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Background and epidemiology:   

Traumatic brain injury (TBI) is defined as damage to the brain resulting from external 

mechanical force, such as rapid acceleration or deceleration, impact, blast waves, orprojectile 

penetration.The major causes of TBI in high income countries are motor vehicle crashes 

(50%), falls (38%) and violence (including attempted suicide) (4%) (1). TBI has become a 

major public health concern worldwide for both civilian and military populations.At least 10 

million new head injuries occur annually worldwide, and these account for a high mortality 

rateof deaths in young adults (2). The annual incidence in the United States, for example, is 

estimated at 1.4 million people. Of these, 50,000 will not survive the acute injury, 235,000 

will be hospitalized, and the remaining 1.1 million will be treated and discharged from 

emergency departments. Data are lacking on patients who have TBI evaluated in nonhospital 

settings or did not receive any medical care (3). These data do not include the military or 

veterans administration systems (4). In addition, patients whose TBI is secondary to sports-

related injuries and do not seek medical attention may also add up to 3.8 million cases of 

unaccounted patients each year (5). TBI is noted to be the signature injury of the Afghanistan 

and Iraq military conflicts: 28% of the soldiers evacuated have TBI. There are no accurate 

statistics on mild TBI because most people don’t go to a hospital,and 25% of those who do 

are never re-evaluated beyond the time of injury(6).According to the Center for Disease 

Control, more than 5 million Americans, or about 2% of the population, are living with long-

term disabilities resulting from TBI(7, 8). 

 

The health implications of TBI are multi-dimensional, dependent on the severity of TBI, and 

have a wide spectrum of physical, mental, social, and emotional disabilities. TBIalso presents 

a considerable financial burden on individuals, families and national economies and health 

systems, with annual costs estimated at more than $56 billion(8). 



4 
 

 

Clinical presentation: 

TBI classificationis usually based on severity, anatomical features of the injury, and the cause 

of the injury. The severity is assessed according to the loss of consciousness (LOC) duration, 

the post-traumatic amnesia (PTA), and the Glasgow coma scale (GCS) grading of the level of 

consciousness. 

 

About70–90%of the TBI in the US are classified as mild TBI (mTBI) or concussion: LOC 

duration of 0–30 minutes, PTA duration of less than a day and GCS grade of 13–15(9). Post 

concussion syndrome (PCS) is a set of symptoms succeeding mTBI in most patients. The PCS 

symptoms include headache, dizziness, neuropsychiatric symptoms (including behavioral and 

mood changes, confusion), difficulty balancing, fatigue, changes in sleep patterns and 

cognitive impairments (including memory, attention, concentration and executive functions 

disorders)(10, 11). PCS may continue for weeks or months, most patients recover butup to 

25% of the patients may experience prolonged PCS (PPCS) in which the symptoms become 

chronic and last for over six months(12-15). 

 

The remaining10-30% of TBI are classified as moderate to severe if one or more of the 

following criteria apply: death, loss of consciousness of 30 minutes or more, PTA of 24 hours 

or more, and the worst GCS full score in the first 24 hours is <13 providedthat this is not 

invalidated by other factors such as intoxication or sedation. In addition if there is evidence of 

injury in imaging, such as hematoma, contusion or hemorrhage then the TBI would be in the 

moderate-severe category (9). Patients with moderate-severe TBI may present with severe 

headaches, repeated vomiting or nausea, convulsions, diverse levels of 

consciousness, anisocoria, dysphasia, dysarthria, weakness or numbness in the limbs, loss of 
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coordination, confusion, restlessness, or agitation. The mortality rate in this group is up to 

40% and survivors usually suffer from significant physical disabilityon top of cognitive, 

psychological and emotional impairments(16).  

 

Pathophysiology: 

The pathophysiology of brain injury has primary and secondary components. At the time of 

impact the neurological tissueenduresa variable degree of irreversible damage (primary 

injury).Primary injuries include contusions, lacerations, diffuse axonal shear injury, diffuse 

vascular injury and shearing of cranial nerves (17).Diffuse axonal injuryis the hallmark lesion 

in TBI. The deceleration and acceleration forces most often associated with rotational forces 

cause axonal shear-strain, which results in cytoskeletal malalignment and permeability 

modifications. The shear-strain is more likely to develop in areas between tissues of different 

densities and viscosities. The microscopic extent of injury always exceeds the macroscopic 

abnormalities. The most frequent location is at the gray-white matter junction in the frontal 

and temporal lobes (18-20). 

Following the primary injury, a chain of events occurs in which there is ongoing injury to the 

brain through edema, hypoxia and ischemia secondary to raised intracranial pressure (ICP), 

metabolic changes, infection, hydrocephalus, release of excitotoxic levels of excitatory 

neurotransmittersand impaired calcium homeostasis (21, 22). 

 

Standard management and outcome 

In the acute phase of TBI, therapy focuses on minimization of secondary injury by ensuring 

adequate oxygenation, hemodynamics, control of intracranial pressure, and strategies to 

reduce cellular injury(21, 22). Penetrating injuries or mass lesions such as intracranial 

hematomas are usually removed surgically. A number of therapies such as barbiturates, 
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calcium channel blockers, mannitol, steroids, anti-convulsants, hyperventilation 

andhypothermia have been tried and none hasshown unequivocal efficacy in improving 

prognosis(23-27).Moreoverdifferent centers use a different treatment plans and there is 

suboptimal compliance with current evidence-based practice guidelines for moderate-to-

severe TBI patients (28-30). 

Currently, there is no effective treatment/metabolic interventionin the daily clinical practice 

for post TBI patients with chronic neurological dysfunction. During the subacute-chronic 

phase, patients participate in intensive rehabilitation programs thataim to improve 

independent function and quality of life, mostly by helping the patients to adapt to their 

disabilities. Rehabilitation includes a multidisciplinary approach thatmay include 

physiotherapy, speech and language therapy, cognitive rehabilitation therapy, medications and 

others (31). However, several systematic reviews found limited evidence to support the 

efficacy of rehabilitation programs (32). Approximately 60% of TBI patients survive the acute 

injury. Out of those, 45-50% remain withmoderate disability and 10% withsevere disability. 

Many long term outcome studies concluded that patients with moderate-severe TBI show 

physical and functional improvement but remain with cognitive,emotional 

andneuropsychosocial impairments. Patients demonstrate significant limitations in daily living 

tasks(33-36).  

As stated above, 25% of PCS patientsdevelop chronic long term disabilities (PPCS) (12-15). 

Patients treated for PCS receivevarious off-labelpharmacologic and psychotherapeutic 

interventions to address co-morbidities such as depression, but no medication has been 

approvedbythe united states food and drug administration (FDA for treatment of any 

neuropsychiatric consequences of TBI (37). Rehabilitative therapies are selected to address 

symptoms persisting after injury, including physical visual and vestibular therapies. Patients 

are encouraged to participate in support groups to address cognitive symptoms (37). 
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Rationale for HBOT use 

The brain receives 15% of the cardiac output, consumes 20% of the total body oxygen, and 

utilizes 25% of the total body glucose. The energy thus supplied is only sufficient to keep 

about 5-10% of the neurons active at any given time. At a standard healthy condition, the 

brain utilizes almost all the oxygen/energy delivered to it. 

In the acute phase, hypoxia following TBI is an integral part of the secondary injury described 

above. The anaerobic metabolism utilized byhypoxic neurons results in acidosis and an 

unstable reduction in cellular metabolic reserve(38). As the hypoxic state continues, the 

neurons lose their ability to maintain ionic homeostasis and become prone to cell membrane 

degradation. Eventually, irreversible changes result in cell death(39).And even without cell 

death metabolism is reduced in the hypoxic microenvironment and the decreased neuronal 

activity leads to loss of synapses and hampered neuronal connectivity (40). 

HBOT can increase oxygen availability in the early period following TBI, reduce secondary 

injury and improve the long term outcome(41-45). Improved brain tissue oxygenation has 

been shown to improve aerobic metabolism and decrease brain lactate concentrations in 

animal models (46, 47)as well as in patients withsevere TBI (48-50).  

HBOTalso improves cerebral vascular flow (48, 51-53), promotes blood-brain barrier 

integrity, preserves mitochondrial membrane properties(44), reduces inflammatory reactions 

(54), reduces both microgliosis and astrogliosis reactions(55, 56), decreases the lesion size 

(42, 44) and brain edema,and reduce intracranial hypertension(42, 57, 58). 

In the subacute-chronic delayed stage,previous animal studies have revealed the beneficial 

effect of HBOT on the chronicallyinjuredbrain tissue and on the resultant cognitive 

dysfunction in animal models (43, 53, 59).The elevatedoxygen concentrationin the blood and 
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injured tissue during treatment (47, 57, 60) can supply the energy needed for the processes 

ofneuroplasticity. 

HBOT induces neuroplasticity by stimulating cell proliferation (61), promotes neurogenesis 

of endogenous neural stem cells (62), regenerates axonal white matter (63), improves 

maturation and myelination of injured neural fibers (64, 65), and stimulates axonal growth 

thus increasing the ability of neurons to function and communicate witheach other (66, 67). 

At the cellular level, HBOT can improve cellular metabolism, reduce apoptosis, alleviate 

oxidative stress and increase levels of neurotrophins and nitric oxide through enhancement of 

mitochondrial function (in both neurons and glial cells) )57 ,62 ,68( . Moreover, the effects of 

HBOT on neurons can be mediated indirectly by glial cells, including astrocytes (69). The 

common denominator to all repair and regeneration mechanisms is that they are all oxygen 

dependent. 

HBOT was also found to have a significant role in initiation and facilitation of 

angiogenesis,which is requiredfor axonal regeneration(70-74). Local or diffuse 

hypoperfusion, as in TBI,is a limiting factor for any regenerative process(75-79). By inducing 

angiogenesis, HBOT improves the cerebral vascular flow necessaryfor neurogenesis and 

synaptogenesis (80, 81). 

 

 

Evidence-Based review of HBO use 

Acute and subacute TBI 

Therewere8 randomized controlled trials (RCT)(Holbach’s 1974 article in German was not 

covered), one meta-analysis and one prospective study evaluating the clinical effects of HBOT 

in patients suffering from TBI in the acute and subacute settings.The studies had different 

HBOT protocols of time to treatment (several hours to 30 days), hyperbaric pressure (1.5-
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2.5ATA), dose of treatment (60 minutes daily to 10 sessions a day), number of sessions (3-40) 

and follow-up evaluation (days to 1.5 years).All RCTs compared a standard intensive 

treatment regimen to the same treatment regimen with the addition of HBOT. Only closed-

head injuries were included.  

The studies used mostly Glasgow coma scale (GCS) and Glasgow outcome scale (GOS) to 

evaluate the clinical effects. Several studies analyzed the scores as continuous parameters 

rather than nominal groups of favorable and unfavorable outcomes. In addition, several 

studies do not factor the result per severity of injury at baseline.  

Low level evidence: 

Parkash’sRCT(82) on 56 children (28 treated by HBOT) with severe TBI, treated 10 days post 

injury, reported significant improvement in GCS score (14 vs. 10 after 3 weeks). However, 

HBOT protocol was not revealed, GCS was referred to as a continuous parameter rather than 

nominal groups, and p-values were not supplied. These allconsiderably diminish the validityof 

this trialresults. 

Mitani’s case series(83) reported some benefit depending on the type of brain injury: 

improvement in acute subdural hematomas and mild to moderate diffuse axonal injuries 

andpoor outcomes insevere diffuse axonal injury. However, in addition to the retrospective 

nature of this data, the statistical analysis is lacking and the HBOT protocolis unclear.  

Lee et al. case report (84)described a significant complication ofHBOT in the acute trauma 

setting:tension pneumocephalusthatmandated emergent surgery. Hence unrepaired skull base 

fractures and CSF leaks weresuggestedas contraindications.  

Moderate/high level evidence: 

The largest randomized controlled trial (RCT) in severe TBI patients, conducted by 

Rockswold(85), included 168 patients (84 treated by HBOT) and demonstrated a significant 

reduction inmortality rate (17% vs. 32%, p=0.037). Further analysis showed reducedmortality 
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was mainly in patients with initial GCS of 4-6 (p=0.04) as well as patients with intracranial 

pressure higher than 20mmHg (p=0.02). It should benoticed that intubated patients without 

myringotomy increased (rather than decreased)ICPduring HBOT. Even though mortality was 

reduced, in those who survived there was no change in favorable clinical outcome. This trial 

had the most intensive protocol of HBOT, with 3 sessions of 60 minutes per day. In later 

studies done byRockswoldgroup, the HBOT protocol was changed with significant reduction 

in the frequency/intensity of treatment.Myringotomy, which eliminated the ICP elevation 

during HBOT,was included inthe treatment protocol. 

In a later RCT (86), Rockswold focused on brain metabolism and oxygenationrather than the 

clinical effects in 69 patients (26 treated byHBOT) with severe acute TBI (86). The HBOT 

treated group had significantly increased tissue oxygenation (p<0.003), cerebral blood flow 

(p<0.01) and cerebral metabolic rate (p<0.01).The improved aerobic brain metabolism was 

reflected bydecreased lactate and lactate/pyruvate ratio. The beneficial metabolic effects 

lasted 5-6 hours post HBOT session, while decreased intracranial pressure (p<0.001) was 

noticeable even24 hours after thesession. As stated earlier, this study did not evaluate 

anyclinical status as primary or secondary outcome. 

In a later RCT by Rockswold(87) thatincluded42 patients (22 treated byHBOT) with severe 

acute TBI,HBOT significantly decreased mortality by more than 50% (16% vs. 42%, p=0.04) 

and increased the proportion of favorable outcome measured by GOS six months post injury 

in the HBOT treated group (74% vs. 38%, p=0.02). HBOT also decreased intracerebral 

pressure (p<0.0006), increased brain tissue oxygenation (p<0.00001) and improved aerobic 

metabolism with low lactate/pyruvate ratios (p<0.0078). In this trial, each HBOT session was 

followed by 3 hours of normobaric 100% oxygen treatment.  

Ren’s RCT (88)included55 patients (35 treated byHBOT)suffering fromacute TBI. The results 

clearly demonstrated statistically significant improvementin GCS score (5.1 to 14.6, p<0.01) 
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as wellas significant improvementin unfavorable outcome measured by GOS within 6 months 

post injury (p<0.01).There werealso a significant reduction in abnormal brain activity 

(p<0.01), improved brain perfusion and decreased cerebral vascular resistance (p<0.01)(89).It 

should be noted thatGCS was used as a continuous parameter and mortality cases were 

excluded from the study.  

RCT by Mao et al. (90)included 60 patients with acute TBI (30 treated byHBOT).The results 

of the study demonstrated significant improvement in both GCS (P=0.05) and GOS (P=0.01) 

at 30 and 90 days post treatment. It should be noted thatscores were referred as continuous 

parameters instead of nominal groups.  

Lin et al. randomized(91)44 patients within 22-32 days from injury (subacute TBI), where the 

HBOT group (22 patients) achieved statistically significant better GCS scores than the control 

group 3 and 6 months after treatment (p<0.05). Statistically significant improvement was 

recorded for patients with GOS=4 at baseline (p<0.05).No significant differences were 

noticed between most severely injured groups of patients, stratified to GOS 2-3.It should be 

noted that the study lacks analysis of outcome per severity of TBI and nominal groups of GCS 

instead of a continuous parameter. 

Xie et al.’s RCT (92)included60 patients with acute TBI (30 treated byHBOT). The study 

results demonstrated statistically significant improvement in GCS score with relation 

tostandard neurosurgical care(P < 0.01).It should be noted that GCS scores were used as 

continuous parameters inadequately and there was no analysis of severity of TBI. 

RCT in the late 70’s by Artu(93)included60 coma patients with acute TBI (31 treated by 

HBOT).Whileoverall mortality and mean duration of coma werenot changed by HBOT, 

further analysis revealed that the subgroup of young patients with brain stem contusions had 

statistically significant higher rates of recovered consciousness at 1 month (p<0.03). The main 

drawback in the study was the HBOT protocol which was inconsistent. 
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Meta-analysis done at 2012 (94) pooled 7 randomized controlled trials (not including the 

2013Rockswold’s RCT mentioned above) and concluded that HBOT resulted in significant 

reduction of mortality, preventing 1 death for every 7 patients treated (CI 4-22), and GCS 

improvement of 2.68 (p<0.0001). However,no significant improved functional outcome was 

reported in those who survived even though a clear trend was demonstrated (p=0.07). It 

should be noted that those trials that did not assess functional outcome properly wereexcluded 

from that analysis. In addition, in several studies, GCS was referred to as a continuous 

parameter rather than nominal groups. 

A prospective study done by Mogami(95)included 51 TBI patients and showed neurological 

improvements in 50% of the patients during hyperbaric exposure. 33% had remarkable 

improvementwhich included restoration of mental and neurological function. In addition,EEG 

abnormalities decreased in 33% of the patients. Cerebrospinal fluid pressure decreased 

considerably during treatment and reverted rapidly during decompression. No statistical 

analysis or severity of injury was given.  

 

Normobaric oxygen was also evaluated in the setting of TBI. Diringer et al. prospective study 

on 5 patients did not find changes in brain metabolism and CBF when normobaric oxygen of 

0.5 FiO2 was provided (96). Tisdall et al. prospective study on 8 patients showed normobaric 

oxygen for 1 hour can improve brain metabolism, brain oxygenation but no changes were 

reported in ICP (97). Vilalta et al. prospective study on 30 patients revealed that normobaric 

oxygen for 2 hours can improve brain metabolism (reduced lactate/pyruvate and increase in 

glucose) in patients with anaerobic metabolism present prior to intervention (98).  

 

 



13 
 

Adverse effectsduring the acute setting of traumatic injury: Two studies reported including 

patients with acute TBI reported that 13% of the patients had chest x-ray infiltrates. These 

chest infiltrates can be attributed to the acute setting of traumatic injury (chest injury or 

ventilator associated pneumonia in those who required mechanical ventilation). Only one trial 

assessed CNS oxygen toxicity, which occurred in two (2.3%) of the patients. Middle ear 

barotrauma was reported in two patients (2.3%) in one trial (94).  

 

In summary, in the acute setting meta-analyzing the data is difficult due to the variety of 

treatment protocols and evaluation time points. However, HBOT in the acute-

subacutesettingafter TBIimproves both clinical and metabolic outcomes. Mortality 

wassignificantly reduced in all studies that used it as an end point. As for favorable 

functional outcomes, exceptforRockwold’s series with 3 daily sessions, 

allstudiesdemonstratedsignificant improvementeven though more severely injured 

patients survived in the HBOT treated groups. 

 

 

 

Chronic TBI: 

There were 5 randomized controlled trials (RCT), 4 prospective studies and 4 cohort 

studies evaluating the clinical effects of HBOT in patients suffering from TBI in the 

chronic stage. The studies had different HBOT protocols for hyperbaric pressure (1.2-

2.4ATA), severity of injury (mild-severe), number of sessions (40-120) as well as 

different methods of evaluation (PCS scales, PTSD scales, cognitive scores, SPECT 

and others). All RCTs showed that HBOT treated groups improved significantly 

compared to the pre-treatment score. The main issue in the RCTS is setting a proper 
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control group. Low dose hyperbaric pressure (such as 1.3ATA) has significant 

physiological effects and therefore cannot and should not be considered as sham but 

rather as low dose treatment. It was clearly demonstrated that low dosage (1.3 ATA), 

when used on the control group, had significant beneficial effects. When a standard 

TBI treatment was compared to HBOT, the beneficial effect could be properly 

evaluated and clearly demonstrated both by clinical and bio-imaging end points. Since 

there is no standard for evaluation (such as GCS in the acute TBI), the studies used 

different measures of cognitive and neuropsychological evaluations which are hard to 

compare. 

 

Low level evidence: 

Tal et al. evaluated 10 patients with PPCS due to mTBIin whom symptoms lasted more than6 

months since the acute injury (99). Significant improvement in cognitive functions (p=0.007) 

was demonstrated using computerized evaluation. Perfusion MRI showed significantly 

increased cerebral blood flow and cerebral blood volume. Study limitations: a relatively small 

sample and lack of control group.  

Sanhiet al. performed retrospective analysis (100) of 40 patients (20 treated by HBOT) of 

which some weresubacute and some chronic severe TBI cases. A significantly higher 

improvement in cognitive functions measured by Ranchos Los Amigos scale (RLAS) (50% 

vs. 25%) was noticed in the HBOT treated group. HBOT treated patients who were ina 

vegetative state hadthe highest improvement in disability rating scale (DRS) (40% vs. 20%). 

Patients treated within 1-6 months post injury hadthe highest proportion of recovery. Study 

limitations: in addition to the retrospective analysis nature of this study, the inclusion criteria 

were unclear, grouping of patients in final scores and p-values were not reported. 
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Churchill published a prospective study (101) thatincluded 28 patients sufferingfrom severe 

TBI for at least 1 year. Even thougha year or more had elapsedsincethe acute insult, HBOT 

induced improvement in symptoms (51% memory, 51% attention/concentration, 48% 

balance/coordination, 45% endurance, 20% sleep). However, on standardized evaluations of 

cognition and questionnaires no significant changes were reported.A small subset of the 

patients had brain imaging,and of those more than 50% showed significant improvements in 

brain perfusion. The study has several limitations due to the small sample size, vague 

inclusion criteria and no control group. In addition, the statistics were calculated for the entire 

group of chronic brain injury and not specificallyfor post TBI patients. 

 

Shi et al. (102) prospectively evaluated 310 patients with PCS or epilepsy and a history of 

trauma at least 1 month prior to inclusion. Post HBOT brain SPECT showed normalization of 

50% of the perfusion defects. 70% of the patients had significant improvement in clinical 

symptoms. This is the second largest cohort reported thatencourages the use of 

HBOT.However, it has several methodological flaws. 1)The inclusion criteria werevague, and 

the inclusion of seizuresimpairs the validity of the results as seizures are usually caused by 

more severe degrees of trauma. 2)The severity of trauma was not consideredas epilepsy is 

usually caused by more severe degrees of trauma. 3)Thestatistical analysis was not 

satisfactory.4)There was no control group. 5)The clinical improvement was not well 

validated.  

  

Harch et al. reported a case series(103) of 16 patients with military background and mild-

moderate TBIfor more than 1 year prior to injury. 80% of the patients reported 

improvementwhereas all the patients had improved physical examination. In addition, there 

was a statisticallysignificant improvement in the cognitive functions tests:IQ (p<0.001), 
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working memory (p=0.003), Stroop test (p<0.001), memory (p=0.02), TOVA impulsivity 

(p=0.04). The patients had a significant improvement in psychological scores: PTSD 

(p<0.001), Rivermead PCSQ (p=0.0002), anxiety (p=0.007), depression (p<0.001). There was 

a significant Improved quality of life (p=0.003). Brain metabolism was evaluated by SPECT 

and increased perfusion/activity in white matter and several gray matter areas (p<0.01) was 

demonstrated. The use of imaging alongside cognitive and psychological evaluations is 

valuable in demonstrating the neuroplasticity effect of HBOT. The study was designed as a 

pilot study, and as such had obvious limitations of small sample size, lack of control group 

and the mix of few moderate TBI with mild TBI patients. In addition, the use of Rivermead 

PCS scale is problematic as discussed above. Half of the patients were active military 

servicemen and might have been biased due to potential secondary gain from reporting illness 

(gaining compensation). Nevertheless, this is one of the few and important studies capable of 

showing an improvement in military service soldiers. In Israel this cohort of soldiers is not 

included in a prospective study due to ethical reasons (since soldiers are used to obey 

orders/request the validity of the informed consent is questionable) and possible secondary 

gain from reporting illness.  

Ly LQ et al. series (104)included6 patients who suffered from paroxysmal sympathetic 

hyperactivity after severe TBI unresponsive to accepted measures. Symptoms improved after 

HBOT. Since this is only a small size case series with no control group the evidence level is 

relatively weak. Yet, it sets the perspectiveof additionalphysiological effects of HBOT.  

Wright et al. reported on a case series (105)of 2 military servicemen with PCS induced 6 

months prior to treatment. The patients reported improved symptoms,and theirautomated 

neuro-psychological assessment showed improvement up to pre-injury levels. As a case series 

of a very small sample, itsevidence level is very low. Nevertheless, this is yet another of the 

few reports of military men whose symptoms of chronic PPCS improved after HBOT.  
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Barrett KF performed a non-randomized prospective study (106)on 10 patients who had 

sufferedtrauma3 years prior to inclusion. The study did not find significant objective changes 

in neurologic and neuropsychometrictests norany consistent pattern of perfusion changes over 

time in SPECT. The limitations of this study are the sample size and vague inclusion criteria. 

 

Harchreported(107) on a military service veteran with chronic PCS and PTSD who 

experienced improved clinical symptoms and brain perfusion in bilateral frontal and temporal 

areas.  

Hardy reported(108) on a patient with neurological symptoms due to injury 1 year earlier. 

After HBOT, there were improvements in both sensorimotor and neuropsychological 

symptoms, and EEG showed enhanced P300 amplitude in the damaged area. A year after 

treatment the patient symptoms relapsed, and after another series of HBOT sessions the 

improvements were reinstated. Despite being a case report it is worth noting as it suggests that 

some patients may experience relapseand would benefit from additional therapy.This is also 

the only report on EEG changes with HBOT used for PPCS patients. 

Wooley et al. reported a case (109)ofpostural instability and walking difficulties due to severe 

TBI 2 years prior to intervention. Mild improvement was gained right after HBOT but was 

not evident 6 weeks later. The lack of anatomical and functional imaging may have been the 

key to failure in this case. 

Neubauer et al. reported on a patient who suffered severe TBI 1 prior to HBOT. Post HBOT, 

the patient had improved motor and cognitive functions as well as normalized perfusion in 

SPECT scans. The use of concurrent functional imaging strengthens thevalidity of the 

observed clinical effect. Notice that this patient received one of the largest number (188) of 

sessions in the literature.  
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A case reportof a patient with chronic neurological deficits due to severe TBI by Lee et al. 

suggested that tension pneumocephalus is a rare complication that may occur in unrepaired 

skull base fractures(110). 

 

Moderate/high level evidence: 

Wolf’s double-blind RCT on 50 military servicemen(111)suffering frommild TBI symptoms 

compared HBOT of 2.4 ATA to "sham" treatment of 1.3 ATA. Both groups showed 

considerableimprovement in post-concussion symptoms and in the PTSD 

symptomsquestionnaire (p=0.001).However,there were no differences between the groups 

(p=0.35 for PCS questionnaire and p=0.84 for PTSD questionnaire). Even though the study 

had a sham control group and double blinding was applied, it had several methodological 

pitfalls,and its equivocalinterpretation of the findings calls for further discussion. First,the use 

of 1.3 ATA as sham treatment is a known dilemma in hyperbaric medicine. The only way to 

administer placebo pressure is to increase the environmental pressure to an extent that patients 

feel it in their ears. Alas, even at 1.3 ATA of compressed air there is a significant 

increaseinplasma and tissue oxygen pressure by at least 50%. It is well known that any slight 

increase in the partial pressure,say 1.05 ATA (at the Dead Sea), can bring on significant 

physiological effects (112, 113). Thus, the evidence that both groups improved considerably 

beyond what would be expected 6 months or more afterinjury may be related of a non-sham 

treatment. 1.3 ATA may well serve as a low dosageeffectivetreatment rather thansham 

control. The 2.4 ATA may even be less effective than1.3 ATA due to inhibitory effects ofvery 

high oxygen levels in the tissues.  

Furthermore, military patientsintroduce a majorpitfall asthis cohort has secondary gain in the 

form of financial compensation fortheir disability. The study was funded by the US 

department of Veterans Affairs (VA) and Department of Defense (DoD) and the patients were 
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asked to report about the symptoms by a self-assessmentquestionnaire. No objective end 

points such as metabolic imaging of the brain were used, and all conclusions were based on 

those questionnaires. With regards to the study cohort, the diagnosis criteriawere based only 

on subjective reports and not on clear identification of biological brain damage, such as 

MRI/PET-CT or SPECT.Thus, patientswith symptomatic PTSD could have been included 

without any direct brain mechanical injury.  

In summary, the authorsmay havereachedthewrong conclusions for the following reasons: 

- Room air at 1.3Atm cannot serve as shamcontrol since it is not an“ineffectual 

treatment”. This treatment leads to a significant increase in the level of tissue 

oxygenation which has been shown to be effective (114, 115).  

- 100% oxygen at 2.4Atmmay give rise to oxygen levels high enough to causean 

inhibitory effect or even focal toxicity. 

- The diagnostic criteria were not based on clear, direct demonstration of brain damage 

by brain imaging (MRI, PET-CT or SPECT). 

- Soldiers may have secondary gain from reporting illness, which is a source of bias in 

a study whose end points are based on subjective self-assessment. 

 

Cifu’sRCT(116, 117), also funded by DoD-VA, was conducted on 61 active military 

servicemen with PCS symptoms for at least 3 months. They were divided into 3 groups 

withdifferentFiO2(75%, 100%, 10.5%) at 2 ATA simulating 1.5 ATA HBOT, 2 ATA HBOT 

and no HBOT. The study did not find any significant differences(other than few items in 

group 2 and group 3) in cognitive functions (p>0.05), PCS (RPQ questionnaire p=0.41), eye-

movements (p>0.05 for all measures) between the HBOT groups and the so called "SHAM 

group".  
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Cifu’s study may have been double blind, butitsmany drawbacks,similar to those of the study 

byWolf et al., render it quite unsuitable as a source of consistent, meaningful information. In 

addition to the above-mentionedones (secondary benefit from reporting illness, lack of 

objective measures of brain damage, and non-neutral "sham”) it should be noted that the 

soldiers included were treated with high doses ofseveralpsychiatric drugs, much more than 

usually expected in civilians suffering from PPCS.There is also the problem of relocating the 

soldiers to a high altitude base. With regards to the study end points, the use of 

Rivermeadpost concussion symptoms questionnaire has severalflaws in implementation as 

well as in reflecting the severity of the PCS. Because many of the cognitive tests performed 

do not have a second version for retaking (such as WAIS), a learning effect would have been 

expected in the post treatment evaluation. As in the previous study, co-morbidities such as 

PTSD or depression were not excluded.  

Miller et al. RCT(118), funded by the DoD-Va, 72 active military servicemen with PCS from 

mTBImore than 4 months prior to inclusion, divided into 3 groups: HBOT at 1.5 ATA,"sham" 

(low pressure) of 1.2 ATA breathing air, and a standard TBI care group. The study reported 

significant improvements in both HBOT and sham groups in post concussion symptoms and 

neuropsychological symptoms (p=0.008 in HBOT and 0.02 in "sham") andno improvement in 

the TBI care group. Actually, The TBI care group showed worsening compared to the sham 

and HBOT groups. However, there were no significant differences between the HBOT and 

"sham"/low pressure groups (p=0.7). This study re-confirms that any hyperbaric pressure 

above 1 ATA cannot serve as sham intervention. Theauthors,however,interpreted the findings 

as indicating that the chamber serves as a placebo effect inducer. It should be noted that the 

subgroups in this studywererelatively small (22-24) for comparison between groups. In 

addition, as in the previous DoD-VA studies, the subjects were (a) military men with obvious 

secondary gains; (b) relocated to a high altitude site. The RPQ questionnaire with its 
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methodological problematic issues was used as the primary outcome indicator and no 

objective brain imaging were done.  

Boussi-Gross et al. RCT(119)included56 patients with PPCS 1-6 years after the acute 

insultina crossover design protocol. The study used objectivecomputerized cognitive tests 

with well validated different versions for reliable test-retest comparison. The HBOT group 

showedsignificant improvements in all cognitive functions: memory (p<0.0005), 

executivefunctions (p<0.0005), attention (p<0.005), and information processing speed 

(p<0.0001).The control group had no significant change in any of the parameters (p>0.2). 

Then, when the control group was crossed to HBOT, they showed statisticallysignificant 

cognitive improvements (p<0.05) similar to thoseof the HBOT group (p>0.4).The same 

pattern was seen in the quality of life score. The study included objective metabolic brain 

imaging of the brain(SPECT)that clearly demonstrated increased brain activity after HBOT, 

andthe increased brain activity correlated with the cognitive improvement. This is the only 

RCT which had a control group thatwas not treated witha "low dosages sham". The crossover 

design affordeda triple comparison for proper evaluation of the HBOT effect. The major 

limitation in this study was the selection of patients by their brain SPECT,which may not 

always be feasible for all. However, this limitation and the results of this study should guide 

the proper use of HBOT on selected PPCS due to mTBIthat have a well defined metabolic 

brain injury. 

Golden Z et al. prospective study (120) included 63 patients, of which 21 had chronic brain 

injury for more than 2 years. They were compared to 42 untreated, injured and normal 

patients.The study reported significant improvementsin all neuropsychological 

parameterscompared to the control (p<0.0001). The main limitations of this study werethe 

vague inclusion criteria and definition of chronic brain injury, that not all patients had injury 

induced by clear TBI, and that the HBOT protocol was not clearly defined. It should be noted 
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thatthe control groupreceived more therapeutic interventions than usually appliedin order to 

minimize the so-called placebo effect suggested by theDoD group.  

Shi et al. RCT (121)hadthe largest cohort of patients with chronic TBI (320 patients, of which 

195 were treated with HBOT). The study found significant difference in favor of the HBOT 

with relation to recovery fromclinical symptoms, control of seizures, and resolution of 

hydrocephalus (P<0.01). Unfortunately, the study has vague inclusion criteria as well as 

insufficient statistical analysis. 

Adverse events during the delayed chronic stage: Most studies did not report any significant 

side effects. In Harch study(103), there were 5/16 cases of mild reversible middle ear 

barotrauma, where 4 of them were due to upper respiratory infection. One patient experienced 

mild bronchospasm due to low-humidity oxygen in the monoplace.  

In a recent study, accepted to be published in April 2016 (in press), neurological patients 

(including PCS) had similar rate of adverse effects (barotrauma and oxygen toxicity) as seen 

in non-neurological patients.  

 

In summary, meta-analyzing the data is complexdue to the variety of treatment 

protocols and different methods of evaluation. There have been several RCTs but most 

of them hadconsiderable methodological flaws. The few studies that weredone with a 

proper control group, appropriatecohortwithout secondary gain and objective 

measurable endpoints showed significant improvement in cognitive function, 

psychological aspects, quality of life,and brain metabolism. 

 

 

Based on the currently available data, the following aspects should be address while 

selecting the appropriate patients and appropriate HBOT protocol:  
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• Patients selection for HBOT 

- Acute-subacute TBI: 

Most studies in the acute-subacute settings evaluated moderate-severe TBI. Therefore, 

only moderate-severe TBI patients canbe selected for HBOT in the acute-subacute 

setting (first day up to 1 month afterinjury). There is no evidence regarding the 

optimal time to HBOT. However, considering the pathophysiology of secondary 

injury, patients should be treated as soon as they are medically stable for treatment in a 

chamber. Currently, there is not enough evidence for the specific sub-types of injuries 

that can get the most gain from HBOT. The main exclusions which should be 

considered in these patients would be CSF leak and base of skull fractures, which may 

increase complications rate.Adequate on-site professional medical stuff and equipment 

is a must for proper care of ventilated patients within the hyperbaric chamber.  

 

- Chronic TBI: 

Most of the studies in the chronic setting evaluated mild-severe TBI patients with 

PPCS, and HBOT started 6 months to several years post injury. The data in the 1-6 

months period is lacking. Since mTBI can resolve in the first few months, it may be 

justified to withhold treatment in this period until PCS is considered PPCS. 

The correlation of SPECT and clinical outcome promisesbetter results and affords 

objective evaluation of the patients.Therefore, patients should have brain SPECT 

performed, and be selected for treatment only if they demonstrate considerable 

metabolism defects. 

 

• HBOT protocol 
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- Acute TBI: 

The best evidence for HBOT protocol in the acute-subacute settings was gleaned 

fromRockswold et al. The protocol was changedfrom 3daily 60 minute sessions with 

100% oxygen at 1.5 ATA to 1 daily60 minute session of100% at 1.5 ATA followed by 

3 hours of normobaric oxygen with better outcome. The use of higher pressures, such 

as 2 ATA or 2.4 ATA,isless common andcan’t be shown to be preferable without 

direct comparison between the protocols. Until evidence shows otherwise, the protocol 

of choice should be the one easier to perform.  

Currently, there is not enough evidence regarding optimal number of sessions (3-25 

sessions). In the authors’ opinion, due to the complexity of transfers to the chamber, 

1daily session should be the standard and may be extended based on physicians’ 

judgment according to theclinical progress, with a minimum of 3 daily sessions. 

Myringotomy should be performed in all patients in order to avoidICP elevation 

during the treatment. 

  

- Chronic TBI: 

Most evidence for HBOT in the chronic PPCS setting was gained with a protocol of 

40-60 daily sessions of60 minutes at 1.5 ATA. Higher doses (2ATA, 2.4 ATA) were 

not proven beneficial, but the evidence is inconclusive as the relevant studies were 

poorly designedEven thoughlower pressure, such as 1.3 ATA, can also be effective, at 

this point in time we have more reliable data available on 1.5 ATA, and the safety 

profile of 1.5 ATA is considered very high. 

The optimal number of sessions for specific patients is not clear. 40-60 sessions were 

used in the different study protocols,and in the authors’ opinion 40 daily sessions 
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should be the minimumand 60 should be the recommended number for most patients, 

if feasible.  

It is highly recommended that all patients should undergo brain SPECT 

evaluationformetabolism defects beforeand after thetreatmentperiod. This may serve 

as an adjunctive tool for the decision whether to continue the treatment further.  

Cognitive evaluationsshould be standardized, with preference to automated objective 

evaluations. Tests should have several versions with high test-retest reliability.  

 

Cost impact: 

- Acute-subacute TBI: 

Financially:A previous cost-benefit analysis in TBI(122) showedthat the medical and 

societal costs per patient depend on the GOS of the patient: GOS 4-5 adds upto 

$54,000, GOS 2-3 to $200,000, GOS 1 to$1,053,000.  

Thesuggested protocol of aminimum of 3 treatments at1.5 ATA for 60 minutes, 

depending onthe special needs and complexity, would sum to $3,000-20,000. 

Compared to other medical interventions not proven in prospective clinical trials 

(surgery, hypothermia, Factor VII, and others) in the setting of acute TBI, this is one 

of the most cost-effective treatments that can be offered.  

Medically: Based on the currently available data,7 patients need to be treated in order 

to prevent 1 death. The reduced mortality is in addition to the clinical benefit for those 

who survive.HBOT is safe, with a complications rate of2-3%. Since all patients should 

have myringotomy performed prior to HBOT, the risk of sinus and ear barotrauma is 

basically non-existent. There is a risk for lungs barotrauma of ventilated patients with 

lung contusion.  
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Oxygen toxicity is considered very rare in any HBOT, especially when most of acute 

TBI are treated with preventive anti-epileptic drugs. Tension pneumocephalus is 

another possible rare complication thatcan be avoided by excluding patients with CSF 

leaks and skull base fractures. 

- Chronic TBI: 

Financially: The cost per year ofa patient with PPCS is about $32,000(123). When 

considering a 40-60 sessions of HBOT, the cost would be$12,000-24,000, which is 

cost effective by all means even in the first year after treatment. In addition, these 

numbers do not take into account the loss of work due to PCSand the return to work 

afterHBOT of those who improve/recover with the treatment. 

Medically: In a recent retrospective analysis, patients suffering from PCS did not have 

a higher complication rate comparedtoother HBOT patients. The usual risks of 40-60 

sessions in HBOT are mild and reversible.  

 

Conclusions:  

Acute-subacute TBI:based on the data available today,HBOT may be recommended in acute 

moderate-severe TBI patients(Type 3 recommendation, level B evidence). Since HBOT 

reducesmortality, HBOTshould be given as soon as possible(Type 3 recommendation, level B 

evidence). Myringotomy should be considered in all cases when there is no possibility for 

self-equilibration of pressure. (Type 3 recommendation, level C evidence). Further studies are 

needed in order to evaluate the optimal treatment protocol for the different types of 

injuries(Type 1 recommendation, level A evidence). 

Chronic TBI:Based on the data available today,low pressure HBOT(1.5 ATA) may be 

recommended in chronic TBI (PPCS) for a selected group of patients who have clear evidence 

of metabolically dysfunctional brain regions(Type 3 recommendation, level B evidence).. 
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Patients who arecandidates for HBOT should be properly evaluated prior to therapy by 

standardized cognitive testsand by a functional imaging of the brain(Type 1 recommendation, 

level B evidence). 
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Study  
(authors, 

year) 
 

 
 

Type 

 
 

Nb patients 

 
Aim(s) / Evaluation 

criteria 

 
Inclusion / 
Exclusion 

criteria 

 
HBO 

protocol 
(pressure, 
time, nb of 

session) 
 

 
 

Results 

 
Conclusion / comment 

Tal 2015 Case series 10 patients Cognitive: 
Neurotrax 

computerized tests 
of memory, 

attention, executive 
function, 

information 
processing speed 
including: verbal 

memory, non-verbal 
memory, go-no-go 
test,Stroop, staged 

information 
processing test,catch 

game. 
 

Brain imaging: 
Perfusion MRI 

Patients with 
mTBI for at 

least 6 months 
with who have 
completed two 

MRI brain 
imaging 

60 min of 
100% 
oxygen at 
1.5 ATA X 
60 sessions 

Outcome post 
treatment : 
Significant 
improvement 
in the global 
cognitive 
scores with a 
mean change 
of 6.8±1.9 
(p=0.007). 
The most 
prominent 
improvement
s were seen in 
information 
processing 
speed, visual 
spatial 
processing 
and motor 
skills indices, 
with mean 
changes of 
9.6±2.9 
(p=0.005), 
10.1±4.2 
(p=0.0043) 
and 9.5±4.5 
(p=0.013) 
respectively.  
significant 

Favors the use of HBOT in mTBI 
 

Small sample 
 
No control group 
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increased 
cerebral 
blood flow 
(CBF) and 
cerebral 
blood volume 
(CBV) 

Wolf  
2012 (111) 

Randomized 
controlled trial 

50 patients Psychologic: PTSD 
symptoms – Post 
traumatic disorder 
check list –military 
version (PCL-M) 

scores 
 

Cognition:Immediat
e post concussion 
assessment and 

cognitive testing 
(ImPACT) 

 
 

Military 
servicemembe
rs with at least 
one combat-
related mTBI 

HBOT: 90 
min of 100% 
oxygen at 
2.4 ATA, 10 
minutes air 
break every 
30 minutes X 
30 sessions 
over 8 weeks 
 
Sham: 90 
min of 
air(21% 
Oxygen) at 
1.3 ATA X 
30 sessions 
over 8 weeks 
 

Within 
groups both 
HBO and 
Sham groups 
showed 
statistically 
significant 
improvement
s in both 
PCL-M and 
ImPACT 
scores over 
the course of 
the study 
(p=0.001). 
No 
statistically 
significant 
differences 
between 
groups were 
noted, but 
both groups 
improved.  
Concussion 
history was 
critical for 
evaluation  

No conclusion due to :  
 

Both groups improved more than would be 
expected greater than 6 months after mTBI.  

 
Selection of military service men as patients 

 
Secondary gain effect 

 
1.3 ATA as placebo 

 
No exclusion of depression, PTSD or other 

comorbidities 
 
 

Cifu 2014 
(116) 

Randomized 
controlled trial 

60 patients (19 
and 21 HBOT 

21 Sham) 

Eye movements in 
mTBI: saccadic and 

smooth pursuit 
parameters 

Active 
Military 

service with 
post 

Group 1: 60 
min of 75% 
oxygen at 2 
ATA X 40 

No 
statistically 
significant 
difference 

 
Relocation of patients for a high altitude naval 

base (NMOTC) 
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concussion 
symptoms for 

at least 3 
months, injury 
within 3 years, 

at least 2 
months of 

stable 
psychiatric 

status and no 
chance in 

psychiatric 
medications 
for at least 1 

months  

sessions over 
10 weeks 
 
Group 2: 60 
min of 100% 
oxygen at 2 
ATA X 40 
sessions over 
10 weeks  
 
Group 3 
(Sham): 60 
min of 
10.5% 
oxygen at 2 
ATA X 40 
sessions over 
10 weeks 
 
 
 

between the 
groups and no 
within groups 

differences 
(p>0.05 for 

all measures) 

Sham control with hypoxic levels of oxygen 
 

Selection of military service men as patients  
 

Secondary gain effect 
 

2 ATA as Sham control 
 
 

No exclusion of depression, PTSD or other 
comorbidities 

 
 
 
 

Cifu 
2013(117) 

Randomized 
controlled trial 

61 patients (19 
and 21 HBOT 
21 Sham) 

Post concussions 
symptoms: 

Rivermeadpost 
concussion 
symptom 

questionnaire (RPQ) 
 

Psychological: Post 
traumatic disorder 
checklist military 
version (PCL-M) 
and centers for 
epidemiological 

studies depression 
scale 

 
Cognition: Wechsler 

adult intelligence 

Active 
Military 

service with 
post 

concussion 
symptoms for 

at least 3 
months, injury 
within 3 years, 

at least 2 
months of 

stable 
psychiatric 

status and no 
chance in 

psychiatric 
medications 
for at least 1 

Group 1: 60 
min of 75% 
oxygen at 2 
ATA X 40 
sessions over 
10 weeks 
 
Group 2: 60 
min of 100% 
oxygen at 2 
ATA X 40 
sessions over 
10 weeks  
 
Group 3 
(Sham):  
60min of 
10.5% 

No significant 
time by 
intervention 
interaction 
was found for 
any 
functional, 
cognitive, or 
psychomotor 
secondary 
outcome. 
 
Statistically 
significant 
improvement 
in 2 items of 
RQP within 
group 2 

No conclusion due to :  
 

Relocation of patients for a high altitude naval 
base (NMOTC) 

 
Sham control with hypoxic levels of oxygen 

 
Selection of military service men as patients  

 
Secondary gain effect 

 
2 ATA as Sham control 

 
 

No exclusion of depression, PTSD or other 
comorbidities 
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scale; Stroop;Trail 
decision making; 

continuous 
performance test; 
California verbal 

learning test; paced 
auditory serial 

addition test; Benton 
visual memory test; 
controlled oral word 

association test; 
Grooved peg board. 

 
Morbidity: Glasgow 

outcome scale 
extended (GOSE) 

And balance sensory 
organization test  

months oxygen at 2 
ATA X 40 
sessions over 
10 weeks 

 

(p<0.05). 
Other items 
without 
significance. 
 
Significant 
decrease in 2 
items of PCL-
M within 
group 3 
(Sham) 
(p=0.03). 
Significant 
decrease in 1 
item for 
group 1 
(p=0.05). 
Significant 
decrease in 2 
items as well 
as the total 
score in 
group 3 
(p<0.05).  

 
 

Miller 
2015 (118) 

Randomized 
control trial 

 

72 patients (23 
Sham, 24 

HBO + TBI 
care, 25 Sham 

+TBI care) 

Post concussions 
symptoms: 

Rivermead post-
concussion 
symptoms 

questionnaire-3 
subscale (RPQ-3), 
Rivermead post-

concussion 
symptoms 

questionnaire 
(RPQ), 

Neurobehaviroal 
symptom inventory 

scores (NSI) 

Active 
Military 

service with at 
ongoing 

symptoms 
with 1 or more 
mTBI, latest at 
least within 4 
months before 
randomization, 

stable 
medication for 

30 days 

HBOT: 60 
min of 100% 
oxygen at 
1.5 ATA X 
40 sessions 
over 10 
weeks 
 
Sham: 60 
min of 21% 
oxygen at 
1.2 ATA X 
40 sessions 
over 10 
weeks 

No significant 
changes 
between 

groups in post 
concussive 
symptoms 

and cognition 
scores.  

However both 
groups 

undergoing 
supplemental 

chamber 
procedures 

showed 

No conclusion due to: 
 

Both HBOT and Sham improved more than real 
placebo group 

 
1.2 ATA HBO as placebo 

 
No exclusion of depression, PTSD or other 

comorbidities 
 

Selection of military service men as patients  
 

Secondary gain effect 
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Cognition: 
automated 

neurophyschological 
assessment metrics 

(ANAM4 TBI-MIL) 
 
Psychological: 
PTSD checklist –
civilian version 
(PCL-C), center for 
epidemiologic 
studies depression 
scale (CES-D), 
Beck anxiety 
inventory (BAI), 
SF-36 mental health 
subscale 
 

 
 

improvement 
in symptoms : 

Within 
groups, Sham 

and HBOT 
groups had 
significant 

improvement
s in post 

concussion 
symptoms 

with (p<0.04) 
while TBI-
care group 

did not 
improve. 

 
Within 

groups, both 
HBOT and 
Sham group 

had improved 
neurophysiol
ogical scores 
(p-values not 
published). 

 
PTSD and 
depression 

scores tended 
to favor sham 
vs. HBOT (p-

values not 
published). 

 
 
 

Boussi-
Gross 

Randomized 
controlled trial, 

56 patients  
(32 HBOT, 

Cognition: 
Neurotraxcomputeri

>18 years old 
patients who 

60 
minsessions 

Significant 
improvement

Favors the use of HBOT in mTBI 
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2013 (119) crossover 
design 

Control/Cross-
over 24  
 

zed tests of memory, 
attention, executive 

function, 
information 

processing speed 
including: verbal 

memory, non-verbal 
memory, go-no-go 
test,Stroop, staged 

information 
processing test,catch 

game. 
 

Quality of life: EQ-
5D questionnaire 

and EQ-VAS 
 

Brain functional 
imaging: SPECT 

analyzed to 
calculate the mean 
perfusion in each 
broadmann area  

suffered mTBI 
1-6 years prior 
to inclusion, at 
least 1 year of 
symptoms and 
no change in 

cognitive 
function in the 

last month 

of 100% at 
1.5 ATA 

oxygen X 40 
sessions 

s were 
demonstrated 

in HBOT 
groups in all 

cognitive 
functions: 
memory 

(p<0.0005), 
executive 
function 

(p<0.0005), 
attention 

(p<0.005) and 
information 
processing 

speed 
(p<0.0001). 

No significant 
improvement 
was observed 
following the 
control period 

(p>0.2). 
Significant 

improvement 
in cognitive 
function in 
the control 
group after 
treatment 
(p<0.05), 
with no 

significant 
difference 
from the 

HBOT group 
(p>0.4) 

 
Significant 

Randomized controlled trial with control group 
and crossover design 

 
Selection of patients with proper functional 

imaging 
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improvement 
in quality of 
life in both 
the HBOT 

group and the 
control group 

after being 
treated 

(p<0.0001) 
 

 SPECT 
imaging 
revealed 

elevated brain
 activity in 

good 
agreement 
with the 
cognitive 

improvemens. 
*Churchill 
2012(101) 

Prospective 
study 

28 patients Neuropsychological 
measures, 

questionnaires, 
neurologic exams, 

physical functioning 
measures 

Severe TBI at 
least 1 year 

prior to 
inclusion 

60 min of 
100% 

oxygen at 
1.5 ATA X 
60 sessions 

Participants 
reported 
improvement
s in 
symptoms, 
such as 
memory and 
balance/ 
coordination. 
No 
standardized 
testing 
showed 
clinically 
important 
improvement. 
 
 

No conclusion due to: 
Small sample size 

 
Vague inclusion criteria 

 
No control group 

 
 



35 
 

Rockswold 
2013 

Randomized 
controlled trial 

42 patients 
(22 HBOT, 20 
control) 

Mortality 
 
Morbidity: Glasgow 
outcome score 
(GOS)  
 
Monitored 
variables: ICP, 
Microdyalisate 
Lactate/Pyruvate 
and glycerol, PbtO2, 
CSF F2-Isoprostane, 
BAL IL-6 and IL-8 

Severe TBI 
(GCS<8) 
Or Mild-

moderate TBI 
with 

deterioration 
to GCS<8 
within 48 

hours from 
injury) 

 
CT scan grade 

>I 

HBOT/NBH: 
60 min of 

100% 
oxygen at 
1.5 ATA 

followed by3 
hours 100% 
oxygen at 1 
ATA X 3 
sessions  
Control: 

standard care 

6 months post 
injury :26% 
reduced 
mortality 
(16% vs 42%, 
p=0.04) , 
36% 
improvement 
in favorable 
outcome 
(74% vs 38%, 
p=0.02) 
 
Improved 
cerebral 
metabolism 
surrogates 
Decreased 
lactate, L/P 
ratio, ICP and 
increased 
PbtO2 within 
hours after 
treatment(P<
0.0001) 

Favors HBOT use in acute TBI 

Bennett 
2012 (94) 

Meta-analysis  571 patients 
(285 HBOT, 
286 control) 

Mortality 
 
Morbidity : GOS 

Severe TBI 40-60 min of 
oxygen 

100% at 1.5-
2.5 ATA X 

3-10 sessions 

Significant 
decrease in 
proportion of 
unfavorable 
outcome 
(P=0.001). 
Significant 
decrease in 
mortality 
(p=0.003) 
Number 
needed to 
treat to 
prevent death 

Favors HBOT use in acute severe TBI 
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Prakash 
2012 (82) 

Randomized 
controlled trial 

56 patients – 
children (28 
HBOT, 28 
control) 

Morbidity: Glasgow 
coma scale (GCS), 
disability, duration 
of hospitalization 

Children with 
severe TBI 
(GCS<8) 

Unknown 
time and 

pressure, 3 
sessions at 1 

week 
interval, 10-
12 days after 

injury 

Outcome at 3 
weeks : 
Improved 
GCS, 
decreased 
duration of 
hospitalizatio
n, decreased 
disability, 
improved 
social 
behavior (p-
values were 
not 
published) 

Favors the use of HBOT in acute severe TBI 
 

Statistics unpublished 

Sahni 
2012 (100) 

Retrospective 
analysis 

40 patients (20 
HBOT, 20 
control) 

Morbidity: 
Disability rating 
scale (DRS, 
Glasgow coma scale 
(GCS), Ranchos Los 
Amigos Scale 
(RLAS)  

severe TBI 
:No clear 
inclusion 
criteria – 

excluded if 
less than 30 

sessions 

60 min of 
100% 

oxygen at 
1.5 ATA X 
30 sessions  

Outcome at 1 
month post 
treatment : 
Decrease in 
rate of 
vegetative 
and extremely 
vegetative 
states, 
decrease in 
DRS and 
RLA mean 
scores. 
Maximal 
improvement
s was seen in 
the group 
treated 1-6 
months post 
injury (p-
values not 
published)  

Favors the use of HBOT in TBI 
 

Statistics unpublished 
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Harch 
2012 (103) 

Case series 16 patients Symptoms: 
Rivermead PCS 
questionnaire, 
neurological exam 
 
Psychological: 
PTSD symptoms by 
PCL-M, depression 
by PHQ-9, anxiety 
by GAD-7 
 
Cognitive: Wechsler 
adult intelligence 
scale-IV, WMS 
memory tests, 
Stroop test, TOVA 
impulsivity, TOVA 
variability, grooved 
pegboard 
 
Quality of life: 
MPQoL, self report 
 
Brain imaging : 
SPECT 

18-65 years 
old 

retired/active 
military 

service , with 
post 

concussion 
symptoms due 

to mild-
moderate TBI 
due to blast 

injury at least 
1 year prior to 

inclusion 

60 min of 
100% 

oxygen at 
1.5 ATA X 
40 sessions 

80% reported 
on improved 
symptoms 
 
100% had 
improved 
physical 
examination 
 
Significant 
improvement 
in cognitive 
functions IQ 
(p<0.001), 
working 
memory 
(p=0.003), 
Stroop test 
(p<0.001), 
memory 
(p=0.02), 
TOVA 
impulsivity 
(p=0.04). 
 
Significant 
improvement 
in 
psychological 
scores : 
PTSD 
(p<0.001), 
Rivermead 
PCSQ 
(p=0.0002), 
anxiety 
(p=0.007), 
depression 
(p<0.001) 

No conclusion due to : 
 

No control group 
 

Small sample  
Size 

 
Secondary gain of military subjects 

 
Rivermead PCS score 
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Improved 
quality of life 
(p=0.003) 
 
Significant 
increases in 
mean 
perfusion in 
white matter 
and some 
gray matter 
ROIs 
 

Lee 2012 
(110) 

Case report 1 patient none 15 months 
post severe 

TBI 

unknown Rare 
complication: 
tension 
pneumocepha
lus 

Case report: patients with unrepaired skull base 
fracture and cerebrospinal fluid diversion be 

carefully evaluated before receiving hyperbaric 
oxygen therapy 

Lv LQ 
2011 (104) 

Case series 6 patients Paroxysmal 
sympathetic 
hyperactivity (PSH) 

Paroxysmal 
sympathetic 
hyperactivity 

following 
extremely 
severe TBI 

Non-
published 

Improved 
control of 
PSH changes 
(no statistics), 
after failure 
of standard 
care 

No conclusion due to : 
Case report 

 
Small sample 

 
No control group 

 
Rockswold 
2010 (86) 

Randomized 
controlled trial 

69 patients: 26 
HBO + 
standard care, 
21 
normobarichy
peroxia + 
standard care, 
22 standard 
care 

Brain tissue PO(2), 
microdialysis, and 
intracranial pressure 
 
Cerebral blood flow 
(CBF), 
arteriovenous 
differences in 
oxygen, cerebral 
metabolic rate of 
oxygen (CMRO2),  
 
CSF lactate and F2-
isoprostane 

Severe TBI 
(GCS<9) 

90 min of 
100% 

oxygen at 
1.5 ATA X 3 

sessions 
 

Outcome 
within hours : 
ICP was 
significantly 
lower 
statistically 
after HBO2 
until the next 
treatment 
session (p < 
0.001) in 
comparison 
with levels in 
the control 

Favors the physiological effect of HBO in acute 
TBI 
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concentrations, and 
bronchial alveolar 
lavage (BAL) fluid 
interleukin (IL)-8 
and IL-6  

group 
 
Brain tissue 
PO2 levels 
were 
significantly 
increased in 
HBOT group 
and remained 
high until the 
next 
treatment 
session (p 
=0.003).  
 
HBOT 
significantly 
increased 
CBF and 
CMRO2 for 6 
hours (p < or 
= 0.01).  
 
Microdialysis 
lactate/pyruva
te (L/P) ratios 
were 
significantly 
decreased 
post-
treatment 
HBOT group 
(p < 0.05) 
 

Mao 2010 
(90) 

Randomized 
controlled trial  

60 patients (30 
HBOT 
+standard 
treatment, 30 
standard 

Morbidity: GCS, 
GOS 
 
EEG changes 

Severe TBI 
(GCS<8) 
within 24 

hours of injury 

Unknown 
protocol, 
started 12 
days post 

injury 

Outcome at 3 
months post 
treatment : 
GCS at 20 
d,30 d,90 d 

Favors the use in acute TBI 
 

GCS as continuous parameters 
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treatment) post treatment 
in HBO 
group were 
significantly 
increased 
(P=0. 05) 
 
score of GOS 
in HBO 
group was 
significantly 
higher than in 
control group 
(P=0. 01) 
 
Compared 
with control 
group,the 
scores of 
EEG at 30 
d,90 d post 
treatment in 
HBO group 
were 
significantly 
decreased 
 

Wright 
2009 (105) 

Case report 2 patients PCS symptoms 
 
Cognitive: 
Automated 
neuropsychological 
assessment metrics 
(ANAM) 

Military 
service men 
with PCS 

induced by 
blast injury 6 
months after 

injury 

60 min of 
100% 

oxygen at 
1.5 ATA X 
unknown 
number of 
sessions 

Improved 
symptoms 
(headaches 
and sleep) 
 
improved 
ANAM 
scores in all 
domains up to 
normalization 
of scores to 
pre-injury 

 
Case report 

 
Small sample 

 
No control  
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levels 
Harch 

2009 (107) 
Case report 1 patient PCS symptoms 

 
PTSD symptoms,  
 
Brain imaging: 
SPECT 

Military 
veteran with 
PCS and 
PTSD induced 
by blast injury 
3 years earlier 

60 min of 
100% 

oxygen at 
1.5 ATA for 

X 39 
sessions 

improvement 
in his post-
concussive 
symptoms 
and PTSD 
symptoms 
 
improvement
s in 
brain blood 
flow at 
bilateral 
frontal and 
temporal 
defects 

Case report 
 

Small sample 
 
 

Lee 
2009(84) 

Case report 1 patient None Acute severe 
TBI 

unknown Rare 
complication 
of tension 
pneumocepha
lus 

Case report : 
Pneumocephalus, untreated skull base fracture, 

and CSF leakage may be considered 
contraindications to HBOT 

Lin JW 
2008 (91) 

Randomized 
controlled trial 

44 patients (22 
HBOT, 22 
control) 

Morbidity: Glasgow 
coma scale (GCS), 
Glasgow outcome 
scale (GOS) 

Moderate-
severe 
subacute TBI, 
treated after an 
average of 22-
32 days from 
injury 

90 min of 
100% 

oxygen at 2 
ATA X 20 

sessions 

Outcome at 6 
months post 
HBOT : 
HBO2 group 
achieved 
statistically 
significant 
better GCS 
scores than 
the control 
group post-
intervention 
(p<0.05) 
 
No significant 
differnces 
between 
groups 

Favors HBO for subacute TBI 
 

No analysis per severity 
 

GCS as continuous parameter 
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stratified to 
GOS 2-3 at 3 
& 6months 
Statistically 
significant 
improvement 
between HBO 
group versus 
control in 
group 
stratified to 
GOS=4 at 
baseline 
(p<0.05) 

Xie 2007 
(92) 

Randomized 
controlled trial 

60 patients (30 
HBOT + 
neurosurgical 
care, 30 
neurosurgical 
care) 

Morbidity: Glasgow 
coma scale (GCS) 
 
C-Reactive-Protein 
 
 

Acute TBI 
within the last 
24 hours prior 
to inclusion 
GCS 3-12 
 

80 min of 
100% 

oxygen at 2-
2.5 ATA X2-
10 sessions 

Post 
treatment : 
There was a 
statistically 
significant 
difference 
between 
HBO2 group 
and control 
group after 
treatment (P 
< 0.01). 

Favors the use of HBO in acute TBI 
GCS as continuous parameters 

 
No analysis per severity 

 

Hardy 
2007 (108) 

Case report 1 patient EEG, metabolic and 
behavioral 
measurements 

TBI 1 year 
prior 8to 
inclusion 

60 min of 
100% 

oxygen at 2 
ATA for 20 

sessions, and 
another 60 
sessions 1 
year later 

Improvement
s in 
sensorimotor 
functions and 
neuropsychol
ogical 
improvement
s 
There was an 
enhanced 
P300 
amplitude in 
the damaged 

Case report 
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hemisphere. 
 
Gains were 
no longer 
observed one 
year after 
treatment. 
However, 
after an 
additional 
treatment 
series of 60 
exposures, 
the 
improvement
s were 
reinstated 

Shi XY 
2006 (102) 

Prospective 
study 

310 patients Brain imaging: 
SPECT, CT 

History of 
trauma at least 
1 month prior 
to inclusion 
and had PCS 
symptoms or 
epilepsy  

90 minutes 
of 96% 

oxygen at 2 
ATA X 20 

sessions 

Normalizatio
n of brain 
perfusion by 
50% (from 
81.3% to 
29.7% 
abnormal 
areas). 
Improved 
symptoms 
(unknown 
proportion) 

No conclusion due to : 
 

No control group 
 

Unknown clinical value  

Golden Z 
2006 (120) 

Prospective 
study 

63 patients (42 
HBOT, 21 
control) 

Cognitive: Stroop, 
Luria-Nebraska 
neuropsychological 
battery, word 
fluency, logical 
memory 

Chronic brain 
injury for at 
least 2 years  

unknown Significant 
gains in all 
neuropsychol
ogical areas 
compared to 
the control 
(p<0.0001) 

Favors the use of HBOT in brain injury 
 

Unknown chronic brain injury source 
 

Unknown HBOT protocol 
 

Nonrandomized controlled 
Barrett KF 
2004(106) 

Nonrandomized 
prospective 

5 HBOT, 5 
head injury 
controls, 5 

Cognitive: memory, 
mental tracking, 
attention, 

TBI at least 3 
years from 
injury 

60 min of 
100% 

oxygen at at 

No consistent 
change was 
seen in the 

No conclusion due to 
 

small sample 
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normal 
controls, 
68 normal 
controls for 
SPECT 
controls 

concentration, 
executive function, 
affect, motor. 
Specific tests: 
adaptive rate 
continuous 
performance, 
Wisconsin card 
sorting test, 
nonverbal 
intelligence-2, 
controlled oral word 
association, verbal 
selective reminding 
test, digit span. 
 
Behavioral: geriatric 
depression scale 
 
Symptoms: 
progressive exercise 
test  
 
Brain imaging: 
MRI, SPECT  

1.5 ATA X 
80 sessions + 

another 
40sessions 

after 5 
months 
break 

neuropsycho
metric scores 
 
No consistent 
patterns of 
perfusion 
changes over 
time in 
SPECT  
 
Global 
depression 
scores were 
stable 
 

 
 

Mitani 
2004 (83) 
 
 
 
 

Case series Unknown Morbidity: Glasgow 
coma scale (GCS) 

Acute severe 
TBI 

Unknown Outcome post 
treatment : 
Improvement
s were 
observed in 
some acute 
subdural 
hematoma 
patients, yet 
the overall 
outcome was 
poor. 
 
Mild to 
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moderate 
diffuse axonal 
injury 
patients 
recovered 
well. 
 
Poor 
outcomes in 
severe diffuse 
axonal injury 

Shi XY 
2003 (121) 

Randomized 
controlled trial 

320 patients 
(195 HBO + 
medication, 
125 
medication 
only) 

Symptoms 
 
Brain imaging: 
SPECT 

Unknown 90 min of 
96% oxygen 
at 2 ATA X 

20-40 
sessions 

Significant 
difference in 
recovery of 
clinical 
symptoms, 
control of 
epilepsy, and 
resolution of 
hydrocephalu
s (P<0.01). 

Favors the use of HBO in TBI 
 

Unknown inclusion criteria 
 

 

Ren H 
2001 (88) 

Randomized 
controlled trial 

55 patients (35 
HBOT + 
standard care, 
20 standard 
care) 

Morbidity: Glasgow 
coma scale (GCS), 
Glasgow outcome 
scale (GOS) 
 
Brain 
imaging:electric 
activity mapping 
(BEAM) 
 

Severe TBI 
(GCS<8) 

40-60 min of 
100% 

oxygen at 
2.5 ATA X 

30-40 
sessions 

Outcome at 6 
months post 
treatment : 
HBO2 group 
showed 
statistically 
significant 
improvement 
over control 
group 
(p<0.01) 
 
HBO2 group 
showed 
statistically 
significant 
improvement 
over control 

Favors HBO for acute TBI 
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group at 6 
months after 
injury 
(p<0.001) 

Woolley 
SM 1999 

(109) 

Case report 1 patient Postural stability 
and walking 

Severe TBI 2 
years prior to 
study 

60 min of 
100% 

oxygen at 
1.5 ATA, bi-
daily X 40 
sessions 

Mild 
improvement 
immediately 
post 
treatment,  
This 
improvement 
was not 
evdient 6 
weeks later 

Disfavors the use of HBO in TBI : 
Case report 

Neubauer 
RA 1994 

Case report 1 patient Motor evaluation,  
 
cognitive evaluation 
 
SPECT 

Severe TBI 1 
year prior to 
study 

Unknown 
time of 
100% 

oxygen 
at1.5-1.75 

ATA X 188 
sessions 

Improved 
motor and 
cognitive 
functions,  
 
normalized 
SPECT areas 

Favors the use of HBO in TBI : 
Case report 

Rockswold 
1992 (85) 

Randomized 
controlled trial  

168 
patients(84 
HBOT 
+standard 
care, 82 
standard care) 

Mortality 
 
Morbidity: Glasgow 
coma scale (GCS), 
Glasgow outcome 
scale (GCS) 
 
Intracerebral 
pressure (ICP) 

Severe TBI 
with GCS <10 
for at least 6 
hours 

60 min of 
100% 

oxygen at 
1.5 ATA, 
three time 

daily average 
of 21 

sessions 

Outcome at 
1.5 year : 
Mortality rate 
decreased to 
17% 
compared to 
32% in the 
control group 
(p = 0.037). 
Mortality in 
patients with 
an initial 
GCS score of 
4-6 decreased 
to 17% 
compared to 
42% in the 
control group 

Favors the use of HBO in acute TBI 
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(p=0.04) 
Mortality in 
patients with 
high ICP 
(>20mmHg) 
decreased to 
21% 
compared to 
48% in the 
control group 
(p=0.02) 

Artru 1976 
(93) 

Randomized 
controlled trial 

60 patients (31 
HBOT, 29 
standard care) 

Mortality 
 
Morbidity: Glasgow 
outcome scale 
(GOS) 
 

Severe TBI 
with COMA 

60 min of 
100% 

oxygen at 
2.5 ATA X 

10 daily 
sessions, 

followed by 
4 days rest 

and repeat if 
not 

responding 

Outcome at 1 
year: 
In a subgroup 
of young 
patients with 
brainstem 
injury, HBO2 
group had 
statistically 
significant 
higher rates 
of recovered 
consciousness 
at 1 month 
(p<0.03) 
 

Favors HBO use in some cases of acute TBI 
 

HBOT protocol was intermittent and inconsistent 
 

Mogami 
1969 (95) 

Prospective 
study 

66 patients (51 
TBI) 

Symptoms 
 
EEG 
Cerebrospinal fluid 
pressure  
Lactate/Pyruvate 
levels 

Severe acute 
cerebral 
damage 

60 min of 
100% 

oxygen 2 
ATA + 6 

sessions in 3 
ATA 

Outcome post 
treatment : 
Temporary 
neurological 
improvement
s were 
observed in 
50% of the 
patients. 33% 
had 
remarkable 
degree of 

Favors the use of HBO in acute TBI 
No control group 

 
No statistical analysis 
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clinical 
improvement 
which 
included 
restoration of 
mental and 
neurological 
function 
reduction of 
EEG 
abnormalities 
was noted in 
33% of the 
patients. 
 
 

 
  



49 
 

References 
1. Andriessen TM, Horn J, Franschman G, van der Naalt J, Haitsma I, Jacobs B, et al. 
Epidemiology, severity classification, and outcome of moderate and severe traumatic brain 
injury: a prospective multicenter study. Journal of neurotrauma. 2011 Oct;28(10):2019-31. 
2. Chiu WT, LaPorte RE. Global Spine and Head Injury Prevention (SHIP) Project. The 
Journal of trauma. 1993 Dec;35(6):969-70. 
3. Schootman M, Fuortes LJ. Ambulatory care for traumatic brain injuries in the US, 
1995-1997. Brain injury. 2000 Apr;14(4):373-81. 
4. Warden D. Military TBI during the Iraq and Afghanistan wars. The Journal of head 
trauma rehabilitation. 2006 Sep-Oct;21(5):398-402. 
5. Langlois JA, Rutland-Brown W, Wald MM. The epidemiology and impact of 
traumatic brain injury: a brief overview. The Journal of head trauma rehabilitation. 2006 Sep-
Oct;21(5):375-8. 
6. Sosin DM, Sniezek JE, Thurman DJ. Incidence of mild and moderate brain injury in 
the United States, 1991. Brain injury. 1996 Jan;10(1):47-54. 
7. McDonagh M, Carson S, Ash J, Russman BS, Stavri PZ, Krages KP, et al. Hyperbaric 
oxygen therapy for brain injury, cerebral palsy, and stroke. Evidence report/technology 
assessment. 2003 Sep(85):1-6. 
8. Report to Congress on Mild Traumatic Brain 
Injury in the United States: Steps to Prevent a Serious Public Health Problem. . National 
Center for Injury Prevention and Control. 2003. 
9. Malec JF, Brown AW, Leibson CL, Flaada JT, Mandrekar JN, Diehl NN, et al. The 
mayo classification system for traumatic brain injury severity. Journal of neurotrauma. 2007 
Sep;24(9):1417-24. 
10. Bazarian JJ, Wong T, Harris M, Leahey N, Mookerjee S, Dombovy M. Epidemiology 
and predictors of post-concussive syndrome after minor head injury in an emergency 
population. Brain injury : [BI]. 1999 Mar;13(3):173-89. 
11. McCauley SR, Boake C, Pedroza C, Brown SA, Levin HS, Goodman HS, et al. 
Postconcussional disorder: Are the DSM-IV criteria an improvement over the ICD-10? The 
Journal of nervous and mental disease. 2005 Aug;193(8):540-50. 
12. Kashluba S, Paniak C, Blake T, Reynolds S, Toller-Lobe G, Nagy J. A longitudinal, 
controlled study of patient complaints following treated mild traumatic brain injury. Archives 
of clinical neuropsychology : the official journal of the National Academy of 
Neuropsychologists. 2004 Sep;19(6):805-16. 
13. Iverson GL. Outcome from mild traumatic brain injury. Current opinion in psychiatry. 
2005 May;18(3):301-17. 
14. Bohnen N, Jolles J, Twijnstra A. Neuropsychological deficits in patients with 
persistent symptoms six months after mild head injury. Neurosurgery. 1992 May;30(5):692-5; 
discussion 5-6. 
15. Bazarian JJ, McClung J, Shah MN, Cheng YT, Flesher W, Kraus J. Mild traumatic 
brain injury in the United States, 1998--2000. Brain injury : [BI]. 2005 Feb;19(2):85-91. 
16. Murray GD, Teasdale GM, Braakman R, Cohadon F, Dearden M, Iannotti F, et al. The 
European Brain Injury Consortium survey of head injuries. Acta neurochirurgica. 
1999;141(3):223-36. 
17. Crooks CY, Zumsteg JM, Bell KR. Traumatic brain injury: a review of practice 
management and recent advances. Physical medicine and rehabilitation clinics of North 
America. 2007 Nov;18(4):681-710, vi. 
18. Meythaler JM, Peduzzi JD, Eleftheriou E, Novack TA. Current concepts: diffuse 
axonal injury-associated traumatic brain injury. Archives of physical medicine and 
rehabilitation. 2001 Oct;82(10):1461-71. 



50 
 

19. Levine B, Fujiwara E, O'Connor C, Richard N, Kovacevic N, Mandic M, et al. In vivo 
characterization of traumatic brain injury neuropathology with structural and functional 
neuroimaging. Journal of neurotrauma. 2006 Oct;23(10):1396-411. 
20. Stone JR, Okonkwo DO, Dialo AO, Rubin DG, Mutlu LK, Povlishock JT, et al. 
Impaired axonal transport and altered axolemmal permeability occur in distinct populations of 
damaged axons following traumatic brain injury. Experimental neurology. 2004 
Nov;190(1):59-69. 
21. Fiskum G. Mitochondrial participation in ischemic and traumatic neural cell death. 
Journal of neurotrauma. 2000 Oct;17(10):843-55. 
22. Tymianski M, Tator CH. Normal and abnormal calcium homeostasis in neurons: a 
basis for the pathophysiology of traumatic and ischemic central nervous system injury. 
Neurosurgery. 1996 Jun;38(6):1176-95. 
23. Alderson P, Roberts I. Corticosteroids for acute traumatic brain injury. The Cochrane 
database of systematic reviews. 2005(1):CD000196. 
24. Schierhout G, Roberts I. Hyperventilation therapy for acute traumatic brain injury. The 
Cochrane database of systematic reviews. 2000(2):CD000566. 
25. Roberts I, Sydenham E. Barbiturates for acute traumatic brain injury. The Cochrane 
database of systematic reviews. 2012;12:CD000033. 
26. Langham J, Goldfrad C, Teasdale G, Shaw D, Rowan K. Calcium channel blockers for 
acute traumatic brain injury. The Cochrane database of systematic reviews. 
2003(4):CD000565. 
27. Sydenham E, Roberts I, Alderson P. Hypothermia for traumatic head injury. The 
Cochrane database of systematic reviews. 2009(2):CD001048. 
28. Bullock MR, Povlishock JT. Guidelines for the management of severe traumatic brain 
injury. Editor's Commentary. Journal of neurotrauma. 2007;24 Suppl 1:2 p preceding S1. 
29. Bulger EM, Nathens AB, Rivara FP, Moore M, MacKenzie EJ, Jurkovich GJ, et al. 
Management of severe head injury: institutional variations in care and effect on outcome. 
Critical care medicine. 2002 Aug;30(8):1870-6. 
30. Shafi S, Barnes SA, Millar D, Sobrino J, Kudyakov R, Berryman C, et al. Suboptimal 
compliance with evidence-based guidelines in patients with traumatic brain injuries. Journal 
of neurosurgery. 2014 Mar;120(3):773-7. 
31. Turner-Stokes L, Disler PB, Nair A, Wade DT. Multi-disciplinary rehabilitation for 
acquired brain injury in adults of working age. The Cochrane database of systematic reviews. 
2005(3):CD004170. 
32. Greenwald BD, Rigg JL. Neurorehabilitation in traumatic brain injury: does it make a 
difference? The Mount Sinai journal of medicine, New York. 2009 Apr;76(2):182-9. 
33. deGuise E, leBlanc J, Feyz M, Meyer K, Duplantie J, Thomas H, et al. Long-term 
outcome after severe traumatic brain injury: the McGill interdisciplinary prospective study. 
The Journal of head trauma rehabilitation. 2008 Sep-Oct;23(5):294-303. 
34. Dikmen SS, Machamer JE, Powell JM, Temkin NR. Outcome 3 to 5 years after 
moderate to severe traumatic brain injury. Archives of physical medicine and rehabilitation. 
2003 Oct;84(10):1449-57. 
35. Hoofien D, Gilboa A, Vakil E, Donovick PJ. Traumatic brain injury (TBI) 10-20 years 
later: a comprehensive outcome study of psychiatric symptomatology, cognitive abilities and 
psychosocial functioning. Brain injury. 2001 Mar;15(3):189-209. 
36. Colantonio A, Ratcliff G, Chase S, Kelsey S, Escobar M, Vernich L. Long-term 
outcomes after moderate to severe traumatic brain injury. Disability and rehabilitation. 2004 
Mar 4;26(5):253-61. 



51 
 

37. Arciniegas DB, Anderson CA, Topkoff J, McAllister TW. Mild traumatic brain injury: 
a neuropsychiatric approach to diagnosis, evaluation, and treatment. Neuropsychiatric disease 
and treatment. 2005 Dec;1(4):311-27. 
38. JP. M. Cerebral blood flow, cerebral blood volume and cerebral metabolism after 
severe head injury. Textbook of Head Injury 
1989;Philadelphia: WB Saunders:221–40. 
39. Ikeda Y, Long DM. The molecular basis of brain injury and brain edema: the role of 
oxygen free radicals. Neurosurgery. 1990 Jul;27(1):1-11. 
40. Kan EM, Ling EA, Lu J. Microenvironment changes in mild traumatic brain injury. 
Brain research bulletin. 2012 Mar 10;87(4-5):359-72. 
41. Robertson CS, Narayan RK, Gokaslan ZL, Pahwa R, Grossman RG, Caram P, Jr., et 
al. Cerebral arteriovenous oxygen difference as an estimate of cerebral blood flow in 
comatose patients. Journal of neurosurgery. 1989 Feb;70(2):222-30. 
42. Palzur E, Vlodavsky E, Mulla H, Arieli R, Feinsod M, Soustiel JF. Hyperbaric oxygen 
therapy for reduction of secondary brain damage in head injury: an animal model of brain 
contusion. Journal of neurotrauma. 2004 Jan;21(1):41-8. 
43. Harch PG, Kriedt C, Van Meter KW, Sutherland RJ. Hyperbaric oxygen therapy 
improves spatial learning and memory in a rat model of chronic traumatic brain injury. Brain 
research. 2007 Oct 12;1174:120-9. 
44. Palzur E, Zaaroor M, Vlodavsky E, Milman F, Soustiel JF. Neuroprotective effect of 
hyperbaric oxygen therapy in brain injury is mediated by preservation of mitochondrial 
membrane properties. Brain research. 2008 Jul 24;1221:126-33. 
45. Daugherty WP, Levasseur JE, Sun D, Rockswold GL, Bullock MR. Effects of 
hyperbaric oxygen therapy on cerebral oxygenation and mitochondrial function following 
moderate lateral fluid-percussion injury in rats. Journal of neurosurgery. 2004 
Sep;101(3):499-504. 
46. Zhang Y, Yang Y, Tang H, Sun W, Xiong X, Smerin D, et al. Hyperbaric oxygen 
therapy ameliorates local brain metabolism, brain edema and inflammatory response in a 
blast-induced traumatic brain injury model in rabbits. Neurochemical research. 2014 
May;39(5):950-60. 
47. Niklas A, Brock D, Schober R, Schulz A, Schneider D. Continuous measurements of 
cerebral tissue oxygen pressure during hyperbaric oxygenation--HBO effects on brain edema 
and necrosis after severe brain trauma in rabbits. Journal of the neurological sciences. 2004 
Apr 15;219(1-2):77-82. 
48. Rockswold SB, Rockswold GL, Vargo JM, Erickson CA, Sutton RL, Bergman TA, et 
al. Effects of hyperbaric oxygenation therapy on cerebral metabolism and intracranial 
pressure in severely brain injured patients. Journal of neurosurgery. 2001 Mar;94(3):403-11. 
49. Holbach KH, Caroli A, Wassmann H. Cerebral energy metabolism in patients with 
brain lesions of normo- and hyperbaric oxygen pressures. Journal of neurology. 1977 Dec 
1;217(1):17-30. 
50. Nakamura T, Kuroda Y, Yamashita S, Kawakita K, Kawai N, Tamiya T, et al. 
Hyperbaric oxygen therapy for consciousness disturbance following head injury in subacute 
phase. Acta neurochirurgica Supplement. 2008;102:21-4. 
51. Neubauer RA, James P. Cerebral oxygenation and the recoverable brain. Neurological 
research. 1998;20 Suppl 1:S33-6. 
52. Rockswold SB, Rockswold GL, Defillo A. Hyperbaric oxygen in traumatic brain 
injury. Neurological research. 2007 Mar;29(2):162-72. 
53. Zhou Z, Daugherty WP, Sun D, Levasseur JE, Altememi N, Hamm RJ, et al. 
Protection of mitochondrial function and improvement in cognitive recovery in rats treated 



52 
 

with hyperbaric oxygen following lateral fluid-percussion injury. Journal of neurosurgery. 
2007 Apr;106(4):687-94. 
54. Vlodavsky E, Palzur E, Soustiel JF. Hyperbaric oxygen therapy reduces 
neuroinflammation and expression of matrix metalloproteinase-9 in the rat model of traumatic 
brain injury. Neuropathology and applied neurobiology. 2006 Feb;32(1):40-50. 
55. Lim SW, Wang CC, Wang YH, Chio CC, Niu KC, Kuo JR. Microglial activation 
induced by traumatic brain injury is suppressed by postinjury treatment with hyperbaric 
oxygen therapy. The Journal of surgical research. 2013 Oct;184(2):1076-84. 
56. Lavrnja I, Parabucki A, Brkic P, Jovanovic T, Dacic S, Savic D, et al. Repetitive 
hyperbaric oxygenation attenuates reactive astrogliosis and suppresses expression of 
inflammatory mediators in the rat model of brain injury. Mediators of inflammation. 
2015;2015:498405. 
57. Calvert JW, Cahill J, Zhang JH. Hyperbaric oxygen and cerebral physiology. 
Neurological research. 2007 Mar;29(2):132-41. 
58. Hills BA. A role for oxygen-induced osmosis in hyperbaric oxygen therapy. Medical 
hypotheses. 1999 Mar;52(3):259-63. 
59. Yang Y, Zhang YG, Lin GA, Xie HQ, Pan HT, Huang BQ, et al. The effects of 
different hyperbaric oxygen manipulations in rats after traumatic brain injury. Neuroscience 
letters. 2014 Mar 20;563:38-43. 
60. Reinert M, Barth A, Rothen HU, Schaller B, Takala J, Seiler RW. Effects of cerebral 
perfusion pressure and increased fraction of inspired oxygen on brain tissue oxygen, lactate 
and glucose in patients with severe head injury. Acta neurochirurgica. 2003 May;145(5):341-
9; discussion 9-50. 
61. Mu J, Ostrowski RP, Soejima Y, Rolland WB, Krafft PR, Tang J, et al. Delayed 
hyperbaric oxygen therapy induces cell proliferation through stabilization of cAMP 
responsive element binding protein in the rat model of MCAo-induced ischemic brain injury. 
Neurobiology of disease. 2013 Mar;51:133-43. 
62. Yang YJ, Wang XL, Yu XH, Wang X, Xie M, Liu CT. Hyperbaric oxygen induces 
endogenous neural stem cells to proliferate and differentiate in hypoxic-ischemic brain 
damage in neonatal rats. Undersea & hyperbaric medicine : journal of the Undersea and 
Hyperbaric Medical Society, Inc. 2008 Mar-Apr;35(2):113-29. 
63. Chang CC, Lee YC, Chang WN, Chen SS, Lui CC, Chang HW, et al. Damage of 
white matter tract correlated with neuropsychological deficits in carbon monoxide 
intoxication after hyperbaric oxygen therapy. Journal of neurotrauma. 2009 Aug;26(8):1263-
70. 
64. Vilela DS, Lazarini PR, Da Silva CF. Effects of hyperbaric oxygen therapy on facial 
nerve regeneration. Acta oto-laryngologica. 2008 Sep;128(9):1048-52. 
65. Haapaniemi T, Nylander G, Kanje M, Dahlin L. Hyperbaric oxygen treatment 
enhances regeneration of the rat sciatic nerve. Experimental neurology. 1998 Feb;149(2):433-
8. 
66. Bradshaw PO, Nelson AG, Fanton JW, Yates T, Kagan-Hallet KS. Effect of 
hyperbaric oxygenation on peripheral nerve regeneration in adult male rabbits. Undersea & 
hyperbaric medicine : journal of the Undersea and Hyperbaric Medical Society, Inc. 1996 
Jun;23(2):107-13. 
67. Mukoyama M, Iida M, Sobue I. Hyperbaric oxygen therapy for peripheral nerve 
damage induced in rabbits with clioquinol. Experimental neurology. 1975 Jun;47(3):371-80. 
68. Zhang JH, Lo T, Mychaskiw G, Colohan A. Mechanisms of hyperbaric oxygen and 
neuroprotection in stroke. Pathophysiology : the official journal of the International Society 
for Pathophysiology / ISP. 2005 Jul;12(1):63-77. 



53 
 

69. Gunther A, Kuppers-Tiedt L, Schneider PM, Kunert I, Berrouschot J, Schneider D, et 
al. Reduced infarct volume and differential effects on glial cell activation after hyperbaric 
oxygen treatment in rat permanent focal cerebral ischaemia. The European journal of 
neuroscience. 2005 Jun;21(11):3189-94. 
70. Duan S, Shao G, Yu L, Ren C. Angiogenesis contributes to the neuroprotection 
induced by hyperbaric oxygen preconditioning against focal cerebral ischemia in rats. Int J 
Neurosci. 2014 Sep 17. 
71. Peng ZR, Yang AL, Yang QD. The effect of hyperbaric oxygen on intracephalic 
angiogenesis in rats with intracerebral hemorrhage. J Neurol Sci. 2014 Jul 15;342(1-2):114-
23. 
72. Lin KC, Niu KC, Tsai KJ, Kuo JR, Wang LC, Chio CC, et al. Attenuating 
inflammation but stimulating both angiogenesis and neurogenesis using hyperbaric oxygen in 
rats with traumatic brain injury. J Trauma Acute Care Surg. [Comparative Study 
Research Support, Non-U.S. Gov't]. 2012 Mar;72(3):650-9. 
73. Kuffler DP. The role of hyperbaric oxygen therapy in enhancing the rate of wound 
healing with a focus on axon regeneration. Puerto Rico health sciences journal. 2011 
Mar;30(1):35-42. 
74. Lin KC, Niu KC, Tsai KJ, Kuo JR, Wang LC, Chio CC, et al. Attenuating 
inflammation but stimulating both angiogenesis and neurogenesis using hyperbaric oxygen in 
rats with traumatic brain injury. The journal of trauma and acute care surgery. 2012 
Mar;72(3):650-9. 
75. Kim J, Whyte J, Patel S, Avants B, Europa E, Wang J, et al. Resting cerebral blood 
flow alterations in chronic traumatic brain injury: an arterial spin labeling perfusion FMRI 
study. Journal of neurotrauma. 2010 Aug;27(8):1399-411. 
76. Graham DI, Adams JH. Ischaemic brain damage in fatal head injuries. Lancet. 1971 
Feb 6;1(7693):265-6. 
77. Graham DI, Adams JH, Doyle D. Ischaemic brain damage in fatal non-missile head 
injuries. Journal of the neurological sciences. 1978 Dec;39(2-3):213-34. 
78. Ostergaard L, Engedal TS, Aamand R, Mikkelsen R, Iversen NK, Anzabi M, et al. 
Capillary transit time heterogeneity and flow-metabolism coupling after traumatic brain 
injury. Journal of cerebral blood flow and metabolism : official journal of the International 
Society of Cerebral Blood Flow and Metabolism. 2014 Oct;34(10):1585-98. 
79. Stein SC, Graham DI, Chen XH, Smith DH. Association between intravascular 
microthrombosis and cerebral ischemia in traumatic brain injury. Neurosurgery. 2004 
Mar;54(3):687-91; discussion 91. 
80. Chen J, Zhang ZG, Li Y, Wang L, Xu YX, Gautam SC, et al. Intravenous 
administration of human bone marrow stromal cells induces angiogenesis in the ischemic 
boundary zone after stroke in rats. Circ Res. [Research Support, U.S. Gov't, P.H.S.]. 2003 Apr 
4;92(6):692-9. 
81. Jiang Q, Zhang ZG, Ding GL, Zhang L, Ewing JR, Wang L, et al. Investigation of 
neural progenitor cell induced angiogenesis after embolic stroke in rat using MRI. 
NeuroImage. 2005 Nov 15;28(3):698-707. 
82. Prakash A, Parelkar SV, Oak SN, Gupta RK, Sanghvi BV, Bachani M, et al. Role of 
hyperbaric oxygen therapy in severe head injury in children. Journal of pediatric 
neurosciences. 2012 Jan;7(1):4-8. 
83. Mitani M. Brain "implications for HBO2". Undersea & hyperbaric medicine : journal 
of the Undersea and Hyperbaric Medical Society, Inc. 2004 Spring;31(1):163-6. 
84. Lee CH, Chen WC, Wu CI, Hsia TC. Tension pneumocephalus: a rare complication 
after hyperbaric oxygen therapy. The American journal of emergency medicine. 2009 
Feb;27(2):257 e1-3. 



54 
 

85. Rockswold GL, Ford SE, Anderson DC, Bergman TA, Sherman RE. Results of a 
prospective randomized trial for treatment of severely brain-injured patients with hyperbaric 
oxygen. Journal of neurosurgery. 1992 Jun;76(6):929-34. 
86. Rockswold SB, Rockswold GL, Zaun DA, Zhang X, Cerra CE, Bergman TA, et al. A 
prospective, randomized clinical trial to compare the effect of hyperbaric to normobaric 
hyperoxia on cerebral metabolism, intracranial pressure, and oxygen toxicity in severe 
traumatic brain injury. Journal of neurosurgery. 2010 May;112(5):1080-94. 
87. Rockswold SB, Rockswold GL, Zaun DA, Liu J. A prospective, randomized Phase II 
clinical trial to evaluate the effect of combined hyperbaric and normobaric hyperoxia on 
cerebral metabolism, intracranial pressure, oxygen toxicity, and clinical outcome in severe 
traumatic brain injury. Journal of neurosurgery. 2013 Jun;118(6):1317-28. 
88. Ren H, Wang W, Ge Z. Glasgow Coma Scale, brain electric activity mapping and 
Glasgow Outcome Scale after hyperbaric oxygen treatment of severe brain injury. Chinese 
journal of traumatology = Zhonghua chuang shang za zhi / Chinese Medical Association. 
2001 Nov;4(4):239-41. 
89. Ren H, Wang W, Ge Z, Zhang J. Clinical, brain electric earth map, endothelin and 
transcranial ultrasonic Doppler findings after hyperbaric oxygen treatment for severe brain 
injury. Chinese medical journal. 2001 Apr;114(4):387-90. 
90. Y. MJ-HSZ-SX. Observation of curative effects of hyperbaric oxygen for treatment on 
severe craniocerebral injury. Journal of clinical neurology. 2010. 
91. Lin JW, Tsai JT, Lee LM, Lin CM, Hung CC, Hung KS, et al. Effect of hyperbaric 
oxygen on patients with traumatic brain injury. Acta neurochirurgica Supplement. 
2008;101:145-9. 
92. al Xe. Changes of plasma C-reactive protein in patients with craniocerebral injury 
before and after hyperbaric oxygenation: A randomly controlled study. Neural regeneration 
research. 2007:304-7. 
93. Artru F, Chacornac R, Deleuze R. Hyperbaric oxygenation for severe head injuries. 
Preliminary results of a controlled study. European neurology. 1976;14(4):310-8. 
94. Bennett MH, Trytko B, Jonker B. Hyperbaric oxygen therapy for the adjunctive 
treatment of traumatic brain injury. The Cochrane database of systematic reviews. 
2012;12:CD004609. 
95. Mogami H, Hayakawa T, Kanai N, Kuroda R, Yamada R, Ikeda T, et al. Clinical 
application of hyperbaric oxygenation in the treatment of acute cerebral damage. Journal of 
neurosurgery. 1969 Dec;31(6):636-43. 
96. Diringer MN, Aiyagari V, Zazulia AR, Videen TO, Powers WJ. Effect of hyperoxia 
on cerebral metabolic rate for oxygen measured using positron emission tomography in 
patients with acute severe head injury. Journal of neurosurgery. 2007 Apr;106(4):526-9. 
97. Tisdall MM, Tachtsidis I, Leung TS, Elwell CE, Smith M. Increase in cerebral aerobic 
metabolism by normobaric hyperoxia after traumatic brain injury. Journal of neurosurgery. 
2008 Sep;109(3):424-32. 
98. Vilalta A, Sahuquillo J, Merino MA, Poca MA, Garnacho A, Martinez-Valverde T, et 
al. Normobaric hyperoxia in traumatic brain injury: does brain metabolic state influence the 
response to hyperoxic challenge? Journal of neurotrauma. 2011 Jul;28(7):1139-48. 
99. Tal S, Hadanny A, Berkovitz N, Sasson E, Ben-Jacob E, Efrati S. Hyperbaric oxygen 
may induce angiogenesis in patients suffering from prolonged post-concussion syndrome due 
to traumatic brain injury. Restorative neurology and neuroscience. 2015 Nov 4. 
100. Sahni T, Jain M, Prasad R, Sogani SK, Singh VP. Use of hyperbaric oxygen in 
traumatic brain injury: retrospective analysis of data of 20 patients treated at a tertiary care 
centre. British journal of neurosurgery. 2012 Apr;26(2):202-7. 



55 
 

101. Churchill S, Weaver LK, Deru K, Russo AA, Handrahan D, Orrison WW, Jr., et al. A 
prospective trial of hyperbaric oxygen for chronic sequelae after brain injury (HYBOBI). 
Undersea & hyperbaric medicine : journal of the Undersea and Hyperbaric Medical Society, 
Inc. 2013 Mar-Apr;40(2):165-93. 
102. Shi XY, Tang ZQ, Sun D, He XJ. Evaluation of hyperbaric oxygen treatment of 
neuropsychiatric disorders following traumatic brain injury. Chinese medical journal. 2006 
Dec 5;119(23):1978-82. 
103. Harch PG, Andrews SR, Fogarty EF, Amen D, Pezzullo JC, Lucarini J, et al. A phase I 
study of low-pressure hyperbaric oxygen therapy for blast-induced post-concussion syndrome 
and post-traumatic stress disorder. Journal of neurotrauma. 2012 Jan 1;29(1):168-85. 
104. Lv LQ, Hou LJ, Yu MK, Ding XH, Qi XQ, Lu YC. Hyperbaric oxygen therapy in the 
management of paroxysmal sympathetic hyperactivity after severe traumatic brain injury: a 
report of 6 cases. Archives of physical medicine and rehabilitation. 2011 Sep;92(9):1515-8. 
105. Wright JK, Zant E, Groom K, Schlegel RE, Gilliland K. Case report: Treatment of 
mild traumatic brain injury with hyperbaric oxygen. Undersea & hyperbaric medicine : 
journal of the Undersea and Hyperbaric Medical Society, Inc. 2009 Nov-Dec;36(6):391-9. 
106. Barrett KF, Masel B, Patterson J, Scheibel RS, Corson KP, Mader JT. Regional CBF 
in chronic stable TBI treated with hyperbaric oxygen. Undersea & hyperbaric medicine : 
journal of the Undersea and Hyperbaric Medical Society, Inc. 2004 Winter;31(4):395-406. 
107. Harch PG, Fogarty EF, Staab PK, Van Meter K. Low pressure hyperbaric oxygen 
therapy and SPECT brain imaging in the treatment of blast-induced chronic traumatic brain 
injury (post-concussion syndrome) and post traumatic stress disorder: a case report. Cases 
journal. 2009;2:6538. 
108. Hardy P, Johnston KM, De Beaumont L, Montgomery DL, Lecomte JM, Soucy JP, et 
al. Pilot case study of the therapeutic potential of hyperbaric oxygen therapy on chronic brain 
injury. Journal of the neurological sciences. 2007 Feb 15;253(1-2):94-105. 
109. Woolley SM, Lawrence JA, Hornyak J. The effect of hyperbaric oxygen treatment on 
postural stability and gait of a brain injured patient: single case study. Pediatric rehabilitation. 
1999 Jul-Sep;3(3):81-90. 
110. Lee LC, Lieu FK, Chen YH, Hung TH, Chen SF. Tension pneumocephalus as a 
complication of hyperbaric oxygen therapy in a patient with chronic traumatic brain injury. 
American journal of physical medicine & rehabilitation / Association of Academic 
Physiatrists. 2012 Jun;91(6):528-32. 
111. Wolf G, Cifu D, Baugh L, Carne W, Profenna L. The effect of hyperbaric oxygen on 
symptoms after mild traumatic brain injury. Journal of neurotrauma. 2012 Nov 
20;29(17):2606-12. 
112. Kramer MR, Springer C, Berkman N, Glazer M, Bublil M, Bar-Yishay E, et al. 
Rehabilitation of hypoxemic patients with COPD at low altitude at the Dead Sea, the lowest 
place on earth. Chest. 1998 Mar;113(3):571-5. 
113. Abinader EG, Sharif D, Rauchfleich S, Pinzur S, Tanchilevitz A. Effect of low altitude 
(Dead Sea location) on exercise performance and wall motion in patients with coronary artery 
disease. The American journal of cardiology. 1999 Jan 15;83(2):250-1, A5. 
114. Collet JP, Vanasse M, Marois P, Amar M, Goldberg J, Lambert J, et al. Hyperbaric 
oxygen for children with cerebral palsy: a randomised multicentre trial. HBO-CP Research 
Group. Lancet. 2001 Feb 24;357(9256):582-6. 
115. James PB. Hyperbaric oxygenation for cerebral palsy. Lancet. 2001 Jun 
23;357(9273):2052-3. 
116. Cifu DX, Hoke KW, Wetzel PA, Wares JR, Gitchel G, Carne W. Effects of hyperbaric 
oxygen on eye tracking abnormalities in males after mild traumatic brain injury. Journal of 
rehabilitation research and development. 2014;51(7):1047-56. 



56 
 

117. Cifu DX, Hart BB, West SL, Walker W, Carne W. The effect of hyperbaric oxygen on 
persistent postconcussion symptoms. The Journal of head trauma rehabilitation. 2014 Jan-
Feb;29(1):11-20. 
118. Miller RS, Weaver LK, Bahraini N, Churchill S, Price RC, Skiba V, et al. Effects of 
hyperbaric oxygen on symptoms and quality of life among service members with persistent 
postconcussion symptoms: a randomized clinical trial. JAMA internal medicine. 2015 
Jan;175(1):43-52. 
119. Boussi-Gross R, Golan H, Fishlev G, Bechor Y, Volkov O, Bergan J, et al. Hyperbaric 
oxygen therapy can improve post concussion syndrome years after mild traumatic brain injury 
- randomized prospective trial. PLoS One. [Randomized Controlled Trial 
Research Support, Non-U.S. Gov't]. 2013;8(11):e79995. 
120. Golden Z, Golden CJ, Neubauer RA. Improving neuropsychological function after 
chronic brain injury with hyperbaric oxygen. Disability and rehabilitation. 2006 Nov 
30;28(22):1379-86. 
121. Shi XY, Tang ZQ, Xiong B, Bao JX, Sun D, Zhang YQ, et al. Cerebral perfusion 
SPECT imaging for assessment of the effect of hyperbaric oxygen therapy on patients with 
postbrain injury neural status. Chinese journal of traumatology = Zhonghua chuang shang za 
zhi / Chinese Medical Association. 2003 Dec;6(6):346-9. 
122. Faul M, Wald MM, Rutland-Brown W, Sullivent EE, Sattin RW. Using a cost-benefit 
analysis to estimate outcomes of a clinical treatment guideline: testing theBrain Trauma 
Foundation guidelines for the treatment of severe traumatic brain injury. The Journal of 
trauma. 2007 Dec;63(6):1271-8. 
123. Terri Tanielian JL. Invisible wounds of war :psychological and cognitive injuries, their 
consequences, and services to 
assist recovery. RAND Corporation, Center for Military Health Policy 
Research. 2008. 
 
 
 


