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Abstract

Traumatic brain injury (TBI) is a major cause of morbidity and mortality
with widespread social, personal, and financial implications for those who
survive. TBI is caused by four main events: motor vehicle accidents, sport-
ing injuries, falls, and assaults. Similarly to international statistics, annu-
alincidencereportsfor TBlin Australiaare between 100 and 288 per 100,000.
Regardless of the cause of TBI, molecular and cellular derangements occur
that can lead to neuronal cell death. Axonal transport disruption, ionic dis-
ruption, reduced energy formation, glutamate excitotoxicity, and free rad-
ical formation all contribute to the complex pathophysiological process of
TBI-related neuronal death. Targeted pharmacological therapy has not
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easy, and sensitive method of regional brain oximetry, providing a greater
understanding of neurophysiological derangements and the potential for
correcting abnormal oxygenation earlier, thus improving patient outcome.
This article reviews the current status of bedside monitoring for patients

Humana Press with TBI and considers whether ptiO; has a role in the modern intensive
care setting.
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Introduction

Injury to the brain causes significant mor-
bidity and mortality through various mecha-
nisms. Traumatic brain injury (TBI), regardless
of the cause, has profound personal, social, and
financial implicationstothose directly and indi-
rectly involved. TBI can be classified as mild,
moderate, or severe. Severe TBI, which is the
main focus of this review, is clinically defined
as any head injury that results in a postresusci-
tation Glasgow Coma Scale of 8 or lesson admis-
sion or during the ensuing 48 hours (1). Studies
of hospital admissions report that over 80% of
TBladmissionsare for mild-to-moderate injury,
whereas severe TBI accounts for 5-15% (2-4).
Theoverall mortality of patients with severe TBI
who survive to reach hospital is between 25 and
65% (5-7).

Understanding the mechanisms of primary
and secondary injury allows intensive care
physicians and neurosurgeons to target thera-
py (8). Monitoring devices are used to detect
disturbances of physiological parameters with-
in the brain. Based on data obtained by multi-
modal monitoring devices, therapeutic
measures may be used to correct abnormal val-
ues and potentially decrease patient morbidity
and mortality. Because current neuroprotective
pharmacotherapy has not proven beneficial
(9-11), more emphasis is being placed on mon-
itoring systemic and brain levels of physiolog-
ical parameters as well as substrate availability
(12-16). It is hypothesized that as monitoring
devices improve and by maintaining substrate
availability within the normal physiological
range, the extent of secondary injuries will be
reduced and patient outcome will improve.

The purpose of this article is to review the
currentstatus of bedside monitoring in the man-
agement of patients with TBI and evaluate the
role of direct brain tissue oxygenation moni-
toring (ptiOy) in the intensive care setting.

Literature was identified through Medline and
PubMed searches using the key words autoreg-
ulation, brain tissue oxygen tension pressure,
cerebral blood flow velocity, cerebrovascular
perfusion, Licox, severe head injury, and tran-
scranial Doppler ultrasound (TCD). Areference
library distributed by GMS (Kiel-Mielkendorf,
Germany) and the senior author’s library was
also used for literature searches.

Mechanisms of Cellular Injury:
Primary and Secondary Injuries

Research over the past 20-30 years has elicit-
ed much information on the mechanisms lead-
ing to neuronal cell death. It has been shown
that in both human and animal tissues, regard-
less of the precipitating factors (i.e., traumatic,
ischaemic, hypoglycaemic), the basic mecha-
nisms underlying neuronal degeneration and
eventual death share similar cellularand molec-
ular processes (see Fig. 1).

The processes that contribute to neuronal
damage after injury can be classified into two
main groups: the primary injury and the sec-
ondary injury (17-19). Direct brain injury, or the
primary injury, results from both the direct
impact to the brain and the changing forces
involved from the sudden deceleration at the
moment of impact. Large forces occur from
acceleration, deceleration and rotation of the
brain inside the cranium. Shearing forces occur
between tissue planes of varying densities
(20-22). This leads to immediate primary injury
at the moment of trauma. The traumatic forces,
as well as causing immediate structural dam-
agetothe neurons, cause secondary disruptions
in membrane stability, intra-axonal cytoskele-
tal function, and axonal transport mechanisms
(20). Datafrom experimental models of TBI have
shown that postevent impairment of antero-
grade axoplasmic transport occurs, leading to
local axonal swelling (23-25). With disorgani-
zation of microtubulesand neurofilaments, con-
tinuation of this process leads to axonal
disconnection, degradation, and distal degen-
eration.

Many aspects of the primary injury areimme-
diate and irreversible, but it seems likely that a
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Fig. 1. A schematic diagram representing the molecular events implicated in secondary neuronal injury caused
by ischemia. Regardless of the pathological etiology, the sequences of events are intimately related and lead to

neuronal death.

continuum exists between the primary injury
and the development of the secondary injury
(8). Althoughcurrently elusive, treatmentaimed
at avoiding the development of secondary
injury, or even the earlier cessation of the pro-
gression of the primary injury, may influence
the management and outcomes of TBI (10,11).
Secondary injury after insult is correlated to
impaired cerebral metabolism, hypoxia, and
ischemia, and a complex series of events ensue.
Although a detailed outline of these processes
are beyond the scope of this article, a brief syn-
opsis of the mechanisms involved are present-
ed, including mechanismsthatmay be clinically
monitored in the intensive care unit (ICU).

Cerebral Metabolism

Oxygen delivery is paramount to the normal
metabolism of neurons. Itis used in a variety of
reactions within different cellular components
to ultimately generate energy in the form of
adenosine5’-triphosphate (ATP) by aerobic glu-
cose metabolism. Aerobic metabolism is the
major source of energy formation in the brain,
and neuronal survival relieson anadequate sup-
ply of oxygen and glucose by cerebral blood

flow. The aerobic metabolism of glucose includes
the initial step of glycolysis, the tricarboxylic
acid cycle, and the electron transport chain.
Glucose is metabolized in the presence of oxy-
gen to produce a higher ATP yield than occurs
under hypoxic conditions. For an in-depth
review of this topic, see ref. 26.

In an ischemic insult, loss of blood flow leads
to decreased availability of oxygen and glucose.
Anaerobic metabolism is a largely inefficient
formofenergy production,andasaresult, rapid
energy failure follows with decreased produc-
tion of ATP (27). With decreasing levels of ATP,
the physiological ionic homeostasis of the neu-
ron is lost. Changes in the intracellular concen-
tration of sodium, potassium, and calcium occur,
leading to cellular injury and death. With pro-
gressive switching toanaerobic metabolism, lac-
tate production rises sharply, as demonstrated
by the lactate/pyruvate ratio (28-31). Increased
lactate concentration and, therefore, tissue pH
have been shown to correlate with a poor out-
come in both animal and human models
(28,32-35).

Cerebral metabolism can become severely
deranged as a result of ischemic events, and
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regional hypo-and hypermetabolismare known
to occur (36). Depressed cerebral activity, mito-
chondrial dysfunction, and uncoupling of
autoregulatory capacity of metabolic activity
and substrate delivery have been strongly impli-
cated (26,28,37,38).

Mitochondrial Dysfunction

Mitochondria, which house the machinery for
aerobic energy production, play an important
role in aerobic metabolism. Mitochondrial dys-
function has been implicated in the impaired
cerebral metabolism seen during ischemic
episodes, including those resulting from TBI
(39,40). Although not completely understood,
the contribution of mitochondria to cerebral
ischemic damage includes the impairment of
ATP production, changes in mitochondrial per-
meability, and the release of factors that con-
tribute to cell death (41). The most widely
accepted hypothesis regarding mitochondrial
dysfunction relates to the mitochondrial per-
meability transition (MPT) (42,43). MPT occurs
as a result of the abnormal opening of protein
channels between the inner and outer mito-
chondrial membrane secondary to ischemia.
This results in mitochondrial swelling, mem-
brane depolarization, loss of oxidative phos-
phorylation, and the release of proapoptotic
proteins (44). The ischemic induction of mito-
chondrial dysfunction is a potential target for
neuroprotective interventions and is currently
the subject of extensive research.

Calcium-Induced Cellular Damage

Loss of calcium homeostasis, with calcium
entry into injured neurons, has long been asso-
ciated with the process of delayed cell death
(45,46). Calcium is physiologically important
because it acts as a messenger to regulate the
activity of lipolytic enzymes, proteolytic
enzymes, protein kinases, protein phosphatases,
and gene activation/expression. During insults
such as ischemia or TBI, intracellular calcium
increases uncontrollably and induces abnormal
cellular machinery leading to neuronal death.
Calcium antagonism has shown its utility as a
neuroprotective agent in preclinical experi-

mental studies (47,48). This effect was not repli-
cated in TBI clinical trialsusing the calcium chan-
nel blocker nimodipine, and there was no
significant improvement in outcome (16,49,50).

Glutamate Excitotoxicity

Excessive neuronal depolarization occurs
during cerebral ischemia. Glutamate, an exci-
tatory neurotransmitter, is released in larger
quantities during cerebral ischemia than dur-
ing normal physiological conditions and leads
to opening of glutamate receptors and further
activation of ion channels. Of particular signif-
icance is the sodium/calcium antiporter ion
channel,which leadsto anacute increase of both
cations intracellularly (51). The N-methyl-p-
aspartate (NMDA) and a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionate (AMPA)
glutamate receptors have been linked to the
influx of calcium. The NMDA receptor directly
opensacalciumchannel, allowingarapid influx
of the calcium ion. The activated AMPA recep-
tor opens a sodium channel allowing rapid
influx of the sodium ion. Both ions, which are
increased uncontrollably inischemia, lead tothe
physiological derangements previously out-
lined. Increased intracellular calcium concen-
trations also stimulate glutamate release from
presynaptic vesicles, further potentiating the
pathological process (52). Although it would
seem plausible that interventions targeting the
glutamate excitotoxic cascade would improve
outcomes in patients with TBI, clinical trials
using the NMDA antagonist selfotel showed no
significant improvement in the outcome of TBI
(13,53-56).

Free Radical Formation

Reperfusion injury caused by the production
of free radicals has been theorized to contribute
to secondary injury and delayed cell death.
Oxygen free radicals are formed by the reper-
fusion-initiated metabolism of free fatty acids
and arachidonic acid. The increased free radi-
cal formation leads to increased lipid peroxi-
dation, protein oxidation, and DNA damage
(57). Theintegrity of the cellular lipid membrane
is compromised, which leads to failure of ionic
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partitioning and general cellular functioning,
contributing to cell death. Clinical trials target-
ing the various pathological pathways described
above have been investigated (58-63). Trials
using pegorgotein, tirilazad, or triamcinolone
have shown nosignificantimprovementinover-
all morbidity or mortality in patients with TBI
(14,64,65).

The Utility of Combined Monitoring
Overview

ICU management of TBI is aimed at pre-
venting or reducing secondary injury. Following
the poor results seen in pharmacotherapy clin-
ical trials, current therapies focus on providing
an environment in which the body’s own cel-
lular restorative processes are promoted.
Systemic physiological parameters, including
blood pressure, blood sugar level, electrolytes,
and partial pressure of arterial dioxide (PaOy)
and carbon dioxide (PaCO,) are monitored. In
addition, specificcerebral parametersare equal-
ly important in neurologic intensive care.

The neurological monitoring modalities cur-
rently available can be classified into three types:
pressure, flow, and oxygenation. Monitoring
modalities include intracranial pressure (ICP)
monitoring, TCD, and jugular venous oximetry
(SjvO32). A new modality, which is still largely
used as an experimental modality, is ptiO;
(32,66,71). The physiological data gathered by
using these monitoring modalities may allow
greater understanding of the complex sequence
ofeventsthatinfluence the final outcome in TBI.
ICP and cerebral perfusion pressure (CPP) are
the most important monitoring parameters on
which therapeutic interventions are instituted.
However, both reveal little in terms of cerebral
oxygenation or cerebral blood flow.

Invasive Cerebral Tissue Oxygen
Monitoring

Currently available monitoring methods of
cerebral oxygenation and cerebral blood flow
detect a “global” measurement. The data
obtained imply that the brain acts as a homog-
enous structure; however, the heterogeneity of
brain activity and substrate utilization is well-

known. With the high incidence of autoregula-
tion dysfunction during TBI, global oxygena-
tion measurements may be in the normal range
and not reflect abnormal regional differences.
Probes can be used to measure regional val-
ues of brain tissue oxygen tension, carbon diox-
ide tension, and hydrogen ion concentrations
(70,72-74). These multiparametric sensors are
placed adjacent to the ICP monitoring catheter
in the brain tissue via a modified skull bolt. Two
types of commerciallg available ptiO; %robes
currently exist: Licox  and Neurotrend™. The
Licox probe (GMS, Kiel-Mielkendorf, Germany)
uses a polarographic cell in which oxygen dif-
fuses from the tissue through a polyethylene
wall of the catheter into its inner electrolyte
chamber (Fig. 2A,B). Oxygen is transformed at
the electrode, where it determines acurrent that
reflects the tissue partial pressure of oxygen.
The oxygen-sensitive sampling area of the
polarographic gold cathode is approx 14 mm?>.
The Neurotrend probe (Codman, Raynam,
MA\) uses optical sensors where dye, embedded
in a plastic matrix, is connected to a fibreoptic
cable. Depending on the gas concentration and
pH of the surrounding tissues, the dye alters its
properties, changing light transmission and
reflecting tissue partial pressure of oxygen. The
Neurotrend probe is comprised of four sensors
and is able to measure ptiO,, ptiCO,, pH, and
temperature. The sampling area of the
Neurotrend probe is approximately 2 mm?.
ptiO, probes generally are placed in the right
frontal lobe white matter in diffuse brain injury;,
or on the affected side in a hemispheric injury,
and remain in situ for as long as ICP measure-
mentsare required (69,75). ptiO, probes are read-
ily identified on computed tomography (CT)
scanning (Fig. 3). This allows for correct place-
ment and the accurate detection of oxygenation
in either normal or pericontusional brain.
Normal values of ptiO; between 25 and 30
mmHg have been reported in experimental
models (76). Studies have shown that in TBI,
ptiO2 values in patients with normal ICP and
CPP are between 25 and 30 mmHg (77,78). The
critical threshold for ischemic damage and a
poorer outcome has been proposed at ptiO; val-
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Fig. 2. (A) A schematic diagram of the Licox polarographic oxygenation probe.The numbered components of
the diagram are: (1) polyethylene tube diffusion membrane; (2) polarographic gold cathode; (3) polarographic sil-
ver anode; (4) cell filled with electrolyte; and (5) cerebral tissue. (B) A schematic diagram of the Licox probe
illustrating placement via a cranial bolt into the cerebral tissues. Placement is similar to ICP monitoring and is

often used through the same bolt.

uesof10-15mmHg(69,77,79,81). Critical thresh-
old is not the only factor that is important in
terms of outcome; the duration spent below that
threshold is important as well.

The metabolic heterogeneity of different tis-
sue types is well-known. It is important to fac-
tor the heterogeneous nature of the brain when
interpreting oximetry data. Experimentson rats
have demonstrated the differing ptiO, within
the cortex depending on the depth of probe
placement (82). It was proposed that the differ-
ing base levels related to the metabolism, micro-
circulation, and overall microstructure of each
environment. Furthermore, depending on the
probe’srelationship tothe arterial microvessels,
agradient within the tissues can exist with oxy-
gen levels decreasing from artery to venous cir-
culation. The microenvironment is influenced
by the cerebral blood flow velocity of each
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microenvironment, with low velocities show-
ing the highest variability in terms of oxygena-
tion differences (83). At times, the disparity
between the different probe types can be appre-
ciated, because sampling areas are quite differ-
ent, and spatial heterogeneity must be
compensated for by a sufficiently large sensor
sampling area.

Comparative Studies
ptiO, vs ICP/CPP

Cerebral blood flow is physiologically regu-
lated by several factors, including pressure of
blood flow, the pressures within the cranial
vault, and vascular autoregulatory processes.
Following TBI, alterations in ICP and CPP are
commonplace. A few studies have investigated
the association between CPP, ICP, and ptiO,. A
prospective study of 23 patients with TBI inves-
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Fig. 3. A computer tomography image demonstrating
the position of a Licox oxygenation probe in the frontal
cortex of a patient with TBI. Oxygenation probes are
readily identifiable on scanning modalities, illustrating
the position relative to contusional tissue and regions
to be studied.

tigated the effects ofaggressive treatment of CPP
when below 60 mmHg. Dopamine infusion was
always associated with an increase in ptiO; (66).
Intervention led to significantelevations of CPP
from 32 £ 2 to 67 £ 4 mmHg and of ptiO, from
13+2t019+3mmHg. When initial CPP exceed-
ed 60 mmHg, further CPP elevation did not sig-
nificantly improve ptiO, suggesting a plateau
phase of oxygenation. Another prospective
study , comparing different methods of oxy-
genation monitoring in 17 patients with TBI
showed that decreases in CPP below 60 mmHg
were significantly correlated with decreases in
ptiO, (84). Furthermore, changes in SjvO, were
not significant when correlated with decreased
CPP, and CPP values above 60 mmHg were not
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associated with higher ptiO,. This suggests that
the critical threshold of CPP is 60 mmHg and
that ptiO2is more sensitive than SjvO; to changes
in CPP. In contrast, Hartl et al. (85) report that
treatment of ICP with mannitol was not asso-
ciated with improvements in ptiO,. However,
it should be noted that in this study, ICP was
treated before it was severely raised (23 + 1
mmHg), and initial CPP before treatment was
68 £ 2 mmHg.

Focal ischemic tissue may at times have nor-
mal CPP but decreased ptiO,. In a prospective
study of nine patients who demonstrated acute
focal lesions on CT scan and/or single photon
emission computed tomography (SPECT) from
either subarachnoid hemorrhage (SAH), TBI, or
meningioma, changes in ptiO, were investigat-
ed in relation to increased MAP and CPP (86).
ptiO, increased from 24 + 13 mmHg to 31 £ 13
mmHg in a positive linear fashion when CPP
increased from initial values of 77 £ 9 mmHg to
96 = 11 mmHg (r2 = 0.74). However, in some
patients with an initial ptiO2 below 20 mmHg,
CPP was considered to be already within the
normal range. These data suggest that although
CPP values above 60 mmHg are usually asso-
ciated with normal ptiO,, CPP alone is not
always accurate enough to assess brain tissue
oxygenation.

ICP and CPP measurement and management
form a major focus of current treatment in
patients with TBI. Although severe alterations
of ICP and CPP are correlated with poor out-
come, studies suggest that other methods of
monitoring would provide additional, and at
times more sensitive, information regarding
cerebral blood flow and substrate availability.
Changesin ptiO;are often detected concurrently
with changes in CPP, but ptiO;, can be low (or
even within the hypoxic range) even with nor-
mal values of CPP (86). Arecentstudy has shown
that in 18 of 26 patients after aneurysmal SAH
or severe TBI who had a unilateral decompres-
sion hemicraniectomy for extensive cerebral
oedema, pathological monitoring trends always
proceeded clinical deterioration (87). In 9 of 20
patients with SAH, decreases in ptiO, occurred
several hours before neurological deterioration
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or ICP increase. This was not always the case
for patients with TBI. It is plausible that multi-
modal monitoring of ICP, CPP, and ptiO; could
improve the sensitivity of detection of decreased
cerebral blood flow and substrate availability.
Therefore, early treatmentinterventions should
increase the viability of injured and noninjured
neuronal tissue, thereby improving patient out-
come.

ptiO, vs CBF

Various investigators have studied the cor-
relation between CBF and ptiO,, particularly in
the initial periods of TBI when derangements
in both CBF and ptiO; are often at their great-
est. In considering these two clinical variables,
it is important to remember that ptiO, reflects
regional values, whereas CBF, dependingonthe
modality used, may reflect either macro- or
microcirculatory changes.

Doppenburg et al. investigated the correla-
tions between CBF (Xenon computed tomogra-
phy technique) and ptiO;in 25 patients with TBI
and described a significant linear relationship
between the two modalities (r =0.74, p=0.0001)
(32). Patients with increased CBF showed high-
er ptiOy, whereas those with decreased CBF had
a lower ptiO, below 26 mmHg. All patients in
this study with ptiO, below 25 mmHg either
died or remained vegetative.

Dings et al. investigated the relationship
between ptiO,, CBF velocity (CBFV), and CO;
reactivityin 17 patients with TBI (78). Low mean
values for both ptiO; and CBFV were seen on
the day of injury (7.7 £ 2.6 mmHg and 60.5 +
32.0 cm/second, respectively). Both variables
increased, and by day 4 ptiO; was 31.5 = 10.0
mmHg and CBFV was 87.9 + 21.0 cm/second.
The authors concluded that although ptiO, and
CBFV increased simultaneously, CBFV
increased further, suggesting vasospasm and
uncoupling of flow and metabolism. To further
support these findings, they discovered that at
times during increased CBFV, both CPP and
ptiO; were seen to decrease, indicating uncou-
pling or dysfunction of autoregulation. This
suggests that ptiO, monitoring as an adjuvant
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to CBF monitoring would provide increased
accuracy in interpreting CBF values.

Although investigators have reported on the
validity of cerebrovascular autoregulation
assessment and its prognostic relationship to
outcome, particularly related to CPP and CBFV,
few have compared the correlation between
these autoregulatory functions and ptiO;
autoregulation (88-90). It appears that
CBF/CBFV and ptiO; are generally correlated,
but during autoregulatory dysfunction and
uncoupling, monitoring of CBF/CBFV alone
would at times provide misleading information
regarding potential ischemic episodes. Arecent
publication by of one the presentauthors study-
ing autoregulatory function of ptiO; in 14
patientswith TBI, demonstrated a plateau phase
for the CPP—ptiO; relationship similar to the
autoregulatory plateau seen in the relationship
between CPP and CBFV (71). When autoregu-
lation was impaired, ptiO; increased in a linear
fashion with increases in CPP. If autoregulation
remained intact, then increases in CPP had min-
imal effect on ptiO,. It was concluded that
manipulation of CPP was only of potential ben-
efit in increasing brain oxygenation if autoreg-
ulatory mechanisms were dysfunctional.
Furthermore, they suggested that continuous
ptiO, monitoring would provide more sensitive
information on the integrity of autoregulation
after TBI, directing accurate therapy.

Cerebral oxygen reactivity/autoregulation
has been assessed in patients with TBI by chang-
ing the fractional inspired oxygen concentration
(FiO2) (33,91). The ability toincrease ptiO is par-
ticularly useful in conditions where normal
autoregulatory functionisimpaired. By increas-
ing FiO, from 35 to 100%, ptiO, is able to be
increasetosupranormal levels, allowing for aer-
obic metabolism. It has been proposed that FiO»
manipulation can improve oxygenation better
than CPP manipulation; however, patients with
a high oxygen reactivity (indicating a signifi-
cantdisturbance inautoregulation) haveapoor-
er outcome (69).
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ptiO2 vs SjvO2

SjvO, monitoring has been widely used for
global brain tissue oxygenation monitoring of
patients with TBI since the early 1980s (92-94).
Because ptiO; is an experimental modality, it is
being used to detect ischemic episodes in
patientswith TBI (67,69,70,62,80,85). ptiO, meas-
ures direct regional oxygen tension levels, and
investigators have compared the utility of ptiO;
versus SjvO; in the detection of cerebral hypox-
ia/ischemic episodes.

In comparing these two methods of oxime-
try, itisimportant to consider (a) calibration, (b)
the time of good-quality data (TGQD), and (c)
complications.

Calibration

The initial calibration of any monitoring
device is crucial to obtaining accurate and reli-
able data. Based on the manufacturer’s recom-
mendations, ptiO, catheters are calibrated
before insertion and after withdrawal from the
brain tissue; no intramonitoring calibration is
possible. Two calibration parameters have been
described for ptiO; catheters: sensitivity cali-
bration and zero drift (68,70,77). Sensitivity cal-
ibration isdefined as the difference in measured
oxygentensionwhenroomoxygenis measured,
and zero driftis the difference inan oxygen-free
solution. Calibration of SjvO; is based on co-
oximetry readings, with comparisons made
every 10-12 hours for the duration of its usage.

Licox ptiOy catheters have been shown to
have minimal drift during continuous moni-
toring. Inaprospective study of 15 patients with
TBI comparing ptiOz and SjvO2 monitoring,
ptiO» monitoring showed low variability (3.7%
sensitivity drift) and greater reliability over time
(77). SjvO2 monitoring required a total of 170
calibrations over 7 days, with 55% of calibra-
tions showing an increased drift (>5%) when
compared with co-oximetry. Inastudy by Dings
et al. reporting on the stability and complica-
tions of ptiO, monitoring in 70 patients with
either TBI or SAH, 54 Licox catheters showed a
drift of —-6.2 £ 11.9% (95). Sensitivity drift was
greatestinsituduringthefirst4 days, after which
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stability was improved. Gopinath et al. also
reported low measured ptiO, values immedi-
ately after insertion; however, values usually
stabilized within 60 minutes (67). van den Brink
et al. reported low sensitivity drift (0 + 6%) and
negligible zero drift in ptiO; (68). All authors
concludedthat Licox-based ptiO, measurement
was a reliable method of detecting brain tissue
ischemia over a prolonged period of time and
that stability increased with time.

The Time of Good, Quality Data

The efficiency and quality of information
gathered by the different methods of oximetry
can be quantified and compared. One method
is through the function of TGQD, expressed by
the equation: TGQD (%) = 100 - [time of arte-
facts (minute) x 100/total monitoring time
(minute)].

Inaninvestigation comparing ptiO;and SjvO;
monitoring in 15 patients with TBI and altered
CPP, TGQD and the total duration of monitor-
ing differed greatly between the two oximetry
methods (77). The median duration of moni-
toring reported was 9 days (range: 5-12) for
ptiO2 and 4 days (range: 3-7) for SjvO,. TGQD
was reported at 95% (2491 hours total) and 43%
(607 hours) for ptiO, and SjvO; respectively.
This difference in the SjvO, arm was attributed
to poor light intensity in the system, repetitive
calibrations, and dislocations. Meixensberger et
al. reported similardisparities of TGQD between
ptiO2 and SjvO, monitoring (96). This prospec-
tive study of 45 patients with TBI reported
TGQD for ptiO; and SjvO; at 95 and 40-50%,
respectively. Only five patients were monitored
with SjvO; for comparison because of increas-
ing technical difficulties and poor reliability.
Similar problems for SjvO; have been reported
elsewhere (69).

Dings et al. have also studied the reliability
of ptiO; (70). Investigating the technical and
diagnostic reliability of ptiO, monitoring, 118
catheter probes were used in 101 patients with
TBI. The TGQD was 99.2%, with artifacts relat-
ed to transport, positioning of the patient, and
displacement of the catheter or the bolt. Dings
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et al. concluded that ptiO, was a safe and reli-
able technique for monitoring cerebral oxy-
genation.

However, not all studies have found ptiO; to
be superior to SjvO; in the detection of critical
ischemic episodes. A prospective study com-
paring the utility of the methods in 65 patients
with TBI concluded that both modalities should
be used in conjunction and that neither identi-
fies all episodes of cerebral ischemia (67). Of 65
patients, 7 were unable to have ptiO; data col-
lected because of technical difficulties. Of those
monitored, no significant difference was found
inthe TGQD, with values of 90 and 88% for SjvO,
and ptiO, monitoring, respectively (p = 0.524).
Decreases in oxygenation were detected simul-
taneously in 90% of episodes; however, only 66%
of these episodes saw both modalities below
critical thresholds.

Complications

Oximetry is an invasive procedure and car-
riesapotential for complicationsrelatedtoinser-
tion and continuous monitoring. For routine
ICU purposes, probes are inserted via single or
multiple lumenboltsif other monitoring modal-
itiesare combined. Depending on the hospital’s
policies, boltscanbeinsertedinthe ICU. Inoper-
ative cases, probes can be inserted directly dur-
ing surgery.

In studies to date, complication rates for both
ptiO, and SjvO; are low. Numerous studies
using ptiO; have reported complication rates
below 3% (67,70,95). These complications
involved secondary hematoma formation, none
of which required treatment. The insertion trau-
ma can cause microhemorrhages and an odema
zone around the probe tract (97). This has min-
imal effect on measurements and does not com-
promise accuracy. Complications were related
totechnical issuessuch astheaccidental removal
ofthe catheter during transport, broken catheter
cables, or unidentified technical problems. These
technical problems were reduced with experi-
ence,and larger studies havereported zerocom-
plication rates forthe insertion of ptiO, catheters
(68,69).
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The technigue of ptiO; probe placement is
almostidentical to ICP monitor placement. Thus,
it seems plausible that ptiO, probe could be
inserted by practitioners other than neurosur-
geons. Aretrospective study looking atthe com-
plication rates of ICP probe insertion by
neurosurgeons, general surgical registrars, and
intensivists found no significant difference in
complication rates between the differentgroups
(98). They concluded that the use of non-neu-
rosurgeons for the placement of probes could
provide the prompt and early monitoring of
high-risk patients. We propose that it would be
safe practice to utilize non-neurosurgeons for
ptiO, probe insertion; however, a neurosurgeon
should be on standby if complications occur.

Complication rates for SjyO, monitoring are
similarly low. Gopinathetal. reported zerocom-
plications related to SjvO, monitoring in 58
patients (67). Kiening et al. reported dislodge-
ment as a main complication but did not quan-
tify the rate (77). In a prospective study of 44
patientsadmitted to ICU for TBI, SAH, or stroke
and requiring SjvO, monitoring, complication
rateswere below 5% and were clinically insignif-
icant (99).

Brain Oxygenation and Outcome

No randomized control trials have been con-
ducted to demonstrate improved outcome with
one monitoring modality over another. ICP mon-
itoring hasbecome routine practice in the neuro-
ICU worldwide, although it has never been
subjected to randomized controlled trials.
Uncontrolled intracranial hypertension is neg-
atively correlated with outcome (100-102). It
also seems plausible that reduced brain oxy-
genationwould be correlated with a poorer out-
come.

Regardless of the lack of controlled trial data,
current clinical trials investigating the utility of
ptiO, suggest that prolonged periods of hypox-
ia correlate with a poor outcome. van Santbrink
et al. studied the utility of ptiO; in 22 patients
with TBI and showed that hypoxic periods in
the acute posttraumatic phase wascommon (69).
More than 80% of patients showed prolonged
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hypoxic periods less than 20 mmHg in the first
24 hours postinjury. In five patients, ptiO; fell
below 5 mmHg within the first 24 hours, and
four of those were either dead or partial vege-
tative state at 6 months. In the patients who had
monitoring within the acute phase without a
ptiO, drop below 5 mmHg, 15 had good out-
come measures, and only 1 died or was vegeta-
tive at 6 months. ptiO, was found to be strongly
correlated to outcome.

Kiening et al. have also demonstrated poor
outcome with reduced brain oxygenation in TBI
(66). In 16 patients followed for 6 months postin-
jury, the number of ischemic episodes was asso-
ciated with outcome. An ischemic episode was
defined as a ptiO; less than 10mmHg for longer
than 15 minutes. In the first week postinjury, the
numbersofischemicepisodes were always asso-
ciated with a poorer outcome on the Glasgow
Outcome Scale (GOS). Interestingly, absence of
episodic hypoxiadid notensure afavorable out-
come. Bardt et al. also demonstrated poor out-
come with prolonged ischemic episodes (81). In
35 patients with TBI, analysis of data showed
significant differences in outcome measures
when ptiO, was less than 10mmHg for more
than 30 minutes. In patients with less than 30
minutes of hypoxia during the monitoring peri-
od, GOSanalysisatdischarge demonstrated that
80% were either vegetative or severely disabled,
20% had a favorable outcome, and no patients
died acutely. In this same group, GOS at 6
months showed that 72.8% had a favorable out-
come, 18.2% were vegetative or severely dis-
abled, and 9% died. In contrast, in patients with
more than 30 minutes of hypoxia, 48% died
acutely and 52% had an unfavorable GOS at dis-
charge. In those discharged, GOS at 6 months
showed that55.6% had died, 22.2% were severe-
ly disabled, and 22.2% had afavorable outcome.
Bardt et al. concluded that even short periods
of hypoxia adversely affected outcome and that
functional recovery is possible in the prolonged
hypoxia arm at 6 months.

Conclusions

TBI is a major cause of morbidity and mor-
tality worldwide. Although management has
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improved significantly over the past 30 years,
mortality is still alarmingly high in those who
survive to hospital. Because the pharmacologi-
cal management of TBI is currently poor and
still under extensive research, the integration
and management of physiological variables
remain the mainstay of current therapy.

ptiO2 monitoring has received widespread
attention and has generated regular interna-
tional meetings. Although it has become a rou-
tine monitoring tool in several neurosurgical
and neurological ICUs, it is still considered
experimental in other centers. Based on the data
available, it has been shown to provide a safe,
easy-to-use, and accurate method of cerebral
oximetry determination. It can provide addi-
tional, sensitive information regarding brain
oxygen availability, autoregulation, and brain
perfusion in patients with TBl. Compared to
other oximetry methods, ptiO; has minimal
complications, increased accuracy, and greater
in situ monitoring time. ptiO, often provides
more sensitive information than current moni-
toring methods regarding regional CBF, CPP,
ICP, and oxygen availability. Indeed, some cur-
rent therapeutic interventions used to manipu-
late ICP/CPP and thought to improve
oxygenation may, in fact, cause hypoxia. Brain
tissue oxygenation monitoring has the poten-
tial to detect early ischemic injury before alter-
ationsinothervariablesoccurand may improve
patient outcome.
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18 Mulvey et al.

Table 2
Clinical Diagnoses Where Direct Brain
Oxygenation Monitoring May be Clinically
Beneficial

Clinical Condition

Traumatic brain injury
Subarachnoid hemorrhage
Stroke

Tumor
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