
CHAPTER 10

Cerebral Oximetry in the Head-injured Patient:
Is it Time for Widespread Application?

P. David Adelson, M.D.

Traumatic brain injury (TBI) continues to be a leading
cause of morbidity and mortality, not only of the young

but affecting all age groups in the United States. Annually, an
estimated 1.5 million TBIs occur in the United States, with
more than 52,000 deaths. In children, trauma leads to greater
mortality than all other causes combined, with TBI the
leading factor in morbidity and mortality. This has a partic-
ularly significant impact economically to not only the patients
and families, but to healthcare cost, with economic expendi-
tures greater than $60 billion a year going to the treatment of
patients with TBI.11

Most clinical protocols and algorithms that have been
developed to date have, for the most part, focused on main-
taining homeostasis and reacting to intracranial hypertension,
secondary injury, and the pathophysiological response of
injury, rather than being proactive, responding before the
problems and damage occur. At present, other than manage-
ment directed at intracranial pressure (ICP) and/or cerebral
perfusion pressure (CPP), little is understood or established
for directing treatment and treatment algorithms of the in-
jured brain with a goal toward earlier intervention. In addi-
tion, little is known about the pathophysiological response
after injury and the correct parameters to measure and poten-
tially intervene, thus, highlighting the problem. Because it is
not understood what measures indicate that the injured brain
is doing poorly, it is unknown what parameters are best to
treat. As a result, a better understanding of the overall
pathophysiological response after injury is needed to help in
directing therapeutic care. To do this requires further and
more complex monitoring of the patient, continuously in the
acute period, to determine and understand what happens in
the injured patient throughout their course, to determine
outcomes, and to correlate the parameters identified that
potentially may require intervention. It is likely that a multi-
modality approach to cerebral monitoring for TBI and other
intracerebral injuries will be required to fully understand the
disease processes, identify potential indicators of the need for

intervention beyond ICP and CPP, and improve long-term
outcome.

Cerebral oximetry has been frequently used in the
monitoring of patients after TBI, although it has not generally
had widespread application. It is unclear whether the use of
cerebral oximetry could assist in the measurement of the
cerebral physiological response and aid in the management of
these patients in the acute period. To answer this question, it
is important to understand: 1) the problems faced by the
clinician in dealing with the patient with a TBI; 2) the
potential available technologies for cerebral monitoring, in-
cluding cerebral oximetry; and whether 3) the technology for
cerebral oximetry fits the criteria for implementation into
clinical practice. The goal of this paper is to provide an
overview of the understanding available on cerebral oximetry
and the stepwise approach to determine whether cerebral
oximetry is ready for widespread application and implemen-
tation.

DEFINING “INJURY” MECHANISMS IN TBI
It is important first to understand the definitions and, often,
the lack of definitions of the basics of TBI. To begin this
basic understanding, it is important to differentiate the termi-
nology that has been used and clarify the particular mecha-
nisms of injury. In TBI, the “primary” injury is the injury that
occurs at the time of the impact or trauma and results in the
direct damage that occurs. This type of injury is avoided or
lessened only through injury prevention and/or safety de-
vices. As a public health service and the most likely to have
the greatest impact, all physicians should be active in edu-
cating patients and their families regarding safety and injury
prevention, whether through personal interaction or through
injury prevention education groups (i.e., ThinkFirst), and
should encourage the implementation of seatbelts, motorcy-
cle helmets, side-impact airbags, etc.

Interestingly, although there is little disagreement re-
garding the definition of the primary injury, there is signifi-
cant confusion in the literature between the terms “secondary
injury” and “second insults.” It is a misnomer to consider that
a second insult is the same as a secondary injury. A second
insult, by definition, is an additional insult that follows the
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primary injury, but is not a direct result of that primary injury.
This would include such situations as hypotension, hypoxia,
and/or hyperthermia that, although they may be a result of the
trauma, are not caused by the primary injury to the brain itself
but can contribute to the worsening of the secondary response
of the primary injury. These second insults may themselves
be insufficient to cause any neurological injury, but, in
combination with the primary trauma, may markedly worsen
the final extent of damage. Second insults are often confused
with secondary injury, which is an injury that is a direct result
of the primary injury and is a response to the primary injury
and other contributing factors. The secondary injury is best
defined as the pathophysiological response of the brain that
follows the primary injury and that is often described as a
cascade of events that is triggered by the primary impact,
which lead to further injury and damage. Secondary injury
may include conditions such as excitotoxicity, inflammation,
and dysautoregulation, to name a few, and result in the brain
swelling and intracranial hypertension frequently observed
after TBI. If the primary injury is coupled with second insults,
the extent of the secondary injury is worsened, leading to a
worsened outcome.

Although they may be semantics, these distinctions are
important in the development of management protocols to
treat patients with TBI. On the basis of these definitions, we
can begin to better understand the potential for therapeutic
intervention and evaluate our present knowledge base of the
management of TBI. We know that the primary injury can
best be treated through avoidance, or lessening the impact
through safety devices. As has been mentioned, after the
acute primary TBI, the extent and magnitude of the secondary
injury response is likely worsened by the second insults that
follow. Previous studies have shown that morbidity and
mortality are increased in patients with TBI who had episodes
of hypoxia and/or hypotension.4 Hypoxia and hypotension
are relatively common, and both have been shown to con-
tribute to a worsened secondary injury response. In addition,
a mild TBI or insult that ordinarily would have minimal effect
individually can be devastating when combined experimen-
tally.8 In evaluating the algorithms and protocols on the basis
of the adult3 and pediatric1 TBI guidelines after severe head
injury, the focus of neurotrauma management is, for the most
part, twofold: 1) to avoid second insults (i.e., maintain oxy-
genation, temperature, normal perfusion, etc.) and 2) manage
intracranial hypertension or treat the secondary injury re-
sponse (i.e., with mannitol, pentobarbital, etc.) and diffuse
brain swelling and edema. Surgical intervention in select
cases may be performed either to avoid second insults (i.e.,
epidural hematoma compression) and/or treat the secondary
injury (i.e., decompressive craniectomy for intracranial hy-
pertension). Therefore, our state-of-the-art management
schemes for TBI, in both adults and children, attempt to
create a milieu for optimal recovery and are based on mini-

mizing second insults and interrupting the secondary injury
cascade. However, to achieve this, these insults and injuries
have to be detectable. Although, clearly, issues of hypoxia,
hypotension, and hyperthermia are presently being managed
within the prehospital, emergency department, and intensive
care unit (ICU) settings, other potential second insults need to
be considered and may not be presently being managed. It is
through this avenue that the concept of higher levels of
cerebral monitoring and multimodality monitoring needs to
be considered.

ICU MONITORING
If one compares the ICA settings of the cardiac care

unit to the neurointensive care unit (NICU), in the cardiac
care unit, a number of different parameters are being mea-
sured on a continuous basis to understand the response of the
heart during and after surgical intervention or periods of
ischemia. These measured parameters include not only the
different systolic and diastolic pressures but also central
venous pressure, pulmonary pressure, pulmonary wedge pres-
sure, cardiac output, systemic vascular resistance and O2

saturation, to name a few. In addition, a number of different
serum markers, including creatine kinase fractions, creatine
kinase MB subunit, and troponin are collected to determine
the hearts that are at risk for further injury. Physiologically,
the heart is being monitored with electrocardiography and
intermittently with echo cardiography and thallium scans. If
one were to look at the pharmacological interventions avail-
able for patients with cardiac problems, there are more than
200 drugs and pharmacological therapeutic agents that could
potentially be used to assist the heart in its recovery. These
include medications for improving preload, after load, cardiac
output, etc. to create the optimal environment and recovery
potential for the heart after injury. Conversely, in the NICU,
the only measures that are presently used to any extent are
mean arterial pressure and ICP (and CPP, although CPP is a
calculated parameter equal to the mean arterial pressure
minus ICP). Although oxygen saturation, blood pressure, and
temperature are measured, there is limited neural-specific
monitoring and, as a result, limited cerebral specific medica-
tions. In the NICU, there are only approximately four medi-
cations that are used for patients with TBI; mannitol or
hypertonic saline, pentobarbital, paralytics, and sedation with
narcotics.

The goals of increasing the number and complexity of
the neurological monitoring would be to 1) detect whether
present management, on an individual basis, is contributing to
the recovering injured brain; 2) avoid iatrogenic second
insults; and 3) measure novel parameters through which
manipulation will improve outcomes. Because current neu-
rological monitoring is very limited, the potential for detec-
tion of cerebral decline and then therapeutic intervention also
remains limited. Ideally, by introducing new technologies
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involving neurological monitoring, present day algorithms
for treatment can be further evaluated for efficacy, further
insults could be avoided, and new algorithms for treatment
and care of the injured patient can be developed. These
further modalities will not likely supplant ICP monitoring but
rather assist in providing a more global and individualized
picture of the injured brain in the acute and subacute periods.
By adding adjunctive information to the ICP and CPP, an
appropriate recovery environment of the brain can be mea-
sured and optimized.

A number of technologies are available for neuromoni-
toring that have not reached widespread application. These
technologies include brain oxygen and cerebral oximetry,
measurements of cerebral blood flow and perfusion, func-
tional measures such as electroencephalography and somato-
sensory evoked potentials, biochemical analysis sampling the
cerebral microenvironment through microdialysis and cere-
brospinal fluid analysis, or globally with serum biomarkers of
neural damage and recovery. It is incumbent to determine the
impact and value of each technology and determine how best
to implement them into the management of the patient with
cerebral injury. As the clinician is able to evaluate the
different parameters and their change relative to intervention,
further therapeutic interventions will be developed to opti-
mize the environment for recovery. Using cerebral oximetry
as an example, it is important to evaluate the impact and
value of this technology and the steps necessary for imple-
mentation and widespread application.

CEREBRAL OXIMETRY TECHNOLOGIES
Currently, three types of cerebral oximetry technolo-

gies that have been used in the clinical setting for patients
with TBI are available, with variable experiences of useful-
ness and efficacy. These include jugular bulb oximetry
(SjVO2), extracranial/scalp monitors of cerebral oximetry
(i.e., near-infrared spectroscopy [NIRS], rSO2, Somanetics;
or tissue index of oxygenation, Hamamatsu), and cerebral
parenchymal oximetry monitors (LICOX [PbrO2] and Neuro-
trend). Despite extensive literature in support of these differ-
ent technologies, the studies have been variable in their
recommendations and inadequate to provide definitive evi-
dence for widespread acceptance of any one of these partic-
ular technologies. The likely problem with each of these
technologies is that there is no specific “number” or param-
eter to define when the patient is experiencing a clinical
decline or level to maintain to treat that have been proven as
efficacious. The question is whether the technology is not
“useful” or whether clinicians are expecting too much from a
new technology or therapeutic intervention (i.e., hypother-
mia) in relation to significant improvement in outcome. It is,
therefore, useful to explore each of the available technologies
relative to their usefulness in TBI and examine this future
regarding the potential for further widespread application.

Jugular Bulb Oximetry
There is much literature regarding the use of jugular

bulb oximetry in conjunction with ICP-directed therapy in
TBI. This is not a new technology, and it has been used for
longer than 20 years to measure global cerebral oxygenation
and can be used in calculation to determine the arterial
venous difference to calculate oxygen consumption. With its
placement in the jugular bulb, at the proximal portion of the
jugular vein, therapy is aimed at keeping the SjVO2 greater
than 50 to 55%. A number of studies have shown that poor
outcome has increased with values less than 50%, particularly
when there are multiple episodes of desaturations below 50%.
Although the duration of these episodes is infrequently cited,
a desaturation episode is generally defined as SjVO2 below
50% for longer than 5 minutes.14,16,17 Jugular bulb oximetry
provides an early identification and potential therapeutic
target to treat the injured brain after trauma,5 although it
remains unclear whether outcome can be improved with
treatment of SjVO2. There are a number of disadvantages of
the jugular bulb catheter. The first is the sensitivity of the
catheter regarding the location and placement of the sensor.
The sensor is quite sensitive with value changes if placed
against the wall of the jugular bulb or too far distal within the
jugular vein itself and not within the bulb. Technically, the
catheter is inserted retrogradely within the jugular vein to the
jugular bulb and the placement requires x-ray confirmation.
In addition, positioning of the head during the course of
treatment may alter the position of the catheter within the
jugular bulb, providing inconsistent values. Secondly, be-
cause there is a mix of extracranial and intracranial venous
blood in the jugular vein, there may be false oxygenation
values, particularly during periods of cerebral ischemia. It is
generally recognized that SjVO2 alone is not efficacious.

NIRS
NIRS is a noninvasive monitor of cerebral oxygenation

and has been used to determine the underlying regional
cerebral parenchymal oxygen saturation (rSO2). It has been
used primarily in the intraoperative setting as well as in the
NICU, with the goal in clinical management to keep regional
oxygen saturation greater than 55%. Other available devices
using NIRS technology measure a tissue oxygen index that is,
by definition, equal to the oxyhemoglobin divided by the total
hemoglobin. Once an individual’s baseline number is ob-
tained, the goal of management is to treat any “significant”
change, which is defined as a reduction of 20% from this
defined baseline. As a result, there is no specific number
value to measure but, rather, a trend. In the healthy patient,
such as an elective operative patient, this may be adequate,
but, in the injured patient, in whom the “baseline” may be a
measure of already compromised brain, this is likely not
useful. NIRS has, for the most part, been used to guide the
anesthetic planning and treatment during cardiac surgery, in
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which, theoretically, the patient has intact cerebral oxygen-
ation, and baseline and continuous monitoring using NIRS
during cardiac procedures has been able to reduce morbidity
and mortality.13 For the head-injured patient, NIRS has been
used for measurement of cerebral oxygenation and as an early
detection monitor of hematoma formation.14 Unfortunately,
NIRS has numerous problems that have limited its usefulness
in the NICU setting. NIRS measurements of cerebral oxy-
genation tend to be unstable and at times do not reliably
reflect episodes of cerebral oxygen desaturation. In addition,
although the optodes are positioned frontally to avoid hair-
bearing areas, it is thought that the whole brain probably
contributes to signal changes. However, the percentage dis-
tribution of venous, capillary, and arterial blood representing
the NIRS signal is undefined. Lastly, NIRS cerebral oxygen
parameters have not been shown to have good correlation
with other monitored values either of cerebral oxygenation or
other physiological variables (i.e., SjVO2, ICP, CPP, cerebral
blood flow) or with outcome in TBI patients.

Brain Tissue Oxygenation
A newer technology with increasing experience is the

measurement of the brain tissue oxygenation (PbrO2). The
brain oxygen monitor is a probe inserted (usually through a
bolt that is anchored within the cranium) to a set depth in the
white matter of the frontal lobe. The probe provides regional
oxygen saturation measurements and there have been studies
that have determined not only prognostic information but
early attempts for treatment by maintaining adequate “oxy-
genation” for the brain during the acute phases. The disad-
vantage of this monitoring modality is that it measures a
small regional area of brain, does not provide a global
measure, and to date, optimal location (i.e., proximate to
contusions or hematomas versus injured though salvageable
tissue) and need for multiple probes have not been defined.
The potential for the PbrO2 monitor may be as an early alert
for iatrogenic or preventable second insults and the need for
the clinician to focus on ventilatory and perfusion parameters,
including relative hypoxia, hypocarbia, and hypotension.

In an attempt to correlate PbrO2 with outcome, it has
been suggested that mortality is increased with increasing
duration of time of PbrO2 less than 15 mmHg,20,21 less than 10
mmHg for longer than 30 minutes,2,21 or at most 6 mmHg,
regardless of duration. Only limited studies have attempted to
improve outcome with treatment of low PbrO2 values with
therapy directed at the low values to “normalize” both met-
abolic and clinical parameters. Using oxygen-directed ther-
apy after severe TBI (FiO2 � 1.0) within 6 hours of admis-
sion compared with historical controls, there was a
suggestion of improved metabolic patterns but a nonsignifi-
cant improvement in outcome in the treatment group. More
recently, there has been a study of ICP-directed therapy
versus ICP combined with PbrO2 monitoring, with a goal of

maintaining both low ICP and high PbrO2. The parameters
used included ICP less than 20 mmHg, CPP greater than 60
mmHg, and PbrO2 greater than 25%. Outcomes for mortality
were compared with historical controls of only ICP- and
CPP-directed management. The mortality in the controls was
44%, whereas the combination therapy with PbrO2 monitor-
ing reduced mortality to 25%.18 The limitations of this paper
are the historical controls and a mortality of the controls
higher than present standards. However, these studies warrant
further investigation to determine the potential for this addi-
tion to a multimodal approach.

The reason to introduce cerebral oximetry is that it
attempts to measure regions or global areas at risk for
secondary injury by optimizing the oxygenation and perfu-
sion for recovery of the injured brain and in the acute and
subacute periods. Although brain oxygenation has classically
been monitored using jugular bulb oximetry, it does not
reflect regional changes in oxygenation. Both NIRS and
PbrO2 provide regional measures of brain tissue oxygenation
and likely reflect regional brain oxygenation better than
jugular bulb oximetry. This potential for either of these types
of monitoring or in combination presents an opportunity for
further understanding of the injured brain and its postinjury
response as well as the development of algorithms for treat-
ment.

USE OF A NEW TECHNOLOGY
A number of questions should be answered before the

implementation of a new technology into clinical practice. As
one begins to contemplate the introduction of a technology
such as cerebral oximetry, the first question(s) should be
whether there are adequate studies supporting the new tech-
nology or strategy and whether those studies support the
validity of that technology or treatment strategy. The second
question is whether this valid technology or strategy is
potentially useful or important. Although the technology can
provide adequate information that may be accurate, it is
important to determine whether indeed this information is
useful and has some impact in clinical practice. The third
question that arises is whether the technology or strategy is
applicable in ones own particular clinical practice. For exam-
ple, if one is trained on a particular spinal instrumentation
system that, in ones practice, has provided excellent out-
comes for that patient population, the introduction of a new
technology using transthoracic or retroperitoneal approaches
may not be applicable for this physician and these patients. In
contrast, if more complex spine procedures were being re-
ferred elsewhere or had higher morbidity, then the introduc-
tion of new technologies that improved outcomes may useful
and important adjunct to this particular practice. Lastly, it
needs to be determined how easily can the new technology or
strategy be implemented or, as is classically termed, how
steep the learning curve is. If the new technology builds on
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previous and familiar technology, then it may be easily
implemented and more likely to be used. In contrast, if there
is a significant learning curve for implementation, then one
needs to consider again the investment and time necessary to
incorporate that technology in ones practice.

We need to apply these questions to cerebral oximetry
before implementation. In evaluating brain oxygenation after
acute brain injury as well as TBI, these technologies have
been shown to be valid in the measurement of brain oxygen-
ation, although there is little information of direct correlates
of cerebral oximetry and brain oxygenation to other physio-
logical parameters, such as PaO2, PaCO2, etc. In addition,
there is also little information regarding direct correlates of
pathophysiological factors, including intracranial hyperten-
sion or high ICP, low perfusion as measured by CPP, cerebral
blood flow, etc. Lastly, there has not been much information
regarding the relationship of cerebral oximetry and patient
outcome. There has been much information regarding indi-
rect correlates of these parameters and trends, but it is clear
that cerebral oximetry does not provide a single number that
is “good” or a specific indicator that the brain is in stress or
a “danger” situation.

When one considers cerebral oximetry as potentially
being useful or important, brain oxygenation levels would
need to provide early detection of second insults or the
physiology of secondary responses or injures after TBI.
Because the direct usefulness or importance of cerebral oxim-
etry remains unclear, at least at this time, it is difficult to be
definitive. However, if one were to postulate that, indeed,
brain oxygenation levels do provide some insight into the
pathophysiological responses and having this information
lends one to improve care through meticulous adherence to
details and avoidance of second insults, then cerebral oxim-
etry would potentially be useful and important. The avoid-
ance or correction of potential iatrogenic insults or aggressive
management of second insults may preserve cerebral tissue
from further damage. Although there is no direct proof of this
at this time, cerebral oximetry has been shown to measure
desaturation events and the duration of these episodes, and
these have been correlated to outcome in the extreme. Sim-
ilarly, episodes of decreased PaO2 or mean arterial pressure
are physiological parameters that have been directly corre-
lated to worsened outcome but do not directly lead to changes
in ICP. ICP tends to increase later on as a result of worsened
secondary injury in response to the second insults. Cerebral
oximetry has been shown to identify decrements in these
physiological parameters and could potentially improve care
with the monitoring of these pulmonary and/or iatrogenic
insults. As a result, cerebral oximetry may serve as an early
detection system for us to monitor clinically important phys-
iological parameters. Further clinical applicability will come
with defining whether cerebral oximetry can measure the
autoregulation of the brain and its ability to respond to

changes in mean arterial pressure, oxygenation, and PaCO2.
However, further answers to the clinical applicability need to
be defined, and include the role of cerebral oximetry to
measure brain oxygen desaturation or excessive saturation
and impact on prognosis and outcome. In addition, again not
clearly defined, is the question of how to determine the
specific numbers for cerebral oximetry, whether globally, in
patients with TBI, or in the individual patient for intervention.

Lastly, although easily implementable, that is, it is not
difficult to insert the monitors or apply the optodes, there is a
learning curve to determine the particular usefulness in par-
ticular patients. It has been this author’s experience that there
may be patients in whom ICP and CPP measures seem to be
more important and more unstable and require more inter-
vention than the cerebral oximetry values. In others, ICP and
CPP may be stable, however, there is some indication that
cerebral oximetry is inadequate, or unstable. These are in-
stances in which experience through day-to-day management
of a number of patients allows for the implementation and
learning of the clinical applicability of this technology to
ones’ clinical practice.

On the basis of the above discussion, the question arises
whether indeed cerebral oximetry is ready for widespread
application. There are a number of reasons why cerebral
oximetry may not be useful and ready for use at this time.
Cerebral oximetry unfortunately monitors either only a re-
gional area of potential cerebral function or globally despite
regional differences in patients with TBI. Cerebral oximetry
has not be validated or correlated to particular individual
differences in the TBI patient and, as a result, does not
measure different areas that may potentially be impacted or at
higher risk for further secondary injury. As mentioned, cere-
bral oximetry does not provide a parameter or specific set of
numbers to define patients in a stable state versus those at risk
for further or worsening secondary injury. To date, there is
still a limited understanding of the relationship to other
parameters that are measured in the NICU, including the
basic pulmonary function parameters, such as PaO2 and
PaCO2, blood pressure, ICP, CPP, etc. At this time, the use of
cerebral oximetry, at least in the clinical setting, does depend
on a fair amount of experience and a long learning curve, at
least regarding to the relationship of patients in the critical
setting, as well as its specific applicability. Lastly, it is indeed
necessary that more studies be performed to develop correl-
ative data with these physiological processes and parameters
and data that this intensive approach toward management will
alter and improve outcome in this patient population.

Despite the above-described shortcomings, cerebral
oximetry remains a safe, valid, and proven technology. It
remains for us as clinicians to determine the usefulness and
application in the clinical setting. Cerebral oximetry provides
new information in the monitoring of cerebral physiology and
pathophysiological processes and potentially may assist in the
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complex management of TBI and/or other cerebral injuries.
There is clearly strong preliminary data that indeed it is a
useful and clinical applicable technology to monitor the
cerebral functional state. Through its further and continued
use, there will be improved understanding of the relationship
between cerebral oximetry and other physiological and patho-
physiological parameters, and it is through this experience
and learning that we will better be able to define patients at
risk versus those who are in a more stable situation. Although
cerebral oximetry alone will not supplant any of the present
day monitoring, it is a promising technology that will clearly
add and assist in the management of this complex group of
patients. In addition, with this whole concept of multimodal-
ity monitoring, further information can only assist in ongoing
improvements in the management of these patients and po-
tentially improve long-term outcomes. Although cerebral
oximetry is not the answer alone, it continues to contribute to
our understanding of the optimal management for this patient
population.

CONCLUSIONS
Cerebral oximetry is a safe and valid technology that

has reached the threshold for widespread use, as part of a
multimodality approach to evaluation cerebral function. It is
a useful technology for determining cerebral oxygen physi-
ology in both the healthy and pathophysiological states. The
literature suggests that episodes of desaturation (SjVO2 50–
55% for 5 min) are associated with worse outcomes, and low
values of PbrO2 (�10–15 mmHg) and the extent of their
duration (30 min) are associated with poor outcome. Al-
though cerebral oximetry is limited until further rigorous and
controlled studies are defined to better understand the optimal
approach for its application, it is clear that further widespread
use will continue to increase the knowledge base and expe-
rience necessary to enhance the efficacy of this particular
technology.

REFERENCES
1. Adelson PD, Bratton SL, Carney, NA, Chesnut RM, du Coudray HE,

Goldstein B, Kochanek PM, Miller HC, Partington MD, Selden NR,
Warden CR, Wright DW: Guidelines for the acute medical management
of severe traumatic brain injury in infants, children, and adolescents.
Pediatr Crit Care Med 4[Suppl 4]:S2–75, 2003.

2. Bardt TF, Unterberg AW, Hartl R, Kiening KL, Schneider GH, Lanksch
WR: Monitoring of brain tissue PO2 in traumatic brain injury: Effect of
cerebral hypoxia on outcome. Acta Neurochir (Wien) 71[Suppl]:153–
156, 1998.

3. Bullock R, Chesnut RM, Clifton G, Ghajar J, Marion DW, Narayan RK,
Newell DW, Pitts LH, Rosner MJ, Walters B, Wilberger JW: Guidelines
for the management of severe head injury. Brain Trauma Foundation.
Eur J Emerg Med 3:109–127, 1996.

4. Brain Trauma guidelines: http://www2.braintrauma.org/guidelines/
downloads/

btf_guidelines_management.pdf?BrainTrauma_Session�3f0e66271fdbe
299ce6be0081a328cac.

5. Chestnut RM, Marshall LM, Klauber RM: The role of secondary brain
injury in determining outcome in severe head injury. J Trauma 34:216–
222, 1993.

6. Cruz J: The first decade of continuous monitoring of jugular bulb
oxyhemoglobin saturation: Management strategies and clinical outcome.
Crit Care Med 26:344–351, 1998.

7. Gopinath SP, Valadka AB, Uzura M, Robertson CS: Comparison of
jugular venous oxygen saturation and brain tissue PO2 as monitors of
cerebral ischemia after head injury. Crit Care Med 27:2337–2345,
1999.

8. Gupta AK, Hutchinson PJ, Al-Rawi P, Gupta S, Swart M, Kirkpatrick
PJ, Menon DK, Datta AK: Measuring brain tissue oxygenation com-
pared with jugular venous oxygen saturation for monitoring cerebral
oxygenation after traumatic brain injury. Anesth Analg 88:549–553,
1999.

9. Jenkins LW, Moszynski K, Lyeth BG, Lewelt W, DeWitt DS, Allen A,
Dixon CE, Povlishock JT, Majewski TJ, Clifton GL, Increased vulner-
ability of the mildly traumatized rat brain to cerebral ischemia: The use
of controlled secondary ischemia as a research tool to identify common
or different mechanisms contributing to mechanical and ischemic brain
injury. Brain Res 477:211–224, 1989.

10. Kiening KL, Unterberg AW, Bardt TF, Schneider GH, Lanksch WR:
Monitoring of cerebral oxygenation in patients with severe head injuries:
Brain tissue PO2 versus jugular vein oxygen saturation. J Neurosurg
85:751–757, 1996.

11. Kraus JF, Fife D, Conroy C: Pediatric brain injuries: The nature, clinical
course, and early outcomes in a defined United States’ population.
Pediatrics 79:501–507, 1987.

12. Langlois JA, Rutland-Brown W, Thomas KE: Traumatic Brain Injury in
the United States: Emergency Department Visits, Hospitalizations, and
Deaths. Atlanta, Centers for Disease Control and Prevention, National
Center for Injury Prevention and Control, 2006.

13. Le Roux PD, Newell DW, Lam AM, Grady MS, Winn HR: Cerebral
arteriovenous oxygen difference: A predictor of cerebral infarction and
outcome in patients with severe head injury. J Neurosurg 87:1–8, 1997.

14. Razumovsky AY, Gugino LD, Owen JH: Advanced neurologic moni-
toring for cardiac surgery. Curr Cardiol Rep 8:17–22, 2006.

15. Robertson CS: Desaturation episodes after severe head injury: Influence
on outcome. Acta Neurochir (Wien) 59[Suppl]:98–101, 1993.

16. Robertson CS, Gopinath SP, Chance B: A new application for near-
infrared spectroscopy: Detection of delayed intracranial hematomas after
head injury. J Neurotrauma 12:591–600, 1995.

17. Robertson CS, Gopinath SP, Goodman JC, Contant CF, Valadka AB,
Narayan RK: SjvO2 monitoring in head-injured patients. J Neuro-
trauma 12:891–896, 1995.

18. Schneider GH, von Helden A, Lanksch WR, Unterberg A: Continuous
monitoring of jugular bulb oxygen saturation in comatose patients—
Therapeutic implications. Acta Neurochir (Wien) 134[Suppl]:71–75,
1995.

19. Stiefel MF, Spiotta A, Gracias VH, Garuffe AM, Guillamondegui O,
Maloney-Wilensky E, Bloom S, Grady MS, LeRoux PD: Reduced
mortality rate in patients with severe traumatic brain injury treated with
brain tissue oxygen monitoring. J Neurosurg 103:805–811, 2005.

20. Tolias CM, Reinert M, Seiler R, Gilman C, Scharf A, Bullock MR:
Normobaric hyperoxia-induced improvement in cerebral metabolism
and reduction in intracranial pressure in patients with severe head injury:
A prospective historical cohort-matched study. J Neurosurg 101:435–
444, 2004.

21. Valadka AB, Gopinath SP, Contant CF, Uzura M, Robertson CS:
Relationship of brain tissue PO2 to outcome after severe head injury.
Crit Care Med 26:1576–1581, 1998.

22. van den Brink WA, van Santbrink H, Steyerberg EW, Avezaat CJ, Suazo
JA, Hogesteeger C, Jansen WJ, Kloos LM, Vermeulen J, Maas AI: Brain
oxygen tension in severe head injury. Neurosurgery 46:868–876, 2000.

Clinical Neurosurgery • Volume 54, 2007 Cerebral Oximetry in the Head-injured Patient: Is it Time for Widespread Application?

© 2007 The Congress of Neurological Surgeons 63


