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Systematic Review and Dosage
Analysis: Hyperbaric Oxygen Therapy
Efficacy in Mild Traumatic Brain
Injury Persistent Postconcussion
Syndrome
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Hyperbaric Medicine Unit, Section of Emergency Medicine, Department of Medicine, Louisiana State University Health
Sciences Center, New Orleans, LA, United States

Background: Mild traumatic brain injury results in over 15% of patients progressing
to Persistent Postconcussion Syndrome, a condition with significant consequences
and limited treatment options. Hyperbaric oxygen therapy has been applied to
Persistent Postconcussion Syndrome with conflicting results based on its historical
understanding/definition as a disease-specific therapy. This is a systematic review
of the evidence for hyperbaric oxygen therapy (HBOT) in Persistent Postconcussion
Syndrome using a dose-analysis that is based on the scientific definition of hyperbaric
oxygen therapy as a dual-component drug composed of increased barometric pressure
and hyperoxia.

Methods: In this review, PubMed, CINAHL, and the Cochrane Systematic Review
Database were searched from August 8-22, 2021 for all adult clinical studies published
in English on hyperbaric oxygen therapy in mild traumatic brain injury Persistent
Postconcussion Syndrome (symptoms present at least 3 months). Randomized trials
and studies with symptomatic and/or cognitive outcomes were selected for final analysis.
Randomized trials included those with no-treatment control groups or control groups
defined by either the historical or scientific definition. Studies were analyzed according
to the dose of oxygen and barometric pressure and classified as Levels 1-5 based
on significant immediate post-treatment symptoms or cognitive outcomes compared to
control groups. Levels of evidence classifications were made according to the Centre for
Evidence-Based Medicine and a practice recommendation according to the American
Society of Plastic Surgeons. Methodologic quality and bias were assessed according to
the PEDro Scale.

Results: Eleven studies were included: six randomized trials, one case-controlled
study, one case series, and three case reports. Whether analyzed by oxygen, pressure,
or composite oxygen and pressure dose of hyperbaric therapy statistically significant
symptomatic and cognitive improvements or cognitive improvements alone were
achieved for patients treated with 40 HBOTS at 1.5 atmospheres absolute (ATA)
(four randomized trials). Symptoms were also improved with 30 treatments at 1.3
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Hyperbaric Oxygen Traumatic Brain Injury

ATA air (one study), positive and negative results were obtained at 1.2 ATA air (one positive
and one negative study), and negative results in one study at 2.4 ATA oxygen. All studies
involved <75 subjects/study. Minimal bias was present in four randomized trials and

Conclusion: In multiple randomized and randomized controlled studies HBOT at
1.5 ATA oxygen demonstrated statistically significant symptomatic and cognitive or
cognitive improvements alone in patients with mild traumatic brain injury Persistent
Postconcussion Syndrome. Positive and negative results occurred at lower and higher
doses of oxygen and pressure. Increased pressure within a narrow range appears to
be the more important effect than increased oxygen which is effective over a broad
range. Improvements were greater when patients had comorbid Post Traumatic Stress
Disorder. Despite small sample sizes, the 1.5 ATA HBOT studies meet the Centre for
Evidence-Based Medicine Level 1 criteria and an American Society of Plastic Surgeons
Class A Recommendation for HBOT treatment of mild traumatic brain injury persistent

Keywords: traumatic, brain, injury, traumatic brain injury, hyperbaric oxygen, therapy, postconcussion,
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INTRODUCTION

This is a scientific review of the evidence for hyperbaric oxygen
therapy treatment of non-penetrating mild traumatic brain
injury (mTBI) (1) Persistent PostConcussion Syndrome (PPCS)
(2). The conclusions and recommendations are based on the
Centre for Evidence-Based Medicine (CEBM) Levels of Evidence
(3) and the American Society of Plastic Surgeons Grade Practice
Recommendation guidelines for clinical treatment (4).

TBI (5, 6) is a heterogeneous (7-27) diffuse physical injury
to the brain that causes mechanical (7, 8, 28, 29) disruption
of gray (22-24, 30, 31) and white (10, 15, 22, 23, 30, 32—
35) matter, ischemia (36), hypoxia (29, 37, 38), edema (29,
39, 40), vasospasm (41, 42), release of neurochemicals (43,
44), and reperfusion injury (39, 45) and affects over 4.1
million people annually in the U.S. alone (46). These gray
and white matter wounds in both blunt (10, 11) and blast
TBI (22, 24) mature with time, resulting in the downstream
synaptic loss (9, 23, 47), nerve cell loss (10, 11), and overall
tissue loss (25-27, 48). This chronic tissue pathology is
responsible for permanent postconcussive symptoms in over
15% of mTBI patients (49-51) and has been paradoxically
designated a psychiatric condition, PPCS (2). Treatment has
consisted of adaptive, stimulative, or accommodative approaches
with limited evidence of efficacy (52-54). None of them
address the biological repair of the underlying gray and white
matter wounds.

Abbreviations: ~ AM,  Atmosphere  Minutes;  ANAM,  Automated
Neuropsychological Assessment Metrics; CEBM, Centre for Evidence-Based
Medicine; CNS, Central Nervous System; ImPACT, Immediate Postconcussion
Assessment and Cognitive Testing; mTBI, mild Traumatic Brain Injury; NSI,
Neurobehavioral Symptom Inventory; PPCS, Persistent PostConcussion
Syndrome; SPECT, Single Photon Emission Computed Tomography; RPQ,
Rivermead Postconcussion symptom Questionnaire.

Hyperbaric oxygen therapy (HBOT) has been historically
defined as treatment with 100% oxygen at a minimum arbitrary
pressure of 1.4 atmospheres absolute (ATA) (55, 56) for a narrow
list of acute and chronic wound conditions (56). The U.S.
Food and Drug Administration (FDA) has categorized HBOT
as a prescription medical gas (oxygen) consisting of increased
barometric pressure and hyperoxia (57). It has been scientifically
defined as “a medical treatment that uses increased atmospheric
pressure and increased oxygen as drugs by fully enclosing a
person or animal in a pressure vessel and then adjusting the
dose of the drugs to treat pathophysiologic processes of the
diseases” (58). Based on this scientific definition HBOT can be
appreciated as a treatment for common acute and chronic wound
pathophysiology (56, 58-60) found in acute and chronic wound
conditions (56, 58-62).

Hyperbaric oxygen therapy (HBOT) has been applied to
chronic TBI wounds in animals and humans since 1989 (46, 63—
98) with apparently conflicting results for mTBI (46, 66-89, 99—
105). Various researchers have attributed the different results to
mischaracterized sham groups/the effects of different doses of
HBOT (46, 80, 99-105), design differences (106), (small sample
size, dissimilar outcome measures/populations/sites/protocol
adherence, non-equivalence of groups, selection bias) (73, 81),
ritual experience (75), and placebo/Hawthorne effects (107).
The conflict stems from control group selection based on the
historical definition of HBOT (55) where the bioactivity of
barometric pressure and <100% oxygen were dismissed. This
systematic review of the science and literature on HBOT in mTBI
PPCS analyzes the studies/data based on the scientific definition
of HBOT (58) and the U.S. FDA’s classification of HBOT as a
dual-component drug (57). Recognizing that the HBOT studies
consist of different doses of increased pressure and hyperoxia,
the evidence is ranked according to the Evidence-Based Medicine
hierarchy of evidence for treatment in clinical studies (3). The
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analysis demonstrates Level I evidence for the efficacy of 40
HBOTs at 1.5 ATA of oxygen (46, 75) in the treatment of blast
or blunt mTBI/PPCS.

METHODS

This systematic review was reported in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines (108). The PRISMA checklist is
attached as Supplementary Material.

Search Method
In this review, PubMed, CINAHL, and the Cochrane Systematic
Review Database were searched without filters or time limits
on August 18, 8, and 8, 2021, respectively, for English language
clinical articles using the terms hyperbaric oxygen, as well
as traumatic brain injury, mild traumatic brain injury,
postconcussion  syndrome, or persistent postconcussion
syndrome. Reference lists were reviewed for additional
studies. Inclusion criteria consisted of studies with immediate
post-treatment symptom or cognitive outcomes and: adult
subjects 18-65 years old, persistent postconcussion syndrome
(postconcussion symptoms lasting at least 3 months), one
or more blast or blunt mTBIs, and treatment with HBOT.
Symptomatic outcomes were those employing TBI symptom
questionnaires; cognitive outcomes were computerized or
manual cognitive tests. Affective measures, imaging, balance,
eye-tracking, and sleep measures used as stand-alone outcomes
were not included. The search process for inclusion and exclusion
criteria was: first search (title screen), second search (abstract
review of first search titles), third search (full-text articles of
abstracts), fourth search (detailed review of full-text articles).
Manual data extraction was performed on the final selected
articles from the abstracts, results, and conclusion sections of the
articles and entered in Table 1. Numerical data included study
publication year, design, number of subjects, gender, civilian or
military status (active duty or veteran), education level, time from
TBI to treatment, number of total lifetime TBIs, type of TBI (blast
or blunt), percent of subjects with comorbid post-traumatic stress
disorder (PTSD), traditional pressure/oxygen dose parameters,
the total number of prescribed HBOTs in the protocol, and
outcome instruments. Symptomatic and cognitive results of the
studies were as stated in the abstracts and conclusions without
numerical figures; their numerical data and calculated oxygen
dose/study were entered in the text of the Section Results.
Symptom outcomes for the final selected studies were averaged
and analyzed by treatment pressure and total oxygen dose. All
searches, screening, selection, data extraction, and analyses were
performed by a single author. No automation tools were used
for any part of this study. Missing data from some articles were
obtained from companion articles of the same study on the same
subjects. If not available from companion articles it was noted
as “unidentified or unstated.” Studies were grouped by design
for classification of evidence: randomized trials, cohort studies,
case-controlled studies, case series, and case reports. Reviews and
pooled data analyses were excluded.

Classification of Evidence/Analysis of

Studies

Studies were classified as Level 1-5 according to CEBM
guidelines (3). Classifications were based on significant
immediate post-treatment symptom and/or cognitive outcomes
in treatment groups vs. no-treatment control groups or lower
doses of HBOT and compared according to the individual
pressure, total oxygen, combined hyperbaric pressure and
total oxygen doses of HBOT. The pressure was measured in
atmospheres absolute (ATA) and oxygen in atmosphere-minutes
(AMs). AM oxygen dose was the total cumulative oxygen dose
over the entire treatment course per group for oxygen in excess
of room air. It was the sum of the product of the atmospheric
pressure times the FiO, times the number of minutes for each
phase of every hyperbaric treatment (compression, at depth,
and decompression phase), multiplied times the total number
of treatments. Constant compression and decompression rates
were assumed. The average pressure from the surface to depth
(compression) and depth to the surface (decompression) was
multiplied by the FiO, of the breathing gas for these phases. A
linear increase in FiO; and ~90% FiO, was assumed by 8 min
of compression (98) for protocols in monoplace (single-person)
chambers that compressed with 100% oxygen. Practice Grade
Recommendation was determined from the levels of evidence,
according to the American Society of Plastic Surgeons grading
system in Burns et al. (4).

Methodologic Quality and Risk of Bias

Assessment

The physiotherapy evidence database (PEDro) scale (109) was
used to assess the methodologic quality/risk of bias of the
randomized trials included in the final analysis. Randomized
trials are given a cumulative score of 0-10 based on individual
scoring of 10/11 items (the first, eligibility criteria, is omitted
from the score because it is an external validity item), using
1 point for “present;” and 0 points for “absent.” The 10 items
beginning with #2 are: (2) random allocation, (3) concealed
allocation, (4) groups similar at baseline, (5) subject blinding,
(6) therapist blinding, (7) assessor blinding, (8) 1 key outcome
for > 85% of subjects, (9) 1 key outcome: intention-to-
treat analysis, (10) 1 key outcome between-group statistical
comparison, and (11) 1 key outcome point measurements and
variability. Scoring was performed by the single author based
on stated scoring items in the text of each article. Additional
reporting bias and conflict of interest were noted for investigators
who were employees of the funding source. All items were
scored as 0 if they were not mentioned. Attempts were made
to contact the authors of the studies to resolve the scoring on
allocation concealment. Quality of studies (“poor, fair, good,
excellent”) was judged according to the scoring legend of Cashin
etal. (110).

RESULTS

In total, 681 articles were searched, 11 studies were included in
the final analysis (Figure 1). The largest exclusion (57%) was for
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TABLE 1 | Retrieved analyzed studies and companion articles.

References Design Number of Age (yrs.) Status: Mi Educa- Time #TBIs TBI: % PTSD Pressure/Dose of Number of HBOTs Outcome Results

subjects, Male (M), (Military), AD  tion from TBI Blast HBOT instruments: Sx
Female (F), (Active Duty), (yrs.) to Rx (Bla)/ (symptoms), PEx
Unidentified or V (Veteran), C (mos) Blunt (physical exam)
Unstated (U) (Civilian) (Blu)

Harch et al. (66) Case Report LY 25 Mi-V 15 36 7 Bla 100% 1.5 ATA O,/60min. 39, twice/day (bid),  Sx, PEx, and SPECT Improvement Sx,
total dive time (TDT); 5d/week, 1 month pre and within one PEx, SPECT
monoplace chamber week post-HBOT

Wright et al. (67) Case Report 2M 23 Mi-AD U 8 1 Bla U 1.5 ATA O,/60 min. at 40, once/day (qd), Sx, ANAM, mood, Improvement Sx,

22 1 Bla depth; monoplace 5d/week; 80intwo  and sleep pre and ANAM, mood, sleep
chamber 40 treatment blocks ~ within 4-6 weeks
separated by ~1 post HBOT (time
month break deduced from testing
dates).
Harch et al. (68) Prospective 16M 30 Mi-8 AD, 8V 12.9 336 27 Bla 100% (Avg. 1.5 ATA O,/60min 40, bid, 5d/week/1 21 Significant
Case Series PCL= 67) TDT; monoplace month neuropsychological, improvement Sx,
[included in chamber affective, Quality of PEx, 15/21 outcome
Harch et al. (80)] Life, self-assess tests, instruments, and
Sx, PEx, SPECT pre  SPECT. Significant
and within one week worsening 1/21
after HBOT with instruments
phone questionnaire
followup at 6 months
post HBOT
Wolf et al. (69)-Air  RCT, 50 (48M, 2F) 28.3 Mi-AD Slightly > 3-71 34 Bla(33), U 1.3 ATAairvs. 2.4 30, ad, 5d/week for  PCL-M and ImPACT  Significant within
Force funded double-blind 12 Blu (8), ATA O,. both for 6 weeks Sx questionnaires group improvement
both (9) 90 min at depth with pre, weekly, and 6 on PCL-M and
two 10 min air breaks weeks after IMmPACT, but no
for the O, group. The intervention. significant differences
1.3 Air group slowly between groups.
drifted to 1.2 ATA
over the course of the
treatment; multiplace
chamber

Boussi-Gross et al. RCT, cross-over, 56 (24 M, 32F) 44 C 15.3 33 1 Blu U 1.5 ATA O, for 60min 40, qd, 5d/week for 8 Mindstreams Significant

(70) single-blind at depth; multiplace  weeks computerized improvement in
chamber. cognitive test battery, cognitive function and

Quality of Life Quality of Life in both
questionnaire, SPECT groups post HBOT,
pre and 1-3 weeks  none during control.
“after the HBOT Increased brain
protocol.” activity on SPECT
after HBOT
compared to controls,
in agreement with
cognitive improve.

Cifu et al. RCT, 61M 23.2 Mi-AD U 8.5 1(75%), >1 Bla U 0.21,1.5,and 2.0 40, qd, 5d/week, PCS sand PTSD No between group

(71)-Defense double-blind (25%) ATA O, at 2 ATA within 10 weeks symptom differences

Advanced pressure/60 min at questionnaires Rivermead and PCL.

Research Projects depth; multiplace (Rivermead and Significant

Agency (DARPA) chamber PCL-M) pre and improvement PCL in

funded immediately post 2.0 ATA O, group.

intervention.

(Continued)
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TABLE 1 | Continued

References Design Number of Age (yrs.) Status: Mi Educa- Time #TBIs TBI: % PTSD Pressure/Dose of Number of HBOTs Outcome Results
subjects, Male (M), (Military), AD tion from TBI Blast HBOT instruments: Sx
Female (F), (Active Duty), (yrs.) to Rx (Bla)/ (symptoms), PEx
Unidentified or V (Veteran), C (mos) Blunt (physical exam)
Unstated (U) (Civilian) (Blu)
Walker et al. RCT [part of 61M 23.2 Mi-AD U 8.5 1(75%), >1 Bla U 0.21,1.5,and 2.0 40, qd, 5d/week, Battery of 55 “No beneficial effect
(72)-DARPA funded  Cifu et al. (71)] (25%) ATA O, at 2 ATA within 10 weeks cognitive, 1.50r 2.0 ATA O,
pressure/60 min at psycho-motor, and ~ compared to sham.”
depth; multiplace balance tests pre and
chamber within 1 week post
intervention.
Cifu et al. (73)-DARPA RCT [part of 61M 238.3 Mi-AD U 8.5 1(75%), >1 Bla U 0.21,1.5,and 2.0 40, qd, 5d/week, 17 cognitive, “No significant time
funded Cifu et al. (71)] (25%) ATA O, at 2 ATA within 10 weeks psychomotor, by intervention
pressure/60 min at functional, Quality of interaction for any
depth; multiplace Life tests pre, within 1 outcome measure.”
chamber week, and 3 months
post last HBOT.
Cifu et al. (74)-DARPA RCT [part of 61M 23.3 Mi-AD U 8.5 1(75%), >1 Bla U 0.21,1.5,and 2.0 40, qd, 5d/week, Computerized eye “No significant
funded Cifu et al. (71)] (25%) ATA O, at 2 ATA within 10 weeks tracking between group
pressure/60 min at measurement of effects or 1.5 or 2.0
depth; multiplace fixation, saccades, ATA O, effects vs.
chamber and smooth pursuit ~ sham.”
pre, immediately, and
3 months post
intervention.
Miller et al. RCT, 72 (69M, 3F) 31.4 Mi-AD 2/3rds 229 31 U 65%, (47/72) 1.2 ATA air or 1.5 ATA 40, qd, within 10 RPQ-3, 13, and 16,  No difference
(75)-HOPPS double-blind with > 12 Avg O,/50min at depth  weeks NSI, ANAM pre, after between air and O,
(Hyperbaric Oxygen years PCL-C =51.3 vs. No chamber 20 and 40 treatments treatments; both
Therapy for treatment;multiplace or 10 weeks; PCL-C, groups Significantly
Persistent chamber depression, anxiety, improved compared
Post-concussive pain, sleep, Quality of to no hyperbaric
Symptoms)-Army Life pre and after 40  treatment
funded treatments or 10
weeks.
Wolf et al. (76)-Air RCT [part of 50 (48 M, 2F) 28.3 Mi-AD Slightly > 3-71 34 Bla(33), U 1.3 ATAairvs. 2.4 30, qd, 5d/week for 6 ImMPACT, ANAM, Significant improve.
Force funded Wolf et al. 12 Blu (8), ATA O,. both for weeks ToVA, PCL-M, pre, IMPACT visual
(69)-Air Force] both (9) 90 min at depth with weekly, and 6 weeks memory and time
two 10 min air breaks. after intervention. processing, ANAM
The 1.3 Air group code substitution
drifted to 1.2 ATA recall, match to
slowly over the course sample, and simple
of the treatment; reaction, PCL-M
multiplace chamber within both groups,
no significant
between group
findings. Sub-groups
identified.
Churchill et al. RCT [Part of 64 of 72 (61 M, 3F) 33 Mi-AD Not stated 24 4 U U for the 64, 1.2 ATA air or 1.5 ATA 40, gd, within 10 Simple Reaction Time SRT worsened for
(77)-HOPPS Miller et al. for the 64; but 65% O,/60min at depth  weeks (SRT) and Procedural local care group. No
(75)-HOPPS] 2/3rds (47/72). Avg vs. No chamber Reaction Time (PRT) significant differences
with > 12 PCL-C =51.3 treatment; multiplace of ANAM pre, at between 3 groups
years for chamber midpoint (6 weeks),  over time
the 72 and within 1 month
subjects post intervention (13
weeks).
(Continued)
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TABLE 1 | Continued

References Design Number of Age (yrs.) Status: Mi Educa- Time #TBIs TBI: % PTSD Pressure/Dose of Number of HBOTs Outcome Results
subjects, Male (M), (Military), AD  tion from TBI Blast HBOT instruments: Sx
Female (F), (Active Duty), (yrs.) to Rx (Bla)/ (symptoms), PEx
Unidentified or V (Veteran), C (mos) Blunt (physical exam)
Unstated (U) (Civilian) (Blu)
Skipper et al. RCT-2 40 (All M) 28.1 Mi-AD 57.5% U 87.5% with U U for the 40 0.21,1.5,and 2.0 40, qd within 10 PCS, PTSD, anxiety, DARPA: PCS scores
(78)-DARPA and combined with multiple as a group ATA O, at 2 ATA weeks, both studies  depression, and worse 1.5 ATA O,,
HOPPS studies [Cifu “some pressure/60 min at Quality of Life average improved 0.21 and
etal. college or depth, and 1.2 ATA air 39 months post 2.0 ATA O, groups.
(71)-DARPA and more” or 1.5 ATA O,/60 min treatment HOPPS: PCS scores
Miller et al. at depth vs. No worsened in all
(75)-HOPPS] chamber treatment; groups.
multiplace chambers.
Shandley et al. RCT [part of 28 (U M/F) U Mi-AD U U U U U 1.3 ATA air vs. 2.4 30, qd, 5d/week for  ImPACT, HBOT at 2.4 ATA
(79)-Air Force funded Wolf et al. ATA O,, both for 6 weeks BrainCheckers, correlated with stem
(69)-Air Force] 90 min at depth with PCL-M pre and post  cell mobilization and
two 10 min air breaks. 5,10, 15, 20, 25, 30 increased cognitive
The 1.3 Air group HBOTs and at 6 week performance
drifted to 1.2 ATA followup. Stem cells
slowly over the course from peripheral blood
of the treatment; (flow cytometry) pre,
multiplace chamber post 15 and 30
HBOTs and at 6 week
followup.
Harch et al. (80) Case-Controlled 30 (28 M, 2F) 30.3 Mi-(11 AD, 19V) 13.1 40.2 3.5 Bla 77% (23/30); 1.5 ATA O,/60min 40, bid, 5d/week/1 21 neuropsych, Significant
(Partial; imaging Avg. PCL= 63.4 TDT; monoplace month affective, Quality of  improvement Sx,
control group of chamber Life, self-assessment neurol PEX, 1Q,
population tests, Sx, PEx, pre  memoy, attention,
normals) and within 1 week dominant hand motor
after HBOT with speed and dexterity,
phone questionnaire  Quality of Life, anxiety,
followup at 6 months PTSD, depression,
post HBOT. SPECT  suicidal ideation,
pre, after 15t and 40th psychoactive
HBOTs. medications. Further
Sx improve at 6
months. Significant
SPECT improvement
after 1 and 40
HBOTs.
Weaver et al. RCT, 71 (70M, 1F) 32.8 Mi-(68 AD, 3V) 82% 256 36 Bla (32%), 49% 1.2 ATA air or 1.5 ATA 40, qd, Monday to  Sx, Quality of Life, Significant
(81)-BIMA (Brain double-blind “some Blu (20%), (avg. = 44.9) O,/60min at depth;  Friday over 12 weeks neuropsychological, improvement NSI and
Injury Mechanisms college or Com- multiplace chamber neurological, EEG, PTSD Sx in HBOT
of Action) DoD more” bination of sleep, auditory, group, more
funded Bla and vestibular, pronounced for those
Blu (48%) autonomnic, visual,  with PTSD with

neuroimaging, and
laboratory testing pre,
at 13 weeks, and 6
months post
randomization; 12
month post
randomization
online/phone
questionnaires.

regression at 3 and 9
months post
treatment. HBOT
improved some cog
processing speed
and sleep measures.
Pts. With PTSD and
HBOT improved
functional balance
and reduced
vestibular complaints
at 13 weeks.

(Continued)
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TABLE 1 | Continued

References Design Number of Age (yrs.) Status: Mi Educa- Time #TBIs TBI: % PTSD Pressure/Dose of Number of HBOTs Outcome Results
subjects, Male (M), (Military), AD  tion from TBI Blast HBOT instruments: Sx
Female (F), (Active Duty), (yrs.) to Rx (Bla)/ (symptoms), PEx
Unidentified or V (Veteran), C (mos) Blunt (physical exam)
Unstated (U) (Civilian) (Blu)
Walker et al. (82) RCT [Part of 71 (70M, 1F); 75 32.8; Mi-(68 AD, 3V); 82%;92% 256 3.6 Bla (32%), 49% 1.2 ATA air or 1.5 ATA 40, gd, Monday to  Pittsburgh Sleep Sleep quality by
BIMA-DoD funded Weaver et al. healthy volunteer 39.3- Mi-(1-AD, 21-V), “some Blu (20%), (avg. = 44.9) O,/60min at depth;  Friday over 12 weeks Quality Index (PSQl), self-reports
(81)-BIMA] (58M, 17F) Volun- 53-C college or Combina- multiplace chamber sleep diary, screen for signifcantly abnormal
teers more” tion of Bla obstructive sleep compared to normals
and Blu apnea, restless leg (70% obstructive
(48%) syndrome, and sleep apnea risk).
cataplexy; objective  Significant
actigraphic measures improvement PSQI
of sleep-wake. All pre, (5/8 measures at 13
13 weeks, and 6 weeks and 2/8 at 6
months post months) in HBO
randomization. group compared to
air group. No changes
in other measures.
Meehan et al. RCT [Part of 71(7T0M, 1F); 75 32.8; Mi-(68 AD, 3V); 82%; 92% 256 3.6 Bla (32%), 49% 1.2 ATA air or 1.5 ATA 40, qd, Monday to Dynamic mTBI cohort worse
(83)-BIMA-DoD Weaver et al. healthy volunteer 39.3- Mi-(1-AD, 21-V), “some Blu (20%), (avg. = 44.9) 0O,/60min at depth;  Friday over 12 weeks posturography, than healthy
funded (81)- BIMA] (58M, 17F) Volun- 53-C college or Combina- multiplace chamber vestibular evoked volunteers on balance
teers more” tion of Bla, myo-genic potentials, and gait measures
and Blu tandem gait, and affective
(48%) Romberg, Sharpened symptoms. Significant
Romberg, Berg improvement postural
Balance Scale, Beck control favored HBOT,
Anxiety Inventory, but were “minimal.”
PTSD Those with affective
Checklist-Civilian, Sx, especially PTSD,
DSM-IV PTSD had the most
Module, Center for  improvement in
Epidemiologic Study postural control and
Depression Scale: all otolith function after
at baseline, 13 HBOT.
weeks, and 6 months
post randomization.
Mozayeni et al. (84) Prospective 32 (29M, 3F) 30.5 Mi-(7 AD,12V), U 114 U Bla (47%), 22% (7/32) 1.5 ATA O, for 45 min 40, qd, 5d/wk, with  ANAM and CNS Vital Improvement in 13/17
Case Series C-13 Blu (53%) (monoplace) or 50 min option for 20 or 40 Signs computerized  neurocognitive and

(multiplace) at depth. additional HBOTs for

residual symptoms

cognitive test
batteries pre, post 40,
60, and 80
treatments.

8/8 mood measures.
More than 40 HBOTs,
blast TBI, less delay
to treatment, and
patients with PTSD
showed greater
improvement

(Continued)
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TABLE 1 | Continued

References Design Number of Age (yrs.) Status: Mi Educa- Time #TBIs TBI: % PTSD Pressure/Dose of Number of HBOTs Outcome Results
subjects, Male (M), (Military), AD tion from TBI Blast HBOT instruments: Sx
Female (F), (Active Duty), (yrs.) to Rx (Bla)/ (symptoms), PEx
Unidentified or V (Veteran), C (mos) Blunt (physical exam)
Unstated (U) (Civilian) (Blu)
Hart et al. (86) BIMA  RCT [Part of 42 (41 M, 1F) 33.8 Mi-(40 AD, 2V) U 261 37 Bla (31%), 52% 1.2 ATA air or 1.5 ATA 40, gqd, Monday to ~ PPCS, PTSD, Quality No significant
Weaver et al. Blu (21%), 0,/60min at depth;  Friday over 12 weeks of Life, pain, differences between
(81)-BIMA] comina- multiplace chamber depression, anxiety,  groups at 24 and 36
tion alcohol use at 24 months and mean
(48%) months (40 subjects), scores near
36 months (14 pre-intervention
subjects) post study values.
Hart et al. (87) Air RCT-4 pooled  254-DoD (248 M,6F); 29.3 Mi-AD “Some 21.7  Avg.for3 For 3 43% by PCL,  Above: Wolf (69) Cifu DoD: 40 [three PCS, PTSD, and Trend of improvement
Force, DARPA, DoD studies: 135-3 other studies college or studies = 3.4, studies:  58% by Clin. etal. (71) Miller et al.  studies (71, 75, 81)]  neuropsychological ~HBOT for PCS and
HOPPS, BIMA Wolf et al. more” = 58.8%; 4th study (Cifu) 116 blast, Inter-view (75) Weaver et al. and 30 (Air Force measures for all PTSD Sx, verbal
(69)-Air Force, high 75% with >1 22 blunt, (81). 125 HBOT, 106  study) (69) studies memory.
Cifu et al. school Bl 43 both; “sham,” 23 local care Dose-response to
(71)-DARPA, grad. =41.2% not increasing O,
Miller et al. reporter pressure with greater
(75)-HOPPS, for Miller effect with PTSD.
and Weaver etal. (75) Direction of results
etal. (81)-BIMA consistent with other
studies.
Wetzel et al. (88) RCT [Part of 71 (70M, 1F); 75 32.8;39 Mi-(68 AD, 3V); 82%; 92% 2566 3.6 Bla (32%), 49% 1.2 ATA air or 1.5 ATA 40, gd, Monday to Eye movement No between group,
BIMA Weaver et al. healthy volunteer Mi-(1-AD, 21-V, “some Blu (20%), (avg. = 44.9) O,/60min at depth;  Friday over 12 weeks tracking for saccadic but within group
(81)-BIMA] (58M, 17F) 53-C) college or Combina- multiplace chamber and smooth pursuit  improvement at all
more” tion of Bla pre, at 13 weeks and time points. Normals
and Blu 6 months post and all BIMA subjects
(48%) randomization. no longer significantly
different at 13 weeks
and 6 months.
Shytle et al. (89) Case Report 3@2M,1F) 27.3 Mi-2V, 1-U 1 college 48- (1), 1:“daily IEDs + Bla-2, 100% 1.75 ATA Oy; 1.5 ATA 20: qd, 5d/week; 30: “Computer-assisted  “Improvements on
graduate, U-(2)  burn pit;” Blu + O,; 1.5 ATA O, All at bid, 5d/week; 35: bid, assessments”-(type  parameters within
2-U 1-“numerous Bla-1 60 min TDT; 5d/week x 25 + qd, not neuro-cognitive
IEDs;” 1-Blu + monoplace chamber. 5d/week x 10 specified)-pre/post for domains,” symptoms,
at least 3-4 Bla all 3. 1 patient also  reduction in
had pre/post CNS suicidal-related
Vital Signs, Inc. and 1 symptoms.
had pre/post
NeuroPsych™
Harch et al. (46) RCT, cross-over, 50 (21 M, 29F) 42.5 C-41, Mi-9 14.0 552 39 Blu-45, 0% Control (no Rx) vs. 1.5 40, qd, 5d/week Symptom, Significant
single blind (1-AD, 8-V) (HBOT); Bla-5 ATA O,/60 min TDT; neuro-psychological, improvement PPCS
15.6 monoplace chamber and psychological and PTSD symptoms,
(Control) testing pre/post and  ANAM, memory,

2-month after last
HBOT. Weekly NSI
during treatment for
both groups.

depression, anxiety,
sleep, quality of life
vs. control. Crossover
experienced same
improvement after
HBOT

Final analysis studies in bold.
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FIGURE 1 | PRISMA flow chart of article search and retrieval (108).

duplicate articles and the second-largest exclusion was by title
(38%). An example of the third search was the Ma et al. study
(111) on HBOT for firefighters with lifetime TBI and chronic
emotional distress. The study was excluded due to the primary
outcome of regional cerebral blood flow and the absence of
symptomatic or cognitive outcomes.

The 11 studies that met the criteria for inclusion are listed
in Table1 (along with companion articles on non-primary

outcomes). The 11 studies are: three case reports (66, 67, 89), a
prospective case-controlled series reported in two publications
(68, 80), a prospective case series (84), and six randomized trials
(46, 69-71, 75, 81) reported in 19 publications (46, 69-79, 81—
83, 85-88). Three of the randomized trials contained control
groups (46, 70, 75), two with a crossover design (46, 70), and the
other three were comparative dosing studies (69, 71, 81). Four
of the randomized trials were performed by the U.S. Department
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of Defense (DoD) (69, 71, 75, 81) and were reported in multiple
publications featuring different outcome instruments or follow-
up periods [Wolf et al. (69) in Wolf et al. (76) and Shandley
et al. (79); Cifu et al. (71) in Walker et al. (72) and Cifu et al.
(73, 74); Miller et al. (75) in Churchill et al. (77); Weaver et al.
(81) in Walker et al. (82), Meehan et al. (83), Hart et al. (86),
and Wetzel et al. (88), pooled data analyses [Skipper et al. (78),
Hart et al. (87)], and adverse events and blinding in Churchill
et al. (85). Analysis was conducted on the three case reports
(66, 67, 89), the case-controlled series (80), the case series (84),
and six randomized trials (46, 69-71, 75, 81).

The case reports consist of Harch et al. (66), Wright
et al. (67), and Shytle et al. (89). Harch et al. (66) reported
symptomatic, neurological physical exam, and brain blood flow
imaging improvements in an mTBI/PPCS veteran 3 years after
the last of seven blast-induced combat mTBIs using forty 1.5
ATA oxygen HBOTs in 1 month (3,420 AMs oxygen). Wright
et al. (67) demonstrated improvement of post-injury ANAM
deficits, symptoms, mood, and sleep complaints in two military
members with 40 and 80 1.5 ATA oxygen HBOTs (3,990
and 7,980 AMs oxygen) delivered 8 months after single blast-
induced mTBIs. Shytle et al. (89) reported three cases with
limited documentation of PPCS. In the first case mTBI/PPCS
PTSD symptoms and computerized cognitive and mood test
deficits/abnormalities improved with 20 HBOTs at 1.75 ATA
oxygen (1,992 AMs oxygen). The second case experienced an
improvement in symptoms and computerized affective and
cognitive measures with 30 HBOTs at 1.5 ATA oxygen (2,544
AMs oxygen), and the third patient improved symptoms and
computerized cognitive assessments with 35 HBOTs at 1.5 ATA
oxygen (2,964 AMs oxygen). In summary, six out of six cases
demonstrated symptomatic improvement, and five out of five
demonstrated computerized cognitive testing improvement with
HBOT treatment at 1.5 ATA or 1.75 ATA oxygen (one patient).
Statistics were not reported for any patients in any of the
case reports.

In the prospective case-controlled series, Harch et al. (68, 80)
reported the first 16 (68) and then all 30 (80) military subjects
with mTBI/PPCS and PTSD. The first 16 subjects (68) which were
not case-controlled experienced significant improvement in self-
reported symptoms, PPCS and PTSD symptom questionnaires
(RPQ total, post-treatment minus pre-treatment: —15.6 =+
12.8, CI: —22.7 to —8.5, p = 0.0002), abnormal neurological
exam, 7/13 neuropsychologist-administered cognitive tests, two
neuropsychologist-administered affective instruments, and two
quality of life measures after 40 HBOTSs, and quantitative texture
and statistical parametric mapping analysis of SPECT brain
blood flow imaging after the first and 40th HBOT at 1.5 ATA
oxygen (3,335 AMs oxygen). Statistical parametric mapping
analysis revealed significant increases in brain blood flow in 85
regions of the brain, almost exclusively white matter, and in
the hippocampi, that were consistent with the statistically and
clinically significant increases in neuropsychologically measured
working and delayed memory. The SPECT findings were
different from and inconsistent with placebo SPECT brain
blood flow studies. This non-controlled portion of the case-
controlled study concluded that the significant symptomatic,

cognitive, and SPECT improvements could not be explained by
placebo effects.

The study design was changed at the midpoint of Harch et al.
(68) to include a matched group of imaging controls for all 30
subjects and the full cohort of 30 subjects, 27 with comorbid
PTSD, was reported as a case-controlled study in Harch et al.
(80). Subjects had sustained 3.5 previous TBIs and were treated
with 40 HBOTs at 1.5 ATA oxygen (3,420 AMs oxygen) 3.35
years post index TBI. Their PTSD symptom scores were 32%
higher (63.4) than subjects in the four DoD studies [49.5 (69),
46.5 (71), 51.3 (75), 44.9 (81); average 48.1]. The 30 subjects
experienced near-identical improvements to the first 16 subjects
with statistically stronger p-values [RPQ total, post-treatment
minus pre-treatment: —13.5 & 10.4, CI: —17.4 to —9.6, p <
0.001 (actual p value was less, but the cutoft of 0.001 was used
for this publication)], a significant reduction in suicidal ideation,
and reduction in psychoactive medication use. SPECT brain
imaging was abnormal in subjects compared to a matched cohort
of population normals and normalized after HBOT in 75% of
abnormal regions.

The prospective case series, Mozayeni et al. (84), reported
outcomes on 32 military and civilian subjects treated 9.5
years after mTBI with 40-82 treatments (average 55.8) at 1.5
ATA oxygen (4,326 AMs oxygen). Mood changes and two
computerized neurocognitive test batteries (ANAM4 and CNS
Vital Signs) were administered; TBI symptom questionnaires
were not used. Significant improvement was demonstrated on 8/8
Automated Neuropsychological Assessment Metrics (ANAM)
mood, 6/7 ANAM neurocognitive, and 7/10 CNS Vital Signs
neurocognitive measures. Improved outcomes were associated
with shorter delays to treatment, younger age, military status, and
increased numbers of HBOTs. In summary, both the prospective
case-controlled and case series demonstrated multi-domain
statistically significant outcomes/benefits of HBOT at a dose of
1.5 ATA oxygen with one study (80) showing simultaneous and
correlative improvements in brain blood flow deficits compared
to a group of untreated population normals.

The six randomized trials (46, 69-71, 75, 81) are separated
into three comparative dosing studies (69, 71, 81) and
three randomized controlled trials (46, 70, 75) based on the
understanding of HBOT as a dual-component drug therapy
consisting of increased barometric pressure and hyperoxia (46,
57,58, 80,99-101, 112). In each of the comparative dosing studies
(69, 71, 81) and one of the controlled studies (75), the lower
pressure compressed air groups (69, 75, 81) or normoxic oxygen
group (71) were erroneously characterized as sham controls
because the pressure/dose and FiO, of HBOT were less than
the historically defined arbitrary limit of 1.4 ATA 100% oxygen
(55, 56). The inclusion of increased pressure and hyperoxia in
these sham controls, the two bioactive components of hyperbaric
oxygen treatment, precludes their characterization as shams; they
are additional doses of hyperbaric therapy and hence classified as
comparative dosing studies (46, 80, 99-101, 112).

The first of the comparative dosing studies was conducted
by Wolf et al. (69) and randomized 50 military subjects 3-71
months after an average of 3.4 mTBIs to 30 1.3 ATA air or 2.4
ATA oxygen HBOTs (1,002 and 6,900 AMs oxygen, respectively).
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The authors found 6-week post-treatment symptom reductions
(improvements) of 13% in the HBOT group and 41% in the
1.3 ATA air group with 10 subtests improved on the Immediate
Post-Concussion Assessment and Cognitive Testing (ImPACT)
symptom testing for the 1.3 ATA air group vs. two subsets in
the 2.4 ATA oxygen group, but no within or between-group
change score statistics were performed on this data. For the
combined ImPACT symptom and cognitive total score 6-weeks
post-treatment there were statistically significant reductions
(improvements) in both groups [12% in the HBO, group and
31% in the air group: control group (t = 3.76, p = 0.001) and
the HBO, group (t = 3.9, p = 0.001), but no statistical analysis
was performed on the between-group improvements. Similarly,
there were statistically significant within-group improvements
in 6-weeks post-treatment PTSD symptoms, but no change
score comparison between the two groups. Rather, it was stated
that “Difference testing between the sham-control and HBO,
groups did not reveal any significant differences on the PCL-M
composite mean score (t = —0.205, p = 0.84) or on the InPACT
total mean score (t = —0.943, p = 0.35) at any time (Figures 1, 2),
including at 6 weeks post-exposure (Table 1).” In a subset analysis
of this study Scorza et al. (113) reported that the mTBI/PPCS
subjects without PTSD demonstrated a “trend toward harm”
(worsening of scores) on the InPACT symptom score in the 2.4
ATA oxygen group. This indicates a larger positive effect on 2.4
ATA subjects with comorbid PTSD and a negative effect on PPCS
(the target of the study) without PTSD. Amplification of HBOT-
induced PPCS benefit by comorbid PTSD was found in multiple
studies (68, 80, 81, 87). The negative finding of Scorza (113)
and corresponding 2.4 ATA oxygen group composite (symptoms
and cognition) ImPACT score trajectory [Figure 2 in Wolf et al.
(69) and Figure 4 in Harch et al. (46)] have been argued as a
toxic/overdose effect of oxygen in the 2.4 ATA oxygen group
(46, 80, 99).

The resulting cognitive outcomes in the study of Wolf
et al. (69) were published in Wolf et al. (76) and showed
significant within-group improvement for both groups, but
no statistically significant between-group improvements for
cognitive measures as well as PTSD symptoms. Curiously,
there are no data presented in the paper. Rather, a derived
metric, the “relative risk of improvement” (RROI) on subset
historical features (e.g., 3 concussions, single event <2 years
old, <1-year post-injury, blast injury, etc.) was reported. The
article concluded that “Subgroup analysis of cognitive changes
and Post-Traumatic CheckList Military results regarding PTSD
demonstrated a relative risk of improvement using 2.4 atm abs
hyperbaric oxygen.” While true for highly specific subsets of
the 2.4 ATA oxygen group this conclusion is confusing and
misleading, implying that HBOT at 2.4 is efficacious for PPCS.
The “data” tables actually show that 60% of the RROI entries
favored the 1.3 ATA air group and only 40% favored the 2.4
ATA oxygen group, consistent with the symptom data. The
companion article (79), reporting cognitive improvements and
stem cell mobilization, also used derived correlational data and is
similarly misleading. A positive correlation was claimed between
stem cell mobilization and cognitive improvements in the 2.4
ATA oxygen group, implying that stem cell mobilization was

responsible for cognitive improvements in subsets of this group.
This claim and implication are inconsistent with the symptom
data/analysis of Scorza et al. (113) and the 60/40% air group
subset cognitive dominance, and lack evidence of stem cell
migration/implantation in the brain. Wolf et al. (76) acknowledge
the finding of Scorza et al. (113) of significant improvement of
subjects with co-morbid PTSD but omit the major finding that
the 2.4 ATA oxygen dose demonstrated a “trend toward harm”
in PPCS without PTSD (113). At the same time, it is known that
stem cells are mobilized into the circulation of humans at 2.0 and
2.5 ATA oxygen (114) in the absence of PPCS and PTSD and
that stem cells are stimulated to proliferate and differentiate at
sites of injury in the brain due to HBOT (115-117), but there
is no evidence of deposition of circulating stem cells in brain
tissue in the Wolf et al. study (69, 76, 79). More likely, the
circulating stem cells had nothing to do with the improvement in
cognition in the PPCS PTSD group since cognitive and symptom
improvements were favored in the air pressurization group that
had no evidence of stem cell mobilization. In summary, these
cognitive outcome reports (76, 79) do not report actual data,
appear to be misleading, and the conclusions of the study,
cognitive improvements in the 2.4 ATA oxygen group vs. the air
group, are internally inconsistent and inconsistent with their own
analysis (113) and the PPCS symptom data in Wolf et al. (69).

The second comparative dosing study (71) was reported in
four publications (71-74) that randomized 61 military subjects
8.5 months post mTBI to one of three 40 treatment 2.0 ATA
pressure groups with either 0.21, 1.5, or 2.0 ATA oxygen (76,
3,720, and 4,860 AMs oxygen). In the first publication (71) there
were no significant within-group improvements (post minus
pre mean change scores: “sham,” 0.05, p = 0.98; 1.5 ATA
oxygen, 1.24, p = 0.61; 2 ATA oxygen, —3.77, p = 0.19) on
the TBI Rivermead Postconcussion Questionnaire (RPQ) at 10
weeks post first HBOT (immediate/one-week post-treatment).
Similar to Wolf et al. (69), no between-group change scores were
statistically analyzed. Rather, one-way ANOVAs were performed
on the pre-treatment mean RPQs for the three groups and
then on the post-treatment mean RPQs. Identical analyses were
performed on the PCL-M for PTSD symptoms; the 2 ATA oxygen
group experienced the only significant finding in the study, a
significant decrease in PTSD symptoms. The second publication
(72) reported cognitive and psychomotor outcomes 1-week post-
treatment and found “no immediate postintervention beneficial
effect of exposure to either 1.5 ATA or 2.0 ATA oxygen compared
with the Sham Air intervention.” Scrutiny of the data suggests
varying effects of the different doses of HBOT on the 55
outcomes, especially for four cognitive tests (California Verbal
Learning Test: Long-Delay Free Recall, Index for Recognition,
Short Delay Cue Recall, and Recognition Total Hits), but large
standard deviations of the mean scores and separate one-way
ANOVAs of the baseline and post-treatment outcomes make
exact comparisons between the groups difficult. Identical to the
first publication on this study no change score analysis was
performed on any outcome.

The third publication (73) reported 1-week and 3-month
symptom, functional, cognitive, and psychomotor outcomes
and found “No significant time by intervention interaction”
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[F4,637) = 1, p = 0.41] however, a secondary F-ratio test
demonstrated significant improvements regardless of treatment
group on five cognitive tests: Trails B, California Verbal
Learning Test, Paced Auditory Serial Addition Test, Benton
Visual Memory Test, and Controlled Oral Word Association
Test with worsening of the Wechsler Adult Intelligence Scale-
III Working Memory at 2-weeks post-treatment. Similar to the
second publication (72), strict pre/post-change scores (treatment
effects) for each group were not calculated, and similar to both
the first (71) and second (72) publications the pre/post means of
these differences were not compared between groups. Regardless,
the treatment effects for each individual HBOT does/group
appear small and insignificant. The net result is a suggestion
of small differing effects of the three different doses of HBOT
with statistically significant change only seen for reduction of
PTSD symptoms in the 2 ATA oxygen group and some cognitive
domains in the combined three groups.

The third comparative dosing study (81) randomized 71
military subjects 25.6 months after an average of 3.6 TBIs
to receive either forty 1.2 ATA air or 1.5 ATA oxygen
treatments (600 and 3120 AMs oxygen) in a 12-week period.
Symptom, quality of life, neuropsychological, neurological,
electroencephalography, sleep, auditory, vestibular, autonomic,
visual, neuroimaging, and laboratory testing were performed
before and immediately, 3 and 9 months post-treatment. Baseline
characteristics suggested “worse brain injury” in the HBOT
group due to significantly more frequent diffuse/traumatic axonal
injury on MRIs, greater TBI symptoms (RPQ-13 and RPQ-
total), PTSD symptoms (PCL-C hyperarousal score), number
of combat deployments, and worse anger control. Despite
this difference in injury, the compressed air group showed
a deterioration in postconcussive (NSI and RPQ) and PTSD
symptoms (PCL-C) during the treatment period while the HBOT
group experienced significant improvement on the NSI, RPQ-3,
and PCL-C compared to the compressed air group (difference

in mean change score between groups: NSI: —7.6, CI = —14.4
to —0.7, p = 0.03; RPQ-3: —1.5, CI = —2.7 to —0.3, p = 0.01;
RPQ-13: =5, CI = —10.7 to 0.6, p = 0.08; PCL-C: —7.3,

CI = —13.5 to —1, p = 0.02), statistically moreso on the NSI
and PCL-C for those subjects with PTSD. In addition, the HBOT
group experienced significant improvement in some cognitive
processing speed and sleep measures, and in those with PTSD
improved functional balance and reduced vestibular complaints,
all compared to the pressurized air treatment.

Companion publications (82, 83, 86, 88) presented
components of Weaver et al. (81) in greater detail. Walker
et al. (82) reported markedly disrupted sleep quality in
study subjects and significant improvement in self-reports of
Pittsburgh Sleep Quality Index measures (five out of eight at
13-weeks and two out of eight at 6 months) in the oxygen group
compared to the air pressure group. Meehan et al. (83) found
worse balance/gait measures and more affective symptoms in
mTBI subjects compared to healthy controls, some within-group
improvements in these domains favoring the HBOT group at 13
weeks and 6 months post-treatment, significant (but “minimal”)
improvements in the HBOT group compared to the air group
on balance measures, and improvements on postural control,

generally favoring HBO,. Those with affective symptoms,
particularly PTSD, who were treated with HBOT had the most
improvement in postural control and otolith function. Hart
et al. (86) was an extended outcome study and not pertinent to
this review. Lastly, Wetzel et al. (88) demonstrated significant
abnormalities in ocular metrics in the overall subject population
compared to population normals. Multiple abnormalities
improved in both treatment arms (pressurized air and HBOT)
that persisted by 3 months post-treatment at which time the
normals and study subjects were statistically indistinguishable.

In summary, the comparative dosing studies (69, 71,
81) demonstrated significant improvements in symptoms of
mTBI/PPCS at 1.5 ATA oxygen and 1.3 ATA air, deterioration
at 1.2 ATA air and 2.4 ATA oxygen, and no significant change
at 2 ATA of pressure with 0.21, 1.5, or 2.0 ATA oxygen. In
addition, significant improvements in cognition, balance, and
gait measures were obtained with the 1.5 ATA oxygen dose.

The first randomized controlled trial (RCT) (70) randomized
67 civilians 33 months after a single mTBI to 40 HBOTs
at 1.5 ATA oxygen or no treatment control (3,720 vs. 0
AMs oxygen) in 2 months. Mindstreams computerized testing
(organized into four cognitive domains), single-photon emission
computed tomography (SPECT) brain blood flow imaging, and a
quality-of-life evaluation were performed pre-, within 1-3 weeks
after control and treatment periods for the control crossover
group, and after treatment for the HBOT group. Significant
improvements were demonstrated in cognitive function and
quality of life in both groups following HBOT but no significant
improvement was observed following the control period. SPECT
imaging revealed elevated brain activity in good agreement with
the cognitive improvements. Cognitive function improvements
in the HBOT group consisted of Information Processing Speed
[t31) = 4.20, p < 0.0001], Attention [t31) = 3.26, p < 0.005],
Memory [t31) = 4.13, p < 0.0005], and Executive Functions
[ta1y = 3.72, p < 0.0005]. Similar to the Cifu et al. studies
(71-73), the outcome instrument change scores after the control
period and HBOT were not statistically compared. Rather, the
groups were compared at baseline and after both groups had
completed HBOT. The groups were statistically indistinguishable
at both comparisons and both groups had experienced significant
within-in group improvements after HBOT on all instruments
with medium to large effect sizes.

The second RCT (75) randomized 72 military subjects 23
months after an average of 3.1 mTBIs to one of three groups:
40 HBOTs at 1.5 ATA oxygen, 1.2 ATA air, or no HBOT
(3,120, 600, or 0 AMs oxygen) during 10 weeks. Symptom
questionnaires, computerized neuropsychological testing, and
traditional neuropsychological testing were administered pre-,
at the midpoint of treatment and after treatment for symptom
questionnaires and the computerized cognitive testing, and at
two time points (pre/post full treatment) for the traditional
cognitive tests. There were no significant two-point change score
differences between the three groups on the abbreviated RPQ
(p = 0.24), yet a seemingly large difference between the HBOT
and no-treatment group (25% of the no-treatment group, 52%
of the HBOT group, and 33% of the air-pressure group); it
does not appear that either treatment group was compared
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individually to the no-treatment group. For the total RPQ score
both chamber groups demonstrated significant improvement
compared to the no-treatment control group (5.4, 95% CI, —0.5
to 11.3, P = 0.008 HBO group; 7, 95% CI, 1.0 to 12.9, P = 0.02
air group) and no difference between the two-chamber groups
(P = 0.70). Significant improvements were achieved despite
many subjects not receiving the full 40 treatments (48% of
the HBOT group and 59% of the “sham” group received 40
HBOTs), while symptom improvement was greater for those
who completed all 40 chamber sessions. For the secondary
symptom outcome score, Neurobehavioral Symptom Inventory
(NSI), the no-treatment group showed a slight worsening, while
both treatment groups showed improvement [Pre minus post
scores: —1.1 (CI: —7.3 to 5.2, no treatment) vs. 3.7 (CI: —3.7
to 11.2, HBOT) and 6.9 (CI: 1.4 to 12.4, “sham” air). Positive
scores are improvement]. Similar to the RPQ two-point change
metric, it appears that neither treatment group was statistically
compared to the no-treatment group. Rather, it was stated that
“these change scores were not statistically different.” For PTSD
symptoms, depression, generalized anxiety, pain, sleep, quality of
life, and computerized cognitive testing improvements occurred
in both groups, generally favoring the air treatment, but there was
no statistical difference between treatment groups. Again, none of
these data appear to be compared to the no-treatment control.
The third RCT (46) randomized 60 civilian and military
subjects 4.6 years after an average of 3.9 mTBIs to 40 HBOTs
at 1.5 ATA oxygen (3,420 AM’s oxygen) in 8-9 weeks vs. no
treatment (0 AM’s). The no-treatment control group was then
crossed over to 40 HBOTs similar to Boussi-Gross et al. (70).
Subjects completed symptom and quality of life questionnaires,
and  neuropsychologist-administered ~ neuropsychological,
psychological, and sleep testing or questionnaires. The HBOT
group experienced significant improvements compared to
the control group in one of the two co-primary outcomes
(NSI: mean difference in change scores between groups: —23.9
£ 9.2, CI = —29.2 to —18.6, p = 0.0001) with the greatest
improvement in the cognitive domain. This was the largest
percent improvement (52%) in symptomatic outcome for a
treatment group in all of the studies reviewed. The authors
noted that this outcome was likely positively biased by the
daily interaction of the P.I. with the subjects during treatment
(an IRB safety requirement) and completion of the symptom
questionnaire at the treatment site. The 52% figure, however,
was in the range of one other study outcome figure (37%) for
the same symptom questionnaire and same treatment dose
(75) where the P.I. and subjects were blinded to treatment.
Analysis of the eight Diagnostic and Statistical Manual-IV Text
Revised PPCS symptoms (2) demonstrated that the Treatment
Group subjects experienced significant improvement in all eight
of the PPCS definition symptoms while the Control Group
experienced worsening on six of eight symptoms, similar to the
Weaver et al. (81) 1.2 ATA air treatment and the Miller et al.
(75) no treatment groups. The HBOT group also experienced
significant improvements in Memory Index, ANAM, Hamilton
Depression Scale, Hamilton Anxiety Scale, Post- Traumatic
Stress Disorder ChecKklist, Pittsburgh Sleep Quality Index, and
Quality of Life after Brain Injury compared to the Control Group.

Non-significant improvement was obtained in the other co-
primary outcome (Working Memory: mean difference in change
scores between groups: 1.5 & 6.5, CI = —2.23 to0 5.13, p = 0.431.
Overall, the HBOT group achieved significant improvement in
11/14 outcome instruments compared to 13/14 after HBOT in
the crossed-over Control Group. Twelve of the fourteen outcome
instruments were administered by the blinded neuropsychologist
at the non-treatment testing site. The other two outcomes,
TBI and PTSD symptom questionnaires, were collected at the
treatment site by the unblinded hyperbaric technician.

Dose Analysis of Studies

Effects of composite pressure and oxygen doses of HBOT on
immediate post-treatment symptoms are presented in Table 2
for Table 1 randomized trials and case-controlled series with
symptom outcomes [data abstracted from Table 7 in Harch
et al. (46)]. [The Wolf et al. (69) symptom data in Table 7 was
recalculated to the immediate post-treatment period using the
ImPACT symptom data in Table 2 of Wolf et al. (69) and the
total ImMPACT score (symptoms and cognition) from Exposure
Interval 6 in Figure 2 of Wolf et al. (69)]. The data show symptom
improvements at 1.5 ATA oxygen and 1.3 ATA air, improvements
and deteriorations at 1.2 ATA air, no effect at the normoxic
oxygen control (0.21 ATA oxygen) and one dose of oxygen (1.5
ATA oxygen), both at 2 ATA pressure, an improvement at the
second oxygen dose (2.0 ATA), and no change at 2.4 ATA oxygen.
According to the Scorza subset analysis (113), however, and
“trend toward harm” of the 2.4 ATA oxygen dose for subjects
with mTBI PPCS without PTSD the actual effect of 2.4 ATA
oxygen on mTBI/PPCS without PTSD is negative. The positive
(75) and negative (81) outcomes at 1.2 ATA air may be explained
by the 50% greater number of patients with comorbid PTSD in
Miller et al. (75), a subject demographic associated with larger
treatment effects in multiple studies (68, 80, 81, 87), and the
70% of subjects at risk for sleep apnea and post-treatment testing
at altitude in Weaver et al. (81), phenomena that would favor
negative treatment effects.

Pressure dose effects on immediate post-treatment symptom
outcomes for the studies in Table 2 are presented in Figure 2. An
asymmetric bell-shaped dose-response curve shows maximum
symptom improvement in the 1.3-1.5 ATA pressure range with
much less improvement at lower and higher pressures. Oxygen
dose effects on symptom outcomes for Table 2 studies are in
Figure 3 and demonstrate a similar asymmetric bell-shaped dose-
response curve with maximal results in a broad range from 1,002
to 4,860 atmosphere-minutes of oxygen and decreased responses
at the lowest and highest doses of oxygen. The only aberrant
value (3,720) is possibly due to the 2 ATA pressure component
of the 1.5 ATA 02/2 ATA dose in the Cifu et al. study (71);
the identical oxygen dose was delivered in Boussi-Gross et al.
(70) at 1.5 ATA pressure with positive cognitive, mood, and
functional imaging changes. Analysis of Figures 2 and 3 suggests
that barometric pressure in the narrow range of 1.3-1.5 ATA has
a more important effect on mTBI PPCS symptoms than oxygen
pressure where a near-equal oxygen effect occurs from 1,002
to 3,420-4,860 AMs.
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TABLE 2 | Immediate post-treatment symptom changes according to pressure and oxygen dose in mTBI PPCS studies, abstracted from Table 7 in Harch et al. (46) with

change in polarity.

Pressure dose No chamber 1.2 ATA air 1.3 ATA air 1.5 ATA O, 2.0/.21 ATA, 2.0/1.5 ATA, 2.0/2.0 ATA, 2.4 ATA O,
treatment press/O, press/O, press/O,
Oxygen dose, 0 600 1,002 3,120 76 3,720 4,860 6,900
atmosphere- (46,75) (75, 81) (69) (75, 81) (71) (71) (71) (69)
minutes 3,420
(46,80)
Wolf et al. (69) +31°" +2.8%
Cifu et al. (71) —12 _42 4108
Miller et al. (75) +28 +352 +378
-3¢ +21° +11¢
Harch et al. (80) +36°
Weaver et al. (81) —212 +22
—-13°¢ +10°
Harch et al. (46) +5.6° +52¢

Scores are percent change: Post minus Pre/Pre with polarity reversed so that positive represents symptom improvement.

aRivermead Postconcussion Questionnaire.

bImmediate Post-Concussion Assessment and Cognitive Testing (ImPACT).

¢Neurobehavioral Symptom Inventory (NSI).

“Values for both figures are symptom score improvements from Table 2. ImPACT symptom data in Wolf et al. (69) that were interpolated to the immediate post treatment time period,
using the ImPACT total scores (symptoms plus cognition) from Figure 2 [Wolf et al. (69)] exposure Interval 6 and applying the percent reduction in composite score from Pre-exposure
to Exposure Interval 6 in Figure 2 [Wolf et al. (69)] to the Pre-exposure ImMPACT symptom scores in Table 2 [Wolf et al. (69)].
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FIGURE 2 | Symptom Improvements from Table 2 vs. pressure dose for HBOT mTBI PPCS studies. Symptom percent values represent average percent
improvement in symptoms at a given pressure in Table 2, averaging the three different instrument (ImPACT, NSI, and RPQ) symptom outcomes.

Classification of Evidence, Methodologic

Quality, and Risk of Bias Assessment
The CEBM Levels of Evidence (3) and American Society of Plastic
Surgeons Grade Practice Recommendation grading systems

(4) are presented in Tables 3, 4. The Level of Evidence and
PEDro methodologic quality/bias assignments along with PEDro
scoring are in Tables 5, 6. Miller et al. (75) and Harch et al.
(46) meet Level 1B criteria with a minus sign to designate
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FIGURE 3 | Symptom Improvements from Table 2 vs. oxygen dose for HBOT mTBI PPCS studies. Symptom percent values represent the average percent
improvement in symptoms for each oxygen dose in Table 2, averaging the three different instrument (ImPACT, NSI, and RPQ) symptom outcomes.

TABLE 3 | Levels of Evidence for therapeutic studies from the Centre for
Evidence-Based Medicine (3) in Burns et al. (4).

Level Type of evidence

1A Systematic review (with homogeneity) of RCTs

1B Individual RCT (with narrow confidence intervals)

1C All'or none study

2A Systematic review (with homogeneity) of cohort studies

2B Individual Cohort study (including low quality RCT, e.g., <80%
follow-up)

2C “Outcomes” research; Ecological studies

3A Systematic review (with homogeneity) of case-control studies

3B Individual Case-control study

Case series (and poor quality cohort and case-control study

Expert opinion without explicit critical appraisal or based on
physiology bench research or “first principles”

wide confidence intervals. Wide confidence intervals, despite
significant p-values and moderate to large treatment effects, are
likely due to TBI heterogeneity factors identified in Section
Limitations (below) and small sample size. The other four
randomized trials to not fit cleanly in the CEBM hierarchy.
Two of the rigorously performed higher quality/low bias studies
published as randomized controlled trials, Wolf et al. (69) and
Cifu et al. (71), that were previously assigned Level 1 status in
an mTBI/PPCS review article (100) no longer meet the definition
of a randomized controlled trial due to the scientific definition
of HBOT used in the present review and the recharacterization
of the control groups as treatment groups. They are classified
Level 2. For the same reason the Weaver et al. (81) study, a
rigorously performed high quality/low bias study published as
an RCT, is now a Level 2 study. The fourth of these randomized

Level 2 studies, Boussi-Gross et al. (70), is a randomized and true
controlled crossover trial but did not have published confidence
intervals, a CEBM (3) requirement for Level 1 classification. All
four of these studies are given a 2B designation with a plus sign
to denote, a higher level than true Level 2 cohort studies. There is
one Level 3 study (80), one Level 4 case series (84), and three Level
5 case reports (66, 67, 89). Harch et al. (68) was omitted from
Table 5 due to the inclusion of its 16 subjects in Harch et al. (80).
The two randomized controlled Level 1B- trials of Miller
et al. (75), and Harch et al. (46) demonstrated the benefit of the
treatment groups at 1.5 ATA oxygen, and one at 1.2 ATA air,
vs. control groups. The additional comparative dosing study of
Weaver et al. (81) (Level 2B+) demonstrated additional proof
of the efficacy of the 1.5 ATA oxygen dose compared to a 1.2
ATA air group, along with the Level 2B4+randomized controlled
crossover study of Boussi-Gross et al. (70), the case-controlled
study of Harch et al. (80) (Level 3), the case series of Mozayeni
etal. (84) (Level 4), and the 3 case reports (66, 67, 89) (Level 5).
PEDro analysis of methodological quality/bias is presented
in Table 6. According to PEDro scoring statistics (119), studies
scoring >6/10 on the PEDro scale are considered “moderate to
high quality.” Using the qualitative assessment of Cashin et al.
(110) for the entire scale of PEDro Scale scores, studies were
rated as: poor (<4), fair (4, 5), good (6-8), and excellent (9, 10).
Four (69, 71, 75, 81) of the six randomized and randomized
controlled studies were good to excellent quality/low bias with
PEDro scores of 8 (69), 9 (71), 9 (75), and 8 (81). Two of
these four studies (75, 81) were at 1.5 ATA oxygen. The other
two randomized controlled studies, both at 1.5 ATA oxygen,
were fair quality/greater bias with PEDro scores of 5 (46) and 4
(70). One point of the score differential between the higher and
lower quality studies is due to design differences based on the
presumption by the investigators of the four higher quality/low
bias studies that a low dose of pressure and oxygen were sham
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TABLE 4 | Grade practice recommendations from the American Society of Plastic Surgeons in Burns et al. (4).

Grade Descriptor Qualifying evidence Implications for practice
A Strong recommendation Level | evidence or consistent findings Clinicians should follow a strong recommendation unless
from multiple studies of levels I, Ill, or a clear and compelling rationale for an alternative
\% approach is present
B Recommendation Levels II, lll, or IV evidence and Generally, clinicians should follow a recommendation but
findings are generally consistent should remain alert to new information and sensitive to
patient preferences
C Option Levels II, lll, or IV evidence, but Clinicians should be flexible in their decision-making
findings are inconsistent regarding appropriate practice, although they may set
bounds on alternatives; patient preference should have a
substantial influencing role
D Option Level V evidence: little or no Clinicians should consider all options in their decision

systematic empirical evidence

making and be alert to new published evidence that
clarifies the balance of benefit vs. harm; patient
preference should have a substantial influencing role

From the American Society of Plastic Surgeons Evidence-based clinical practice guidelines. Borrowed from Swanson et al. (118).

TABLE 5 | Levels of evidence for reviewed HBOT mTBI PPCS studies and PEDro
Scale methodologic quality bias ratings for randomized trials.

Studies Levels of evidence Methodologic
Quality/Bias analysis

(PEDro Scale) (109)

Miller et al. (75) 1B () 9
Harch et al. (46) 1B () 5
Boussi-Gross et al. (70) 2B (+) 4
Wolf et al. (69) 2B (+) 8
Cifu et al. (71) 2B (+) 9
Weaver et al. (81) 2B (+) 8
Harch et al. (80) 3B* (imaging control)
Mozayeni (84) 4

Harch et al. (66) 5

Wright et al. (67) 5

Shytle et al. (89) 5

Scores of: <4 are considered “poor,” 4 to 5 “fair,” 6 to 8 “good,” and 9 to 10 “excellent.”
*Harch et al. (68) is not included in this table due to the inclusion of its 16 subjects in Harch
et al. (80).

controls. The pseudo-shams were pressurized treatments that
allowed the blinding of patients to a dose of HBOT. The two
crossovers lower quality/greater bias studies (46, 70) used no-
treatment control groups that prevented blinding of patients.
This accounted for a loss of one point for both Boussi-Gross et al.
(70) and Harch et al. (46) by PEDro analysis. In addition, the
Harch et al. (46) study was scored lower on Item 7 due to the
collection of one of the two primary outcomes (symptoms) at
the site of treatment while the other primary outcome (working
memory) and all 12 secondary outcomes were collected by the
blinded neuropsychologist. Boussi-Gross et al. (70) and Harch
et al. (46) also lost one point each for a significant number
of dropouts after allocation: 23/90 (25%) subjects dropped out
of Boussi-Gross et al. (70) after allocation due to “consent
withdrawn” and an additional 12% for testing, medication,
personal, and ear problems, while 6/31 subjects (19%) of the

HBOT group in Harch et al. (46) dropped out (81% of allocated
subjects retained) for personal, financial hardship, substance
abuse, an intercurrent new diagnosis of cancer, and work conflicts
(all random events) that precluded achieving the 85% allocation
threshold for outcome data analysis by PEDro criteria. An
additional source of bias not addressed in the PEDro analysis is
bias from conflict of interest. Dr. Harch stated conflict of interest
in his studies (46, 80). Many of the investigators in the low-bias
studies (69, 71, 75, 81) are employed by the funding source.

Side Effects

Side effects and adverse events were minor, but some were
more frequent than expected and others were both notable
and unusual; no treatment-induced serious adverse events
were reported. Harch et al. (80) reported a higher incidence
of minor and unusual adverse events; middle ear barotrauma
(20%), exacerbation of PTSD anxiety (6.7%), and transient
worsening of symptoms at the midway point (23%). Investigators
attributed the high incidence of barotrauma to the twice/day
frequency of HBOT in patients who developed upper respiratory
infections during the treatment course. Barotrauma occurred
in the prodromal phase of their upper respiratory illnesses
before patients were symptomatic and could be paused
from treatment. The twice/day frequency prevented the
identification of those with developing infections that could have
precluded barotrauma. Wolf et al. (120) documented middle ear
barotrauma (5.51%) and sinus squeeze, confinement anxiety,
headache, nausea, numbness, heartburn, musculoskeletal chest
pain, latex allergy, and hypertension (0.07-0.61%). Boussi-Gross
et al. (70) and Cifu et al. (71) did not mention/report side
effects or adverse events. Mozayeni et al. (84) reported no
side effects or complications. Churchill et al. (85) summarized
adverse events for two DoD studies, Miller et al. (75) and
Weaver et al. (81), and reported minor adverse events in 40/120
subjects (33%). Among these 40 subjects, 31 had experienced
barotrauma: otic (17%), sinus (8.3%), and tooth (.8%). The
high otic and sinus barotrauma figures were due to 24% otic
and 11% sinus barotrauma incidences in one study (81),
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TABLE 6 | PEDro analysis of methodologic quality and bias for randomized trials.

Wolf et al.
(69)

Items

(70)

Boussi-
Gross et al.

Harch et al.
(46)

Weaver
et al. (81)

Miller et al.
(75)

Cifu et al. (71)

1 (eligibility criteria specified)

2 (random allocation)

3 (concealed allocation)

4 (groups similar at baseline)

5 (subject blinding)

6 (therapist blinding)

7 (assessor blinding)

8 (1 key outcome for >85% subjects)

9 (1 key outcome: intention-to-treat analysis)

10 (1 key outcome between group statistical comparison)
11 (1 key outcome point measurements and variability)
Total:

< < zZ << zZ<<<<<
< ZZzzZz < zZzzZz <z <<

© < < zZ < < < < < < < <
© < < < < <zZ<<<<=<<=<
® < < < < < zZ<zZ<<<
o< <zZzzzzz<<<<

approximately four-fold the rates in the other study [6, 4%
(75)]. Since the treatment pressures were identical in the two
studies a difference in chamber operations/equipment likely
accounts for the high rate and discrepancy between studies.
Additional adverse events for the two studies included headache
(6.7%), dizziness/vertigo (2.5%), vision change (2.5%), anxiety
and somnolence (1.6% each), and dyspnea, neck irritation, eye
pruritis, or hyperventilation (0.8% each). Shytle et al. (89) noted
anxiety and GI discomfort in one of 3 patients at 25 HBOTs.
In Harch et al. (46) middle ear barotrauma occurred in 2%
along with three notable and unusual adverse events: a predicted
consented perforation of a multiply previously perforated
tympanic membrane in 1 patient (2%) and increasing late
protocol fatigue with a transient reversal of improved cognitive
PPCS symptoms in two patients at 34 and 39 HBOTs. These late
deteriorations were attributed to oxidative stress.

DISCUSSION

Mild TBI is a heterogenous physical injury to the brain (7-
27) that causes a wide range of signs, symptoms, and outcomes
that have been defined in the chronic state as the Persistent
PostConcussion Syndrome (2). TBI heterogeneity is reflected in
the reviewed studies on HBOT in mTBI/PPCS in different subject
populations (civilian and military, active duty and veteran), a
wide range of ages (18-60 years), different etiologies (blunt and
blast), varying times to injury [3 months (71) to 46 years (84)],
PTSD or no PTSD, varied dosing protocols of pressure and
oxygen, and an extensive list of outcome instruments.

HBOT is classified as a medical gas by the U.S. Centers
for Drug Evaluation and Research of the FDA and consists of
two components, increased barometric pressure and hyperoxia
(57, 58, 112), which have been argued to have varying effects on
mTBI/PPCS depending upon the doses of pressure and hyperoxia
employed (46, 80, 99-101, 112). Both have demonstrated a
wide range of bioactivity (56, 99, 112, 121-125), including

independent, overlapping, and interactive gene expression and
suppression effects (123, 124). This bioactivity is translated into
wound repair and improved symptoms in diverse, mostly wound,
conditions (56). This scientific understanding of hyperbaric
oxygen therapy has eluded the hyperbaric medicine field for 359
years, particularly in the last 60 years, and has been confused
and thwarted by the arbitrary definition of HBOT at a minimum
pressure of 1.4 ATA of 100% oxygen (55, 56). To rectify the
confusion, help resolve the controversy of the mTBI/PPCS
studies, and enable this systemic review, the arbitrary definition
was supplanted by the scientific definition (58).

Symptom outcomes were chosen as the primary outcome in
this review due to their broad reflection of the heterogeneity
of TBI, their applicability to medical practice, and a
recommendation by the U.S. FDA to prioritize a PPCS
symptom questionnaire, the NSI, as a primary outcome for
an RCT on HBOT (46) in mTBI PPCS (57). This choice and
the FDAs recommendation were reinforced by the results of
the Weaver et al. (81) study where investigators concluded
that the “NSI would be a reasonable, simple primary outcome
measure in future studies” after an extensive battery of tests in
all of the Department of Defense HBOT mTBI/PPCS studies
revealed that “more resource-intensive measures... did not
prove useful for measuring the change in this population.” The
FDA also recommended that a series of clinical investigations
with varying doses of pressure and hyperbaric hyperoxia should
be performed (57). Inadvertently, the combination of civilian
and DoD HBOT mTBI studies above have addressed these
criteria with broad-based symptom outcomes (ImPACT, NSI,
RPQ, or both NSI and RPQ) and a variety of pressures and levels
of hyperbaric hyperoxia.

This symptom-based outcome review shows that, regardless
of the heterogeneity of TBI and the studies herein, as well as
negative reporting biases in studies (69, 71, 75, 81) and positive
biases in studies (46, 80), analysis of the studies by outcomes,
pressure dose, oxygen dose, or the composite dose of HBOT
reveals that all symptom-based outcome studies performed at
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1.5 ATA pressure and pressure of oxygen (46, 75, 80, 81) show
symptom reductions in mTBI PPCS. Two of these 1.5 ATA HBOT
studies (75, 81) are rated as CEBM Level 1 and 2 with good
to excellent methodologic quality/low bias PEDro scores of 9
and 8, substantially higher than the average 5.1 scores of 37,417
PEDro scored randomized controlled physiotherapy trials (119),
a category of clinical trials that share blinding challenges similar
to hyperbaric medicine and surgery. The third of these 1.5 ATA
oxygen trials, the RCT of Harch et al. (46) was a Level 1 study with
a fair quality/greater bias PEDro Scale score of 5. The fourth study
(80) is a Level 3 study. In addition, non-significant symptom
reductions occurred in a single Level 2 excellent quality/low
bias study at 2.0 ATA oxygen (71), and significant symptom
reductions in single Level 2 and Level 1 moderate and excellent
quality/low bias studies at 1.3 ATA pressure of air (69) and 1.2
ATA pressure of air (75), respectively. Effect sizes for all of the
Level 1-4 studies in the present review are at least moderate and
in excess of placebo effects for the oxygen groups compared to
compressed air or no-treatment groups with symptom effect sizes
greater than cognitive effect sizes (126).

The results achieved with the 1.5 ATA oxygen dose are
reinforced when cognitive outcomes are added from these 1.5
ATA oxygen symptom outcome studies and the Boussi-Gross
et al. (70) 1.5 ATA Level 2 oxygen study, the case series study
of Mozayeni et al. (84), and the case reports of Wright et al.
(67), and Shytle et al. (89). The symptom and cognitive outcomes
are strongly supported by the functional imaging (17, 127)
changes in two controlled studies (70, 80). Both studies revealed
significant improvements in brain blood flow. In Harch et al.
(80) the improvements in blood flow were almost exclusively
in the white matter, the primary site of injury in mTBI (9, 10,
15, 22-24, 30, 32-35, 47), but significant improvements in blood
flow were also demonstrated in the hippocampi consistent with
the improvements in memory function of the subjects. Near
identical findings, improvements in memory, and simultaneous
increase in blood vessel density were demonstrated at 1.5 ATA
with oxygen in the Harch et al. (65) animal model of HBOT-
treated mTBIL. In Boussi-Gross et al. (70) improvements in
cognitive domains matched improvements in HBOT-induced
brain blood flow to the anatomic areas of injury responsible for
cognitive deficits seen in the subjects. In addition, the increases
and decreases in brain blood flow to different regions of the
brain measured in Boussi-Gross et al. (70) were an independent
alternative replication of the mathematical texture analysis and
visual pattern shift of brain blood flow measured in Harch et al.
(80). The widespread improvements on SPECT seen in these
two studies are contrary to those seen in SPECT-studied placebo
drug trials (128, 129) and are consistent with the symptom and
cognitive improvements seen in all of the studies at 1.5 ATA.
Equally important, the beneficial outcomes with the 1.5 ATA dose
were achieved with minor side effects or complications.

The outcomes achieved in the reviewed studies compare
favorably with outcomes achieved in a non-controlled U.S.
Department of Defense National Intrepid Center of Excellence
treatment program for veterans with TBI with or without
psychological health problems. DeGraba et al. (130) reported a
7.5-year experience with 1,456 veterans who were a minimum

of 6 months post-TBI (average 5.09 years) and had sustained
an average of 7 TBIs. Patients were treated in a 4-week
intensive residential program that included over 20 different
therapies, at least 20 different therapists, and multiple physicians.
Results from 474 to 1,174 of the most severely symptomatic
(numbers of subjects varied per outcome instrument reported)
showed a decrease in NSI of 44%, Post Traumatic CheckList
of 23%, General Anxiety Disorder scale-7 of 50%, and
Personal Health Questionnaire-8 of 50%. Headache, a marker
of TBI (131), had the least improvement (4 points, 6.5%
reduction), half the amount that is considered a clinically
significant change (130). The only study in this review
with the same therapy benefit was the Harch et al. study
(80), also a non-controlled study, whose subjects were a
minimum of 6 months post-TBI (average 3.35 years) with
an average of 3.5 TBIs. After 4 weeks of treatment with
a single biological therapy, one technician, one physician,
and a neuropsychologist subjects RPQ decreased by 36%,
Post-traumatic CheckList by 26%, General Anxiety Disorder-
7 by 40%, and Personal Health Questionnaire-9 by 48%. In
contrast to DeGraba et al. (130), headache, the second most
responsive symptom next to dizziness (80), was reduced in
93% of subjects, indicating treatment of the underlying TBI
(131). This was achieved at a cost for testing and treatment
of $14,656/subject (figures from personal communication with
Harch investigators adjusted from 2012 to 2021 dollars).
The National Intrepid Center of Excellence is a $65 million
center (132) [new centers are $14 million (133)] and the
average cost of treatment in 2021 dollars adjusted from
2015 National Intrepid Center of Excellence costs were
$17,153/veteran (134). U.S. Veterans Administration 2021
adjusted costs from the 2012 U.S. Congressional Budget Office
report were $15,589/veteran for TBI, $18,387 for TBI with
PTSD (135).

The positive findings for the 1.5 ATA oxygen dose in
the mTBI PPCS studies are further supported by positive
outcomes in multiple studies on HBOT at 1.5 ATA in
acute severe TBI (136-143), and one study in moderate-
severe subacute TBI (144), suggesting a shared sensitivity of
TBI to 1.5 ATA oxygen regardless of acuity or severity. An
additional RCT performed at 2.5 ATA in acute severe TBI
(145) proved to be toxic, very similar to the 2.4 ATA oxygen
dose in Wolf et al. (69, 113). The acute treatment course
in that study (145) was interrupted in multiple subjects due
to pulmonary oxygen toxicity. Similar to Wolf et al. (69),
the neurological results were minimal at this high oxygen
dose: no difference in mortality or duration of coma was
demonstrated between groups (145). The sole positive finding
was an interim outcome, increased recovery of consciousness
at 30 days, in a subgroup of HBOT-treated subjects with
brainstem contusion.

Summary of Main Findings

According to the CEBM evidence classification hierarchy (3), the
two randomized controlled trials of Miller et al. (75) excellent
quality/low bias) and Harch et al. (46) (fair quality/greater
bias) meet the Level 1 standard for Evidence-Based Medicine
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treatment of mTBI/PPCS. Both of these studies demonstrated
the benefit of the treatment groups at 1.5 ATA oxygen, and
one at 1.2 ATA air, compared to control groups. One of the
studies (75) also demonstrated a positive effect on co-morbid
PTSD, a finding first reported in 2009 (66) and reinforced in
multiple subsequent reports (68, 69, 71, 80, 81, 87, 89). The
comparative dose Level 2 studies of Boussi-Gross et al. (70) (fair
quality/greater bias) and Weaver et al. (81) (good quality/low
bias), the only study with mismatched treatment groups (HBOT
group with more serious brain injury), demonstrated additional
proof of the efficacy of the 1.5 ATA oxygen dose compared to
a control group or 1.2 ATA air group, along with the case-
controlled series of Harch et al. (80) (Level 3) and case series of
Mozayeni et al. (84) (Levels 4), and the 3 case reports (66, 67, 89)
(Level 5). At the same time, one Level 2 (good quality/low
bias) study, Wolf et al. (69), demonstrated efficacy at the 1.3
ATA air dose. Compared to a previous Class B recommendation
for HBOT in mTBI PPCS (100) the additional randomized
controlled trials and randomized comparative dosing studies
now meet CEBM Level 1 evidence and American Society of
Plastic Surgeons Grade A Practice Recommendation criteria
for HBOT treatment of mTBI/PPCS (4) (Tables3-5) at 1.5
ATA oxygen.

Limitations

The main limitation is the heterogeneity of the patients
inherent in the diagnosis of mTBI/PPCS (causes of injury,
circumstances, non-uniformity of force/vector/head position,
anatomy, symptoms, past injuries, co-morbidities, time from
injury to treatment, etc.). Additional limitations are the exclusion
of non-English language literature, the discrepancy in treatment
and testing sites with respect to altitude (81), small sample
sizes out of proportion to the heterogeneity (46, 68-71, 75,
80, 81, 84), variability in the design of the studies (46, 68-
71, 75, 80, 81, 84), heterogeneity of outcome instruments (46,
68-71, 75, 80, 81, 84), failure to appreciate that a pressure
experience is not a sham such that randomized “controlled”
trials were actually randomized comparative dosing studies
(69, 71, 75, 81), difficulty in structuring a study with a true
pressure control (46, 69-71, 75, 81), lack of statistical analysis
of outcome changes of one group compared to another or
control (69-71, 75), and paucity of literature to review. Despite
all of these limitations which would bias data and conclusions
toward rejection of the null hypothesis and Type II Error due
to small sample size, the studies’ data support the conclusions
drawn herein.

Conclusions

In multiple randomized and randomized controlled studies,
HBOT at 1.5 ATA oxygen demonstrated statistically significant
symptomatic and cognitive or cognitive improvements alone
in patients with mild traumatic brain injury Persistent
Postconcussion Syndrome. Positive and negative results
occurred at lower and higher doses of oxygen and pressure.
According to pressure and oxygen dosage analyses, increased
pressure within a narrow range appears to be the more
important effect than increased oxygen which is effective over

a broad range. Improvements were greater when patients
had comorbid Post Traumatic Stress Disorder. Large blinded
controlled trials would be ideal to confirm the results of this
review, but despite small sample sizes, the studies using 1.5
ATA oxygen satisfy the Centre for Evidence-Based Medicine
(3) Level 1 criteria and merit a Class A Recommendation for
treatment of mTBI PPCS at 1.5 ATA of oxygen, according
to the American Society of Plastic Surgeons Grade Practice
Recommendations (4).

CLASSIFICATION OF EVIDENCE

This review provides Centre for Evidence-Based Medicine (3)
Class 1 evidence that 40 hyperbaric oxygen treatments at 1.5
ATA oxygen are effective and well-tolerated in mTBI Persistent
PostConcussion Syndrome. According to the American Society
of Plastic Surgeons Grade Practice Recommendations, this
evidence meets the threshold for and is a Grade A Practice
Recommendation (4).

CONTRIBUTION TO THE FIELD
STATEMENT

Mild TBI has been traditionally considered to be innocuous. It
is now appreciated to cause permanent symptoms [the Persistent
PostConcussion Syndrome (PPCS)] in a substantial number of
patients. Hyperbaric oxygen therapy is a treatment for mostly
acute and chronic wound conditions that is scientifically defined
as a dual-drug therapy that uses increased oxygen and increased
pressure to treat disease pathophysiology/wounds. Multiple
studies have reported confusing and seemingly conflicting results
of HBOT treatment of PPCS, due to the use of a non-scientific
historical definition of HBOT that led to inadvertent mal-
design of some of the studies. Using the scientific definition
of HBOT this review resolves the confusion and conflict by
analyzing the studies on HBOT in mTBI PPCS according to
individual and composite doses of pressure and oxygen. The
results show that barometric pressure is the more important
component of HBOT compared to the pressure of oxygen
and that in multiple studies a composite dose of pressure and
oxygen, 1.5 ATA oxygen, demonstrated significant improvement
in symptoms and cognition in patients with PPCS. This finding
has the potential to change the standard of practice in the
treatment of PPCS and has substantial implications for millions
of patients worldwide afflicted with PPCS, including military war
veterans.
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