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Abstract

Despite significant impovements in surgical management and perioperative techniques, adverse neurolo-
gical outcomes still remain a serious postoperative complication in patients undergoing cardiac surgery with
an estimated incidence that ranges from 2% to 5% in most centers. Cerebral oximetry has been postulated
as an emerging tool for real-time detection of clinical scenarios that can potentially predispose to cerebral
injuries. Despite recent advances in near-infrared spectroscopy and an increasing availability of clinical da-
ta, the application of cerebral oximetry has not been as rapid as expected due to several reasons such as:
a) disparities between research models and biological tissues, b) management errors, c) variations in sus-
ceptibility to movement artifacts or multidistance measurements and d) discrepancies among devices. This
systematic review critically evaluates the application of cerebral oximetry in adult cardiac surgical patients,
addresses its major technological strengths and limitations, summarizes the main characteristics of wide-
ly used devices, and provides an overview of the most recent literature. 
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Souhrn 

Současný koncept mozkové oximetrie v kardiochirurgii dospělých

Přes významné pokroky v chirurgické léčbě a operační technice se závažné pooperační komplikace vysky-
tují u 2–5 % kardiochirurgických pacientů. Cerebrální oxymetrie nabízí možnost okamžitého monitorování
v situacích, které mohou vést k poškození mozkové tkáně. Přes nové pokroky vinfra-neared spektrometrii
a získané informace z klinických studií, neprobíhá zavádění do klinické praxe tak rychle, jak se očekávalo.
Důvodem jsou a) rozdíly mezi výzkumem modelových sitacích a použitím v biologických tkáních; b) chyby
při obsluze; c) pohybové artefakty a multidistanční měření a d) rozdíly mezi jednotlivými přístroji. Přehledo-
vý článek popisuje použití mozkové oxymetrie u dospělých kardiochirurgických pacientů, ukazuje na před-
nosti a nedostatky metody, shrnuje hlavní vlastnosti nejpoužívanějších přístrojů a poskytuje aktuální pře-
hled literárních údajů.
Klíčová slova: neurologický výsledek – pooperační komplikace – mozková oxymetrie – kardiochirurgie
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PŘEHLEDOVÝ ČLÁNEK

Introduction

Despite significant improvements in anesthetic
management, surgical techniques, and perioperative
care (Figure 1) of patients undergoing cardiac surgery,
adverse cerebral outcomes still remain a serious post -
operative complication with an estimated incidence
that ranges from 2% to 5% in most centers [1, 2].
Thus, in order to decrease postoperative neurological
morbidities, research efforts are being focused on the
achievement of real-time detection of scenarios that
may potentially predispose to brain injuries [3].

The first attempt to directly monitor cerebral
oxygenation was performed by catheterization of the
jugular bulb given a fairly possible association
between jugular venous bulb oxygen saturation and

postoperative cognitive decline [4]. However, this
method is invasive, technically demanding, and
requires a continuous blood flow pattern in order to
provide reliable monitoring. As a result, the intro -
duction of a non-invasive option able to procure the
same information became highly desirable. This
spurred the advent of cerebral oximetry (CO) as an
emerging tool to assess cerebral oxygen saturation
(ScO2) [5]. 

Since ScO2 may be used as an index of cerebral
hypoperfusion [6], near-infrared spectroscopy (NIRS;
a means of monitoring ScO2) might be consequently
able to provide information on the imbalance between
oxygen delivery and consumption throughout the
entire surgical procedure [7]. Very recent advances in
NIRS technology, including an easier management
and applicability, have resulted in an increasing
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availability of clinical data. However, the progress and
widespread application of NIRS has not been as rapid
as expected due to several reasons such as:
a) disparities between physical research models and
biological tissues [8], b) errors from incorrect
placement of sensors [9], c) the different degree of
susceptibility to movement artifacts or multidistance
measurements [10] and d) discrepancies among
devices [11]. In addition, the evaluation of any new
technology, such as CO, mandates the creation of
expensive trials in order to elucidate the device’s range
of clinical application and limitations [12].

This systematic review critically evaluates the
application of CO in adult cardiac surgical patients,
addresses its major technological strengths and
limitations, summarizes the main characteristics of
widely used devices, and provides an overview of the
most recent literature. 

Near-Infrared Spectroscopy 

Near-infrared spectroscopy is designed to provide
continuous non-invasive monitoring of cerebral
metabolism [13]. Like pulse oximetry, NIRS applies the
principles of light transmission and absorption to
estimate the ratio of oxyhemoglobin to total hemo -
globin (Hb), under the assumption that no significant
dyshemoglobins are present [14]. Based on the Beer-
Lambert law, which describes the behavior of light
through a substance, light absorption occurs at
specific wavelengths determined by the molecular
properties of biologic tissues [15]. Below 700 nm, Hb
demonstrates intense absorption of light, hindering
light transmission, whereas above 1300 nm, water is
able to entirely absorb all light particles involved in the
transmission. In the 700 nm to 1300 nm range, near-

Figure 1. Monitors used in the realm of patients undergoing cardiac surgery
Double lumen endotracheal tube, monitoring of evoked potentials, directs spinal cord monitoring and cerebrospinal fluid drainage are
used in the setting of Thoracoabdominal aortic aneurysms.
MEP = motor evoked potentials, SSEP = somatosensory evoked potentials, TEE = transesophageal echocardiography.
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-infrared light penetrates cerebral tissue to a depth of
a few centimeters. Consequently, oxygenated and
deoxygenated Hb behave as independent chromo -
phores (color emission after light absorption), having
different characteristics for absorption of near-infrared
light wavelengths [16].

The NIRS brain monitoring system can be easily
applied to the forehead of the patient with two
adhesive patches [17]. A light-emitting diode (LED)
generates a light beam that penetrates through the
tissue and is then detected by one or more
photodetectors [18]. Although based on a simple
physical principle, the light scattering (intensity loss)
secondary to the refractive variation of biological
tissues makes the absolute quantification of cerebral
tissue oxygenation a challenge [19]. In this regard, the
further creation of spatially resolved spectro -
photometry technology allows for the interrogation of
an absolute, one-time tissue oxygen index value,
which is not affected by the different path-length
factors of biological tissues [20]. This theoretically
eliminates vagaries associated with having to
establish an accurate baseline with which to compare
collected measurements to.

As with every developing technology, healthy
skepticism should be maintained. The Food and Drug
Administration did not require cerebral oximeters to
show an outcome improvement in order to be
approved. Thus, even though some may consider
these monitoring devices to be the current standard
of care for cardiac surgery, they have been introduced
into the market without the level of evidence
demanded by other therapies [21]. This paucity of
evidenced based outcome data has led some to be
reluctant to adopt this new technology while others
have advocated their use [22]. We must continue to
evaluate the validity of NIRS technology as evidence
based outcome studies are completed.

Device-specific features

INVOS
The INVOS regional cerebral oximeter (Covidien,

Boulder, CO) uses two wavelengths of near-infrared
spectroscopy light (NIRL; 730 nm and 810 nm). The
device calculates and displays the percent value of
regional oxygen saturation (rSO2) as a ratio of
oxygenated Hb to total Hb. Each disposable sensor
contains a LED and two photodetectors which are
located at a distance of 3 cm and 4 cm away from the
light source in order to avoid light scattering. The
proximal photodetector receives scalp tissue
measurements, while the distal photodetector
measures the saturation of deeper brain tissue. The
first detector signal is subtracted from that of the distal
detector in order to eliminate extracerebral signals.
Internal software calculates then rSO2 values. The
INVOS device provides rSO2 trend monitoring
(changes in oxygen saturation from a predetermined

or pre-anesthesia induction baseline value). Thus,
inaccurate or unknown pre-anesthesia induction
baseline values may result in situations where data is
difficult to interpret making it an unreliable marker with
which to base clinical decisions or interventions on
(Figure 2).

EQUANOX
The EQUANOX regional oximeter (Nonin Medical

Inc. Minnesota, MN) also measures rSO2 utilizing
a dual emitter-detector sensor. To date, previous
oximeters had routinely used a single light emitter and
two photodetectors; and the value of the shorter path
(extracranial oxygenation) was subtracted from the
value of the longer path (intracranial and extracranial
oxygenation). Consequently, any surface and shallow
tissue variation between the two detectors could bias
the final value. The novel application of two emitters
and two detectors in each sensor may cancel out
these tissue variations, possibly improving the
accuracy of measurements. In this case, the device
uses three wavelengths of NIRL (730, 810, and 880
nm) with a 2 cm distance between photodetectors
(see Figure 2). 

FORE-SIGHT
The FORE-SIGHT absolute cerebral oximeter (CAS

Medical Systems, Branford, CT) is a continuous wave,
spatially resolved (SRS), near-infrared spectrometer
that was FDA approved for interrogation of absolute
ScO2, a more specific description of rSO2.The device
has two channels for bilateral brain monitoring. The
disposable sensor has a fiber optic light source and
two photodetectors at fixed distances of 1.5 cm and
5 cm respectively. Since previous research has
determined that at least four different wavelengths
might be required to precisely assess ScO2 (two
additional photodetectors might compensate light
scattering and avoid interferences from background
light absorbers) the light (< 1 nm) is projected in four
determined wavelengths at 690, 780, 805, and 850
nm. Contrary to the Beer-Lambert equation, those
values derived from the FORE-SIGHT are not affected
by the path-length factors of biological tissues due to
the SRS technology. The SRS technology combines
the multi-distance measurements of optical
attenuation making it possible to calculate absolute
cerebral saturations. The FORE-SIGHT’s capacity to
estimate absolute values may enable the anesthe -
siologist to establish more accurate threshold values
with which to trigger clinical interventions since no pre-
induction or baseline assessment is necessary (see
Figure 2).

NIRO
The NIRO near-infrared spectrophotometer (Hama -

matsu Photonics K.K, Shizuoka, Japan) uses four
wavelengths of NIRL (775, 825, 850, and 904 nm).
The system has not been approved by the FDA. Its
sensors contain a laser diode and three light
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photodetectors placed 4 cm to 5 cm away from the
light source. Like the FORE-SIGHT, the NIRO also
incorporates SRS technology to calculate an absolute,
one-time tissue oxygenation value (see Figure 2).

Applicability of near-infrared 
spectroscopy

Since it is well known that cerebral oxygen demand
is significantly higher than systemic oxygen demand
[23], methods that assess systemic oxygenation (e. g.
peripheral pulse oximetry) may not accurately reflect
cerebral oxygenation and by definition, episodes of
cerebral hypoxia [24]. Data has shown that mixed
venous oxygen saturation does not accurately
correlate with cerebral perfusion, making it challenging
to define a safe range of systemic oxygenation values
that correlate with adequate oxygenation of the
cerebral cortex [25, 26].

Deleterious clinical situations such as improper
positioning of the head with extreme left sided turning
[27], misplacement of a catheter [28] or cannula
leading to flow obstructions [29, 30], hypocapnia [31],
or low perfusion pressures [32] have been reported to
be successfully detected by CO [33–35]. This
becomes particularly important when performing
beating heart surgery [36], since the incidence of poor
cerebral perfusion has been shown to be nearly
twofold higher than in procedures performed under
cardiopulmonary bypass [37]. By the same token, CO
can be shown to demonstrate improved perfusion by
means of a clinical intervention triggered by low SCO2
values [38].

A recent study by Heringlake et al. showed that low
preoperative ScO2 values were associated with an
adverse perioperative course [39]. The authors
explored the applicability of ScO2 for risk stratification
and compared its performance to the additive
EuroSCORE. Data from an analysis of 1178 con -
secutive patients undergoing on-pump cardiac surgery
(49% isolated CABG) demonstrated that non-
-survivors (30-day-mortality) had significantly lower
ScO2 values than survivors (median 58% vs. 64%).
Additionally, an operating curve analysis revealed an
area-under-the-curve of 0.71 and 0.77 for ScO2 and
the additive EuroSCORE respectively. The authors
concluded that ScO2 levels (< 50%) might be reflective
of the severity of cardiopulmonary dysfunction,
associated with short- and long-term mortality and
morbidity, and might add to preoperative risk
stratification in patients undergoing cardiac surgery.

A comparison among ScO2, radial artery oxygen
saturation, and jugular bulb saturation is currently in
progress by MacLeod and colleagues. Their previous
work includes a head-to-head comparison of the
FORE-SIGHT and INVOS devices as well as other
surrogates for measuring cerebral perfusion [40]. In
this study, they included healthy adult subjects who
received oxygen/air gas mixtures at five minutes

intervals (21%, 8%, 21%, and 50% inspired oxygen)
while maintaining oxygen saturations of > 70%. After
analysis, the authors contrasted the reliability of CO
and reported the superiority of those devices able to
measure ScO2. 

Additionally, CO has been validated through
a comparison with pulse oximetry, revealing that the
latter detects changes in oxygenation significantly later
[41]. In this study conducted by Tobias et al., the
authors demonstrated that when the SaO2 decreased
by 5%, the rSO2 had decreased by 16 ± 4%. In
addition, the time for a 10% decrease of the rSO2 was
138 ± 29 seconds versus 189 ± 64 seconds for a 10%
decrease of the SaO2. 

Standarized baseline values

Numerous publications have reported data on the
influence of patient demographics on ScO2 readings
[42]. In a recent study of 111 patients, Kishi et al. did
not find any significant correlation between ScO2
values and gender, weight, or height [43]. However,
significant variations were observed between ScO2
values when age and hemoglobin concentration were
taken into consideration (cerebral blood flow, volume
and hemoglobin oxygenation decline exponentially
with age). Additionally, the authors were able to find
low values of ScO2 as a consequence of low Hb
concentration. 

It is of interest to know that similar results have
been traditionally described in situations of volume
depletion secondary to blood loss, hemodilution by
cardiopulmonary bypass, or blood transfusion [44, 45].
Although it remains unclear, it seems that in the setting
of volume depletion [46], the cerebral cortex might
experience an important increase in oxygen extrac -
tion, resulting in a decrease in oxygenated Hb and
ScO2 values [47]. These metabolic changes increase
the number of photons being detected and con -
sequently allow them to cover greater distances
through the brain, resulting in an increased optical
path length [48]. 

After analyzing patient demographics, the
assessment of baseline values should be adapted to
the device characteristics for optimal results. Cerebral
oximetry monitoring should ideally be initiated during
the anesthetic pre-induction period, especially when
using regional oximeters (the need for baseline values
when using absolute ScO2 remains debatable) [49].
Adhesive patches containing the light emitting source
and sensors are applied bilaterally high on the frontal
eminence, approximately 2 to 3cm superior to the
orbital ridge to avoid the frontal sinuses. Such
placement protocol is designed to avoid hair and
melanin light absorption [50]. 

The difficulty in establishing accepted standardized
baseline values for ScO2 and defining an accurate
intervention threshold is partially due to the lack of
standardization among devices [51–53]. Current
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normal ScO2 values for adult elective cardiac surgical
patients are thought to be between 60% and 75% [54].
The individual and disease-specific baseline variation
may be as high as 10% (67 ± 10 units) and the mean
and median right versus left sensor differences has
been observed to be greater than 10 units in less than
5% of the patients [55]. Therefore, from a statistical
point of view, awake cardiac surgical patients with
ScO2 values < 50% or a right to left difference of
> 10% comprise < 5% of the general population and
may be considered abnormal (Figure 3).

Intervention strategies based 
on cerebral oximetry

In prior years, conflicting data between the few
number of clinical series and the amount of anecdotal
case reports on the efficacy of CO led to its
recognition as a technology with promising clinical
potential [56]. However, the first randomized trials to
truly elucidate the clinical scope of CO, if any, have
been published during the last 3 years. Murkin and
colleagues randomized 200 patients who underwent
CABG to either intraoperative rSO2 real-time active
monitoring or blinded rSO2 monitoring both using the

INVOS cerebral oximeter [57]. Additionally, an
intervention strategy based on optimizing the factors
that potentially impact the cerebral poise between
oxygen supply and demand (mechanical problems,
mean arterial pressure, cardiac output, systemic
oxygen saturation, partial pressure of carbon dioxide,
cerebral metabolic rate, blood pH, body temperature,
and hemoglobin abnormalities) [58] was applied to
maintain the cerebral saturation values within 75% of
the baseline reading. Baseline values were obtained
while the patient was awake and resting comfortably
with supplemental oxygen. During the surgical proce -
dure, the intervention algorithm was triggered by an
abnormal rSO2 value defined as a bilateral or
unilateral 20% decrease or an absolute desaturation
below 50%. Figure 4 highlights the most common
therapeutic actions taken by Murkin et al. to avoid
a decrease in rSO2. 

The authors also reported on the use of propofol
and cooling to further suppress cerebral oxygen
consumption as supplemental rescue maneuvers.
After data analysis, they demonstrated that monitoring
cerebral rSO2 in patients undergoing CABG may
minimize periods of cerebral desaturation, showing
a trend towards an improvement in postoperative
neurologic outcomes as well as a reduction in major

Figure 3. Normal ScO2 patterns in a patient undergoing aortic surgery with deep hypothermic circulatory arrest
The ScO2 increases with cooling (20 °C and 13 °C). Mean arterial pressure is maintained at approximately 50 mmHg and has no effect
on ScO2. CPB = cardiopulmonary bypass; DHCA = deep hypothermic circulatory arrest, MAP = mean arterial pressure.
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organ dysfunction. This management algorithm and its
applicability were updated by the same group of
investigators. The authors reported the usefulness of
the algorithm to reverse drastic drops in cerebral
oxygen saturation in 239 consecutive patients
undergoing complex cardiac procedures [59].

Slater et al. designed a prospective randomized trial
in 265 patients undergoing CABG in an effort to
elucidate the relationship between intraoperative
cerebral oxygen desaturation and postoperative
neurocognitive dysfunction [60]. Neurocognitive
testing was performed preoperatively, at hospital
discharge, and 3 months after. This study adopted the
interventional protocol utilized by Murkin et al., and
calculated a rSO2 desaturation score by multiplying
rSO2 values of ≤ 50% by time in seconds. Although
there was no difference between groups in terms of

the incidence of neurocognitive dysfunction, patients
with a score greater than 3000%-second (prolonged
brain desaturation below 50%) had a higher risk of
early postoperative cognitive decline and a near
threefold increased risk of prolonged length of stay.
After multivariate analysis, the reduction in cognitive
decline in the intervention cohort was not statistically
significant. According to the authors, this was possibly
due to lack of adhesion to the protocol when an
intraoperative rSO2 desaturation was observed.
Interestingly, the positive correlation between the rSO2
desaturation score and increased length of stay may
support the interpretation of CO as a surrogate of
overall organ perfusion and function.

Our institutional experience with the FORE-
-SIGHT cerebral oximeter has led to several pub -
lications, which reported that CO can be used as

Figure 4. Representation of the most common therapeutic actions proposed primarily by Murkin and coworkers to avoid a significant
decrease in cerebral oxygen saturation
Additionally, the latest algorithms for risk stratification and management of patients undergoing cardiac surgery are represented. 
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a guide for patient management during cardiac
surgery. In this regard, Fischer et al. have published
our extensive experience in patients undergoing deep
hypothermic circulatory arrest [61]. The researchers
first reported an unexpected rSO2 pattern in a patient
undergoing an ascending aortic aneurysm repair [35].
In this case, despite steady hemodynamics (mean
arterial pressure 50 mmHg), a decline in oxygen sa -
turation was observed after cooling. This finding,
attributed to the loss of cerebral autoregulation,
suggests the need for an individualized anesthetic
management, as well as the mandatory application of
cerebral oximetry to provide the physician with
additional guidance with which to solve perioperative
complications. Moreover, the same group of
investigators recently released a mathematical model
to describe and interpret oxygen desaturation in this
group of patients [62]. Cerebral desaturation curves
from 36 patients undergoing aortic surgery with DHCA
were used to create a non-linear mixed model that
assumes that the rate of oxygen decline is greatest
during the initial perioperative period before becoming
constant. After analysis, the authors validated (± 3
minutes) two statistical models, the first one to
describe cerebral desaturation and the second one to
predict cerebral desaturation 15 minutes after DHCA
(see Figure 4).

Clinical implications

Trends toward improvement in clinical outcomes are
always subordinated to the development of relevant
interventional strategies [63]. In this regard, the
available interventional algorithms in CO are in an
early stage and have not been corroborated by larger
clinical trials. In fact, several issues will need to be
solved in the near future in order to advance in the
clinical applicability of CO including: a) clarification of
the relevant differences between trend and absolute
saturation monitoring and their clinical impact, b)
validation and corroboration of interventional algo -
rithms and scores, c) identification of those modifiable
clinical variables with a potential impact on cerebral
oxygen delivery and, d) evaluation of the patient
management strategies used to optimize cerebral
oxygen delivery. 

Consequently, there are still a limited number of
situations where the relationship between CO and
clinical outcome is important, such as its use for
monitoring the symmetry of blood flow during
antegrade selective cerebral perfusion and its ability
of CO to predict and avoid serious perioperative
complications [64]. Presently, most of the literature on
the avoidance of catastrophic events secondary to the
application of CO is represented by pediatric case
studies [65, 66].

Pros and Cons of cerebral oximetry

During the last decade, the increasing clinical
experience with the use of CO has led to a literature
debate between supporters and detractors of this
technology. In this regard, it seems imperative that
prospective randomized trials continue to be perfor -
med in order to further examine this technology as it
evolves [67–69]. The most reported clinical advan -
tages of using CO include: a) improved neurolo gical
outcomes (lower incidence of cerebrovascular acci -
dents and postoperative neurocognitive decline) [70,
71], b) reduced major organ dysfunction [72],
c) shortened length of stay, d) reduced surgical
morbidity and mortality by avoiding catastrophic
events.

In order to offer clinical benefits, CO should provide
the anesthesiologist with accurate measurements that
can guide clinical intervention to make a difference in
surgical outcomes [73]. However, many technical and
interpretive issues remain unsolved such as the lack
of consensus in establishing a normal range of ScO2
values [74]. This disparity of numbers is also due in part
to the absence of standardization among cerebral
oximeters. Dullenkopf and coworkers compared the
performance of two different oximeters (INVOS vs.
NIRO) in a pediatric cohort of patients and found vague
agreement of CO values between both devices [74].
Accordingly, others have published validation studies
with normal healthy patients with similar results when
interpreting rSO2 values from the INVOS, making it
very difficult to establish or define normal baseline
values [75]. However, the most surprising data came
from an autopsy study where the investigators showed
that despite the absence of blood flow, oximeters were
able to register near-normal values [76]. These
publications question the validity of CO as well as
casting doubt on its impact on surgical outcomes [77]. 

Currently, a 20% decline in ScO2 from the patient’s
baseline reading is considered abnormal in agreement
to the most updated literature, thus triggering the
application of interventional strategies [78, 79].
However, some of the interventional studies added to
establish this reference value were inappropriately
designed. In this matter, Yao et al. concluded that
cerebral desaturation during cardiac surgery was
significantly associated with early postoperative
neurocognitive dysfunction [80]. However, the
neurocognitive test applied (Mini Mental State
Examination) is not designed to interrogate the area of
the brain that oximeter sensors evaluate, the frontal
lobe. CO was primarily designed to interrogate the
anterior cerebral circulation, thereby ignoring
important neurological structures that impact
postoperative neurocognitive performance [81].
Ultimately, it is important to emphasize that besides
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the known technical difficulties of cerebral oximetry
application, the lack of large prospective studies
supporting validation or demonstrating long-term
benefit in neurologic outcome may preclude its routine
use of cerebral oximetry in cardiac surgical patients.

Future directions

Prevention of adverse outcomes has been shown to
be more effective than any interventional protocol.
Cerebral monitoring has been postulated to identify
those clinical conditions that may put a patient’s brain
at risk [82, 83]. A tailored, multimodal approach to
cerebral monitoring incorporating NIRS technology
may permit individualized manipulation of these
conditions, consequently improving neurological
outcomes [84]. In the specific context of cardiac
surgery, research efforts are being coordinated not
only to improve this technology but also to expand its
applicability and maximize its potential benefit [85].
Badner et al. describe the use of NIRS technology in
two case reports to detect spinal cord ischemia by
direct application of sensors to the back [86].

Despite limitations and a tremendous amount of
work ahead, CO has been investigated to have an
additional role in the preoperative risk stratification of
cardiac surgical patients (scoring systems), in
describing oxygen desaturation in patients undergoing
deep hypothermic circulatory arrest or off-pump
coronary artery  bypass surgery, as well as in perhaps
providing a tool to interrogate somatic oxygen
saturation [87, 88]. 
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