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Abstract Compelling evidence suggests the advantage of
hyperbaric oxygen therapy (HBOT) in traumatic brain
injury. The present meta-analysis evaluated the outcomes
of HBOT in patients with traumatic brain injury (TBI).
Prospective studies comparing hyperbaric oxygen therapy
vs. control in patients with mild (GCS 13-15) to severe
(GCS 3-8) TBI were hand-searched from medical data-
bases using the terms “hyperbaric oxygen therapy, trau-
matic brain injury, and post-concussion syndrome”.
Glasgow coma scale (GCS) was the primary outcome,
while Glasgow outcome score (GOS), overall mortality,
and changes in post-traumatic stress disorder (PTSD)
score, constituted the secondary outcomes. The results of
eight studies (average age of patients, 23—41 years) reveal
a higher post-treatment GCS score in the HBOT group
(pooled difference in means = 3.13, 95 % CI 2.34-3.92,
P < 0.001), in addition to greater improvement in GOS
and lower mortality, as compared to the control group.
However, no significant change in the PTSD score was
observed. Patients undergoing hyperbaric therapy achieved
significant improvement in the GCS and GOS with a lower
overall mortality, suggesting its utility as a standard
intensive care regimen in traumatic brain injury.
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Introduction

Hyperbaric oxygen therapy (HBOT), the therapeutic
administration of 100 % oxygen at environmental pres-
sures greater than 1 atmosphere absolute, has been shown
to have beneficial effects in wound healing and repair after
brain injury. Hyperbaric oxygenation aims directly at
hypoxia, ischemia, and edema [1], the critical factors
mediating the secondary damage in traumatic brain injury
(TBI). HBOT increases the oxygen supply to the brain,
raises oxygen tension, decrease intracranial pressure and
relieve cerebral edema [2-6]. At a cellular level, it
improves metabolism, reduce apoptosis, alleviate oxidative
stress and increase mitochondrial function [7-9].

Despite these advantages, HBOT is not widely adopted
as a standard therapy for TBI, mainly due to concerns of its
efficacy in terms of clinical outcomes, and the associated
risk of damage to ears, sinuses, and lungs. Bennett et al.
have shown that while HBOT reduce the risk of death and
improve the final Glasgow coma scale (GCS), there was no
improvement in the quality of life for the survivors [5].
Reports elsewhere also discredited the use of HBOT in TBI
and post-concussion syndrome (PCS) [10-12]. However,
all these reports are limited by a small sample size, vari-
ance in treatment protocols, lack of validity, and inapt
choice of placebo/sham controls [5, 8, 10, 11]. The optimal
oxygen dose and duration broadly vary among the studies,
[8, 10, 13] making the comparison more intricate, resulting
in rather skewed interpretations. Furthermore, lower oxy-
gen pressures are shown to be effective in mild TBI in
terms of metabolism, intracranial pressure, oxygen toxicity,
cognition, and quality-of-life, along with significant
improvements in SPECT imaging [13, 14].

Traumatic brain injury is the major cause of death and
disability in younger population. In spite of the advances in
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therapeutic options, the mortality rate is about 40 % in
severe TBI [15]. The severity of TBI is assessed according
to the duration of loss of consciousness, post-traumatic
amnesia, and GCS grading of the level of consciousness
[8]. Severe TBI is defined as a GCS score less than 8, while
a GCS grade of 13-15 is referred to as mild TBI, often
characterized by post-concussion syndrome (PCS), a set of
symptoms including headache, dizziness, neuropsychiatric
symptoms, and cognitive impairment. TBI accounts for
more than 50,000 deaths, while 230,000 people are hos-
pitalized and survive the injury, and an estimated 80,000—
90,000 people experience the onset of long-term disability
each year, in USA [16]. Considering the socioeconomic
burden of TBI, along with the poor outcome of available
systemic therapies, concurrence in the use of hyperbaric
oxygen as an adjuvant therapy is of utmost importance.

We undertook the present meta-analysis to assess the
efficacy of hyperbaric oxygen therapy and to compare the
clinical outcomes with normobaric control in patients with
severe to mild traumatic brain injury.

Methods
Literature search and selection criteria

A literature search of the Medline, Cochrane, EMBASE,
and Google Scholar databases were performed by two
independent reviewers using the terms “oxygen therapy,
traumatic brain injury, and post-concussion syndrome”
until December 10, 2014. In addition, the reference lists of
the identified studies were also searched for eligible stud-
ies. Randomized, controlled trials or two-arm prospective
studies comparing normobaric vs. hyperbaric oxygen
therapy in patients with either severe (GCS score 3-8) or
mild (GCS score 13-15) traumatic brain injury with PCS
symptoms were included in the current meta-analysis. Only
full text articles were considered for analysis. Letters,
comments, editorials, case reports, proceedings, or personal
communications were not included.

We did not recruit patients with stroke or any brain
injury other than trauma, or patients treated with surgery or
other systemic therapies. We also excluded trials that are
retrospective, cohort, or studies with no quantitative pri-
mary outcome.

Data extraction
Studies identified by the search strategy were hand-selected
and data extracted by two independent reviewers. Where

there was uncertainty regarding eligibility, a third reviewer
was consulted.
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The following information was extracted from studies
that met the inclusion criteria: the name of the first author,
year of publication, study design, number of participants in
each treatment group, participants’ age and gender, treat-
ment protocol, changes in GCS score, rate of improvement
in GOS, the overall mortality rate, and changes in PTSD
score.

Outcomes

The primary outcome was the GCS score. The measure-
ments of PCS symptoms, including GOS, overall mortality,
and changes in PTSD score were the secondary outcomes.

Quality assessment

The included studies were assessed for the risk of bias
using the Cochrane Collaboration’s risk assessment tool
[17]. Figure 5 represents the assessed outcomes of the eight
studies included in the analysis.

Statistical analysis

The difference in means was calculated for changes in GCS
and PTSD scores in the HBOT group, and compared to the
control group. Similarly, the odds ratio was calculated for
the rate of improvement in GOS and overall mortality rate,
and compared among the two treatment groups. Hetero-
geneity among the studies was assessed by the Cochran Q
and the 12 statistics. For the Q statistic, P < 0.1 was con-
sidered statistically significant for heterogeneity. For the 12
statistic, which indicated the percentage of the observed
inter-study variability due to heterogeneity rather than
chance, the suggested range is as follows, no heterogeneity
(I2 = 0-25 %), moderate heterogeneity (I12 = 25-50 %),
large heterogeneity (I2 = 50-75 %), and extreme hetero-
geneity (I2 = 75-100 %). If either Q statistics (P < 0.1) or
12 statistics (>50 %) indicate that heterogeneity exists
between studies, then the random effects model was pre-
ferred (DerSimonian-Laird method). Otherwise, the fixed
effects model (Mantel-Haenszel method) was recom-
mended. Pooled difference in means or odds ratio was
calculated and a 2-sided P value < 0.05 was considered
statistically significant.

The leave-one-out approach was used to assess the sen-
sitivity of the meta-analysis. The Egger’s test was per-
formed to assess publication bias. The funnel plot was not
performed, as the number of included studies in the meta-
analysis was not sufficient enough to observe publication
bias in the outcomes [18]. All statistical analyses were
performed using the statistical software, Comprehensive
Meta-Analysis, version 2.0 (Biostat, Englewood, NJ, USA).
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Results
Literature search

Of the 282 studies identified by the literature search, 21
articles were chosen for full text review. After careful
examination, 5 articles were excluded for having no control
group, and another 8 were excluded for no quantitative
outcome of interest. The remaining 8 articles were included
in the final review. An outline of the search flow of studies
is given in Fig. 1.

Study characteristics

Eight studies with 519 participants were included in this
meta-analysis. The characteristics of these studies are
summarized in Table 1. The total number of participants
ranged from 20 to 84 in the HBOT group and 20 to 82 in
the control group. The mean age of patients ranged from 23
to 41 years. The patient population was predominantly
males (62—-100 %) in the included studies. The HBO pro-
tocols used in each study were heterogeneous both in levels
of oxygen administered and length and frequency of
treatment. The pre-treatment GCS score was 5.1-11.1 in
the HBOT group, while it ranged from 5.3 to 10.4 in the
control group. The post-treatment GCS score ranged from
10.1 to 13.5 in the HBOT group, while it was 8.1-11.5 in
the control group. The rate of improvement in GOS ranged
from 55 to 84 % in the HBOT group, while it was only
30-41 % in the control group. The overall mortality rate
was 16-26 % and 32-70 % in the HBOT and control
groups, respectively. The pre-treatment PTSD score ranged
from 49.4 to 50.0 in the HBOT group, while it ranged from
45.1 to 48.9 in the control group. Whereas, the post-treat-
ment PTSD score was 41.6-42.6 and 40.6-43.9 in the
HBOT and control groups, respectively.

Studies identified through
database search after duplicates

removed
(N =282)
Non-relevant studies
excluded
v (n=261)

Full-text articles
assessed for eligibility
(n=21)

Studies excluded (n=13)
» * No control group (n=5)
* No quantitative outcome (n= 8)

A 4
Studies included in
meta-analysis
n=38)

Fig. 1 Flow chart for study selection

Clinical outcome evaluation
Change in GCS score

Six studies [10, 11, 19-22] were excluded from the current
analysis, as they did not report complete pre-treatment and
post-treatment GCS score data. No significant hetero-
geneity was observed when data from the remaining 2
studies [1, 21, 23] were pooled (heterogeneity test:
0=075 df=1, P=0.386, 12 =0 %). Therefore, a
fixed effect model of analysis was performed. The overall
analysis revealed that the change in GCS score was sig-
nificantly higher in the HBOT group than in the control
group (pooled difference in means = 3.13, 95 % CI
2.34-3.92, P < 0.001; Fig. 2).

GOS improvement rate

Five studies [1, 10, 11, 22, 23] were excluded from the
analysis since they had not reported the rate of improve-
ment in GOS. Because of significant heterogeneity in the
pooled data from the remaining 3 studies [19-21]
(Heterogeneity test: Q =4.83, df=2, P =0.09,
12 = 58.56 %), a random effects model of analysis was
used. The overall analysis revealed that the HBOT group
achieved a significantly higher rate of improvement in
GOS when compared to the control group (pooled odds
ratio = 3.78, 95 % CI 1.23-11.63, P = 0.020; Fig. 3a).

Overall mortality rate

Five studies [1, 10, 11, 22, 23] were excluded from the cur-
rent analysis, as they did not report an overall mortality rate.
No significant heterogeneity in the pooled data was observed
in the rest of the 3 studies [19-21] (Heterogeneity test:
Q =216, df =2, P=0.34, 12 = 7.24 %); therefore a
fixed effect model of analysis was used. The overall analysis
revealed that the HBOT group achieved significantly lower
overall mortality rate than the control group (pooled odds
ratio = 0.32,95 % CI 0.18-0.57, P < 0.001; Fig. 3b).

PTSD score change

Six studies [1, 19-23] did not report complete pre-treatment
and post-treatment PTSD score data and hence were exclu-
ded from the analysis. There was no significant heterogeneity
when data from the 2 studies [10, 11] were pooled (Hetero-
geneity test: Q = 1.19,df = 1, P = 0.276, 12 = 15.80 %);
therefore, a fixed effect model of analysis was used. The
overall analysis revealed that there was no significant change
in the PTSD score between the HBOT and the control groups
(pooled difference in means = —1.49, 95 % CI —5.79 to
2.80, P = 0.496; Fig. 3c).
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. ) Relative
Study name Comparison D.lfference L(.m.er U.pp.er Z-Value P-Value Difference in means and 95% CI Weight
E— in means limit limit )
(Fixed)
Mao (2010) HBOT vs Control 2.80 1.71 3.89 5.06 0.000 _._ 52.99
Zeyu (2007) HBOT vs Control 3.50 2.35 4.65 5.95 0.000 47.01
Pooled 3.13 2.34 3.92 7.76 0.000
-8.00 -4.00 0.00 4.00 8.00
<€ >
Heterogeneity test: Q =0.75, df = 1, P = 0.386, I-square = 0% Favors Control Favors HBOT

Fig. 2 Forest plots showing results for the meta-analysis of GCS score change. CI confidence interval, HBOT hyperbaric oxygen therapy, GCS

Glasgow Coma Scale

Sensitivity analysis

The results of sensitivity analysis for the rate of improve-
ment in GOS and overall mortality are summarized in
Fig. 4a, b, respectively. The direction and magnitude of the
pooled estimates did not vary considerably for the mor-
tality rate, indicating that the meta-analysis had good
reliability. However, the removal of two studies [19, 21]
caused the pooled odds ratio for the GOS improvement rate
(Fig. 4a) to Dbecome insignificant (pooled odds
ratio = 4.47, 95 % CI 0.67-29.72, P = 0.122 for Rock-
swold, 2013; pooled odds ratio=2.18, 95 % CI
0.92-5.17, P = 0.078 for Ren et al. [21]), indicating that
the meta-analysis had poor reliability.

Publication bias

Publication bias was not assessed because more than 5
studies are required to detect funnel plot asymmetry in the
outcomes selected [18].

Quality assessment

All the studies included had randomization and two of
them had allocation concealment (Fig. 5). While three of
the studies were double-blinded, four of them had blinding
of outcome assessment. All the studies had incomplete
outcome data and no selective reporting. However, we are
not sure if the studies were intention-to-treat analysis.
Overall, the included studies had good quality.

Discussion

The clinical significance of hyperbaric oxygen therapy
for mild to severe traumatic brain injury remains con-
troversial. Though, HBOT effectively increases the out-
comes of TBI and post-concussion syndrome, its benefit

to risk ratio in terms of the quality of life is often
debated [4, 5, 8, 19]. The present meta-analysis evalu-
ated the effects of HBOT in improving the Glasgow
coma scale (GCS) score and symptoms of post-concus-
sion syndrome in patients with mild to severe traumatic
brain injury.

Our analysis revealed that improvement in GCS score
was significantly higher in the HBOT group than in the
control group (Fig. 2). In addition, patients undergoing
HBOT achieved a higher rate of improvement in GOS, as
compared to the control, normobaric oxygen therapy
group. The overall mortality rate was considerably lower in
the HBOT group than in the control group. Interestingly,
there was no difference among the treatment groups either
in the pre-treatment or post-treatment PTSD values. Nei-
ther, there was any change in the PTSD score from the
baseline in both the groups (Fig. 3).

Our current analysis is in agreement with other studies
where hyperbaric oxygen had been shown to increase the
GCS score [1, 21], improve [21] and reduce mortality [4].
Though, Bennett et al. [5] have demonstrated an
improvement of 2.68 points in GCS with HBOT, they
argued that it would not be beneficial in severely impaired
TBI patients, where a modest improvement in GCS score
would leave the patient in a vegetative, highly dependent
stage, adding to the financial burden of the family. On the
contrary, Lin et al. have shown that HBOT, apart from
improving GCS scores in moderately impaired TBI
patients, caused a significant GOS improvement at
6 months in patients with a pre-treatment GOS score of 4
[20]. This delayed effect of HBOT may indicate that even
though a noticeable outcome was not seen immediately
after HBOT, it is possible to have favorable long-term
outcomes later.

The pooled data from our current meta-analysis indicate
a 3.13 point difference in the means of the GCS score
among the two treatment groups (Fig. 2). While we agree
with Bennett et al. [5] that it won’t improve the quality of
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(A)
Lower Ubper Relative
Study name Comparison Odds ratio limit li‘:ll:it Z-Value P-Value Odds ratio and 95% CI Weight
(Random)
Rockswold (2013) HBOT/NBH vs Control ~ 2.80 0.80 9.85 1.61 0.108 33.27
Lin (2008) HBOT vs Control 1.73 0.52 5.71 0.90 0.368 34.65
Ren (2001) HBOT vs Control 11.98 3.23 44.46 3.71 0.000 32.08
Pooled 3.78 1.23 11.63 2.32 0.020
0.01 0.1 1 10 100
& >
- L
Heterogeneity test: Q = 4.83, df =2, P = 0.090, I-square = 58.56% Favors Control Favors HBOT
(B)
Lower Upper Relative
Study name Comparison Odds ratio limit lii:ll:it Z-Value P-Value Odds ratio and 95% CI Weight
(Fixed)
Rockswold (2013) HBOT/NBH vs Control ~ 0.26 0.06 1.14 -1.79 0.074 15.56
Ren (2001) HBOT vs Control 0.15 0.05 0.52 -3.02 0.002 22.55
Rockswold (1992)  HBOT vs Control 0.44 0.21 0.91 -222 0.026 _._ 61.90
Pooled 0.32 0.18 0.57 -3.89 0.000 ’
0.01 0.1 1 10 100
€ >
Heterogeneity test: Q =2.16, df = 2, P = 0.340, I-square = 7.24% Favors HBOT Favors Control
©)
) Relative
Study name Comparison D.lfference L(.m.er U.pp.er Z-Value P-Value Difference in means and 95% CI Weight
- in means limit limit )
(Fixed)
Cifu (2014)  HBOT vs Control -5.59 -14.12 2.94 -1.28 0.199 25.37
Wolf (2012) HBOT vs Control -0.10 -5.07 4.87 -0.04 0.969 74.63
Pooled -1.49 -5.79 2.80 -0.68 0.496
-16.00 -8.00 0.00 8.00 16.00
<€ >
Heterogeneity test: Q =1.19, df =1, P = 0.276, I-square = 15.80% Favors Control Favors HBOT

Fig. 3 Forest plots showing results for the meta-analysis of. a GOS
improved rate, b overall mortality rate, and ¢ PTSD score change. CI
confidence interval, HBOT hyperbaric oxygen therapy, NBH

life of a patient in coma, this data is highly relevant in the
treatment of patients with mild TBI, which accounts for
70-90 % of the TBI cases. Moreover, in a crossover study
using a treatment protocol of 40 sessions of 60 min each
(5 days/week) with 100 % oxygen at 1.5 ATA (atmo-
spheric absolute), HBOT was demonstrated to have sig-
nificant effects on cognitive function and the quality of life
in patients with mild TBI [8].

Even though, the application of HBOT in the treatment
of various indications dates back as far as the 1960s, its
utility in TBI is fairly recent [6, 9, 22]. Adding to that, the
treatment paradigms are not standardized, with variations

@ Springer

normobaric hyperoxia, GOS Glasgow Outcome Score, PTSD post-
traumatic stress disorder

in atmospheric pressure, length of treatment, and the
number of sessions between studies [10, 24]. Meanwhile,
studies elsewhere indicate that normobaric oxygen therapy
(NBOT) is also equally effective in improving the clinical
outcomes, including 6 month GOS and the reduced mor-
tality rate in severe TBI patients [25, 26]. Rockswold et al.
[19] have demonstrated a synergistic effect of the com-
bined hyperbaric/normobaric oxygen therapy on cerebral
metabolism, intracranial hypertension, overall mortality
and GOS at 6 months. The current meta-analysis substan-
tiates the beneficial use of HBOT with good prognosis of
consciousness (GCS) and GOS score in patients with mild
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(A)
Statistics with study removed
Study name Comparison Odds ratio Lf)w.er U.pp'er Z-Value P-Value Odds ratio and 95% CI
E— limit limit
Rockswold (2013) HBOT/NBH vs Control 4.47 0.67 29.72 1.55 0.122
Lin (2008) HBOT vs Control 5.72 1.38 23.75 2.40 0.016
Ren (2001) HBOT vs Control 2.18 0.92 5.17 1.76 0.078
0.01 0.1 10 100
<€ >
Favors Control Favors HBOT
(B)
Statistics with study removed
. . Lower Upper .
Study name Comparison Odds ratio | . Z-Value P-Value Odds ratio and 95% CI
— limit limit
Rockswold (2013) HBOT/NBH vs Control 0.33 0.18 0.62 -3.46 0.001 -.—
Ren (2001) HBOT vs Control 0.39 020 076  -2.79  0.005 e B
Rockswold (1992) HBOT vs Control 0.19 0.07 0.49 -3.47 0.001
0.01 0.1 1 10 100
<€ >
Favors Control Favors HBOT

Fig. 4 Sensitivity-analysis for treatment effect of a GOS improved rate and b overall mortality rate. CI confidence interval, HBOT hyperbaric
oxygen therapy, NBH normobaric hyperoxia, GOS Glasgow Outcome Score

to severe traumatic brain injury, with post-concussion
syndrome. Moreover, HBOT significantly lowered the rate
of overall mortality, as compared to the NBOT.

Our findings differ from a recent randomized controlled
trial that evaluated the effects of HBOT on symptoms and
quality of life among service men (N = 72) with persistent
percussion syndrome (PCS) [27]. In this multicenter,
double-blind, sham-controlled clinical study, Miller et al.
compared the safety and efficacy of standard PCS care
alone or care supplemented with HBOT. Patients were
randomized to one of the three treatment groups: 40 HBOT
sessions administered at 1.5 atmospheres absolute (ATA),
40 sham sessions at 1.2 ATA, or no supplemental chamber
procedures. Miller et al. that compared with the no inter-
vention group, both groups undergoing supplemental
chamber procedures showed improvement on the River-
mead Post-Concussion Symptoms Questionaire (RPQ)
(P < 0.02) but there was not difference between the HBOT
and sham groups (P = 0.70). Therefore, in service men
with persistent PCS, HBOT showed no benefit over sham
compression, although they showed improvement com-
pared with PCS care alone. The authors conclude that the
findings suggest that the observed improvement is not
oxygen mediated but may reflect nonspecific improve-
ments due to placebo effects. It is difficult to compare our

findings with this study as different tools were used to
assess treatment outcomes and differences in study design
between that of Miller et al. and those included in our
meta-analysis.

However, there are several limitations to the present
analysis. The number of studies included in the final
analysis were few even though. More randomized con-
trolled studies with larger cohorts are needed to validate the
current results. As mentioned earlier, there is no unanimity
in the choice of treatment protocols using HBOT for TBI.
Hence, the protocols for HBOT treatment used in the
included studies varied widely in their starting time of
HBOT, oxygen concentration and the pressure. The mor-
tality data showed good reliability; however, the meta-
analysis on GOS had poor reliability. In addition, a sub-
group analysis of mild and severe TBI was not performed,
due to incomplete reporting of data and the limited number
of eligible studies. Whether HBOT has a significantly
favorable outcome in mild TBI patients as opposed to
severe TBI patients is currently unknown. Long-term
studies comparing the efficacy of HBOT in patients with
mild vs. severe TBI, with a longer follow-up period should
be performed to confirm this. Overall, our results favor the
use of HBOT in TBI, especially in patients with mild TBI,
the most prevalent form of TBI, where the improvement is
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Fig. 5 Quality assessment
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highly significant and there is a more general consensus
among the studies.

To summarize, the current analysis reveals a higher
GCS score, and greater improvement in GOS, and reduced
mortality in patients undergoing hyperbaric oxygen ther-
apy. No significant change in the PTSD score was
observed. Nevertheless, the favorable outcomes seen in
patients undergoing hyperbaric therapy substantiate its
utility in the treatment of traumatic brain injury. However,
the small number of studies included and the heterogeneity
across the studies greatly limits our findings, and points out
the need for well-designed studies with similar protocols to
investigate the use of HBO therapy in treating traumatic
brain injury.
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