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ABSTRACT

Spinal Cord Injury (SCI) is an urgent condition with a high rate of clinical disability. Therefore, it is mandatory for
clinical research to find effective therapies to recover from SCI and improve mobility and sensation. The purpose
of this study is to review the use of hyperbaric oxygen in the functional and neurological rehabilitation of SCI
patients. This is a narrative literature review. The following keywords were searched in the PUBMED literature:
“hyperbaric oxygen” AND “spinal cord injury”. Inclusion criteria were clinical trials and animal studies investi-
gating the use of hyperbaric oxygen in spinal cord injury recovery. Non-English language studies, systematic re-
views, case reports, in vitro studies and research protocols were excluded from the study. Search results showed
100 posts. After checking titles and abstracts, 28 articles were rejected. Of the 72 publications evaluated, 10 were
rejected for various reasons, leaving 62 studies (51 animal studies and 11 human studies) for the present review.
Hyperbaric oxygen treatment has been found to have neuroprotective properties when administered after SCI.
Animal studies have shown promising results and revealed various mechanisms contributing to these neuropro-
tective effects, including reduction of neuronal inflammation and apoptosis, reduction of oxidative stress, reduc-
tion of spinal cord edema and improvement of angiogenesis and autophagy. However, the number of clinical
studies is rather small, with small sample sizes, showing various results. Regarding the use of hyperbaric oxygen
treatment after SCI, the optimal timing, duration, frequency and pressure of hyperbaric oxygen treatment after
SCI has not been clarified. Further high quality human studies are needed to fully elucidate the role of hyperbaric
oxygen therapy in SCI management.
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Introduction tion or motor control of the lower limbs, trunk and up-

Spinal cord injury (SCI) refers to the complete or par-
tial loss of spinal cord function often leading to serious
consequences, ranging from partial motor and sensory
less, incontinence, tetraplegia and even brain death.
Symptoms of SCI depend on the extent of the injury
or non-traumatic cause, and may include loss of sensa-
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per limbs, as well as loss of control of body functions
such as breathing, heart rate, blood pressure, body
temperature, bladder and bowel control, and sexual
function (1, 2).

SCl is a relatively rare but costly disease that changes
patients’ lives, with the risk of mortality varying great-
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ly depending on the financial status of the country and
largely depending on the availability of qualitative
clinical care and rehabilitation services. The number of
SCI patients today is unclear, but international data on
the incidence indicate that each year more than 250.000
people suffer from SCI. The majority of these cases in-
volve traumatic SCI, with the main causes being traffic
accidents, falls and violence. Recent data show that SCI
is associated with an increased risk of death. The cost
of SCI varies greatly and many of these costs are cov-
ered by SCI patients (3).

Hyperbaric oxygen therapy is a safe and non-in-
vasive treatment that involves placing patients in a
pressure chamber and inhaling oxygen at higher than
atmospheric pressure to increase dissolved oxygen in
the blood to relieve symptoms and treat disease with
fewer side effects. The benefits of hyperbaric oxygen
therapy are plentiful including improvement of blood
circulation, promotion of healing, suppression of in-
flammation, regeneration of blood vessels, nerves and
bones. Moreover, it induces the release of stem cells
from the bone marrow and their activation for tissue
repair (4).

Taking into consideration that ischemia is one of the
most important mechanisms responsible for secondary
SCI injury, a treatment method that increases oxygen
tension of the injured spinal cord should theoretically
help patients” recovery (5). When administered at an
increased pressure, oxygen can increase the concen-
tration of dissolved oxygen, creating a larger pressure
gradient that can drive oxygen into ischemic tissue (6).

Cells surviving the primary SCI are sensitive to sec-
ondary damage, particularly through apoptosis (7).
Hyperbaric oxygen therapy mainly affects secondary
SCI and can prevent further SCI caused by spinal cord
ischemia-reperfusion injury. Furthermore, it inhibits
cell apoptosis and autophagy, reduces oxidative stress,
diminishes inflammation, promotes angiogenesis, re-
duces spinal cord edema and effectively promotes neu-
ronal regeneration (8,9). Recently, hyperbaric oxygen
therapy for SCI has been increasingly studied having
shown promising neuroprotective results in several ex-
perimental studies; however a limited number of clini-
cal reports have shown mixed findings.

SCl is a condition with a high rate of clinical disabili-
ty. Therefore, it is urgent for clinical research to find ef-

fective ways to recover from SCI and improve mobility
and sensation. The purpose of this study is to review
the use of hyperbaric oxygen in the functional and neu-
rological rehabilitation of SCI patients.

A literature review was performed in the PUBMED
literature with the keywords: “hyperbaric oxygen”
AND “spinal cord injury”. Inclusion criteria were
clinical trials and animal studies investigating the use
of hyperbaric oxygen in spinal cord injury recovery.
Non-English language studies, systematic reviews,
case reports, in vitro studies and research protocols
were excluded from the study (Figure 1).

Discussion

Search results showed 100 posts. After checking titles
and abstracts, 28 articles were rejected. Of the 72 re-
mained publications, 10 were rejected for various rea-
sons (see flowchart), leaving 62 studies for the present
review and including 51 animal studies (5, 10-63), 4
prospective randomized studies (64-67), 3 prospective
case series (68-70) and 4 retrospective studies (71-74).

Animal studies

Impact of hyperbaric oxygen treatment on cell apoptosis
Plenty of studies have used the TUNEL staining to
show that hyperbaric oxygen treatment significant-
ly diminishes cellular apoptosis in injured spinal
cord tissue, with a plethora of proposed mechanisms
(5,33,35,37,44,47,57). Lu suggested that hyperbaric ox-
ygen preconditioning may decrease the number of ap-
optotic cells and enhance the nerve functional recovery
in rats after SCI (36,37).

High amounts of nitric oxide (NO) are associated
with inflammation, while smaller concentrations have
neuroprotective effects (75). iNOS, the enzyme that
is responsible for NO production, has been found to
induce cell apoptosis by increasing NO after SCI. In
2004, an experimental study by Yu et al observed that
hyperbaric oxygen treatment attenuates apoptosis af-
ter traumatic SCI through the downregulation of the
hypoxia-induced expression of the iNOS gene, impli-
cating that NO regulates apoptosis (57). In 2010, in a
rat SCI model, IL-13 and TNF-a were significantly de-
creased in the hyperbaric oxygen treatment group, a
finding accompanied by reduced apoptosis by TUNEL
staining (47). In 2013, Huang et al, showed that, in 36
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SCl rats, hyperbaric oxygen treatment affects the iNOS
mRNA-INOS-NO signaling pathway, by decreasing
iNOS mRNA and protein expression and NO serum
levels (22).

CHOP is a transcription factor that plays a signifi-
cant role in endoplasmic reticulum stress-induced ap-
optosis (76). Caspases comprise a family of intracellu-
lar enzymes that mediate cellular apoptosis (77). An
experimental study by Liu et al found that the upreg-
ulation of CHOP, caspase-12, and caspase-3 was miti-
gated in the SCI rats that received daily hyperbaric ox-
ygen treatment initiated 6 hours after SCI, suggesting
that hyperbaric oxygen therapy reduces SCI-induced
neuronal apoptosis by downregulating the ER-stress-
induced apoptotic pathway (33). Pan et al concluded
that hyperbaric oxygen preconditioning protects neu-
ron cells by reducing cell apoptosis and calcium over-
load, through the inhibition of expression of caspase-3,
-7, -8 and -12. Moreover, it reduces neural apoptosis
by inhibiting the endoplasmatic reticulum pathway;
thus it may reduce the loss of motor function in SCI
rats (41).

In 2014, Long et al found that mRNA and protein ex-
pression of the pro-apoptotic protein adaptor molecule
ASC increased after SCI but significantly decreased
when daily hyperbaric oxygen treatment was initiated
immediately after SCI (35). An animal study by Chen
et al showed that hyperbaric oxygen therapy may in-
activate mTOR signaling pathway, leading to suppres-
sion of apoptosis and improving motor disability in
SCl rats (11). Hou et al observed a protective effect on
SCI through reduction of neural cells apoptosis and de-
creased expression of MMP-2 and MMP-9 in rats with
SCI (19). Recently, Ying et al found that hyperbaric ox-
ygen treatment diminished dendritic/synaptic degen-
eration and lessened apoptosis, increasing BDNF and
TrkB expression and improving neurological recovery
in SCl rats (56). The combination of hyperbaric oxygen
therapy and erythropoietin administration enhanced
the recovery of locomotor function in the hind limbs of
SCl rats by attenuating neuronal apoptosis (63).

Impact of hyperbaric oxygen treatment on oxidative stress

ROS production occurs at the early stages after SCI
and plays an important role in secondary injury. Nerve
tissue is sensitive to alterations of the oxidative stress

because of its high lipid concentration. Several studies
have shown the property of hyperbaric oxygen thera-
py to reduce oxidative stress, but the precise mecha-
nism by which hyperbaric oxygen therapy influences
lipid peroxidation has not yet been clarified (78).

Many animal studies have shown that hyperbaric
oxygen treatment leads to upregulation of antioxidant
enzyme levels, such as SOD, catalase, and GPx, after
SCI (13,21). Two animal studies concluded that hyper-
baric oxygen treatment increased ROS and NO levels
and induced heat shock protein (HSP) 32 expression
through a ROS/p38 MAPK/Nrf2 pathway (20,60). Sun
et al found that hyperbaric oxygen treatment in SCI
rats reduced SOD and MDA levels after SCI, resulting
in better clinical scores and less cystic degeneration of
spinal cord (46).

Malondialdehyde (MDA) and TBARS are markers
of lipid peroxidation (79). The experimental study by
Topuz et al evaluated a 90-minute hyperbaric oxygen
regime immediately after SCI in 40 rats. Hyperbaric
oxygen treatment increased GPx, SOD and catalase
levels, while significantly attenuating MDA levels in
comparison to the control group. Hyperbaric oxygen
therapy was found to improve neurological outcomes
through reduction of oxidative stress (49). In 2007, a
comparative animal study by Kahraman et al found
that hyperbaric oxygen therapy and not methylpred-
nisolone, led to a significant decrease of TBARS lev-
els and an increase of SOD activity 5 days after SCI,
further indicating the ability of hyperbaric oxygen
therapy to reduce oxidative stress and thus alleviate
secondary SCI (23).

The combination of hyperbaric oxygen treatment
with the administration of chondroitinase ABC was
found to improve neuromotor function in a rat model
of SCI, compared with the hyperbaric oxygen treat-
ment or chondroitinase ABC treatment alone. Hyper-
baric oxygen treatment with or without chondroitinase
ABC significantly increased SOD and decreased MDA
levels, as well as GSK3p expression. The combination
of hyperbaric oxygen treatment with the administra-
tion of chondroitinase ABC was found to significantly
inhibit SCI-induced AQP-4 expression (32).

In animals with mid-cervical SCI, hyperbaric oxy-
gen treatment may preserve diaphragm function and
respiratory health, through an increase in antioxidant
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capacity (43). The combination of hyperbaric oxygen
treatment with N-acetylcysteine administration was
found to have synergistic neuroprotective effects in
SCI rats, along with upregulation of IL-10 expression
and downregulation of TNF-a, IL-1p and caspase-3
(58). Hyperbaric oxygen therapy combined with the
administration of the nitroxide antioxidant tempol had
no neuroprotective effect in rats with SCI (18).

Impact of hyperbaric oxygen treatment on inflammation
The effect of hyperbaric oxygen treatment on the in-
flammatory processes after SCI has been extensive-
ly investigated (5, 11, 16, 24, 25, 47, 48, 52, 53, 59). In
2010, Tai et al observed that a single hyperbaric oxygen
treatment immediately after SCI, resulted in increased
levels of IL-10 and decreased levels of IL-13, TNF-a
and myeloperoxidase, a marker of neutrophil infiltra-
tion, in SCI rats (47). MCP-1 is a chemokine with a role
in the recruitment of monocytes and lymphocytes to
inflammation sites. In 2016, the upregulation of MCP-1
after SCI was significantly decreased by hyperbaric ox-
ygen treatment and was associated with improvement
of neurological scores in a rat SCI model (50). Liang et
al observed that hyperbaric oxygen therapy resulted in
decreased expression of NALP3, ASC, caspase-1, and
IL-1f in 120 SCI rats (25). Hyperbaric oxygen treat-
ment has been associated with increased IL-4 and IL-
13 levels along with decreased TNF-a and IFN-y in rats
with compressive SCI. This modification of the inflam-
matory environment led to alterations in macrophage
phenotype, which may further enhance the axonal ex-
tension and functional recovery (16).

MMP-2 and MMP-9 contribute to secondary SCI,
by triggering the production of pro-inflammatory
cytokines (80). In 2013, a neuroprotective role of hy-
perbaric oxygen treatment post-SCI was found, along
with significantly decreased MMP-2, MMP-9 and IL-6
levels (53). HMGB1 contributes to inflammatory dam-
age following SCI by stimulating TLRs, RAGE and NF-
kB signaling pathways, which in turn activate other cy-
tokines, such as IL-1p and TNF-a (81,82). Hyperbaric
oxygen has been found to downregulate HMGB1 and
its subsequent signaling pathways, including NF-xB,
TLR2, TLR4, RAGE, IL-1B and TNF-a (24,48,53). Hy-
perbaric oxygen treatment may enhance the recovery
of neurologic function in SCI rats through the activa-

tion of the SDF-1/CXCR4 axis and the promotion of
BDNF expression (38).

According to an experimental study by Zhou et al,
hyperbaric oxygen therapy decreased the inflammato-
ry reaction and glial scar formation in SCI rats through
the inhibition of inflammatory cytokines iNOS and
COX-2 and glial scar-related molecules GFAP and NG2
(61). In 2014, Liu et al observed that daily hyperbaric
oxygen treatment after SCI decreased CX43 expres-
sion, thereby reducing inflammation by blocking the
spread of inflammatory cytokines from injured neu-
rons to healthy cells (34). Combination of hyperbaric
oxygen treatment and bone marrow stem cells trans-
plantation has a synergistic effect over the reduction
of inflammatory cytokines levels (TNF-a, IL-1p, IL-6,
IFN-a), promoting functional recovery after SCI in rats
(15). The combination of hyperbaric oxygen therapy
with Schwann cell transplantation is more beneficial
than either treatment alone in the recovery of spinal
cord in rats after SCI (42). In a recent rat study, Ahmadi
et al showed that combined therapy with methylpred-
nisolone and hyperbaric oxygen treatment has syner-
gistic effects on SCI treatment (10).

Impact of hyperbaric oxygen treatment on angiogenesis
VEGF is important for angiogenesis in the central
nervous system as it stimulates endothelial cell prolif-
eration and migration and promotes neuronal prolif-
eration (83). After SCI, VEGF is increased in order to
augment vascular density and restore blood supply to
the spinal cord. An animal study by Tai et al report-
ed that a single hyperbaric oxygen treatment started
immediately after SCI resulted in increased VEGF (+)
cells at 4-7 days after SCI (47). Three other studies in-
volving daily hyperbaric oxygen treatments after SCI
have also showed a significant increase in VEGF levels
in comparison to control groups (34,53,62). Therefore,
the improvement of neurological recovery seen with
hyperbaric oxygen treatment of SCI may be partially
caused by the increased expression of VEGF (84).

Impact of hyperbaric oxygen treatment on spinal cord edema
Hyperbaric oxygen therapy significantly reduces spi-
nal cord edema after SCI (5,53). MMP-2 and MMP-9
degrade type IV collagen causing increased permea-
bility of the blood-spinal cord barrier and leading to

ACTA ORTHOPAEDICA ET TRAUMATOLOGICA HELLENICA



Vlassopoulou P, et al. Hyperbaric oxygen treatment:

functional and neurological recovery, following spinal cord injury

spinal cord edema (85). In 2013, twice daily hyperbaric
oxygen treatment in a rat SCI model was associated
with a significant reduction in MMP-2 and MMP-9 lev-
els after SCI. A significant reduction in spinal cord wa-
ter content was also noticed (53). Higgins et al found a
neuroprotective effect of hyperbaric oxygen treatment
in cats with SCI. These effects were attributed to the
preservation of intact nerve fibers of the spinal cord,
the reversal of local hypoxia and the reduction of spi-
nal cord edema (17). In a rat animal model, based on
MRI studies, hyperbaric oxygen treatment appeared to
stop the spread of hemorrhage and resolve spinal cord
edema after SCI (40).

Aquaporins are water channels in cellular mem-
branes. In 2014, SCI rats treated with hyperbaric ox-
ygen initiated at 4 hours following SCI were observed
to have a significant reduction of AQP4 and AQP9 ex-
pression, leading to reduction of water entrance into
the spinal cord and decrease of spinal cord edema (5).

Impact of hyperbaric oxygen treatment on autophagy
Autophagy is a process of intracellular degradation
important for the maintainance of cellular homeostasis
(86). Beclin-1 and LC3-II are direct mediators of auto-
phagy (87). The experimental study by Sun et al indi-
cated that daily hyperbaric oxygen treatment upreg-
ulates autophagy after SCI, through increased levels
of beclin-1 and LC3-II, in order to promote repair and
protection (45).

Timing of hyperbaric oxygen treatment

A comparative animal study by Cristante et al showed
that hyperbaric oxygen treatment improves the func-
tional recovery of SCIs in rats, if it is administered im-
mediately after SCI or within 24 hours (12). Falavigna
et al reported that, in SCI rats, the sooner hyperbaric
oxygen therapy is initiated after SCI and the larger the
number of sessions, the greater and earlier is the motor
recovery and smaller is the tissue injury (14). Ultra-ear-
ly hyperbaric oxygen treatment (within 3 hours from
injury) enhances the production of femoral CGPR in
the sensory neurons in posterior horn of spinal cord
(27). Hyperbaric oxygen treatment given 30 minutes
after SCI had protective effects against ischemic spinal
cord damage and attenuated selective motor neuron
death in rabbits. Delayed hyperbaric oxygen thera-

py did not alter the prognosis (39). An experimental
study by Yaman et al demonstrated that immediate
hyperbaric oxygen treatment after SCI significantly
improved clinical recovery in SCI rats. The sooner the
hyperbaric oxygen treatment was initiated, the greater
was the decrease in nitrite levels (51). Two old studies
by Yeo et al, suggested that hyperbaric oxygen thera-
py initiated within two hours post-SCI resulted in im-
proved motor recovery in SCI sheep along with less
central cord cystic necrosis and degeneration in the
surrounding white matter (54, 55). Hyperbaric oxygen
therapy for 4 weeks has been associated with better
clinical scores in comparison to 2 weeks of treatment
in rats with SCI (26).

Human studies

While the beneficial properties of hyperbaric oxygen
therapy in the treatment of SCI have been depicted in
many animal studies, the number of the clinical studies
is rather small. In 1978, the study by Yeo et al, involv-
ing complete and partial spinal cord lesions showed
that hyperbaric oxygen treatment administered with-
in 14 hours from SCI resulted in varying degrees of
neurological improvement (70). A small study, in
1980, including 5 patients with cervical and thorac-
ic SCI, depicted promising results in terms of clinical
improvement after hyperbaric oxygen treatment (74).
The study by Gamache et al in 1981 did not observe a
significant change in neurological recovery in patients
treated with hyperbaric oxygen (68). In 1989, a retro-
spective study by Lee et al did not find any significant
correlation between hyperbaric oxygen treatment and
cure rate in SCI patients (72).

Aretrospective comparative study published in 2000,
involved 34 patients with cervical SCI. The patients
that received 1,5 hours of hyperbaric oxygen treatment
once daily for 10 days were observed to have signif-
icantly higher clinical improvement rates versus the
control group (71). Another recent retrospective com-
parative study included 40 acute SCI patients. Those
patients that received hyperbaric oxygen treatment
depicted significant motor and neurological improve-
ment at 15 and 30 days after treatment (73). Zhang et al
published a retrospective study, in 2021, including 78
patients with incomplete SCI. After laminectomy and
posterior fixation, 40 patients received hyperbaric oxy-
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A randomized controlled trial in 2017 compared an
8-week hyperbaric oxygen regime with conventional re-
habilitation among 60 SCI patients. Authors found that
hyperbaric oxygen treatment significantly improved
neurological function and daily activities in SCI pa-
tients, but did not have a significant effect on depres-
sion and anxiety (64). A cohort study consisting 22 SCI
patients found that there was a significant correlation
between the hyperbaric oxygen treatment effect and the
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recovery rate of the ASIA motor score (69). A recent ran-
domized controlled trial compared the clinical efficacy
of the combination of hyperbaric oxygen treatment with
mannitol and riluzole in 80 patients with acute SCI after
thoracolumbar fractures treated with posterior laminec-
tomy and fixation. In comparison to the control group,
the experimental group showed significant improve-
ment in motor and sensory scores, along with signifi-
cant decrease of IL-6 and BDNF levels (65). Sun et al, in
a recent randomized controlled trial, compared the ef-
fect of hyperbaric oxygen treatment, in 79 patients with
acute SCI. Authors found that hyperbaric oxygen treat-
ment affected the inflammatory reaction in secondary
SCI by reducing serum HMGB1/NF-«B levels thereby
enhancing motor and pain scores (66).

Conclusions

Hyperbaric oxygen treatment has been found to have
neuroprotective properties when administered after
SCI. Animal studies have shown promising results
and revealed various mechanisms contributing to
these neuroprotective effects, including reduction of
neuronal inflammation and apoptosis, reduction of
oxidative stress, reduction of spinal cord edema and
improvement of angiogenesis and autophagy. Howev-
er, the number of clinical studies is rather small, with
small sample sizes, showing various results. regarding
the use of hyperbaric oxygen treatment after SCI. The
optimal timing, duration, frequency, and pressure of
hyperbaric oxygen treatment after SCI has not been
clarified. Further high quality human studies are need-
ed in order to fully elucidate the role of hyperbaric ox-
ygen therapy in SCI management.
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