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Abstract

The purpose of this study was to examine the effects of hyperventilation or hyperoxia on cerebral hemodynamic
parameters over time in patients with severe traumatic brain injury (TBI). We prospectively studied 186 patients
with severe TBI. CO2 and O2 reactivity tests were conducted twice a day on days 1–5 and once daily on days
6–10 after injury. During hyperventilation there was a significant decrease in intracranial pressure (ICP), mean
arterial pressure (MAP), jugular venous oxygen saturation (Sjvo2), brain tissue Po2 (Pbto2), and flow velocity (FV).
During hyperoxia there was an increase in Sjvo2 and Pbto2, and a small but consistent decrease in ICP, end-tidal
carbon dioxide (etco2), partial arterial carbon dioxide pressure (Paco2), and FV. Brain tissue oxygen reactivity
during the first 12 h after injury averaged 19.7� 3.0%, and slowly decreased over the next 7 days. The auto-
regulatory index (ARI; normal¼ 5.3� 1.3) averaged 2.2� 1.5 on day 1 post-injury, and gradually improved over
the 10 days of monitoring. The ARI significantly improved during hyperoxia, by an average of 0.4� 1.8 on the left,
and by 0.5� 1.8 on the right. However, the change in ARI with hyperoxia was much smaller than that observed
with hyperventilation. Hyperventilation increased ARI by an average of 1.3� 1.9 on the left, and 1.5� 2.0 on the
right. Pressure autoregulation, as assessed by dynamic testing, was impaired in these head-injured patients. Acute
hyperoxia significantly improved pressure autoregulation, although the effect was smaller than that induced by
hyperventilation. The very small change in Paco2 induced by hyperoxia does not appear to explain this finding.
Rather, the vasoconstriction induced by acute hyperoxia may allow the cerebral vessels to respond better to
transient hypotension. Further studies are needed to define the clinical significance of these observations.
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Introduction

Probes to monitor brain tissue Po2 (Pbto2) have been

commercially available since 1987 (Schultheiss et al.,
1987), and are becoming more widely used in the manage-
ment of patients with TBI, subarachnoid hemorrhage, and
other acute neurological problems. Pbto2 monitoring may be
useful to assess the efficacy of treatments based on their ability
to restore adequate Pbto2 levels, but there are several tech-
nical issues involved with monitoring Pbto2 that remain
controversial.

Arterial Po2 (Pao2) strongly influences the Pbto2 mea-
sured with these probes. The Pbto2 response to hyperoxia
measured with the available probes varies widely in differ-
ent patients, and it may also vary considerably over time.

The measured effect of hyperoxia on cerebral metabolism
after TBI has also been variable, with some studies sug-
gesting an improvement in cerebral metabolic rate of oxygen
(Cmro2) in at-risk brain tissue (Nortje et al., 2008), with an
improved microdialysate lactate:pyruvate ratio (Nortje et al.,
2008; Tolias et al., 2004). Other studies have found no change
in Cmro2 and no change in the microdialysate lactate:
pyruvate ratio with hyperoxia (Diringer et al., 2007; Mag-
noni et al., 2003).

Since raising the Pao2 when hemoglobin is fully saturated
does not increase overall oxygen content very much, and
since the studies performed to date have had variable results,
the effectiveness of this practice remains controversial, and
more information about the cerebral hemodynamic effects of
hyperoxia would be clinically useful.
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In normal subjects, breathing 100% oxygen results in va-
soconstriction of cerebral blood vessels, and a subsequent
decrease in cerebral blood flow (CBF). Breathing 100% oxygen
also increases Pbto2. The vascular and tissue response to
hyperoxia may change in disease states such as TBI. Two
oxygen reactivity variables have been used to describe these
two different effects of hyperoxia. Cerebral oxygen vasor-
eactivity (Covr) assesses the vasoconstriction induced by
hyperoxia. Brain tissue oxygen reactivity (Btor) is defined as
the increase in Pbto2 relative to the increase in Pao2 induced
by hyperoxia. These derived variables might provide insights
about regulation of CBF to maintain adequate cerebral oxy-
genation following injury.

Relatively little information is available about the changes
that occur in these oxygen reactivity variables in disease states.
In a few studies researchers have reported that Covr can be
reduced in cerebrovascular disease and after TBI (Amano et al.,
1983; Menzel et al., 1999; Nakajima et al., 1983). Some authors
have found that the increase in Pbto2 with hyperoxia is much
greater in pathological tissue than in normal brain tissue
(Meixensberger et al., 1993). Others have found that Btor is
directly related to the baseline Pbto2 (Longhi et al., 2002) or
regional CBF (Hlatky et al., 2008), or that Btor is inversely
related to outcome (Menzel et al., 1999). The purpose of this
study was to examine the effects of hyperventilation and hy-
peroxia on cerebral hemodynamics after TBI.

Methods

Patient selection and clinical management

A total of 186 patients with severe TBI (motor component of
the Glasgow Coma Scale score �5), who were admitted to
Ben Taub General Hospital in Houston, Texas, were studied
(Table 1). All were enrolled in a prospective study measuring
cerebral hemodynamics serially during the first 10 days after
injury. Thirty-five control subjects of approximately the same
age as the patient population were also recruited to obtain
normal baseline values for the transcranial Doppler (TCD)
parameters. The study was approved by the Institutional
Review Board of the Baylor College of Medicine, and in-
formed consent was obtained from the patients’ families and
from the control subjects.

Upon arrival in the emergency department, the patients
immediately underwent intubation, hemodynamic stabiliza-
tion, and resuscitation when necessary. Patients in whom an
intracranial mass lesion was demonstrated on the initial
computed tomography (CT) scan underwent an immediate
neurosurgical procedure. ICP, blood pressure, etco2, Sjvo2,
and Pbto2 were monitored in all patients during the acute
post-injury period. The goals of early management were ICP
<20 mm Hg and cerebral perfusion pressure (CPP) >60 mm
Hg, unless the Sjvo2 and/or Pbto2 values indicated that a
higher level of CPP was needed (Rangel-Castilla and Ro-
bertson, 2006).

Measurement of brain tissue Po2

The Pbto2 was measured continuously in all patients with
a miniaturized Clark-type electrode Pbto2 probe (LICOX;
Integra Neurocare LLC, San Diego, CA). An area of brain
that appeared injured but that was not clearly necrotic was
targeted for probe placement when possible. Otherwise, the

probe was placed in the right frontal white matter. The Pbto2

values were temperature-compensated, either from a tem-
perature probe incorporated into the Pbto2 probe, or from a
separate temperature probe implanted near the Pbto2 probe.
The position of the Pbto2 probe was confirmed on follow-up
CT scan. In 38 of the patients, the probe was placed in normal-
appearing tissue. In the remaining patients, the probe was
placed either near contused brain tissue, or was placed at
surgery in brain tissue that had been previously compressed
by the hematoma that was evacuated.

The Pbto2 values were continuously collected at 30-sec in-
tervals and stored in a computer. At the end of the monitoring
period the Pbto2 probes were removed and calibration drift
was determined by measuring stable Po2 in a 0% solution, in
a Level 1 arterial blood gas control solution (Ciba-Corning
Diagnostics Corp., Cambridge, MA), and in room air. Only
data from Pbto2 probes that remained correctly calibrated
were used in this study. Pbto2 data from five patients were
excluded from the analysis for this reason.

Study protocol for the TBI patients

Testing of cerebral hemodynamics was performed serially
during the first 10 days after injury (twice a day for the first
5 days, then once a day for 5 additional days). A diagram of
the testing protocol is shown in Figure 1. Measurements of
dynamic pressure autoregulation were obtained during four
physiological conditions: baseline, hyperventilation, baseline,
and hyperoxia. For the hyperventilation phase, the minute
ventilation was increased, targeting a decrease in Pco2 of
approximately 5 mm Hg. For the hyperoxia phase, the inspired

Table 1. Demographic Characteristics of 186 patients

with Traumatic Brain Injury

Mean� SE
or number (%)

Median
(range)

Total number of patients 186
Age (y) 34.0� 1.0 33 (15–73)
Gender

Male 165 (88.7%)
Female 21 (11.3%)

GCS score in the emergency
department

6.1� 0.2 6 (3–14)

AIS score 27.9� 0.5 25 (9–50)
Prehospital hypoxia

Unknown 2 (1.1%)
No 127 (68.3%)
Yes 57 (30.6%)

Prehospital hypotension
Unknown 2 (1.1%)
No 164 (88.2%)
Yes 20 (10.7%)

Emergency department
CT scan codea

Diffuse injury 1 or 2 60 (32.2%)
Diffuse injury 3 or 4 29 (15.6%)
Mass lesion 97 (52.2%)

aScore based on the CT categories of Marshall and associates
(Marshall et al., 1991).

SE, standard error; GCS, Glasgow Coma Scale; AIS, Abbreviated
Injury Scale; CT, computed tomography.
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oxygen concentration was increased from the baseline level
(Fio2 usually 0.4) to an Fio2 of 1.0. CO2 reactivity (co2r) and
Covr were calculated from the steady-state changes between
the baseline and the hyperventilation and hyperoxia phases,
respectively. On days when a Pbto2 probe was in place
(usually the first 5–7 days), Btor was also calculated from the
steady-state changes in Pao2 and Pbto2 at the baseline and
hyperoxia conditions. Hemodynamic conditions were al-
lowed to return to baseline between the hyperventilation and
hyperoxia tests. This stabilization period usually lasted 10–
15 min.

Dynamic pressure autoregulation was measured by the
cuff deflation method of Aaslid and colleagues (Aaslid et al.,
1989). Mean blood pressure and bilateral middle cerebral
artery flow velocity were recorded continuously before, dur-
ing, and after a step drop in blood pressure. Blood pressure
was recorded from a radial artery catheter. Middle cerebral
artery flow velocity was monitored bilaterally with a tran-
scranial Doppler ultrasonography system equipped with dual
2-MHz transducers (Multi-Flow; DWL Electronic Systems
GmbH, Sipplingen, Germany). The thigh cuff deflation tech-
nique was used to induce the drop in blood pressure. Large
bilateral thigh cuffs were inflated to 20 mm Hg above the
systolic arterial pressure for a period of 2 min. A transient
blood pressure drop was then induced by rapid deflation of
the thigh cuffs. A drop in blood pressure of at least 15 mm Hg
was required to be considered a valid cuff deflation test
(Hlatky et al., 2006).

Study protocol for control subjects

The control subjects had measurements of cerebral hemo-
dynamics (baseline autoregulatory index [ARI] and co2r)
using the same protocol and equipment as the TBI patients,
except that hyperventilation was induced by having the
subject increase his or her respiratory rate and depth of
breathing, rather than by adjusting the ventilator settings as in
the TBI patients.

Calculation of CO2 reactivity and O2 reactivity

co2r was calculated using the following formula: co2r¼
(DFV * 100%/baseline FV)/DpCO2.

Covr was calculated using the following formula:
Covr¼�(DFV * 100%)/baseline FV. Covr has been shown to
vary in normal subjects depending on the method used for
measuring the change in cerebral blood flow. When middle
cerebral artery FV was measured to assess Covr, a 20% de-
crease in FV (from 65� 15 to 52� 16 cm/sec) was observed in
normal subjects as oxygen concentration was increased from
21% to 100% (Omae et al., 1998).

Btor was calculated using the following formula: Btor¼
DPbto2 * 100%/DPao2 (van Santbrink et al., 1996). A normal
Btor is not available since Pbto2 is measured with an invasive
monitor that has limited use in normal subjects.

Calculation of autoregulatory index

An ARI ranging from 0–9 was calculated by the method
proposed by Tiecks and associates (Tiecks et al., 1995), and
implemented in the DWL MultiDop transcranial Doppler
software (Compumedics DWL). Briefly, the recorded flow
velocity response to the cuff deflation was compared with 10
models constructed using the mean arterial pressure as the
input function. Each model is generated from the arterial
tracing by a specific combination of time constant, damping
factor, and autoregulatory dynamic gain. The closest match
was selected based on the highest correlation coefficient.
A normal ARI using this method is 5.0� 1.1 (mean� standard
deviation; Tiecks et al., 1995).

Statistical analysis

Summary data in the text, tables, and figures are shown as
mean� standard error unless otherwise noted. Physiological
parameters before and during hyperventilation, and before
and during hyperoxia, were analyzed using a general linear
mixed model. The analysis method was chosen because the
data were from multiple assessments made over time. This
model provides unbiased estimates of the random effect,
flexibility in the choice of the variance-covariance structures
of the model, and maximum likelihood estimation. There
were two observations per day across the first 5 days, and
then one observation per day across 5 additional days. There
was an effect of day, and an effect of hyperventilation or
hyperoxia, and an interaction term that tested whether the
difference with hyperventilation or hyperoxia varied signifi-
cantly by day.

Results

Patient demographics

The characteristics of the 186 patients who were studied are
summarized in Table 1. There was a predominance of males
(88.7%), with a mean age of 34.0� 1.0 years, and an initial
GCS score of 6.1� 0.2. Prehospital hypoxia and hypotension
was present in 30.6% and 10.7% of patients, respectively. In-
itial head CT scans revealed mass lesions that required sur-
gical evacuation in 97 (52.2%) patients, type 1 and 2 diffuse
injury in 60 (32.2%) patients, and type 3 and 4 diffuse injury in
29 (15.6%) patients.

The 35 control subjects recruited to obtain normal baseline
values for the TCD parameters consisted of 13 males and 22
females. The average age of the control subjects was 30.5� 1.4
years (median 30 years, range 19–51 years).

FIG. 1. Protocol for the experiment. Dynamic pressure
autoregulation was tested by the cuff deflation method in
triplicate (tests are indicated by the arrows), after equilibrat-
ing for 10–15 min in four test conditions: baseline, hyperven-
tilation, baseline, and hyperoxia (MV, minute ventilation,
Fio2, fraction of inspired oxygen).
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Normal baseline values for autoregulatory
index and co2r

The average value for ARI in the 35 normal subjects was
5.3� 1.3 (mean� standard deviation). The average value for
co2r in the 35 normal subjects was 3.4� 1.9%/mm Hg
(mean� standard deviation). There was not a significant age
or gender effect for these TCD parameters.

Cerebral hemodynamics and flow velocity
during hyperventilation and hyperoxia

A total of 1460 assessments of co2r (average 7.8/patient),
and 922 assessments of o2r (average 4.9/patient) were done in
these 186 patients during the 10-day period of study. Tables 2
and 3 show the changes in ICP, MAP, Pbto2, Sjvo2, etco2,
arterial Po2 (Pao2) and Pco2 (Paco2), middle cerebral artery
flow velocity (FV), and ARI that occurred after hyperventi-
lation induced by increasing minute ventilation (Table 2), and
after hyperoxia induced by breathing 100% oxygen (Table 3).
The statistics in each table give the p values for the main effects
of the test (hyperventilation or hyperoxia, respectively), and
the time of the exam after injury, and also for the interaction
of test and time. When the interaction of test and time was
significant, indicating that the change in the physiological
parameter during the hyperventilation or hyperoxia test
varied over time, p values are also given for comparisons of
the change during exams 1–5 (admission through day 2.5)
to the change during exams 6–10 (days 3–5), for exams 1–5
compared to exams 11–15 (days 6–10), and for exams 6–10
compared to exams 11–15. Since Pbto2 and Sjvo2 were usually
not monitored for the full 10 days, the comparisons were
done for exams 1–4 (admission though day 2), exams 5–8
(days 2.5–4), and exams 9–12 (days 4.5–7).

The pre-hyperventilation baseline values for MAP and FV
were lowest for the first five exams (the first 2.5 days after
injury), and significantly increased over time after injury (the
time effect shown in Table 2). During the hyperventilation
test, there was a significant decrease in ICP, Pbto2, Sjvo2, and
FV (the test effect shown in Table 2). There was also a small
but significant decrease in MAP with hyperventilation. The
decrease induced by hyperventilation in all of these parame-
ters except for Sjvo2 was smallest during the first five exams,
and significantly increased over time after injury (the time by
test interaction shown in Table 2).

During hyperoxia there was an increase in SjvO2 and Pbto2,
and a small but consistent decrease in ICP, etco2, Paco2, and
FV (the test effect shown in Table 3). Except for Pbto2 and
MAP, the physiological changes seen with hyperoxia did not
significantly differ over time (the time by test interaction
shown in Table 3). For Pbto2, both the baseline Pbto2 and the
increase in Pbto2 with hyperoxia were significantly smaller
during the first exam, which occurred within 12 h of injury,
than during any subsequent exam. As shown in Figure 2
(upper graph), this smaller change in Pao2 during hyperoxia
at the first exam may have contributed to the result of a
smaller change in Pbto2 during that o2r test, since the baseline
Pao2 was consistently higher for that exam.

Although MAP was not significantly altered by hyperoxia
overall (test effect; p¼ 0.1018), there was a significant inter-
action of the hyperoxia test results for MAP by time after
injury ( p¼ 0.0277). During the first five exams (the first 2.5
days after injury), and the last five exams (days 6–10 after

injury), the MAP was not altered by hyperoxia, but during the
middle five exams (the second 2.5 days after injury), there was
an increase in MAP during hyperoxia.

Vascular reactivity tests

Btor, as calculated from the results of the o2r test, was
greatest during the first 36 h after injury, averaging 19.7�
3.0% at the first exam, and then decreasing gradually over the
first 7 days post-injury (Fig. 2). The average Btor for exams 1–6
(admission to day 3) was significantly greater than the aver-
age Btor during exams 7–12 (days 3.5–7; p¼ 0.043).

The change in Pao2 induced by increasing the inspired
oxygen concentration to 100% was relatively constant over all
the days of the study, except for the first exam, for which the
baseline Pao2 was higher. The average Btor increased again
after day 5, but the number of patients who still had Pbto2

catheter probes was too small to draw definitive conclusions.
Covr, also calculated from the results of the o2r test, during

the first 12 h after injury averaged 3.6� 4.3 on the right and
3.7� 4.3 on the left. Covr tended to decrease, reaching a nadir
at 7 days post-injury, but these differences over time were not
significant.

co2r, calculated from the results of the hyperventilation
tests, was lowest initially and increased over time (Fig. 3; time
effect, p¼ 0.0003 for the left side, p¼ 0.0342 for the right side).
On the left, co2r averaged 2.6� 0.2%/mm Hg during the first
five exams, compared to 2.9� 0.2%/mm Hg for exams 6–10,
and 3.1� 0.3%/mm Hg for exams 11–15. On the right, co2r
averaged 2.7� 0.2%/mm Hg for the first five exams, com-
pared to 2.9� 0.2%/mm Hg for exams 6–10, and 3.3� 0.4%/
mm Hg for exams 11–15.

The ARI values during the two baseline conditions (base-
line before hyperventilation, and baseline before hyperoxia)
were not significantly different, and both averaged signifi-
cantly less than the control value of 5.3� 1.3 obtained in
the normal control subjects. The increases in ARI with
hyperoxia were small, averaging 0.4 on the left and 0.5 on the
right (Table 3). In contrast, the increase in ARI with hyper-
ventilation was three times greater, averaging 1.2 on the left
and 1.5 on the right (Table 2). Although the baseline ARI was
lowest during the first exam, performed within 12 h of injury,
and increased toward normal over the 10-day study period
(time effect p< 0.0001; Fig. 3), there was not a significant in-
teraction between the test-induced change in ARI and the
exam time. This result indicates that the change in ARI in-
duced by both hyperventilation and by hyperoxia did not
significantly differ over time (Figs. 4 and 5).

Discussion

Cerebral hemodynamic effects of hyperventilation

Hyperventilation is sometimes used during anesthesia and
intensive care to achieve a rapid reduction in intracranial
blood volume and ICP. This immediate vascular effect is
caused by a pH-dependent constriction of precapillary resis-
tance vessels (Kontos et al., 1977). However, because the
perivascular increase in pH induced by hyperventilation is
compensated for metabolically within a few hours, the re-
ductions in CBF and cerebral blood volume with chronic
hyperventilation is transient despite persistent hypocapnia
(Albrecht et al., 1987).
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Gender and age have been reported in previous studies to
alter co2r in normal subjects. Normal co2r is 3.7� 0.08%/mm
Hg in women and 3.0� 0.10%/mm Hg in men (Kastrup et al.,
1997). co2r tends to decrease with age in women, but not in
men (Kastrup et al., 1998).

Cerebral hemodynamic effects of hyperoxia

In normal subjects, the change in CBF seen during hyper-
oxia varies from 13–27%, depending on the method used for
assessing CBF (Kety and Schmidt, 1948; Nakajima et al., 1983;
Omae et al., 1998; Watson et al., 2000). With transcranial
Doppler techniques similar to those used in the present study,
the Covr was 20% in normal volunteers (Omae et al., 1998).
With cerebrovascular disease, advancing age, and TBI, Covr
is generally reduced compared to normal subjects (Amano
et al., 1983; Menzel et al., 1999; Nakajima et al., 1983). In a
previous study of TBI patients in which CBF was measured
with the stable xenon CT technique, the Covr for global
changes was reduced to 9%, and the Covr response was re-

lated to the baseline (pre-hyperoxia) baseline CBF level
(Menzel et al., 1999).

In the present study, both hyperventilation and hyperoxia
caused vasoconstriction. However, the magnitude of the
change was much smaller with hyperoxia. Both manipulations
resulted in a significant decrease in ICP, as well as a decrease in
FV. In contrast, hyperventilation caused a decrease in Pbto2

and Sjvo2, while hyperoxia caused a significant increase in
Pbto2 and Sjvo2. Presumably the increase in oxygen-carrying
capacity induced by hyperoxia more than offset the small re-
duction in blood flow; and as a result, total oxygen delivery
increased with hyperoxia. With hyperventilation, a decrease in
Paco2 occurs as a result of the study design. A small (average
0.9 mm Hg) decrease in Paco2 also occurred with hyperoxia
(Table 3).

Since hyperoxia consistently results in a small decrease in
Paco2, it is difficult to separate the direct effects of increased
Pao2 from the effects of the decrease in Paco2. This hypo-
capnia has been attributed to hyperventilation induced by co2

retention in respiratory control centers, that is in turn caused

FIG. 2. Graphs of changes in arterial Po2 (Pao2; the circles in the upper graph), brain tissue Po2 (Pbto2; the triangles in the
upper graph), and brain tissue oxygen reactivity (Btor; lower graph), over the first 7 days post-injury (mean� standard
error). The values represent 900 sets of o2r tests in 186 patients over the 7 days, and the number of data points for each time
period are shown at the bottom of the graph. For the Po2 values, the closed symbols are the baseline pre-hyperoxia values,
and the open symbols are the values during hyperoxia (the p values are given in Table 3). The changes in Pao2 and in Pbto2

during the first exam were significantly smaller than all of the other exams. The average values for Btor during the first six
exams (admission through day 3) were significantly greater than the average Btor during the last six exams (days 3.5–7;
p¼ 0.043).
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by a reduced co2-carrying capacity of oxyhemoglobin in as-
sociation with high concentrations of physically dissolved
oxygen (the Haldane effect). Because the patients in this study
were mechanically ventilated during most of the period of
testing, only a very small reduction in Paco2 occurred with
hyperoxia.

A direct vasoconstricting effect of hyperoxia has been
demonstrated in pial window preparations for which Pco2

can be more easily controlled (Kawamura and Yasui, 1996).
Floyd and colleagues (Floyd et al., 2003) demonstrated an
independent vasoconstriction with hyperoxia by measuring
CBF using an MRI technique at varying Paco2 values while
breathing room air and 100% oxygen. The slope of the rela-
tionship between Paco2 and CBF was nearly parallel while
breathing room air and 100% oxygen, but the slope was offset
by a 30% decrease in CBF while breathing 100% oxygen.

Tissue oxygen reactivity

Factors that could alter the Btor might include variability
in the Pao2 response to breathing 100% oxygen, a change in
the diffusion of oxygen through tissues, changes in CBF, and
changes in cerebral oxygen consumption, usually called
the cerebral metabolic rate of oxygen (Cmro2). In addition,
insertion of the Pbto2 probe could cause local injury to the
brain, and transiently alter Btor during the early post-injury
period.

The o2r test requires placing the patient on 100% oxygen to
induce a transient increase in Pao2. Therefore the calculation
of Btor could be influenced in two ways by the presence of

pulmonary disease, which is common in the post-injury pe-
riod. First, if the patient requires a high Fio2 to maintain ox-
ygenation at baseline, then it would not be possible to conduct
the test. Second, the increase in Pao2 induced by placing the
patient on 100% oxygen might be variable, depending on the
amount of shunting present in the lungs.

Expressing the Pbto2 response as a percentage of the Pao2

changes observed may help compensate for this problem, but
this approach assumes that the Pbto2 response to changing
Pao2 is linear throughout the range of Pao2 studied. A study
carried out by Menzel and associates (Menzel et al., 1999)
suggested that this is the case. Except for the first o2r test, the
Pao2 response to 100% oxygen was relatively constant over
time for the entire group of patients, suggesting that although
the phenomenon may be important in interpreting individual
patient responses, this is not the main factor causing Btor to
decrease over time for the group.

Changes in CBF and also in Cmro2 could be other factors
that might influence Btor. CBF determines oxygen delivery
to the tissues, and was estimated in the present study by FV.
Hlatky and colleagues observed that a reduction in regional
CBF at the site of the Pbto2 probe may limit the increase in
Pbto2 seen with hyperoxia, especially when regional CBF is
very low (Hlatky et al., 2008). Although FV evolved over
time in the present study, there was not a clear relationship
between FV and Btor, and Btor was greatest in the first 36 h
post-injury, when FV was lowest. Cmro2 was not measured
in the current study. However, in PET studies specifically
measuring Cmro2 before and during hyperoxia, the re-
searchers did not find a significant change in Cmro2, except

FIG. 4. Graphs of the baseline (closed circles) and hyperventilation (HV, open circles) autoregulatory index (ARI) over time
after injury (mean� standard error). The p values for these changes in ARI with hyperventilation over time are given in Table 2.

FIG. 3. Graphs of baseline (pre-hyperventilation) autoregulatory index (ARI) and co2 reactivity (co2r) over time after injury
(mean� standard error). The p values for these changes in ARI and co2r over time are given in Table 2.
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possibly in the penumbral region (Diringer et al., 2007;
Nortje et al., 2008).

One limitation of commercially available Pbto2 probes for
assessing the effect of hyperoxia on brain tissue oxygenation is
that the Pbto2 value represents the average oxygen concen-
tration in all tissue components (including arteries, capillaries,
and veins), in the area surrounding the Pbto2 probe. As a
consequence of the arterial contribution to the Pbto2 value,
increasing Pao2 has a greater influence on Pbto2 than tissue
oxygenation measured using microelectrodes. Alterations in
the relative representation of arterial components in tissue
surrounding the Pbto2 probe could also contribute to vari-
ability in the Btor.

The increase in Pbto2 after hyperoxia varied by patient and
over time for the whole group of patients. The smallest in-
crease in Pbto2 occurred during the first 12 h after injury, but
this was probably because the increase in Pao2 was also
smallest, and the Btor calculated for that time point was
similar to that seen at 24 and 36 h after injury. Some authors
have found that the increase in Pbto2 with hyperoxia is much
greater in pathological tissue than in normal brain tissue
(Longhi et al., 2002; Meixensberger et al., 1993; Sarrafzadeh
et al., 1998). Recovery of more normal tissue characteristics
over time may account for the gradual decrease in Btor ob-
served over time.

Effects of hyperventilation and hyperoxia
on cerebral pressure autoregulation

Pressure autoregulation is impaired in most patients after
TBI (Lee et al., 2001), and this impairment can persist for up
to 2 weeks post-injury (Sviri et al., 2009). In a study with
serial measurements of dynamic autoregulation in 122 TBI
patients, the lowest ARI value was seen at 48 h post-injury,
when 87% of the patients had a value less than the lower
limit of normal (Hlatky et al., 2002). Thereafter the ARI
gradually returned toward normal. The same trend was seen
in the current study, with the lowest ARI values occurring
during the first 48 h post-injury. This vascular pathophysi-
ology in part explains the vulnerability of the injured brain to
hypotension.

Hypocapnia is known to improve, and hypercapnia im-
pairs, cerebral pressure autoregulation. After severe TBI, dy-
namic pressure autoregulation significantly improves during
transient hyperventilation (Newell et al., 1996). Hyperventi-
lation has been used clinically to counteract the impairment

in pressure autoregulation induced by inhaled anesthetics
such as isoflurane (McCulloch et al., 2005). It is thought that
vasodilation caused by isoflurane impairs pressure auto-
regulation by making it more difficult for vessels to further
vasodilate to compensate for hypotension. Vasoconstriction
caused by hypocapnia restores the ability to pressure auto-
regulate in this circumstance.

In normal subjects, hyperoxia does not alter dynamic
pressure autoregulation (Nishimura et al., 2007). The present
study shows that unlike normal subjects, hyperoxia results in
a small but consistent improvement in ARI in TBI patients. As
with hypocapnia, the mechanism of this improvement in ARI
is likely to be the vasoconstriction induced by hyperoxia. The
small improvement in cerebral perfusion pressure seen dur-
ing hyperoxia may have also contributed to the improvement
in dynamic pressure autoregulation.

One potential limitation of this study’s method used to
assess pressure autoregulation is that flow velocity does not
reflect cerebral blood flow under all conditions. However,
studies have demonstrated that under certain conditions,
such as with blood pressure changes, and with hyperventi-
lation, that flow velocity accurately reflects changes in blood
flow. Newell and colleagues (Newell et al., 1994) simulta-
neously measured internal carotid artery flow and middle
cerebral artery flow velocity in normal subjects. During the
limited changes in blood pressure that occurred during dy-
namic autoregulatory testing, the responses of blood flow
and flow velocity were similar. A number of studies using
MRI, angiographic, and Doppler sonographic methods to
measure the diameter of the middle cerebral artery during
hyperventilation have failed to demonstrate a measurable
decrease in diameter (Djurberg et al., 1998; Valdueza et al.,
1997). Nevertheless, since middle cerebral arterial diameter
was not measured in this study, a confounding effect of
vasoconstriction on the assessments of ARI cannot be ex-
cluded.

Additionally, the cuff deflation method we used for as-
sessing pressure autoregulation only tests for the ability of the
cerebral circulation to respond to drops in cerebral perfusion
pressure. The results might be different for autoregulatory
constriction used to increase cerebral perfusion pressure.

From the design of this study, in which the hyperoxia was
only transiently introduced, it is not possible to determine
how long this potentially beneficial effect on autoregulation
would persist. More studies are needed to determine the
clinical significance of this finding.

FIG. 5. Graphs of the baseline (closed circles) and hyperoxia (HO, open circles) autoregulatory index (ARI) over time after
injury (mean� standard error). The p values for these changes in ARI with hyperoxia over time are given in Table 3.
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Summary

When administered acutely, both hyperventilation and
hyperoxia resulted in cerebral vasoconstriction and signifi-
cantly decreased FV in these severely-injured TBI patients.
Associated with this vascular response, there was also a sig-
nificant decrease in ICP, and an improvement in ARI. The
improvement in ARI suggests that vasoconstriction induced
by acute hyperventilation and hyperoxia may allow the
cerebral vessels to respond better to transient hypotension.
Further studies are needed to define the clinical significance of
these observations.
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