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Abstract

Background Normobaric oxygen therapy is frequently
applied in neurocritical care, however, whether supplemen-
tal FiO, has beneficial cerebral effects is still controversial.
We examined in patients with severe traumatic brain injury
(TBI) the effect of incremental FiO, on cerebral excitotox-
icity, quantified by cerebral microdialysis (CMD) glutamate.
Methods This was a retrospective analysis of a database
of severe TBI patients monitored with CMD and brain
tissue oxygen (PbtO;). The relationship of FiO,—catego-
rized into four separate ranges (<40, 41-60, 61-80, and
>80 %)—with CMD glutamate was examined using
ANOVA with Tukey’s post hoc test.

Results A total of 1,130 CMD samples from 36 patients—
monitored for a median of 4 days—were examined. After
adjusting for brain (PbtO,, intracranial pressure, cerebral
perfusion pressure, lactate/pyruvate ratio, Marshall CT score)
and systemic (PaCO,, PaO,, hemoglobin, APACHE score)
covariates, high FiO, was associated with a progressive
increase in CMD glutamate [8.8 (95 % confidence interval
7.4-10.2) pmol/L at FiO, < 40 % vs. 12.8 (10.9-14.7)
pmol/L at 41-60 % FiO,, 19.3 (15.6-23) umol/L at 61-80 %
FiO,, and 22.6 (16.7-28.5) umol/L at FiO, > 80 %; multi-
variate-adjusted p < 0.05]. The threshold of FiO,-related
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increase in CMD glutamate was lower for samples with
normal versus low PbtO, < 20 mmHg (FiO, > 40 % vs.
FiO, > 60 %). Hyperoxia (PaO, > 150 mmHg) was also
associated with increased CMD glutamate (adjusted
p < 0.001).

Conclusions Incremental normobaric FiO, levels were
associated with increased cerebral excitotoxicity in patients
with severe TBI, independent from PbtO, and other
important cerebral and systemic determinants. These data
suggest that supra-normal oxygen may aggravate second-
ary brain damage after severe TBI.
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Introduction

Secondary cerebral hypoxia is frequent in the early phase
following severe traumatic brain injury (TBI) and is an
important determinant of patient outcome [1]. Monitoring
of brain tissue oxygen tension (PbtO,) is increasingly used
for the detection and management of secondary cerebral
hypoxia in patients with TBI. Retrospective studies suggest
treatment of compromised PbtO, may improve outcome of
TBI [2-5], although the issue is still controversial [6—8].
Therapy of compromised PbtO, consists of a multi-step
interventional strategy, including increased sedation, con-
trol of concomitant-elevated intracranial pressure (ICP),
cerebral perfusion pressure (CPP) augmentation, red
blood cell transfusion, and optimization of mechanical
ventilation, e.g., by increasing the fraction of inspired
oxygen (FiO,) [9]. Increase of FiO, by way of normobaric
oxygen therapy is one of the most frequently employed
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interventions to treat compromised PbtO, [10]. Whether
increasing FiO, has beneficial or detrimental effect on the
traumatized injured brain is still controversial [11-13].

Recently, clinical investigation found high levels of
oxygen were associated with worse prognosis after severe
TBI [14-16] and hypoxic-ischemic encephalopathy [17].
These observations suggest particular caution when using
high FiO, levels and question the value of therapeutic supra-
normal oxygen tension in patients with acute brain injury.

The exact mechanisms by which supra-normal oxygen
tension may aggravate secondary cerebral damage have not
been entirely elucidated in humans with acute brain injury.
Experimental evidence suggests incremental levels of FiO,
may exacerbate oxidative stress [18] and neuroinflammation
[19]. Excess of exogenous extracellular glutamate seems one
of the important mechanisms of hyperoxia-induced cerebral
damage. Glutamate accounts for 80-90 % of the synapses in
the brain and is the major excitatory neurotransmitter. The
concentration of glutamate into the synaptic space rises
dramatically after TBI, and failure of astrocytes to remove
this excess of extracellular glutamate might ultimately lead
to sustained excitotoxic damage and neuronal death, pre-
sumably mediated by excessive calcium influx via glutamate
receptor operated ion channels [20]. Cultured astrocytes
exposed to supra-normal FiO, showed a reduced capacity to
protect oligodendrocyte progenitor cells against the toxic
effects of exogenous glutamate, suggesting high FiO, alters
glutamate homeostasis thereby leading to increased gluta-
mate release and exacerbation of excitotoxic damage [21].

In humans with acute brain injury, the cerebral micro-
dialysis (CMD) technique allows to measure dynamic
changes of several cerebral extracellular markers upon
therapeutic interventions, including glutamate [22, 23].
Elevated CMD glutamate is a marker of cerebral excito-
toxicity and injury and is associated with worse outcome
after severe TBI [24].

The objective of this study in patients with severe TBI
monitored with CMD was to examine the relationship
between incremental FiO, levels and cerebral extracellular
glutamate. We hypothesized that high FiO, might exacer-
bate cerebral excitotoxicity in the acute ICU phase
following TBI.

Materials and Methods

Patients

This was a retrospective analysis of a database of patients
with severe TBI admitted to the Department of Intensive
Care Medicine, Lausanne University Hospital (CHUV),

Lausanne, Switzerland. Ethical approval to conduct the
study was obtained from local Ethical Committee, and
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waiver of consent was given due to the retrospective nature
of this study.

Intracranial Monitoring

Indication for intracranial monitoring was severe TBI,
defined by an admission or post-resuscitation Glasgow
Coma Scale <9 and an abnormal CT-scan (Marshall score
>2)[25]. Intracranial monitoring consisted of an intracranial
pressure (ICP) sensor (Codman ICP MonitorinSystem,
Raynham, MA, USA), a PbtO, probe (Licox® system,
Integra Neurosciences, Plainsboro,NJ, USA) and a CMD
catheter, as part of standard patient care at our institution.
Cerebral extracellular glutamate was measured hourly using
a CMA 70 microdialysis catheter with a 20 kDa cutoff (M
Dialysis AB®, Stockholm, Sweden), perfused with artificial
cerebrospinal fluid via a pump (M Dialysis AB; rate of
0.3 pL/min). Concentrations of CMD glutamate were mea-
sured immediately at the patient bedside with a kinetic
enzymatic analyzer (ISCUS Flex®; M Dialysis AB). The
three probes were inserted in the operating room by the
neurosurgeon through a triple-lumen bolt (Integra® Neuro-
sciences, Plainsboro, NJ, USA), and placed into subcortical
white matter, usually into the right frontal lobe, in apparently
normal brain. In all patients, a follow-up non-contrast head
CT was performed at ~?24 h to confirm the correct place-
ment of the intracranial monitoring.

General Management

All patients were treated according to a standard protocol for
the treatment of severe TBI following a written institutional
algorithm, according to international guidelines [26, 27] and
as previously described [28]. Sedation/analgesia consisted of
propofol and sufentanil. All patients were mechanically
ventilated, aiming to maintain PaO, at 90-100 mmHg and
PaCO, at 35-40 mmHg. Brain physiological targets were set
to maintain ICP < 20 mmHg, cerebral perfusion pressure
(CPP = mean arterial pressure, measured via an intra arte-
rial catheter—ICP) > 60 mmHg, and PbtO, > 20 mmHg.
Blood glucose was targeted at 6-8 mmol/L using intrave-
nous insulin. Ventilatory strategies in patients with TBI
and acute respiratory distress syndrome (ARDS) were based
on current algorithms for protective mechanical ventilation
[29, 30].

Management of Elevated ICP and Compromised PbtO,

Elevated ICP was defined as an ICP > 20 mmHg for more
than 5 min. First-line therapy of intracranial hypertension
consisted of optimized sedation/analgesia, controlled nor-
mothermia (36-37 °C), and moderate hyperventilation
(PaCO, 30-35 mmHg). If these interventions failed to



Neurocrit Care (2015) 22:243-250

245

control ICP, osmotherapy with hypertonic saline (7.5 %,
100 mL, over 20 min) or mannitol (20 %, 0.5 g/kg, over
20 min) was given. Second-line therapies of elevated ICP
consisted of mild hypothermia (34-35 °C), barbiturate
coma (thiopental), or decompressive craniectomy in case of
focal lesions.

Compromised PbtO, was defined as a PbtO, <20 mmHg,
according to our threshold to start therapy. If compromised
PbtO, was associated with elevated ICP, then therapy was first
directed to control ICP. If ICP was normal, treatment of
compromised PbtO, consisted of a multi-step interventional
strategy, including increased FiO,, MAP/CPP augmentation
with vasopressors (norepinephrine), red blood cell transfusion
(if hemoglobin was <9 g/dL), increasing PEEP (providing
ICP remained <20 mmHg).

Data Collection and Analysis

Arterial blood gas analysis was performed at least every
2-3 h as part of routine care. Arterial blood measurements
were matched to CMD samples collected the hour fol-
lowing the arterial blood sampling. For the purpose of this
study, FiO, levels were categorized into four separate
ranges, including (a) <40 %, (b) 41-60 %, (c) 61-80 %,
and (d) >80 %. PaO, samples were categorized into three
separate ranges, i.e., 60-99, 100-150, and > 150 mmHg.

The relationship of the different ranges of FiO, and PaO,
with CMD glutamate was explored using one-way analysis
of variance (ANOVA) with Tukey’s HSD post hoc test.
Comparisons were adjusted for important brain and systemic
covariates, including ICP, CPP, CMD lactate/pyruvate ratio,
hemoglobin, PaCO,, PaO,, Marshall CT score, and
APACHE 1I score. Correlation between PbtO, and CMD
glutamate was analyzed with the Pearson’s r linear correla-
tion factor. Data analysis was performed using JMP-10®
package software (SAS Institute, Cary, NC, USA). A p value
< 0.05 was considered statistically significant.

Results
Patient Characteristics

From October 2009 to November 2013, a total of 1,130
CMD samples from 36 patients with severe TBI were
analyzed. Patient baseline characteristics are summarized
in Table 1. The majority of patients (31/36; 86 %) had
diffuse lesions. Intracranial monitoring was placed in
apparently normal brain in all patients. Median time from
TBI to intracranial monitoring was 24 (interquartile range
24-120) hours. Median duration of monitoring was 4 (IQR
1-10) days. The median number of matched CMD/FiO,
samples per patient was 33 (12-52). The majority of

Table 1 Patient baseline characteristics

Variable Value
Patient number 36
Age, years 40 £ 17
Female gender, number (%) 6 (17)
Median Glasgow Coma Scale (range) 6 (3-8)
Marshall CT score, number (%)

1 2 (6)

2 23 (64)

3 6 (5)

4 2 (6)

5 2 (6)

6 1(3)
APACHE I score 18£5
Glasgow Outcome Score at 6 months, number (%)

1 (death) 10 27)

2 (vegetative state) 1(3)

3 (severe disabilty) 7 (19)

4 (moderate disability) 9 (25)

5 (good recovery) 9 (25)

Data are presented as mean + standard deviation, except otherwise
stated

Table 2 Main cerebral and systemic physiologic variables

Variable Value
Intracranial pressure (mmHg) 13 £8
Cerebral perfusion pressure (mmHg) 73 +9
Cerebral lactate/pyruvate ratio 30£8
PbtO, (mmHg) 26 + 8
FiO, (%) 50 £+ 20
PaO, (mmHg) 121 + 46
PaCO, (mmHg) 36 £ 4
Blood hemoglobin (g/dL) 11+2
Systemic temperature (°C) 36 + 1

Data are expressed as means (+standard deviation)

patients had no pulmonary dysfunction: 6/36 patients
(17 %) were diagnosed with ARDS, according to the
Berlin definitions [30]. Main cerebral and systemic vari-
ables are summarized in Table 2.

Incremental FiO, was Associated with Increased
Cerebral Extracellular Glutamate

After adjusting for important cerebral (PbtO,, intracranial
pressure, cerebral perfusion pressure, CMD lactate/pyruvate
ratio, Marshall CT score) and systemic (PaCO,, PaO,,
hemoglobin, APACHE score) covariates, increased levels of
FiO, were associated with a significant and progressive
increase in CMD concentrations of glutamate (Fig. 1).
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Fig. 1 Association between incremental fraction of inspired oxygen
(FiO,) and cerebral extracellular glutamate. The graph shows means
(95 % confidence intervals) of cerebral microdialysis (CMD) gluta-
mate according to ranges of FiO2. Total number of samples = 1130
from 36 patients; *p < 0.05 and **p < 0.01 for comparison with the
reference range (FiO2 < 40%; ANOVA with Tukey’s post hoc test).

Compared to the reference range [FiO, < 40 %: 8.8 (95 %
confidence interval 7.4-10.2) pmol/L, higher FiO, lev-
els were associated with increased CMD glutamate: 12.8
(10.9-14.7) umol/L at Fi0,41-60 % (adjusted p = 0.02 vs.
FiO, < 40 %), 19.3 (15.6-23) umol/L at FiO, 61-80 %
(adjusted p < 0.0001), and 22.6 (16.7-28.5) umol/L at
FiO, > 80 % (adjustedp < 0.0001). FiO,-related increase
of cerebral extracellular glutamate appeared clinically rele-
vant (more than twofold increase from reference value) when
FiO, was above 60 %. When separating samples in two
subgroups, based on the time of monitoring (first 48 h; 311
samples vs. >48 h; 769 samples) we found comparable
significant relationship between incremental FiO, and
increased CMD glutamate (data not shown).

FiO,-Related Increase of Cerebral Glutamate
According to Baseline PbtO,

We further analyzed whether the observed FiO,-related
increase of CMD glutamate varied according to baseline
conditions of cerebral oxygenation. To examine that, we
categorized CMD samples into two subgroups, according to
simultaneous PbtO, value, defined as normal (PbtO, >
20 mmHg) versus low (PbtO, < 20 mmHg). In brain hyp-
oxic samples (Fig. 2a), FiO,-related increase of CMD
glutamate was significant starting at FiO, > 60 % [22.1
(13.6-30.6) umol/L at FiO, > 80 % and 23.4 (14.6-32.2) at
FiO, 61-80 % vs. 6.0 (2.9-9.1) umol/L at FiO, < 40 %,
respectively, both adjusted p < 0.05], but it was not when
FiO, was at41-60 % [10.9 (6.9-14.9) vs. 6.0 (2.9-9.1) umol/
L, adjusted p = 0.47]. In samples with normal PbtO, >
20 mmHg (Fig. 2b), we found CMD glutamate significantly
increased already starting at FiO, > 40 %, similar to what
observed in total samples.
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Fig. 2 Association between incremental fraction of inspired oxygen
(FiO;) and cerebral extracellular glutamate, according to baseline
brain tissue oxygen tension (PbtO,). The graph shows means (95 %
confidence intervals) of cerebral microdialysis (CMD) glutamate
according to ranges of FiO2 in the subgroup of samples with
compromised PbtO2 <20 mmHg (panel A; n = 226 samples) and in
samples with normal PbtO2 (panel B; n = 904 samples). *p < 0.05

and **p < 0.01 for comparison with the reference range
(Fi02 < 40%; ANOVA with Tukey’s post hoc test)
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Fig. 3 Correlation between cerebral extracellular glutamate and
brain tissue oxygen tension (PbtO,). The graph shows Pearson’s r
linear correlation factor between cerebral microdialysis (CMD)
glutamate and PbtO2, indicating no significant correlation between
the two variables (r = 0.008, p = 0.78).
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Fig. 4 Association between incremental partial pressure of arterial
oxygen (Pa0,) and cerebral extracellular glutamate. The graph shows
mean (95 % confidence intervals) of cerebral microdialysis (CMD)
glutamate according to ascending ranges of PaO,. **p < 0.01 for
comparison of PaO, >150 mmHg with PaO, 60-99 mmHg and PaO,
100-150 mmHg (ANOVA with Tukey’s post hoc test)

Of note, we found no significant correlation between
PbtO, and CMD glutamate (Pearson’s r 0.008, p = 0.78,
Fig. 3), thereby indicating no direct relationship between the
extent of post-TBI brain hypoxia and the level of cerebral
glutamate. Therefore, increased CMD glutamate observed in
the setting of high FiO, was plausibly not due to a greater
extent of brain injury.

Relationship Between PaO, and Cerebral Extracellular
Glutamate

The relationship between hyperoxia (defined as a PaO,
> 150 mmHg) and CMD glutamate was assessed by cat-
egorizing PaO, samples into three separate ranges, i.e., 60—
99, 100-150, and >150 mmHg. A total of 727 matched
CMD-PaO, samples were available for this analysis
(Fig. 4): samples with PaO, > 150 mmHg were associated
with significantly higher levels of CMD glutamate [19
(14.6-23.5) vs. 64 (53-7.1) umol/L at PaO, 100-
150 mmHg and 6.5 (5.7-7.2) umol/L. at PaO, of 60—
99 mmHg, respectively, adjusted p < 0.001 for compari-
son with both PaO, ranges].

Discussion

The findings of this retrospective cohort study of patients
with severe TBI can be summarized as follows: (1) incre-
mental FiO, levels >40 % were associated with a
progressive marked elevation (up to threefold for samples
with FiO, >60 %) of cerebral extracellular glutamate,
independently from baseline main cerebral (PbtO,, intra-
cranial pressure, cerebral perfusion pressure, CMD lactate/
pyruvate ratio, Marshall score) and systemic (PaCO,,
Pa0O,, hemoglobin, APACHE score) covariates; (2) the

threshold for FiO,-related increase in CMD glutamate
varied according to baseline PbtO,, being significant when
FiO, was above 40 % for samples with normal PbtO,,
while among brain hypoxic samples CMD glutamate star-
ted to raise significantly only when FiO, was above 60 %;
(3) no correlation between CMD glutamate and PbtO, was
found, therefore the observed relationship between high
FiO, and increased cerebral glutamate may not be due to a
greater post-traumatic injury severity; and (4) hyperoxia
(defined by a PaO, > 150 mmHg) was similarly associated
with an average threefold increase of cerebral extracellular
glutamate.

Oxygen Therapy After TBI

Whether hyperoxia is beneficial or detrimental following
acute severe brain injury remains controversial [11-13].
Based on the evidence that brain hypoxia is an important
determinant of secondary cerebral damage and outcome
after severe TBI [1], oxygen supply with normobaric FiO,
is routinely provided in this setting, often to correct com-
promised PbtO,. Beneficial effects of normobaric
hyperoxia, e.g., a reduction of the volume of post-traumatic
contusion, have been reported in animal models of severe
TBI [31-34]. However, in other experimental settings such
as in pig models of TBI, supra-normal FiO, did not
attenuate post-traumatic elevation of cerebral extracellular
lactate/pyruvate ratio, despite improving brain oxygenation
[35]. Clinical investigation also provided controversial
results. Nortje et al. [36], in a cohort of 11 TBI patients
monitored with CMD, found that increasing FiO, from 35
to 50 % was associated only with a slight (and possibly
clinically irrelevant) decrease of cerebral extracellular
lactate/pyruvate ratio. Using brain positron emission
tomography, Diringer et al. [37] found that 100 % FiO, did
not improve brain oxygen metabolism in patients with
severe TBI, in line with previous clinical studies that found
no changes of brain lactate/pyruvate ratio and no effects on
cerebral glucose metabolism following short trials of nor-
mobaric 100 % FiO, [38]. The value of therapeutic supra-
normal oxygen has been recently questioned by observa-
tional cohort studies reporting an association between
hyperoxia and higher in-hospital mortality in subjects with
acute brain injury following severe TBI [15, 16] and car-
diac arrest [39-41].

Possible Mechanisms of FiO,-Induced Brain Toxicity:
The Role of Excessive Glutamate Release

Several mechanisms by which increased FiO, may be
harmful following acute brain injury have been proposed.
Among these, increased oxidative stress has been fre-
quently reported and is probably a leading factor involved
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in FiO, toxicity [18]. Other potential mechanisms include
cerebral vasoconstriction [42] and exacerbation of neuro-
inflammation [19]. Glutamate accounts for 80-90 % of the
synapses in the brain and is the major excitatory neuro-
transmitter. Maintenance of glutamate homeostasis is
essential for the injured brain: following TBI, concentra-
tion of glutamate into the synaptic space may rise
dramatically, and failure of brain cells (mainly astrocytes)
to remove this excess of extracellular glutamate might lead
to excitotoxic damage and eventually cell death [20]. The
role of glutamate in contributing to the toxicity of supra-
normal FiO, has been shown in models of acute brain [21]
and lung [43] injury. Our clinical study using the CMD
technique to measure cerebral extracellular concentrations
of glutamate appears to confirm previous experimental
findings. Our results also suggest that impairment of glu-
tamate homeostasis in the injured brain with subsequent
increased cerebral excitotoxic damage may be one of the
mechanisms by which high FiO, exacerbates brain injury.
By leading to increased glutamate release and excitability,
one potential mechanism of oxygen-induced toxicity is by
exacerbating infra-clinical seizures. Indeed, central ner-
vous system oxygen toxicity seizures are well described
[44]. A relationship between increased CMD glutamate and
seizures has also been described [45, 46]. We did not
systematically monitor EEG continuously in these patients
therefore we do not have data to support this hypothesis.
Further clinical investigation is warranted.

Clinical Implications

An important reason for using high FiO, is low PbtOj;
indeed, incremental FiO, is frequently used to correct brain
hypoxia [9]. When adjusting for important cerebral
(including PbtO,, but also ICP, CPP, CMD lactate/pyruvate
ratio, and the Marshall CT score) and systemic variables,
we found that FiO,-related increase of CMD glutamate was
independent of baseline PbtO, and of the severity of injury.
Elevated CMD glutamate is a marker of brain injury [24]:
the fact that CMD glutamate was not correlated to patient
baseline PbtO, (Fig. 3) seems to reinforce the notion that,
in our study, increased cerebral glutamate upon high FiO,
was not just because of increased severity of brain injury.
Although FiO,-related increase of CMD glutamate was
independent from PbtO, (i.e., it occurred irrespective of
baseline brain oxygen), we found the threshold for
increased cerebral glutamate varied according to initial
PbtO, levels, i.e., it was lower for samples with normal
PbtO, (FiO, > 40 %) than for those with compromised
PbtO, (FiO, > 60 %).

Strict control of systemic oxygenation with avoidance of
high FiO, may be recommended in patients with severe
TBI. Our findings that hyperoxia (PaO, > 150 mmHg)
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was also associated with a significant and clinically rele-
vant increase (about threefold, see Fig. 4) of cerebral
extracellular glutamate seem to support this concept.
Finally, elevation of CMD glutamate > 10 pmol/L is also a
marker of worse neurological outcome after severe brain
injury [24]. Therefore, the association of high FiO, >60 %
with elevated CMD glutamate = 15-20 umol/L suggests
that supra-normal oxygen levels might potentially aggra-
vate patient prognosis. Altogether, our findings appear
more in favor of controlled (aiming at normal FiO, and
PaO, ranges) rather than aggressive (aiming to supra-nor-
mal FiO, and PaO, ranges) normobaric oxygen therapy in
the setting of severe TBIL.

Study Limitations

The main limitation of this study is that it is a retro-
spective observational analysis. However, patients were
all treated with a written standardized algorithm for the
management of severe TBI and data were from a
homogenous cohort of subjects with predominantly dif-
fuse injury, in whom intracranial monitoring (including
CMD and PbtO,) was located in apparently normal brain.
These data are to be considered as preliminary and further
investigation is needed to examine the cerebral effects of
high FiO, in patients with severe TBI and other acute
cerebral conditions. Second, given the nature of the study,
we were only able to estimate the intensity (i.e., the
percentage of administered FiO,) of normobaric oxygen
therapy, but we did not assess its duration, i.e., the dif-
ferential cerebral effects of transient versus prolonged
supra-normal FiO,. For the same reason, time period
between FiO, adjustments and changes in CMD gluta-
mate within each patient could not be examined. In
clinical prospective studies describing favorable cerebral
effects of supplemental normobaric oxygen, short (gen-
erally up to 2 h) FiO, trials were administered [47, 48].
One study in severe TBI patients reported beneficial
effects of prolonged exposure to 100 % FiO, on cerebral
energy metabolism [49]. Our study did not allow us to
investigate the effect of short versus prolonged oxygen
therapy and additional studies are needed. We examined a
large number of samples (1,130) from a relatively large
sample-size monitored early (median 24 h) after TBI, in
whom monitoring lasted for a median of 4 days. Our
associations are therefore representative of the acute ICU
phase of TBI, following initial resuscitation and insertion
of intracranial monitoring, as previous prospective inter-
ventional studies. Still, it is important to underline that we
did not study the very early phase of TBI; therefore, we
cannot examine whether supplemental high FiO, admin-
istered immediately after TBI may be neuroprotective, as
shown by some experimental studies [31]. Also, we did
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categorize FiO, into four separate representative quartiles,
but we did not calculate the true “hyperoxia burden”
using area under the curve analysis, which would have
strengthened the analysis. Our findings are applicable to
patients with TBI without underlying acute lung injury,
which represented the majority of our cohort (more than
80 %); therefore, additional data are needed to explore the
cerebral effects of supplemental oxygen in patients with
TBI and lung dysfunction or polytrauma. Finally, we
reported an association between normobaric oxygen
therapy and increased cerebral excitotoxicity, however,
we did not assess the potential beneficial effect of
hyperbaric oxygen therapy, as described by Rockswold
et al. [50, 51] in patients with severe TBI.

Conclusions

The results of this CMD study suggest that incremental
FiO, levels are associated with an increase in cerebral
extracellular glutamate in patients with severe TBI, inde-
pendent of main cerebral and systemic physiologic (PbtO,,
ICP, CPP, brain lactate/pyruvate ratio, PaO,, PaCO,, blood
hemoglobin) and clinical (Marshall CT score, APACHE II
score) variables. Elevation of cerebral glutamate was par-
ticularly relevant (threefold increase, up to &~ 15-20 pmol/
L) when FiO, was above 60 % and in hyperoxic conditions
(PaO, above 150 mmHg). These preliminary data suggest
supplemental high FiO, may be harmful and favor con-
trolled (aiming at normal FiO, and PaO, ranges) rather
than aggressive (aiming to supra-normal FiO, and PaO,)
normobaric oxygen therapy in the setting of severe TBIL.
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