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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 To counter these risks, strategies to mitigate ionising radiation injury

are paramount. While mission planning and spacecraft design can

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].

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
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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 (0O): 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

( Identification of studies via databases )
)
=
-E Records identified via .
3 Duplicates removed
£ database search —> (n=937)
g (n = 1400) -
e
-
)
Abstracts screened Records excluded as not meeting PICOS
(n=463) > (n=212)
z -
§ Records excluded as not meeting eligibility
L‘:J . (n=208)
Full text articles assessed for Concurrent chemotherapy (n = 12)
eligibility — Case study (n =21)
(n=251) Retrospective study (n = 50)
No full text (n = 49)
Inadequate radiation and/or HBO data (n = 50)
u Observational Study (n = 21)
Repeated study (n = 2)
Other (n=3)
Included in systematic review
5 (n=43)
E
° Included in random-effects
- analysis
(n=30)

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
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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: I* statistic
and 2 (tau-squared). The I? statistic quantifies the proportion of total
variation across studies that is due to heterogeneity rather than chance.
An I value of 0 % indicates no observed heterogeneity, and 25 %, 50 %,
and 75 % were interpreted as low, moderate, and high heterogeneity,
respectively [16]. Whereas t2 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 72 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 (RoOBANS) 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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Table 1
Risk of bias assessment of included studies using the cochrane RoBANS tool.

Study Selection of Confounding Intervention (exposure) Blinding of Incomplete Selective outcome Overall risk

participants variables measurement outcome outcome data reporting of bias

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

Cankar et al., 2011 Low Low High Unclear Low Low Mod

[19]
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 Low Low Low Unclear Low Low Low
[24]

Dische etal., 1999 [25]  Low High Low Unclear High Low High

Feldmeier et al., 1995 Low Low Low Unclear Low Low Low
[26]

Feldmeier et al., 1993 Low Low Low Unclear Low Low Low
[27]

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

Gerlach et al., 2008 Low Low High Unclear High Low High
[29]

Hillard et al., 2017 Low Low Low Low Low Low Low
[30]

Johnson et al., 1972 Low Low Low Unclear Low Low Low
[31]

Johnsson et al., 2000 Low High Low Low High Low High
[32]

Johnsson et al., 1999 Low Low Low Low Low Low Low
[33]
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
Mubhonen et al., 2004 Low Low Low Unclear High Low Mod
[39]

Mubhonen et al., 2002a Low Low Low Unclear High Low Mod
[40]

Mubhonen et al., 2002b Low Low Low Unclear High Low Mod
[41]

Muhonen et al., 2002¢ Low Low Low Unclear High Low Mod
[42]

Mubhonen et al., 2002d Low High Low Unclear High Low High
[43]

Oscarsson et al., 2013 Low High High Unclear Low Low High
[44]

Poulton et al., 1985 Low Low High Low Low Low Mod
[45]

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 Low Low Low High High Low High

[48]
Schwentker et al., 1998 Low Low Low Unclear High Low Mod
[49]
Shao et al., 2012 [50] Low Low Low Unclear Low Low Low
Shaw et al., 2019 [51] Low Low Low Low High Low Mod
Sgnstevold et al., 2018 Low Low Low Unclear High Low Mod
[52]

Spiegelberg et al., Low Low Low Unclear Low Low Low
2014a [53]

Spiegelberg et al., Low Low Low Unclear Low Low Low
2014b [54]

Spiegelberg et al., 2015  Low Low Low Unclear Low Low Low
[55]

Suzuki etal., 1998 [56]  Low Low High Unclear Low High High

Svalestad et al., 2014 Low Low High Unclear Low High High
[57]

Tumerdem-Ulug et al., Low Low Low Unclear Low Low Low
2011 [58]

Vidmar et al., 2022 Low Low High Unclear Low Low Mod
[59]

Wang et al., 1998 [60] Low Low Low Unclear High Low Mod
in both human and animal studies. Outcome variables related to ‘oral showed conflicting results as shown in Table 2. The complete list of
function’ (i.e., head and neck body region) were the most prevalent, but outcome measures is shown in Appendix C — Summary of included
were also highly variable across studies. There were eight oral function studies.

outcomes that were measured in more than one study, but all of these
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Table 2
Conflicting results for outcome variables related to oral function after
HBOT.

Outcome Study and result direction
Xerostomia 1Schoen et al., 2007
1Gerlach et al., 2008
|Cankar et al., 2011
Eating 1Shaw et al., 2019
|Schoen et al., 2007
Bleeding 1Shaw et al., 2019

1Schoen et al., 2007
1Shaw et al., 2019
|Schoen et al., 2007
1Shaw et al., 2019
1Schoen et al., 2007
1Gerlach et al., 2008
|Schoen et al., 2007
1Schoen et al., 2007
|Gerlach et al., 2008
1Gerlach et al., 2008
|Spiegelberg et al., 2014a

Social limitations
Physical limitations
Swallowing

Saliva consistency

Saliva quantity/flow

Note: 1 = studies that showed an improvement in oral function, | studies
that showed no improvement or a reduction in oral function.

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 (2
= 84 %; 1* = 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
(1% = 76 %; t> = 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 (I> = 78 %; 12 = 1.5235).

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

Author Measurement HBOT
Body Mass

Schoen etal., (2007)
Celik et al., (2010)
Feldmeier et al., (1995)
Demirci et al., (2016)
Schwentker et al., (1998)

Body mass (Human)
Body mass (Rat)
Body mass (Mice)
Body mass (Rats)
Body mass (Rats)

Random effects model

Prediction interval

Heterogeneity: I° = 84%, 1° = 0.7857, p < 0.01

Test for subgroup differences: /2 =0.00,df=0(p =NA)

30 d, 80min @ 2.5 ATA
7 d, 90min @ 2.5 ATA
30 d, 90min @ 2.4 ATA
5d, 60min @ 2.5 ATA
30 d, 90min @ 2.4 ATM
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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 (2 = 78 %; t? = 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 (I = ~0 %; t% = 0).

4. Discussion
4.1. Overdll 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

Effect Size SMD 95%-Cl Weight

0.0%
0.22 [-0.64;1.09] 24.4%

214 [1.44,285] 26.1%
o 0.92 [0.07;1.77] 24.6%
- 0.03 [-0.78;0.85] 24.9%
et 0.85 [-0.11;1.81] 100.0%
—— [-3.51;5.21]
| I B |

4 2 0 2 4
In favor of Control In favor of HBO

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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Author

Head and neck

Schoen et al.,, (2007)
Schoen et al, (2007)
Schoen et al, (2007)
Schoen et al., (2007)
Schoen et al., (2007)
Schoen et al.,, (2007)
Schoen et al., (2007)
Schoen etal., (2007)
Schoen et al., (2007)
Schoen etal., (2007)
Schoen et al., (2007)
Schoen et al., (2007)
Schoen et al., (2007)
Schoen et al., (2007)
Schoen et al., (2007)
Schoen et al., (2007)
Schoen et al, (2007)
Schoen et al., (2007)
Schoen et al., (2007)
Schoen et al., (2007)
Schoen et al,, (2007)
Schoen et al., (2007)
Schoen etal., (2007)
Schoen et al., (2007)
Schoen et al., (2007)
Schoen et al., (2007)
Schoen etal., (2007)
Schoen et al,, (2007)
Schoen et al., (2007)
Schoen et al., (2007)
Schoen et al., (2007)
Schoen etal., (2007)
Schoen et al., (2007)
Schoen etal., (2007)
Schoen et al., (2007)
Schoen et al., (2007)
Schoen et al., (2007)
Schoen et al., (2007)
Schoen etal., (2007)
Schoen et al., (2007)
Schoen etal., (2007)
Schoen et al,, (2007)
Schoen et al., (2007)
Schoen et al., (2007)
Schoen etal., (2007)
Schoen et al, (2007)
Schoen et al., (2007)
Spiegelberg etal., (2014b)
Spiegelberg et al., (2014b)
Spiegelberg etal., (2014b)
Spiegelberg etal., (2014b)
Spiegelberg et al., (2014b)
Spiegelberg etal., (2014b)
Spiegelberg et al., (2014b)
Spiegelberg etal., (2014b)
Spiegelberg et al,, (2014b)
Spiegelberg etal., (2014b)
Spiegelberg et al., (2014b)
Spiegelberg etal., (2014b)
Spiegelberg etal., (2014b)
Spiegelberg et al., (2014a)
Spiegelberg et al., (2014a)
Spiegelberg et al., (2014a)
Spiegelberg et al., (2014a)
Spiegelberg et al, (2014a)
Spiegelberg etal., (2014a)
Spiegelberg et al., (2014a)
Spiegelberg et al., (2015)
Spiegelberg et al., (2015)
Spiegelberg etal., (2015)
Spiegelberg et al., (2015)
Spiegelberg etal., (2015)
Spiegelberg et al., (2015)
Spiegelberg et al., (2015)
Spiegelberg et al., (2015)
Vidmar et al., (2022)
Vidmar et al., (2022)
Vidmar et al., (2022)
Vidmar et al., (2022)
Vidmar et al., (2022)

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.

Measurement

Dyspnoea (Human)

Constipation (Human)

Diarrhoea (Human)

Pyschological discomfort (Human)
Pyschological disability (Human)
Pain {(Human)

Physical pain (Human)

Fatigue (Human)

Mausea and vomiting (Human)
Insomnia (Human)

Appetite loss (Human)

Quality of life (Human)

Physical functioning (Human)

Role functioning (Human)
Emotional functioning (Human)
Cognitive functioning (Human)

Pain killers {(Human)

Mutritional supplements (Human)
Financial difficulties (Human)
Plague index (Human)

Calculus score (Human})

Bleeding index (Human)

Gingiva index (Human)

Pocketdepth (Human)

Width attached gingiva (Human)
Periotest (Human)

Swallowing (Human)

Speech problems {(Human)

Teeth (Human)

Opening mouth (Human)
Xerostomia (Human)

Sticky saliva (Human)

Coughing (Human)

Oral health impact profile (Human)
Activity restriction scale dentistry (Human)
Overall denture satisfaction (Human)
Denture satisfaction (Human)
Chewing/ eating (Human)

Senses problems (Human)

Less sexuality (Human)

Feltill (Human)

Functional limitation (Human)
Physical disability (Human)

Social functioning (Human)

Trouble with social eating (Human)
Trouble with social contact (Human)
Social disability (Human)

Bta2 fold change (Mice)

Cd8&3 fold change (Mice)

Ctgffold change (Mice)

Cyré61 fold change (Mice)

Egr1 fold change (Mice)

Egr2 fold change (Mice)

Sox2 fold change (Mice)

Tfrc fold change (Mice)

Thbs1 fold change {(Mice)

TgfB1 fold change (Mice)

Serpine 1 fold change (Mice)
a-Sma fold change (Mice)

% a-SMA positive staining (Mice)
Salivary Flow rate (Mice)
Submandibular Proliferation (Mice)
Parotid Proliferation (Mice)
Submandibular Blood vessel density (Mice)
Parotid Blood vessel density (Mice)
Submandibular Apoptotic cells (Mice)
Tongue Muscle Proliferating cells {Mice)
Bone porosity (Mice)

Relative Bone valume (Mice)
Trabecular thickness (Mice)
Trabecular separation (Mice)
Trabecular number (Mice)

Empty lacunae (Mice)

Bone reasorbing osteoclasts (Mice)
Adipocyte density (Mice)

Mean T2 ipsilateral side (Human)
Mean T2 contralateral side (Human)
pH of salivary flow (Human)
Stimulated salivary flow (Human)
pH stimulated salivary flow (Human)

HBOT

30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 30min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 30min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 30min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, B0min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, B0min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 30min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
30 d, 30min @ 2.5 ATA
30 d, 80min @ 2.5 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 50min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, BOmin @ 2.4 ATA
20 d, 50min @ 2.4 ATA
20 d, B0min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, G0min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 60min @ 2.4 ATA
20 d, 90min @ 2.5 ATA
20 d, 90min @ 2.5 ATA
20 d, 90min @ 2.5 ATA
20 d, 90min @ 2.5 ATA
20 d, 90min @ 2.5 ATA
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SMD

0.30

-0.61
-0.40
-0.32
-0.78

0.05
-0.47
-0.68

0.28
-0.50
-1.01
-0.40
-0.09

017
-0.54
-0.41
-0.13

0.19
-0.96

-0.24
-0.15
-0.48

012
-0.39
-0.50
-0.09
-0.22

0.20
-0.25

0.83
-0.16
-0.26
-0.15

-0.73
-0.18
-0.32
0.27
-0.28
-0.34
-0.53
-0.05

0.16

057

0.32
-1.16
-2.80
-152
-2.42

274
1.09
-0.98
-0.72
-0.98
-0.72
-1.68
-0.38
0.57
0.76
-0.07
092
-0.88
-1.49
355
224
216
2.00
0.19
3.61
470
-0.30
043
0.22
015
013
-0.15

95%-Cl Weight

[-0.47; 1.08]

[-1.40; 0.18]
[-1.17; 0.28]
[-1.09; 0.46]
[-1589; 0.02]
072, 0.82]
[-1.25; 0.31]
[-147; 0.12]
[-0.49; 1.05]
[-1.29; 0.28]
[-1.83;-0.18]
[-1.18; 0.37]
[-0.86; 0.68]
[-0.60; 0.94]
[-1.32; 0.25]
[1.19; 0.37]
[-0.90; 0.64]
[-058; 0.96]
[-1.78;-0.14]

[-1.01; 053]
[-0.92; 0.62]
[-1.26; 0.30]
[-0.65; 0.89]
[-1.17; 0.29]
[-1.28; 0.28]
[-0.86; 0.68]
[-0.99; 0.55]
[-057; 0.97]
[-1.02; 0.52]
[0.02; 1.64]
[-0.93; 0.61]
[-1.03; 051]
[-0.92; 0.62]
[-0.34; 1.22]
[-153; 0.07]
[-0.95; 0.59]
[-1.10; 0.45]
[-1.04; 0.51]
[-1.05; 0.50]
1.11; 0.44]
[-1.31; 0.26]
[0.82; 0.72]
[0.61; 0.93]
[-0.21; 1.36]
[-0.46; 1.09]
[-275; 0.43]
[-5.12;-0.47]
[-3.24; 0.20]
[-4.55; -0.29]

[0.44; 5.04]
[-0.48; 2.65]
[-252; 0.55]
[-219; 0.75]
[-251; 0.55]
[-2.18; 0.75]
[-3.46; 0.11]
[-0.99; 0.23]
[-0.05; 1.19]
[0.13; 1.39]
[-0.68; 0.54]
[0.28; 1.56)
[-151;-0.24]
[-2.18;-0.80]
[2.31; 479]
[1.27; 3.22]
[1.20; 3.12]
[1.07; 2.93]
[-055; 0.93]
[2.35; 4.86]
[3.18; 6.21]
[-1.04; 0.45]
[-0.23; 1.09]
[-0.44; 0.87]
[-0.50; 0.81]
[-053; 0.78]
[-0.81; 0.50]

0.9%
0.0%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.0%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.9%
0.6%
0.4%
0.5%
0.4%
0.0%
0.0%
0.4%
0.6%
0.6%
0.6%
0.6%
0.6%
0.5%
1.0%
1.0%
1.0%
1.0%
1.0%
1.0%
1.0%
0.7%
0.8%
0.9%
0.9%
0.9%
0.7%
0.6%
0.9%
1.0%
1.0%
1.0%
1.0%
1.0%
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Cankar et al., (2011) KXerostomia (Human) 20 d, 90min @ 2.5 ATA : —— 336 [2.25; 448] 0.8%
Cankar et al., (2011) Salivary flow (Human) 20 d, 90min @ 2.5 ATA - 1.17 [0.41; 1.93] 0.9%
Cankar et al,, (2011) Ph saliva (Human) 20 d, 90min @ 2.5 ATA T 3.08 [2.02, 414] 0.8%
Cankar et al., (2011) Lactobacillus (Human) 20 d, 90min @ 2.5 ATA = = : -2.94 [-3.97,-1.90] 0.8%
Cankar et al., (2011) C. albicans (Human) 20 d, 90min @ 2.5 ATA - 150 [0.70, 230] 0.9%
Shaw etal., (2019) Opening mouth (Human) 30 d, 80-90min @ 2.5 ATA —'- 082 [0.34; 1.29] 1.1%
Shaw et al., (2019) Eating (Human) 30 d, 80-90min @ 2.5 ATA e 064 [0.16; 1.11] 1.1%
Shaw etal., (2019) Swelling (Human) 30 d, 80-90min @ 2.5 ATA = 0.34 [-0.11;, 0.78] 1.1%
Shaw et al., (2019) Pain (Human) 30 d, 80-90min @ 2.5 ATA e 0.38 [-0.07;, 0.82] 1.1%
Shaw et al., (2019) Pain 3 months (Human) 30 d, 80-90min @ 2.5 ATA B! 0.30 [-0.10; 0.69] 1.1%
Shaw et al., (2019) Pain & months (Human) 30 d, 80-90min @ 2.5 ATA -3- 017 [-0.22, 0.55] 1.1%
Shaw etal,, (2019) Pain 12 months (Human) 30 d, 80-90min @ 2.5 ATA I-'- 056 [0.14, 098] 1.1%
Shaw etal., (2019) Physical component score (Human) 30 d, 80-90min @ 2.5 ATA ma 0.11 [-0.33; 0.56] 1.1%
Shaw et al., (2019) Social component score (Human) 30 d, 80-90min @ 2.5 ATA | || 1.03 [0.56; 1.50] 1.1%
Shaw etal., (2019) Bleeding (Human) 30 d, 80-90min @ 2.5 ATA | 0.48 [0.03;, 093] 1.1%
Celiketal, (2010) Respiratory rate (Rats) 7 d, 90min @ 2.5 ATA - 0.00 [-0.86;, 0.86] 0.9%
Celiketal, (2010) Cross sectional area (Rats) 7 d, 90min @ 2.5 ATA f—'—— 1.00 [0.07, 1.92] 0.9%
Svalestad et al.,, (2014) Blood flow gingiva basal (Human) 28 d, 90min @ 240 kpa —'— 0.42 [-0.46; 1.30] 0.9%
Svalestad et al., (2014) Blood flow gingiva heated (Human) 28 d, 90min @ 240 kpa . 1.15 [0.20; 2.09] 0.9%
Svalestad et al., (2014) Blood flow cheek basal (Human) 28 d, 90min @ 240 kpa = 046 [-0.42; 1.34] 0.9%
Svalestad et al., (2014) Blood flow cheek heated (Human) 28 d, 90min @ 240 kpa e 1.00 [0.07, 1.92] 0.9%
Svalestad et al., (2014) Oxygenation to forehead basal (Human) 28 d, 90min @ 240 kpa e 0.11 [-0.75; 0.98] 0.9%
Svalestad et al.,, (2014) Oxygenation to forehead 02 (Human) 28 d, 90min @ 240 kpa L -0.06 [-0.92; 0.81] 0.9%
Svalestad et al., (2014) Oxygenation to cheek Basal (Human) 28 d, 90min @ 240 kpa . 1.30 [0.33; 226] 0.9%
Svalestad et al., (2014) Oxygenation to cheek 02 {(Human) 28 d, 90min @ 240 kpa L m 0.89 [-0.02; 1.81] 0.9%
Svalestad et al., (2014) Oxygenation to intercostal Basal (Human) 28 d, 90min @ 240 kpa N 0.45 [-0.43; 1.33] 0.9%
Svalestad et al., (2014) Oxygenation to intercostal 02 (Human) 28 d, 90min @ 240 kpa - 0.22 [-0.66; 1.09] 0.9%
Muhonen et al., (2004) Ratio of radioactivity (Rabbits) 18 d, 90min @ 2.5 ATA — 0.00 [1.70; 1.70] 0.6%
Muhonen et al,, (2004) Newly formed bone (Rabbits) 18 d, 90min @ 2.5 ATA —&—r -1.74 [-4.06; 0.58] 0.4%
Muhonen et al., (2004) Mumber of blood vessels (Rabbits) 18 d, 90min @ 2.5 ATA — 055 [-1.22; 232] 05%
Muhonen et al., (2002a) Bone area (Rabbits) 18 d, 90min @ 2.5 ATA = 0.17 [-0.93; 1.26] 0.8%
Muhonen et al,, (2002a) Osteoblastic activity (Rabbits) 18 d, 90min @ 2.5 ATA —F—-— 0.99 [-0.59; 257] 0.6%
Muhonen et al,, (2002b) Distraction area (Rabbits) 18 d, 90min @ 2.5 ATA —.'—_ 0.04 [-1.05; 1.13] 0.8%
Muhonen et al,, (2002c) Flouride activity (Rabbits) 18 d, 90min @ 2.5 ATA e 013 [-0.93; 1.19] 0.8%
Muhonen et al,, (2002c) Activity count ratio - distraction end (Rabbits) 18 d, 90min @ 2.5 ATA —'T- -0.32 [1.39; 0.74] 0.8%
Muhonen et al,, (2002c) Activity count ratio - consolidation end (Rabbits) 18 d, 90min @ 2.5 ATA — 0.07 [-0.99; 1.13] 0.8%
Muhonen et al,, (2002c) Standardized uptake value (Rabbits) 18 d, 90min @ 2.5 ATA —'-I-‘- -0.52 [-1.60; 0.56] 0.8%
Clark et al., (2006) Bone fill (Rabbits) 30 d, 90min @ 2.4 ATA —I'— 022 [-1.03; 1.46] 0.7%
Sonstevold et al., (2018) Vascular density (Rats) 90min @ 2.5 ATA —'—'— -0.41 [-2.08; 1.26] 0.6%
Random effects model ] 0.16 [-0.01; 0.34] 100.0%
Prediction interval E—— [-1.52; 1.84]
Heterogeneity: I = 76.0%, T° = 0.7117, p < 0.0001 TR o
Test for subgroup differences: ;§ =0.00, df =0 (p = NA) 6 4 -2 0 2 4 6
In favor of Control In favor of HBO
Fig. 3. (continued).

Author Measurement HBOT Effect Size SMD 95%-Cl Weight

Spine

Feldmeier et al., (1993) Radiation myelitis grade (Rats) 20 d, 90min @ 2.4 ATM —'— -356 [-4.76;-2.36] 24.8%

Hillard et al., (2007) Spared tissue area (Rats) 1, B0min @ 2 ATM 2 3 -2.09 [-3.00;-1.17] 27.0%

Hillard et al., (2007) Locomaotor scale (Rats) 1, 60min @ 2 ATM —*— -2.86 [-3.91;,-1.82] 26.0%

Paoulton et al., (1985) Neurological analysis (Rats) 20 d, 30min @ 2.5 ATA i -0.15 [1.65; 1.35] 22.3%

Random effects model -2.22 [-3.57; -0.88] 100.0%

-

Prediction interval [-8.30; 3.85]
Heterogeneity: I = 78%, T = 1.5235, p < 0.01
Test for subgroup differences: ,ri =0.00,df =0 (p = NA} -5 0 5

In favor of Control In favor of HBO

Fig. 4. Forest plot illustrating the effect of HBOT for treating ionising radiation injury outcomes at the spine.

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.

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)
[52,511, 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
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Author

Abdomino-pelvic

Aprilli et al., (2011)

Aprilli et al., (2011)
Demirci et al., (2016)
Demirci et al., (2016)
Demirci et al., (2016)
Demirci et al., (2016)
Demirci et al., (2016)
Demirci et al., (2016)
Schwentker et al., (1998)
Schwentker et al., (1998)
Schwentker et al., (19898)
Oscarsson etal., (2013)
Oscarsson etal, (2013)
Oscarsson et al, (2013)
Oscarsson etal., (2013)
Oscarsson etal., (2013)
Oscarsson etal, (2013)
Oscarsson et al., (2013)
Oscarsson et al, (2013)
Oscarsson etal., (2013)
Oscarsson et al., (2013)
Oscarsson etal, (2013)
Oscarsson etal, (2013)
Shaoetal, (2012)

Measurement

Tunica mucosa destruction (Rats)
Expression of CD34+ (Rats)
Histopathology (Rats)

Tumour necrosis factor alpha (Rats)
Interleukin 1 (Rats)

Interleukin 10 (Rats)

Transforming growth factor beta (Rats)
Intercellular adhesion molecule 1 (Rats)
Wound breaking strength (Rats)
Scar formation (Rats)

Skin flap survival (Rats)

Leakage of urine (Humans)
Hematuria (Humans)

Painful urination (Humans)

Bladder control (Humans)

Usage of diapers (Humans)

Urinary problems overall (Humans)
Rectal urgency (Humans)

Leakage of stool (Humans)

Loose or liguid stool (Humans)
Bloody stools (Humans)

Painful bowel movements (Humans)
Bowel problems (Humans)

VVoids per day (Humans)

Acta Astronautica 232 (2025) 296-306

HBOT Effect Size SMD 95%-Cl Weight

———— 11.18 [5.68; 16.69] 0.4%
272 [099; 445 23%
528 [3.47; 7.09] 22%
1.86 [0.87; 2.84] 3.5%
145 [053; 2.37] 3.6%
1.99 [0.98; 3.00] 3.4%
0.92 [0.07; 1.77] 37%
072 [0.11; 1.55] 3.7%
0.13 [-0.62; 0.87) 3.9%
0.40 [-0.43; 123 37%
-0.13 [-0.95; 0.69] 3.8%
0.34 [-0.11; 0.79] 4.3%
0.07 [-0.37; 0.52] 4.3%
0.35 [-0.09; 0.80] 4.3%
046 [0.01; 0.91] 4.3%
0.38 [-0.06; 0.83] 4.3%
0.94 [047; 1.41] 4.3%
073 [0.27; 1.19] 4.3%
0.54 [0.09; 1.00] 4.3%
019 [-0.25; 0.64] 4.3%
058 [0.12; 1.03] 4.3%
0.44 [-0.01; 0.89] 4.3%
116 [0.68; 1.64] 4.3%

90 min @ 2 ATA

90 min @ 2 ATA

5d, 60min @ 2.5 ATA

5d, 60min @ 2.5 ATM

5d, 60min @ 2.5 ATM

5d, 60min @ 2.5 ATM

5d, 60min @ 2.5 ATM

5d, 60min @ 2.5 ATM

30 d, 90min @ 2.4 ATM

30 d, 90min @ 2.4 ATM

30 d, 90min @ 2.4 ATM
30-40 d, 90min @ 2-2.4 ATA
30-40 d, 90min @ 2-2.4 ATA
30-40 d, 90min @ 2-2.4 ATA
30-40 d, 90min @ 2-2.4 ATA
30-40 d, 90min @ 2-2.4 ATA
30-40 d, 90min @ 2-2.4 ATA
30-40 d, 90min @ 2-2.4 ATA
30-40 d, 90min @ 2-2.4 ATA
30-40 d, 90min @ 2-2.4 ATA
30-40 d, 90min @ 2-2.4 ATA
30-40 d, 90min @ 2-2.4 ATA
30-40 d, 90min @ 2-2.4 ATA
30 d, 60min @ 2.5 ATM 0.05 [-0.61; 0.71] 4.0%

f

..+:1:+.'+'+'.+:+:4.'..'+'.+:-l:*.'+'.'|'-.+:+:{.'|..+.+..}....

1
30 d, 60min @ 2.5 ATM 043 [-0.24; 110] 4.0%
46 d, 80min @ 2.5 ATA 0.0%
20 d, 60min @ 2.2-2.4 ATA 141 [0.43; 239] 35%

Shao etal,, (2012)
Tumerdem-Ulug et al., (2011)
Mayer et al., (2001)

Pelvic pain (Humans)
Thickness of capsule reaction (Rats)
Genitourinal RTOG/ECRTC grade (Human)

Safra et al., (2008) Common toxicity grade (Human) 16-40 d, 90min @ 2 ATA P 434 [2.85 5.83] 2.6%
Random effects model ] 0.93 [0.56; 1.30] 100.0%
Prediction interval [-0.91; 2.77]
Heterogeneity: I° = 78%, T = 0.7621, p < 0.01 T
Test for subgroup differences: 72 = 0.00, df =0 (p = NA) 1510 5 0 5 10 15

In favor of Control In favor of HBO

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.

Author Measurement HBOT Effect Size SMD 95%-Cl Weight
Leg :
Johnsson etal., (2000) Ratio of mineral content Biopsy (Rabbits) 20 d, 120min @ 280 kPa B 0.12 [-0.94;1.18] 131%
Chen et al_, (1999) Trabecular bone specificvolume 7 d (Rats) 30 d, 60min @ 2.4 ATA : 114 [-183;411] 17%
Chen etal., (1999) Trabecular bone specificvolume 84 d (Rats) 30 d, 60min @ 2.4 ATA 0.82 [[1.72,3.36] 23%
Chen et al,, (1999) Bone contactimplant surface ratio 7 d (Rats) 30 d, 60min @ 2.4 ATA : 222 [-255 700] 06%
Chen et al., (1999) Bone contactimplant surface ratio 84 d (Rats) 30 d, 60min @ 2.4 ATA ——-‘—— 0.90 [-1.74;353] 21%
Junior et al., (2020) Tibia length (Rats) 7 d, 90min @ 250 kPa —'I—- -0.35 [-1.60;091] 94%
Junior et al., (2020) Tibia thickness - anterior-posterior (Rats) 7 d, 90min @ 250 kPa . -0.20 [1.45,1.04] 95%
Junior et al., (2020) Tibia thickness - medial-lateral (Rats) 7 d, 90min @ 250 kPa —'—-— -0.35 [1.60;091] 94%
Junior et al., (2020) Tibia flexural strength (Rats) 7 d,90min @ 250 kPa = 0.67 [-0.62;196] 8.8%
Junior et al., (2020) Tibia stifiness (Rats) 7 d, 90min @ 250 kPa T 1.10 [-0.28,248] 7.7%
Junior et al., (2020) Tibia amide 1 ratio (Rats) 7 d, 90min @ 250 kPa —h— 051 [[077,1.78] 9.1%
Junior et al., (2020} Tibia crystallinity index (Rats) 7 d, 90min @ 250 kPa —'— 0.37 [-0.89;1.62] 9.3%
Junior et al., (2020} Tibia amide 1 + 2/ hydroxyapatite (Rats) 7 d, 90min @ 250 kPa ——:'— 0.64 [-0.65,1.93] 8.9%
Junior et al., (2020) Tibia 3+ collagen/ hydroxyapatite (Rats) 7 d, 90min @ 250 kPa T 0.98 [-0.37;233] 8.1%
Random effects model g 0.36 [-0.02;0.75] 100.0%
Prediction interval — [-0.06; 0.79]
Heterogeneity: P= 0%, = 0,p=091 ! ! I ! ! !
Test for subgroup differences: ;é =0.00,df =0 (p = NA) 6 4 -2 0 2 4 6

In favor of Control In favor of HBO

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

(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

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
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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.
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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’l; [62D).
However, during solar particle events, astronauts might be exposed to
significantly higher doses — up to 10 Gy h™}, or even 50 Gy h™! —
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
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radiation warrants continued investigation, guided by robust, compre-
hensive research.
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