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Hyperbaric oxygen therapy as an adjunt treatment for 
glioma and brain metastasis: a literature review

Abstract  
The incidence and mortality rates of malignant tumors are increasing annually, with gliomas and 
brain metastases linked to a poor prognosis. Hyperbaric oxygen therapy is a promising treatment 
modality for both gliomas and brain metastases. It can alleviate tumor hypoxia and enhance 
radiosensitivity. When combined with other treatments for gliomas, this therapy has the 
potential to enhance survival rates. This review addresses the progress in research on the use of 
hyperbaric oxygen therapy combined with radiotherapy. For brain metastases, the combination 
of hyperbaric oxygen therapy and stereotactic radiosurgery is both feasible and advantagenous. 
This combination not only offers protection against radiation-induced brain injury but also 
supports the recovery of neurological and motor functions. The incidence of adverse reactions 
to hyperbaric oxygen therapy is relatively low, and it is safe and manageable. Future efforts 
should be made to investigate the mechanisms by which  hyperbaric oxygen therapy combined 
with radiotherapy treats gliomas and brain metastases, optimize protection of the combined 
treatment against brain injury, minimizing adverse reactions, conducting multidisciplinary 
research and clinical trials, and training healthcare providers to facilitate broader clinical 
application.
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Introduction
Currently, the incidence and mortality rates of malignant tumors are 
increasing.1 Tumors of the central nervous system constitute 1.4% 
of all malignant neoplasms.2 Gliomas account for 60% of all primary 
brain tumors. Among gliomas, approximately 80% are high-grade 
gliomas of advanced nature, and 20% are low-grade gliomas.3 High-
grade glioblastomas present a rather dismal prognosis. The median 
survival time following surgery in combination with radiotherapy 
and chemotherapy is limited, and the local recurrence rate is 
remarkably high.4,5 Following radiotherapy, there is a high likelihood 
of developing brain injury and necrosis.6 As reported, twenty percent 
of cancer patients will experience brain metastases. The majority 
of brain metastases are derived from lung cancer, breast cancer, 
colorectal cancer, melanoma, and renal cell carcinoma.7 Brain 
metastases portend a dismal prognosis, with a limited survival span. 
They give rise to symptoms of elevated intracranial pressure, thereby 
detrimentally impacting the quality of life of patients.8 Owing to the 
presence of the blood‒brain barrier, the efficacy of conventional 
chemotherapy is suboptimal.9,10 Although targeted medications 
exhibit favorable effects in controlling intracranial metastatic tumors, 
they can be utilized only when the driver gene is positive.11 When 
patients present with brain metastases, radiotherapy is typically 
used. It can mitigate symptoms and restrain progression; however, it 
cannot increase the overall survival time of patients.12

Hyperbaric oxygen therapy (HBOT) is defined as a medical treatment 
modality wherein the patient is entirely placed within a pressure 
chamber and inhales 100% oxygen at an absolute pressure 
exceeding 1 atmosphere (ATA; 1 ATA = 101.325 kPa).13 In normal 
situations, oxygen in the blood is predominantly transported in 
combination with hemoglobin. However, under hyperbaric oxygen 
conditions, a significant quantity of oxygen exists in the plasma in 

a physically dissolved form, which can promptly improve the state 
of tissue oxygen deficiency.14,15 Hyperbaric oxygen is typically used 
to treat hypoxic disorders, such as carbon monoxide poisoning, 
decompression sickness, cerebral embolism, and gas gangrene.16 
Hyperbaric oxygen may induce contraction of cerebral blood vessels 
and reduce cerebral blood flow, thereby mitigating cerebral edema 
and decreasing intracranial pressure.17,18

In the treatment of tumors, hyperbaric oxygen can mitigate adverse 
reactions following radiotherapy for head and neck neoplasms.19 It 
can also manage radiation-induced injury to the rectal mucosa in 
patients with rectal carcinoma and cervical carcinoma.20 Hyperbaric 
oxygen has an inhibitory effect on breast cancer and can reduce 
tumor growth. However, cervical and bladder cancers appear to be 
unresponsive to this treatment modality.21 In glioblastomas, hyperbaric 
oxygen in conjunction with radiotherapy and chemotherapy can 
increase survival duration and mitigate radiation-induced cerebral 
injury and necrosis.22,23 In cases of brain metastases, HBOT can 
augment therapeutic efficacy.24 Currently, preferable outcomes have 
been reported in the study of hyperbaric oxygen in combination 
with radiotherapy and chemotherapy in glioblastomas,25-27 yet it is 
still sparingly utilized in clinical therapeutics. Research on hyperbaric 
oxygen in brain metastases is rather limited, and we need to delve 
deeper into this treatment approach. This narrative review aims 
to provide an overview of the research advancements in the use 
of hyperbaric oxygen combined with radiotherapy for treating 
glioblastomas and brain metastases.

Search Strategy
In September 2024, the author retrieved relevant literature by 
electronically searching the PubMed database. The search strategy 
and selection criteria utilized the following keywords: hyperbaric 
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oxygen therapy, gliomas, brain metastases, radiotherapy, radiation-
induced brain injury, radiation-induced brain necrosis, neurological 
and motor function impairment, adverse reactions to hyperbaric 
oxygen and neuroprotection. Various combinations of these search 
terms were employed to conduct a comprehensive literature 
review. We examined the relevance of the titles and abstracts to 
our target content. If they were deemed relevant, the entire paper 
was consulted to ensure that there were appropriate descriptions 
of hyperbaric oxygen-related events. The inclusion criteria included 
original studies, case reports, systematic reviews, and meta-
analyses published in English. Abstracts standing alone, articles 
with duplicated data, and those lacking original data were excluded. 
Publications that failed to meet specific research criteria or lacked 
clear research methods were also excluded. Most of the selected 
literature (accounting for 90% of all references) was published 
between 2000 and 2024. The articles considered in this review are 
summarized in Figure 1.

Despite the presence of the blood‒brain barrier and the blood‒
cerebrospinal fluid barrier in the brain, malignant neoplasms still 
breach the blood‒brain barrier via diverse means.40,41 Once the 
blood‒brain barrier is penetrated, tumor cells disseminate via 
multiple routes, migrating along the exterior of the leptomeninges 
and parenchymal blood vessels, traversing between the surfaces that 
demarcate brain regions, and within the cerebrospinal fluid.42 The 
H2030-BrM3 lung-derived brain metastasis model in rats indicates 
that hypoxia exists in the microenvironment of brain metastases and 
results in hypoxia-related metabolic/oxidative alterations.43 Hypoxia 
gives rise to the resistance of brain tumors to radiotherapy, thus 
hindering the attainment of an optimal therapeutic outcome.44

The principal mechanism of radiotherapy lies in inducing DNA 
damage either by directly depositing ionizing energy into DNA or 
through the generation of free radicals.45 However, the majority 
of DNA damage is caused by the production of free radicals. 
Under irradiation, water molecules undergo radiation-induced 
decomposition to form unstable hydrogen and hydroxyl radicals. The 
hydrogen radical reacts with molecular oxygen to generate unstable 
perhydroxyl radicals and hydrogen peroxide, namely, reactive oxygen 
species. This results in severe damage to DNA strands and ultimately 
leads to cell death.46,47

Methods and Effects of Hyperbaric Oxygen 
Therapy for Glioma and Brain Metastases
The standard regimen for HBOT prescribes that patients inhale 
pure oxygen (approximately 100%) within a hyperbaric chamber at 
an absolute pressure between 1.5 and 2.5 ATA. In this context, the 
absolute pressure is defined as the total atmospheric pressure and 
the gauge pressure inside the hyperbaric chamber.48 Hyperbaric 
oxygen positively influences the oxygenation of brain tissues. In 
both normal brain tissues and glioblastoma tissues, the oxygen 
level can increase by 100–115% following exposure to hyperbaric 
oxygen, ameliorating the hypoxic conditions within tumor tissues and 
increasing sensitivity to radiotherapy.49,50 The mechanisms by which 
hyperbaric oxygen increases sensitivity to radiotherapy are shown 
in Figure 2. Following HBOT, the oxygen tension in normal brain 
tissues decreases rapidly. In contrast, the oxygen tension in high-
grade gliomas decreases at a slower pace. HBOT increases the partial 
pressure of the oxygen level in the tissue immediately adjacent to 
the tumor and within the tumor itself.

Figure 1 ｜ Classification of contents after screening relevant 
articles in this review.
This review explores the multifaceted effects of hyperbaric oxygen 
therapy (HBOT) in the context of radiotherapy for gliomas and brain 
metastases, specifically, its clinical efficacy, mechanism of action, 
adverse reactions, impact on nerve injury and role in motor function 
recovery.

Conventional Therapy for Glioblastomas and 
Brain Metastases
Glioblastomas are solid neoplasms; in terms of structure, the 
blood vessels are typically dilated, featuring tortuous courses and 
uneven distribution, leading to a scarcity of blood vessels in certain 
regions within the tumor and a notable increase in interstitial fluid 
pressure, aggravating hypoxia and acidosis within the tumor.28 
Hypoxia activates the hypoxia-inducible factor pathway accountable 
for regulating crucial cell cycle genes,29 additionally induces the 
formation of new vasculature,30,31 and augments the metastatic 
potential of tumor cells, whereby the tumor cells display enhanced 
aggression.32 The oxygen partial pressure in normal tissues ranges 
from 24 to 66 mmHg, while in solid tumors, it ranges from 2.5 to 
30 mmHg.33 Compared with normal brain cells, high-grade glioma 
cells exhibit anaerobic metabolism and a lower oxygen consumption 
rate.34,35 The hypoxic microenvironment is capable of coordinating 
the proliferation and treatment resistance of glioblastoma stem cells 
not only because the nutritional constraints imposed by hypoxia 
initiate adaptive mechanisms within glioblastoma stem cells, leading 
them to transition toward aerobic glycolysis,36 but also because it 
induces them to enter a quiescent state, which further gives rise to 
resistance to chemotherapy and radiotherapy.37,38 Under hypoxic 
circumstances, quiescent glioblastoma stem cells may also transform 
toward more mesenchymal-like traits, leading to increased migration 
and invasion.39,40

Figure 2 ｜ Biological mechanisms of hyperbaric oxygen in 
increasing radiotherapy sensitivity.
The direct effect of radiotherapy is to damage the DNA of tumors, 
whereas its indirect effect is to damage the DNA of tumors by 
generating ROS. Hyperbaric oxygen can promote the formation of 
ROS and enhance the ability of radiotherapy to damage the DNA of 
tumor cells. HBO: Hyperbaric oxygen; ROS: reactive oxygen species.



MEDICAL GAS RESEARCH｜Vol 15｜No.×× ｜March 2025｜3

MEDICAL GAS RESEARCH
www.medgasres.comReview

Additionally, within 15 minutes after decompression, the partial 
pressure of oxygen in these two areas remains at or above 30 
mmHg.51 Radiotherapy administered after HBOT precludes radiation-
induced damage to normal cells and augments the radiosensitivity of 
high-grade glioma cells.52,53 The research findings of Kinoshita et al.54 
The researchers reported that the most appropriate time to carry out 
radiation therapy promptly following the course of oxygen therapy is 
within the initial 15 minutes after oxygen therapy.

The Columbia-Preston Medical Center carried out a radiotherapy 
trial for glioblastoma. Eighty patients who had not been treated 
previously and were pathologically verified as having glioblastoma 
were assessed; 38 patients underwent radiotherapy under hyperbaric 
oxygen, and 42 patients (the control group) received radiotherapy in 
ambient air. After 18 months, the survival rate of the oxygen group 
was markedly greater than that of the control group (28% vs. 10%). 
At the end of 36 months, no patients in the control group were 
alive, whereas 2 patients in the oxygen group remained alive after 
45 months and 48 months. The median survival time of the oxygen 
treatment group was 38 weeks, whereas that of the ambient air 
control group was 31 weeks.55

Kohshi et al.22 reported that computed tomography or magnetic 
resonance imaging (MRI) of 29 patients with malignant glioma 
indicated postoperative residual tumors. Fifteen patients received 
radiotherapy daily after HBO, and for 11 and 4 patients, the times 
from decompression to radiotherapy were 15 and 30 minutes, 
respectively. Another 14 patients did not undergo HBOT. In the HBOT 
group, 11 out of 15 patients (73%) exhibited a tumor reduction 
of ≥ 50%. All responders received radiotherapy within 15 minutes 
after decompression. In the non-HBOT group, 4 out of 14 patients 
(29%) demonstrated tumor reduction. The median survival times 
of patients who received and did not receive HBOT were 24 and 12 
months, respectively, which were significantly different (P < 0.05). No 
severe side effects were observed in HBOT patients.

Japanese scholars presented the interim outcomes of postoperative 
adjuvant therapy for high-grade gliomas. Forty-one patients 
underwent conventional fractionated radiotherapy with a total dose 
of 60 Gy. The chemotherapy included procarbazine, nimustine, and 
vincristine and was implemented during and after radiotherapy. 
Fifty-seven percent of the patients achieved a response, the average 
time to progression was 12.3 months, and the overall survival time 
was 17.3 months.56 With the prolongation of the follow-up time, 
the results were subsequently updated. A total of 57 patients 
(39 glioblastoma patients and 18 grade III glioma patients) were 
included in the study. All 57 patients were capable of completing a 
total radiotherapy dose of 60 Gy immediately following one session 
of concurrent chemotherapy. The median overall survival time of 
all 57 patients was 20.2 months, the median survival time for 39 
glioblastoma patients was 17.2 months, and the median survival time 
for 18 grade III glioma patients was 113.4 months.27

Kohshi et al.57 also examined gamma-fractionated stereotactic 
radiotherapy in 25 patients with recurrent high-grade gliomas 
who had previously undergone chemotherapy and radiotherapy, 
including 14 patients with anaplastic astrocytoma and 11 patients 
with glioblastoma multiforme. The median survival time following 
fractionated stereotactic radiotherapy was 19 months for anaplastic 
astrocytoma patients and 11 months for glioblastoma multiforme 
patients. Among them, 4 patients exhibited a radiation effect with 
no viable cells, and their survival durations were between 50 and 78 
months.

Italian scholars presented their interim research findings in a study on 
patients with recurrent high-grade glioma. In their hypofractionated 
stereotactic radiotherapy for nine patients with recurrent high-

grade brain glioma, hypofractionated stereotactic radiotherapy was 
continuously administered at a daily dose of 5 Gy for 3–5 days. Each 
dose was provided within 1 hour after HBOT. The disease control 
rate 3 months after hyperbaric oxygen radiotherapy was 55.5%. The 
median progression-free survival for all patients was 5.2 months, 
while the progression-free survival rates at 3 and 6 months were 
55.5% and 27.7%, respectively. The median overall survival following 
hyperbaric oxygen radiotherapy is 10.7 months.25

Hartford et al.49 investigated 38 patients with brain metastases. 
Among these patients, 19 underwent HBOT before stereotactic 
radiosurgery (SRS), with a total of 25 brain metastases. The other 19 
patients constituted the control group, with a total of 27 metastases. 
There was no significant difference between the HBOT patients and 
the control patients in terms of radiation necrosis (RN)-free survival, 
whole-brain radiotherapy before RN-free survival, local recurrence-
free survival before whole-brain radiotherapy for local recurrence, 
distant recurrence-free survival before whole-brain radiotherapy for 
distant recurrence, or overall survival. However, the 1-year estimated 
survival rate tended toward SRS combined with HBOT. Incorporating 
HBOT into SRS for brain metastases is feasible, and there is no 
evidence of a marked reduction in RN or other clinical outcomes.

Cerebral Protective Role of Hyperbaric Oxygen 
Therapy in Glioma and Brain Metastases
The immediate adverse reactions to radiotherapy for brain 
tumors include elevated intracranial pressure, fatigue, and 
delayed responses.58 The long-term sequelae are RN and 
cognitive impairment, which typically occur 3–12 months after 
radiotherapy.59,60 With the development of stereotactic radiotherapy 
for the treatment of brain tumors, the occurrence rate of radiation-
induced brain necrosis is also increasing.59 The occurrence rate of 
radiation-induced brain necrosis is to a certain extent a function of 
the dose. In a study comparing low-dose and high-dose radiation in 
the treatment of low-grade gliomas, the occurrence rates of grade 
3–5 radiation toxicities, including RN, were 2.5% at 5040 cGy and 5% 
at 6480 cGy.61

The mechanism of radiation-induced brain necrosis may involve 
vascular alterations resulting from endothelial damage and the 
actions of proinflammatory cytokines, including vascular endothelial 
growth factor (VEGF), hypoxia-inducible factor 1, and tumor necrosis 
factor-α.62 Vascular injury initiates the necrotic process. Damage 
to vascular endothelial cells results in fibrinoid necrosis of small 
arteries. This may give rise to focal coagulative necrosis as well as 
oligodendrocyte damage and demyelination.63 Some researchers 
have assessed 11 pathological samples of RNs by employing anti-
VEGF antibodies and anti-hypoxia-inducible factor-1α antibodies. 
VEGF was not detected in the necrotic tissue. In the perinutrotic 
region, astrocytes were observed to be positive for VEGF expression. 
This might stimulate endothelial cell proliferation in necrotic tissue 
and necrotic tissue. Hypoxia-inducible factor-1α was also detected 
in the periumcrotic tissue but was expressed at lower levels in the 
necrotic tissue. This suggests that the management of RN should 
be more focused on the periacrotic tissue rather than the necrosis 
itself.64

HBOT increases the generation of VEGF while supporting the milieu 
for new vascular growth. Supplying oxygen to underperfused tissues 
stimulates angiogenesis, thus preventing further hypoxic tissue 
necrosis.65 Research has indicated that, via the VEGF/extracellular 
signal-regulated kinase signaling pathway, the application of HBOT 
can potentiate VEGF and upregulate its receptors vascular endothelial 
growth factor receptor-2, Rat sarcoma viral oncogene homolog 
1 (Raf-1), mitogen-activated protein kinase 1/2, and extracellular 
signal-regulated kinase.66
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HBOT possesses anti-inflammatory characteristics in the brain by 
obstructing the release of proinflammatory cytokines. Research has 
demonstrated that HBOT can restrain the synthesis of prostaglandin 
E2, cyclooxygenase-2, and mitogen-activated protein kinase and 
decrease the expression of interleukin-8, interleukin-1β, and tumor 
necrosis factor-α.67-70

HBOT may suppress the hypoxia-inducible factor-1α cascade and 
upregulate angiopoietin genes, thereby mitigating inflammation 
and facilitating angiogenesis.67,71 Hypoxia resulting from radiation 
damage in astrocytes leads to an increase in hypoxia-inducible factor-
1α.65 Hypoxia-inducible factor-1α disrupts intercellular adhesion 
molecule-1, thereby compromising the integrity of the blood‒brain 
barrier.72,73 The biological mechanisms by which hyperbaric oxygen 
promotes the healing of radiation-induced brain injury are shown in 
Figure 3.

A patient with triple-negative breast cancer who developed brain 
metastatic lesions following receipt of standard chemotherapy and 
radiotherapy underwent stereotactic radiotherapy. Two months later, 
the patient exhibited worsening clinical symptoms, and MRI revealed 
that RN was accompanied by significant peritumoral edema. The 
patient responded inadequately to mannitol and corticosteroids. 
After being diagnosed with brain necrosis, short-term HBOT 
commenced, and intravenous Endostar was administered for a total 
of four cycles. The patient responded favorably to this strategy, with 
rapid and conspicuous improvements in MRI results and clinical 
symptoms. No tumor progression was observed 10 months after 
treatment.76

A retrospective analysis was performed on 78 patients who had a 
total of 101 brain metastases and received SRS treatment. Among 
them, 32 patients (with a total of 47 brain metastases) received 
prophylactic HBOT, and another 46 patients (with a total of 54 brain 
metastases) did not receive HBOT. On the basis of the imaging results, 
radiation-induced brain injuries were classified into two categories, 
namely, white matter injury (WMI) and RN. Radiation-induced brain 
injuries occurred in 5 lesions (11%) in the HBOT group (2 WMIs 
and 3 RNs) and 11 lesions (20%) in the non-HBOT group (9 WMIs 
and 2 RNs). The occurrence frequency of WMIs in the HBOT group 
was lower than that in the non-HBOT group (P = 0.05). Prophylactic 
hyperbaric oxygen may have potential value for radiation-induced 
WMIs.77

At present, the results of the two ongoing prospective studies 
on HBOT for cerebral RN have not yet been reported. One study 
concerns the treatment of cerebral RN with HBOT combined 
with corticosteroids rather than with corticosteroid monotherapy 
(NCT00087815). Another study focused on the clinical improvement 
of patients with cerebral RN following gamma knife surgery treated 
with HBOT (NCT02714465).

Hyperbaric Oxygen Recoveries Nerve Injury and 
Restorates Motor Function in Gliomas and Brain 
Metastases
As the brain tumor progresses and compresses adjacent normal 
tissues, patients exhibit symptoms of neurological function 
impairment and motor dysfunction, specifically limb hemiplegia, 
paralysis, muscle atrophy, limb sensory impairment, language 
dysfunction, and depression.78-80 After treatment, when the tumor 
is brought under control, most patients with symptoms of motor 
weakness remain stable or show improvement, while a small portion 
of patients have less desirable outcomes.81

HBOT can increase the expression of humanin, a small mitochondria-
derived peptide that possesses neuroprotective properties and is 
capable of resisting various kinds of cellular damage.82 With respect 
to mitochondrial research, neurons can release and transfer damaged 
mitochondria to glial cells for processing and recycling, and glial cells 
can release functional mitochondria into neurons. HBOT promotes 
the intercellular transfer of mitochondria from astrocytes to neurons, 
thereby achieving the ability to reverse neuroinflammation.83-85

Research indicates that HBOT facilitates the proliferation of neural 
stem cells and that neural stem cells additionally migrate to the 
lesion site.66 Following HBOT, bone marrow stem cells likewise 
migrate to the ischemic region. The trophic factors secreted by these 
cells can once more facilitate nerve regeneration and restore cerebral 
health.86

Two studies have demonstrated that HBOT in combination with 
mesenchymal stem cells can facilitate the regeneration of peripheral 
nerves and the restoration of spinal cord injuries.87,88 HBOT can 

Figure 3 ｜ Biological mechanisms by which HBO facilitates the 
healing of radiation-induced brain injury.
HBO therapy inhibits HIF-1α, reduces the disruption of ICAM-1, and 
maintains the integrity of the BBB. HBO therapy can also suppress 
the synthesis of PGE2 and COX-2 mRNAs and decrease the levels 
of IL-8, IL-1β, and TNF-α, thereby alleviating the inflammatory 
response. Moreover, HBO therapy increases the production of VEGF 
and activates the Ras-Raf-MEK-ERK signaling pathway to repair nerve 
injuries. BBB: Blood–brain barrier; COX-2: cyclooxygenase-2; ERK: 
extracellular signal-regulated kinase; HBO: hyperbaric oxygen barrier; 
HIF-1α: hypoxia-inducible factor-1α; ICAM-1: intercellular adhesion 
molecule-1; IL-1β: interleukin-1β; IL-8: interleukin-8; MEK: mitogen-
activated protein kinase; PGE2: prostaglandin E2; TNF-α: tumor 
necrosis factor-α; VEGF: vascular endothelial growth factor; VEGFR: 
vascular endothelial growth factor receptor.

Rascón-Ramírez et al.74 reported a case of an RN that recurred 
following the partial resection of a malignant astrocytoma. The 
patient underwent SRS treatment with a total dose of 60 Gy. RN was 
managed via corticosteroid treatment and surgical resection of the 
lesion. At 38 months after SRS, the RN had recurred for the fourth 
time. The patient declined surgery; hence, HBOT was performed, the 
symptoms were alleviated, and there was no recurrence.

Smith and Fenderson75 reported a 43-year-old male who was 
diagnosed with malignant astrocytoma, underwent total resection 
of the lesion, and then received radiotherapy with a total dose of 
5490 cGy, accompanied by oral temozolomide chemotherapy. The 
follow-up MR image revealed that the RN was present. After various 
treatment options were offered, HBOT was selected. The patient 
received 60 sessions of 2 ATA HBOT, and the MRI demonstrated a 
marked reduction in white matter T2 hyperintensity and edema, 
while the symptoms improved.
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also facilitate the proliferation of skeletal muscle satellite cells and 
the maturation of muscle fibers, which is beneficial for muscle 
regeneration.89,90 Intermittent hyperbaric exposure during exercise 
training enhances endurance performance by augmenting oxidative 
and glycolytic capabilities and upregulating proteins associated 
with mitochondrial biosynthesis in striated muscle.91 These effects 
promote the rehabilitation of patients’ motor function.

HBOT increases the oxygen content in the blood and may be 
conducive to treating ligament and muscle injuries resulting from 
hypoxia during exercise as well as alleviating muscle fatigue induced 
by plantar flexion exercise.92,93 Research has indicated that HBOT 
can alleviate muscle soreness caused by eccentric contraction of the 
quadriceps femoris and damage caused by eccentric contraction of 
the peroneus longus.94 Nevertheless, it has no recuperative effect on 
muscle soreness caused by eccentric contraction of the elbow flexors 
and knee flexors.95-97

We reported a case of a patient with recurrent glioblastoma who 
underwent HBOT immediately followed by hypofractionated SRS, 
with grip strength, isokinetic muscle strength testing, and gait 
analysis as the observational indicators. The evaluations before 
and after treatment revealed that, compared with those before 
treatment, the grip strength, isokinetic muscle strength, and gait 
parameters improved. It offers a promising alternative solution for 
dealing with muscle weakness and motor ability problems in the 
recurrence of glioblastoma.98

Adverse Reactions of Hyperbaric Oxygen 
Therapy
HBOT treats patients by applying pressure and providing oxygen in 
an enclosed space. The common adverse reactions are ear/sinus 
barotrauma, claustrophobic anxiety, hypoglycemia, oxygen toxicity, 
pneumothorax, seizures, and dyspnea.99-102 A retrospective study 
was carried out at the outpatient wound care center managed in 
Jacksonville (a city in the USA). Among the 1.5 million treatments 
analyzed, the proportion associated with adverse events was 0.68%. 
Ear barotrauma and restrictive anxiety were the most frequently 
reported events. Severe events are extremely rare, with less than 0.05 
instances of oxygen toxicity per 1000 treatments, and there is only 
one confirmed case of pneumothorax.103

A retrospective analysis of 2334 patients treated at Assaf Harofeh 
Hospital in Israel revealed that 406 (17.4%) experienced adverse 
events (one or more) during HBOT. The overall incidence rate per 
100,000 events:sessions was 721:100,000 (0.72%). The principal 
complication was middle ear barotrauma, which occurred in 16% 
of the patients and 0.04% of the sessions. Females and children 
under 16 years of age had a greater risk of barotrauma. Other 
complications, such as hypoglycemia, oxygen toxicity, dizziness, 
anxiety reactions, dyspnea, and chest pain, had an incidence ranging 
from 0.5–1.5% in patients.104

One study reported three cases of pulmonary edema related to 
HBOT. All three patients had cardiac disease and a decreased left 
ventricular ejection fraction. HBOT may alter the cardiac output 
between the right and left heart, give rise to bradycardia with left 
ventricular dysfunction, resulting in pulmonary edema. Researchers 
have recommended caution when employing HBOT in patients with 
heart failure or a decreased ventricular ejection fraction.105

HBOT may cause oxygen toxicity in the central nervous system, 
leading to seizures.106 Hyperbaric oxygen-induced seizures are 
categorized as brief generalized tonic‒clonic seizures. Although this 
is regarded as not causing residual cognitive impairment, it may 
have transient yet negative consequences for cognitive function and 
behavioral patterns.107

HBOT elevates intraocular pressure, and ocular structures may 
also be influenced and injured.108 Hyperoxic myopia, cataracts, 
and lenticular ectopic fibrosis are ocular complications related to 
HBOT.108,109 Other less frequently observed ophthalmic complications 
include cataracts, corneal ectasia, or retinopathy of prematurity.110

HBOT can modify glucose metabolism by affecting residual insulin 
secretion in diabetic patients and augmenting the brain’s utilization 
of glucose. These alterations may ultimately result in hypoglycemia 
during the treatment course.111 Although rare in nondiabetic patients, 
they may also suffer from hypoglycemia during HBOT. Researchers 
suggest evaluating their blood glucose levels before HBOT, as it may 
exacerbate their hypoglycemic conditions.100

Conclusions
This review focuses on hyperbaric oxygen combined with 
radiotherapy for the treatment of gliomas and brain metastases. It 
expounds on the features of HBOT. Hyperbaric oxygen can ameliorate 
the hypoxic state of tumor cells and increase their radiosensitivity. 
With respect to treatment efficacy, hyperbaric oxygen combined 
therapy can improve the overall survival time of patients with 
gliomas. In cases of brain metastases, the combination of HBOT 
and SRS is practicable and presents certain advantages. Hyperbaric 
oxygen has a protective effect on radiation-induced brain injury and 
is beneficial for the recovery of neurological and motor functions. 
HBOT has multiple adverse effects, and special-group patients need 
to be cautious when it is used.

Although hyperbaric oxygen combined with radiotherapy has shown 
promising results in research, there is a relative scarcity of clinical 
studies. Moreover, the absence of multicenter prospective phase 
III clinical trials has led to limited clinical application. Another key 
limitation of this narrative review is the lack of sufficient long-term 
follow-up data on patients who received the combined treatment. 
This results in the inability to evaluate the durability of the tumor 
control effect, the likelihood of late-onset adverse reactions, and the 
long-term impact on patients’ quality of life.

Future research should further explore the treatment mechanisms 
of hyperbaric oxygen combined with radiotherapy to develop 
personalized treatment regimens, optimize protective measures 
against radiation-induced brain injury, and improve patients’ quality 
of life. Moreover, it is necessary to strengthen the prevention 
of adverse reactions, especially for special-population patients. 
Multidisciplinary cross-research should be carried out, more clinical 
studies should be conducted to verify the efficacy and safety, and 
doctor training should be strengthened to promote wide clinical 
application.

Author contributions: TC designed, wrote and revised the manuscript and 
approved the final version of the manuscript for publication
Conflicts of interest: The author declares that the review was conducted 
in the absence of any commercial or financial relationships that could be 
construed as potential conflicts of interest.
Data availability statement: Not applicable.
Open access statement: This is an open access journal, and articles 
are distributed under the terms of the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 License, which allows others to remix, tweak, 
and build upon the work non-commercially, as long as appropriate credit is 
given and the new creations are licensed under the identical terms.

References
1. Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA Cancer J 

Clin. 2024;74:12-49.
2. Vargo M. Brain tumor rehabilitation. Am J Phys Med Rehabil. 

2011;90:S50-62.
3. Wang LM, Englander ZK, Miller ML, Bruce JN. Malignant glioma. Adv Exp 

Med Biol. 2023;1405:1-30.



6  ｜MEDICAL GAS RESEARCH｜Vol 15｜No.×× ｜March 2025

MEDICAL GAS RESEARCH
www.medgasres.com Review

4. Martínez-Carrillo M, Tovar-Martín I, Zurita-Herrera M, et al. Salvage 
radiosurgery for selected patients with recurrent malignant gliomas. 
Biomed Res Int. 2014;2014:657953.

5. Kirkpatrick JP, Sampson JH. Recurrent malignant gliomas. Semin Radiat 
Oncol. 2014;24:289-298.

6. Winter SF, Jo J, Schiff D, Dietrich J. Central nervous system complications 
among oncology patients. Hematol Oncol Clin North Am. 2022;36:217-
236.

7. Achrol AS, Rennert RC, Anders C, et al. Brain metastases. Nat Rev Dis 
Primers. 2019;5:5.

8. Hall WA, Djalilian HR, Nussbaum ES, Cho KH. Long-term survival with 
metastatic cancer to the brain. Med Oncol. 2000;17:279-286.

9. Lockman PR, Mittapalli RK, Taskar KS, et al. Heterogeneous blood-tumor 
barrier permeability determines drug efficacy in experimental brain 
metastases of breast cancer. Clin Cancer Res. 2010;16:5664-5678.

10. Horn L, Mansfield AS, Szczęsna A, et al. First-line atezolizumab plus 
chemotherapy in extensive-stage small-cell lung cancer. N Engl J Med. 
2018;379:2220-2229.

11. Yang JJ, Zhou C, Huang Y, et al. Icotinib versus whole-brain irradiation 
in patients with EGFR-mutant non-small-cell lung cancer and multiple 
brain metastases (BRAIN): a multicentre, phase 3, open-label, parallel, 
randomised controlled trial. Lancet Respir Med. 2017;5:707-716.

12. Yang S, Xiao J, Liu Q, et al. The sequence of intracranial radiotherapy and 
systemic treatment with tyrosine kinase inhibitors for gene-driven non-
small cell lung cancer brain metastases in the targeted treatment era: a 
10-year single-center experience. Front Oncol. 2021;11:732883.

13. Sahni T, Singh P, John MJ. Hyperbaric oxygen therapy: current trends and 
applications. J Assoc Physicians India. 2003;51:280-284.

14. Sethuraman KN, Smolin R, Henry S. Is there a place for hyperbaric 
oxygen therapy? Adv Surg. 2022;56:169-204.

15. Collins JA, Rudenski A, Gibson J, Howard L, O’Driscoll R. Relating oxygen 
partial pressure, saturation and content: the haemoglobin-oxygen 
dissociation curve. Breathe (Sheff). 2015;11:194-201.

16. Sen S, Sen S. Therapeutic effects of hyperbaric oxygen: integrated 
review. Med Gas Res. 2021;11:30-33.

17. Zeng H, Zeng D, Yin X, Zhang W, Wu M, Chen Z. Research progress on 
high-concentration oxygen therapy after cerebral hemorrhage. Front 
Neurol. 2024;15:1410525.

18. Zhang Y, Yang Y, Tang H, et al. Hyperbaric oxygen therapy ameliorates 
local brain metabolism, brain edema and inflammatory response in a 
blast-induced traumatic brain injury model in rabbits. Neurochem Res. 
2014;39:950-960.

19. Teguh DN, Levendag PC, Noever I, et al. Early hyperbaric oxygen therapy 
for reducing radiotherapy side effects: early results of a randomized 
trial in oropharyngeal and nasopharyngeal cancer. Int J Radiat Oncol Biol 
Phys. 2009;75:711-716.

20. Moreira Monteiro A, Alpuim Costa D, Mareco V, Espiney Amaro C. The 
effectiveness of hyperbaric oxygen therapy for managing radiation-
induced proctitis - results of a 10-year retrospective cohort study. Front 
Oncol. 2023;13:1235237.

21. Moen I, Stuhr LE. Hyperbaric oxygen therapy and cancer--a review. 
Target Oncol. 2012;7:233-242.

22. Kohshi K, Kinoshita Y, Imada H, et al. Effects of radiotherapy after 
hyperbaric oxygenation on malignant gliomas. Br J Cancer. 1999;80:236-
241.

23. Leber KA, Eder HG, Kovac H, Anegg U, Pendl G. Treatment of cerebral 
radionecrosis by hyperbaric oxygen therapy. Stereotact Funct Neurosurg. 
1998;70 Suppl 1:229-236.

24. Tao J, Gao Z, Huang R, Li H. Therapeutic effect of combined hyperbaric 
oxygen and radiation therapy for single brain metastasis and its influence 
on osteopontin and MMP-9. Exp Ther Med. 2019;17:465-471.

25. Arpa D, Parisi E, Ghigi G, et al. Role of hyperbaric oxygenation plus 
hypofractionated stereotactic radiotherapy in recurrent high-grade 
glioma. Front Oncol. 2021;11:643469.

26. Aghajan Y, Grover I, Gorsi H, Tumblin M, Crawford JR. Use of hyperbaric 
oxygen therapy in pediatric neuro-oncology: a single institutional 
experience. J Neurooncol. 2019;141:151-158.

27. Ogawa K, Ishiuchi S, Inoue O, et al. Phase II trial of radiotherapy after 
hyperbaric oxygenation with multiagent chemotherapy (procarbazine, 
nimustine, and vincristine) for high-grade gliomas: long-term results. Int 
J Radiat Oncol Biol Phys. 2012;82:732-738.

28. Baish JW, Stylianopoulos T, Lanning RM, et al. Scaling rules for diffusive 
drug delivery in tumor and normal tissues. Proc Natl Acad Sci U S A. 
2011;108:1799-1803.

29. Dzhalilova DS, Makarova OV. HIF-dependent mechanisms of relationship 
between hypoxia tolerance and tumor development. Biochemistry 
(Mosc). 2021;86:1163-1180.

30. Carmeliet P, Jain RK. Molecular mechanisms and clinical applications of 
angiogenesis. Nature. 2011;473:298-307.

31. Lum JJ, Bui T, Gruber M, et al. The transcription factor HIF-1alpha plays 
a critical role in the growth factor-dependent regulation of both aerobic 
and anaerobic glycolysis. Genes Dev. 2007;21:1037-1049.

32. DeClerck K, Elble RC. The role of hypoxia and acidosis in promoting 
metastasis and resistance to chemotherapy. Front Biosci (Landmark Ed). 
2010;15:213-225.

33. Kizaka-Kondoh S, Inoue M, Harada H, Hiraoka M. Tumor hypoxia: a target 
for selective cancer therapy. Cancer Sci. 2003;94:1021-1028.

34. Tyler JL, Diksic M, Villemure JG, et al. Metabolic and hemodynamic 
evaluation of gliomas using positron emission tomography. J Nucl Med. 
1987;28:1123-1133.

35. Jamieson D, Vandenbrenk HA. Measurement of oxygen tensions in 
cerebral tissues of rats exposed to high pressures of oxygen. J Appl 
Physiol. 1963;18:869-876.

36. Qiang L, Wu T, Zhang HW, et al. HIF-1α is critical for hypoxia-mediated 
maintenance of glioblastoma stem cells by activating Notch signaling 
pathway. Cell Death Differ. 2012;19:284-294.

37. Seidel S, Garvalov BK, Wirta V, et al. A hypoxic niche regulates 
glioblastoma stem cells through hypoxia inducible factor 2 alpha. Brain. 
2010;133:983-995.

38. Mahase S, Rattenni RN, Wesseling P, et al. Hypoxia-mediated 
mechanisms associated with antiangiogenic treatment resistance in 
glioblastomas. Am J Pathol. 2017;187:940-953.

39. Tejero R, Huang Y, Katsyv I, et al. Gene signatures of quiescent 
glioblastoma cells reveal mesenchymal shift and interactions with niche 
microenvironment. EBioMedicine. 2019;42:252-269.

40. Velásquez C, Mansouri S, Gutiérrez O, et al. Hypoxia can induce 
migration of glioblastoma cells through a methylation-dependent control 
of ODZ1 gene expression. Front Oncol. 2019;9:1036.

41. Boire A, Zou Y, Shieh J, Macalinao DG, Pentsova E, Massagué J. 
Complement component 3 adapts the cerebrospinal fluid for 
leptomeningeal metastasis. Cell. 2017;168:1101-1113.e13.

42. Simonsen TG, Gaustad JV, Rofstad EK. Intracranial tumor cell migration 
and the development of multiple brain metastases in malignant 
melanoma. Transl Oncol. 2016;9:211-218.

43. Fantin J, Toutain J, Pérès EA, et al. Assessment of hypoxia and oxidative-
related changes in a lung-derived brain metastasis model by [(64)Cu]
[Cu(ATSM)] PET and proteomic studies. EJNMMI Res. 2023;13:102.

44. Goodman KA, Sneed PK, McDermott MW, et al. Relationship between 
pattern of enhancement and local control of brain metastases after 
radiosurgery. Int J Radiat Oncol Biol Phys. 2001;50:139-146.

45. Lu Z, Zheng X, Ding C, et al. Deciphering the biological effects of 
radiotherapy in cancer cells. Biomolecules. 2022;12:1167.

46. Schaue D, McBride WH. Opportunities and challenges of radiotherapy 
for treating cancer. Nat Rev Clin Oncol. 2015;12:527-540.

47. Stohs SJ. The role of free radicals in toxicity and disease. J Basic Clin 
Physiol Pharmacol. 1995;6:205-228.

48. Fischer I, Barak B. Molecular and therapeutic aspects of hyperbaric 
oxygen therapy in neurological conditions. Biomolecules. 2020;10:1247.

49. Hartford AC, Gill GS, Ravi D, et al. Sensitizing brain metastases to 
stereotactic radiosurgery using hyperbaric oxygen: A proof-of-principle 
study. Radiother Oncol. 2022;177:179-184.

50. Potapov AA, Rapman Iu I, Liass FM, Manevich AZ, Iarmonenko SP. 
Oxygenation of glioblastomas and normal brain tissue during radiation 
therapy. Med Radiol (Mosk). 1983;28:21-24.

51. Beppu T, Kamada K, Yoshida Y, Arai H, Ogasawara K, Ogawa A. Change 
of oxygen pressure in glioblastoma tissue under various conditions. J 
Neurooncol. 2002;58:47-52.

52. Bennett MH, Feldmeier J, Smee R, Milross C. Hyperbaric oxygenation 
for tumour sensitisation to radiotherapy. Cochrane Database Syst Rev. 
2018;4:CD005007.

53. Al-Waili NS, Butler GJ, Beale J, Hamilton RW, Lee BY, Lucas P. 
Hyperbaric oxygen and malignancies: a potential role in radiotherapy, 
chemotherapy, tumor surgery and phototherapy. Med Sci Monit. 
2005;11:Ra279-289.

54. Kinoshita Y, Kohshi K, Kunugita N, Tosaki T, Yokota A. Preservation of 
tumour oxygen after hyperbaric oxygenation monitored by magnetic 
resonance imaging. Br J Cancer. 2000;82:88-92.

55. Chang CH. Hyperbaric oxygen and radiation therapy in the management 
of glioblastoma. Natl Cancer Inst Monogr. 1977;46:163-169.

56. Ogawa K, Yoshii Y, Inoue O, et al. Phase II trial of radiotherapy after 
hyperbaric oxygenation with chemotherapy for high-grade gliomas. Br J 
Cancer. 2006;95:862-868.

57. Kohshi K, Yamamoto H, Nakahara A, Katoh T, Takagi M. Fractionated 
stereotactic radiotherapy using gamma unit after hyperbaric oxygenation 
on recurrent high-grade gliomas. J Neurooncol. 2007;82:297-303.

58. Wujanto C, Vellayappan B, Chang EL, Chao ST, Sahgal A, Lo SS. 
Radiotherapy to the brain: what are the consequences of this age-old 
treatment? Ann Palliat Med. 2021;10:936-952.



MEDICAL GAS RESEARCH｜Vol 15｜No.×× ｜March 2025｜7

MEDICAL GAS RESEARCH
www.medgasres.comReview

59. Chao ST, Ahluwalia MS, Barnett GH, et al. Challenges with the diagnosis 
and treatment of cerebral radiation necrosis. Int J Radiat Oncol Biol Phys. 
2013;87:449-457.

60. Chan YL, Yeung DK, Leung SF, Chan PN. Diffusion-weighted magnetic 
resonance imaging in radiation-induced cerebral necrosis. Apparent 
diffusion coefficient in lesion components. J Comput Assist Tomogr. 
2003;27:674-680.

61. Shaw E, Arusell R, Scheithauer B, et al. Prospective randomized trial of 
low- versus high-dose radiation therapy in adults with supratentorial low-
grade glioma: initial report of a North Central Cancer Treatment Group/
Radiation Therapy Oncology Group/Eastern Cooperative Oncology Group 
study. J Clin Oncol. 2002;20:2267-2276.

62. Wilson CM, Gaber MW, Sabek OM, Zawaski JA, Merchant TE. Radiation-
induced astrogliosis and blood‒brain barrier damage can be abrogated 
using anti-TNF treatment. Int J Radiat Oncol Biol Phys. 2009;74:934-941.

63. Wong CS, Van der Kogel AJ. Mechanisms of radiation injury to the 
central nervous system: implications for neuroprotection. Mol Interv. 
2004;4:273-284.

64. Nonoguchi N, Miyatake S, Fukumoto M, et al. The distribution of 
vascular endothelial growth factor-producing cells in clinical radiation 
necrosis of the brain: pathological consideration of their potential roles. 
J Neurooncol. 2011;105:423-431.

65. Nordal RA, Nagy A, Pintilie M, Wong CS. Hypoxia and hypoxia-inducible 
factor-1 target genes in central nervous system radiation injury: a role for 
vascular endothelial growth factor. Clin Cancer Res. 2004;10:3342-3353.

66. Yang Y, Wei H, Zhou X, Zhang F, Wang C. Hyperbaric oxygen promotes 
neural stem cell proliferation by activating vascular endothelial growth 
factor/extracellular signal-regulated kinase signaling after traumatic 
brain injury. Neuroreport. 2017;28:1232-1238.

67. Kendall AC, Whatmore JL, Harries LW, Winyard PG, Smerdon GR, 
Eggleton P. Changes in inflammatory gene expression induced by 
hyperbaric oxygen treatment in human endothelial cells under chronic 
wound conditions. Exp Cell Res. 2012;318:207-216.

68. Shapira R, Solomon B, Efrati S, Frenkel D, Ashery U. Hyperbaric oxygen 
therapy ameliorates pathophysiology of 3xTg-AD mouse model by 
attenuating neuroinflammation. Neurobiol Aging. 2018;62:105-119.

69. Al-Waili NS, Butler GJ. Effects of hyperbaric oxygen on inflammatory 
response to wound and trauma: possible mechanism of action. 
ScientificWorldJournal. 2006;6:425-441.

70. Shapira R, Efrati S, Ashery U. Hyperbaric oxygen therapy as a new 
treatment approach for Alzheimer ’s disease. Neural Regen Res. 
2018;13:817-818.

71. Hadanny A, Efrati S. The hyperoxic-hypoxic paradox. Biomolecules. 
2020;10:958.

72. Ali FS, Arevalo O, Zorofchian S, et al. Cerebral radiation necrosis: 
incidence, pathogenesis, diagnostic challenges, and future opportunities. 
Curr Oncol Rep. 2019;21:66.

73. Pasquier D, Hoelscher T, Schmutz J, et al. Hyperbaric oxygen therapy in 
the treatment of radio-induced lesions in normal tissues: a literature 
review. Radiother Oncol. 2004;72:1-13.

74. Rascón-Ramírez FJ, Salazar-Asencio OA, Trondin A. Recurrent agressive 
brain radionecrosis or high-grade glioma: how to treat? Int J Brain Disord 
Treat. 2019;5:027.

75. Smith JA, Fenderson JL. Diving into radiation necrosis: hyperbaric oxygen 
therapy in cerebral radiation necrosis. JCO Oncol Pract. 2020;16:519-521.

76. Xing S, Fan Z, Shi L, Yang Z, Bai Y. Successful treatment of brain radiation 
necrosis resulting from triple-negative breast cancer with Endostar and 
short-term hyperbaric oxygen therapy: a case report. Onco Targets Ther. 
2019;12:2729-2735.

77. Ohguri T, Imada H, Kohshi K, et al. Effect of prophylactic hyperbaric oxygen 
treatment for radiation-induced brain injury after stereotactic radiosurgery 
of brain metastases. Int J Radiat Oncol Biol Phys. 2007;67:248-255.

78. Armstrong TS, Vera-Bolanos E, Acquaye AA, Gilbert MR, Ladha H, 
Mendoza T. The symptom burden of primary brain tumors: evidence 
for a core set of tumor- and treatment-related symptoms. Neuro Oncol. 
2016;18:252-260.

79. DeAngelis LM. Brain tumors. N Engl J Med. 2001;344:114-123.
80. Zanotto A, Glover RN, Zanotto T, Boele FW. Rehabilitation in people living 

with glioblastoma: a narrative review of the literature. Cancers (Basel). 
2024;16:1699.

81. Luther N, Kondziolka D, Kano H, Mousavi SH, Flickinger JC, Lunsford LD. 
Motor function after stereotactic radiosurgery for brain metastases in 
the region of the motor cortex. J Neurosurg. 2013;119:683-688.

82. Xu Y, Wang Q, Qu Z, Yang J, Zhang X, Zhao Y. Protective effect of 
hyperbaric oxygen therapy on cognitive function in patients with 
vascular dementia. Cell Transplant. 2019;28:1071-1075.

83. Lippert T, Borlongan CV. Prophylactic treatment of hyperbaric oxygen 
treatment mitigates inflammatory response via mitochondria transfer. 
CNS Neurosci Ther. 2019;25:815-823.

84. Davis CH, Kim KY, Bushong EA, et al. Transcellular degradation of axonal 
mitochondria. Proc Natl Acad Sci U S A. 2014;111:9633-9638.

85. Hayakawa K, Esposito E, Wang X, et al. Transfer of mitochondria from 
astrocytes to neurons after stroke. Nature. 2016;535:551-555.

86. Lee YS, Chio CC, Chang CP, et al. Long course hyperbaric oxygen 
stimulates neurogenesis and attenuates inflammation after ischemic 
stroke. Mediators Inflamm. 2013;2013:512978.

87. Geng CK, Cao HH, Ying X, Yu HL. Effect of mesenchymal stem cells 
transplantation combining with hyperbaric oxygen therapy on rehabilitation 
of rat spinal cord injury. Asian Pac J Trop Med. 2015;8:468-473.

88. Pan HC, Chin CS, Yang DY, et al. Human amniotic fluid mesenchymal stem 
cells in combination with hyperbaric oxygen augment peripheral nerve 
regeneration. Neurochem Res. 2009;34:1304-1316.

89. Chiu CH, Chang SS, Chang GJ, et al. The effect of hyperbaric oxygen 
treatment on myoblasts and muscles after contusion injury. J Orthop 
Res. 2020;38:329-335.

90. Chaillou T, Lanner JT. Regulation of myogenesis and skeletal muscle 
regeneration: effects of oxygen levels on satellite cell activity. FASEB J. 
2016;30:3929-3941.

91. Suzuki J. Endurance performance is enhanced by intermittent hyperbaric 
exposure via upregulation of proteins involved in mitochondrial 
biogenesis in mice. Physiol Rep. 2017;5:e13349.

92. Staples J, Clement D. Hyperbaric oxygen chambers and the treatment of 
sports injuries. Sports Med. 1996;22:219-227.

93. Staples JR, Clement DB, Taunton JE, McKenzie DC. Effects of hyperbaric 
oxygen on a human model of injury. Am J Sports Med. 1999;27:600-605.

94. Webster AL, Syrotuik DG, Bell GJ, Jones RL, Hanstock CC. Effects of 
hyperbaric oxygen on recovery from exercise-induced muscle damage in 
humans. Clin J Sport Med. 2002;12:139-150.

95. Harrison BC, Robinson D, Davison BJ, Foley B, Seda E, Byrnes WC. 
Treatment of exercise-induced muscle injury via hyperbaric oxygen 
therapy. Med Sci Sports Exerc. 2001;33:36-42.

96. Mekjavic IB, Exner JA, Tesch PA, Eiken O. Hyperbaric oxygen therapy does 
not affect recovery from delayed onset muscle soreness. Med Sci Sports 
Exerc. 2000;32:558-563.

97. Babul S, Rhodes EC, Taunton JE, Lepawsky M. Effects of intermittent 
exposure to hyperbaric oxygen for the treatment of an acute soft tissue 
injury. Clin J Sport Med. 2003;13:138-147.

98. Cai T, Jin T, Guan Y, Zou W, Wang X, Zhu Y. Hyperbaric oxygen therapy 
enhances restoration of physical functional in patients with recurrent 
glioma: A case report. Oncol Lett. 2024;28:583.

99. Camporesi EM. Side effects of hyperbaric oxygen therapy. Undersea 
Hyperb Med. 2014;41:253-257.

100. Stevens SL, Narr AJ, Claus PL, et al. The incidence of hypoglycemia 
during HBO2 therapy: a retrospective review. Undersea Hyperb Med. 
2015;42:191-196.

101. Plafki C, Peters P, Almeling M, Welslau W, Busch R. Complications and 
side effects of hyperbaric oxygen therapy. Aviat Space Environ Med. 
2000;71:119-124.

102. Edinguele W, Barberon B, Poussard J, Thomas E, Reynier JC, Coulange 
M. Middle-ear barotrauma after hyperbaric oxygen therapy: a five-
year retrospective analysis on 2,610 patients. Undersea Hyperb Med. 
2020;47:217-228.

103. Jokinen-Gordon H, Barry RC, Watson B, Covington DS. A retrospective 
analysis of adverse events in hyperbaric oxygen therapy (2012-2015): 
lessons learned from 1.5 million treatments. Adv Skin Wound Care. 
2017;30:125-129.

104. hadanny A, Meir O, Bechor Y, Fishlev G, Bergan J, Efrati S. The safety of 
hyperbaric oxygen treatment--retrospective analysis in 2,334 patients. 
Undersea Hyperb Med. 2016;43:113-122.

105. Weaver LK, Churchill S. Pulmonary edema associated with hyperbaric 
oxygen therapy. Chest. 2001;120:1407-1409.

106. Manning EP. Central nervous system oxygen toxicity and hyperbaric 
oxygen seizures. Aerosp Med Hum Perform. 2016;87:477-486.

107. Domachevsky L, Rachmany L, Barak Y, Rubovitch V, Abramovich A, Pick 
CG. Hyperbaric oxygen-induced seizures cause a transient decrement in 
cognitive function. Neuroscience. 2013;247:328-334.

108. Ortega MA, Fraile-Martinez O, García-Montero C, et al. A general 
overview on the hyperbaric oxygen therapy: applications, mechanisms 
and translational opportunities. Medicina (Kaunas). 2021;57:864.

109. Zhou D, Fu D, Yan L, Xie L. The role of hyperbaric oxygen therapy in 
the treatment of surgical site infections: a narrative review. Medicina 
(Kaunas). 2023;59:762.

110. Sola A, Chow L, Rogido M. Retinopathy of prematurity and oxygen 
therapy: a changing relationship. An Pediatr (Barc). 2005;62:48-63.

111. Hajikarimloo B, Kavousi S, Jahromi GG, Mehmandoost M, Oraee-Yazdani 
S, Fahim F. Hyperbaric oxygen therapy as an alternative therapeutic 
option for radiation-induced necrosis following radiotherapy for 
intracranial pathologies. World Neurosurg. 2024;186:51-61.


