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A B S T R A C T

This systematic review evaluates the efficacy of hyperbaric oxygen therapy (HBOT) on treating ionising radiation 
injuries and discusses its applicability to space exploration. As human missions venture beyond Earth’s magnetic 
field, astronauts are increasingly exposed to harmful levels of ionising radiation, posing significant health risks. 
Hyperbaric oxygen therapy, which has been traditionally used for treating diving illnesses and refractory 
wounds, could also be used to mitigate the effects of ionising radiation. A comprehensive systematic literature 
search was conducted using the Ovid and PubMed (MEDLINE) databases. Studies were examined to assess the 
effect of HBOT on different anatomical regions exposed to ionising radiation. Study quality was determined using 
the Risk of Bias Assessment Tool for Nonrandomized Studies (RoBANS), with random-effect estimates performed 
in R. While HBOT upregulates signalling factors beneficial for healing, only modest physical changes are seen at 
the cellular or tissue level on the timescales employed in current research. HBOT has potential benefits in the 
abdominal-pelvic and lower limb regions but complexities of HBOT’s effects on bone health may invoke risks, 
such as radio-sensitisation of the spinal cord. While HBOT may offer some therapeutic benefits, its application to 
space flight requires careful consideration due to the unique challenges of space and the whole-body nature of 
space radiation. Effective strategies for maintaining astronaut health and safety during long-duration deep-space 
missions are still required.

1. Introduction

As humanity ventures beyond Earth’s protective magnetic field in 
pursuit of space exploration, the physiological challenges and medical 
requirements of astronauts evolve accordingly. One significant chal
lenge is the exposure to harmful levels of whole-body ionising radiation 
during missions to Mars or deep space [1,2]. This radiation, comprising 
galactic cosmic rays and solar particle events, stems from interstellar 
phenomena where atoms are stripped of electrons and accelerated to 
high velocities to produce free protons, alpha particles, and highly en
ergetic, heavy charged (HZE) particles [3]. These particles, upon inter
acting with biological cells, can lead to severe health risks including 
tissue damage, cellular dysfunction, radiation sickness, and carcino
genesis [4,5]. The resultant DNA damage, particularly double-strand 
breaks, can impair cellular and organ function, posing a dire threat to 
astronaut health [6].

To counter these risks, strategies to mitigate ionising radiation injury 
are paramount. While mission planning and spacecraft design can 
reduce radiation exposure, the inevitability of some level of exposure 
necessitates effective treatment methods. Hyperbaric oxygen therapy 
(HBOT), a treatment traditionally associated with decompression sick
ness and refractory wounds, involves administering 100 % oxygen at an 
elevated barometric pressure, to increase tissue oxygenation and 
enhance the immune response [7,8]. The versatility of spacecraft design, 
particularly the presence of an airlock, offers a unique opportunity to 
utilise a pressurised compartment as an ad-hoc hyperbaric chamber, 
potentially providing a feasible solution for radiation injuries in space 
[9]. However, the effectiveness of HBOT in treating ionising radiation 
injuries, particularly in the context of space exploration, remains a 
subject of debate as research outcomes are equivocal [10,11].

Therefore, we systemically reviewed and performed a descriptive 
synthesis on the available literature to determine the viability of HBOT 
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as a tool for treating ionising radiation injuries. This research will 
contribute to the body of evidence on the possible benefits of HBOT in 
spaceflight and long-duration missions beyond Earth’s gravity.

2. Methods

2.1. Search strategy

A comprehensive, systematic literature search was conducted in 
November 2022 and repeated in October 2023 using the electronic da
tabases Ovid and PubMed (MEDLINE). These databases were searched 
due to their extensive coverage of biomedical and life science literature. 
The search strategy employed specific terms related to radiation (e.g. 
"ionising radiation", "radiation injury"), hyperbaric oxygen therapy (e.g. 
"hyperbaric oxygen", "HBOT"), and randomised controlled trials (e.g. 
"randomised controlled trial", "clinical trial"), and were combined using 
Boolean operators. The exact combination of these terms, along with 
variations and Boolean logic, is detailed in Appendix A – Search strategy. 
The search was not restricted by publication date or language. The initial 
criteria for inclusion were studies that addressed the effects of hyper
baric oxygen therapy on ionising radiation injuries.

2.2. Selection criteria

Study selection criteria was informed by the PICOS (Population, 
Intervention, Comparison, Outcomes, Study Design) framework:

Population (P): Studies involving both human subjects and animal 

models were included. The inclusion of animal studies was intended to 
provide a broader understanding of the biological mechanisms and po
tential translational applications of HBOT in the context of ionising ra
diation exposure.

Intervention (I): The intervention of interest was HBOT administered 
prior to, during, or after partial or whole-body exposure to ionising ra
diation. Studies where HBOT was combined with other therapies were 
excluded unless the effect of HBOT could be isolated.

Comparison (C): The comparison group included subjects who 
received ionising radiation, but either had baseline measurements prior 
to HBOT intervention (within-subject) or were randomised to not 
receive HBOT in a clinical trial (between-subjects). Studies where the 
comparison group received a different form of intervention were 
excluded.

Outcomes (O): Relevant outcomes included health-related mea
surements, encompassing functional, anatomical, biochemical, and 
symptomatic assessments, and quality of life indicators. Studies focusing 
solely on theoretical or mechanistic outcomes without clear health- 
related implications were excluded.

Study Design (S): All experimental designs.

2.3. Study selection

Studies meeting the PICOS criteria were imported into Rayyan (Web 
Rayyan QCRI) for screening [12]. Two independent reviewers con
ducted the screening (AH and DS), with any disagreements resolved by 
consulting a third reviewer (EA). The process included removing 
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Fig. 1. Prisma flowchart summarising the literature search and screening process.
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duplicates, followed by screening titles and abstracts. Criteria for this 
screening phase focused on relevance to the topic, and population 
characteristics. The full texts of the remaining articles were then 
assessed for inclusion. Studies were excluded if they met any of the 
following criteria: participants received concurrent chemotherapy or 
other therapies/drugs potentially affecting HBOT results; radiation 
exposure was non-ionising; articles in languages other than English 
without available translations; insufficient radiation or HBOT data; and 
reviews and theoretical analyses, case studies, observational studies, 
and retrospective study designs. These exclusions were documented in 
the PRISMA (Preferred Reporting Items for Systematic Reviews and 
Meta-analyses) flowchart (Fig. 1).

2.4. Data extraction

Data was extracted from the selected studies using a modified version 
of the Space Biomedicine Systematic Review ‘Data extraction and 
analysis’ tool [13]. This tool was selected for its comprehensive 
approach to extracting relevant data in space biomedicine research. 
Data extraction from eligible articles encompassed key study details 
such as sample size, study design, subject characteristics (i.e. human or 
animal), details of the HBOT (i.e. frequency and duration of treatment, 
atmospheric pressure of chamber) and radiation exposure (dose 
measured in grays [Gy]), measured outcomes, and reported results. All 
outcome variables that met the PICOS inclusion criteria were extracted 
from eligible studies (i.e. functional; anatomical; biochemical 
health-related measurements; symptomatic assessments; quality of life 
indicators). Given the broad scope of these outcome variables, they were 
categorised by body region: head and neck; abdominal-pelvic region; 
spine; or lower limb. Body regions were chosen as whole body radiation 
exposure is rare; almost all study subjects received radiation at a specific 
site on the body.

2.5. Data synthesis

Means, standard deviations and sample sizes for each outcome were 
extracted from each study (Appendix B – Data table: random-effects 
analysis). In cases where standard deviations were not reported, they 
were calculated from confidence intervals or standard error values 
following Cochrane guidelines [14]. WebPlotDigitiser was used to esti
mate the data from studies that presented results solely in graphical 
formats [15]. Effect sizes were calculated via the metafor package, 
employing the escalc function for standardised mean differences (i.e. 
Hedges g; Equation A). This involved analysing the mean values, stan
dard deviations, and sample sizes from HBOT and control groups.

2.6. Descriptive synthesis

A descriptive synthesis of the data was carried out to provide pooled 
effect sizes of the effects of HBOT on radiation injury. This is akin to a 
meta-analysis, although the lack of homogeneity in study methods and 
outcome assessments prevents the pooled and weighted quantification 
of a meta-analysis from being meaningful. All analysis was performed in 
R (v 3.6.1). The metacont function from the meta package generated a 
random-effects model for each grouping of variables (Appendix D). 
Extracted data was grouped by body region (i.e. head and neck, spine, 
abdominal-pelvic, lower limb) if possible, and a separate analysis was 
performed for each body region. Therefore, the mean random-effect 
produced by the analysis can be interpreted as the average HBOT 
treatment effect for all outcomes measured at that body region. A 
separate model was fit for each of the four body regions, and for the body 
mass outcome (which could not be assigned to a specific body region). A 
prediction interval was calculated for each of the five random-effect 
models; this is defined as the interval within which the effect size of a 
new study would fall if this study was selected at random from the same 
population of the studies already included in the analysis. Results are 

displayed in forest plots using the forestplot package, which effectively 
displays the effect sizes (Hedges g) for each study.

The heterogeneity of outcome measures across studies was reported 
when appropriate (i.e., >2 studies looking at the same variable). Two 
statistical methods were used to assess study heterogeneity: I2 statistic 
and τ2 (tau-squared). The I2 statistic quantifies the proportion of total 
variation across studies that is due to heterogeneity rather than chance. 
An I2 value of 0 % indicates no observed heterogeneity, and 25 %, 50 %, 
and 75 % were interpreted as low, moderate, and high heterogeneity, 
respectively [16]. Whereas τ2 represents the between-study variance in 
the random-effects analysis. It provides an estimate of the actual vari
ance of true effect sizes across studies. A larger τ2 value suggests more 
variability in effect sizes between the studies, indicating a more diverse 
set of study results that may stem from different populations, in
terventions, methodologies, or study designs.

2.7. Assessment of study quality

To evaluate study quality and potential risk of bias, the Risk of Bias 
Assessment Tool for Nonrandomized Studies (RoBANS) was employed 
[17]. Despite focusing on randomised controlled trials, RoBANS was 
selected due to its comprehensive assessment across multiple domains 
relevant to this study. Each study was assessed in six domains: selection 
of participants, confounding variables, measurement of intervention 
(exposure), blinding of outcome assessments, completeness of outcome 
data, and selective outcome reporting. These domains were each 
assigned a risk level: high, low, or unclear, based on specific criteria 
detailed in RoBANS [17]. Uncertainties and disagreements were solved 
by discussion and required a consensus by at least two reviewers (AH, 
DS, EA).

3. Results

3.1. Search results

The initial search yielded 1400 articles. Among these, 937 were 
identified as duplicates and subsequently removed. The screening pro
cess, which involved a review of titles and abstracts, led to the exclusion 
of an additional 212 articles. The full-text review was conducted on 251 
articles, culminating in the inclusion of 41 studies for the analysis. Of 
these, 30 provided sufficient quantitative HBOT, ionising radiation and 
outcome data (i.e. n, mean, sd) for a descriptive synthesis of the data and 
were additionally included in the random effects modelling.

3.2. Characteristics of included studies

For detailed characteristics of the studies included in this systematic 
review, refer to Appendix C – Summary of included studies. This sum
mary table comprehensively outlines each study’s title, publication date, 
subject characteristics, radiation doses, and HBOT exposure details. 
Studies where quantitative data were extracted or where data were 
unavailable are also indicated.

3.3. Methodological quality of included studies

The risk of bias in the included studies was assessed using RoBANS 
(Table 1). The inability to blind participants to HBOT is a notable lim
itation in these studies. This factor, along with any unclear risk due to 
missing or inadequately reported information, played a critical role in 
the risk-of-bias judgments. Eighteen out of the 43 papers included in this 
review achieved a low risk of bias result, 13 received a moderate risk of 
bias score and 12 received a high risk of bias.

3.4. Outcomes

The outcome variables assessed within each study varied drastically 
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in both human and animal studies. Outcome variables related to ‘oral 
function’ (i.e., head and neck body region) were the most prevalent, but 
were also highly variable across studies. There were eight oral function 
outcomes that were measured in more than one study, but all of these 

showed conflicting results as shown in Table 2. The complete list of 
outcome measures is shown in Appendix C – Summary of included 
studies.

Table 1 
Risk of bias assessment of included studies using the cochrane RoBANS tool.

Study Selection of 
participants

Confounding 
variables

Intervention (exposure) 
measurement

Blinding of 
outcome

Incomplete 
outcome data

Selective outcome 
reporting

Overall risk 
of bias

Aprilli et al., 2011 [18] Low Low Low Unclear Low Low Low
Cankar et al., 2011 

[19]
Low Low High Unclear Low Low Mod

Carl et al., 2001 [20] Low High High Unclear Low Low High
Celik et al., 2010 [21] Low Low Unclear Unclear Low Low Low
Chen et al., 1999 [22] Low Low Low Unclear Low Low Low
Clark et al., 2006 [23] Low Low Low Unclear Low Low Low
Demirci et al., 2016 

[24]
Low Low Low Unclear Low Low Low

Dische et al., 1999 [25] Low High Low Unclear High Low High
Feldmeier et al., 1995 

[26]
Low Low Low Unclear Low Low Low

Feldmeier et al., 1993 
[27]

Low Low Low Unclear Low Low Low

Forner et al., 2019 [28] Low Low High Unclear Low Low Mod
Gerlach et al., 2008 

[29]
Low Low High Unclear High Low High

Hillard et al., 2017 
[30]

Low Low Low Low Low Low Low

Johnson et al., 1972 
[31]

Low Low Low Unclear Low Low Low

Johnsson et al., 2000 
[32]

Low High Low Low High Low High

Johnsson et al., 1999 
[33]

Low Low Low Low Low Low Low

Junior et al., 2020 [34] Low Low Low Unclear Low Low Low
Konak et al., 2016 [35] Low Low Low Low Low Low Low
Larsen et al., 1993 [36] Low Low High Unclear Low Low Mod
Lee et al., 1994 [37] High High Low Unclear Low Low High
Mayer et al., 2001 [38] Low High high Unclear Low Low High
Muhonen et al., 2004 

[39]
Low Low Low Unclear High Low Mod

Muhonen et al., 2002a 
[40]

Low Low Low Unclear High Low Mod

Muhonen et al., 2002b 
[41]

Low Low Low Unclear High Low Mod

Muhonen et al., 2002c 
[42]

Low Low Low Unclear High Low Mod

Muhonen et al., 2002d 
[43]

Low High Low Unclear High Low High

Oscarsson et al., 2013 
[44]

Low High High Unclear Low Low High

Poulton et al., 1985 
[45]

Low Low High Low Low Low Mod

Rud et al., 2009 [46] Low Low High Unclear High Low High
Safra et al., 2008 [47] Low High High Unclear Low Low High
Schoen et al., 2007 

[48]
Low Low Low High High Low High

Schwentker et al., 1998 
[49]

Low Low Low Unclear High Low Mod

Shao et al., 2012 [50] Low Low Low Unclear Low Low Low
Shaw et al., 2019 [51] Low Low Low Low High Low Mod
Sønstevold et al., 2018 

[52]
Low Low Low Unclear High Low Mod

Spiegelberg et al., 
2014a [53]

Low Low Low Unclear Low Low Low

Spiegelberg et al., 
2014b [54]

Low Low Low Unclear Low Low Low

Spiegelberg et al., 2015 
[55]

Low Low Low Unclear Low Low Low

Suzuki et al., 1998 [56] Low Low High Unclear Low High High
Svalestad et al., 2014 

[57]
Low Low High Unclear Low High High

Tumerdem-Ulug et al., 
2011 [58]

Low Low Low Unclear Low Low Low

Vidmar et al., 2022 
[59]

Low Low High Unclear Low Low Mod

Wang et al., 1998 [60] Low Low Low Unclear High Low Mod
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3.5. Random effects modelling

The random effects modelling included 30 studies, split into five sub- 
sections (body mass and the four body regions) which are presented 
below. The forest plots below show the outcome measure assessed in 
each study, the HBOT treatment details (duration in days, minutes per 
day in the hyperbaric chamber, and the atmospheric pressure of treat
ment [atmosphere absolute; ATA]), the Hedges g effect size of the dif
ference between HBOT and control group, and the weighting the 
random-effects model applied to each study.

Five studies reported the effect of HBOT on body mass (Fig. 2). The 
estimated random effect size of 0.85 (95 % CI = − 0.11, 1.81) indicates 
HBOT favours weight gain; however, the random effect size is insignif
icant, and the prediction interval crossing zero suggests a need for 
further research. The heterogeneity across the five studies was high (I2 

= 84 %; τ2 = 0.7857).
Fourteen studies reported the effect of HBOT on various outcomes 

assessed at the head and neck (Fig. 3). The random effect size of 0.16 (95 
% CI = − 0.01, 0.34) suggests HBOT may be a favourable treatment for 
radiation injury in the head and neck. However, the high heterogeneity 
(I2 = 76 %; τ2 = 0.7117) and relatively small sample sizes used in each 
study suggest there is insufficient evidence to draw this conclusion.

The effect of HBOT on various outcomes assessed at the spine was 
reported by three studies (Fig. 4). The random effect size of − 2.22 (95 % 
CI = − 3.57, − 0.88) suggests HBOT is not a favourable treatment for 
radiation injury at the spine and is likely detrimental. As above, these 
results should be interpreted in the context of the wide prediction in
terval and high heterogeneity (I2 = 78 %; τ2 = 1.5235).

The effect of HBOT on various outcomes assessed at the abdominal- 

pelvic region was reported in eight studies (Fig. 5). The random effect 
size of 0.93 (95 % CI = 0.56, 1.30) suggests HBOT is most likely a 
favourable treatment for radiation injury in this area. No individual 
study showed a clear negative result. Although the prediction interval 
generally shows a positive treatment outcome, between-study hetero
geneity was still high (I2 = 78 %; τ2 = 0.7621).

Lastly, three studies looked at the effect of HBOT on various out
comes assessed in the lower limbs (Fig. 6). The random effect size of 0.36 
(95 % CI = − 0.02, 0.75) suggests that HBOT was favoured when treating 
radiation injury in the lower leg. Although the prediction interval and 
random effect size confidence intervals both crossed zero, between- 
study heterogeneity was low (I2 = ~0 %; τ2 = 0).

4. Discussion

4.1. Overall impact of HBOT on ionising radiation injury

While the overall effectiveness of HBOT in treating healthy tissue 
exposed to ionising radiation in humans and animals remains limited 
there is upregulation of signalling factors to suggest healing is being 
augmented. This observation is consistent with the diverse outcomes 
and high study heterogeneity to reflect the complexity of HBOT’s 
mechanisms.

4.2. Spine

Although spinal radiation myelitis in rodents tended to worsen more 
rapidly after HBOT [27], neurologic examination found no long-term 
benefit or harm of HBOT before or after radiation [45], including no 
change in movement capability or amount of healthy tissue [30]. The 
rapid progression of radiation myelitis in irradiated rats subjected to 
HBOT concurrently or within 4 h of irradiation suggests a sensitisation 
of the spinal cord to radiation from HBOT and therefore should be 
avoided [27]. The low or moderate risk of bias assessed across these 
studies suggests that their findings are likely to represent the true effects 
of HBOT on radiation induced spinal injury.

4.3. Head and neck region

Studies identified in the review revealed that radiation-induced 
saliva injury in animal models remained chronic after HBOT [53,52]. 
However, in human head and neck cancer patients with radiation 
induced injuries, HBOT improved saliva quantity, and reduced oedema 
in the affected head and neck region [19,29,35,59]. Patients receiving 
HBOT after radiation treatment needed fewer nutritional supplements 
and reported less pain, even when administered fewer pain killers, [48]. 
In terms of radiation injury to the salivary gland, HBOT significantly 
reduced damage and inflammation [35]. The reduced inflammation is 
likely due to an upregulation of genes that cause capillary formation and 
stem cell mobilisation which act to prevent tissue fibrosis [19,28]. 
Future research should investigate whether these same outcomes are 

Table 2 
Conflicting results for outcome variables related to oral function after 
HBOT.

Outcome Study and result direction

Xerostomia ↑Schoen et al., 2007
↑Gerlach et al., 2008
↓Cankar et al., 2011

Eating ↑Shaw et al., 2019
↓Schoen et al., 2007

Bleeding ↑Shaw et al., 2019
↓Schoen et al., 2007

Social limitations ↑Shaw et al., 2019
↓Schoen et al., 2007

Physical limitations ↑Shaw et al., 2019
↓Schoen et al., 2007

Swallowing ↑Gerlach et al., 2008
↓Schoen et al., 2007

Saliva consistency ↑Schoen et al., 2007
↓Gerlach et al., 2008

Saliva quantity/flow ↑Gerlach et al., 2008
↓Spiegelberg et al., 2014a

Note: ↑ = studies that showed an improvement in oral function, ↓ studies 
that showed no improvement or a reduction in oral function.

Fig. 2. Forest plot illustrating the effect of HBOT for changes in body mass. Note: when SD = 0 (no variability) data points cannot be seen in the forest plot.
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Fig. 3. Forest plot illustrating the effect of HBOT for treating ionising radiation injury outcomes at the head and neck. Note: when SD = 0 (no variability) data points 
cannot be seen in the forest plot.
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replicated in other tissues, as the whole-body impact of HBOT would 
indicate widespread effects throughout the body.

In general, studies on human and rat mandibles suggest that while 
HBOT might not significantly prevent osteoradionecrosis (bone death) 
[52,51], it could potentially enhance osteoblastic activity (formation of 
new bone) over a longer period [23,40,42,55]. Muhonen et al. (2004) 
[39] and Svalestad et al. (2014) [57] supported the idea that with time, 
HBOT might positively impact bone-forming activity, blood vessel 

growth and tissue healing, but only one study on bone has looked 
beyond two months. With the exception of Spiegelberg et al. (2014a) 
[53], konak et al. (2016) [35] and Clark et al. (2006) [23], the moderate 
to high risk of bias across these studies reduces confidence in these re
sults. To make more reliable claims, further research with stronger study 
designs and lower risk of bias is essential.

Fig. 3. (continued).

Fig. 4. Forest plot illustrating the effect of HBOT for treating ionising radiation injury outcomes at the spine.
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4.4. Abdominal-pelvic regions

The potential of HBOT to treat radiation injuries in the abdominal- 
pelvic region were favourable, with a random effect size of 0.93 

(Fig. 5). Only a single study included in the review examined HBOT for 
breast cancer patients who were exposed to radiation. This study was 
examined to have a high risk of bias. No change in fibrosis (thickening of 
tissue) or telangiectasia (dilated blood vessels) in the radiated breast 

Fig. 5. Forest plot illustrating the effect of HBOT for treating ionising radiation injury outcomes at the abdominal-pelvic region. Note: when SD = 0 (no variability) 
data points cannot be seen in the forest plot.

Fig. 6. Forest plot illustrating the effect of HBOT for treating ionising radiation injury outcomes at the lower limb.

A. Holyer et al.                                                                                                                                                                                                                                  Acta Astronautica 232 (2025) 296–306 

303 



were observed. However, there was a significant reduction in erythema 
(redness of skin), oedema, and pain [20]. Encouragingly, no adverse 
effects were reported, and some patients experienced complete symptom 
relief at the end of treatment, whereas all subjects in the control group 
were still experiencing symptoms [20]. They found that complete 
symptom relief took on average 25 x 90-min sessions of HBOT.

In mice with abdominal-pelvic radiation-induced swelling to the 
small intestine, HBOT reduced the inflammation of the small intestine 
[26]. HBOT also prevented hair whitening in the radiation area, sug
gesting better melanocyte (skin pigment cell) survival [26]. HBOT has 
also protected the radiated intestines of rats by keeping the lining 
healthy and increasing the number of stem cells [18]. The above studies 
had a low risk of bias. Similarly, several studies showed positive signs for 
the use of HBOT in patients and rats with bladder or rectal problems 
caused by radiation [46,31], such as urinary and rectal pain, bleeding, 
and an overall better quality of life [38,44,47,50,56,58]. However, with 
the exception of Johnson, Wiseman & Hogg (1972) [31] and Shao, Lu & 
Shen (2012) [50], these studies were assessed as having a moderate or 
high risk of bias. Consequently, the positive outcomes reported may not 
fully reflect HBOT’s actual efficacy in treating radiation-induced 
abdominal-pelvic injury, highlighting the need for further high-quality 
research to confirm these findings.

4.5. Lower limb

HBOT showed a potential benefit in treating lower limb radiation 
injuries, as evidenced by studies on rabbits with tibial implants where 
bone metabolism and strength improved [22,33,36]. In contrast, a study 
with similar methods found HBOT made no difference to bone mineral 
content [32] and a study by Junior et al. (2020) [34] had mixed results 
because although irradiated tibia became thinner and shorter after 
HBOT, they were significantly stronger. The variations in outcomes 
across studies, including conflicting results on bone mineral content and 
structural integrity, may be partially attributed to differences in the 
assessed risk of bias. These inconsistencies also highlight the complexity 
of HBOT’s impact on bone health. The differing response times in animal 
models compared to humans (i.e. human bones take 3 times longer to 
heal compared to rabbits), [61], underscore the need for human-specific 
research in this area.

4.6. Quality of evidence

The heterogeneity in methodologies across the included studies re
flects the significant challenge in synthesising conclusive evidence and 
as such these results should be treated as preliminary. While many 
studies had similar HBOT doses (2–3 ATA), there was considerable 
variation in HBOT duration (10–180min x 1–46 days), radiation dose 
(1–80Gy), and the time elapsed between radiation and HBOT, which 
affects study outcomes and makes direct comparison between studies 
challenging. This was evidenced by the high between-study heteroge
neity observed for all body regions in the analysis. For some regions, 
single studies contributed a majority of the outcomes which could bias 
the effect estimates. For example, Junior et al., 2020 [34] contributed 9 
out of the 14 outcomes in the lower limb region (Fig. 6). Further, many 
of the studies relied on self-reported, subjective measures for outcome 
variables, often gathered through non-standardised questionnaires or 
interviews which could create variability and bias in the results. 
Although most studies were assessed as low or moderate risk of bias, 
their small sample sizes and short follow-up durations limit the gen
eralisability of the findings. Future research should address these limi
tations through longer trials that standardise radiation and HBOT based 
on the dosages shown herein to be effective. Consistency between trials 
is imperative to provide more definitive conclusions on the efficacy of 
HBOT in treating ionising radiation injuries especially in the areas which 
have already shown promise such as the abdominal-pelvic or lower limb 
region.

4.7. Relevance to space

The human clinical studies analysed in this analysis involved cu
mulative radiation doses ranging from 15 to 116 Gy that targets specific 
sites of the body. In contrast, space travel exposes the whole body to 
radiation at a much lower dose (approximately 0.48 mGy d− 1; [62]). 
However, during solar particle events, astronauts might be exposed to 
significantly higher doses — up to 10 Gy h− 1, or even 50 Gy h− 1 — 
during extravehicular activities. Such exposure levels could lead to se
vere radiation damage akin to that experienced by radiotherapy patients 
[63]. While space missions often coincide with periods of low solar ac
tivity to minimise this risk [64], the possibility of encountering high 
radiation doses necessitates having effective onboard treatments. These 
treatments would ideally be independently administered by the crew to 
reverse the harmful physiological effects and provide symptomatic re
lief, thereby maintaining crew health and occupational productivity 
until ground-based medical treatment is available.

While the findings indicate that HBOT is effective for treating ion
ising radiation injuries in specific regions such as the abdominal-pelvic 
and lower limb areas, its application in the context of whole-body space 
radiation poses potential risks. The overall positive random effect size 
for body mass is encouraging, but the wide prediction interval we 
observed indicates the potential for HBOT to cause weight loss following 
radiation exposure. Given that astronauts already experience significant 
weight loss during space missions due to reduced gravity affecting the 
musculoskeletal system through muscle atrophy and loss of bone density 
[65,66], additional weight loss from HBOT is undesirable. Furthermore, 
the potential sensitisation of the spinal cord to radiation by HBOT [27] 
suggests that astronauts exposed to full-body irradiation may need to 
delay HBOT treatment to avoid a detrimental effect on spinal health. The 
research by Xin Wang et al. (1998) [60] suggests that injuries from 
low-level ionising radiation might remain treatable for an extended 
period post-exposure, which is crucial if astronauts on extravehicular 
missions cannot immediately access HBOT.

Despite HBOT being generally well-tolerated in clinical studies and 
its potential for integration into spacecraft design, the majority of out
comes in this review did not show clear beneficial effects. Moreover, it 
remains unclear how astronauts would react to HBOT in a microgravity 
environment especially dealing with side-effects. HBOT comes with risks 
of barotrauma and oxygen toxicity, which even in mild forms can induce 
oxidative stress that leads to fatigue, thereby compromising cognitive 
and physical performance [67]. Effects on the eyes, such as hyperoxic 
myopia and cataracts, could be exacerbated by spaceflight-associated 
neuro-ocular syndrome, impairing vision and incapacitating astronauts 
[67]. Mission planning should therefore carefully monitor and plan the 
duration and frequency of HBOT sessions, as well as the engineering 
challenges of providing sufficient hyperbaric pressure. For instance, a 
regimen requiring 90 min of HBOT for a total of 30 days would represent 
a significant time investment for astronauts, impacting their schedules 
and overall mission activities. While the use of HBOT to treat ionising 
radiation injuries in space has its limitations, the damage being done is 
likely comparable to alternate remedies and is the best analogue we 
currently have, especially in humans. Conversely, terrestrial application 
of these outcomes needs to also consider other clinical factors, such as 
concurrent chemotherapy, hormone therapy, and surgery, that we 
excluded from this review.

5. Conclusion

This systematic review highlights the nuanced and context- 
dependent nature of HBOT’s effectiveness in mitigating ionising 
radiation-induced injuries. While showing promise in certain anatom
ical regions, the evidence does not uniformly support HBOT’s efficacy 
across all areas including potential detrimental effects following spinal 
radiation. As we venture further into space exploration, the role of HBOT 
in maintaining astronaut health during and after exposure to ionising 

A. Holyer et al.                                                                                                                                                                                                                                  Acta Astronautica 232 (2025) 296–306 

304 



radiation warrants continued investigation, guided by robust, compre
hensive research.

CRediT authorship contribution statement

Amanda Holyer: Writing – review & editing, Writing – original 
draft, Project administration, Methodology, Investigation, Formal 
analysis, Data curation. Thomas Stewart: Writing – review & editing, 
Supervision, Project administration. Edward T. Ashworth: Writing – 
review & editing, Supervision.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgements

We would like to acknowledge the help and support of David M. 
Shaw (Royal New Zealand Air Force) in screening these articles.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.actaastro.2025.03.011.

References

[1] G. Reitz, Characteristic of the radiation field in low Earth orbit and in deep space, 
Z. Med. Phys. 18 (4) (2008) 233–243.

[2] M. Naito, S. Kodaira, Considerations for practical dose equivalent assessment of 
space radiation and exposure risk reduction in deep space, Sci. Rep. 12 (1) (2022) 
13617.

[3] W. Suparta, S.K. Zulkeple, Spatial analysis of galactic cosmic ray particles in low 
earth orbit/near equator orbit using SPENVIS, in: Journal of Physics: Conference 
Series, vol. 495, IOP Publishing, 2014 012040. No. 1.

[4] Y. Ogawa, T. Kobayashi, A. Nishioka, S. Kariya, S. Hamasato, H. Seguchi, 
S. Yoshida, Radiation-induced reactive oxygen species formation prior to oxidative 
DNA damage in human peripheral T cells, Int. J. Mol. Med. 11 (2) (2003) 149–152.

[5] S. Furukawa, A. Nagamatsu, M. Nenoi, A. Fujimori, S. Kakinuma, T. Katsube, 
A. Takahashi, Space radiation biology for “living in space”, BioMed Res. Int. 2020 
(2020).

[6] S.P. Jackson, J. Bartek, The DNA-damage response in human biology and disease, 
Nature 461 (7267) (2009) 1071–1078.

[7] S. Sen, S. Sen, Therapeutic effects of hyperbaric oxygen: integrated review, Med. 
Gas Res. 11 (1) (2021) 30.

[8] S. Tejada, J.M. Batle, M.D. Ferrer, C. Busquets-Cortés, M. Monserrat-Mesquida, S. 
M. Nabavi, A. Sureda, Therapeutic effects of hyperbaric oxygen in the process of 
wound healing, Curr. Pharm. Des. 25 (15) (2019) 1682–1693.

[9] M. O’Connell, Hyperbaric oxygen therapy and spaceflight, 43rd COSPAR Scientific 
Assembly (2021). Held 28 January-4 February, 43, https://ui.adsabs.harvard.ed 
u/abs/2021cosp...43E2021O/abstract.

[10] N. Skeik, B.R. Porten, E. Isaacson, J. Seong, D.L. Klosterman, R.F. Garberich, 
T. Sullivan, Hyperbaric oxygen treatment outcome for different indications from a 
single center, Ann. Vasc. Surg. 29 (2) (2015) 206–214.

[11] N. Jallali, S. Withey, P.E. Butler, Hyperbaric oxygen as adjuvant therapy in the 
management of necrotizing fasciitis, Am. J. Surg. 189 (4) (2005) 462–466.

[12] M. Ouzzani, H. Hammady, Z. Fedorowicz, A. Elmagarmid, Rayyan—a web and 
mobile app for systematic reviews, Syst. Rev. 5 (1) (2016) 210, https://doi.org/ 
10.1186/s13643-016-0384-4.

[13] A. Winnard, N. Caplan, C. Bruce-Martin, P. Swain, R. Velho, R. Meroni, J. Laws, 
Developing, implementing, and applying novel techniques during systematic 
reviews of primary space medicine data, Aerospace Medicine and Human 
Performance 92 (8) (2021) 681–688.

[14] J.P. Higgins, J. Thomas, J. Chandler, M. Cumpston, T. Li, M.J. Page, V.A. Welch 
(Eds.), Cochrane Handbook for Systematic Reviews of Interventions, John Wiley & 
Sons, 2019.

[15] A. Rohatgi, WebPlotDigitizer. WebPlotDigitizer, 2021.
[16] J.P. Higgins, S.G. Thompson, Quantifying heterogeneity in a meta-analysis, Stat. 

Med. 21 (11) (2002) 1539–1558.
[17] H.J. Seo, S.Y. Kim, Y.J. Lee, J.E. Park, RoBANS 2: a revised risk of bias assessment 

tool for nonrandomized studies of interventions, Korean Journal of Family 
Medicine 44 (5) (2023) 249.

[18] R.R. Aprilli, R.S. Parra, H.F. de Oliveira, F. Aprilli, J.J.R. da Rocha, O. Féres, The 
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