
TRANSLATIONAL RESEARCH

Comparison Between Cerebral Tissue Oxygen Tension
and Energy Metabolism in Experimental Subdural Hematoma

Troels Halfeld Nielsen • Susanne I. Engell • Rikke Aagaard Johnsen •

Mette K. Schulz • Oke Gerke • Jacob Hjelmborg • Palle Toft •

Carl-Henrik Nordström

Published online: 3 June 2011

� Springer Science+Business Media, LLC 2011

Abstract

Background An experimental swine model (n = 7) simu-

lating an acute subdural hematoma (ASDH) was employed

(1) to explore the relation between the brain tissue oxygen-

ation (PbtO2) and the regional cerebral energy metabolism as

obtained by microdialysis, and (2) to define the lowest level

of PbtO2 compatible with intact energy metabolism.

Methods ASDH was produced by infusion of 7 ml of

autologous blood (infusion rate 0.5 ml/min) by a catheter

placed subdurally. PbtO2 and microdialysis probes were

placed symmetrically in the injured (‘‘bad-side’’) and non-

injured (‘‘good-side’’) hemispheres. Intracranial pressure

(ICP) was monitored in the ‘‘good-side.’’

Results ICP, cerebral perfusion pressure (CPP), PbtO2,

glucose, lactate, pyruvate, lactate-pyruvate ratio (LP ratio),

glutamate, and glycerol were recorded at baseline (60 min)

and post trauma (360 min). After the creation of the

ASDH, PbtO2 decreased significantly in both the hemi-

spheres (P < 0.001). No significant difference was found

between the sides post trauma. The LP ratio, glutamate,

and glycerol in the ‘‘bad-side’’ increased significantly over

the ‘‘good-side’’ where the values remained within the

normal limits. A PbtO2 value below approximately

25 mmHg was found to be associated with disturbed

energy metabolism in the ‘‘bad-side’’ but not in the ‘‘good-

side.’’ No correlation was found between the LP ratio and

PbtO2 in either hemisphere.

Conclusions PbtO2 monitoring accurately describes tis-

sue oxygenation but does not disclose whether the oxygen

delivery is sufficient for maintaining cerebral energy

metabolism. Accordingly, it may not be possible to define a

threshold level for PbtO2 below which energy failure and

permanent tissue damage occurs.
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Introduction

During neurocritical care, cerebral ischemia is a relatively

common and potentially serious complication. It may occur

as a global phenomenon—e.g., due to an increase in intra-

cranial pressure (ICP) causing a decrease in cerebral

perfusion pressure (CPP)—or locally due to a regional

restriction of blood flow, e.g., due to the vasoconstriction as

seen in patients with vasospasms after subarachnoid hem-

orrhage or around a focal mass lesion in patients with

traumatic brain injury. The acute changes in the cerebral

levels of chemical compounds related to energy metabolism

occurring during severe ischemia are well known [1, 2].
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Techniques are now available for bed-side monitoring of

brain tissue oxygenation (PbtO2) as well as for chemical

analysis of the composition of cerebral interstitial fluid

utilizing microdialysis [3]. Both the techniques give

information from a small volume of the tissue surrounding

the probe (approx. 10–15 mm3). Microdialysis with bed-

side enzymatic analyses of the perfusates gives information

regarding the delivery of substrate (glucose), the red-ox

state of the tissue (lactate/pyruvate ratio, LP ratio), the

efficacy of energy metabolism (glutamate), and the deg-

radation of cellular membranes (glycerol) [4]. Monitoring

of PbtO2 gives on-line information regarding tissue oxy-

genation. Knowledge of PbtO2 has been proposed to give

an early warning of impending ischemia in neurointensive

care patients, to serve as guidance for CPP management,

and to be able to predict the prognosis for patients with

traumatic brain injuries [5]. However, the relationship

between cerebral energy metabolism and PbtO2 is still

uncertain, and data are lacking regarding the lowest level

of PbtO2 compatible with preserved cerebral energy

metabolism [6].

To our knowledge, no study has investigated the rela-

tionship between the regional metabolism and tissue

oxygen tension in a controlled experimental setting. The

present study was designed a) to explore the correlation

between PbtO2 and cerebral energy metabolism expressed

by the LP ratio, and b) to define the lowest PbtO2 level

compatible with intact energy metabolism.

The study was conducted in an animal model simulating

an acute subdural hematoma (ASDH) adapted from

Timaru-Kast et al. [7]. This model of focal cerebral damage

has been shown to give a reproducible increase in ICP and

decrease in PbtO2, as well as a significant impact on the

cerebral energy metabolism similar to that seen in human

traumatic brain injury.

Materials and Methods

Animals and Anesthesia

All experiments were approved by the local ethics com-

mittee and carried through in accordance with the Danish

‘‘Animal Experiment Inspectorate’’ (Dyreforsøgstilsynet).

Ten female pigs (Danish Breed), weighing 49.1 ± 8.2 kg,

were included in the study. The animals were sedated with

i.m. medetomidine 0.04 mg/kg, midazolam 0.2 mg/kg, and

atropine 0.05 mg/kg. Anesthesia was induced with propo-

fol 10 mg/ml i.v. until adequate sedation was achieved.

The animals received oral endotracheal intubation and

were ventilated mechanically. Anesthesia was maintained

with 2.5–3.5% sevoflurane in an oxygen-air mixture

adapted to maintain PaO2, PaCO2, and pH within

physiological limits (FiO2 % 40%). The temperature was

held constant at 36.6 ± 0.1�C. A continuous slow infusion

of isotonic glucose i.v. kept blood glucose within physio-

logical range.

After establishing anesthesia, a bladder catheter was

inserted, and the right femoral artery was cannulated for

blood pressure monitoring, blood gas sampling, and with-

drawal of blood for the ASDH. The skull was exposed and

a craniotomy ([ = 15 mm) was carefully drilled over the

left frontal cortex, the center of the craniotomy lying 1 cm

ventral of the coronal suture, and 1 cm lateral of the sag-

ittal suture. This side was denoted ‘‘bad-side’’ (in terms of

regional metabolism).

After exposing the dura, a small incision was made, and

a catheter ([ = 1.5 mm) was inserted subdurally 5 mm

for later creation of the ASDH. At a distance of 1.5 cm

posterior to the center of the craniotomy, two burr holes

([ = 2.7 mm) were made for the implantation of the

PbtO2 and the microdialysis probes. Directly opposite in

the contralateral hemisphere (denoted as ‘‘good-side,’’

again in terms of regional metabolism) two additional burr

holes were made for implantation of microdialysis and

PbtO2 probes. A burr hole was placed frontally in the

‘‘good-side’’ for ICP monitoring (Fig. 1). The craniotomy

and the burr holes were closed with bone-wax, which also

served the purpose of fixating the catheter as well as the

microdialysis and PbtO2 probes. At the end of experiment,

the animals were killed with an i.v. injection of sodium

pentobarbital 200 mg/ml in concentrated ethanol (Veteri-

nærapoteket, Københavns Universitet), Copenhagen,

Denmark.

Multimodal Monitoring

Heart rate, mean arterial blood pressure (MAP), and pha-

ryngeal temperature were measured continuously. Arterial

blood gases (PaCO2, PaO2, and pH) and blood glucose

were measured hourly.

Fig. 1 Schematic drawing of the location of probes for microdialysis,

brain tissue oxygen tension (PbtO2), and intracranial pressure (ICP).

Location of craniotomy and catheter for delivery of the acute subdural

hematoma is also shown
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For ICP measuring, a Camino� catheter (Integra Neu-

rosciences Ltd., New Jersey, USA) was placed 15 mm into

the brain parenchyma fixated with the Camino� bolt. Data

was collected by a CAM01 monitor (Integra Neurosciences

Ltd. New Jersey, USA), and ICP was monitored continu-

ously. CPP was calculated as MAP-ICP. Data for ICP and

CPP are given for every 10 min, except during the first

30 min after the creation of the ASDH when they are given

for every minute. PbtO2 was measured with a Licox�
probe (Licox CCISB, Integra Neurosciences Ltd. New

Jersey, USA) placed 15 mm into the brain parenchyma.

Data were collected using the AC3.1 monitor (Integra

Neurosciences Ltd.) and recorded every 20 s. Microdialy-

sis probes (CMA70/CMA71, CMA, Stockholm, Sweden)

were perfused with artificial CSF (CMA, Stockholm,

Sweden) at a rate of 0.3 ll/min (CMA 106 MD pump,

CMA, Stockholm, Sweden). The dialyzates were collected

in microvials and analyzed for glucose, lactate, pyruvate,

glutamate, and glycerol every 20 min using an Iscus Flex

analyzer (CMA, Stockholm, Sweden). After insertion, all

probes were allowed a minimum of 2 h for stabilization.

The base-line levels for the various variables were estab-

lished during the subsequent 60 min.

Acute Subdural Hematoma

7 ml of autologous blood was withdrawn from the femoral

arterial line. The blood was infused through the subdural

catheter at a rate of 0.5 ml/min to produce the ASDH. The

volume of 7 ml had been determined in a pilot study by

using different volumes and infusion rates to cause a sub-

stantial increase in ICP without creating signs of fatal brain

stem herniation.

Statistical Analysis

All values are expressed as mean ± standard deviation

(SD). Baseline mean values and physiological mean values

were compared using non-parametric Wilcoxon signed-

rank test. Differences between ‘‘good-side’’ and ‘‘bad-side’’

in LP ratio, glutamate, glycerol, and PbtO2 were evaluated

using a mixed effect model for repeated measurements with

time, side, and baseline as fixed effects and each individual

animal and side as random effects. Correlation between LP

ratio and PbtO2 and CPP and PbtO2 were investigated using

Spearman rank correlation. Since the risk of infarction is

related to both depth and duration of cerebral hypoxia [1],

area under the curve for each individual animal was cal-

culated for PbtO2 and CPP from 0 to 40 min post trauma.

These values were used for the correlations. For the corre-

lation between PbtO2 and LP ratio, the LP at 40 min post

trauma was used. Data was analyzed using STATA 11.1

software (StataCorp LP, College Station, USA).

Results

Data obtained from 7 out of 10 experimental animals were

included in the analysis. One animal was excluded due to

severe arterial hypoglycemia. One animal died approxi-

mately 2 h after induction of ASDH. The third animal was

excluded as the subdural blood infusion for unknown rea-

sons caused only a minimal increase in ICP.

The baseline levels and post-traumatic levels of blood

glucose, PaCO2, PaO2, and arterial pH are presented in

Table 1. All variables remained within normal ranges

throughout the experiments and did not change

significantly.

Baseline levels of ICP and CPP are also presented in

Table 1. Immediately after creation of the ASDH, ICP

increased significantly and CPP dropped significantly

(P < 0.05 for both parameters, Wilcoxon signed-rank sum

test).

Baseline values of PbtO2 were 37.0 ± 9.8 mmHg and

27.9 ± 7.5 mmHg for ‘‘bad-side’’ and ‘‘good-side,’’

respectively. The difference was statistically significant.

After induction of the ASDH, the PbtO2 immediately

decreased significantly in both sides (P < 0.001 for both

sides, mixed effect model). No statistical difference in

PbtO2 between the two sides was found post trauma

(Fig. 2a). Owing to the significant differences in baseline

values, we also analyzed the time course of PbtO2 as the

relative change from baseline. No significant difference

between the sides after creation of the ASDH was found

using this method (Fig. 2b).

‘‘Good-side’’ baseline values for LP ratio, glutamate,

and glycerol were 14 ± 4, 7 ± 5, and 32 ± 22 lM,

respectively. Baseline levels for the ‘‘bad-side’’ were as

follows (LP ratio, glutamate, and glycerol): 16 ± 3,

11 ± 5, and 22 ± 12 lM, respectively. There were no

statistically significant differences between the two sides in

any of the baseline microdialysis variables, and all baseline

values were within physiological limits [8]. After induction

Table 1 Physiological data during baseline and post-trauma

Parameter Baseline Post-trauma

B-glucose (mM) 5.2 ± 2.0 6.3 ± 1.9

PaCO2 (mmHg) 37.1 ± 8.0 40.0 ± 9.1

PaO2 (mmHg) 154 ± 36 143 ± 28

pH 7.54 ± 0.07 7.48 ± 0.08

MAP (mmHg) 75 ± 15 67 ± 12

CPP (mmHg) 68 ± 15 49 ± 10*

ICP (mmHg) 9 ± 5 22 ± 12*

Data presented as mean values ± SD

* P < 0.05 compared to baseline based on testing using Wilcoxon

Rank Sum test
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of the ASDH, the LP ratio, glutamate, and glycerol in the

‘‘bad-side’’ increased significantly over the ‘‘good-side’’

(Figs. 3, 4a,b).

Figure 5 shows the relation between the PbtO2 and LP

ratio for the ‘‘bad-side’’ and for the ‘‘good-side.’’ The

shaded areas indicate the normal range for the LP ratio.

The figure also gives the limit for PbtO2 indicating cerebral

ischemia as suggested by the authors listed in the figure [9–

17].

There was a significant correlation between CPP and

PbtO2 in the ‘‘bad-side’’ (r = 0.89, P = 0.02) but not in

the ‘‘good-side’’ (r = 0.60, P = 0.21). No significant cor-

relation between PbtO2 and LP ratio was found in either

side (r = -0.54, P = 0.22 and r = -0.07, P = 0.87 for

bad side and good- side, respectively) (Fig. 6).

Fig. 2 a Change in brain tissue oxygen tension (PbtO2) in ‘‘good-

side’’ (solid line) and ‘‘bad-side’’ (dashed line) at baseline and after

creation of the ASDH. The ASDH was induced at 60 minutes (arrow).

Mixed effect P-values for comparison between the sides after

induction of ASDH are given in the figure. Data are shown as

mean ± SD indicated by gray shadows. b Relative change in brain

tissue oxygen tension (PbtO2 (%)) in ‘‘good-side’’ (solid line) and

‘‘bad-side’’ (dashed line) at baseline and after creation of the ASDH.

The ASDH was induced at 60 minutes (arrow). Mixed effect P-values

for comparison between the sides after induction of ASDH are given in

the figure. Data are shown as mean ± SD indicated by gray shadows

Fig. 3 Time course of lactate pyruvate ratio (LP ratio) in ‘‘good-

side’’ (triangle) and ‘‘bad-side’’ (square). The ASDH was induced at

60 min (black arrow). Data are shown as mean ± SD. The mixed

effect model P-value for comparison between the two sides is given in

the figure

Fig. 4 Time course of interstitial glutamate (Fig. 4a) and glycerol

(Fig. 4b) in ‘‘good-side’’ (triangle) and ‘‘bad-side’’ (square). The

ASDH was induced at 60 min (black arrow). Data are shown as

mean ± SD. The mixed effect model P-value for comparison

between the two sides is given in the figure
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Discussion

The present study was undertaken in an experimental

model of focal brain damage, monitored in metabolically

both intact and affected tissue. No significant correlation

between the PbtO2 and LP ratio could be demonstrated and

a lower threshold for PbtO2 under which energy metabo-

lism fails could not be definitely established.

The LP ratio is the balance between cytoplasmatic lac-

tate and pyruvate and can be expressed in terms of the

lactate dehydrogenase equilibrium:

NADH½ � Hþ½ �
NADþ½ � ¼ Lactate½ �

Pyruvate½ � � KLDH ð1Þ

During ischemia, the insufficient delivery of oxygen will

cause an instantaneous increase in the cytoplasmatic (and

interstitial) LP ratio due to the shift in the lactate

dehydrogenase equilibrium reaction (Eq. 1). The LP ratio

is independent of perfusion flow rate and recovery and is

considered to be a robust marker of tissue ischemia [1, 2],

but should be interpreted in the light of other markers of

tissue ischemia.

Glutamate is the main excitatory transmitter of the

central nervous system. After its release into the synaptic

cleft, it is rapidly taken up by an energy demanding

transport system into the surrounding astrocytes and stored

in the transmitter vesicles [18]. Since glutamate is normally

rapidly reabsorbed, a significant increase in the intercel-

lular space is a sensitive indicator of jeopardized cerebral

energy metabolism and impending cell damage [19].

Accordingly, in the present experiments the increase in

interstitial glutamate concentration in the ‘‘bad-side’’ to

levels significantly higher than in the ‘‘good-side’’ is

interpreted as indicating insufficient energy production

while in the ‘‘good side’’ energy metabolism was sufficient

(Fig. 4a).

Glycerol is considered as a valuable indicator of cell

membrane degradation in the brain [20, 21]. In the present

study, the significant increase in the interstitial glycerol

concentration in the ‘‘bad side’’ over ‘‘good-side,’’ is

interpreted as indicating degradation of cellular membranes

while in the ‘‘good side’’ no such degradation was observed

(Fig. 4b).

The chemical variables obtained by the microdialysis

technique in this study give a comprehensive picture of

cerebral energy metabolism and cell membrane degrada-

tion. Since the variables measured are not directly

chemically interrelated the complete picture obtained can

be regarded as a true indicator of impending energy crisis

and tissue damage during ischemia. This well-proved

method of measuring regional energy metabolism may then

be used as a reference for comparing the LP ratio and

PbtO2 obtained simultaneously from the same region.

At baseline, the level of PbtO2 was significantly higher

in the ‘‘bad-side’’ than in the ‘‘good-side.’’ Since it has

been repeatedly shown that PbtO2 is correlated to regional

CBF [22], we tentatively assume that the regional CBF was

higher on the ‘‘bad-side.’’ The observation is probably

explained by the fact that a craniotomy and insertion of the

subdural catheter had been performed on this side. Sub-

sequent to the creation of the ASDH, PbtO2 in both sides

decreased significantly and almost equally, with no sig-

nificant difference between the sides (Fig. 2a, b). Inspite of

this fact, the LP ratio exhibited a marked and significant

Fig. 5 The relationship between PbtO2 and LP ratio during the first

120 minutes after creation of ASDH for ‘‘good-side’’ (triangle) and

‘‘bad-side’’ (square). The values are given as the mean PbtO2 value

for the corresponding calculated LP ratio values at any given point of

time. Horizontal shaded area indicates the physiological limits of the

LP ratio in normal brain [8]. The interrupted lines indicate the

ischemic threshold for PbtO2 suggested by the authors shown

Fig. 6 The correlation between the area under the curve for PbtO2

and LP ratio in ‘‘good-side’’ (triangle) and ‘‘bad-side’’ (square). The

best-fitted regression line is indicated by the solid and dashed lines.

The r value is the Spearman rho coefficient. The area under the curve

for PbtO2 is calculated in the period 0–40 min post trauma. The LP

ratio represents the value obtained at 40 min post trauma
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increase in the ‘‘bad-side’’ compared with the ‘‘good-side’’

in the same period (Fig. 3). The observed increase in the

LP ratio in ‘‘bad-side’’ is paralleled by marked changes in

all biochemical variables (Fig. 4a, b). The discrepancy

between the PbtO2 values and the LP-ratio obtained in the

present study after the creation of the ASDH might be

explained if in the ‘‘bad-side’’ the metabolic demands were

higher than in the ‘‘good-side.’’ Recent experimental and

clinical studies indicate that this is probably the case. The

studies have shown that energy-demanding spreading

depolarization cycles occur in the penumbra zones sur-

rounding the core lesion (e.g., in traumatic brain lesions,

intracerebral hematoma, etc.) and might cause progressive

growth of the ischemic region [23]. Under clinical condi-

tions, it has been documented that spreading depolarization

causes a decrease in interstitial glucose and increase in

lactate [24].

Several authors have, based mainly on clinical obser-

vations, suggested a threshold for PbtO2 below which

hypoxic/ischemic cerebral damage occurs [9–14]. Their

opinions differ from a PbtO2 threshold as high as

23 mmHg [12] down to a critical level at 8.5 mmHg [10]

or even 5 mmHg [14]. The suggested threshold levels are

compared with the LP ratio of the present study in Fig. 5.

As shown in the figure, a PbtO2 of approximately

25 mmHg was found to be related to failing energy

metabolism in the ‘‘bad-side,’’ whereas we recorded PbtO2

values as low as 8 mmHg on the ‘‘good-side’’ without

increase in the LP ratio.

Figure 6 depicts the AUC value for PbtO2 calculated

from 0 to 40 min post trauma plotted against the LP ratio

obtained at 40 min post trauma. It has been shown that the

risk of unfavorable outcome after severe traumatic brain

injury is related to both the depth and duration of episodes

with low PbtO2 [14]. We therefore calculated the AUC

values in the acute phase after the trauma (0–40 min post

trauma), a value that is representative of both the depth and

duration of decrease in PbtO2. The figure includes the best-

fitted regression line. As shown, no significant correlation

exists between the two variables in either side. In the ‘‘bad-

side’’ the fitted values describe a tendency toward

increasing LP ratio with decreasing AUC. However, in the

‘‘good-side,’’ the fitted line is almost horizontal and does

not describe any known physiological relationship (e.g., the

intracranial pressure–volume curve or CBF autoregulation

curve). It was recently demonstrated that PbtO2 primarily

reflects the product of CBF and arteriovenous oxygen

tension difference (AVTO2) [25]. These variables do not

take regional metabolic rate and the oxygen demand into

consideration and therefore explains the lack of relation-

ship between the PbtO2 and energy metabolism.

In the experimental studies, normal values between

15 mmHg and 42 mmHg have been reported [26–28], and

tissue oxygen tensions below 5 mmHg have been reported

in uninjured rat cortex [1]. In humans, normal values of

48 mmHg [29] were reported during neurosurgical proce-

dures in anesthetized patients. In awake patients

undergoing functional neurosurgery, PbtO2 has been shown

to be 23.1 ± 6.6 mmHg [30]. The lowest recorded value in

that study was 9 mmHg occurring without any clinical

signs of regional ischemia. In our study, we recorded

baseline values between 19 mmHg and 53 mmHg. The

explanation for this great variability in PbtO2 is probably

the great physiological variations in CBF between different

tissues (white and gray matter) [1] and microvascularity

[31]. These observations might further explain the lack of

relationship between the tissue oxygen tension and regional

metabolism.

A relatively large number of clinical studies have sug-

gested a relation between measured PbtO2 levels and

mortality following traumatic brain injuries (TBI) [9–14,

32, 33]. Many of these studies also aimed at defining the

thresholds for PbtO2 discussed previously. Some clinical

studies have reported a correlation between the regional

PbtO2 levels and the functional outcome after TBI [14, 32,

34]. These studies have led to the hypothesis that PbtO2

monitoring could be used for targeting and improving

intensive care in severe TBI [34–36]. These reports have

recently received support from a study examining whether

PbtO2-based therapy was superior to a retrospective series

of patients treated according to an ICP/CPP-based therapy

[37]. However, two recent publications found that PbtO2-

guided therapy did not reduce mortality [38] and was

associated with higher use of vasopressors and higher

cumulative fluid balance leading to higher ICP and pul-

monary edema [39]. The discrepancy might be explained

by the results of the present study, showing that the rela-

tionship between brain tissue oxygen tension and regional

energy metabolism seems to be differentiated depending on

probe location and underlying pathology. Yet, another

explanation may be that reported PbtO2 values often reflect

a global level of oxygenation or CPP. Several authors have

documented a close relation between the oxygen saturation

of jugular venous blood (SjO2) and PbtO2 [10, 40, 41], and

in the present study, we found a significant correlation

between PbtO2 and CPP in the ‘‘bad-side’’ (P = 0.02)

during the acute phase after creation of the ASDH.

Our study documents that the threshold values for PbtO2

under which energy metabolism fails is variable and most

likely depending on the metabolic demands of the tissue.

I.e., brain tissue oxygen tension monitoring accurately

describes the tension of oxygen in the tissue determined by

the blood flow, the blood oxygen tension, and oxygen

diffusion through the tissue, but may not under all cir-

cumstances disclose whether this oxygen tension is

sufficient for maintaining adequate metabolism or not.
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Under some conditions, PbtO2 might reflect global values

such as CPP and global level of oxygenation rather than

cerebral energy metabolism. Accordingly, it may not be

possible to definitely establish an ischemic threshold for

PbtO2 under which energy metabolism fails.

The present study furthermore underlines the impor-

tance of defining the positions of catheters used for

regional, cerebral, physiological, and biochemical moni-

toring in relation to the local pathophysiological condition.

The data obtained are relevant for this defined location but

should not be extrapolated to the whole brain.

Conclusions

The present study in an animal model of focal brain

damage demonstrated compromised energy metabolism in

a ‘‘metabolic penumbra zone’’ surrounding a focal brain

lesion while energy metabolism remained essentially intact

in the contralateral hemisphere. While a PbtO2 level of

approximately 25 mmHg seemed to be related to failing

energy metabolism in the injured side, no such relationship

was found in the uninjured side where the PbtO2 levels

decreased to equally low values as in the injured side after

the brain trauma. Further, no significant correlation

between PbtO2 and energy metabolism could be demon-

strated. The results indicate that PbtO2 reflects the delivery

of oxygen to the tissue but PbtO2 does not under all cir-

cumstances disclose whether oxygen delivery is sufficient

for energy metabolism or not. Accordingly, we conclude

that it may not be possible to define a threshold level for

PbtO2 below which energy failure and permanent tissue

damage occurs.
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