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CLINICAL FOCUS REVIEW

Clinical Applications of Near-infrared Spectroscopy
Monitoring in Cardiovascular Surgery

Charles W. Hogue, M.D., Annabelle Levine, M.D., Aaron Hudson, M.D., Choy Lewis, M.D.

linicians have sought methods to monitor tissue oxy-

genation for over a century.' These efforts culminated
in the development of the ear oximeter in the 1940s and
then pulse oximetry in the 1970s. The observation that tis-
sue including bone is transparent to light in the near-in-
frared spectrum (700 to 1,300nm) led to the introduction
of cerebral oximetry.>® A growing understanding of the
importance of neurologic complications for patient out-
comes after cardiac surgery has provided a strong impetus
for implementing cerebral oximetry into clinical practice,
albeit adoption in the United States remains low.*” Other
applications continue to evolve, including monitoring
during noncardiac surgery such as shoulder surgery in the
beach chair position or during one-lung ventilation for
thoracic surgery.*” The purpose of this clinically focused
review 1s to summarize the applications of cerebral oxime-
try monitoring for adult patients undergoing cardiovascular
surgery.

Principles of Near-infrared Spectroscopy
Monitoring

In the United States, there are seven Food and Drug
Administration (Silver Spring, Maryland)—-approved cere-
bral oximetry monitoring systems including Invos 5100C
and 7100 (Medtronic/Covidien, USA); ForeSight Elite
(Casmed/Edwards Lifesciences, USA); Equanox three-
and four-wavelength versions (Nonin Medical, USA); O3
Regional Oximetry (Massimo, USA), and the NIRO-200
NX system (Hamamatsu Photonics, Japan). All approved
monitors use similar technology that is susceptible to arti-
facts and limitations as previously reviewed (fig. 1).2
Near-infrared  spectroscopy measurement of  tis-
sue oxygen saturation is based on a modification of the
Beer-Lambert law whereby the difference in the inten-
sity of transmitted and received light is a function of the
concentration of a light absorbing substance in a solution.
Oxy- and deoxyhemoglobin have distinct peak absorption
wavelengths in the near-infrared range. An isobestic wave-
length at 810 nm provides a measurement of total hemoglo-
bin concentration. Tissue saturation can be measured, thus,
as the derived ratio of oxyhemoglobin to total hemoglo-
bin concentrations. Other substances absorb near-infrared

light including water, melanin, bilirubin, and cytochrome
C, each with distinct but overlapping absorption spectra.
Commercial cerebral oximetry monitors mostly restrict
light to 700- to 850-nm wavelengths to focus on hemo-
globin species.”

Cerebral oximetry monitoring is performed by attach-
ing adhesive pads to the forehead that contain a near-infra-
red light source and sensors. Emitted photons must traverse
various tissues including skin, muscle, bone, dura, and cere-
bral spinal fluid to reach the cerebral cortex. Although there
is some scatter of photons at each tissue interface, their gen-
eral path has been modeled to be elliptical with the depth
of their penetration a function of the distance between the
light source and sensors by a factor of roughly one third.?
A transmitter—sensor distance of 4 cm results in light pen-
etration of tissue of approximately 1.3 cm. The use of two
or more sensors at different distances from the light source
allows for spatial resolution of reflected photons. For exam-
ple, sensors placed 3 cm and 4 cm from the light source pro-
vide an estimate of light absorbed by superficial and deeper
tissue, respectively. Subtraction algorithms evaluate the dif-
ference between deeper and superficial photon absorption
for measurement of oxygen saturation.

It is estimated that 85% of cerebral oximetry measure-
ments are derived from the superficial cerebrum and 15%
from extracerebral tissue, including the scalp.>'™" This
confounding effect of scalp light absorption might explain
decrements in cerebral oxygen saturation observed during
general anesthesia after the IV administration of the -ad-
renergic agonist phenylephrine but not after administration
of the indirect acting - and -adrenergic agonist ephed-
rine."” An opposing argument is that an imbalance of cere-
bral oxygen supply Versus demand occurs after -adrenergic
stimulation of receptors located on contractile pericytes
in the microcirculation such that cerebral oximetry mea-
surements are accurately reduced.” The latter possibility
was examined in a study of patients with brain tumors
undergoing positron emission tomography where a con-
tinuous IV infusion of either phenylephrine or ephedrine
was randomly administered." Cerebral metabolic rates for
oxygen, cerebral blood flow, and cerebral oxygen saturation
were not decreased by phenylephrine. Ephedrine, however,
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Near-infrared Spectroscopy Monitoring

Technical Limitations

¢ Near infrared light absorption from extracerebral
tissue and non-hemoglobin chromophores

* |mprecise spatial resolution algorithms

* Variation in the proportion of cerebral venous vs.
arterial blood confounding fixed ratio assumptions

* Presence of oxygen saturation in non-metabolizing
tissue including blood sequestered in venous
capacitance vessels

Fig. 1. Schematic representation of cerebral oximetry monitoring depicting adhesive light emitter/sensors placed on a hypothetical patient’s
forehead. The sensors are connected via cables to a monitor providing regional cerebral oxygen saturation for the right and left superficial
frontal lobes. The path of light from the light source to the sensors is elliptical, as suggested by computer modeling. The inset is meant to
represent the microcirculation with a proposed 70:30 ratio of veins and arteries. Also shown is a sketch of near-infrared light spectra versus
hypothetical absorption (y axis). Deoxyhemoglobin (Hb) and oxyhemoglobin are highlighted as thin and thick colored lines, respectively, while
absorption spectrum for other light absorbing substances are shown including cytochrome aa3. Commercial cerebral oximeters focus on those
wavelengths below the peak absorption of water but still in the range of light absorption from melanin. Note the 810-nm isobestic wavelength
where peak absorption of Hb and oxyhemoglobin occurs. The absorption of near-infrared light at this wavelength is used for measuring total
hemoglobin for calculating relative cerebral oxygen saturation as well as for estimating cerebral blood volume for monitoring cerebral vasore-
activity (see Cerebral Autoregulation Monitoring in text). A table summarizing some limitations of cerebral oximetry is further shown.

increased cerebral blood flow and cerebral oxygen satura-
tion compared with phenylephrine. Thus, cerebral oximetry
decrements after phenylephrine are not due to compro-
mised cerebral oxygenation; its effects on cerebral oxygen
saturation measurements are inconsistent.

Cerebral oximetry has been validated in humans after
intra-arterial injection of the near-infrared absorbing dye
idocyanine green, with positron emission tomography
scanning, and by comparison with jugular mixed venous
blood."*"” The measurements do not require pulsatile flow
as with pulse oximetry. Rather, it averages the oxygenation

of venous, capillary, and arterial blood. Cerebral oximetry
requires estimating the distribution of blood between the
arterial and venous vasculature. Manufacturers use fixed
ratio assumptions in their algorithms that range from 25 to
30% for arterial and 70 to 75% for venous cortical blood
volume. These estimates, though, are not constant and vary
between individuals and clinical scenarios. The accuracy
of cerebral oximetry fixed arterial to venous blood ratio
assumptions was investigated in 23 volunteers during iso-
capnic hypoxemia.'® All five cerebral oximetry monitors
tested accurately detected hypoxemia induced by randomly
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varying the fractional inspired oxygen concentration from
100% to 70%. The average bias (difference between cere-
bral oxygen saturation reading and manufacturer weighted
jugular venous and arterial blood oxygen saturation) with
declining oxygen varied markedly between manufacturer
and with arterial oxygen saturation. The ForeSight Elite,
NIRO-200NX, and EQUANOX-3 wavelength had greater
positive mean bias at low arterial oxygen saturation. A pos-
itive bias represents cerebral oximetry overestimation of the
weighted average of arterial and jugular oxygen saturation.
Bias was negatively influenced by darker skin pigment and
female sex. The amount of bias during hypoxia was reduced
when the difference between measured arterial and jugu-
lar venous oxygen saturation was used in the calculation
rather than a fixed weighted average. Thus, the proportion
of arterial and venous blood in the brain is not fixed but
dynamically varies.

Cerebral Oxygen Desaturation

There 1s no consensus on what decrement of cerebral oxy-
gen saturation from baseline represents a clinically import-
ant threat to cerebral oxygenation. Nonetheless, a widely
used paradigm for defining a “desaturation” is a greater
than 20% oxygen saturation reduction from baseline or an
absolute value of less than 50%.% These definitions orig-
inate from studies of patients undergoing carotid endar-
terectomy where cerebral oxygen saturation was evaluated
during documented episodes of cerebral ischemia.' > We
prospectively applied this definition in a observational study
of 235 patients at eight centers to determine the frequency
of cerebral oxygen desaturation during cardiopulmonary
bypass.” We observed desaturations in 61% of patients. A
corrective intervention algorithm was effective in restoring
cerebral oxygenation in 92% of persistent episodes. In a ran-
domized, masked study involving 201 patients undergoing
cardiac surgery at eight different centers, cerebral desatura-
tion defined as a decrement greater than 10% from base-
line occurred in 63% of patients and 40% had decrements
greater than 20% of baseline.” Due to wide interindivid-
ual steady state variability and dynamic error in the mea-
surements, cerebral oximetry does not provide an absolute
cerebral oxygen saturation measurement but rather should
be interpreted as a trend monitor.'® Thus, determining an
absolute threshold for defining “desaturation” is difficult.
As a result, the use of cerebral oxygen saturation cutoffs to
define desaturation in clinical practice may have less rele-
vance than in clinical research.

Clinical Applications

There is a variety of proposed applications of cerebral oxim-
etry monitoring for patients undergoing cardiac surgery,
including for preoperative risk stratification.” Case reports
have described its value for detecting malposition of aortic
and venous cannulae, particularly during aortic arch surgery,
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or to confirm selective antegrade cerebral perfusion.” The
highest interest for cerebral oximetry understandably has
been to reduce the risk of neurologic complications. Other
applications include monitoring of somatic tissue oxygen-
ation, monitoring of patients during extracorporeal mem-
brane oxygenation, and cerebral blood flow autoregulation
monitoring.

Avoiding Neurologic Complications

Neurologic complications after cardiac surgery have a
spectrum of manifestations that include delirium, delayed
neurocognitive recovery (i.e., postoperative cognitive dys-
function), and clinical or subclinical stroke.*® Of these, the
mechanism(s) of stroke is best understood with the majority
of episodes due to cerebral embolism. Cerebral hypoperfu-
sion, though, can directly cause ischemic injury, particularly
in the setting of cerebral arterial stenosis or interruption
of cerebral blood flow. It may further exacerbate ischemic
injury from embolism by reducing collateral flow and/or
reducing microembolism washout.” The value of cerebral
oximetry for detecting cerebral hypoperfusion has been
evaluated in patients undergoing carotid endarterectomy. In
a study of 323 patients, cerebral oximetry had a sensitivity of
68% and specificity was 94% for detecting cerebral ischemia
during carotid artery cross-clamping compared with elec-
troencephalography or somatosensory evoked potentials.?!
It must be acknowledged that the different brain regions
monitored may have varying collateral blood supply.

In contrast to stroke, the etiology of neurocognitive
dysfunction is unclear, but it is likely the result of the inter-
action of patient-related factors with any combination of
cerebral microembolism, hypoperfusion, central nervous
system inflammation, or other variables.** In a recent ran-
domized trial, we found a 28% relative reduction in the risk
for postoperative delirium in patients having blood pressure
targets during cardiopulmonary bypass set above the lower
limit of cerebral autoregulation compared with usual care.?
This suggests that optimizing cerebral perfusion may allow
for reducing the risk for postoperative delirium.

Evidence on whether interventions for cerebral oxy-
gen desaturations mitigate risk for neurologic outcomes
in the past has been limited to case reports and observa-
tional studies.”” There are now several randomized, con-
trolled algorithm-based interventional trials for cerebral
oxygen desaturations in patients undergoing cardiac sur-
gery. Two recent meta-analyses of these trials have been
published and are summarized in table 1.°°' Variability
between meta-analyses is likely explained by differing
criteria for study inclusion and approach to data analysis.
These meta-analyses demonstrate that currently there is
insufficient evidence to support or refute whether inter-
ventions for cerebral oxygen desaturations during surgery
improve neurologic outcomes due to the many limitations
of the existing studies, especially the low number of stud-
ied patients. In an eight-center pilot study, it was estimated
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Table 1. Summary of Data from Two Meta-analyses of Randomized Controlled Studies of Near-infrared Spectroscopy Monitoring

Interventions in Surgical Patients

Delayed Mortality
Neurocognitive Acute Kidney Blood Length of Stay  Hospital (within 30
Stroke Delirium Recovery Injury Transfusion  inthe ICU Length of Stay Days)
Serraino and Murphy®
Relative risk 1.08% Meta-analysis not performed due to 0.88% 0.931 0f -0.45t 0.761
(95% Cl) (0.40-2.91) heterogeneity between trials (0.52-1.49) 0.77-1.12) (-0.44100.44) (-0.901t0 0.01) (0.30-1.96)
Subjects, No. 1,138 1043 744 608
Trials, No. 7 6 4 4
Cochrane Review®'
Relative risk 0.25t 0.63t 0.62* 0.93t 0.63t
(95% Cl) (0.03-2.20)  (0.27-1.45) (0.37-1.04) (0.77-1.12) (0.08-5.03)
Subjects, No. 240 190 962 744 390
Trials, No. 2 1 6 4 3

The data are listed as relative risk (95% Cl). The number of subjects evaluated for each outcome and the number of randomized controlled trials evaluated are given for each publica-
tion. The strength of the evidence for each outcome was rated as *moderate, tlow, or fvery low.

ICU, intensive care unit.

that 3,080 evaluable patients are likely needed to assess dif-
ferences in the rate of mortality, 4,638 patients for stroke,
and 1,610 for delirium. Importantly, a large percentage of
strokes after cardiac surgery occur postoperatively and thus
are not likely to be influenced by intraoperative interven-
tions alone.* Further, the mechanism of delayed cognitive
recovery is not known and perhaps not prevented solely by
avoiding compromised cerebral oxygenation only during
surgery. We have found that hypotension after surgery in
the intensive care unit is common and associated with
brain injury biomarker release.”® Thus, a strategy of ensur-
ing cerebral perfusion in both the operating room and the
intensive care unit may be necessary. Finally, monitoring of
any physiologic parameter can only provide information to
clinicians. It is the corrective interventions based on the
information provided by the monitor that can potentially
impact patient outcomes.™

Noncerebral Tissue Oxygenation Monitoring

Near-infrared spectroscopy monitoring of somatic tis-
sue oxygenation strongly correlates with cardiac out-
put in experimental models of hemorrhagic shock and
resuscitation.'” This type of monitoring has been pro-
posed for tracking somatic tissue oxygenation in patients
with extremity compartment syndromes, in patients with
peripheral vascular disease undergoing revascularization,
and to monitor oxygenation of free flaps.! Case reports and
observational studies have reported the use of somatic tissue
oxygen saturation monitoring of the thenar eminence, fore-
arm, and lower leg in patients undergoing cardiac surgery. A
single-center observational study of 121 patients found that
somatic tissue oxygen saturation (measured over the flank)
less than 65% or a greater than 20% decline from baseline
predicted acute kidney injury after surgery.”® A limitation

of renal monitoring in adults is the variability in skin and
subcutaneous tissue depth making it unknown whether the
kidney or even large flank muscles are indeed interrogated
with near-infrared light that may penetrate only approxi-
mately 1.3 cm.

Mechanical Circulatory Support

The use of extracorporeal membrane oxygenation for treat-
ing cardiac and/or pulmonary failure continues to expand.
Although lifesaving in many situations, its use is associ-
ated with complications including neurologic complica-
tions such as stroke and seizures.’’® Differential hypoxia
syndrome (“Harlequin syndrome”) where Pao, is less in
the upper compared with the lower body can occur with
peripheral venous—arterial extracorporeal membrane oxy-
genation. This complication occurs when left ventricular
ejection of blood with a low Pao, mixes in the aorta with
blood coming from the extracorporeal membrane oxy-
genation circuit having a higher Pao,. Differential hypoxia
syndrome is associated with acute cerebral dysfunction that
can predispose to stroke or seizures. Diagnosis is challenging
when critical illness or sedation renders patients incapable
of participating in neurologic examination. Attenuated or
absent arterial pulsatility with extracorporeal membrane
oxygenation may interfere with upper and lower extremity
pulse oximetry that may compromise its use to detect this
syndrome. For this reason, some centers monitor cerebral
oximetry, which is not reliant on arterial pulsations. In a
series of 56 patients on veno-arterial extracorporeal mem-
brane oxygenation, 32% developed acute cerebral dysfunc-
tion.” Cerebral oxygen desaturations occurred in 74% of
the patients. Cerebral oxygen desaturation and high lactate
concentrations were independently associated with mortal-
ity. Early detection of differential hypoxia syndrome allows
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for adjustments of extracorporeal membrane oxygenation
drainage/flow to reduce the content of ejected left ventric-
ular blood with a low Pao,.

A pitfall of peripheral veno-arterial extracorporeal mem-
brane oxygenation is the risk for lower-limb ischemia with
femoral cannulation.”” The traditional approach to diag-
nosis of limb ischemia is intermittent clinical examination
and Doppler pulse examination that can delay detection.
Somatic tissue oxygenation monitoring with near-infrared
spectroscopy can be used to ensure extremity perfusion dis-

tal to the site of vascular access.*

Placing sensors bilaterally
on the feet or superficial lower leg muscles allows for com-
paring tissue oxygenation between the extremities. This
method can be used as well with vascular access with large
cannula as for percutaneous left ventricular assist devices.
Early detection of vascular compromise allows for vascular
cannula modification and/or insertion of an arterial shunt

to avoid distal extremity ischemia.

Cerebral Autoregulation Monitoring

The brain has several homeostatic processes to maintain a
constant supply of oxygenated blood to meet its high met-
abolic demand. Cerebral blood flow-pressure autoregula-
tion is one such process whereby cerebral blood flow is
maintained across a range of blood pressures, ensuring a
steady supply of oxygenated blood. When blood pressure
is below or above the constraints of autoregulation, cere-
bral blood flow is pressure-passive, predisposing to cerebral
ischemia or cerebral hyperemia, respectively. Monitoring
of cerebral autoregulation at the bedside is possible using
a variety of methods that mathematically model cerebral
blood flow or cerebral blood volume in response to cere-
bral perfusion pressure (or arterial pressure in the absence
of elevated intracranial pressure). Cerebral blood flow as
the output signal can be monitored with middle cerebral
artery transcranial Doppler blood flow velocity measure-
ments. Mean velocity index is calculated as the Pearson
correlation coefficient between low-frequency (less than
0.05 Hz) changes in cerebral blood flow velocity and per-
tusion pressure. This index is near zero when cerebral blood
flow is autoregulated since flow is constant despite changes
in perfusion pressure. In contrast, when perfusion pres-
sure is below or above the limits of autoregulation, mean
velocity index approaches 1 since changes in pressure alter
cerebral blood flow. Intracranial pressure (when clinically
monitored) can serve as a surrogate for cerebral blood vol-
ume and modeled against cerebral perfusion pressure for
continuous autoregulation monitoring.*' Similar to mean
velocity index, pressure reactivity index is calculated as the
Pearson correlation coefficient between low frequency (less
than 0.05 Hz) changes in intracranial pressure and perfu-
sion pressure. Arteriolar dilation or constriction in response
to changes in perfusion pressure collectively effect cerebral
blood volume, resulting in changes in intracranial pressure.
Functional autoregulation is associated with a pressure

Anesthesiology 2021; 134:784-91

reactivity index near zero, but it approaches 1 when auto-
regulation is impaired.

Cerebral oxygen saturation represents the balance of
cerebral oxygen supply (i.e., cerebral blood flow, hemoglo-
bin concentration, oxygen saturation) VEIsus oxygen meta-
bolic demand. At low frequencies in the range associated
with autoregulation, cerebral oxygen saturation has been
shown experimentally to be an acceptable surrogate of
cerebral blood flow, providing a clinically feasible method
for autoregulation monitoring, as we have described.*
Calculating the Pearson correlation coeflicient between
low frequency (less than 0.05 Hz) changes in cerebral oxy-
gen saturation and perfusion pressure yields cerebral oxime-
try index. Similar to mean velocity index, cerebral oximetry
index near zero indicates independence of cerebral blood
flow from perfusion pressure, while when pressure is below
or above the limits of autoregulation, cerebral oximetry
index approaches 1.* Our group has validated the cerebral
oximetry index experimentally and in adults during cardio-
pulmonary bypass.*

The pressure reactivity index has been used in patients
with traumatic brain injury for monitoring autoregulation
where it has been shown to predict poor outcome.**
Intracranial pressure monitoring is not typically performed
in patients undergoing cardiac surgery, but a similar index
can be derived noninvasively from the total hemoglobin
concentration measured with near-infrared spectroscopy
at the isobestic wavelength.* Vasodilation and vasocon-
striction, respectively, reciprocally increase or decrease the
total hemoglobin concentration due to collective changes
in cerebral vessel capacity. The variable hemoglobin volume
index represents low-frequency correlation between total
hemoglobin concentration and perfusion pressure (fig. 1).

Our group has performed clinical studies of adult
patients undergoing cardiac surgery using cerebral oxim-
etry index. In retrospective analysis, we found that the
product of the magnitude and duration that mean arterial
pressure was below the lower limit of autoregulation during
cardiopulmonary bypass was independently associated with
risk for acute kidney injury as well as for major morbidity
and mortality after cardiac surgery.***’” Importantly, simply
raising mean arterial pressures targets during cardiopulmo-
nary bypass might result in arterial pressure above the upper
limit of autoregulation and risk for cerebral hyperperfu-
sion. We have found that the product of the magnitude that
mean arterial pressure is above the upper limit of autoreg-
ulation is associated with risk for delirium.*® Our group
thus has argued in favor of personalizing blood pressure
management during surgery with cerebral autoregulation
monitoring.*’

Conclusions

Near-infrared spectroscopy provides a clinically feasi-
ble method for monitoring cerebral oxygen saturation.
Limitations with the technology and interindividual
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