
epression of cerebral oxidative and glycolytic ener-
gy metabolism has frequently been shown in hu-
mans and animal models after TBI and has been

correlated with poor recovery.5,6,23,36,38,62,65 Recently, mito-
chondrial dysfunction has been viewed as the most likely
cause for this metabolic suppression.4,14,56,61 It is widely be-
lieved that maintenance of cerebral metabolism follow-
ing TBI is vital for the generation of ATP, which in turn
is necessary to reestablish the ionic homeostasis of the dis-
turbed neuronal membrane, protect neuronal integrity, and

reestablish function.49 Therefore, strategies to ameliorate
posttraumatic cerebral metabolic depression appear attrac-
tive as theoretical treatment options. If it is assumed that
some, but not all, mitochondria are dysfunctional, appropri-
ate therapies might include protecting the mitochondria,3,20

providing supplemental metabolic substrates such as lactate
or phosphocreatinine,1,27,44 and augmenting O2 delivery to
the injured brain.33,45,47

Since the original work on hyperbaric O2 therapy, there
has been an increasing understanding of the role of free rad-
icals and oxidative damage and a continuing debate about
both the beneficial properties of hyperbaric O2 therapy10,29,

45,63 and its potentially harmful role as a generator of free
radicals.11,41 Because hemoglobin is fully saturated at am-
bient air PaO2 levels, increasing the O2 transport to tissues
can only be achieved under normal clinical circumstan-
ces by increasing nonhemoglobin-bound O2, which can be
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Object. The effect of normobaric hyperoxia (fraction of inspired O2 [FIO2] concentration 100%) in the treatment of
patients with traumatic brain injury (TBI) remains controversial. The aim of this study was to investigate the effects of
normobaric hyperoxia on five cerebral metabolic indices, which have putative prognostic significance following TBI
in humans.

Methods. At two independent neurointensive care units, the authors performed a prospective study of 52 patients
with severe TBI who were treated for 24 hours with 100% FIO2, starting within 6 hours of admission. Data for these
patients were compared with data for a cohort of 112 patients who were treated in the past; patients in the historical
control group matched the patients in our study according to their Glasgow Coma Scale scores after resuscitation and
their intracranial pressure within the first 8 hours after admission. Patients were monitored with the aid of intracerebral
microdialysis and tissue O2 probes. 

Normobaric hyperoxia treatment resulted in a significant improvement in biochemical markers in the brain com-
pared with the baseline measures for patients treated in our study (patients acting as their own controls) and also com-
pared with findings from the historical control group. In the dialysate the glucose levels increased (369.02 620.1
mmol/L in the control group and 466.9 6 20.39 mmol/L in the 100% O2 group, p = 0.001), whereas the glutamate and
lactate levels significantly decreased (p , 0.005). There were also reductions in the lactate/glucose and lactate/pyru-
vate ratios. Intracranial pressure in the treatment group was reduced significantly both during and after hyperoxia treat-
ment compared with the control groups (15.03 6 0.8 mm Hg in the control group and 12.13 6 0.75 mm Hg in the
100% O2 group, p , 0.005) with no changes in cerebral perfusion pressure. Outcomes of the patients in the treatment
group improved.

Conclusions. The results of the study support the hypothesis that normobaric hyperoxia in patients with severe TBI
improves the indices of brain oxidative metabolism. Based on these data further mechanistic studies and a prospective
randomized controlled trial are warranted.
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achieved by increasing local PO2 (hyperbaric therapy) or
by using nonhemoglobin O2 carriers such as perfluorocar-
bons.30,45,47 Although the use of hyperbaric O2 treatment has
achieved a reduction in mortality rates following TBI, as an
option its feasibility remains limited because human cham-
bers are large, expensive, and available only at a few large
medical centers.

Approximately 5 years ago, pilot studies conducted at
MCV34 and confirmed by others33,42 demonstrated that in-
creased FIO2 in the early stages of human severe brain inju-
ry resulted in significant augmentation of brain tissue PO2

and, counterintuitively, a concomitant significant reduction
in the lactate level in the extracellular fluid of the brain.
Similar work in animal models of stroke has confirmed that
normobaric hyperoxia attenuates abnormalities identified
on diffusion magnetic resonance imaging and reduces in-
farct volume52 without increasing oxidative stress.53 The ex-
act effects of normobaric hyperoxia on cerebral metabolism
within the pathophysiology of human TBI, however, remain
poorly understood. As a result, controversy over the effec-
tiveness of such an intervention remains.7,32

In this study, which was performed in two large neuro-
surgical ICUs, we tested the neurochemical and ICP ef-
fects of increasing the FIO2 level to 100% for 24 hours in
52 prospectively admitted patients with severe brain injury
and then compared these results with findings in a closely
matched cohort of patients with TBI who had been treated
without therapy to increase FIO2. We used intracerebral mi-
crodialysis to assess the neurochemical alterations that our
interventions had caused in patients in the treatment group.
Intracerebral microdialysis is well established as a neuro-
monitoring tool and has been used extensively in neurotrau-
ma research,2,8,21,40,62,66 although there is a continuing debate
on the exact interpretation of microdialysis values, especial-
ly as a guide to clinical management.25,48 Analyses of extra-
cellular levels of glutamate, glucose, lactate, and pyruvate,
however, have provided us with the only available contin-
uous and dynamic “window” with which to assess human
cerebral metabolism. It has been well recognized that after
stability of the dialysate has been achieved any increase in
glutamate in the dialysate, especially if associated with low
glucose and high lactate levels, can be viewed as a hallmark
of local ischemia or another high metabolic demand activ-
ity such as a seizure.8,15,17,48 Increased levels of lactate or
glutamate and/or the disappearance of glucose in the dialy-
sate have all been correlated with poor outcome.21,62 More-
over, especially under experimental conditions, an increase
in the extracellular glucose has been correlated with cellu-
lar recovery.13 The value of pyruvate in the dialysate is not

well understood, but the L/P ratio is a well-known marker
of the cellular redox state21,40 and increasing values (espe-
cially if . 20) have been considered indicative of ischemia.
The L/G ratio, with normal values lower than 2, has been
proposed as more indicative of mitochondrial function14

and, given that in the dialysate levels of lactate and glucose
tend to move in opposite directions during true pathophysi-
ological events, the L/G ratio can be a useful means of com-
pensating for changes in tissue characteristics.5,21 The aim of
our study was to investigate the effects of normobaric hy-
peroxia on these cerebral metabolic indices of TBI.

Clinical Material and Methods

Patient Population

During a period of 2 years, 52 consecutive patients with
severe TBI (31 patients at MCV Hospital in Richmond, Vir-
ginia, and 21 at the Inselspital, University of Bern, Swit-
zerland) were treated with normobaric hyperoxia (FIO2 =
100%) for a period of 24 hours, starting within 6 hours after
their admission to the neurosurgical ICU. The internal re-
view boards at both institutions approved the treatment pro-
tocols and informed consent was obtained in all cases from
patients’ relatives before commencement of treatment. In-
clusion criteria specified that any patient older than 16 years
of age with severe TBI who was admitted to the ICU fol-
lowing intubation and ventilation and had at least one reac-
tive pupil and no concomitant chest injury or respiratory ail-
ment would be offered the increased inspired O2 treatment
protocol, provided that microdialysis monitoring, ICP mon-
itoring, and brain tissue O2 monitoring were also performed.

Control Cohort

The historical cohort population was selected from the
Richmond Neuromonitoring Database, which includes neu-
romonitoring data obtained in more than 260 patients with
severe TBI who have been admitted to the hospital of MCV
since 1993. A cohort of 112 patients with severe TBI was
selected. Neuromonitoring had been performed in these
patients by using microdialysis and brain tissue O2 sen-
sors while the patients were receiving standard care for the
TBI. The cohort was matched with the treatment popula-
tion (100% O2; Table 1) for age, sex, postresuscitation GCS
scores, and mean ICP in the first 12 hours postinjury. Pa-
tients in whom the microdialysis probe was inserted next to
a cerebral contusion (either inadvertently or by design) were
excluded from the control group (18 patients). 

Neuromonitoring of Patients

All patients at MCV received an intraventricular catheter
for ICP monitoring and cerebrospinal fluid drainage and a
microdialysis probe (CMA/Microdialysis AB; Solnar, Swe-
den). All patients in Bern received similar ICP monitoring,
but only 11 received a microdialysis probe. All Bern pa-
tients were monitored with the aid of a Licox tissue PO2 sen-
sor (Integra Life Sciences, Plainsboro, NJ) and the MCV
patients were monitored using a Neurotrend tissue PO2 sen-
sor (Diametrics Medical, Inc., St. Paul, MN). Continuous
computerized recording of ICP, MABP, and CPP was stan-
dard for all patients at both centers. Management was fur-
ther guided by clinical need. Standard microdialysis probes

C. M. Tolias, et al.
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TABLE 1
Comparisons of mean ICP during the first 12 hours after injury,

mean GCS after resuscitation, and mean age on admission
between the historical control and 100% O2 patients*

Group ICP GCS Score
Comparison (mm Hg) (postresuscitation) Age (yrs)

historical control 13.98 6 3.50 5.2 35.0 6 17.3
100% O2 15.96 6 3.02 5.8 34.2 6 19.3
p value 0.06 (NS) 0.8 (NS) 0.08 (NS)

* Values expressed as means 6 standard errors. Comparisons are made
using ANOVA. Abbreviation: NS = no significance.
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(CMA model 70) were inserted intracranially alongside the
intraventricular catheter by using a commercial multiport
cranial bolt (Integra Biosciences AG, Churr, Switzerland, or
Codman, Raynham, MA) or a polycarbonate skull bolt built
to accommodate three lumens.66 The infusion rate for ster-
ile 0.9% NaCl solution was set at 2 ml/minute for the MCV
patients and at 0.5 ml/minute for the Bern patients by using
an adjustable flow rate battery-operated pump (CMA mod-
el 170). Dialysate samples were collected hourly and frozen
immediately (220˚C) until analyzed. Levels of glutamate,
lactate, glucose, and pyruvate were determined later by us-
ing the CMA model 600 Microdialysis Analyzer.

Microdialysis Recovery Rates

To adjust different flow rates measured at the two centers,
we performed an in vitro recovery study by using both stan-
dard CMA probes, which were perfused with normal saline
and the same CMA pumps used in patient neuromonitor-
ing. We measured the recovery rates for all standard dialy-
sate analytes at flows ranging from 0.3 ml/minute up to 2
ml/minute, using standard solutions of glucose/lactate/py-
ruvate/glutamate (CMA/Microdialysis AB). The recovery
rate at 2 ml/minute was approximately half of that at 0.5 ml/
minute for all analytes and approximately 35% of the true
extracellular concentration (Fig. 1); therefore, we divided
all microdialysis values from Bern by a factor of two before
entering them in the database. 

Statistical Analysis

All data points were collected in a computerized database
(. 800,000 data points). The statistical analysis was per-
formed using statistical software (SPSS version 11.0; SPSS,
Inc., Chicago, IL). Each data point was assigned a time-af-
ter-injury value for analysis and comparisons. All values of
the continuously monitored parameters (ICP, CPP, MABP,
tissue PO2, and the microdialysate analytes [glutamate, lac-
tate, glucose, and pyruvate]) were averaged for every hour
postinjury. Thus the numerical value assigned to each hour-
ly point postinjury for each individual parameter during this
analysis represents the mean of values recorded for that
parameter during that particular hour in the patient group
of interest. Two sets of statistical comparisons were made
for each parameter tested: first, among the three time peri-
ods in the 100% O2 group alone (patients acting as their own
controls) and subsequently between the 100% O2 group
and the historical cohort. Significance was tested using re-
peated-measures ANOVA and values were presented as
means 6 SEMs. Significance was assumed at a probability
value of 0.05.

All patients at both institutions were admitted to their re-
spective ICU within 4 hours postinjury and began to receive
normobaric hyperoxia treatment within 6 hours after admis-
sion and no later than 10 hours postinjury. Using brain tis-
sue PO2 values, three main analysis periods were defined
(Fig. 2): treatment within less than 10 hours postinjury (Pe-
riod A); treatment between 16 and 34 hours postinjury (Pe-
riod B); and treatment later than 40 hours postinjury (Peri-
od C). These periods were used throughout the analysis
for comparisons between the control and 100% O2 groups.
All our comparisons were performed during Period B, well
within the normobaric hyperoxia period, so that any vari-
ability in enrollment times would not affect our conclusions. 

Outcome Assessment

Neurological outcome was assessed at 3 and 6 months
postinjury by using the five-point Glasgow Outcome
Scale.28

Results

A total of 40 male and 12 female patients (25 male and
six female patients at MCV and 15 male and six female pa-
tients at Bern) were enrolled in the treatment arm of this
study. The mean age in these patients was 34.2 years (range
16–74 years, median 29 years) and the mean GCS score af-
ter resuscitation was 5.8 (median 4). The control group con-
sisted of 78 male and 34 female patients with a mean age of
35 years (range 16–90 years, median 32 years). The mean
GCS score after resuscitation for the control patients was
5.2 (median 4) (Table 1).

Hyperoxia treatment resulted in significant increases in
brain tissue PO2 between 10 and 37 hours postinjury (Fig.
2). Although there was no significant difference in brain tis-
sue PO2 between the 100% O2 group and the control cohort
before hyperoxia treatment, brain tissue PO2 progressively
increased after induction of hyperoxia from a mean admis-
sion value of 21.8 6 1.47 mm Hg and peaked in the treat-
ment group between 10 and 16 hours postinjury (mean
brain tissue PO2 57.04 mm Hg 6 4.5 mm Hg in the treat-
ment group and 34.3 mm Hg 6 1.3 in the control group,
p , 0.005). Brain tissue PO2 remained significantly elevat-
ed for the rest of the hyperoxia period and returned to lower
levels at the end of the 24-hour treatment period.

Comparisons of Microdialysate Concentrations Between
the Time Periods in the 100% O2 Patient Group

For this portion of the study each patient served as his or
her own control.

Glutamate. The level of glutamate in the dialysate was
reduced significantly (p , 0.001) on institution of normo-
baric hyperoxia treatment (Period B: 4.9 61.7 mmol/L),
compared with the pretreatment period (Period A: 51.48 6
26.05 mmol/L) and remained significantly reduced com-
pared with Period A throughout most of the posttreatment
period (Period C: 3.12 6 2.5 mmol/L) (Fig. 3A and Ta-
ble 2).
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FIG. 1. Graph depicting relative recovery rates at different micro-
dialysis flow rates in vitro.
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Lactate. The level of lactate in the dialysate declined rap-
idly and significantly (p = 0.02) compared with pre-
treatment levels after induction of hyperoxia (Period A:
935.87 6 53.2 mmol/L, Period B: 790.7 6 28.5 mmol/L)

and remained reduced even after completion of the hyper-
oxia treatment (Fig. 3B and Table 2). 

Glucose. The mean dialysate concentrations of glucose
declined significantly between the pretreatment period and
the hyperoxia period and between the hyperoxia and post-
treatment periods (Fig. 4A and Table 2). During hyperoxia
treatment, however, the rate of decline in the extracellular
levels of glucose slowed significantly and resumed a more
rapid decline during the posttreatment period. 

Pyruvate. The mean pyruvate concentrations were not
significantly different during the period of hyperoxia treat-
ment when compared with the pretreatment period (Period
A: 21.6 6 2.5 mmol/L; Period B: 23.92 6 1.93 mmol/L; but
these concentrations were reduced significantly during the
posttreatment period [Period C], p , 0.005) (Fig. 4B and
Table 2).

Lactate/Pyruvate Ratio. Although the L/P ratio decreased
during the treatment period from the high values observed
during the pretreatment period (Period A: 41.6 6 6; Period
B: 35.5 6 7.7), this difference was not statistically signifi-
cant (Table 2).

Lactate/Glucose Ratio. The L/G ratio was already low in
the 100% O2, group during the pretreatment period (1.65 6
0.06), and the mean values did not change significantly dur-
ing (1.66 6 0.22) or after (2.2 6 0.26) hyperoxia treatment
(Table 2). 

Comparisons Between the 100% O2 Group and the
Historical Cohort

Glutamate. During pretreatment (Period A) the 100% O2

group had a significantly higher mean glutamate concen-
tration (51.48 6 26.05 mmol/L) than the control group
(14.35 6 2.1 mmol/L) (p = 0.011). Following the introduc-
tion of hyperoxia treatment, a rapid reduction in glutamate
concentrations occurred much earlier (by 12 hours com-

C. M. Tolias, et al.
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FIG. 2. Graph showing the hourly mean brain tissue PO2 in the hyperoxia and control patient groups throughout the
entire monitoring period. Periods A through C were used for a comparison between groups. The probability value signi-
fies statistical significance when the mean values of patient groups in Period B were compared.

FIG. 3. Graphs demonstrating the hourly mean dialysate concen-
trations of glutamate (A) and lactate (B) in the hyperoxia and con-
trol patient groups throughout the entire monitoring period. Hyper-
oxia treatment was given during Period B. The probability value
signifies statistical significance when the mean concentrations of
analytes in the patient groups in Period B are compared.
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pared with 24 hours postinjury) and to a significantly lower
level compared with the control group (4.9 6 1.7 mmol/L
in the 100% O2 group and 11.11 6 3.2 mmol/L in the con-
trol group, p = 0.05) (Fig. 3A and Table 3).

Lactate. Levels of lactate in the dialysate were not signif-
icantly different between the two groups during the pretreat-
ment period (Period A, 963.5 6 76.9 mmol/L in the control
group and 935.7 6 53.2 mmol/L in the 100% O2 group; p =
0.785). During Period B, however, during hyperoxia, the
100% O2 group had significantly lower lactate levels than
the control group (Period B, 1102.27 6 38.8 mmol/L in the
control group and 790.7 6 28.5 mmol/L in the 100% O2

group; p , 0.001). Concentrations of lactate continued to
be significantly lower in the 100% O2 group for more than
12 hours following termination of hyperoxia treatment (Fig.
3B and Table 3).

Glucose. There was no significant difference between the
two groups before treatment (Period A, 486.43 6 53.9
mmol/L in the control group and 590.23 6 70.32 mmol/L in
the 100% O2 group; p = 0.295; Fig. 4A) and the dialysate
values declined at similar rates (Fig. 5A). During hyperox-
ia treatment, however, the mean glucose concentration in
the dialysate in the 100% O2 group was significantly high-
er than that in the control group (Period B, 369.02 6 20.1
mmol/L in the control group and 466.9 6 20.39 mmol/L
in the 100% O2 group; p = 0.001; Fig. 4 and Table 3), and
the rate of decline in glucose concentration was significant-
ly slower. In the hyperoxia treatment group, glucose con-
centration decreased four times more slowly (slope 22.9)
than in the control group (slope 212.03) (Fig. 5A). Before
hyperoxia treatment the level of glucose was increasing in
both groups, whereas after treatment the relative rates of
change in glucose concentration were almost identical in
both groups (Fig. 5A).

Pyruvate. Our treatment population had significantly low-
er concentrations of pyruvate in the dialysate during the pre-
treatment period in contrast with the controls (Period A,
p , 0.005) (Fig. 4B). Hyperoxia treatment resulted in an
increase in the dialysate concentration of pyruvate (Fig. 4B
and Table 2), whereas during the same period concentra-
tions of this analyte continued to decrease in controls. The
rate and direction of change in pyruvate concentration be-
tween Periods A and B were, therefore, significantly differ-
ent between the two groups. In the control population, the
mean pyruvate concentration declined between Periods A
and B (mean change 223.23 6 5.7 mmol/L), whereas in the
100% O2 group there was a significant (p = 0.05) increase
(mean change 1.84 6 3.99 mmol/L). During Period C, the

microdialysate pyruvate concentration rate of change was
similar in both groups.

Lactate/Pyruvate Ratio. On admission (Period A) the
100% O2 group had L/P ratios that were significantly high-
er than those found in the control group (Period A, 41.6 6
6 in the 100% O2 group compared with 20.35 6 4.7 in con-
trols; p = 0.001). Institution of hyperoxia in the 100% O2

group resulted in a reduction in the ratio between Periods
A and B, whereas in the control population, the L/P ratio
increased significantly between the same periods (mean
changes: 13.97 6 0.094 in the control group and 26.04 6
1.68 in the 100% O2 group; p , 0.005). 

Lactate/Glucose Ratio. The mean L/G ratio was not sig-
nificantly different on admission or during hyperoxia treat-
ment between the two groups, in contrast to the L/P ra-
tio. The L/G ratio declined during hyperoxia in the 100% O2
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TABLE 2
Mean concentrations of analytes in the dialysate and analyte ratios measured

in the hyperoxia treatment group: comparison between periods*

Glutamate Lactate Glucose Pyruvate
Period (mmol/L) (mmol/L) (mmol/L) (mmol/L) L/P Ratio L/G Ratio

A, pretreatment 51.48 6 26.05 935.87 6 53.2 609.23 6 47.5 21.6 6 2.5 41.6 6 6 1.65 6 0.06
B, treatment 4.90 6 1.7 790.70 6 28.5 466.90 6 20.4 23.92 6 1.93 35.5 6 7.7 1.66 6 0.22
C, posttreatment 3.12 6 2.5 651.57 6 15.52 276.24 6 8.9 18.69 6 0.9 44.5 6 2.9 2.20 6 0.26
p value (A compared w/ B) ,0.001 0.02 0.003 0.59 (NS) 0.16 (NS) 0.16 (NS)
p value (B compared w/ C) 0.1 (NS) ,0.001 ,0.001 0.003 0.3 (NS) (NS)

* Values expressed as means 6 SEMs. Comparisons were made using ANOVA.

FIG. 4. Graphs demonstrating the hourly mean dialysate concen-
trations of glucose (A) and pyruvate (B) in the hyperoxia and con-
trol patient groups throughout the entire monitoring period.
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group (slope 20.02), whereas it continued to rise in the con-
trol group (slope 0.06) (Fig. 5B). Following hyperoxia treat-
ment the rate of change in the L/G ratio was almost equal
in both groups (slope 0.05 in the control group, slope 0.03
in the 100% O2 group).

Intracranial Pressure

In the 100% O2 group ICP fell significantly after institu-
tion of hyperoxia treatment and continued to decrease post-
treatment (Fig. 6). There was no significant difference in
ICP between the 100% O2 and control populations during
baseline (Period A). During hyperoxia treatment, mean ICP
was significantly lower in the 100% O2 group than in the
control group (Period B: 15.03 6 0.8 mm Hg in the control

group and 12.13 6 0.75 mm Hg in the 100% O2 group; p ,
0.005), and ICP remained lower after the end of hyperoxia
treatment and throughout the monitoring period (Period C:
15.6 6 0.75 mm Hg in the control group and 11.9 6 0.6
mm Hg in the 100% O2 group; p , 0.005). 

Cerebral perfusion pressure did not change significantly
between the three periods in the 100% O2 group (mean CPP
for the whole neuromonitoring period 75.2 6 5.6 mm Hg).
There was also no significant difference between CPP val-
ues in controls (85.1 6 3.5 mm Hg) and in the 100% O2

group.

Outcome Measures

Both at 3 and 6 months postinjury the mean GOS score
in the 100% O2 group was higher than in the control group
(3-month GOS Score 3 compared with 2.8, 6-month GOS
Score 3.2 compared with 2.8); however, the differences
were not statistically significant. 

Discussion

Our study clearly demonstrates that normobaric hyper-
oxia applied early and for a period of 24 hours after severe
head injury in patients from two different institutions result-
ed in the following: 1) significant alterations in the con-
centrations of several brain microdialysis analytes (lactate,
glutamate, pyruvate) and the L/P ratio compared with pre-
treatment levels and with microdialysis measurements in a
matched historical TBI cohort; 2) a significant reduction in
the mean ICP compared with the same historical cohort;
and 3) a trend toward improvement in outcome in a patient
group that had worse biochemical indications of brain tissue
damage on admission, compared with the controls. 

To understand these results we need to take into account
three interrelated variables: 1) the methodological limita-
tions of microdialysis; 2) our current understanding of cere-
bral metabolism; and 3) the effects of O2 on cerebral metab-
olism and variability within the head injury population.

Human brain microdialysis provides an indirect, but dy-
namic, time-dependent picture of the cerebral extracellular
microenvironment over several days. Our practice of insert-
ing the microdialysis probe into the less affected hemi-
sphere, approximately 10 mm from the ventriculostomy
and away from cerebral contusions, provides us with a glob-
al measurement that reflects changes affecting the whole
brain.9,54 The composite picture provided by microdialysis
in this way can be viewed as a dynamic glimpse of the ef-
fects of brain metabolism fluctuations on the composition
of the extracellular environment. 

C. M. Tolias, et al.
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TABLE 3
Mean concentrations of analytes in the dialysate and analyte ratios measured during normobaric

hyperoxia treatment (Period B): comparisons with historical controls*

Group Glutamate Lactate Glucose Pyruvate
Comparison (mmol/L) (mmol/L) (mmol/L) (mmol/L) L/P Ratio L/G Ratio

historical control 11.11 6 3.2 1102.27 6 38.8 369.02 6 20.10 35.84 6 8.60 34.33 6 4.84 3.43 6 0.68
100% O2 4.90 6 1.7 790.70 6 28.5 466.90 6 20.39 24.81 6 6.95 35.58 6 7.74 1.66 6 0.22
p value 0.05 ,0.001 0.001 0.4 (NS) 0.24 (NS) 1.19 (NS)

* Values expressed as means 6 SEMs. Comparisons were made using ANOVA. Period B covered 16 to 34 hours postinjury.

FIG. 5. A: Graphs showing the rate of decline in the glucose
concentration of the dialysate in the hyperoxia and control groups
before, during, and after treatment. B: Graphs demonstrating the
rate of decline in the L/G ratio in the hyperoxia and control groups
before and after treatment.
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In severe head injury, as we and others reported earlier,
the largest fluctuations in concentrations of microdialysate
analytes occur mainly during the first 24 to 48 hours postin-
jury, and these variations are more pronounced in the most
severely injured patients.8,21,62 By 48 hours postinjury the
dialysate analytes have settled to relatively low levels in the
majority of patients and, as a rule, acute changes signify a
neurological crisis, for example, ischemia, seizure, or hema-
toma progression.21,62 Outside of these periods of metabolic
crisis, we and many other authors have documented a rela-
tively consistent gradual normalization of changes in dialy-
sis analyte.8,21,43 This underlying analyte behavior, inherent
in TBI and/or reflected by changes in microdialysis recov-
ery, can be seen in our control population and has to be tak-
en into consideration when interpreting the effects of any
therapeutic intervention in these patients. 

It has long been recognized that ischemia is an impor-
tant component in the pathophysiology of TBI.18,35,67 Isch-
emia results in the anaerobic metabolism of glucose (hy-
perglycolysis) and the release of lactate. A high level of
extracellular lactate has been viewed as a marker of anaero-
bic metabolism and significant increases in this substance
have been demonstrated in the brains of patients following
severe TBI and stroke.26,50 Such episodes of lactate increase
are usually seen in cases of terminal herniation and/or se-
vere ischemia associated with both trauma and subarach-
noid hemorrhage.25,57,62 In such cases massive increases in
the extracellular level of lactate are followed by the virtual
disappearance of glucose from the dialysate and are accom-
panied by significant increases of the L/P ratio. Apart from
these crisis periods, however, the dialysate level of glucose
is usually detectable, although it is approximately 40% low-
er than that found in the normal mammalian brain, 3,43,51 and
gradually declines with time until a steady state is achieved. 

In our control population, by 48 hours postinjury, the
mean glucose concentrations in the dialysate had reached
approximately half that of values measured during the first

24 hours postinjury. Probe dysfunction (for example, pro-
gressive surface gliosis) was probably not a factor during
this short period, as has been demonstrated by other re-
searchers.46,62 Moreover, throughout our 4-day monitoring
period, any metabolic crises resulted in fast and significant
changes in analyte values in individual patients, even days
after injury. Focal microenvironmental changes cannot be
excluded, but, in agreement with other investigators,62 no
computerized tomography–demonstrated low-density le-
sions had occurred in the area of probe insertion on follow-
up imaging.

An attractive hypothesis to explain these changes would
be the progressive dysfunction of cerebral glucose metabo-
lism, which has been demonstrated in both animal models
of head injury and human patients with TBI.9,21,62 This meta-
bolic dysfunction is incompletely understood, but the mas-
sive metabolic load imposed by the ionic flux of TBI is
known to increase glucose use against a background of re-
duced O2 consumption.6,65 This process is in agreement with
the so-called compartmentalization theory of energy util-
ization in the brain, with functional coupling of astrocytes
and neurons.39 Astrocytes are known to use glucose either
from their own glycogen stores or directly across the BBB,
through their perivascular foot processes.55 Glucose can be
metabolized anaerobically into lactate, which is released
directly into neurons and is subsequently metabolized aero-
bically. No change in the extracellular levels of glucose
would be evident under such conditions.55 Following injury,
due to the concomitant augmented release of excitatory
amino acids such as glutamate, the rate of glycolysis in as-
trocytes rapidly increases.39 Initially no reduction in the ex-
tracellular level of glucose would be evident because astro-
cytic processes (the main component of the BBB) have not
yet been affected by edema, particularly in areas away from
the ischemic penumbra of contusions, and thus astrocytes
can continue to use glucose directly from the circulation.
We speculate that such conditions exist early after human
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FIG. 6. Graph demonstrating the hourly mean ICPs in the hyperoxia and control patient groups throughout the entire
monitoring period. The probability values signify statistical significance when mean concentrations of ICP in the patient
groups were compared in each period.
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TBI and might explain, at least in part, the relatively high
extracellular levels of glucose observed at this point. This
astrocytic hyperglycolysis would result in increased lactate
production, which can be only partially used aerobically by
the neurons because of their concomitant mitochondrial
dysfunction.14,64 This hypothesis is also supported by the
finding of high levels of pyruvate in the dialysate and by the
low L/P ratios.62 This neurochemical picture was present in
the early postinjury period in our own control population. 

Glucose in the Dialysate

As the postinjury period progresses the gradual decrease
in the extracellular level of glucose, as measured by micro-
dialysis, that we see in the control population is more diffi-
cult to explain. We speculate that this may be evidence of
accelerated regional glucose utilization especially by astro-
cytes, but also possibly by neurons (using their own gly-
colytic processes). This hypothesis is consistent with the
fact that L/P and L/G ratios remained low during the same
period and would agree with the microdialysis findings
of Vespa and associates62 and with the increase in the rate
of cerebral glucose utilization following TBI reported by
Bergsneider, et al.6 The resulting net decrease in extracellu-
lar glucose can thus best be understood by considering both
availability and demand. Glucose is transported into the
brain cells by saturable carrier mechanisms18 and, although
neuronal transporters are upregulated after TBI, the same
may not be true for astrocytic ones.22 Transport may be also
complicated by the effects of postinjury edema, which may
reduce glucose uptake from blood vessels. The presence of
edema may be associated with an increased uptake of glu-
cose from the reduced extracellular space and thus may ex-
plain the reduction in glucose in the dialysate.

Lactate in the Dialysate

The gradual decline in lactate in the dialysate, which we
also observed in the control population, may be easier to ex-
plain. As the ionic shifts caused by TBI become normalized
and mitochondrial function improves, more lactate is con-
sumed by both neurons and astrocytes.21,36,62 Moreover, gen-
eral patient improvement results in a concomitant lowering
of blood lactate and thus a further reduction in the direct
transport of lactate across the BBB into the extracellular flu-
id and also into astrocytes.12 These explanations are, more-
over, in agreement with the observation that, in the control
population, a rapid decline in the level of lactate started
much earlier (approximately 14 hours postinjury) than that
in the level of glucose, which was obvious only after 24
hours postinjury (Figs. 4 and 5). 

Effects of Normobaric Hyperoxia

Are the unequivocal changes in dialysate concentrations
in the 100% O2 patient group indicative of a salvage mech-
anism following TBI and can these changes be beneficial?
If we consider what is already known about the effects of in-
creased O2 tension on brain injury (traumatic or otherwise),
we can make the following suppositions.

First, it is well established that increasing the FIO2 to
100% increases the dissolved portion of O2 in arterial blood,
because hemoglobin is fully saturated even at lower in-
spired O2 contents. This normobaric hyperoxia results in

a significant increase in brain tissue (PO2 tension) as mea-
sured using the Neurotrend and Licox sensors in this study
(Fig. 2). Although an interpretation of changes in brain tis-
sue PO2 remains controversial,19,29,59 it is becoming increas-
ingly clear that we should view brain tissue PO2 values as
a general depiction of the balance between local tissue O2

tension, blood flow, anatomy (capillary density, astrocytic
swelling), and cellular metabolism. 

The critical O2 tension required for mitochondrial func-
tion is extremely low.24 Mitochondrial oxidoreductases are
normally not subject to limitations on their reaction rates
because the concentration of O2 that allows a half maximal
rate of reaction is far larger than that commonly present
in brain tissue O2 under physiological conditions.19,60 Only
cytochrome c oxidase is normally saturated with its sub-
strate. Because brain tissue PO2 is commonly marginal or
substantially reduced following TBI,58 we speculate that the
increased tissue O2 tension achieved in this study (and also
with hyperbaric O2 therapy) may be sufficient to augment
mitochondrial function significantly via substrate-depen-
dent mitochondrial enzyme systems.34,42 Moreover, in our
own animal studies brain tissue O2 consumption and con-
comitant ATP generation also increased significantly fol-
lowing fluid-percussion injury in a rat after the combined
administration of O2 (50% FIO2) and intravenous lactate.16,31

Second, if we assume that the microdialysis probes mon-
itored brain tissues with preserved astrocyte–neuron cou-
pling, an increase in aerobic lactate consumption (presum-
ably by neurons) would reduce the need for hyperglycolysis
and account for the attenuation of the decrease in the level
of glucose in the dialysate that was observed during hyper-
oxia treatment. This assertion is further supported by the ac-
celerated decline in the L/G ratio that was concurrently ob-
served.

Third, the decrease in the L/P ratio among patients who
received hyperoxia treatment from the high values mea-
sured on admission (in contrast to the trends observed in the
control population) can be explained as indicative of an im-
provement in the cerebral redox state.

Fourth, improved cerebral function may also be reflected
by the significant and sustained reduction in the extracel-
lular concentration of glutamate during and after hyperoxia
treatment. This reduction could be explained by either a re-
duced excitotoxic load or an improved glutamate uptake;
both would be consistent with an overall improvement in
brain function.

Fifth, hyperoxia has been known for some time to cause
local vasoconstriction in normal brain and paradoxical ele-
vations of blood flow in ischemic areas.18,37 This shunting
effect may account for some of the overall improvement in
lactate values. This effect would not be immediately reflect-
ed in the microdialysis values as we monitor nonischemic
brain areas, but it could have a bearing on overall brain re-
covery and ICP reduction.

Finally, the timing and duration of hyperoxia treatment in
our study may be of vital importance for observing signifi-
cant alterations in dialysate values and in achieving favor-
able results after TBI. Application of the high concentration
of FIO2 as early after injury as possible may influence the
transition toward increasing glucose metabolism, as well as
reduce early transient episodes of ischemia. The efficacy
of early administration of FIO2 has been reported in experi-
mental stroke studies52,53 and may also offer an explanation
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for the lack of effectiveness of hyperoxia in the recent study
conducted by Magnoni, et al.,32 in which hyperoxia treat-
ment was initiated more than 45 hours postinjury. 

Clearly, however, an improvement in cerebral neuro-
chemistry may not translate into improved neuronal func-
tion or outcome. Our study was not designed to investigate
outcome, but the trends in patient outcome were favorable;
the significant reduction in the mean ICP in the treatment
group, which was sustained throughout the monitoring peri-
od, even after hyperoxia treatment had ended, indicated that
the improved cerebral neurochemistry may correlate with
significant clinical effects as well. 

This study was not randomized and we therefore caution
that interpretation of the results must take into account in-
herent biases inevitable in such a design. We chose a con-
trol cohort while blinded to neurochemical values so that
we could clinically match the patients undergoing hyper-
oxia therapy. We demonstrated a significant improvement
in dialysate values and in ICP, even though the control
cohort was less neurochemically injured before treatment.
The sizes of the groups were the largest reported to date for
such a neurochemical study and our findings support those
of three previous publications on the subject.33,34,42 Never-
theless, more studies need to be performed in humans to
show that increased ATP generation occurs during hyperox-
ia (positron emission tomography and magnetic resonance
spectroscopy studies), and a large randomized trial should
be conducted to investigate the effects of hyperoxia on ICP
and outcome.

Conclusions

We have demonstrated that early application of normo-
baric hyperoxia following severe head injury resulted in a
significant improvement in the microdialysate indices of
cerebral metabolism, as well as in a significant reduction
in ICP compared with a matched historical cohort. These
findings support the importance of cerebral metabolism in
the pathophysiology of severe TBI and strongly support the
need for a randomized trial on the use of normobaric hyper-
oxia in treatment protocols used in these patients.
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