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I n health, reductions in PaCO2 re-
sult in cerebral vasoconstriction
and a reduction in cerebral blood
volume (CBV) (1). Consequently,

hyperventilation has been used for con-
trolling intracranial hypertension follow-

ing traumatic brain injury (TBI) (2–4).
Increasing evidence suggests the presence
of early cerebral hypoperfusion (and possi-
bly ischemia) following TBI (5–7), and
there are concerns that hyperventilation-
induced reductions in cerebral blood flow

(CBF) may cause ischemia (2, 8–12) and
affect outcome (13). Such concerns have
led to recommendations regarding hyper-
ventilation therapy in head injury (2).
These advocate the avoidance of hyperven-
tilation within the first 24 hrs of injury,
when CBF is commonly reduced (5). How-
ever, they still consider hyperventilation an
appropriate therapeutic option in patients
with intracranial hypertension during the
later phases of injury.

Recent publications have highlighted
continuing debate (14–16) and centered on
the difficulty of defining clear evidence of a
critically ischemic brain at risk of neuronal
injury. Ischemia is classically defined as a
CBF below the threshold for neuronal elec-
trical failure but above that for failure of
energy metabolism and ion homeostasis
(17). Studies of human stroke have used
oxygen-15 positron emission tomography

Objective: To determine whether hyperventilation exacerbates
cerebral ischemia and compromises oxygen metabolism (CMRO2)
following closed head injury.

Design: A prospective interventional study.
Setting: A specialist neurocritical care unit.
Patients: Ten healthy volunteers and 30 patients within 10

days of closed head injury.
Interventions: Subjects underwent oxygen-15 positron emis-

sion tomography imaging of cerebral blood flow, cerebral blood
volume, CMRO2, and oxygen extraction fraction. In patients,
positron emission tomography studies, somatosensory evoked
potentials, and jugular venous saturation (SjO2) measurements
were obtained at PaCO2 levels of 36 � 3 and 29 � 2 torr.

Measurements and Main Results: We estimated the volume of
ischemic brain and examined the efficiency of coupling between
oxygen delivery and utilization using the SD of the oxygen extrac-
tion fraction distribution. We correlated CMRO2 to cerebral elec-
trophysiology and examined the effects of hyperventilation on the
amplitude of the cortical somatosensory evoked potential re-
sponse. Patients showed higher ischemic brain volume than con-
trols (17 � 22 vs. 2 � 3 mL; p < .05), with worse matching of

oxygen delivery to demand (p < .001). Hyperventilation consis-
tently reduced cerebral blood flow (p < .001) and resulted in
increases in oxygen extraction fraction and ischemic brain vol-
ume (17 � 22 vs. 88 � 66 mL; p < .0001), which were undetected
by SjO2 monitoring. Mean CMRO2 was slightly increased following
hyperventilation, but responses were extremely variable, with
28% of patients demonstrating a decrease in CMRO2 that ex-
ceeded 95% prediction intervals for zero change in one or more
regions. CMRO2 correlated with cerebral electrophysiology, and
cortical somatosensory evoked potential amplitudes were signif-
icantly increased by hyperventilation.

Conclusions: The acute cerebral blood flow reduction and
increase in CMRO2 secondary to hyperventilation represent phys-
iologic challenges to the traumatized brain. These challenges
exhaust physiologic reserves in a proportion of brain regions in
many subjects and compromise oxidative metabolism. Such isch-
emia is underestimated by common bedside monitoring tools and
may represent a significant mechanism of avoidable neuronal
injury following head trauma. (Crit Care Med 2007; 35:568–578)
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(15O PET) to demonstrate the physiologic
pattern of events following acute ischemia.
These show that tissue with reduced CBF,
relatively preserved or normal cerebral ox-
ygen metabolism (CMRO2), but markedly
raised oxygen extraction fraction (OEF) can
be defined as exhibiting “misery perfusion”
(18). The physiologic nature of such criti-
cally perfused tissue is dynamic, and ulti-
mately its survival is dependent on both the
severity and the duration of ischemia. This
has led some investigators to produce pre-
dictive physiologic thresholds for tissue vi-
ability based on measurements of CBF,
CMRO2, and OEF in experimental ischemia
and clinical stroke (19–21). In TBI, al-
though it is possible to estimate physiologic
thresholds below which tissue is almost
certainly destined for irreversible morpho-
logic abnormality, such thresholds cannot
be used to predict the full extent of irre-
versible damage (22). A depressed level of
consciousness, therapeutic sedation, and
trauma-induced mitochondrial dysfunction
(23) can reduce metabolic rate (and hence
coupled perfusion) in the injured brain and
reduce critical CBF thresholds for ischemia
(24). Conversely, epileptiform activity,
spreading depression, or hypermetabolism
associated with excitotoxicity may increase
CMRO2 and make “normal” CBF levels in-
adequate. A clear definition of ischemia in
situations where CMRO2 is altered depends
solely on the demonstration of compensa-
tory increases in local OEF.

It is essential that we ensure that cur-
rent therapies do no harm. Although hy-
perventilation is known to reduce CBF,
there is no convincing evidence that it re-
sults in true ischemia (14, 15). Further-
more, it is important to determine the ex-
tent to which common bedside monitors,
such as jugular bulb oximetry, miss focal
ischemia and whether reliance on such
monitors may mislead and potentially re-
sult in harm.

We have used 15O PET to investigate
whether acute hyperventilation has the po-
tential to induce cerebral ischemia and
neuronal damage following TBI. These data
have been analyzed in conjunction with
somatosensory evoked potentials (SEPs) to
elucidate the possible physiologic mecha-
nisms responsible.

MATERIALS AND METHODS

Subjects

PET studies were undertaken on ten
healthy volunteers (eight male, two female)
with a mean (range) age of 30 (18–60) yrs and

30 head-injured patients with a mean (range)
age of 35 (16–70) yrs (Table 1) (25–27). Pa-
tients had a median (range) postresuscitation
Glasgow Coma Scale score of 7 (3–12), but,
when recruited to this study, all patients re-
quired sedation and/or ventilatory support for
ICP elevation or reductions in Glasgow Coma
Scale score to �8.

The experimental data that we present
were acquired in three subsets:

1. To elucidate the relationship between
CMRO2 and cerebral electrophysiology,
baseline PET data from 14 patients were
correlated with baseline SEP.

2. We undertook PET studies before and
after hyperventilation in 18 patients
(two of whom were included in subset
1) to study the effects of hypocapnia on
cerebral physiology.

3. We had planned to obtain posthyper-
ventilation SEP data during the same
session as PET studies, but the com-
plexity of this protocol meant that we
achieved this only in two of these sub-
jects. The effects of hyperventilation on
the cortical SEP amplitude were there-
fore studied in a further seven of these
patients on a separate occasion within
the first 10 days of injury.

Although it was intended that patients un-
dergo several imaging sessions at different
time points following injury, it was not possi-
ble to obtain complete data sets in all subjects.
In fact, this was only achieved in two subjects
due to patient instability, lack of scan time,
and equipment failure. The data were there-
fore acquired in three subsets.

All volunteers provided informed consent
for studies, and assent was obtained from the
next of kin for all patient studies. All studies
were approved by the Local Research Ethics
Committee at Addenbrooke’s Hospital, Cam-
bridge, UK, and by the Administration of Ra-
dioactive Substances Advisory Committee of
the United Kingdom.

Clinical Protocols

Patients were managed with protocol-
driven therapy aimed at maintaining ICP �20
mm Hg and cerebral perfusion pressure �70
mm Hg, as previously described (28) (Appen-
dix). Patients who received surgical interven-
tion (CSF drainage or decompressive craniec-
tomy) or second-tier medical therapies
(barbiturate coma or moderate hypothermia
at 33–35°C) before PET imaging are specified
in Table 1.

For ICP monitoring, an intraparenchymal
probe was used (Codman MicroSensors ICP
Transducer, Codman & Shurtleff, Raynham,
MA). A fiberoptic right jugular bulb catheter
(Baxter) was inserted and its position con-
firmed radiologically. Samples of arterial and

jugular venous blood were drawn for simulta-
neous measurement of arterial blood gases
and jugular venous saturation (SjO2). Using
protocol-driven therapy (28), SjO2 was contin-
uously measured and attempts were made to
maintain levels �50%.

Hyperventilation Intervention

Following acquisition of data in patients at
a PaCO2 of approximately 35–40 torr (�5 kPa),
minute ventilatory volume was increased to
achieve a PaCO2 reduction to about 30 torr (4
kPa). If PaCO2 levels fell below 25 torr (3.3 kPa)
or SjO2 fell below 50%, the extent of hyper-
ventilation was modulated. Following a 10-
min period of stabilization, data collection was
repeated. Although hemodynamic stability
was ensured by titrating fluids and vasoactive
agents, sedative infusions were left un-
changed.

Positron Emission Tomography

PET studies were undertaken on a General
Electric Advance scanner (GE Medical Sys-
tems, Milwaukee, WI). Steady-state emission
data for H2

15O (two 5-min frames), C15O (sin-
gle 5-min frame), and 15O2 (two 5-min frames)
were used to generate parametric maps of CBF,
CBV, CMRO2, and OEF as previously reported
(29). Images were analyzed using custom-
designed automated software (PETAN) (30–32).

Region of Interest Based Analysis. A region
of interest (ROI) map specifying 15 ROIs was
drawn within normalized (Talairach) space
(33) on a reference magnetic resonance image
(Fig. 1). Physiologic variables were expressed
as an average within these mixed gray and
white matter ROIs, while recognizing that the
effect of tissue heterogeneity on 15O PET mod-
els would result in falsely low CBF and CMRO2

values (34–36).
Estimation of Ischemic Burden. We used

OEF to assess the burden of ischemia to avoid
the confounding effects of drug- and injury-
induced metabolic suppression on CBF and
CMRO2. Although it is difficult to find data
that identify critical increases in OEF levels
that still allow survival in the setting of isch-
emia, we have previously discussed and vali-
dated a technique for patients with TBI (37,
38). We estimated an individualized critical
OEF threshold (OEFcrit; which equated to a
cerebral venous oxygen content of 3.5 mL/100
mL) for each subject as follows

OEFcrit �
�CaO2 � 3.5�

CaO2
[1]

where,

CaO2 � 1.34Hb.SaO2� 0.003PaO2

[2]
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CaO2 is arterial oxygen content, Hb is the
hemoglobin in g/100 mL, and SaO2 is the frac-
tional arterial oxygen saturation.

Application of these thresholds to fre-
quency histograms of OEF images allowed us
to calculate the volume of voxels with cerebral
venous oxygen content values below this
threshold and hence allowed estimation of the
ischemic brain volume (IBV) (Fig. 1). We com-
pared the IBV to data derived from jugular
oximetry, using a traditional threshold value
for SjO2 (50%) (2, 39–41).

Perfusion-Utilization Matching. We exam-
ined the relationships between changes (�) in
CBF, CMRO2, and OEF with hyperventilation
in order to understand the pathophysiologic
derangements induced by trauma. The calcu-
lations used to derive CBF, OEF, and CMRO2

using 15O PET make use of common emission
data. Consequently, mathematical coupling
could confound any exploration of the rela-
tionship between these variables (29). To gen-
erate data sets that were independent of such
effects, we took advantage of the fact that our

H2
15O and 15O2 emission data were collected

in two separate frames and used independent
H2

15O and 15O2 emission and arterial data to
calculate mathematically independent CBF,
CMRO2, and OEF parametric maps.

OEF values from the 15 ROI template de-
scribed previously should be closely clustered
in normal subjects, suggesting efficient
matching of CBF to CMRO2, with a resulting
narrow spread of OEF values (42). We assessed
the matching of oxygen supply to demand in
patients using the SD of OEF values across the

Table 1. Patient data

Age,
Yrs Gender Injury

Marshall
Categorya GCS Extracranial Injuries PET Session

PET
Interval,

Hrs Surgery
Second-Tier
Therapies GOS

64 M Fall NEML 12 No. of ribs Day 1, SEP 15 MD
Day 3, SEP 61

69 M Fall NEML 10 No. of ribs Day 1, SEP 23 MD
40 M RTA NEML 3 Day 1, SEP 20 SD

Day 5, SEP 116 EVD
Day 7, SEP 166 DC
Day 10, SEP 240

70 M Fall EML 10 Day 1, SEP 21 Craniotomy (R SDH) D
26 F RTA NEML 3 No. of femur Day 5, SEP 103 ORIF femur DC SD

Day 10, SEP 223 B
45 M Assault NEML 6 Day 3, SEP 49 Craniectomy (L SDH) DC SD

Day 7, SEP 146
34 M Fall NEML 9 Day 3, SEP 85 GR
19 M RTA DI 2 5 No. of 5th–7th lumbar

vertebra and ribs
Day 7, SEP 179 MD

18 M Assault NEML 7 Day 2, SEP 38 Craniectomy (R EDH) DC MD
16 F RTA NEML 4 Day 2, SEP 40 D
23 M Fall EML 5 Day 4, SEP 87 Craniectomy (L SDH) DC MD
29 M RTA EML 6 No. of ribs Day 1, SEP 14 Craniectomy (L EDH), EVD DC MD

Day 5, SEP 133
40 F Fall EML 8 Day 2 HV, SEP 40 Craniectomy (L SDH) DC SD
18 M RTA NEML 12 No. of 12th thoracic

vertebra
Day 3 HV, SEP 67 MD

45 M RTA NEML 10 No. of clavicle and
mandible

Day 3 HV 64 SD

25 M RTA NEML 7 Lung, kidney and spleen
contused. Facial 0.05

Day 3 HV 59 MD

49 F RTA NEML 8 No. of ribs, diaphragmatic
hernia

Day 3 HV 59 Laparotomy & repair of
diaphragmatic hernia

SD

26 F RTA EML 5 No. of clavicle Day 2 HV 42 Craniectomy (L SDH) DC GR
41 M Fall DI 2 7 Day 6 HV 134 MD
46 M RTA NEML 4 No. of tibia and fibula Day 4 HV 84
58 M RTA EML 7 Day 2 HV 41 Craniectomy (R ICH) DC D
36 M Fall EML 12 Day 2 HV 45 Craniectomy (L EDH) DC MD
27 M Fall EML 8 No. of zygoma and wrist Day 2 HV 39 Craniectomy (R EDH) DC GR
16 M RTA NEML 8 No. of 2nd lumbar

vertebra
Day 5 HV 110 GR

26 M RTA DI 2 3 Day 2 HV 37 H GR
51 F RTA DI 2 5 No. of radius and femur Day 3 HV 67 SD
31 M Fall DI 3 10 Day 7 HV 155 EVD H, B MD
25 M Fall DI 2 12 Day 5 HV 108 GR
17 M Assault DI 2 6 Day 7 HV 160 B D
20 F RTA DI 3 7 Femur, pelvis, tibia,

fibula, and facial nos.
Day 3 HV 59 EVD SD

GCS, Glasgow Coma Scale (Ref. 25); PET, positron emission tomography; GOS, Glasgow Outcome Score (Ref. 26); NEML, nonevacuated mass lesion;
#, fracture; SEP, somatosensory evoked potential recordings taken; MD, moderate disability; RTA, road traffic accident; EVD, external ventricular drain; SD,
severe disability; DC, decompressive craniectomy; SDH, subdural hematoma; R, right; D, death; ORIF; open reduction and internal fixation; B, barbiturate
coma; L, left; GR, good recovery; DI, diffuse injury; EDH, extradural hematoma; HV, hyperventilation; R ICH, right intracerebral hemorrhage; H, moderate
hypothermia (core temperature �34°C).

aRef. 27.
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15 ROIs and by calculation of the SD of the OEF
histograms (SD OEF). These variables were com-
pared between volunteers and patient groups.
Since focal lesions could provide a simple struc-
tural cause for abnormal OEF distributions, we
also repeated this comparison after excluding
ROIs that showed abnormalities on structural
computed tomography images.

Metabolic Effects of Hyperventilation. We
have previously published data on test-retest
variability in 15O PET studies (29). The acqui-
sition of 15O PET data in two frames in both
the baseline and posthyperventilation images
provided the opportunity of using individual
frames to calculate four independent sets of
metabolic images, which could be used to as-
sess reproducibility of CMRO2 measurements
specifically within this study population. We
used the average SD for the CMRO2 measure-
ments obtained in 18 patients to calculate the
population 95% prediction interval (PI) for
zero change (using two SD values). We then

calculated the number and proportion of ROIs
with increases or decreases in CMRO2 greater
than these limits. In this way we could define
the statistical relevance of changes in CMRO2

following hyperventilation.
Although these average data are extremely

useful, the calculated SD could vary within
individual patients and within particular ROIs
in patients. It would therefore be helpful to
have a more specific measure of variability
within each individual subject who partici-
pated in an interventional study. The acquisi-
tion of 15O PET data in two frames provided
the opportunity to use these individual frames
to assess reproducibility for each ROI in each
subject. However, the small sample numbers
(two readings both before and after hyperven-
tilation) mean that a conventional threshold
of change �2 SD cannot be used to assess the
statistical significance of changes in this con-
text. Although any estimate of variance based
on two degrees of freedom must be treated

with caution, statistical theory suggests that
an estimate of 95% PIs of zero change may be
provided by a threshold of 4.3 SD, and this
margin was used to assess the significance of
changes from baseline.

Electrophysiology

SEP data were recorded following median
nerve stimulation at the wrist (0.2-msec
square wave pulses at 4 Hz). More than 450
sweeps were averaged at ten stimulus intensi-
ties presented in a pseudorandom order (10–
100 mA, in 10 mA increments), with a band-
pass of 3–3000 Hz. Silver/silver chloride disc
electrodes (10 mm in diameter) sited 5 cm
posterior and 7 cm lateral to the vertex were
used to record the primary cortical response
(N20–P27). An electrode placed at Fz (Inter-
national 10:20 convention) was used as the
reference. Scalp electrode impedances were
maintained �5000 �. SEP waveforms were
labeled according to the nomenclature of
Mauguiere (43).

The SEP data were analyzed by measuring
the amplitude of the primary cortical response
(N20–P27). This was conducted at each of the
stimulus intensities to produce a stimulus re-
sponse curve for the left and right hemi-
spheres. Two measurements were made from
each SEP stimulus response curve: the stim-
ulus intensity required to elicit the half max-
imal cortical evoked response of the N20–P27
component (ES50) and the maximum N20–
P27 amplitude. It was not possible to obtain
bilateral measurements in all subjects due to
cranial surgery.

Comparison of Electrophysiology and PET
Data. We obtained 26 measurements from 14
patients with head injury (Table 1). SEP data
were recorded immediately after the corre-
sponding PET session without any change in
physiology or treatment variables. Group
comparisons of SEP data and CMRO2 were
undertaken by correlating the ES50 to CMRO2

in an ROI that included the contralateral sen-
sorimotor cortex. All patients with a lesion
within the ROI were excluded due to inade-
quate signal for data processing.

Effects of Hyperventilation. We obtained a
further 12 SEP recordings from nine patients
to assess the electrophysiologic effects of hy-
perventilation. Within-subject comparisons of
changes in cortical excitability with hyperven-
tilation were quantified by comparing the
maximum N20 –P27 amplitude obtained at
baseline and following intervention.

Statistical Analysis. Statistical analysis was
undertaken using Statview (version 5, 1998,
SAS Institute, Cary, NC). All data are expressed
and displayed as mean 	 SD, unless otherwise
stated. Global, ROI, and voxel-based PET data
were compared using two-tailed paired and
unpaired t-tests and analysis of variance as
appropriate. Following statistical advice, indi-
vidual ROIs were treated independently after

Figure 1. Methodology. Top, T1 weighted image of reference brain indicating the 15 regions of interest:
right and left medial frontal, lateral frontal, temporal, parietal, occipital, deep gray matter, cerebellum,
and the brain stem. Bottom, oxygen extraction fraction (OEF) histogram from a single patient,
showing the distribution of the number of voxels in each OEF bin. Critical OEF thresholds are derived
by calculation of the OEF value above which cerebral venous oxygen content would be �3.5 mL/100
mL. The summed volume of voxels above this threshold is the ischemic brain volume (IBV).
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Bonferroni correction, since they represented
a clinically relevant method of segmenting the
brain to look for regional ischemia, with spe-
cific location being irrelevant to this analysis.

There was considerable variation in the mag-
nitude and direction of changes in PET-derived
metabolic variables with hyperventilation. These
data were therefore displayed as box and whis-
ker plots and changes were assessed using
nonparametric statistics (Wilcoxon’s signed-
rank test and the Mann-Whitney U Test). The
significance of changes in CMRO2 with hyper-
ventilation was assessed by defining the num-
ber of ROIs with increases or decreases in
CMRO2 greater than the 95% PI for zero
change. Linear regression was used to com-
pare changes in PET variables (�CBF,
�CMRO2, and �OEF) and the relationship be-
tween ES50 and CMRO2. Changes in SEP vari-
ables with hyperventilation were assessed us-
ing paired t-tests. All p values are quoted after
Bonferroni corrections (where appropriate),
and corrected p values �.05 were considered
significant.

RESULTS

Global Physiology

The data for ten control subjects and
18 patients at baseline and following hy-
perventilation are shown in Table 2. SjO2

remained �50% in all patients.

Regional Physiology

Hyperventilation led to a significant re-
duction in CBF and increase in OEF (Fig. 2,
p � .001, Wilcoxon’s signed-rank test with
Bonferroni correction). Changes in CBV
with hyperventilation were less consistent.
There was considerable variability in
CMRO2 change, and although some ROIs
showed reductions in CMRO2 with hyper-
ventilation, CMRO2 values showed a small
but significant overall increase with hyper-
ventilation across the 270 ROIs (Fig. 2, p �
.001, Wilcoxon’s signed-rank test with Bon-
ferroni correction).

Estimation of ischemic burden. Com-
pared with baseline, OEF distributions
obtained following hyperventilation were
shifted toward higher values (Fig. 3).

Normocapnic patients showed a sig-
nificantly higher IBV than controls (17 	
22 vs. 2 	 3 mL, p � .05, unpaired t-test),
which was increased further following
hyperventilation (88 	 66 vs. 17 	 22
mL, p � .0001, paired t-test) (Fig. 4).

The maximum IBV was 255 mL (18%
of brain volume) following hyperventila-
tion. Although ischemic volumes were a
variable proportion of the total brain vol-
ume (range 1–18%), these voxels were

often in frontal, temporal, and parietal
regions, in areas associated with neuro-
cognitive function (Fig. 5).

Perfusion utilization matching. There
was no statistically significant relation-
ship between �CBF and �CMRO2 (Fig.
6), and there was great variability within
individual subjects. Despite this, the data
appear to suggest that many regions
demonstrate an increase in CMRO2 de-
spite the reduction in CBF but that a
decrease in CMRO2 is more likely as CBF
is severely reduced.

Correlation of �OEF and �CMRO2

showed no statistically significant rela-
tionship (r2 
 .01, p 
 .1). Within indi-
vidual subjects this relationship was vari-
able but generally stronger, with a
median (range) r2 value of .3 (�.2 to .92)

and median (range) p value of .07
(�.0001–.95). However, when indepen-
dent 15O2 and H2

15O emission maps were
used to calculate CMRO2 and OEF, there
was no clear relationship between these
variables.

OEF values across the 15 regions in
individual subjects showed a significantly
wider SD in normocapnic patients than in
controls (4.8 	 1.9 vs. 3 	 0.6 %, p � .01,
unpaired t-test), suggesting less uniform
and efficient matching of oxygen delivery
to demand in the patients. These differ-
ences were retained when regions that
contained structural lesions were ex-
cluded (p � .01). Following hyperventi-
lation the SD increased (5.6 	 2.3 vs. 4.8 	
1.9, p � .01, paired t-test), implying a fur-
ther deterioration in flow-metabolism cou-

Figure 2. Effect of hyperventilation on regional physiology. Box and whisker plots of changes (�) in
cerebral blood flow (CBF), cerebral blood volume (CBV), cerebral oxygen metabolism(CMRO2), and
oxygen extraction fraction (OEF) produced by hyperventilation in 15 regions of interest (ROIs) in 18
subjects between 2 and 7 days postinjury (270 ROIs in total). The central lines in each box denote
median values, the lower and upper boundaries the 25th and 75th centile, the error bars the 10th and
90th centile, and the closed circles outlying data points. *p � .001, Wilcoxon’s signed-rank test with
Bonferroni correction, comparing normocapnic and hypocapnic values.

Table 2. Mean 	 SD for PaCO2, cerebral perfusion pressure (CPP), intracranial pressure (ICP), jugular
venous saturation (SjO2), global cerebral blood flow (CBF), cerebral blood volume (CBV), cerebral
oxygen metabolism (CMRO2), and oxygen extraction fraction (OEF) in ten healthy controls and 18
patients with head injury

Global Data Control
Normocapnic

Patients
Hypocapnic

Patients

PaCO2, torr 41 	 3 36 	 3a 29 	 2b

CPP, mm Hg 79 	 8 84 	 9
ICP, mm Hg 17 	 7 15 	 6
SjO2, % 69 	 6 57 	 5b

CBF, mL/100 mL/min 37 	 5 34 	 10 27 	 8b

CBV, mL/100 mL 3.7 	 0.8 4.3 	 0.5c 4.3 	 0.6
CMRO2, �mol/100 mL/min 123 	 16 78 	 16a 81 	 19
OEF, % 43 	 3 38 	 7 49 	 6b

ap � .001, unpaired t-test with Bonferroni correction for comparison between normocapnic
patients and controls; bp � .001, paired t-test with Bonferroni correction for comparison between
normocapnia and hypocapnia; cp � .05, unpaired t-test with Bonferroni correction for comparison
between normocapnic patients and controls.
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pling. In addition, the OEF histograms
from patients were broader with regions of
high and low OEF (Fig. 3). This is demon-
strated by the fact that the SD of the OEF
histograms was wider in normocapnic pa-
tients compared with controls (15.8 	 4.1
vs. 10.5 	 1.5%, p � .001 unpaired t-test)
and increased with hyperventilation (19.8
	 5 vs. 15.8 	 4.1%, p � .0001 paired
t-test).

Metabolic Effects of
Hyperventilation

Using the measurements of CMRO2

obtained from the two baseline and two
posthyperventilation frames, we used
analysis of variance to determine the sig-
nificance of the differences (Table 3).

Although the degree of change will
obviously depend on whether the subject
is hyperventilated, it is also dependent on
both subject and brain region. Although
there is a significant interaction between
brain region and subject, the lack of a
significant three-way interaction sug-

gests that these influences act indepen-
dently. The residual variance of the
CMRO2 measurements that could not be
accounted for by the known independent
variables was 8.22, and therefore the cal-
culated SD for the CMRO2 measurements
was 2.87 �mol/100 mL/min.

Those regions with a change in
CMRO2 greater than the population 95%
PI for zero change are shown in Figure 6.
Twenty-seven percent of ROIs examined
showed increases in CMRO2, whereas 7%
showed reductions in CMRO2 following
hyperventilation. When changes in
CMRO2 were compared using the individ-
ually calculated 95% PI for zero change
(4.3 SD), 23% and 9% of ROIs showed
increases and decreases, respectively.
When compared with ROIs without struc-
tural pathology, ROIs that contained le-
sions showed no systematic difference in
CMRO2 responses following hyperventila-
tion (p 
 .73, Mann-Whitney U test). Re-
ductions in CMRO2 with hyperventilation
were not confined to a small minority of

patients. Using population and individu-
ally calculated thresholds described pre-
viously, significant reductions in CMRO2

were observed in one or more ROIs in five
(28%) and six (33%) of the 18 patients
studied respectively.

Electrophysiology

Cortical excitability measured as the
ES50 was linearly related to resting re-
gional CMRO2 in 14 patients within an
ROI that included the primary somato-
sensory cortex (r2 
 �.49, p � .001, Fig.
7). A reduction of PaCO2 from 36 	 3 torr
(4.8 	 0.4 kPa) to 29 	 2 torr (3.8 	 0.3
kPa) in nine patients led to a significant
increase in the maximum SEP N20–P27
amplitude obtained (2.3 	 0.9 vs. 1.8 	
0.9 �V, p � .001, paired t-test).

DISCUSSION

We have combined 15O PET and mea-
surement of cerebral electrophysiology to
examine the effects of acute hyperventi-
lation following TBI. We have shown that
the acute decrease in CBF caused by hy-
perventilation leads to a significant in-
crease in the volume of brain at risk of
ischemia and deterioration in flow-
metabolism coupling. The metabolic re-
sponse to hyperventilation was extremely
variable, and although some regions
demonstrated a significant decrease in
CMRO2, overall it was slightly increased.
Cerebral electrophysiology was signifi-

Figure 3. Oxygen extraction fraction (OEF) histograms. Top, mean 	 SE OEF histograms (showing
proportion of voxels in each OEF bin) in ten controls (white) and in 18 patients following head injury,
at relative normocapnia (gray; mean PaCO2 36 torr [4.8 kPa]) and after hyperventilation (black; mean
PaCO2 29 torr [3.9 kPa]). Bottom, individual patient OEF histograms at normocapnia (gray) and
following hyperventilation (black). Note the rightward shift of the curves with an increase in the
number of voxels with critically high OEF values.

Figure 4. Estimation of ischemic brain volume
(IBV). Mean � SD ischemic brain volumes in
controls (white) and in head-injured patients at
relative normocapnia (gray; mean PaCO2 36 torr
[4.8 kPa]) and after hyperventilation (black;
mean PaCO2 29 torr [3.9 kPa]). *p � .0001, paired
t-test for comparison between normocapnic and
hypocapnic values.
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cantly correlated with baseline CMRO2,
and in a subset of patients, we found that
hyperventilation led to a significant in-
crease in the amplitude of the cortical
SEP response. These data suggest that
the known effects of hyperventilation on
neuronal excitability (44–46) are associ-

ated with an increase in CMRO2 in head-
injured patients. The increase in CMRO2

despite a reduction in CBF necessitates a
substantial increase in OEF, which may
result in neuronal injury. Indeed, some
brain regions showed a significant de-
crease in CMRO2 following the hyperven-

tilation challenge. This study provides
further evidence of the potential harm of
hyperventilation therapy in some regions
of the injured brain.

Defining Ischemia in Head
Injury

Conventional functional imaging ap-
proaches in clinical and experimental
stroke have traditionally used CBF
thresholds for ischemia and have suc-
ceeded in identifying useful predictive
values for tissue survival or death (19–
21). However, the situation in head injury
is confounded by the use of sedative
agents and by the metabolic effects of
trauma (23, 24), which may cause pri-
mary reductions in cerebral metabolism;
coupled CBF decreases in this context
would not represent ischemia. Under
these circumstances the only true mea-
sure of the adequacy of CBF is a measure-
ment of the OEF. We provide data on
ischemic brain volumes using a calcu-
lated threshold OEF value that, if sus-
tained for a period of time, may result in
neuronal damage (37, 38). The imbalance
in flow-metabolism coupling denoted by
high OEF values characterizes tissue at

Figure 5. Positron emission tomography (PET) images following acute hyperventilation. Radiograph computed tomography, PET cerebral blood flow (CBF),
cerebral blood volume (CBV), cerebral oxygen metabolism (CMRO2), and oxygen extraction fraction (OEF) images obtained from a 45-yr-old male 3 days
after head injury at relative normocapnia (top panel, PaCO2 35 torr [4.7 kPa]) and hypocapnia (bottom panel, PaCO2 29 torr [3.8 kPa]). Note the right
temporoparietal hemorrhagic contusion. Baseline intracranial pressure (ICP) 22 mm Hg, cerebral perfusion pressure (CPP) 73 mm Hg, and jugular venous
saturation (SjO2) 70% were consistent with hyperemia and support the use of hyperventilation for ICP control. Hyperventilation reduced ICP to 17 mm
Hg and increased CPP to 80 mm Hg, with a reduction of SjO2 to 54%. Despite these relative improvements, baseline ischemic brain volume was 44 mL
and increased to 135 mL with hyperventilation. These increases were observed in both perilesional and normal regions of brain tissue.

Figure 6. Relationship between � cerebral blood flow (CBF) and � cerebral oxygen metabolism
(CMRO2) with hyperventilation. Scattergram of the relationship between �CBF and �CMRO2 in 270
regions of interest from 18 patients. The horizontal shaded boxes represent the population 95%
prediction interval for zero change in repeated measurements for cerebral metabolism.
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high risk of ischemic injury. The OEF
threshold that we use is based on the best
available data and is clinically relevant in
terms of the management of head injury,
where we wish to prevent the occurrence
of further neuronal injury.

Close matching of flow to metabolism
normally results in remarkably little vari-
ation in OEF across the brain despite
wide regional variations in CBF and
CMRO2 (42). The wider based OEF histo-
grams following hyperventilation suggest
that matching of perfusion to oxygen uti-

lization is impaired (Fig. 3). Although
lower emission statistics could produce
more extreme OEF values in the setting
of reduced blood flow in such voxel-based
measurements, the ROI-based estimate of
OEF spread is much less susceptible to
noise and provides independent quantita-
tive confirmation of our findings. Impor-
tantly, the increase in the SD of the OEF
distribution is not purely related to an
increase in OEF, since there remains a
significant volume of tissue with low OEF
suggestive of hyperemia. The coexistence

of relative ischemia and hyperemia fol-
lowing hyperventilation in some patients
may represent a more fundamental prob-
lem with matching of perfusion to oxygen
utilization following head injury.

The use of voxel-based analysis to de-
fine tissue at risk is new in this context
but has been used in other settings such
as stroke (47). However, statistics in such
voxel-based measurements are less ro-
bust than those from larger ROIs, and the
calculated spread of values in metabolic
maps may increase when emission counts
are reduced, as with low CBF values in
head-injured patients. The concern is
that this would result in more extreme
values, which might translate into more
voxels with high OEF values and broader
OEF distributions. We have examined this
issue in experiments using brain phantoms
and control clinical data (37). Although it is
clear that a reduction in emission statistics
as a consequence of low blood flow will lead
to an increase in the measured IBV and SD

of the OEF distribution, these methodolog-
ical effects do not account for the large IBV
values that we observe following hyperven-
tilation.

Effect of Hyperventilation on
Cerebral Metabolism

Tissue with “misery perfusion” is tra-
ditionally defined as having reduced CBF,
high OEF, and maintained CMRO2 (18). If
such compromise is sustained, perfusion
is reduced further, and/or metabolic de-
mand increases, neuronal death will oc-
cur (18). Although global CBF measure-
ments (3) and CBF imaging techniques
(9, 10, 12) have shown that hyperventila-
tion produces significant reductions in
perfusion, it is impossible to establish the
significance of these changes without se-
quential measurements of OEF and
CMRO2 before and after hyperventilation.
One previous PET study of hyperventila-
tion found no evidence of global ischemia
with moderate reductions in PaCO2 (14).
It is unlikely, however, that such global
measurements would detect regional
ischemia. A more recent study from the
same group (15) used an ROI-based anal-
ysis but showed no reduction in mean
CMRO2, even in regions with posthyper-
ventilation CBF values as low as 10 mL/
100 mL/min. These results suggest that
hyperventilation does not uniformly pro-
duce acute ischemia and neuronal injury
despite a decrease in CBF and increase in
OEF. However, this conclusion is based
on data averaging across all ROIs and

Figure 7. Relationship between cerebral oxygen metabolism (CMRO2) and half maximal cortical evoked
response of the N20–P27 component (ES50). Linear regression plot of ES50 vs. CMRO2 in a parietal
region of interest including the primary somatosensory cortex. The graph is based on 26 data sets
obtained at normocapnia from 14 patients with head injury (r2 
 �.49, p � .001).

Table 3. Analysis of variance table for the cerebral oxygen metabolism measurements for the four 15O
positron emission tomography frames obtained from 15 regions within 18 subjects

df
Sum of
Squares

Mean
Square F Value p Value

Brain region 14 80,936.9 5781.2 702.950 �.0001
Subject 17 290,582.4 17,093.1 2078.385 �.0001
Hyperventilation 1 2064.8 2064.8 251.060 �.0001
Region/subject 238 51,200.4 215.1 26.158 �.0001
Region/hyperventilation 14 245.3 17.5 2.130 .0094
Subject/hyperventilation 17 12,827.9 754.6 91.751 �.0001
Region/subject/hyperventilation 238 1813.8 7.6 0.927 .7499
Residual 540 4441.1 8.2

df, degrees of freedom.
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cannot exclude the possibility that criti-
cal ischemia and neuronal injury may
result in a significant subpopulation of
ROIs, especially when the response to hy-
perventilation is heterogeneous (12).
Furthermore, it would seem inappropri-
ate to use perfusion thresholds to select
ROIs for analysis, when increased OEF
levels and the inability to maintain
CMRO2 should be used to define ischemia
and neuronal injury respectively.

Although we found no change in
global CMRO2 with hyperventilation, we
found that CMRO2 was increased overall
within the 15 ROIs in all patients. This
implies that hyperventilation, at least ini-
tially, does not result in neuronal injury
and in fact may increase CMRO2. How-
ever, we wished to investigate whether
acute hyperventilation could result in a
decrease in CMRO2 within some regions
of the injured brain. Although the major-
ity of brain regions showed either no
change (66%) or an increase (27%) in
CMRO2, 7% of the ROIs studied showed
reductions in CMRO2 that exceeded the
95% prediction limits. We considered
that these results could have been af-
fected by variations in SD measurements
within individuals, which could have re-
sulted in CMRO2 changes being incor-
rectly classified as significant. In fact,
when recalculated using a calculated 95%
PI for zero change based on 4.3 individual
SD values, the results were comparable.
These data suggest that acute hyperven-
tilation not only reduces CBF but may do
so to an extent that compromises oxida-
tive metabolism in some regions of the
injured brain. Indeed, the CBF reductions
with hyperventilation resulted in CMRO2

reductions in at least one ROI in 28% of
patients, despite increases in OEF.

Although those regions that showed a
decrease in CMRO2 tended to suffer the
greatest reductions in CBF, this relation-
ship was not statistically significant. Ex-
amination of the relationship between
�OEF and �CMRO2 within individual
subjects suggested that those regions
showing a reduction in CMRO2 tended to
show the smallest increase in OEF follow-
ing hyperventilation. However, this rela-
tionship was lost following exclusion of
shared variables within the calculated
PET variables (29, 48). Although this may
have been related to the lower signal to
noise characteristics of the independent
emission frames used, it is difficult to
draw firm conclusions from these data.

The finding of increased CMRO2 over-
all requires some explanation. Changes in

arterial CO2 partial pressures have pow-
erful effects on brain function (44–46).
In particular, hyperventilation can in-
duce seizures (45) and enhance neuronal
excitability (44, 46). Our SEP data are in
keeping with previous studies that dem-
onstrate increases in cortical SEP ampli-
tudes in humans with hypocapnia (49)
and changes in cerebral glucose con-
sumption (50, 51) with experimentally
induced changes in cerebral pH. We dem-
onstrate that cortical excitability mea-
sured by the ES50 correlates with regional
CMRO2. In addition, we show that the
SEP N20–P27 amplitude is increased fol-
lowing hyperventilation in head-injured
patients. Conventionally, ischemia is as-
sociated with a reduction in cortical SEP
amplitude (52), and an increase in SEP
amplitudes would not appear to be con-
sistent with ischemia. Although our data
are clearly not suggestive of global isch-
emia, they imply that the global physio-
logic changes induced by hyperventila-
tion may predispose to regional ischemia
and neuronal damage in some patients
following head injury. The increased ox-
ygen demand in the face of reduced oxy-
gen delivery represents a particularly se-
vere physiologic insult to the injured
brain. Brain regions where neuronal ac-
tivity increased, measured as an increase
in SEP cortical amplitudes, were only
able to maintain (or increase) CMRO2

through increases in OEF, and some
ROIs were unable to maintain CMRO2

despite increases in OEF.
We aimed to identify evidence of mis-

ery perfusion using critically increased
OEF values (based on a cerebral venous
oxygen content �3.5 mL/100 mL) (37,
38) and evidence of neuronal injury by
examining regions with a reduction in
CMRO2. We identified a significant in-
crease in the volume of brain at potential
risk of ischemic damage and found that
some brain regions studied showed a de-
crease in CMRO2 following hyperventila-
tion. However, even if CMRO2 is main-
tained acutely, it is unsafe to assume that
brain regions with OEF values far in ex-
cess of the normal range (48, 53) would
be able to sustain such increases. Decom-
pensation could occur over time or be
precipitated by physiologic insults such
as fever or fits (which increase oxygen
demand) or transient reductions in blood
pressure (which decrease oxygen deliv-
ery). The evidence is that these insults
occur in �90% of severely head injured
patients in well-run intensive care units
(54). Although this study does not dem-

onstrate that hyperventilation results in
cerebral infarction or poor outcome, the
resulting changes in cerebral physiology
are of concern. Indeed, we have previ-
ously shown that patients who demon-
strate early increases in IBV are more
likely to suffer poor outcome (38).
Clearly, assessment of the hazards of hy-
perventilation will need more studies,
with longer term follow-up data to re-
solve these issues fully. However, we need
to take account of these risks when con-
sidering the clinical implications of our
data and their interpretation. As always in
medicine, we should first ensure that we
do no harm.

Ethical considerations meant that we
were unable to take patients with marked
elevations in intracranial pressure for
PET studies. Although such patients
would clearly benefit from a reduction in
intracranial pressure, we have little data
to quantify the effects of acute hyperven-
tilation on ICP, CBF, and CMRO2 in this
setting. Only four of our patients had a
baseline ICP �20 mm Hg and only one
�25 mm Hg. Consequently, we are un-
able to address whether the relative risks
and benefits of hyperventilation might be
different in the presence of marked intra-
cranial hypertension. However, there was
no systematic effect of baseline ICP on
change in CMRO2 (r2 
 .044, p 
 .69).

CONCLUSIONS

We show that levels of hypocapnia that
are deemed permissible by authoritative
guidelines (2) may result in significant
regional ischemia within 10 days of head
injury. This is significant because con-
ventional wisdom accepts a role for mod-
est hyperventilation during this “hyper-
emic” phase of head injury (2, 55).
Throughout all study protocols SjO2 val-
ues remained �50%, a widely accepted
threshold (2) for defining cerebral isch-
emia. The failure of common bedside
monitors to detect such regional isch-
emia means that we can no longer rely on
these conventional SjO2 thresholds to
provide protection against ischemia. As a
consequence, “acceptable” hyperventila-
tion may cause harm that remains clini-
cally undetected.
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