Cerebral Oximetry Monitoring
in Anesthesiology

By ANDRE DENAULT, MD, FRCPC, ALAIN DescHAMPS, MD, PHD, FRCPC, AND
JOHN MuRrkIN, MD, FRCPC

Cerebral oximetry is a neurological monitoring modality that was developed in
the 1970s' for adult’ and pediatric® cardiac surgery; today, this type of monitoring
is also applied to noncardiac surgery,** cardiology,’ resuscitation,” trauma,*’ neu-
rology,'’ and neurosurgery."' The technology is similar to that of pulse oximetry,
but it is applied to the brain and indicates a saturation number that reflects
mainly venous blood. The objectives for this issue of Anesthesiology Rounds are: to
highlight the significance of cognitive dysfunction in cardiac surgery; to describe
the functioning of cerebral oximetry; to define the role of oximetry in the preven-
tion of cognitive dysfunction; and to introduce the current protocol used at the
Montreal Heart Institute.

SIGNIFICANCE OF COGNITIVE DYSFUNCTION IN CARDIAC SURGERY

Neurological and neurocognitive dysfunction in cardiac surgery has been a major
incentive for developing a monitor of neurological function. In 2001, Newman et al'?
demonstrated that more than half (56%) of the patients undergoing cardiac revasculari-
zation surgery presented with cognitive dysfunction at discharge. Furthermore, another
study noted neurological anomalies in 6% of patients undergoing surgery for cardiac
congenital anomalies."” Several factors can cause these frequent cognitive dysfunctions;
for example, embolism, inflammation, hypoperfusion, systemic desaturation, and
intraoperative anemia could constitute plausible mechanisms. However, it is possible
that the common denominator of all these complications is an imbalance between the
oxygen supply to the brain and the demand, ie, global microcirculatory tissue hypoxia.
This concept is the basis for cerebral oximetry monitoring, which measures regional
cerebral saturation (1SO,; Figure 1). An imbalance between oxygen supply and demand
will be detected by the presence of desaturation (Figure 2). In animal models of
cardiopulmonary bypass (CPB), this desaturation is associated with cell injury."*

In adult cardiac surgery, Yao et al'® used multivariate logistic regression in 101
patients to demonstrate that the severity of cerebral desaturation was the only factor
predicting deterioration among the cognitive tests used. In a study examining 143 chil-
dren undergoing cardiac surgery, 1SO, baseline values < 50% or a decrease below that
threshold predicted increased mortality.' In a study of the same population, Dent et
al'” established a correlation between cerebral anomalies observed with magnetic reso-
nance and duration of 1SO, at =45%. In elderly patients (72 + 5 years) undergoing non-
cardiac surgery, Casati et al'® noted that 26% of patients suffered cerebral desaturation
during the procedure. In hepatic transplantation, a correlation was noted between 1SO,
decreases and an increase in neuron-specific enolase, a marker of cerebral injury."”
However, the clinical outcomes of these rSO, decreases were not associated with
cerebrovascular accidents.

PRINCIPLE OF OPERATION FOR CEREBRAL OXIMETRY

Cerebral oximetry is based on the Beer-Lambert law, which stipulates that the
concentration of a substance can be measured by the magnitude of light absorption.
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FIGURE 1: Regional cerebral oximetry value (rSO,)
depends on the balance between cerebral oxygen
supply and demand
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This is influenced by oxygen saturation of arterial blood (Sa0,),
carbon dioxide partial pressure (PCO,), hemoglobin (Hb) and cerebral
perfusion pressure (CPP).

There are a few cerebral oximetry systems, such as
the NIRO 500/1000 (Hamamatsu Photonics, UK) and
the near infrared spectroscopy, (NIRS; Somanetics
Corp, Troy, MI) that function differently. The NIRS is
approved as a trend monitor by the Food and Drug
Administration in the United States, and by Health
Canada;™ nevertheless, there is controversy as to the
real significance of the absolute rSO, value obtained
by cerebral oximetry (see following sections). On the
other hand, changes in the oximetry signal with
time compared with baseline and the correction of
SO, decreases are the basis for common applications
of this type of monitoring.

Since 2002, we have used the NIRS INVOS 4100
model, which has an infrared transmitting diode
that sends photons of two different wavelengths
(730 and 810 nm) through the frontal region. These
photons are absorbed by the chromophore compo-
nent of oxygenated and deoxygenated hemoglobin
in blood vessels >1 mm. These vessels under investi-
gation have a content with venous predominance
(proportions, venous: arterial: capillary = ~70%:
25%:5%). Photon penetration takes the shape of an
arch going through the scalp, the bone, and the
cerebral tissue. The length of the path of the arch is
equal to a third of the distance between transmitter
and receiver. Photons go through these regions and
a nonabsorbed fraction is picked up again by two
silicon photodiodes. These two receivers are located
30 mm (proximal) and 40 mm (distal) away from
the transmitter, respectively (Figure 3). Photon
penetration is about 1.5 cm and investigated vol-
ume is about 1.5 cm®. The signal obtained by the
proximal receiver comes from a more superficial
source, whereas the signal obtained by the distal
receiver includes this superficial zone as well as a

FIGURE 2: Cerebral desaturation implies an imbalance
between cerebral oxygen supply and demand
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SaO,: oxygen saturation of arterial blood
PCO,: carbon dioxide partial pressure
Hb: hemoglobin; CPP: cerebral perfusion pressure.

deeper component. The proximal signal is then
subtracted from the distal signal to obtain the value
of a distal signal without the superficial or extracra-
nial components. The result thus reflects cerebral
tissue saturation. The term, 1SO,, is taken as a mea-
sure of regional cerebral oxygenation (Figure 3).

In this manner, it is understood that any
anatomical interference can modify the final signal
result. For instance, scalp, frontal bone (bone cyst),
or subdural structures (frontal sinus) anomalies can
constitute confounding variables that can be asso-
ciated with abnormal oximetry baseline values. The
standard cerebral oximetry value is approximately
67% + 10% and measurement accuracy is about 3%-
6%72*** The standard rSO, value is usually lower in
female* and elderly® patients. A decrease in 1SO,
with time indicates a reduction in cerebral blood
flow. It is generally accepted that: the ischemic
threshold of cerebral oximetry is approximately
47%; lactate production increases at 45%; electro-
encephalographic activity decreases between 35%-
40%; and the 30%-35% threshold is associated with
cellular dysfunction. This latter threshold is also
associated with increased operative mortality
(Figure 4).?° A relative change of 20% compared
with baseline or an absolute value <50% are usually
considered triggers for intervention.>*'>*%

ADVANTAGES IN CORRECTING DESATURATIONS
MEASURED BY CEREBRAL OXIMETRY

Two recent randomized trials in noncardiac® and
cardiac®! surgery support the hypothesis that correct-
ing desaturation is associated with a shorter hospital
stay and fewer postoperative complications. A study
by Casati et al*® assessed 122 patients from 5 Italian
university hospital centres. These patients were



FIGURE 3: Principle of operation in cerebral oximetry
(see text).
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The resultant of each signal (right and left) is sent on a screen that
shows the change of the two signals with time (adapted from
Taillefer and Denault?).

undergoing major abdominal surgery with a dura-
tion of >2 hours. In total, 66 patients were random-
ized to cerebral oximetry monitoring without
intervention and 56 to the intervention group.
Twelve patients in the control group and six in the
intervention group developed postoperative compli-
cations. However, this difference was not statistically
significant (P=0.20). Cerebral desaturation was
observed in 23% of patients in the control group and
20% in the intervention group. Time spent in the
recovery room was shorter in the intervention group
(25 min vs 47 min in the control group), as was hos-
pital stay (intervention group: 10 days vs 24 days in
the control group). These differences were statisti-
cally significant. Neurological examination (Mini
Mental State Examination; MMSE) conducted before
the procedure and 7 days after surgery remained
unchanged when comparing all patients in the con-
trol group with those of the intervention group.
However, if the examination was limited only to
those patients who experienced at least one desatura-
tion event, MMSE results were lower in the control
group 7 days after surgery, compared with the
intervention group (P=0.02). Further, a correlation
was observed between the extent of desaturation and
performance decline with the MMSE; these results
are similar to those of the Yao study in cardiac
surgery.' Finally, the authors noted a correlation
between cerebral desaturation and hospital length
of stay.*

Murkin et al*’ conducted a study in 200 patients
at the London Health Science Centre in Ontario.
These patients were scheduled for coronary revascu-
larization surgery. The randomization process was
similar to that of the previous study, and a series of
interventions were identified a priori for the inter-
vention group. The two groups were similar except
for the use of aprotinin, which was more frequent in

the intervention group (83% vs 69%). Cerebrovascu-
lar accidents were noted in 4 patients from the con-
trol group and in 1 patient from the intervention
group. The postoperative morbidity and mortality
index, based on the Society of Thoracic Surgeons
score, was 11 in the control group vs 3 in the inter-
vention group (P=0.048). These two studies support
the hypothesis that correcting cerebral desaturation
episodes has an impact on the prevention of post-
operative complications.

In addition, retrospective studies noted a reduc-
tion in neurological complications, hospital stay,
morbidity, and mortality, after implementation of
cerebral oximetry monitoring in the operating
room.***¥*% Dozens of case reports have revealed the
usefulness of this monitoring system that allows,
among other things, the detection and prevention of
catastrophes such as accidental occlusion of brain

vessels and air embolism 3¢’

LIMITATIONS

There are numerous questions and controversies
pertaining to cerebral oximetry, and these have
recently been debated.*>*** One of the arguments
against cerebral oximetry is based on the interpreta-
tion of the signal’s absolute value. For example,
when used on cadavers, the mean oximetry values
are 51%!** Moreover, it is important to realize that
oximetry signals give information only on a cortical
frontal region of 1.5 cm® and, as mentioned earlier,
anatomic factors can distort this value. Cerebral
ischemia in an area adjacent to, but different
from, the area under study could escape detection.
The proposed ratio (venous: arterial: capillary =
~ 70%:25%:5%) could be different in certain types of
intracranial conditions associated with cerebral
edema. On the other hand, it must be recognized
that cerebral oximetry is a trend monitoring tech-
nique, and it is the change over time that has prog-
nostic value and indicates possible and desirable
interventions. Retrospective studies demonstrating a
connection between oximetry measurements and
postoperative complications suffer from metho-
dological problems (this issue was reviewed in
2005%). At that time, no randomized trial had been
published; since then, the two published random-
ized trials did not have the required power to
demonstrate a statistically significant reduction of
cerebral pathologies and cognitive disorders, even
though a tendency was observed. A study examining
a larger population is warranted and would probably
demonstrate this association.

Futhermore, would the prevention of cerebral
desaturation be an indirect means to prevent tissue
hypoperfusion? Does the early correction of cerebral
desaturation allow the prevention of systemic injury,
as observed in the studies of Casati and Murkin? The
hypothesis that regional oxygenation measurements



FIGURE 4: First experience with cerebral oximetry
at the Montreal Heart Institute
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A 73-year-old man was re-operated for an aortic pseudo-aneurysm
and developed a hypercoagulability syndrome postoperatively.
(A-B) Four-chamber view by midesophageal section. We observed
clots in all cardiac chambers. (C) Numerous cerebral desatura-
tions were observed from the beginning of the procedure
(Adapted from Denault et al.** Chapter 23:518).

play a significant role in resuscitation is sup-
ported by the Rivers et al** study on intensive
care patients. In that study, continuous measure-
ments of the central venous saturation were
used and the study revealed that a protocol of
central desaturation correction based on a resus-
citation algorithm was associated with lower
mortality rates. In summary, despite the
described limitations, the studies of Casati and
Murkin definitely arouse interest in the applica-
tion of this technique and in developing
research in this field.

Finally, the clinical impact of cerebral oxi-
metry depends on several factors. In cardiac
surgery, its impact depends not only on the
expertise of the anesthesiologist concerning the
physiological basis of this technique, but also on
a deep understanding of surgical procedures.
At the same time, it is equally important for the
surgeon and the perfusionist to be familiar with
its use, since they may be invited to act appro-
priately to correct cerebral desaturation. Finally,
as with all complex processes, communication
between the various players is key to success.

THE MONTREAL HEART INSTITUTE ALGORITHM

Cerebral oximetry has been used since June
2002 at the Montreal Heart Institute in both

clinical (operating room, electrophysiology, and
cardiac catheterization suites) and research
settings.”*> We have been able to discern a corre-
lation between desaturation and clinical out-
come (Figure 4) and to observe several situations
of isolated cerebral desaturation that have been
corrected. The recent developments of mini-
mally invasive cardiac surgery and the preven-
tion of risks for accidental cerebrovascular
occlusion have been critical factors encouraging
the implementation of cerebral oximetry in
operating rooms. Over time, we have developed
a systematic approach based on identification
and treatment of an abnormal rSO,, which was
recently described*® and is summarized in Figure
5. This approach is based on our experience with
the intervention procedures to correct abnormal
SO, values described in the studies by Casati*
and Murkin.”

CONCLUSION

Is it possible that in the future, we will com-
pare the advent of cerebral oximetry in our oper-
ating rooms to that of pulse oximetry and
capnography? The answer to this question will
be determined in the next few years. Both the
pulse oximeter and the capnograph have had a
significant impact on the practice of anesthesia
and, interestingly, both are still subject to
debate.*” A new era has begun, and the under-
standing of mechanisms that lie behind cogni-
tive neurological lesions will need to be refined
and combined with the means to prevent their
occurrence in cardiac and noncardiac surgery.
Cerebral oximetry has the potential to become a
key player in this development.

KEY POINTS TO RETAIN:

e Cerebral oximetry is based on the Beer-
Lambert law, which stipulates that the con-
centration of a substance can be measured by
the magnitude of light absorption.

The normal cerebral oximetry value is approxi-
mately 67% + 10% (3%-6% accuracy). The
normal SO, value is generally lower in female
and elderly patients.

Cerebral desaturation represents an imbalance
between oxygen supply to the brain and
oxygen demand.

e Decreased intraoperative cerebral saturation is
associated with increased mortality and
morbidity.

Two randomized studies in cardiac and non-
cardiac surgery suggest that correction of
cerebral desaturation reduces postoperative
morbidity and length of hospital stay.




FIGURE 5: Algorithm for the use of cerebral oximetry
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Hb: hemoglobin; ICHT: intracranial hypertension; MAP: mean arterial pressure; PaCO,: carbon dioxide partial pressure; MRI: magnetic resonance
imaging; SaO,: oxygen saturation of arterial blood; SvO,: oxygen saturation of venous blood; CT: Computed tomography.

(Adapted from Denault et al*®).

Dr. André Denault works as an anesthesiologist at the
Montreal Heart Institute and is Associate Professor of Anes-
thesiology at the University of Montreal. He is an expert on
transesophageal echocardiography (TEE), a Fellow of the
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Dr. Alain Deschamps is an anesthesiologist at the
Montreal Heart Institute and Assistant Professor of
Anesthesiology at the University of Montreal.

Dr. John Murkin is Professor of Anesthesiology and Direc-
tor of cardiac anesthesiology research at the University of
Western Ontario in London, Ontario.
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