 2ATA NR 60 min qd, Tweek

Zhao 2008 99%0, 2ATA Within 1~ 3days following admission 60 min qd, 10days

Dong 2023 NR 2ATA NR 60 min qd, 12weeks”

IG: interventional group;CG: controlled group; NR: not reported; qd: once a day; q3d: once every 3 days

#Data are given as Treatment/Control

“10 cycles as a treatment course, with an interval of three days between courses

Z

<)

>

o

«Q

=

o
N a — @) Q @]
N = @, 3 [} = >
=2 ® [} B > @ @
f) o 5 = (=) 35 S5
N N - N N N N
=] o © [ S = =3
R S o S R = =
N <) a > w <o N
s|eles[s]s]@]=

<
<
(4
<

<
LAl
o

(4
(&
. . . . €00 YeluAsny

® 0o e
é

@

<

<

® o0
© 000

&
&
&
&
¢

®
<

@

®
<

Random sequence generation (selection bias)

Allocation concealment (selection bias)

Blinding of participants and personnel (performance bias)
Blinding of outcome assessment (detection bias)
Incomplete outcome data (attrition bias)

Selective reporting (reporting bias)

Other bias

Random sequence generation (selection bias)

Allocation concealment (selection bias)

Blinding of participants and personnel (performance bias)
Blinding of outcome assessment (detection bias)
Incomplete outcome data (attrition bias)

Selective reporting (reporting bias) -

Other bias

0% 25% 50% 75% 100%

. Low risk of bias Ij Unclear risk of bias . High risk of bias

Fig. 2 (A) Methodological quality summary; (B) Methodological quality graph

Meta-analysis was performed on two RCTs using a
fixed-effects model, as shown in Fig. 4G. The results
demonstrated that although the HBOT group exhibited
improvement in sE-selectin levels, there was no statisti-
cally significant difference (MD=0.11, 95%CI = -21.86 to
22.08, P=0.99).

C-reactive protein (CRP)

Two articles reported CRP, with 95 participants in the
experimental group and 85 in the control group. Meta-
analysis was performed on two RCTs using a fixed-effects
model, as shown in Fig. 4H. The results indicated that
although the HBOT group showed improvement in CRP



Li et al. BMC Neurology (2024) 24:55

_SE(MD)

16T /

Page 7 of 11

20 — =

Subgroups
treatment end

E

<> follow-up<:1 month

Fig. 3 Publication bias from the involved studies

levels, there was no statistically significant difference
(MD =-5.76, 95%CI = -15.02 to 3.51, P=0.22).

Secondary outcome measures

Adverse events

Four articles reported adverse events, with 93 partici-
pants in the experimental group and 92 in the control
group. Adverse events included claustrophobia, fever,
ear pain, and rash. Among them, three articles [24, 25,
28] reported serious adverse events such as heart fail-
ure and death. Meta-analysis was performed on four
RCTs using a fixed-effects model, as shown in Fig. 41. The
results showed that the incidence of adverse events was
significantly lower in the HBOT group compared to the
control group (OR=0.42, 95%CI=0.19 to 0.94, P=0.03).
Additionally, three articles reported follow-up results,
with a follow-up period not exceeding 6 months. Sub-
group analysis revealed no significant difference between
the groups in terms of adverse events, indicating that
HBOT did not increase the incidence of adverse reac-
tions (OR=0.98, 95%CI=0.25 to 3.79, P=0.97).

Discussion
Our study findings are based on 8 studies involving 493
patients with AIS. The results indicate that despite the
inclusion of the latest research, the current evidence is
insufficient to confirm a significant improvement in the
prognosis of AIS with adjunctive HBOT.

Our literature review identified several previous sys-
tematic reviews and meta-analyses [12, 14, 20] on similar

topics. Among them, Bennett MH published two studies
evaluating the impact of HBOT on AIS outcomes [14,
20], with the latter being an update and supplement to
the former. However, these studies by Bennett MH only
summarized data on mortality cases. Due to the different
scales used in each study, many data related to functional
and quality of life assessments were not pooled and ana-
lyzed. In another study by Onose G, HBOT was included
in the meta-analysis along with acupuncture, cooling
therapy, and transcranial direct current stimulation, as
one of the non-invasive, non-pharmacological interven-
tion methods [12]. The author emphasized the impact of
non-invasive, non-pharmacological interventions on AIS
without thoroughly investigating the clinical effects of
HBOT. Although our conclusions are similar to previous
meta-analyses [14], we included a significant amount of
previously unanalyzed data from scales and biomarkers.
Furthermore, our study incorporated more recent clinical
studies on HBOT for treating AIS. These factors contrib-
ute to the reliability and persuasiveness of our research.
We found that there were no statistically significant
differences between the two groups in terms of NIHSS
score, Barthel index, sICAM, TNF-a levels, sVCAM,
sE-selectin, CRP, and incidence of adverse events within
a follow-up period of <6 months. However, the HBOT
group showed significantly better improvement in modi-
fied Rankin score, and adverse event incidences at the
end of treatment compared to the control group. In con-
trast to previous studies [14], we found a significantly
lower adverse event incidence in the HBOT group at the



Li et al. BMC Neurology (2024) 24:55

Page 8 of 11

HBOT Control Mean Difference Mean Difference HBOT Control Mean Difference Mean Difference
: % i tudy or Subaroup _Mean __SD Total Mean  SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% Cl
1.1.1 treatment end Chen 2018 27.1 13948 25 145 14194 25 3.5% 12.60[65.41,90.61)
Chen 2012 -3.125 14.844 16 -3.137 12331 30 243%  0.01[-8.50,8.52] - Zhu 2022 1859 4206 55 9.88 3425 45 96.5%  8.71[-6.25,23.67]
Dong 2023 -35 204 40 -1.54 2595 40 16.8% -1.96[-12.19,8.27] .
Imai 2006 -4.74 28 19 -1.31 3794 19 39% -3.43[-24.63,17.77) I — Total (95% CI) 80 70 100.0%  8.85([-5.84, 23.54]
Zhu 2022 1879 59 55 1286 4962 45 39% -5.93(27.22,1536) —_— Heterogeneity: Chiz = 0.01, df = 1 (P = 0.92); = 0% [ — 5 s s
Subtotal (95% CI) 130 138 48.9%  -1.41[7.41,4.58] > Test for overall effect: Z = 1.18 (P = 0.24) Favours [HEOT) Favours feontrol]
Heterogeneity: Chi? = 0.33, df = 3 (P = 0.95); I = 0%
Test for overall effect: Z = 0.46 (P = 0.64)
1.1.2 follow-up<1 month C
Chen 2012 -4.875 13.428 16 -1.636 14.02 30 25.7% -3.24[-11.51,5.04] =
Chen 2018 33 168 25 -7 1303 25 253%  -160(-9.93,673] — ' '
Subtotal (95% CI) M 55 51.1%  -2.43[-8.30,3.45] - HBOT Control Mean Difference Mean Difference
Hete ity: Chi? = 0.07, df = 1 (P = 0.78); I? = 0%
e ctfoct 2~ 081 (P(: 042) ) Chen 2018 41 673 25 -05 626 25 0.0% -050(4.10,3.10]
- Nighoghossian 1995 02 0.1 17 -0.3 04 17 100.0% 0.10[0.03,0.17]
Total (95% CI) 7 189 100.0%  -1.93[6.13,2.27) < Total @5% G @ 2 1000% 010[005,047]
2= =8P= 2 = O otal (95% .0%  0.10 [0.03, 0.
e e 7 2050 (g(:o o <0 2 25 Helerogeneity: Chi = 0.1, df = 1 (P = 0.74); ' = 0%
A e . Favours [HBOT] Favours [control] Test for overall effect: Z = 2.91 (P = 0.004) -4 -2 2 4
Test for subarou differences: Chiz = 0.06. df = 1 (P = 0.81). F = 0% 12 =2 X Favours (HBOT] Favours [control]
' ' HBOT Control Mean Difference Mean Difference
HeoT Control  Mean Difference Mean Difference tudy or Subgroup  Mean _SD_Total Mean D _Total Weight 1V, Random, 95% CI IV, Random, 95% CI
Chen 2018 14.9 337.14 25 647.6 1,3454 25 41.5% -632.70[-1176.39, -89.01) —
Dong 2023 289 3941 40 2409 411 40 64.7% -4.81(2239,12.77) Zhao 2008 1457 85673 50 -67.6 79583 62 585%  -78.10(-387.35,231.15) —
Zhu 2022 2415 7161 55 -1658 4948 45 35.3% -7.57(:31.39, 16.25] ——
- Total (95% CI) 87 100.0% -308.47 [-844.13, 227.19] e ——
Total @s% C) 5 85 100.0% -5.78(-19.93,8.36] Tau? = 102867.80; Chi = 3.02, df = 1 (P = 0.08); = 67% oo oo P
Heterogeneily: Ch = 0,03, df =1 (P = 0.86), = 0% s o Test for overall effect: Z = 1.13 (P = 0.26) Favours [HBOT] Favours [oontrl]
Test for overall effect: Z = 0.80 (P = 0.42) Favours [HBOT] Favours [control]
HBOT Control Mean Difierence Wean Difference BT Control 0dds Ratio 0dds Ratio
Chen 2018 07 134167 25 509 125008 25 704%  20.80 [742.55, 700.95] — = Study or Subaroup __ Events Total Events Total Weight M-H, Fixed, 95% Cl M-H, Fixed. 95% Cl
Zhao 2008 6712 248305 50 -306.1 350922 62 29.6% -365.10(-1477.17,746.97) 1.9.1 New Subgroup
Dong 2023 5 40 13 40 483%  030[0.09,0.93] — |
Totsl @S%CY o s 87 1000% -122.84[-728.26, 482.58] e — Imai 2006 1 19 2 19 81%  0.47[0.04,5.70) —
g O o e =% 11000 -500 500 1000  Nighoghossian 1995 3 17 4 17 140%  0.70[0.13,3.72) —_—
est for overall effect: Z = 0.40 (P = 0.69) Favours [HBOT] Favours [control] Rusyniak 2003 2 17 3 16 116%  0.58[0.084.01] -1
Subtotal (95% CI) 93 92 820%  0.42[0.19,0.94] -
G Total events 11 2
wBoT Control Moan Dif Moan Dif Heterogeneity: Chiz = 0.81, df = 3 (P = 0.85); I = 0%
ontro lean Difference lean Difference 2= -
tudy or Subgroup _ Mean __SD Total Mean _ SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI Testfor overal effect: 2 =242 (P = 0.03)
Chen 2018 73 16022 25 06 8244 25 97% 6.70(63.93,77.33) 1.9.2 follow-up<6 month
Zhao 2008 86 5215 50 -8 7248 62 90.3% -0.60(23.72,22.52) o 2[‘)’0:‘” up<6 months 3 1o 1 1 36% 338[323570
Total (95% CI) 75 87 100.0% 0.1 [-21.86, 22.08] gighcgh:szsgig; 1995 :’ :; ; :; g;:;o 83‘1‘ {83‘1‘ gig
2= S1p= F=0% usynial : .44 0.0, 5. —
el Ce;;cl 30:4{)%’1 u‘: & 9%)B oo 0 50 0 50 100 Subtotal (95% CI) 53 52 180%  0.98[0.25 379] .
Favours [HBOT] Favours [control] Total events 4 .
Heterogeneity: Chi? = 1.92, df = 2 (P = 0.38); I = 0%
H Test for overall effect: Z = 0.03 (P = 0.97)
HBOT Control Mean Difference Mean Difference
tudy or Subaroup _ Mean _ SD Total Mean  SD Total Weight IV, Fixed, 95% Cl IV, Fixed. 95% CI Total (95% CI) 146 144 100.0%  0.52[0.26,1.03] -
Dong 2023 1699 356 40 -12.26 3004 40 320% -4.73[21.10, 11.64] — Total events 15 2
Zhu 2022 1853 3041 55 -1220 26.87 45 68.0% -6.24[-17.47,4.99) —T Heterogeneity: Chi? = 3.57, df = 6 (P = 0.73); I = 0% ot o p o 00
Test for overall effect: Z = 1.87 (P = 0.06)
" % 576 [- - F HBOT] F: trol
Total (95% Cl) 9% 85 100.0% -576[15.02,3.51) - Test for subarouo differences: Chi? = 1.10. df = 1 (P = 0.29). I = 9.3% avours [HBOT) Favours [control]

Heterogeneity: Chi = 0.02, df = 1 (P = 0.88); ! = 0%

Test for overall effect: Z = 1.22 (P = 0.22) x

20 10 10
Favours [HBOT] Favours [control]
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end of treatment. This suggests that HBOT may reduce
adverse events in the short term. The short-term effects
of HBOT have also been confirmed by Chen CY’s study
[26]. However, some studies indicate that the benefits of
high oxygen are not long-lasting and gradually diminish
within 15 days after exposure to hyperoxia [33].

Our study specifically excluded interventions using
thrombolysis and thrombectomy, the gold standard treat-
ments for AIS recommended by American guidelines [8].
These methods, preferred for their effectiveness, are lim-
ited by strict time windows: thrombolysis to 4.5 h, ben-
efiting only 3% of stroke patients [34]. Thrombectomy,
effective for clots in larger brain arteries like the middle
cerebral artery, offers a longer window. However, throm-
bectomy has more stringent requirements for preopera-
tive assessment and surgical procedures. Complications
such as vessel rupture, vasospasm, or thrombus dislodg-
ment can exacerbate the condition. Due to the strict time
windows and indications for thrombolysis and thrombec-
tomy, patients may not benefit from these interventions.
Therefore, other measures are needed to improve the
prognosis of AIS. The purpose of HBOT is to increase the

concentration of oxygen in the plasma to oxygenate isch-
emic and hypoxic tissues. Our study aimed to assess the
impact of HBOT on AIS prognosis, measured by NIHSS
scores, Barthel index, TNF-a, SICAM, sVCAM, sE-selec-
tin, or CRP. While our findings do not support the use of
HBOT for improving AIS prognosis, we hypothesize that
this might be influenced by the extent of cerebral occlu-
sion. An animal study using ischemic/reperfusion injury
models shows that HBOT significantly reduces lipid per-
oxidation in the cerebral cortex and striatum [35]. Con-
versely, in a permanent middle cerebral artery occlusion
(MCAO) model, HBOT does not significantly reduce
lipid peroxidation levels [36]. The inconsistent results of
HBOT between brains with MCAO and those with par-
tial reperfusion also extend to oxidative stress. Oxidative
stress refers to the rapid increase in harmful reactive oxy-
gen and nitrogen species after ischemic stroke, damaging
brain tissue [37]. In ischemic/reperfusion injury models,
animal studies show HBOT significantly reduces malo-
ndialdehyde (MDA) and nitric oxide (NO) levels, indi-
cators of oxidative stress severity [38]. However, in the
MCAO model, NO levels increased [39]. These results
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suggest that HBOT’s effectiveness might depend on the
extent of blood flow restoration. In brains with com-
plete occlusion, we expect HBOT to rescue the ischemic
penumbra by increasing blood oxygen concentration. In
partially reperfused brains, we hope it can reduce lipid
peroxidation and oxidative stress. While our current data
from these eight RCTs are not sufficient to support this
hypothesis, our study highlights the potential of HBOT
to improve AIS and provides valuable insights for future
research directions, making it nonetheless valuable.

HBOT for ischemic stroke has three main stages: pre-
treatment, early treatment (acute phase), and neuro-
functional recovery (chronic phase). However, the use of
HBOT in the acute phase remains highly controversial
[14]. AIS can be divided into two stages: the acute phase
and the subacute phase [40]. Our analysis of four clini-
cal trials supports this, as those [27, 28] initiating HBOT
within 0-24 h (acute phase) reported no improvement,
while the three studies [25, 31] starting HBOT within
1-5 days (subacute phase) observed positive clinical out-
comes. This suggests that HBOT may be more effective
in the subacute phase than the acute phase of AIS. How-
ever, some studies suggest HBOT may be relevant in the
acute phase within a specific window. A study by Badr
et al. [16, 17] showed HBOT applied within 6 h of isch-
emia reperfusion injury effectively reduce infarct size and
improve neurological function, indicating potential ben-
efits for patients. However, limited research on the early
acute phase hinders definitive conclusions. Further high-
quality studies are needed to address this critical gap in
knowledge.

One trial conducted by Anderson DC et al. [24], which
was previously included in the meta-analysis by Bennett
MH et al., was not included in our study. This is because
we discovered that Anderson DC’s trial allowed patients
to withdraw from the study before completing 15 ses-
sions of treatment. Out of 39 patients, 27 terminated the
trial prematurely, citing reasons such as discharge, finan-
cial constraints, or patient refusal to continue treatment.
This may introduce a significant risk of bias, so it was
excluded.

In addition, we aimed to explore whether adjunctive
HBOT can improve AIS prognosis in non-thrombolysis/
thrombectomy treatment strategies. Our inclusion crite-
ria were informed by previous research [12, 20] focusing
on HBOT combined with rehabilitation methods along-
side conventional medical care. We believe these reha-
bilitation methods, even though not considered the gold
standard like thrombolysis/thrombectomy, deserve fur-
ther evaluation for their potential benefit in AIS manage-
ment. Clinically, such non-pharmacological treatments
like oxygen therapy, acupuncture, and electrical stimula-
tion are often combined with conventional medical care.
One included article even used HBOT combined with
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acupuncture. Acupuncture is widely used in stroke treat-
ment and recommended by the World Health Organiza-
tion for its practicality and potential benefits [41]. In fact,
growing evidence suggests these non-invasive non-drug
methods hold promise for stroke treatment [11]. There-
fore, we investigated whether adding HBOT to such
combined interventions further improves AIS rehabilita-
tion. Despite variations in interventions across studies,
our study remains meaningful.

However, our systematic review still has some limita-
tions including potential bias in seven studies [25-27,
29-32]. For instance, the Chen CY et al. [26] study, where
treatment choices were based on patient preferences,
could affect the reliability of the findings. Addition-
ally, limited data for some outcome measures (reported
in only 2-3 studies) suggest insufficient data for robust
conclusions. Finally, due to a limited number of studies
reporting the initiation timing of HBOT and varied out-
come measures, subgroup analysis based on initiation
time is not performed.

Building on prior meta-analyses, we reaffirm HBOT’s
safety as an intervention. While our study doesn’t provide
conclusive evidence for improved clinical outcomes in
AIS [2], it highlights the need for further research explor-
ing HBOT’s optimal timing and effectiveness across
varying degrees of cerebral blockage. HBOT’s potential
benefits cannot be ignored, and our findings pave the way
for future research that could significantly impact AIS
treatment strategies.

Conclusion

While our study doesn’t provide conclusive evidence to
significantly enhance clinical outcomes with adjunctive
HBOT, it reaffirms its safety in treating AIS. While the
potential for clinical benefit remains compelling, further
research exploring HBOT’s optimal timing and effective-
ness in different stroke scenarios is crucial.
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