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Background: Despite traumatic brain injury (TBI) being a leading cause of disability worldwide, it often results in long-term
neurocognitive deficits. While conventional treatment options remain limited, hyperbaric oxygen therapy (HBOT) has been proposed
as a potential adjunctive intervention due to its ability to enhance oxygen delivery and reduce inflammation. We performed
a systematic review and meta-analysis to evaluate the efficacy of HBOT in improving neurocognitive outcomes for TBI patients.
Methods: PubMed, Embase, and Cochrane Central databases were searched for studies on HBOT efficacy in neurocognitive
deficits in TBI. Statistical analysis was performed using RevMan v.5.4. A random-effects model was applied to pool mean
differences (MDs) and 95% confidence intervals (P < 0.05). Risk of Bias 2 (RoB-2) and Risk of Bias in Non-Randomized Studies of
Interventions (ROBINS-I) tools were used to assess the risk of bias in included randomized controlled trials (RCTs) and non-
randomized studies (NRSs), respectively.
Results: Across four studies (250 patients; mean age 25 years, 43% female), HBOT significantly improved multiple neurocognitive
domains in TBI patients. The most pronounced improvements were observed in memory (MD 10.13, P < 0.00001) and attention
(MD 7.99, P < 0.00001), with additional benefits in general cognition scores (MD 7.47, P = 0.003), executive function (MD 7.16,
P = 0.002), information processing speed (MD 7.48, P = 0.01), and motor skills (MD 5.19, P < 0.00001). RCTs had a low risk of
bias, while NRSs had a moderate risk of bias due to confounding.
Conclusion: HBOT demonstrates potential in mitigating neurocognitive impairments associated with TBI. Proposed mechanisms
underlying its effects include enhanced oxygenation, reduced inflammation and expression of matrix metalloproteinase, decreased
brain swelling, and improved outcomes. However, larger trials with standardized protocols are needed to establish the optimal
therapeutic role of HBOT in TBI management.
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Introduction

Traumatic brain injury (TBI) refers to damage to the brain caused
by an external force and is a major global cause of disability and
mortality, affecting millions each year[1]. In the emergency depart-
ment setting, TBI represents a substantial health and economic
burden. Epidemiological data indicate that males experience
a 53% higher incidence of TBI and incur nearly twice the health-
care costs compared to females[2]. The neurological impairments
resulting from TBI vary depending on the location and severity of
the injury. They can significantly reduce survivors’ quality of life
and functional independence (i.e., the ability to perform daily
activities without assistance). Common cognitive deficits include
memory loss, attention difficulties, and emotional dysregulation.

Additionally, neuropsychiatric complications—such as mood
and anxiety disorders, post-concussive syndrome, personality
changes, aggression, and psychosis—are frequently observed
after moderate to severe TBI, contributing to long-term morbid-
ity. Regardless of injury severity, attention, memory, and execu-
tive functioning disturbances are prevalent. Higher-order cognitive
processes, including executive function (which refers to higher-
order cognitive skills such as planning, problem-solving, and
impulse control), social behavior (“social intelligence,” which
refers to the capacity to navigate social interactions appropri-
ately), and motivation, are also commonly affected[3]. Despite
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these widespread impairments, effective therapeutic options
for neurocognitive deficits remain limited, highlighting the
need to explore novel and promising treatment approaches[4–6].

Hyperbaric oxygen therapy (HBOT), which involves deliver-
ing 100% oxygen at increased atmospheric pressure in a sealed
chamber, has emerged as a promising therapeutic approach for
TBI. By enhancing oxygen delivery to injured tissues, HBOT
may support neuroregeneration and help mitigate the secondary
injury cascade associated with TBI [7]. HBOT also decreases
brain swelling, promotes axonal sprouting and synapse remo-
deling, improves motor function recovery, increases cerebral
glucose utilization, and improves neurological outcomes in TBI
patients[8]. Although some studies have suggested positive out-
comes, the evidence for the efficacy and safety of HBOT for TBI
is still inconclusive and controversial[9–15].

This systematic review and meta-analysis pooled evidence
from studies that assessed the role of HBOT in patients with
TBI-related neurocognitive deficits. The objective was to synthe-
size the available evidence and provide a comprehensive assess-
ment of HBOT’s effects on various domains of neurocognition
in individuals recovering from TBI.

Methods

This article is compliant with the TITAN guidelines[16].
We performed this systematic review and meta-analysis to

evaluate the efficacy of HBOT in improving neurocognitive out-
comes for TBI patients. This systematic review and meta-analy-
sis were conducted according to the Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA)
guidelines[17]. Also, this study has been conducted and reported
following the Assessing the Methodological Quality of
Systematic Reviews guidelines to ensure methodological consis-
tency and transparency throughout the systematic review
process[18]. The study protocol is registered at the International
Prospective Register of Systematic Reviews (PROSPERO). The
inclusion criteria for the studies were based on the PICO
(Patient, Intervention, Comparison, and Outcome) framework,
commonly used in systematic reviews and meta-analyses. In this
framework, “P” represents patients with TBI, “I” refers to
HBOT, “C” refers to pre-HBOT neurocognitive states, and
“O” relates to improvement in neurocognitive outcomes after
the therapy.

Literature review and search strategy

PubMed, Embase, and Cochrane Central were systematically
searched from their inception to November 2024 without any
language restrictions to identify relevant articles. The search
strategy comprised the following keywords: (TBI OR “traumatic
brain injury” OR “post-concussion syndrome” OR PCS) AND
(“hyperbaric oxygen therapy” OR HBOT OR “hyperbaric oxy-
genation” OR “oxygen therapy”). The detailed search strategy
is provided in Supplemental Digital Content Table S1, available
at: http://links.lww.com/MS9/A961.

References of the included articles were also searched to
identify additional relevant studies.

Eligibility criteria and outcomes

Both randomized controlled trials (RCTs) and non-randomized
studies (NRSs) were included if they met the following inclusion
criteria: (1) involved patients of TBI of any severity, (2) assessed the
efficacy of HBOTusing a commonassessment tool, i.e., NeuroTrax
for this study, and (3) reported one of the outcomes of interest.

The primary outcomes for this review included general cogni-
tive score, memory, attention, executive function, information
processing speed (IPS), and motor skills. Cognitive outcomes
were assessed via NeuroTrax, with the general cognitive score
reflecting composite performance. Domain-specific measures
included verbal and non-verbal memory (immediate/delayed
recall), attention (sustained, selective, divided), executive function
(planning, flexibility, problem-solving), IPS (timed response accu-
racy), and motor skills (fine motor and psychomotor function).

The abstracts without full-length articles, letters, conference
abstracts, animal studies, and studies addressing brain injuries
or neurological disorders other than TBI were excluded.

Study selection and data extraction

The search results obtained from the databases were exported to
EndNote version 20.5. After removing duplicates, two authors
independently reviewed the titles and abstracts to look for poten-
tially eligible articles. The studies were then selected for full-text
review, and disagreements were solved with the help of a third
reviewer. The data extracted includes the author’s name, year of
publication, number of participants, study design, time since
trauma, severity of trauma, dosage and duration of HBOT, and
number of daily HBOT sessions. For crossover trials, data were
collected for treatment and control periods separately.

Statistical and subgroup analysis

Meta-analyses were conducted using Review Manager
(RevMan) version 5.4 to pool mean differences (MDs) with

HIGHLIGHTS

● Traumatic brain injury (TBI) is a leading cause of disabil-
ity worldwide, often resulting in long-term neurocognitive
deficits with limited effective treatment options.

● This systematic review and meta-analysis evaluated the
efficacy of hyperbaric oxygen therapy (HBOT) in improv-
ing neurocognitive outcomes for TBI patients. Four stu-
dies involving 250 patients (mean age 25 years, 43%
female) were analyzed, including both randomized con-
trolled trials and non-randomized studies.

● The findings revealed significant post-HBOT improve-
ments in neurocognitive deficits, including general cogni-
tive scores, memory, attention, executive function,
information processing speed, and motor skills.

● HBOT enhances oxygenation, reduces inflammation and
matrix metalloproteinase expression, decreases brain
swelling, and improves functional outcomes.

● Despite these promising results, larger trials with standar-
dized protocols are necessary to establish the optimal
therapeutic role of HBOT in managing TBI.
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95% confidence intervals (CIs) with statistically significant
defined as P < 0.05. The Cochran Q test and I2 statistics were
used to assess heterogeneity; P values < 0.05 and I2 > 50% were
considered significant for heterogeneity[19]. The DerSimonian
and Laird Random effects model was applied for all
outcomes[20]. A subgroup analysis was performed to determine
the impact of different study variables on the effect sizes
observed. Meta-regression assessed the relationship between
patients’ age and MDs observed for outcomes[21].

Quality assessment

Two authors independently assessed the quality of included
studies. Revised Cochrane risk of bias (RoB-2)[22] and
ROBINS-I tool (Risk of Bias in Non-randomized Studies of
Interventions)[23] were used to assess the quality of RCTs and
NRSs, respectively. Studies were scored as low risk of bias, high
risk of bias, or some concerns depending on their selection,
performance, detection, attrition, and reporting biases. Any dis-
agreements were resolved by consensus. Publication bias assess-
ment was impossible due to the limited number of studies (<10).

Results

Study selection

A comprehensive literature search yielded 1291 studies from
three databases: PubMed, Embase, and Cochrane Central.
After removing duplicate and ineligible records, 171 studies
were left for eligibility assessment. Ultimately, full-text review
identified four studies that fulfilled the inclusion criteria and
were included in the final analysis.[21–24]. The detailed results
of study screening are provided in the PRISMA flow diagram
(Fig. 1).

Study characteristics

This systematic review and meta-analysis included four studies,
two of which were trials[21,22] and two were retrospective cohort
studies[23,24]. The included studies involved 250 patients; mean
ages ranged from 11.6 to 44 years, with 57% of participants
(142 of 250) identified as males. Participants received 40–60
HBOT sessions, with individual sessions lasting between 60
and 90 min, depending on the study protocol. About 60%

Figure 1. PRISMA flow diagram of the included studies.
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(151 of 250) of the patients suffered mild TBI. The detailed
characteristics of the included studies are shown in Table 1.

Quality assessment

Both of the RCTs included were rated as low risk of bias.[24,25]

The two retrospective studies were classified as having moderate
risk of bias, mainly due to confounding[26] and bias in the selec-
tion of reported results[26,27]. The results of quality assessment
are given in Supplemental Digital Content Figure S1A, B, avail-
able at: http://links.lww.com/MS9/A961.

Outcomes

TBI patients receiving HBOT showed a statistically significant
improvement in scores of all the neurocognitive outcomes
assessed by NeuroTrax. The greatest MD was observed in the
outcome of memory (MD 10.13; 95% CI 7.40–12.86), whereas
the lowest MD was in the outcome of motor skills (MD 5.19;
95% CI 3.00–7.37) of the patients. Similarly, other outcomes
including attention (MD 7.99; 95% CI 6.06–9.92), executive
function (MD 7.16; 95% CI 2.70–11.62), general cognitive
scores (MD 7.47; 95% CI 2.52–12.41), and IPS (MD 7.48;
95% CI 1.65 to 13.31) were also significantly improved post-
HBOT. The detailed results of all outcomes are shown in
Figure 2A–E.

Subgroup analysis

The subgroup analysis was performed to determine the impact of
study design on the effect sizes and corresponding heterogeneity
observed in the results. After studies were stratified according to
study design, i.e., trials and NRSs, the results were as follows:

a. Memory: A greater improvement in memory was reported
by the trials (MD 12.909; 95% CI 5.220–20.598, P < 0.001)
as compared to NRSs (MD 9.727; 95% CI 6.806–12.648, P
< 0.001).

b. Attention: Similarly, attention was also significantly better in
patients in the trial group (MD 8.90; 95% CI 2.68–15.108,
P = 0.005) than in NRSs (MD 7.894; 95% CI 5.861–9.928,
P < 0.001).

c. Executive function: Patients in the trial subgroup demon-
strated lesser improvement in executive function (MD
4.261; 95% CI −5.120–13.642, P = 0.373) as compared to
those in the NRS (MD 8.742; 95% CI 3.458–14.207,
P = 0.001).

d. IPS: A lesser improvement in IPS was reported by the trials
(MD 5.203; 95% CI −4.126–14.532, P = 0.274) than NRSs
(MD 9.109; 95% CI 1.076–17.142, P = 0.026).

Subgroup analysis for the other two outcomes including gen-
eral cognitive score and motor skills could not be performed due
to unavailability of enough studies (≥2) to make a subgroup.
Forest plots representing the results of subgroup analysis are
given in Supplemental Digital Content Figure S2A–D, available
at: http://links.lww.com/MS9/A961.

Meta regression

Out of four studies included in the analysis, one had patients
with a mean age of <18 years, and the other three had a mean age
>18 years. Therefore, meta-regression was performed to assess

the relationship between the age of patients and MDs observed
for outcomes. The results showed a significant positive associa-
tion between the age of patients and the MD in scores of all
neurocognitive outcomes except memory. This means that the
greater the TBI patient’s age, the greater the efficacy of HBOT in
improving neurocognitive deficits present. The regression plots
representing these associations are shown in Supplemental
Digital Content Figure S3A–D, available at: http://links.lww.
com/MS9/A961.

Discussion

This systematic review and meta-analysis offers a focused synth-
esis of the neurocognitive effects of HBOT in TBI, addressing
a critical evidence gap in the literature where cognitive outcomes
have been underreported or inconsistently assessed. It delineates
the therapeutic scope of HBOT across specific cognitive
domains, informing translational research and clinical neuror-
ehabilitation strategies.

It suggests that HBOT may offer neurocognitive benefits in
patients with TBI, particularly in domains such as memory,
attention, and general cognitive function. However, these find-
ings must be interpreted in light of the methodological variabil-
ity and the limited number of studies available.

All the included studies employed a similar computerized
assessment technique, i.e., NeuroTrax, to assess the cognitive
function of patients both before and after treatment with
HBOT[24–27].

Previous studies suggest that HBOT improves cognitive out-
comes by increasing angiogenesis and the oxygen supply to the
damaged areas of the brain for better repair[28–31] and neuronal
regeneration[32,33]. In addition, by enhancing the mitochondrial
function, HBOT may boost levels of neurotrophins and nitric
oxide and improve cellular metabolism in both neurons and glial
cells[31]. A previous review article by Andrews et al discussed the
efficacy of HBOT in treating patients with posttraumatic stress
disorder (PTSD)[34]. It included military trials, case reports and
case series and showed that HBOT significantly improved the
symptoms of PTSD[35–37]. The potential adverse effects of HBOT
identified in this review included barotrauma, exacerbation of
anxiety, headache, nausea, sinus squeeze, vision change, somno-
lence, and hyperventilation[9,11,35,36,38,39]. Late complications
may be due to oxidative stress[9].

Of the four included studies in our analysis, two RCTs com-
pared outcomes in patients receiving HBOT with those receiving
sham control treatment. In the treated group, the outcomes of
memory and general cognitive score were significantly
improved, while the results of the other four outcomes differed
between the studies[24,25]. In the Hadanny 2022 trial, the out-
comes of attention, IPS, motor skills, and executive function
were not significantly improved (P > 0.05). This may be influ-
enced by the difficult outcome measurements due to the presence
of children in this trial[25].

The retrospective observational studies included in the meta-
analysis also showed a significant improvement in all the cogni-
tive outcomes of patients post-treatment[26,27]. These studies
have their strengths, such as being carried out at a later stage
of the disease, and also on civilian populations that did not have
any potential secondary gain (such as financial compensation)
by reporting sick.
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Figure 2. (A) Forest plot for the outcome of attention comparing the mean difference between pre-HBOT and post-HBOT scores. (B) Forest plot for the outcome
of executive function comparing the mean difference between pre-HBOT and post-HBOT scores. (C) Forest plot for the outcome of the general cognitive score
comparing the mean difference between pre-HBOT and post-HBOT scores. (D) Forest plot for the outcome of information processing speed (IPS) comparing the
mean difference between pre-HBOT and post-HBOT scores. (E) Forest plot for the outcome of memory comparing the mean difference between pre-HBOT and
post-HBOT scores. (F) Forest plot for the outcome of motor skills comparing the mean difference between pre-HBOT and post-HBOT scores.
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Hadanny 2018 had the largest cohort of patients in which the
cognitive efficacy of HBOT was seen[27].

In Tal 2017, however, the outcome of attention was not
significantly improved (P = 0.062)[26].

Among the included studies, the General cognitive score, IPS,
and executive function outcomes gave heterogeneous results in
the pooled analysis, mainly due to the heterogeneity in the ages
of patients among the studies, as clear by the pediatric popula-
tion in one of the RCTs[25]. The mean time to injury and HBOT
protocols also varied among the studies, which may have con-
tributed to the heterogeneity in the pooled analysis results.

The larger effect sizes observed in NRSs relative to RCTs,
particularly for executive function and IPS, likely reflect inherent
biases in observational designs, such as unmeasured confound-
ing and selection bias. In contrast, RCTs provide more conser-
vative, methodologically rigorous estimates. These findings
underscore the importance of carefully interpreting pooled
results and considering the inherent differences in study design
when evaluating clinical outcomes. The larger effect sizes in
NRSs do not invalidate the findings but rather highlight the
need for more rigorous trials to confirm the observed benefits
of HBOT in cognitive rehabilitation following TBI.

To substantiate and expand upon these findings, future
research must adopt rigorous methodological standards,
including:

● Larger, multicenter RCTs with stratification by age, injury
severity, and chronicity.

● Standardized HBOT protocols (pressure, duration, and num-
ber of sessions).

● Uniform cognitive outcome measures, possibly extending
beyond NeuroTrax to include ecologically valid and func-
tionally predictive tests.

● Mechanistic studies integrating imaging and biomarker end-
points to validate the neurobiological underpinnings of
HBOT efficacy.

● Exploration of dose–response relationships and identifica-
tion of potential therapeutic windows post-injury.

Such investigations should also consider long-term follow-up
to assess the durability of cognitive gains and potential delayed
adverse effects such as oxidative stress–induced injury.

Although still exploratory, the findings of this meta-analysis
suggest that HBOT could become a viable adjunct in the cogni-
tive rehabilitation of TBI patients. Should future high-quality
trials confirm these benefits, the implications for clinical guide-
lines, rehabilitation protocols, and potentially military and civi-
lian health systems are substantial. Policymakers and healthcare
providers must also consider the cost-effectiveness and logistical
feasibility of HBOT in various healthcare settings. Integration
into treatment pathways would require clear criteria for patient
selection and monitoring and standardized safety protocols to
mitigate known risks such as barotrauma and oxidative injury.

Limitations

To our knowledge, this is the first and largest up-to-date sys-
tematic review and meta-analysis focusing on the efficacy of
HBOT for neurocognitive deficits in patients with TBI.

However, it has several limitations: (1) Two of the included
studies are observational retrospective analyses with moderate
risk of bias, as the influence of residual confounders could not be
completely excluded. (2) In the other two randomized control
trials, pre-HBOT and post-HBOT values are given instead of the
standard sham control originally designed by the studies. The
study samples of three out of four studies were relatively limited
and underpowered due to the patients’ hesitance to be included.
(3) Significant heterogeneity and inconsistent findings were
noted in executive function and IPS. This may be due to the
heterogeneity in the ages of patients among the studies, as clear
by the pediatric population in one of the RCTs. (4) We only have
four studies with a total of 250 participants, which might limit
the generalizability of the findings. (5) Only studies using the
NeuroTrax tool were included to ensure consistency in outcome
measurement; this may have excluded other potentially relevant
studies using alternative, validated cognitive scales, which might
introduce selection bias. (6) Given the limited number of studies
(<10), formal assessment of publication bias was not statistically
justified. Nonetheless, the consistent directionality of positive
findings may reflect underlying reporting or publication bias,
a known issue in HBOT literature. This is a methodological
limitation, and results should be interpreted accordingly. (7)
Given the limited number of studies, methodological variability,
and outcome measures heterogeneity, this review should be
considered exploratory. (8) Gray literature databases such as
ProQuest were not systematically searched, which may have
led to the exclusion of relevant unpublished or non-peer-
reviewed studies. (9) The impact of the time interval between
TBI and HBOT initiation could not be assessed due to incon-
sistent reporting across studies.

More RCTs employing HBOT as an intervention and
a predefined control group are therefore needed to evaluate
further the cognitive efficacy in patients with TBI. Some major
reasons for the lack of adequate RCTs include (1) adverse effects
of barotrauma, (2) ethical and logistic issues associated with
sham control, and (3) hesitancy of patients to consent to inclu-
sion in these trials. Poor patient compliance may also be another
factor in the non-availability of adequate RCTs on this topic.
Therefore, RCTs with an optimal ethical and logistic protocol
for the sham control group, an optimal sample size, and appro-
priate follow-up duration are needed.

Conclusion

Hyperbaric oxygen treatment improves cognitive function in
patients with TBI, regardless of the age of the patients and the
severity of trauma. However, due to the smaller number of
studies available and significant heterogeneity, the conclusions
drawn from this meta-analysis should be viewed as exploratory.
Future randomized trials are needed to strengthen the evidence
in this regard further.
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