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Abstract
Traumatic brain injury (TBI) and acute ischaemic stroke are major causes of mortality and morbidity and there is an urgent
demand for new neuroprotective strategies following the translational failure of neuroprotective drug trials. Oxygen
therapy—especially normobaric, may offer a simple and effective therapeutic strategy which we review in this paper. Firstly
we review mechanisms underlying the therapeutic effects of hyperoxia (both normobaric and hyperbaric) including
mitochondrial rescue, stabilisation of intracranial pressure, attenuation of cortical spreading depression and inducing
favourable endothelial-leukocyte interactions, all effects of which are postulated to decrease secondary injury. Next we survey
studies using hyperbaric oxygen therapy for TBI and stroke, which formed the basis for early studies on normobaric
hyperoxia. Thirdly, we present clinical studies of the efficacy of normobaric hyperoxia on TBI and stroke, emphasising their
safety, efficacy and practicality. Finally we consider safety concerns and side effects, particularly pulmonary pathology,
respiratory failure and theoretical risks in paediatric patients. A neuroprotective role of normobaric hyperoxia is extremely
promising and further studies are warranted.
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Introduction

Traumatic Brain Injury (TBI) is the cause of death

for 50,000 people in the United States of America

and results in non-lethal but severe disabilities in

another 70,000 to 90,000 each year.1 Around

1,000,000 hospital admissions each year in the

European Union alone are due to TBI,2 thereby

making TBI a significant socioeconomic burden on

Western Society.3 Moreover, some believe that this is

underestimated owing to underreporting of milder

forms of TBI and its consequences.4

Likewise, each year more than 700,000 people in

the United States of America have strokes, of whom

150,000 die—the country’s third-leading cause of

death.5,6 Currently the only proven therapy for acute

ischaemic stroke is early thrombolysis although

several studies are ongoing including hypothermia,

magnesium, caffeinol, statins and albumin.7

Moreover, as yet no neuroprotective agent for

stroke or TBI has shown to improve outcome on a

randomised control trial. Several clinical trials in the

eighties failed to translate effectively on human

patients despite optimal in vivo experimental results,

most notably NMDA receptor antagonists.8 The

reasons for this are multifactorial and have been

reviewed extensively.9

Hyperbaric oxygen therapy, defined as oxygen

delivered at pressures above atmospheric pressure,

has long been shown to increase the supply of oxygen

to ischaemic foci.10,11 However, applications are

cumbersome and uneconomical.12 Normobaric hy-

peroxia, defined as oxygen delivered at fractions of

inspired oxygen (FIO2) between 40–100% (i.e.,

above the atmospheric concentration of 21%) but

at atmospheric pressure, can achieve significant

increases in brain tissue oxygen tension (PbtO2)

with minimal costs and significantly reduced risks.13

However, there has been much debate as the

relationship between oxygen tension and blood

oxygen carrying capacity is complex and processes

such as oxidative stress are mainly sensitive to oxygen

tension whereas others pertaining to ischaemia are

primarily sensitive to the rate of oxygen delivery.

Under normal clinical situations (in the absence of

pulmonary shunting and a normal transfer factor) and

at atmospheric conditions haemoglobin is close to

100% saturated and increasing FIO2 from above 21%

is unlikely to improve oxygen transportation to tissues

seeing as only a very small fraction of oxygen (51%)

that is transported is actually dissolved in plasma.

The pathophysiology of TBI remains controversial

and whether or not secondary injury cascades in

TBI are the result of stroke like damage is

Correspondence: A. Kumaria, Department of Neurosurgery, King’s College Hospital, London, UK. E-mail: ashwin.kumaria@doctors.org.uk

Received for publication 9 January 2009. Accepted 18 May 2009.

British Journal of Neurosurgery, December 2009; 23(6): 576–584

ISSN 0268-8697 print/ISSN 1360-046X online ª The Neurosurgical Foundation

DOI: 10.3109/02688690903050352

B
r 

J 
N

eu
ro

su
rg

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

Im
pe

ri
al

 C
ol

le
ge

 L
on

do
n 

on
 0

1/
21

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



controversial14–18 and an entirely independent neu-

roprotective mechanism remains possible, perhaps

direct attenuation of secondary injury. On the other

hand, mitochondrial dysfunction in stroke and TBI is

well recognised19 and this may be the substrate that

hyperoxia seeks to improve.12,20

Mechanisms of action

Mitochondrial rescue

Progressive dysfunction of cerebral metabolism is a

well recognised consequence in patients with TBI as

well as animal models thereof.16 Ensuing ionic flux in

TBI increases glucose demand and promotes astro-

cytic glycogenolysis, consistent with the compart-

mentalisation theory.21 Owing to the hypoxic

conditions, the majority of this glucose is metabolised

anaerobically and converted into lactate.22 Neurons

may not benefit much from this lactate because of

mitochondrial dysfunction which is inherent to TBI

pathophysiology.15,23 Improving this depression of

cerebral metabolism may be a legitimate treatment

option.

Importantly, cerebral PbtO2 has been reported to

be significantly decreased following TBI.24 and

increasing the availability of oxygen would be

expected to increase background aerobic metabolism

and is likely to protect against cell death. Another

biochemical premise for this claim is that the enzyme

kinetics of mitochondrial redox enzymes are en-

hanced when PbtO2 values are higher.25,26 Taking all

these into account, supplementary oxygen would be

expected to increase the rate(s) of reaction for

aerobic metabolism and therefore promote survival

of neural tissue.27,28

Importantly, hyperoxia does not improve mito-

chondrial function unless administered quickly after

the injury. The obvious reason for this is that the areas

of brain under threat (‘‘penumbra’’) would have

already infarcted before administration of hyperoxia,

and the basic objective of preventing secondary

damage would be lost. This may explain why in a

clinical study Magnoni et al., who administered

hyperoxia more than 48 hours after post-injury, did

not see any improvement in their patients.29

In addition, hyperoxia therapy must be sustained

to have any therapeutic effect; otherwise the penum-

bra would revert as ischaemic conditions redevelop.

This may explain why Diringer et al., who adminis-

tered hyperoxia for only 1 hour to patients with TBI

failed to detect improved cerebral metabolic rate

despite sophisticated techniques.17

Genetic clues

To classify the genetic basis of hyperbaric oxygen’s

neuroprotective basis in an animal model of sub-

arachnoid haemorrhage, Ostrowski et al. showed that

although post endovascular perforation the genes

HIF-1a, VEGF and BNIP3 were expressed, the

expression of HIF-1a in particular was attenuated by

hyperbaric oxygen.30 This is interesting since the

downstream targets of HIF-1a include enzymes that

promote anaerobic glycolysis, and therefore comple-

ments the clinical microdialysis data of Tolias et al.13

Moreover, this confirms and strengthens the argu-

ment of mitochondrial rescue.

Stabilisation of intracranial pressure

The role of intracranial pressure (ICP) itself in the

management of TBI is not fully elucidated and

several studies have shown optimistic reductions in

intracranial pressure without any effects on the long-

term outcome. However, reduction of ICP is still the

centre of modern management of TBI.

There is paucity of animal data pertaining to the

effect of normobaric hyperoxia on ICP, although the

clinical study of Tolias et al. demonstrated significant

reduction in the ICP of patients with severe TBI who

were given 100% oxygen compared with historical

controls.13 Furthermore, this effect correlated well

with improvement on the Glasgow Coma Scale

(GCS). This improvement may be attributable to

decreased cytotoxic oedema formation as a result of

increased PbtO2, as has been demonstrated on an

animal model.31

On the other hand, the effects of hyperbaric oxygen

on ICP and outcome are controversial. Several

studies have shown that hyperbaric oxygen causes a

gradual increase in ICP with time.32 A possible reason

for this would be cerebral vasoconstriction33–35

although some studies suggest that other factors

may also be in play.36,37 Rockswold et al. also

generally noted gradual linear increases in intracra-

nial pressure with hyperbaric oxygen.38 Strangely,

patients who started at a low baseline ICP showed

increases upon treatment and vice versa—patients

with high baseline ICP decreased upon treatment,

consistent with two other published reports.36,39

Interestingly, they attribute increased pressure in the

hyperbaric chamber to increased pressure in para-

nasal sinuses and heat, which may eventually have

overridden any benefit on ICP. Notwithstanding, it

remains possible that despite increased ICP they

averted oedema and ischaemia probably due to

blood-brain barrier (aka cerebral vascular endothe-

lium) stabilising properties of hyperbaric oxygen as

shown in two animal studies.40,41

Endothelial-neutrophil interactions

Another possible explanation of oxygen therapy’s

beneficial effects pertains to endothelial-neutrophil

interactions that are believed to partly underlie the

pathophysiology of ischaemia/reperfusion injury as

shown on animal studies.42 Although these experi-

ments have not been performed using normobaric

hyperoxia, we infer a similar effect.

Normobaric hyperoxia therapy 577
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Leukocyte infiltration into ischaemic tissue, which

would accelerate tissue death, has been decreased by

hyperbaric oxygen in a rat model of ischaemic

stroke.43 Buras and Reenstra suggest that hyperbaric

oxygen suppresses neutrophil-endothelial adhesion,

thereby reducing ischaemia/reperfusion injury in

particular.44 Hypoxia and hypoglycaemia contribut-

ing to stroke up-regulate the inflammatory inter-

cellular adhesion molecule ICAM-1, which is

believed to play a protagonist role in stroke and

subarachnoid haemorrhage, and hyperbaric oxygen

induces endothelial nitric oxide synthase (eNOS) to

successfully down-regulate ICAM-1.45 Interestingly,

there is also evidence for similar neutrophil-endothe-

lial interactions during permanent focal cerebral

ischaemia,46 and it remains to be seen if on oxygen

exposure improves late phase cerebral ischaemia.

Such factors may explain the results of Beynon et al.

who showed delayed hyperbaric oxygen to be more

efficacious than early prolonged normobaric hyper-

oxia in middle cerebral artery occlusion models of

cerebral ischaemia in rats.47

Cortical spreading depression

Cortical spreading depression is a self-propagating

wave of nearly complete depolarisation of a sizable

population of brain cells associated with massive

redistribution of ions between intracellular and

extracellular compartments.48 Peri-infarct depolari-

sations are cortical spreading depression-like phe-

nomena, albeit hypoxic, that play a key role in the

propagation of secondary injury in stroke and

TBI.19,49 Their suppression in intensive care may

be a promising method of salvaging penumbral tissue

after stroke and TBI.50

While cortical spreading depression is not asso-

ciated with neuronal death in the normal brain under

physiological conditions,51 it is known to be a

contributor to ischaemic brain damage.52 An exciting

recent study showed for the first time that increasing

oxygen availability by an infusion of hyperoxic

synthetic cerebrospinal fluid shortens the duration

of cortical spreading depression and improves local

redox chemistry, as shown by two-photon micro-

scopic NADH (Nicotinamide Adenine Dinucleotide)

imaging and oxygen sensor microelectrodes in live

mouse cortex.53 In other words, cytotoxic oedema is

the result of insufficient energy to re-establish ionic

gradients that are lost during spreading depression.54

Indeed, on a mouse middle cerebral artery occlusion

model of focal ischaemia, normobaric hyperoxia was

found to decrease peri-infarct depolarisations while

increasing cerebral blood flow and oxygenation.55

Taken together, logical explanation is that hyperoxia

prevents cortical spreading depression post-stroke

from becoming hypoxic spreading depression, there-

by salvaging penumbral tissue.

Incidentally, oxygen therapy is the only NICE

approved therapy for cluster headache, whose patho-

physiology is believed to be neurovascular and

involving spreading depression56 and the mechanism

underlying its efficacy may be through the attenua-

tion of spreading depression. Additionally, a recent

meta-analysis that included 201 patients in nine

clinical studies confirmed that normobaric oxygen to

be therapeutic for cluster headache, while hyperbaric

oxygen even more effective for terminating acute

migraine albeit not as routine therapy owing to costs

and poor availability.57

Hyperbaric oxygen as treatment

Although several authors provide early descriptions

of the use of oxygen therapy in the treatment of

cerebral ischaemia as early as the 1960s, the reports

were largely anecdotal clinical studies.58–61

A recent meta-analysis of clinical studies of

hyperbaric oxygen in acute ischaemic stroke looked

at outcomes of mortality, functional health outcomes

and adverse effects from four randomised control

trials, one controlled clinical trial and 17 observa-

tional studies deemed the majority of ‘‘poor quality’’.

Their conclusions were that the current evidence,

limited by ‘‘good-quality trials’’ and sample size, do

not support a beneficial role of hyperbaric oxygen for

patients with stroke.62 Similarly, Bennett et al. meta-

analysed data regarding effectiveness of hyperbaric

oxygen as adjunctive therapy in acute stroke and did

not find evidence to show that it improves clinical

outcomes at 6 months when considering three

randomised control trials (106 participants).10

On the other hand, meta-analysis of patients with

TBI receiving hyperbaric oxygen revealed that the

risk of death was reduced but not that of favourable

clinical outcome. The authors concluded that based

upon the modest numbers of patients and limitations

of methodology, routine administration of hyperbaric

oxygen could not be justified.63

Finally, problems with hyperbaric oxygen were

mainly those pertaining to practicality and availability

of such treatment along with their consequent costs.

Additionally, some patients were lost to follow-up

due to claustrophobia and patient discomfort. For

example, the study by Anderson et al. was stopped

prematurely because of poor tolerance and difficul-

ties with administration of therapy.64

In light of these disappointing conclusions, nor-

mobaric hyperoxia has been proposed as a more

feasible alternative.12 Normobaric hyperoxia is non-

invasive, easily available, inexpensive and simple to

administer—all of which add up to make a practical

therapy against stroke and TBI.

Clinical studies of normobaric hyperoxia

Clinical studies on TBI

Early studies showed that normobaric hyperoxia

soon after TBI boosted brain PbtO2, which in turn
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appeared to rescue aerobic metabolism as seen by

decreasing extracellular lactate levels.27,65 This gave

the theoretical framework of efficacy and was the

forerunner of many studies, as summarised in

Table I.

The most cited study in this area is that of Tolias

et al.13, who performed a prospective study of 52

patients with severe TBI treated with 100% FIO2 for

24 hours starting within 6 hours of admission; com-

paring them to a historical cohort of 112 patients.

Using intracerebral microdialysis, increased glucose

levels and decreased glutamate and lactate levels, as

well as reduced lactate/glucose and lactate/pyruvate

ratios were found in microdialysate in the groups

treated with hyperoxia.

Furthermore, significant reductions in intracranial

pressure were seen in the treatment group, without

changes in perfusion pressure (discussed below).

Strengths of this study included their multifaceted

study of various aspects of improvement—micro-

dialysis, ICP measurement and clinical. Criticisms of

this study pertained with safety concerns of pulmon-

ary toxicity, which we discuss next, that it compares

patients against historical controls. In many ways this

study can be seen as a successful clinical translation

of preceding animal studies (notably Chen et al.66),

and proof of concept of the hypothesis that arterial

hyperoxia attenuates the fall in glucose and rise in

lactate. Although this study does not carry the power

of a randomised control trial, it can be seen as a

stepping stone.

Using similar microdialysis techniques, Magnoni

et al. studied the effects of 3 hours of 100% on

patients.29 Therapy was initiated late in the natural

TABLE I. Summary of studies using normobaric hyperoxia for TBI

Reference Techniques Main findings

Menzel

et al.65

The effects of increasing tissue O2 by increasing FIO2 on

PbtO2, lactate and glucose were measured. (n¼22

patients with severe TBI)

First microdialysis study to show that hyperoxia

decreases lactate levels in the microdialysate,

indicating that hyperoxia may promote aerobic

metabolism

Menzel

et al.27

The relationship between CBF (measured by Xe-CT),

PbtO2, extracellular glucose and lactate (measured by

microdialysis) were studied. (n¼ 47 patients with severe

TBI, in total)

Increasing PaO2 by administering hyperoxia was

shown to increase PbtO2 and decrease lactate in

the microdialysate. This study introduced the

concept of oxygen reactivity vis-à-vis proportional

changes in PbtO2 in response to FIO2

Reinert

et al.28

Effects of increasing FIO2 on cerebral perfusion pressure

(CPP), PbtO2 and brain microdialysate glucose and

lactate were studied using an intraparenchymal ICP

device, oxygen sensor and microdialysis at the

cortical-subcortical junction. Two 6- hour challenges to

100% oxygen – one early and one delayed were

compared (n¼20 patients with severe TBI)

This study confirmed positive correlation between

PbtO2 and FIO2, implying that PbtO2 can be

improved by increasing PaO2. Moreover, PbtO2

was shown to positively correlate with CPP.

Lactate levels were decreased by increasing FIO2

although glucose levels remained unchanged

Magnoni

et al.29

Ventilation with 100% FIO2 for 3 hours delayed by 48

hours post-injury. Analysis by microdialysis of lactate,

pyruvate, glucose, glutamate, brain tissue PO2 (n¼ 8

patients with severe TBI)

Delayed use of hyperoxia does not improve cerebral

glucose oxygenation

Tolias

et al.13

100% FIO2 administered with 6 hours of injury for a period

of 24 hours. Analysis by intracerebral microdialysis and

tissue O2 probes (n¼ 52 patients with severe TBI,

compared with historical controls)

This study established the working hypothesis that

early and prolonged hyperoxia improves TBI, as

shown by improvements in microdialysate indices

of brain oxidative metabolism and decreases

intracranial pressure. Largest study of its kind to

date

Diringer

et al.17

Cerebral metabolic rate for oxygen (CMRO2) measured

with positron emission tomography (PET) before and

after 1 hour ventilation with 100% oxygen (n¼5 patients

with severe TBI)

Hyperoxia curtailed to 1 hour is not sufficient to

exert a beneficial effect on cerebral oxygen

metabolism

Nortje

et al.67

Cerebral microdialysis, brain tissue oximetry, 15O-PET

performed during normoxia and hyperoxia (n¼ 11

patients with severe TBI)

Hyperoxia increases PbtO2 independent of changes

in microdialysate lactate and lactate/pyruvate

ratios

Rosenthal

et al.84

Ratio of PaO2 to PbtO2 (PF ratio) determined before and

after an ‘‘oxygen challenge’’ increase in FIO2 from

baseline to 1.0 for 20 minutes (n¼37 patients with severe

TBI)

First report to highlight the role of lung function,

specifically the PF ratio, as a major determinant of

the maximal PbtO2 attained during an oxygen

challenge

Hlatky

et al.70

The response of PbtO2 to hyperoxia was determined by

measuring rCBF changes (using a stable xenon–

enhanced computed tomography) in the vicinity of the

PO2 probe. (n¼ 83 patients with severe TBI)

First report to suggest that ‘‘at-risk’’ peri-lesional

brain tissue, which is most likely to benefit from

the effects of hyperoxia is paradoxically the least

likely to receive it

Tisdall

et al.69

Cerebral microdialysis, brain tissue oximetry, broadband

near-infrared spectroscopy (NIRS) to measure

cytochrome C oxidase levels (n¼8 patients with severe

TBI)

First report to use NIRS as well as microdialysis to

show improved aerobic metabolism following

brief exposure to hyperoxia

Normobaric hyperoxia therapy 579
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course of the injury. Another shortcoming of this

study is the small sample size (n¼ 8) of patients

which obviated analysis of aerteriovenous oxygen

difference to a satisfactory statistical power.12 The

only conclusion we can derive from this otherwise

good study is that short exposure to hyperoxia in the

delayed phase of TBI likely does not cause improve-

ment.

Another study that failed to show beneficial effects

of hyperoxia in head injury came from Diringer

et al.17 This study must be lauded for the pioneering

measurement of cerebral metabolic rate for oxygen.

However, the study has several shortcomings, least of

which is the small sample size of only 5 patients. The

authors themselves admit that no patient was studied

fewer than 12 hours post-injury and that the PET

studies were done after only 1 hour at 100% FIO2.

Similar to the study of Magnoni et al.29, this study

did not provide a suitable window to administer the

therapy, namely early and prolonged.

From first principles, peri-lesional tissues are the

foci propagating secondary damage and their salvage

represents a neuroprotective effect. Oxygen-15 posi-

tron emission tomography (15O-PET) has been used

to show that normobaric hyperoxia administered

following TBI confers a preferential metabolic

advantage to this ‘‘at risk’’ peri-lesional tissue as

measured by improved local cerebral metabolic rate

of O2 (CMRO2) and PbtO2.67 Authors claim

reduction in lesion volumes by as much as 100ml

in some patients as a result of normobaric hyper-

oxia.67 Although some criticism has been raised on

statistical grounds,68 the observed improvements

were independent of microdialysate and global
15O-PET changes, suggesting additional, undeter-

mined mechanisms.67

Notwithstanding, this hypothesis has been further

confirmed by Signoretti et al. using 1H-MR spectro-

scopy to detect N-acetylaspartate, a surrogate marker

of neuron-specific mitochondrial impairment in

patients with TBI.20 In this study, 1H-MR spectro-

scopy revealed areas of reduced N-acetylaspartate

within brain tissue peripheral to the traumatic lesion

(undetected by CT) suggesting that the hyperoxia

therapy is likely to have a more potent effect on these

peri-lesional areas.20

Further confirmation of this hypothesis comes

from the study of Tisdall et al.69 who used broadband

near-infrared spectroscopy (NIRS) to measure cyto-

chrome C oxidase concentrations indicative of

mitochondrial function alongside microdialysis.

Exposure to hyperoxia in 8 patients with severe

TBI, even though it was of brief duration, resulted in

significant increases in cytochrome C oxidase

levels, as well as improved lactate to pyruvate

ratios all suggestive of improved mitochrondrial

function.66

However, cerebral PbtO2 increases in hypoper-

fused peri-lesional areas to a lesser degree when

compared to areas with unimpaired CBF as shown

by measuring cerebral blood flow changes using

Xenon-CT.70 This again suggests the possibility

of more than one beneficial pathophysiologic

mechanisms.

Normobaric hyperoxia in acute stroke

In a pilot study, Singhal et al.71 showed that if started

within 12 hours, normobaric hyperoxia transiently

improved clinical features and MRI parameters of

ischaemia. This study built on previous animal

models of stroke which confirmed normobaric

hyperoxia to decrease infarct volume72,73 and MRI

abnormalities.74 A caveat is that Singhal et al.71 did

not note significant difference in outcome between

control and treatment groups at 3 months. However,

hyperoxia might offer stability in the short-term and

thus increase the therapeutic window for other

treatments such as thrombolysis.75 Interestingly,

intermittent use of hyperoxia was shown to promote

ischaemic tolerance in a rat model.76,77

Building on their previous work, Singhal et al.78

performed multivoxel magnetic resonance spectro-

scopic imaging and diffusion/perfusion MRI in

patients with stroke exposed to normobaric hyperox-

ia or room air with imaging performed before, during

and after therapy. By demonstrating decreased

lactate levels and preserving N-acetylcysteine levels,

they confirmed a neuroprotective role and concluded

that normobaric hyperoxia improves aerobic meta-

bolism.

Indeed, a small study in patients with middle

cerebral artery strokes given 40% FIO2 oxygen by

venturi masks has shown decreased mortality and

fewer complications.79 As with TBI trials, further

studies are mandated.

Other benefits

The effects of normobaric hyperoxia on post-

operative wound infections is an interesting albeit

controversial topic. The premise for defence against

surgical site infections is that oxidative killing of

pathogens by neutrophils depends on tissue oxygen

partial pressure, which is topped-up by arterial

hyperoxia. Another prospect is that hypoxia can be

prevented or reversed, thereby limiting local necrotic

changes which are likely to become infected.

Although there is some evidence (albeit controver-

sial) that hyperoxia prevents wound infections in

general surgery patients,80,81 this is lacking in

neurosurgery. Additionally, hyperbaric oxygen has

been shown to improve neovascularisation82 and

bone remodelling83 and a similar role of normobaric

hyperoxia may be hypothesised.

Adverse effects

We will now review potential problems with high O2

therapy.
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Pulmonary considerations

Lung function is a crucial determinant of PbtO2.

Rosenthal et al.84 elegantly showed that the ratio of

PaO2 to PbtO2, named the PF ratio, is a major

determinant of the maximal PbtO2 attained during an

oxygen challenge, with higher PF ratios achieving

greater PbtO2. The major concern regarding the

clinical use of normobaric hyperoxia is its pulmonary

side-effects. Hyperoxia has been shown to reversibly

induce reactive oxygen species in rat lung capillary

endothelial cells following 90 minutes’ exposure to

70% oxygen.85 The unit pulmonary toxic dose

(UPTD) is the measure of cumulative oxygen toxicity

for various exposures to O2 and normobaric hyper-

oxia appears to increase this significantly greater than

hyperbaric oxygen therapy,11 further fuelling the

normobaric hyperoxia versus hyperbaric oxygen

debate. Furthermore, a recent study on mice showed

that hyperoxia increases ventilator-induced lung

injury.86

Additionally, severe chronic pulmonary disease

also presents a theoretical contraindication to hyper-

oxia therapy because their respiratory drive may have

switched from hypercapnic to hypoxic drive—hyper-

oxia would abolish this drive to initiate breathing and

respiratory acidosis would ensue. However, this is a

controversial area and as such these speculations may

be premature.87

In practice, however, the resulting clinical mani-

festation is pulmonary absorption atelectasis,88,89

which, in gestalt, is likely to be transient and abated

by positive pressure ventilation.90 However, none the

clinical studies on hyperoxia have reported evidence

of atelectasis. Moreover, this setback can be miti-

gated by use of a lesser FIO2, for example 60%.91

Second, in a cohort of 52 terminally brain-damaged

patients exposed to prolonged normobaric hyperoxia,

no pathological evidence of lung damage was noted

at autopsy.92 Additionally, other forms of lung

comorbidity such as aspiration pneumonitis, lung

contusion and adult respiratory distress syndrome all

too often coexist and the potential contribution of

oxygen toxicity may be eclipsed and objective

evidence of oxygen toxicity may be hard to ascribe.93

Oxidative stress

Although free radicals are key to the pathophysiology

of neuronal death in TBI94 and stroke,19 and

hyperbaric oxygen therapy is known to increase

oxidative stress,95 there is only preliminary evidence

that hyperoxia may increase this via hydrogen

peroxide production.96 In contrast, FIO2 of 100%

did not increase free radical production in a rat model

of acute subdural haematoma,97 and this was

confirmed by Singhal et al.73 who showed that

normobaric hyperoxia in a rat model of ischaemic-

reperfusion injury did not increase oxidative stress.

On the other hand, free radical scavengers have been

used as an adjunct to hyperbaric oxygen on a small

clinical stroke study98 and an animal study99 and were

found to be of benefit and indeed they may also show

benefit as adjunct therapy to normobaric hyperoxia.

Hyperoxia in paediatrics

In cerebral palsy, stroke-like damage is believed to

occur in the context of foetal distress perinatally and

cell death is similar to that seen in stroke and TBI in

many ways.100 However, the use of hyperoxia is

unlikely as yet in paediatrics for any indication

(including TBI and the rare juvenile stroke syn-

dromes) because of the risk of retinopathy of

prematurity, which is caused by hyperoxia, particu-

larly in the neonate.101 Despite controversy on when

to use oxygen therapy even for cardiorespiratory

parameters,102 a clear risk-benefit analysis is hard to

establish.

Conclusion

In this paper we have reviewed normobaric hyperoxia

therapy for TBI and stroke. Throughout, we

emphasise our working hypothesis that normobaric

hyperoxia must be administered early in the injury

and for a prolonged period of time to prevent

secondary damage since the pathophysiology of acute

neuronal death is no longer considered an instanta-

neous irreversible event occurring at the time of

injury.103 Some supporting evidence comes from

animal studies, which is suggestive but clearly not

interchangeable with human studies. Nonetheless, all

studies testing this particular hypothesis have sug-

gested efficacy in improving stroke and TBI. Despite

theoretical concerns, particularly those of oxygen

toxicity, all studies have found normobaric hyperoxia

to be safe and further mechanistic studies are clearly

mandated.

So long as adverse effects such as pulmonary

toxicity are not found, a megatrial similar to the

MRC CRASH trial,104 testing a simple methodology

would be called for,68,91 for example an increased

FIO2 of 60%, administered within 1 hour of TBI for a

duration of 24 hours. A multicentre trial would have

further benefits and we would welcome collaboration

on a project as such. In conclusion, as it represents a

simple, minimally invasive, and easily applicable

adjunct in the early management of TBI, we believe

evidence presented in this review justifies such a trial.
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26 Erecińska M, Silver IA. Tissue oxygen tension and brain

sensitivity to hypoxia. Respir Physiol 2001;128(3):263–76.

27 Menzel M, Doppenberg EM, Zauner A, Soukup J,

Reinert MM, Bullock R. Increased inspired oxygen concen-

tration as a factor in improved brain tissue oxygenation and

tissue lactate levels after severe human head injury. J

Neurosurg 1999;91(1):1–10.

28 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

Neurochir (Wien) 2003;145(5):341–9; discussion 349–50.

29 Magnoni S, Ghisoni L, Locatelli M, et al. Lack of improve-

ment in cerebral metabolism after hyperoxia in severe head

injury: a microdialysis study. J Neurosurg 2003;98(5):952–8.

30 Ostrowski RP, Colohan AR, Zhang JH. Mechanisms of

hyperbaric oxygen-induced neuroprotection in a rat model of

subarachnoid hemorrhage. J Cereb Blood Flow Metab 2005;

25(5):554–71.

31 Stiefel MF, Tomita Y, Marmarou A. Secondary ischemia

impairing the restoration of ion homeostasis following

traumatic brain injury. J Neurosurg 2005;103(4):707–14.

32 Kohshi K, Yokota A, Konda N, Kinoshita Y, Kajiwara H.

Intracranial pressure responses during hyperbaric oxygen

therapy. Neuro Med Chir (Tokyo) 1991;31(9):575–81.

33 Miller JD. The effects of hyperbaric oxygen at 2 and 3

atmospheres absolute and intravenous mannitol on experi-

mentally increased intracranial pressure. Eur Neurol 1973;

10(1):1–11.

34 Miller JD, Fitch W, Ledingham IM, Jennett WB. The effect

of hyperbaric oxygen on experimentally increased intracranial

pressure. J Neurosurg 1970;33(3):287–96.

35 Sukoff MH, Ragatz RE. Hyperbaric oxygenation for the

treatment of acute cerebral edema. Neurosurg 1982;10(1):

29–38.

36 Hayakawa T, Kanai N, Kuroda R, Yamada R, Mogami H.

Response of cereborspinal fluid pressure to hyperbaric

oxygenation. J Neurol Neurosurg Psych 1971 Oct;34(5):580–6.

37 Mogami H, Hayakawa T, Kanai N, et al. Clinical application

of hyperbaric oxygenation in the treatment of acute cerebral

damage. J Neurosurg 1969;31(6):636–43.

38 Rockswold SB, Rockswold GL, Vargo JM, et al. Effects of

hyperbaric oxygenation therapy on cerebral metabolism and

intracranial pressure in severely brain injured patients.

J Neurosurg 2001;94(3):403–11.

39 Brown JA, Preul MC, Taha A. Hyperbaric oxygen in the

treatment of elevated intracranial pressure after head injury.

Pediatr Neurosci 1988;14(6):286–90.

40 Mink RB, Dutka AJ. Hyperbaric oxygen after global cerebral

ischemia in rabbits reduces brain vascular permeability and

blood flow. Stroke 1995;26(12):2307–12.

41 Sukoff MH, Hollin SA, Espinosa OE, Jacobson JH 2nd. The

protective effect of hyperbaric oxygenation in experimental

cerebral edema. J Neurosurg 1968;29(3):236–41.

42 Ishikawa M, Cooper D, Arumugam TV, Zhang JH, Nanda A,

Granger DN. Platelet-leukocyte-endothelial cell interactions

after middle cerebral artery occlusion and reperfusion. J Cereb

Blood Flow Metab 2004;24(8):907–15.

43 Atochin DN, Fisher D, Demchenko IT, Thom SR. Neu-

trophil sequestration and the effect of hyperbaric oxygen in a

582 A. Kumaria & C. M. Tolias

B
r 

J 
N

eu
ro

su
rg

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

Im
pe

ri
al

 C
ol

le
ge

 L
on

do
n 

on
 0

1/
21

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.

http://www.internationalbrain.org/content.php?pages=facts
http://www.internationalbrain.org/content.php?pages=facts


rat model of temporary middle cerebral artery occlusion.

Undersea Hyperb Med 2000;27(4):185–90.

44 Buras JA, Reenstra WR. Endothelial-neutrophil inter-

actions during ischemia and reperfusion injury: basic

mechanisms of hyperbaric oxygen. Neurol Res 2007;29(2):

127–31.

45 Buras JA, Stahl GL, Svoboda KK, Reenstra WR. Hyperbaric

oxygen downregulates ICAM-1 expression induced by

hypoxia and hypoglycemia: the role of NOS. Am J Physiol

Cell Physiol 2000;278(2):C292–302.

46 Kataoka H, Kim SW, Plesnila N. Leukocyte-endothelium

interactions during permanent focal cerebral ischemia in

mice. J Cereb Blood Flow Metab 2004;24(6):668–76.

47 Beynon C, Sun L, Marti HH, Heiland S, Veltkamp P.

Delayed hyperbaric oxygenation is more effective than early

prolonged normobaric hyperoxia in experimental focal

cerebral ischemia. Neurosci Lett 2007;425(3):141–5.

48 Somjen GG. Mechanisms of spreading depression and

hypoxic spreading depression-like depolarization. Physiol Rev

2001;81(3):1065–96.

49 Strong AJ, Dardis R. Depolarisation phenomena in traumatic

and ischaemic brain injury. Adv Tech Stand Neurosurg 2005;

30:3–49.

50 Strong AJ, Hartings JA, Dreier JP. Cortical spreading

depression: an adverse but treatable factor in intensive care?

Curr Opin Crit Care 2007;13(2):126–33.

51 Nedergaard M, Hansen AJ. Spreading depression is not

associated with neuronal injury in the normal brain. Brain Res

1988;449(1–2):395–8.

52 Nedergaard M. Spreading depression as a contributor to

ischemic brain damage. Adv Neurol 1996;71:75–83.

53 Takano T. Tian GF, Peng W, et al. Cortical spreading

depression causes and coincides with tissue hypoxia. Nat

Neurosci 2007;10(6):754–62.

54 Narasimhan K. Studying cortical depression in vivo. Nat

Neurosci 2007;10(6):674.

55 Shin HK, Dunn AK, Jones PB, et al. Normobaric hyperoxia

improves cerebral blood flow and oxygenation, and inhibits

peri-infarct depolarizations in experimental focal ischaemia.

Brain 2007;130(Pt 6):1631–42.

56 Edvinsson L, Uddman R. Neurobiology in primary head-

aches. Brain Res Brain Res Rev 2005;48(3):438–56.

57 Schnabel A, Bennet M, Schuster F, Roewer N, Kranke P.

[Hyper- or normobaric oxygen therapy to treat migraine and

cluster headache pain: Cochrane Review.] Schmerz 2008;

22(2):129–32, 134–6.

58 Fuson RL, Moor GF, Smith WW, Brown IW Jr. Hyperbaric

oxygenation in experimental cerebral ischemia. Surg Forum

1965;16:416–8.

59 Heyman A, Saltzman HA, Whalen RE. The use of hyperbaric

oxygenation in the treatment of cerebral ischemia and

infarction. Circulation 1966;33(5 Suppl):II20–7.

60 Hart GB, Thompson RE. The treatment of cerebral

ischemia with hyperbaric oxygen (OHP). Stroke 1971;2(3):

247–50.

61 Neubauer RA, End E. Hyperbaric oxygenation as an adjunct

therapy in strokes due to thrombosis. A review of 122

patients. Stroke 1980;11(3):297–300.

62 Carson S, McDonagh M, Russman B, Helfand M. Hyperba-

ric oxygen therapy for stroke: a systematic review of the

evidence. Clin Rehabil 2005;19(8):819–33.

63 Bennett MH, Trytko B, Jonker B. Hyperbaric oxygen therapy

for the adjunctive treatment of traumatic brain injury.

Cochrane Database Syst Rev 2004;(4):CD004609.

64 Anderson DC, Bottini AG, Jagiella WM, et al. A pilot study of

hyperbaric oxygen in the treatment of human stroke. Stroke

1991 Sep;22(9):1137–42.

65 Menzel M, Doppenberg EM, Zauner A, et al. Cerebral

oxygenation in patients after severe head injury: monitoring

and effects of arterial hyperoxia on cerebral blood flow,

metabolism and intracranial pressure. J Neurosurg Anesthesiol

1999;11(4):240–51.

66 Chen T, Qian YZ, Di X, Rice A, Zhu JP, Bullock R. Lactate/

glucose dynamics after rat fluid percussion brain injury.

J Neurotrauma 2000;17(2):135–42.

67 Nortje J, Coles JP, Timofeev I, et al. Effect of hyperoxia on

regional oxygenation and metabolism after severe traumatic

brain injury: preliminary findings. Crit Care Med 2008;

36(1):273–81.

68 Tolias CM, Kumaria A, Bullock MR. Hyperoxia and

traumatic brain injury. J Neurosurg 2009;110(3):607–9.

69 Tisdall MM, Tachtsidis I, Leung TS, Elwell CE, Smith M.

Increase in cerebral aerobic metabolism by normobaric

hyperoxia after traumatic brain injury. J Neurosurg 2008;

109(3):424–32.

70 Hlatky R, Valadka AB, Gopinath SP, Robertson CS. Brain

tissue oxygen tension response to induced hyperoxia reduced

in hypoperfused brain. J Neurosurg 2008;108(1):53–8.

71 Singhal AB, Benner T, Roccatagliata L, et al. A pilot study of

normobaric oxygen therapy in acute ischemic stroke. Stroke

2005;36(4):797–802.

72 Henninger N, Bouley J, Nelligan JM, Sicard KM, Fisher M.

Normobaric hyperoxia delays perfusion/diffusion mismatch

evolution, reduces infarct volume, and differentially affects

neuronal cell death pathways after suture middle cerebral

artery occlusion in rats. J Cereb Blood Flow Metab 2007;27(9):

1632–42.

73 Singhal AB, Wang X, Sumii T, Mori T, Lo EH. Effects

of normobaric hyperoxia in a rat model of focal cerebral

ischemia-reperfusion. J Cereb Blood Flow Metab 2002;

22(7):861–8.

74 Singhal AB, Dijkhuizen RM, Rosen BR, Lo EH. Normobaric

hyperoxia reduces MRI diffusion abnormalities and infarct

size in experimental stroke. Neurology 2002;26;58(6):945–52.

75 Kim HY, Singhal AB, Lo EH. Normobaric hyperoxia extends

the reperfusion window in focal cerebral ischemia. Ann Neurol

2005 Apr; 57(4):571–5.

76 Bigdeli MR, Hajizadeh S, Froozandeh M, Rasulian B,

Heidarianpour A, Khoshbaten A. Prolonged and intermittent

normobaric hyperoxia induce different degrees of ischemic

tolerance in rat brain tissue. Brain Res 2007;1152:228–33.

77 Bigdeli MR, Hajizadeh S, Froozandeh M, et al. Normobaric

hyperoxia induces ischemic tolerance and upregulation of

glutamate transporters in the rat brain and serum TNF-alpha

level. Exp Neurol 2008;212(2):298–306.

78 Singhal AB, Ratai E, Benner T, et al. Magnetic resonance

spectroscopy study of oxygen therapy in ischemic stroke.

Stroke 2007;38(10):2851–4.

79 Chiu EH, Liu CS, Tan TY, Chang KC. Venturi mask

adjuvant oxygen therapy in severe acute ischemic stroke. Arch

Neurol 2006;63(5):741–4.

80 Dellinger EP. Increasing inspired oxygen to decrease surgical

site infection: time to shift the quality improvement research

paradigm. JAMA 2005 26;294(16):2091–2.

81 Greif R, Akça O, Horn EP, Kurz A, Sessler DI. Supplemental

perioperative oxygen to reduce the incidence of surgical-

wound infection. Outcomes Research Group. N Engl J Med

2000;342(3):161–7.

82 Marx RE, Ehler WJ, Tayapongsak P, Pierce LW. Relationship

of oxygen dose to angiogenesis induction in irradiated tissue.

Am J Surg 1990;160(5):519–24.

83 Granström G. Hyperbaric oxygen therapy as a stimulator of

osseointegration. Adv Otorhinolaryngol 1998;54:33–49.

84 Rosenthal G, Hemphill JC, Sorani M, et al. The role of lung

function in brain tissue oxygenation following traumatic brain

injury. J Neurosurg 2008;108(1):59–65.

85 Brueckl C, Kaestle S, Kerem A, et al. Hyperoxia-induced

reactive oxygen species formation in pulmonary capillary

endothelial cells in situ. Am J Respir Cell Mol Biol 2006;

434(4):453–63.

86 Li LF, Liao SK, Ko YS, Lee CH, Quinn DA. Hyperoxia

increases ventilator-induced lung injury via mitogen-activated

protein kinases: a prospective, controlled animal experiment.

Crit Care 2007;11(1):R25.

Normobaric hyperoxia therapy 583

B
r 

J 
N

eu
ro

su
rg

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

Im
pe

ri
al

 C
ol

le
ge

 L
on

do
n 

on
 0

1/
21

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



87 New A. Oxygen: kill or cure? Prehospital hyperoxia in the

COPD patient. Emerg Med J 2006;23(2):144–6.

88 Rothen HU, Sporre B, Engberg G, Wegenius G, Reber A,

Hedenstierna G. Prevention of atelectasis during general

anaesthesia. Lancet 1995;345(8962):1387–91.

89 Wagner PD, Laravuso RB, Uhl RR, West JB. Continuous

distributions of ventilation-perfusion ratios in normal subjects

breathing air and 100 per cent O2. J Clin Invest 1974;54(1):

54–68.
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