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Abstract
Cerebral Oximetry by Near-infrared Spectroscopy (NIRS) has been used in cardiovascular anesthesia, but there was no 
guideline of regional cerebral oxygen saturation measured by cerebral oximetry by NIRS. This guideline provides recom-
mendations applicable to patients at a risk of developing cerebral ischemia in cardiovascular surgery. Guidelines are intended 
to define practices meeting the needs of patients in most, but not all, circumstances, and should not replace clinical judgment. 
The Japanese Society of Cardiovascular Anesthesiologists (JSCVA) Task Force on Guidelines make an effort to ensure that 
the guideline writing committee contains broad views in using cerebral oximetry. Adherence to recommendations could 
be enhanced by shared decision making between healthcare providers and patients. This guideline was focused on cerebral 
oximetry of pediatric and adult cardiovascular disease. We hope this guideline would play an important role in using cerebral 
oximetry by measured NIRS.
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LED	� Light emitting diode
MBL	� Modified Beer–Lambert
MRI	� Magnetic resonance imaging
NIRS	� Near-infrared spectroscopy
POCD	� Postoperative cognitive dysfunction
RCP	� Retrograde cerebral perfusion
rSO2	� Regional cerebral oxygen saturation
SCP	� Selective cerebral perfusion
SEP	� Somatosensory evoked potential
SPECT	� Single photon emission computed tomography
SRS	� Spatially resolved spectroscopy
SSEP	� Somatosensory evoked potential
TAVR	� Transcatheter aortic valve replacement
TCD	� Transcranial Doppler
TEVAR	� Thoracic endovascular aortic repair
TOI	� Tissue oxygenation index
TRS	� Time-resolved spectroscopy

Introduction

Perioperative brain injuries such as intraoperative cerebral 
infarction and postoperative cognitive dysfunction (POCD) 
have an immense impact on a variety of patient outcomes. 
These injuries prolong patients’ hospital stays, increase their 
mortality rates, and compromise their functional status, 
thereby increasing family burdens and medical costs. Given 
the increasing annual number of elderly patients undergoing 
cardiovascular surgeries, the importance of preventing perio-
perative brain injuries cannot be underestimated. The etiol-
ogy of these conditions is multifactorial. Their prevention 
requires multidisciplinary strategies involving respiratory 
and cardiovascular management, body temperature manage-
ment, monitoring of cerebral blood flow and metabolism 
(e.g., measurement of cerebral cortex energy metabolism), 
neurophysiologic monitoring, and drug control.

In particular, near-infrared spectroscopy (NIRS) monitor-
ing of brain oxygenation (NIRS oxygenation monitoring) is 
frequently employed in cardiovascular surgeries because it 
can noninvasively provide continuous data on the balance 
between oxygen supply and demand in brain tissues. Early 
detection and timely management of cerebral hypoperfusion 
could help reduce the risk of preventable cerebral injury. 
Correct knowledge and proper implementation of NIRS oxy-
genation monitoring are indispensable for the prevention of 
perioperative neurological damage in patients undergoing 
cardiovascular surgery.

The Cerebrospinal Division of the Academic Commit-
tee of the Japanese Society of Cardiovascular Anesthesi-
ologists (JSCVA) undertook a literature search and review 
to identify the mechanisms and incidence of perioperative 
cerebral injuries in patients undergoing cardiovascular sur-
gery. The Cerebrospinal Division also discussed the proper 

use of NIRS oxygenation monitoring systems. Summariz-
ing and consolidating the latest evidence-based information, 
the Cerebrospinal Division published these Use Guidelines 
to help minimize the risk of perioperative cerebral injury 
in cardiovascular surgery. In this guideline, each section is 
comprised with several summary statements and is followed 
by commentary section. This guide line was translated from 
“The guideline of cerebral oximetry of near-infrared spec-
troscopy in cardiac anesthesia” written in Japanese (URL: 
http://www.jscva​.org/news/detai​l/id/114).

Perioperative cerebral injury in adult 
cardiovascular surgery

Incidence of perioperative cerebral injury

Summary statements

•	 There are three major categories of perioperative cerebral 
injuries: stroke, encephalopathy, and postoperative cog-
nitive dysfunction (POCD). The pathologies range from 
mild, focal neurologic disorders to coma resulting from 
hypoxic encephalopathy.

•	 Perioperative stroke develops in 0.1% of patients under-
going noncardiac, nonneurologic surgery. By contrast, 
perioperative stroke develops in 0.25–3.0% of patients 
undergoing carotid surgery, 0.8–3.2% of patients under-
going coronary artery bypass grafting (CABG), and 4.7–
11.2% of patients undergoing aortic artery surgery. Thus, 
perioperative stroke occurs more frequently in cardiovas-
cular surgeries than in noncardiovascular surgeries.

•	 In patients undergoing cardiovascular surgery, postopera-
tive delirium occurs at a rate of 25–45%, which is higher 
than the rate in patients undergoing noncardiovascular 
surgery. In the same group of patients, POCD is observed 
at a rate of 30–80% at discharge and 20–40% at 6–12 
months after discharge.

Commentary

The manifestations of perioperative cerebral injury are 
diverse, ranging from mild, focal neurologic deficits to 
memory loss, hypoxic encephalopathy–induced coma, and 
apallic syndrome. The major clinical categories of periop-
erative cerebral injuries are stroke, encephalopathy (includ-
ing delirium), and POCD.

Perioperative stroke develops at a rate of 0.1% in patients 
undergoing noncardiovascular surgery, but the rate is much 
higher in those undergoing cardiovascular surgery (Table 1). 
The rate of perioperative stroke is 0.25–3.0% in carotid sur-
gery, 0.8–3.2% in CABG, 4.7–11.2% in aortic artery surgery 
with cardiopulmonary bypass, and 2.0–4.0% in transcatheter 

http://www.jscva.org/news/detail/id/114
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aortic valve replacement (TAVR). In addition, the rate of 
perioperative stroke is 3.9–6.3% in thoracic endovascular 
aortic repair (TEVAR), where the device-landing zone is 
close to the aortic arch branch vessels.

Cerebral injury outcomes may be classified as Type I 
(e.g., stroke and hypoxic encephalopathy) and Type II (e.g., 
new deterioration in intellectual function, confusion, agi-
tation, disorientation, memory deficit, and seizure without 
evidence of focal injury). Type I and Type II cerebral inju-
ries were reported at a rate of 3.1% and 3.0%, respectively, 
and resulted in death in 21% and 10% of cases, respectively 
[16]. Elderly patients are at higher risk of both Type I and 
Type II cerebral injuries.

Postoperative delirium is associated with an increased 
long-term risk of death [17, 18] and POCD [19]. The inci-
dence of postoperative delirium was shown to be high, at 
25–45% after cardiovascular surgery [20, 21] (Table 2).

In broad terms, POCD is defined as cortical dysfunction 
characterized by impairments in speech, memory, atten-
tion, concentration, and executive function, and is detected 
by neuropsychological testing after surgery. In noncardiac 

surgeries, POCD was reported at a rate of 6.8–19.2% [31, 
32] from 7 days to 3 months after the surgery. In patients 
who underwent cardiovascular surgery, POCD was docu-
mented at a rate of 30–80% at discharge and 20–40% at 6–12 
months after discharge [33, 34]. Given the absence of an 
international consensus on the diagnostic criteria for POCD, 
published POCD incidence rates may depend on the testing 
protocols, assessment criteria, and other variables employed 
in specific studies [35, 36].

Socioeconomic impact of perioperative cerebral 
injury

Summary statements

•	 The onset of stroke after cardiovascular surgery increases 
the risk of perioperative death by six- to eight-fold, and 
the 10-year mortality risk by threefold.

•	 In patients undergoing cardiovascular surgery, postopera-
tive delirium is associated with elevated mortality.

•	 Patients with documented POCD have worse general 
health after discharge and are less productive at work 
than those without documented POCD.

•	 Perioperative cerebral injuries compromise the qual-
ity of life and inflict considerable social and economic 
losses. These adverse effects underline the importance of 
properly evaluating the burden of perioperative cerebral 
injuries and providing appropriate medical interventions.

Commentary

The onset of stroke in patients who undergo cardiovascular 
surgery increases the perioperative mortality rate by six- to 
eight-fold [37, 38]. In addition, perioperative stroke strongly 
influences long-term outcomes. In a study of 35,733 con-
secutive patients who underwent isolated CABG surgery 
[39], 575 (1.6%) developed perioperative stroke. Survival 
rates in patients with and without perioperative stroke were 
83% and 94.1%, respectively, at 1 year; 58.7% and 83.3%, 
respectively, at 5 years; and 26.9% and 61.9%, respectively, 
at 10 years. Thus, perioperative stroke resulted in a three-
fold increase in the 10-year mortality rate. In addition, the 
majority of patients with perioperative stroke required reha-
bilitation services to improve their limitations in activities 
of daily living [40].

Like postoperative stroke, postoperative delirium is associ-
ated with elevated mortality in patients who undergo cardio-
vascular surgery. In a 10-year follow-up study of 5,034 CABG 
surgery patients, those who developed perioperative delirium 
(n = 304, 6%) had an increased hazard of death (adjusted haz-
ard ratio 1.65, 95% confidence interval 1.38–1.97). Postop-
erative delirium is also associated with an increased risk of 
developing POCD. One study showed that compared with 

Table 1   The incidence of Perioperative Stroke by Type of Surgery

CABG coronary artery bypass grafting, TEVAR thoracic endovascular 
aortic repair, TAVR transcatheter aortic valve replacement

Type of surgery Incidence (%)

Noncardiac, nonneurologic [1] 0.1
Carotid [2–4] 0.25–3.0
CABG without cardiopulmonary bypass [5] 0.8
CABG [6, 7] 1.6–3.2
CABG plus aortic valve replacement [8] 2.7
CABG plus mitral valve replacement [8] 3.7
CABG plus mitral valve repair [8] 3.1
Aortic valve replacement [9] 3.2
Mitral valve replacement [9] 5.7
Mitral valve repair [9] 1.6
Aortic [10, 11] 4.7–11.2
TEVAR [12–14] 3.9–6.3
TAVR [15] 2.0–4.0

Table 2   The incidence of postoperative delirium by type of surgery

Type of surgery Incidence (%)

Cataract [22] 4.4
Abdominal [23, 24] 17–25
Orthopedic [25] 17
Head and neck cancer [26] 17
Cardiac [20, 21] 25–45
Abdominal aneurysm [27–30] 33–54
Peripheral vascular [28, 29] 30–48
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patients without delirium, a significantly higher proportion 
of patients with delirium did not return to their preoperative 
baseline Mini-Mental State Examination score at 6 months 
[19]. It has been shown that POCD impairs patients’ activi-
ties of daily living after discharge, thereby decreasing their 
quality of life. In a 5-year follow-up study of 261 patients 
who underwent cardiac surgery with cardiopulmonary bypass, 
POCD was correlated with worse general health and reduced 
productivity at work [41]. The development of postoperative 
cerebral injury results in higher mortality and worse quality 
of life and entails a considerable social and financial burden. 
These facts emphasize the importance of adequate periopera-
tive evaluation of and medical care for cerebral injuries.

Mechanisms and prevention of perioperative 
cerebral injury

Although the human brain accounts for 2% of body weight in 
average adults, it has high energy demands. It receives 15% 
of the cardiac output and requires 20% of the oxygen and 
25% of the glucose consumed by the entire body. The typical 
normal rate of cerebral blood flow is 50 mL/100 g brain/min, 
which means that every minute, 3–4 mL of oxygen and 6 mg 
of glucose is delivered per 100 g of human brain. The brain 
has poor oxygen and energy stores. It is, therefore, highly 
susceptible to ischemia, requiring an adequate blood supply.

Carotid artery surgery

Summary statements

•	 Carotid endarterectomy (CEA) is an established surgical 
procedure for carotid stenosis. This technique involves 
temporarily cross-clamping the diseased carotid artery, 
which increases the risk of an ischemic event.

•	 The risk of cerebral ischemia during carotid cross-clamp-
ing must be evaluated using multiple monitoring tools.

•	 As a preventive measure against intraoperative ischemic 
events, a shunt to maintain cerebral blood flow is often 
inserted into the carotid artery being operated on.

•	 Cerebral hyperperfusion syndrome (CHS) is a serious 
brain injury that occurs at a rate of 1.9% after CEA. In 
CHS patients with associated intracranial hemorrhage, 
the mortality rate was reported to be 26%, and sequelae 
were noted in 80% of survivors.

Commentary

CEA is an established surgical procedure for the treatment of 
carotid stenosis. CEA combined with medical therapy reduces 
the risk of stroke in symptomatic severe and moderate carotid 
stenosis (defined, respectively, as ≥ 70% and 50–69% narrow-
ing of the luminal diameter) [42–49]. The Japanese stroke 

guidelines (Japanese Guidelines for the Management of Stroke 
[50]) recommend CEA in addition to antiplatelet, antidyslipi-
demic, and other pharmacological therapies. Because CEA 
requires temporary cross-clamping of the carotid artery under 
repair, it increases the risk of intraoperative cerebral ischemia.

Cerebral ischemia during CEA  The causes of cerebral infarc-
tion during CEA include the following: (1) hypoperfusion 
resulting from carotid cross-clamping, (2) inadvertent dis-
lodging of arterial wall plaques, and (3) embolization result-
ing from carotid revascularization. To prevent intraoperative 
ischemic events, a shunt to maintain cerebral blood flow 
may be inserted into the carotid artery during surgery. Older 
age, female sex, hypertension, occlusion of the contralateral 
carotid artery, and a history of contralateral carotid surgery 
were associated with a greater need for carotid shunt place-
ment [51]. However, experts are divided on the use of shunt 
placement because it is associated with an increased risk of 
cerebral ischemia resulting from embolization or carotid dis-
section. A recent review reported that the mean perioperative 
cerebral infarction rate for CEA was 1.4% for routine shunt-
ing and 2.0% for routine nonshunting. In addition, the mean 
perioperative cerebral infarction rates for selective shunting 
were 1.6% using electroencephalogram (EEG) monitoring, 
4.8% using transcranial Doppler (TCD), 1.6% using stump 
pressure, and 1.8% using somatosensory evoked potential 
(SEP) [52]. Shunt placement should be determined based 
on a variety of variables, including the patient risk factors, 
the policies of the surgical institution, EEG, stump pressure, 
SEP, TCD, motor evoked potential, NIRS hemoglobin oxy-
gen saturation, and other monitoring data.

CHS  Serious perioperative cerebral injuries in patients under-
going CEA include CHS, which manifests as headache, sei-
zures, and focal neurologic symptoms, among other symp-
toms. Postoperative hyperperfusion may develop when acute 
changes in regional cerebral blood flow such as ischemia or 
reperfusion are combined with dysfunction of cerebrovascu-
lar autoregulation, which underlies chronic cerebral ischemia. 
In a cohort of Japanese patients treated with CEA, the onset 
of CHS peaked on the sixth postoperative day, with an over-
all incidence rate of 1.9% [53]. In these patients, intracranial 
hemorrhage developed at a rate of 0.4%. In CHS patients with 
associated intracranial hemorrhage, the mortality rate was 
26%, and sequelae were noted in 80% of survivors.

Aortic surgery

Summary statements

•	 Aortic arch surgery is associated with a high risk of cer-
ebral hypoperfusion during reconstruction of the arch 
branches.
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•	 Brain protection techniques include deep hypothermic 
circulatory arrest (DHCA), antegrade cerebral perfusion 
(ACP), and retrograde cerebral perfusion (RCP).

•	 In ACP the surgeon inserts the inflow cannula into the 
arch branch of interest for cerebral perfusion. ACP may 
cause atheromatous plaques to be inadvertently released 
from the vessel wall during cannula manipulation. In 
addition, ACP may result in cerebral ischemia if the 
inflow cannula is malpositioned.

•	 Acute aortic dissection is associated with pathophysi-
ologic risk factors for cerebral ischemia, including ste-
nosis and occlusion of the arch branch arteries due to 
enlargement of the false lumen.

Commentary

Aortic arch surgery typically involves resecting and recon-
structing the brachiocephalic, left common carotid, and left 
subclavian arteries. These arteries supply blood to the brain 
(the subclavian arteries branch to the vertebral arteries that 
enter the brain). It is, therefore, critical to prevent cerebral 
ischemia during reconstruction of these arteries.

The major causes of cerebral ischemia are extensive 
hypoxic encephalopathy resulting from insufficient oxy-
gen supply during arch branch reconstruction (cerebral 
hypoperfusion), and embolization resulting from athero-
mas dislodged from the atherosclerotic vessel wall. Tech-
niques to protect the brain and thereby prevent intraopera-
tive cerebral ischemia include DHCA, ACP, and RCP; the 
specific method used generally depends on the patient’s 
background factors and the policies of the surgical institu-
tion. The goal of DHCA is to protect the brain tissue by 
increasing its ischemic tolerance via hypothermia. However, 
since deep hypothermia (a nasopharyngeal temperature of 
14–20 °C) allows for a cerebral ischemic time of 20–30 min 
[54, 55], DHCA alone is insufficient to ensure satisfactory 
cerebral protection during long surgeries. Therefore, ACP 
has emerged as an adjunct technique for brain protection, 
where an inflow cannula is inserted into the arch branch of 
interest. However, ACP carries a risk of releasing atheromas 
from the vessel wall during cannula manipulation. ACP may 
also cause cerebral ischemia if the cannula is malpositioned 
[56] (Fig. 1). By contrast, RCP provides brain perfusion via 
a superior vena cava cannula, i.e., in the reverse direction 
of normal blood flow. In a retrospective analysis of 1193 
patients who underwent DHCA for the treatment of aneu-
rysms involving the ascending aorta and arch, the rate of 
cerebral infarction was 1.7% with RCP and 30% without 
RCP in patients whose circulatory arrest time exceeded 
40 min [57]. These results showed that RCP extended the 
cerebral ischemic time. However, retrograde perfusion is 
not a physiologically normal method of circulation, and it 
may cause brain edema [58]. It is often recommended that 

the retrograde superior vena cava perfusion flow rate be set 
below 400 mL/min and that venous pressure be maintained 
between 15 and 25 mmHg [59].

In a Japanese retrospective analysis of brain protection in 
8169 patients with total arch replacement (excluding those 
with acute aortic dissection and ruptured aneurysms), the 
rate of postoperative cerebral infarction was comparable 
between ACP (7.0%) and RCP (8.5%) [60]. A separate anal-
ysis conducted in Japan investigated brain protection during 
ascending aortic repair surgery for Stanford Type A acute 
aortic dissection [11]. In this study, the rate of postoperative 
cerebral infarction was 11.2% for ACP and 9.7% for RCP. 
These rates increased to 18.6% and 18.2%, respectively, 
when the development of other neurologic complications 
(transient neurologic dysfunction, continuous coma > 24 h, 
and paraparesis/paraplegia) were included. These results 
showed that brain injuries occurred frequently and the rates 
were comparable between ACP and RCP.

Patients with acute aortic dissection and thoracic aneu-
rysm rupture are at extremely high risk of cerebral ischemia. 
In a 2013 annual report of thoracic and cardiovascular sur-
geries in Japan, the hospital mortality rate was 9.1% for 
Stanford Type A acute aortic dissection and 22.2% for 
ruptured aneurysms [61]. These high rates may be attribut-
able to the following: (1) stenosis or occlusion of the arch 
branch by the thrombosed false lumen, and (2) cardiac tam-
ponade, myocardial ischemia, or heavy bleeding causing 
circulatory failure and subsequent cerebral ischemia [62] 
(Fig. 2). Notably, patients with acute aortic dissection can 
present with preoperative neurologic symptoms because of 
cerebral hypoperfusion. In a small study of 53 patients with 

Fig. 1   Catheter malposition was detected in 4 (11.4%) of 35 consecu-
tive patients with aortic arch aneurysm undergoing total arch replace-
ment (n = 13) or transaortic stent graft implantation (n = 22) [56]. 
Catheter malposition can prevent blood flow to the right common 
carotid artery (arranged form the figure in the article [56])
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new-onset neurologic deficits who received surgical repair 
for Stanford Type A acute aortic dissection, 45% of patients 
had persistent neurologic symptoms [63].

Cardiac surgery

Summary statements

•	 In cardiac surgery with cardiopulmonary bypass, the risk 
factors for cerebral ischemia include catheter insertion, 
cross-clamping and unclamping of the aorta, and other 
mechanical operations that may cause aortic dissection 
or embolus formation.

•	 In patients with cerebral hypoperfusion resulting from 
hypotension or decreased cardiac output, embolism may 
cause serious cerebral injury.

Commentary

Cardiac surgery with cardiopulmonary bypass involves inser-
tion of an inflow catheter, cross-clamping and unclamping 
of the aorta, and other mechanical manipulations that may 
cause cerebral ischemia. Improper catheter placement may 
result in aortic dissection. In an international registry-based 
study, the incidence rate of this iatrogenic complication was 
0.23%, although the postoperative mortality rate was as high 
as 43% in patients with this complication [64]. Cardiopulmo-
nary bypass operations, cross-clamping and unclamping of 
the aorta, and other mechanical maneuvers may result in the 
formation of emboli, including air, atherosclerotic plaques, 
fat, and platelet aggregates, which cause embolism as they 
enter into the cerebral circulation [65, 66]. Reduced perfu-
sion due to intraoperative hypotension or decreased cardiac 
output restricts the ability of the bloodstream to clear emboli 
and microemboli from the watershed area that is susceptible 
to ischemia [67, 68]. This restriction probably plays a key 
role in the pathogenesis of cerebral ischemia. During car-
diopulmonary bypass, the mean arterial pressure is typically 
maintained at 50–70 mmHg because physiologic blood flow 
to the brain is normally 50 mmHg or higher. In a study of 248 
patients undergoing CABG with cardiopulmonary bypass, 
patients were randomized to a low mean arterial pressure of 
50–60 mmHg (n = 124) or a high mean arterial pressure of 
80–100 mmHg (n = 124) [69]. At 6 months after coronary 
bypass for the low and high pressure groups, the total mor-
tality rate was 4.0% and 1.6%, respectively, and the stroke 
rate was 7.2% and 2.4%, respectively. Higher mean arterial 
pressure resulted in better outcomes. However, higher perfu-
sion pressure during cardiopulmonary bypass was associated 
with a greater number of emboli [70], and increased the risk 
of diffuse capillary leakage and edema formation [71]. Older 
patients and those with hypertension, diabetes mellitus, or 
other high-risk factors were found to exhibit considerable 
variation in the lower cerebral blood flow autoregulatory 
threshold [72], thus preventing definitive determination of the 
optimal perfusion pressure during cardiopulmonary bypass.

Cerebral injury in pediatric cardiac surgery

Congenital cardiovascular disease and brain 
dysfunction resulting from genetic abnormalities

Summary statements

•	 Pediatric patients undergoing cardiac surgery include 
children with developmental brain problems resulting 
from genetic abnormalities (organic mental and func-
tional disorders).

Fig. 2   Mechanisms of cerebral malperfusion in patients with Stanford 
Type A acute aortic dissection. Progressive enlargement of the false 
lumen ultimately occludes the brachiocephalic artery, blocking blood 
flow into the R-CCA and R-SCA (R-VA). In addition, cardiac tam-
ponade or myocardial ischemia reduces cardiac output, thereby exac-
erbating right hemisphere ischemia [62]. (arranged form the figure in 
the article [62]). PCA posterior cerebral artery, MCA middle cerebral 
artery, CCA​ common carotid artery, SCA subclavian artery, VA verte-
bral artery
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•	 Corpus callosum hypoplasia, Dandy–Walker syndrome, 
aqueductal stenosis, and 22q11.2 deletion syndrome 
involve organic damage, whereas trisomy 21 and trisomy 
18 are associated with functional disorders (mental retar-
dation) that are not necessarily organic in nature.

•	 It is not well examined whether cardiac surgery aggra-
vates the developmental disabilities of children with con-
genital brain defects.

Commentary

A proportion of pediatric patients undergoing cardiac sur-
gery have congenital brain damage (organic or functional) 
resulting from genetic abnormalities. Corpus callosum 
hypoplasia, Dandy–Walker syndrome (a congenital brain 
malformation characterized by the presence of a posterior 
fossa midline cyst that communicates with the fourth ven-
tricle, and agenesis or hypoplasia of the cerebellar vermis), 
aqueductal stenosis [73], and 22q11.2 deletion syndrome 
(characterized by deletion of the 11.2 region of the long 
arm [q] of chromosome 22, including DiGeorge syndrome) 
involve organic impairments. These disorders occur in 
5–10% of pediatric patients with cardiac diseases [74]. In 
particular, patients with 22q11.2 deletion syndrome often 
exhibit a variety of brain malformations (cerebral cortical 
hypoplasia, cyst-like white matter lesions, underdevelop-
ment of the frontal operculum, and meningomyelocele) 
and cardiac diseases (tetralogy of Fallot, ventricular septal 
defect, interrupted aortic arch, and truncus arteriosus). In 
addition, 40% of trisomy 21 patients with functional brain 
injury (mental retardation) have a ventricular septal defect, 
common atrioventricular valve, or other malformations of 
the heart. Similarly, patients with trisomy 18 often present 
with a ventricular septal defect, atrial septal defect, patent 
ductus arteriosus, and other forms of simple left-to-right 
shunt lesions, as well as aortic stenosis, double-outlet right 
ventricle, and other complex cardiac disorders. Patients 
with genetic abnormalities often have developmental dis-
orders irrespective of their cardiac surgery history. When 
brain function is not evaluated preoperatively, it is difficult 
to differentiate between congenital and surgically induced 
brain injury. It is not well examined whether cardiac surgery 
aggravates the developmental disabilities of children with 
congenital brain defects.

Brain injury in patients with congenital 
cardiovascular disease

Summary statements

•	 Neonates without genetic abnormalities may have imma-
ture brains due to preterm births or brain damage result-

ing from postpartum hypoxemia, low cardiac output, or 
hypotension.

•	 In patients with congenital heart diseases, hypoplastic 
left heart syndrome, aortic coarctation, and transposition 
of the great arteries are common underlying causes of 
brain injury.

•	 No consensus has emerged regarding whether preopera-
tive brain abnormalities are associated with new-onset 
injuries noted after cardiovascular surgery.

Commentary

Regardless of whether or not they harbor genetic abnormali-
ties, neonates who require surgical treatment for their cardio-
vascular problems are susceptible to brain injuries under two 
scenarios. First, many babies with cardiac failure are deliv-
ered preterm (usually before 35 weeks of gestation). In such 
cases, they are born with immature brains. Another scenario 
is that their cardiovascular diseases result in hypoxemia, low 
cardiac output, or hypotension, and these conditions increase 
the risk of brain injuries.

In a study of 67 neonatal patients who underwent car-
diac surgery with cardiopulmonary bypass, brain magnetic 
resonance imaging (MRI) was performed pre- and postop-
eratively (up to 6 months). The developmental maturity of 
their brains was evaluated in terms of myelination, cortical 
infolding, involution of the geminal matrix, and the pres-
ence of bands of migrating glial cells. The results of MRI 
scans were used to classify abnormalities into nine cate-
gories: white matter injury, infarction or ischemic stroke, 
intraparenchymal hemorrhage or hemorrhagic stroke, 
punctate lesions, elevated lactate, subdural hemorrhage, 
dural sinovenous thrombosis, intraventricular hemorrhage, 
and congenital malformations. Postoperative brain abnor-
malities, particularly white matter injury, were strongly 
associated with preoperative brain immaturity. Twenty-
four (36%) of the 67 patients had new postoperative white 
matter injury, infarction, or hemorrhage, indicating poor 
neurologic outcomes [75]. Preterm infants commonly have 
a thick subependymal germinal layer that surrounds the 
lateral ventricles. The germinal matrix is susceptible to 
bleeding (subependymal hemorrhage) caused by changes 
in hemodynamics. The blood in the subependymal layer 
often extends into the lateral ventricles and causes an intra-
ventricular hemorrhage [76].

Among 50 neonates who had major congenital heart 
disease in the absence of other congenital or chromosomal 
aberrations (gestational age > 35 weeks), 42% showed 
cerebral abnormalities on preoperative cranial ultrasound 
[77]. Brain injury is commonly seen (frequency 30%) in 
patients with hypoplastic left heart syndrome. In addition, 
brain injury is often noted in cases of aortic coarctation. 
In such cases, postpartum brain injury may occur because 
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of cerebral hypoxia or hypoperfusion resulting from (1) 
decreased cardiac function, (2) increased central venous 
pressure due to intracardiac shunting, or (3) cyanosis. In the 
absence of antenatal evidence of congenital heart defects, 
which would indicate a high likelihood of postnatal hypoxia 
or hypoperfusion, brain injury may worsen after delivery 
because of delayed delivery of oxygen and other supportive 
measures. Apgar scores measured at birth can provide useful 
prognostic data on neurologic outcomes [78].

In healthy neonates, the watershed area that is susceptible 
to hypoperfusion is the parasagittal cerebral cortex, whereas 
in preterm babies it is the periventricular white matter. In a 
study of 24 neonates with congenital heart disease (includ-
ing eight with hypoplastic left heart syndrome), preoperative 
MRI examinations showed periventricular leukomalacia in 
four patients (16%) and infarct in two (8%). Early postopera-
tive MRI (n = 21) identified periventricular leukomalacia in 
48%, new infarct in 19%, and new parenchymal hemorrhage 
in 33%. Altogether, new lesions or worsening of preopera-
tive lesions occurred in 67% of subjects [79]. In another 
study of 62 neonates with congenital heart disease, white 
matter injury was noted preoperatively in 11 subjects (18%), 
with the rate rising to 26% postoperatively [80]. In addition, 
infarcts were observed in the middle cerebral artery territory. 
In a study of 22 subjects who underwent the Norwood pro-
cedure for the treatment of hypoplastic left heart syndrome 
[81], five (23%) showed abnormal MRI findings preopera-
tively (multifocal periventricular leukomalacia, focal infarc-
tions in the right frontal lobe, and hemorrhage). Postopera-
tively, 73% of the subjects showed new MRI abnormalities 
(periventricular leukomalacia, focal ischemia, and hemor-
rhagic infarction). Subjects with transposition of the great 
arteries also reported a high incidence of postoperative brain 
injury, including cortical lamilar necrosis, periventricular 
and other white matter injury, and injuries to the cerebellum 
and basal nuclei. Preoperative brain injury was significantly 
associated with balloon atrial septostomy [81], a procedure 
that aims to enhance atrial mixing and improve pulmonary 
blood flow by enlarging the interatrial communication. This 
procedure is most often performed on patients with serious 
preexisting cerebral hypoxia.

While some data indicate a significant correlation 
between preoperative brain injuries and new postoperative 
abnormalities [82], other results are inconclusive [83].

Brain injury and its risk factors in pediatric patients 
undergoing cardiovascular surgery

Summary statements

•	 Brain injury occurs at a rate of 2–25% in pediatric 
patients receiving cardiac surgery.

•	 A DHCA time longer than 40  min places pediatric 
patients at increased risk of brain injury.

•	 The adjunctive use of regional low-flow cerebral perfu-
sion or pH-stat helps reduce the risk of brain injury.

•	 Hypotension, low cardiac output, and hypoxia during 
the postoperative period are important risk factors for 
cerebral injury.

Commentary

Symptomatic brain injuries develop at a rate of 2–25% in 
infants who undergo cardiac surgery [73]. To achieve a 
bloodless operative field, DHCA is frequently adopted in 
surgery for infants with complex cardiac anomalies. How-
ever, a DHCA time extending beyond 40 min increases the 
risk of periventricular leukomalacia and stroke. To lower 
this risk, regional low-flow cerebral perfusion has been 
devised, in which unilateral perfusion is delivered via the 
brachiocephalic artery. This technique is associated with a 
lower incidence of neurologic complications than DHCA 
[82]. The pH-stat method is commonly employed in pediat-
ric cardiopulmonary bypass surgery. This technique reduces 
the incidence of brain injury through cerebral vasodilation 
and resulting homogenous cooling [83]. During cardio-
pulmonary bypass, a larger amount of circulatory blood is 
exposed to the synthetic surface of the bypass circuit in 
infants than adults. This may give rise to an inflammatory 
response and reactive oxygen species, placing the neonatal 
brain at a greater risk of injury.

Pre- and postoperative circulatory insufficiency (hypo-
tension and low cardiac output) and hypoxemia are known 
causes of white matter injury in pediatric patients [80].

The basics of NIRS oxygenation monitoring

Principles of measurement

Summary statements

•	 The NIRS oxygenation monitoring system utilizes the 
high tissue permeability of near-infrared light.

•	 Near-infrared light that enters body tissues is absorbed 
by oxygenated and deoxygenated hemoglobin mol-
ecules, which have different absorption spectra for 
near-infrared light. The spectral difference is used to 
determine the tissue oxygen saturation.

•	 The modified Beer–Lambert (MBL) law, spatially 
resolved spectroscopy (SRS), and time-resolved spec-
troscopy (TRS) are key NIRS concepts used to measure 
the degree of oxygenation.
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Commentary

The absorption spectra of hemoglobin and available 
measurement systems

The NIRS oxygenation monitoring system is based on the 
high tissue permeability of near-infrared light. This light has 
a wavelength ranging from 700 to 1000 nm, and its bioper-
meability is greater than that of visible light (wavelength 
approximately 350–700 nm). Oxygenated and deoxygen-
ated hemoglobin molecules absorb near-infrared light that 
enters body tissues. Because these molecules have different 
absorption spectra for near-infrared light, the spectral differ-
ence can be used to determine the degree of tissue oxygen 
saturation.

Unlike pulse oximetry, which focuses on the pulsatile 
arterial component, the NIRS oxygenation monitoring 
system detects both arterial and venous blood hemoglobin 
oxygenation.

Table 3 lists the latest major NIRS oxygenation monitor-
ing systems that are available on the market.

Theory and methods of measurement

Beer–Lambert law  The NIRS measurement of cerebral tis-
sue oxygen saturation is based on the Beer–Lambert law. In 
the simplest case, the relationship between the optical den-
sity at the wavelength of λ [OD (λ)] on the one hand, and the 
incident intensity [I0] and the light intensity after it passes 
through the sample [I] on the other, are calculated by the 
following equation:

where ε (λ) is the molar extinction coefficient, c is the ana-
lyte concentration, and d is the path length.

This equation shows that the hemoglobin concentration 
c can be determined if the value of the variable d is known. 
Because biological tissue samples scatter light, the MBL 
equation is applied, as follows:

where B is the differential path length factor and OD (λ)R 
represents the amount of light lost by scattering. In most 
cases, the value of d × B is defined as being equal to the 
mean path length.

Emitter–detector distance, elimination of  interference 
by scalp blood flow, and path length  The distance between 
the emitter and detector of the NIRS oxygenation monitor is 
typically set in the range of 30–50 mm. The emitter–detec-
tor distance should preferably be set at 40  mm in adults 
based on the results of experiments using isocyanine green 

OD(�) = log
(

I0∕I
)

= �(�) × c × d

OD(�) = log
(

I0∕I
)

= �(�) × c × d × B + OD(�)R

(ICG) dye (peak absorption at 803 nm). After injecting the 
ICG dye into the internal or external carotid artery, the dif-
ference in the emitter–detector distance on NIRS measure-
ment is evaluated. When the dye is injected into the external 
carotid artery, NIRS measurements show no meaningful dif-
ference for an emitter–detector distance range of 10–40 mm. 
This indicates that NIRS measurements are independent of 
the tested emitter–detector distance range with regard to 
the blood flow of the external carotid artery. On the other 
hand, when the dye is injected into the internal carotid 
artery, NIRS measurements increase with increasing emit-
ter–detector distances and reach a plateau at a distance of 
40 mm. This means that cerebral blood flow has a signifi-
cant impact on NIRS measurements up to emitter–detector 
distances of 40 mm [84].

As the near-infrared light produced by the NIRS oxy-
genation monitor passes through the scalp and other super-
ficial tissues, its effect on the blood flow in these tissues is 
detected by the NIRS system. To eliminate the confounding 
effect of superficial blood flow, a variety of strategies have 
been devised. The INVOS™ 5100C system (Covidien) and 
O3™ Regional Oximetry system (Masimo) are equipped 
with two detectors, placed at 30 mm and 40 mm from the 
emitter, respectively. Regional cerebral oxygen saturation 
(rSO2) is determined by subtracting the data obtained by 
the detector at 30 mm from the data obtained at 40 mm. In 
the TOS-OR system (Fujita Medical Instruments), light that 
is detected earlier is filtered out and only that which arrives 
later is used. The SenSmart™ X-100 device (Terumo) has 
two emitter–detector pairs to cancel out the influence of the 
superficial blood flow.

When the emitter–detector distance is set at 40 mm, 
this does not necessarily mean that the path length is also 
40 mm. For example, when the near-infrared light that enters 
the brain is detected after 1.1 nanosecond by the detector 
located 40 mm from the emitter, the path length is calculated 
to be 24 cm [85].

NIRS oxygenation monitoring using the  MBL algo-
rithm  Most commercially available NIRS oxygenation 
monitoring systems employ MBL algorithms for rSO2 
measurements. The NIRO®-200NX system (Hamamatsu 
Photonics) features a proprietary MBL algorithm to deter-
mine oxygenated, deoxygenated, and total hemoglobin con-
centrations from measurements of three near-infrared lights 
of different wavelengths. The FORE-SIGHT ELITE™ sys-
tem (CAS Medical System) is equipped with a sophisticated 
MBL algorithm and utilizes five different wavelengths of 
near-infrared light to cancel out the impact of path length 
differences. The FORE-SIGHT ELITE™ system provides 
rSO2 measurements with a very high level of accuracy and 
precision (see Table 3).
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SRS  While the photons from the incident light travel through 
the sample, they are scattered, reflected, and attenuated until 
they exit the sample at different locations (Fig. 3). In SRS, 
the reflected photons are measured at different distances 
from the light source. Measurements of the beam attenua-
tion at multiple locations can provide estimates of oxygen-
ated and deoxygenated hemoglobin concentrations without 
taking path lengths into consideration, as shown in the fol-
lowing formula [86]:

The NIRO®-200NX instrument uses the SRS approach 
and provides the tissue oxygenation index (TOI) in addition 
to MBL.

Additional measurement approach  Another measurement 
method used in NIRS is TRS. Short pulsed beams (duration 
on the order of 10− 10 s, or 100 ps) are emitted from the light 
source, and the measured time difference between emission 
and detection can help determine the precise path length of 
the beam because the velocity of light is constant. The TRS-
20 [85] and tNIRS-1 instruments (Hamamatsu Photonics) 
employ this approach. Because TRS yields a precise path 
length estimate, the resulting tissue oxygen saturation meas-
urements are close to the actual values.

Tips for successful measurements

Summary statements

•	 Disposable probes (or sensors, integrated with a near-
infrared light source and photodetector) should not be 
used more than once.

•	 Entrance of ambient light into the emitter–tissue–detector 
pathway should be prevented to increase measurement 
accuracy.

k × c =
1

3�(�)
× a

(

In10 ×
�OD(�)

��
−

2

�

)2

•	 Probes should not be fixed firmly to the body by means 
of tape, a headband, or bandage.

•	 NIRS oxygenation monitoring should be started before 
oxygen delivery in anesthesia, and the data obtained 
should be treated as the baseline reference value.

•	 NIRS oxygenation monitoring may be stopped at the 
end of surgery. However, 60% of cerebral injuries occur 
postoperatively in adult patients undergoing cardiac 
surgery. In addition, a possible association between the 
postoperative oxygen saturation level and the develop-
ment of new brain injuries and surgical complications 
has been indicated in pediatric cardiac surgery. Thus, 
postoperative NIRS oxygenation monitoring should be 
considered.

Commentary

Most marketed NIRS oxygenation monitoring systems 
employ disposable probes, with the exception of the TOS-
OR system. Disposable probes should be used only once. 
Long-term or frequent use of disposable probes leads to 
inaccurate measurements due to insufficient probe adhesion 
or light emitting diode (LED) deterioration. In addition, 
because NIRS measurements are influenced by fluorescent 
lamp light or other ambient lights, the operator should take 
appropriate measures to protect the probes from ambient 
lights after they have been placed for measurement.

NIRS oxygenation monitoring is essentially noninvasive 
and harmless, although it may occasionally cause tempo-
rary reddening at the site of the application. It is, therefore, 
recommended not to fix the sensors firmly to the body by 
means of tape, a headband, or bandage. In addition, sensors 
should not be placed on unhealed or edematous skin lesions.

NIRS oxygenation monitoring should be started before 
the initiation of oxygen delivery in anesthesia, and the data 
obtained before oxygen administration should be handled as 
the baseline reference level. NIRS oxygenation monitoring 
may be stopped at the end of the surgery. However, 60% of 
adult patients undergoing cardiac surgery experience cer-
ebral injuries postoperatively [6]. In addition, a possible 
association between postoperative rSO2 on the one hand and 
newly acquired brain injuries and surgical complications on 
the other has been indicated in pediatric cardiac surgery [81, 
87]. These findings suggest that postoperative NIRS oxy-
genation monitoring will increase the possibility of detecting 
and preventing cerebral injury. No probe-induced injury has 
been reported with 3-week continuous use of the TOS-OR 
system. However, new-onset skin lesions were reported with 
26-h use of another oximetry instrument [88]. The surgeon 
should carefully monitor the patient for possible adverse 
changes during extended use of NIRS oxygenation moni-
toring devices.

Fig. 3   A schematic illustrating the principles of spatial resolved spec-
troscopy (SRS) measurement (arranged from the figure in [86])
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Generally, NIRS oxygenation monitoring probes should 
be placed on the subject’s forehead. Probes should not be 
attached over nevi, the paranasal cavities, the superior sag-
ittal sinus, any epidural hematoma, or malformed vessels, 
because the resulting measurements may be suboptimal.

Up to four emitter–detector probes can be used with the 
INVOS™ 5100C and NIRO®-200NX systems, as well as 
with the FORE-SIGHT ELITE™ system (optional device is 
required). The application of a second probe to the occipital 
region may possibly expand the region of oxygen saturation 
measurement. However, attention should be paid when inter-
preting the results obtained from a second probe on occipital 
region, because the measurements are influenced by scalp 
hair and the difference in thickness between the frontal and 
occipital bones. In addition, the probe location in the fore-
head influences rSO2 measurements. The mean (± standard 
deviation) rSO2 values obtained from two probes located 
with their medial aspects at the midline of the forehead (left 
61% [± 11%], right 61% [± 10%]) were greater than the 
mean values obtained from two probes with their medial 
aspects placed 1 cm lateral to the midline (left 59% [± 10%], 
right 58% [± 11%]). When the probe was located over the 
forehead midline, the mean (± standard deviation) value was 
64% (± 12%) [89]. In addition, the mean rSO2 value was 
significantly lower at the upper than lower forehead during 
cardiac surgery (60% versus 66%, respectively) [90]. The 
location of the probe influences measurements because of 
differences in the cranial and subcranial structures and the 
hemodynamics underneath.

Practical considerations in data interpretation

Summary statements

•	 Because different NIRS oxygenation monitoring devices 
employ different algorithms, measurement results may 
vary from one device to another, and factors influencing 
the measurements must be weighed differently.

•	 The results of NIRS oxygenation monitoring are strongly 
influenced by anemia, cranial bone thickness, the cer-
ebrospinal fluid layer, extracranial blood flow, and the 
subject’s body position.

Commentary

Several points should be considered when interpreting NIRS 
oxygenation monitoring data. Because this technique pro-
vides local cerebral oxygen saturation data, many healthcare 
professionals tend to assume that its measurement accuracy 
is as high as that of pulse oximetry, which provides data 
on arterial oxygen saturation. However, it should be noted 
that the two systems are completely different in measure-
ment accuracy and precision. Pulse oximetry data are highly 

reliable, and a value below 90% suggests an imminent risk of 
hypoxemia. On the other hand, NIRS oxygenation monitoring 
data are of moderate reliability, and a decrease of 20–30% 
from the reference level suggests a possible risk of ischemia.

A key point to consider in this context is that measure-
ments in NIRS oxygen monitoring may deviate considerably 
from the true value because of differences in measurement 
methodology and conditions, as well as individual ana-
tomical characteristics. Some of the major factors will be 
discussed in detail below. Healthcare professionals should 
have a good understanding of the factors that influence NIRS 
oxygenation measurements so that they interpret the data 
correctly.

Differences in measurement algorithms

At present, several NIRS systems measure rSO2 values, but 
they use different MBL algorithms. In addition, the number 
of wavelengths used for measurements varies from two to 
five depending on the model. These differences indicate that 
oxygen saturation measurement results may vary from one 
device to another.

Mean path length

The MBL algorithm for rSO2 measurement involves the 
determination of the mean path length (Fig. 4). As shown 
in the above equation for the determination of the oxy and 
deoxy hemoglobin concentration (“Beer–Lambert Law”), 
the mean path length, which refers to the distance the photon 
travels from the emitter to the detector, influences the rSO2 
estimation. Although the mean path length varies depend-
ing on the actual measurement conditions, it is included as 
a constant in the equation. A change in the mean path length 
may result in rSO2 over- or underestimation. For this reason, 
it is important to know whether the mean path length is 

Fig. 4   A schematic illustrating the near-infrared light path length 
from the emitter to the detector (arragened from the figure in [99])
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included in the calculation algorithm of the NIRS oxygena-
tion monitoring device in use. Major factors that can affect 
the mean path length include the following:

Anemia  Anemia is characterized by low hemoglobin lev-
els, and the NIRS beams emitted to measure rSO2 are spe-
cifically absorbed by hemoglobin molecules. Therefore, a 
reduction in the hemoglobin level results in elongation of 
the mean path length because it causes less photon energy 
loss, thereby allowing photons to travel a longer distance. 
In a study of nine patients undergoing cardiac surgery, the 
mean path length was elongated 1.3-fold due to decreased 
hemoglobin concentrations [91]. On the other hand, in the 
formula of modified Beer Lambert law, optical path length 
is constant value, but changed during CPB. Therefore, the 
change of rSO2 values are overestimated 1.3 times as much 
as the real change of rSO2.

Cranial Bone Thickness and Cerebrospinal Fluid Layer  Cra-
nial bone thickness varies between individuals. In NIRS the 
path length of the photon tends to be longer with a greater 
bone thickness. The volume of the cerebrospinal fluid layer 
is determined by the size of the space between the brain 
parenchyma and the cranial bone, as shown on the head CT 
scan in Fig. 5. A larger cerebrospinal fluid volume is associ-
ated with a smaller number of photons reaching the brain 
parenchyma and, therefore, an underestimation of rSO2 [92].

It is important to understand that rSO2 measurements of 
MBL-based NIRS oxygenation monitoring devices depend 
on the factors that influence the mean path length.

Extracranial blood flow

NIRS sensors are typically attached to the forehead for rSO2 
measurement, and rSO2 values are impacted by the scalp 

blood flow beneath the sensor. In a study using three NIRS 
oxygenation monitoring devices (FORE-SIGH, INVOS 
5100C-PB, and EQUANOX Classic 7600), Davie and Gro-
cott reported that scalp tissue hypoxia and ischemia resulted 
in decreases in rSO2 values of 6–15% from baseline [93]. 
Further, rSO2 values are decreased during infusion of phe-
nylephrine or other vasoconstrictors, but not during infu-
sion of ephedrine or other β1 receptor agonists. Given that 
cerebral blood flow remains almost unaffected following 
administration of a vasoconstrictor, phenylephrine-induced 
decreases in rSO2 reflect extracranial vasoconstriction [94].

Subject’s body position

In a NIRS study of healthy volunteers, rSO2 values meas-
ured on the forehead were lower when the subject was in 
the upright position than in the supine (Tredelenburg) posi-
tion [95]. In a study of patients who underwent shoulder 
surgery, those in the beach chair position had a lower rSO2 
value than those in the supine position [96]. Several studies 
on gynecological laparoscopic surgery and robot-assisted 
prostatectomy reported contradictory findings on the impact 
of the steep Trendelenburg position on rSO2 values, with 
some reporting an increase and others reporting a decrease 
[97–100]. Despite the reports of decreased rSO2 associated 
with the patient’s surgical position, it is unknown whether 
such decreases are a direct cause of postoperative brain 
injury. In the cardiovascular field, the Trendelenburg posi-
tion is commonly used during off-pump CABG surgery. 
However, the impact of this position on rSO2 measurement 
during CABG surgery has not been fully investigated.

The sections in this chapter have discussed the major fac-
tors that influence NIRS-based rSO2 measurements. Individ-
ual NIRS oxygenation monitoring devices use proprietary 
calculation algorithms with different evaluation schemes. 
The surgeon and anesthesiologist should be aware of the 
advantages and disadvantages of the NIRS oxygenation 
monitoring devices they use.

Use of and interventions based on NIRS 
oxygenation monitoring in adult 
cardiovascular surgery

CEA

Use of NIRS oxygenation monitoring

Summary statements

•	 The utility of NIRS oxygenation monitoring in CEA has 
been established.Fig. 5   Impact of skull thickness and the cerebrospinal fluid layer on 

NIRS oxygenation monitoring measurements (arranged from the fig-
ure in [91])
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•	 The majority of studies of NIRS oxygenation monitoring 
in CEA relate to the evaluation of hypoperfusion. This 
technique is also useful for the clinical assessment of the 
risk of CHS.

•	 To determine the alarm threshold for hypoperfusion dur-
ing CEA, the relation between intraoperative NIRS val-
ues and the onset of neurologic complications has been 
assessed in patients with local anesthesia. In patients 
undergoing general anesthesia, SEP, EEG, or TCD crite-
ria for intervention are defined before the study, and their 
association with intraoperative NIRS values is evaluated.

•	 The onset of CHS is evaluated based on the emergence of 
postoperative symptoms and changes in TCD and SPECT 
blood flow. Intraoperative NIRS oxygen saturation values 
are retrospectively analyzed for correlation with TCD or 
SPECT data in patients who develop CHS.

Commentary

NIRS oxygenation monitoring is performed in CEA patients 
to detect the risk of cerebral hypoperfusion during carotid 
cross-clamping or the risk of postoperative CHS [101]. 
While most studies of NIRS oxygenation monitoring in CEA 
relate to the intraoperative evaluation of hypoperfusion risk, 
it is also useful for monitoring the CHS risk. The alarm 
threshold in patients with local anesthesia may be appro-
priately determined based on the NIRS oxygen saturation 
values obtained when neurologic symptoms develop dur-
ing surgery. The alarm threshold in patients with general 
anesthesia is frequently determined by comparing the low-
est NIRS values during carotid cross-clamping in patients 
with and without neurologic complications postoperatively. 
In addition, these patient groups are compared in terms of 
the relation between NIRS data on the one hand and intra-
operative SEP and EEG changes, TCD abnormalities, and 
stump pressure decreases on the other. The diagnosis of CHS 
is based on the appearance of postoperative symptoms and 
changes in TCD and SPECT blood flow, and intraoperative 
NIRS values are retrospectively analyzed regarding potential 
associations with TCD and SPECT data at the onset of CHS.

Alarm threshold and clinical interventions

Summary statements

•	 In CEA, a 20% or greater relative drop in rSO2 from 
baseline or a decrease to ≤ 50% of the value measured 
during carotid cross-clamping indicates that shunt inser-
tion or other appropriate measures should be considered.

•	 In patients undergoing CEA, an association has been 
reported between CHS development and at least a 5–10% 
absolute postoperative increase from baseline rSO2 val-
ues.

•	 Early detection of the CHS risk based on NIRS oxygena-
tion monitoring will facilitate appropriate postoperative 
blood pressure management and other interventions to 
prevent CHS.

Commentary

Table 4 summarizes the major publications that evaluated 
the association between NIRS oxygen saturation data and 
the onset of intraoperative hypoperfusion or postoperative 
CHS in patients with CEA [102–112].

The lowest intraoperative NIRS values from the side 
being operated on can be a reliable predictor of immi-
nent hypoperfusion risk. For this purpose, the association 
between NIRS data and decreases in TCD middle artery 
flow, changes in EEG or SEP, or the onset of postoperative 
neurologic complications is evaluated in patients undergo-
ing local anesthesia. In Table 4, data on rSO2 values were 
obtained using the INVOS™ system in all studies except 
two (OM-220, Shimadzu Corp., Kyoto, Japan and NIRO® 
500, Hamamatsu Photonics K.K., Shizuoka, Japan) [106, 
109]. In one study, a decrease in oxygenated hemoglobin 
concentration was also reported as an indicator for hypop-
erfusion risk [106].

Moritz et al. showed that a 20% relative rSO2 decrease 
from baseline maximized both the sensitivity (83%) and 
specificity (83%) for the risk of hypoperfusion under local 
anesthesia [110]. The absolute rSO2 value that maximized 
both sensitivity and specificity was 59%. Samra et al. also 
reported that a 20% reduction in rSO2 from baseline was an 
excellent cutoff threshold for the risk of subsequent com-
plications [107]. In studies that evaluated the association 
between rSO2 values and the onset of postoperative neu-
rologic complications, absolute values of 54–56% [103], 
an 11.7–18% absolute decrease from baseline [103, 108], 
and a 20% relative decrease from baseline [108] have been 
documented as warning thresholds. In studies that assessed 
the relationship between rSO2 and other monitoring data, 
decreased SEP amplitude, loss of SEP signals, EEG asym-
metry, decreased TCD middle artery flow (a 50–80% rela-
tive decrease from baseline), and decreased stump pressure 
(< 40 mmHg) were considered to indicate a risk of hypop-
erfusion. Specifically, rSO2 values of 50–56% [105, 106], 
a 5–25% absolute decrease from baseline [109, 111], and 
a 10–15% relative decrease from baseline [105, 106] have 
been reported as warning thresholds. In light of the above 
studies, an absolute rSO2 value of 50% and a 20% relative 
decrease from baseline are plausible warning thresholds for 
the risk of hypoperfusion in CEA surgeries.

Shunt placement is probably the most effective inter-
vention to prevent hypoperfusion, although the ben-
efit of increased oxygen ventilation and the administra-
tion of ephedrine to elevate blood pressure has also been 
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documented in the literature. Figure 6 shows a flow chart 
that the JSCVA proposes for hemodynamic management in 
CEA surgery, with a minor modification of the algorithm 
developed by Zogogiannis and colleagues [113]. In essence, 
the surgeon should immediately consider inserting a shunt if 
patients with a mean arterial pressure of 60 mmHg or above 
experience a 20% relative decrease of rSO2 from baseline 
or an absolute rSO2 value equal to or below 50%. When 
the mean arterial pressure is below 50 mmHg, the surgeon 
should increase it to above 60 mmHg, and if the aforemen-
tioned rSO2 criteria are still applicable 3 min after the blood 
pressure elevation, shunt insertion should be considered.

NIRS oxygenation monitoring is useful for the early 
detection of CHS risk. In a report by the Japanese Society 
for Treatments at Neck in Cerebrovascular Disease, CHS 
occurred in 30 of 1596 patients treated with CEA (1.9%), 

with a peak on postoperative days 3–6 [53]. The diagnosis 
of CHS is based on postoperative symptoms, increased TCD 
flow velocity (a twofold increase is a common criterion), and 
SPECT findings. In most studies, the relationship between 
intraoperative NIRS data after unclamping and the onset 
of CHS has been retrospectively evaluated. No studies to 
date have assessed the NIRS data obtained at the time of 
CHS onset, because patients who undergo CEA are gener-
ally weaned off of NIRS oxygenation monitoring by post-
operative days 3–6, when CHS is most likely to develop. 
It is neither practical nor beneficial to continue NIRS oxy-
genation monitoring for several days after surgery. However, 
the surgeon may consider maintaining NIRS oxygenation 
monitoring until the patient leaves the intensive care unit.

An absolute increase of 5–10% in the rSO2 value 
after unclamping was associated with an elevated risk of 

Fig. 6   Potentially critical 
events and interventions during 
CEA surgery (arranged from 
the figure in [130]). BP blood 
pressure, MAP mean arterial 
pressure, CVP central venous 
pressure, SaO2 arterial oxygen 
saturation, PaCO2 arterial par-
tial pressure of carbon dioxide, 
Hb hemoglobin, CMRO2 cer-
ebral metabolic rate of oxygen
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postoperative CHS in patients who underwent CEA under 
local anesthesia [111]. In a study of 151 patients who under-
went CEA under general anesthesia, CHS developed in 7 
patients (4.6%) [112]. Whereas the non-CHS patient group 
showed little change in rSO2, the CHS patient group exhib-
ited a mean 7% absolute increase from baseline 1 h after 
the surgery.

These findings suggest the need for stringent pharmaco-
logical blood pressure control to prevent cerebral hemor-
rhage, a potentially fatal complication of CHS, in patients 
with an absolute rise of 5–10% on postoperative rSO2 
readings. The primary goal in managing CEA patients is 
to maintain blood pressure within the normal range. If the 
patient becomes symptomatic, the surgeon should intensify 
the hypotensive therapy and contemplate the use of propo-
fol or other sedatives to suppress the cerebral metabolism. 
A group of surgeons demonstrated that the administration 
of edaravone immediately before unclamping attenuated 
cerebral hyperperfusion in patients undergoing CEA [114]. 
Data from NIRS oxygenation monitoring may help identify 
patients at high risk of CHS and those who are candidates 
for pharmacotherapy.

Aortic surgery

Use of NIRS oxygenation monitoring

Summary statements

•	 Aortic surgery is associated with a higher incidence of 
serious cerebral infarction than most other surgical pro-
cedures.

•	 NIRS oxygenation monitoring can be a useful tool for 
detecting cerebral perfusion abnormalities in patients 
undergoing aortic surgery.

•	 NIRS oxygenation monitoring is effective for detecting 
unilateral perfusion abnormalities during aortic surgery.

Commentary

Compared with most other surgeries, aortic surgery has a 
higher incidence of postoperative stroke (4.7–11.2%), and 
the cases are frequently serious [10]. When the procedure 
involves aortic arch manipulation or an open distal anas-
tomosis of the graft, deep hypothermia and circulatory 
arrest are necessary while maintaining cerebral blood flow 
via RCP or ACP. Since cerebral protection plays a critical 
role in aortic surgery, the application of NIRS oxygenation 
monitoring is, therefore, beneficial. Studies using NIRS 
oxygenation monitoring in aortic surgery patients demon-
strated an association between a sustained decrease in rSO2 
and the occurrence of neurologic events [115–117]. In addi-
tion, NIRS oxygenation monitoring was used to successfully 

identify malperfusion and take remedial actions during aor-
tic surgery. In a study of 35 consecutive patients with aortic 
aneurysm, the authors reported several cases in which the 
ACP brachiocephalic catheter was inadvertently advanced 
into the right subclavian artery intraoperatively, reducing 
the blood supply to the right internal carotid artery. In these 
cases, the changes in rSO2 measurement contributed to dis-
covering the malpositioning [56]. Another study reported 
a patient with acute Stanford Type A aortic dissection who 
underwent total arch replacement with cardiopulmonary 
bypass [118]. In this case, the dissection extending into the 
right carotid artery caused narrowing of its true lumen, and 
the difference in rSO2 between the right and left sides of the 
forehead contributed to restoring the perfusion of the right 
hemisphere.

Alarm threshold and clinical interventions

Summary statements

•	 The subsequent occurrence of neurologic events is 
closely associated with a relative rSO2 decrease to 
64–80% of baseline or the duration for which rSO2 drops 
to below 60% or 55%.

•	 The new onset of side-to-side asymmetry in rSO2 during 
aortic surgery indicates a high probability of unilateral 
perfusion abnormalities, and the surgeon should perform 
appropriate interventions immediately.

•	 NIRS oxygenation monitoring helps the surgeon make 
an informed decision about switching from unilateral to 
bilateral ACP during aortic arch surgery.

Commentary

Table 5 summarizes the major studies that investigated the 
association between rSO2 and the onset of stroke in aortic 
surgery [115–117]. In a study by Orihashi et al. [115], 59 
consecutive patients underwent aortic surgery with ACP 
under moderately hypothermic circulatory arrest (25 °C). 
Measurements of rSO2 were conducted using the TOS-96 
oximeter (Tostec Co., Tokyo, Japan). Type I or II neurologic 
deficits were observed in 16 patients (27.1%), and Type I 
neurologic deficits (i.e., new onset of cerebral infarction) 
were observed in six. The duration for which rSO2 values 
remained below 60% or 55% was significantly longer for the 
16 patients with neurologic events than for the 43 patients 
without neurologic events. The six patients with newly 
acquired cerebral infarction were characterized by diffuse 
hypoperfusion in the carotid or basilar artery region and an 
extended period in which rSO2 was below 60%. In a study of 
46 consecutive patients who underwent aortic surgery with 
ACP [116], six (13%) developed Type I neurologic deficits, 
and their rSO2 values decreased to 65–80% of baseline (no 
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meaningful change in rSO2 was observed in patients without 
Type I deficits). It is noteworthy that the difference between 
the left and right hemispheric rSO2 measurements provided 
insight into the detection of cerebral injury in this study. In 
the study using the FORE-SIGHT ELITE™ system, Fischer 
et al. showed that the area under the curve (AUC) below the 
60% or 65% threshold was significantly associated with post-
operative organ dysfunction, and the authors proposed that 
these values could represent the lowest target rSO2 threshold 
that can be used in thoracic aortic surgery [117].

The studies cited above indicate that NIRS oxygenation 
monitoring is effective for detecting the risk of cerebral 
injury in patients undergoing aortic surgery. Changes in 
NIRS oxygenation data, such as a decrease to 65–80% of 
baseline and the onset of a difference between the left and 
right hemispheric values, should prompt the surgeon to 
examine the cause for the change and take appropriate 

remedial actions where necessary. The surgeon should 
review the adequacy of the catheter position, perfusion 
rate, patient body temperature, and other clinical param-
eters (Table 6).

There have been case reports of aortic surgery patients in 
whom left-to-right differences in rSO2 readings provided key 
insights into the successful detection and correction of uni-
lateral perfusion abnormalities. One of these cases involved 
the accidental intraoperative advancement of the ACP bra-
chiocephalic catheter into the right subclavian artery, which 
reduced the blood supply to the right internal carotid artery 
[56]. In addition, a patient with acute Stanford Type A aortic 
dissection suffered from right-sided hemispheric hypoperfu-
sion because the dissection extending into the right carotid 
artery caused narrowing of its true lumen [118]. In these 
cases, catheter repositioning or other appropriate and timely 
actions helped prevent brain injury.

Table 5   Major publications on NIRS oxygenation monitoring used to detect brain injury in patients undergoing aortic surgery

SCP selective cerebral perfusion

Author,
Journal

Year published, 
volume, starting 
page

No. of 
sub-
jects

Type of surgery Target condition 
(incidence)

Device Parameters indicating 
clinical abnormalities

Orihashi et al. [115]
Eur J Cardiothorac 

Surg

2004
26: 907

59 Aortic surgery with 
SCP

Type I and Type II 
neurologic deficits 
(27%)

Type I neurologic 
deficits (10%)

TOS-96 Duration for which 
rSO2 drops to below 
60% or 55%

Olsson & Thelin 
[116]

J Thorac Cardiovasc 
Surg

2006
131: 371

46 Aortic surgery with 
SCP

Type I neurologic 
deficits (13%)

INVOS™ 4100 Relative decrease to 
65–80% of baseline

Fischer et al. [117]
J Thorac Cardiovasc 

Surg

2011
141: 815

30 Aortis surgery with 
DHCA and with or 
without antegrade 
SCP

Major postopera-
tive complications 
(53%)

FORE-SIGHT 
ELITE™

Area under the thresh-
old of 60% or 65%

Table 6   Major Publications on NIRS Oxygenation Monitoring Used to Detect Neurologic Injury in Patients Undergoing Cardiac Surgery

Author,
Journal

Year published, 
volume, starting 
page

No. of subjects Type of surgery Incidence of neuro-
logic injuries

Device Parameters indicating 
clinical abnormalities

Goldman et al. [120]
Heart Surg Forum

2004
7:E375

1245 + 1034 CABG or heart 
valve replace-
ment

Type I neurologic 
injury

0.97% with rSO2 
monitoring

2.0% without rSO2 
monitoring

INVOS™ 5100 Not specifically men-
tioned

Edmonds [121]
Ann NY Acad Sci

2005
1053:12

286 + 332 CABG Type II neurologic 
injury

0.3% with rSO2 moni-
toring

3% without rSO2 
monitoring

INVOS™ 4100 Mean rSO2 value of 
44% (= 20% rela-
tive decrease from 
baseline)
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Moreover, Harrer et al. showed that NIRS oxygenation 
data guided the surgeon in switching from unilateral ACP 
to bilateral ACP in aortic arch surgery [119]. In their study, 
unilateral ACP via the right axillary artery was established 
at the start of the surgery, which continued as long as there 
was no significant left-to-right imbalance in NIRS oxygen 
saturation data. When the NIRS oxygenation measure-
ments over the right frontal cortex showed a significant 
drop (rSO2 < 55% or a relative drop in TOI of 15–20% below 
baseline), an additional cannula was placed in the left carotid 
artery for bilateral ACP. Most patients in the Harrer et al. 
study (92%) required switching from unilateral to bilateral 
ACP.

Cardiac surgery

Use of NIRS oxygenation monitoring

Summary statements

•	 The use of NIRS oxygenation monitoring during cardiac 
surgery with cardiopulmonary bypass can contribute to 
a decreased incidence of Type I and Type II neurologic 
deficits.

•	 A decrease in NIRS oxygenation measurements during 
cardiac surgery with cardiopulmonary bypass can indi-
cate a risk of POCD or delirium.

Commentary

The risk of Type I and Type II neurologic deficits can be 
minimized by NIRS oxygenation monitoring in cardiac 
surgery [120, 121]. A decrease in NIRS oxygen saturation 
data during cardiac surgery can be a predictor of subsequent 
POCD or delirium [122–131]. Proactive intraoperative man-
agement to prevent cerebral oxygen desaturation reduces the 
incidence of complications involving the brain and other 
major organs [130] and postoperative neurocognitive decline 
[131].

Alarm threshold and clinical interventions

Summary statements

•	 Patient management based on an alarm threshold of a 
20% relative decrease from baseline in NIRS oxygenation 
reading can reduce the risk of Type II neurologic injuries 
in cardiac surgery.

•	 In patients undergoing cardiac surgery, a relative decrease 
of 20–30% in rSO2 from baseline or an absolute drop to 
below 35–65% can be an alarm threshold that triggers 
actions to prevent POCD and postoperative delirium. The 

AUC below the saturation threshold is also a reliable 
indicator of the postoperative injury risk.

•	 Several patient management algorithms that incorporate 
specific trigger thresholds have been proposed, such as a 
20–30% relative decrease in rSO2 from baseline or a drop 
to below 50%.

•	 When abnormal rSO2 data are obtained, the catheter 
placement, head position, arterial oxygen saturation, 
mean arterial pressure, central venous pressure, cardiac 
index, mixed venous oxygen saturation, hemoglobin con-
centration, and other variables should be reexamined to 
reduce the risk of major organ dysfunction.

Commentary

Physicians have reported that NIRS oxygenation monitoring 
contributes to a decrease in the occurrence of Type I and 
Type II neurologic injuries in cardiac surgery. In a retrospec-
tive study that compared the benefit of cerebral oximetry 
in CABG and valve replacement surgeries between 1,034 
patients with and 1,245 patients without rSO2 monitor-
ing, Goldman et al. showed that Type I neurologic injuries 
occurred at a rate of 0.97% (n = 10) with oximetry and at a 
rate of 2.01% (n = 25) without oximetry [120]. In a retro-
spective review, Edmonds compared the outcomes in 332 
cases of CABG surgery with a battery of cerebral oximetry, 
EEG, and TCD monitoring, and the outcomes in 286 cases 
of CABG surgery before the incorporation of cerebral oxi-
metry [121]. Abnormal changes in rSO2 were defined as a 
20% or greater relative decrease from baseline, and were 
corrected to the greatest extent possible by raising the per-
fusion pressure and pump flow rate while maintaining the 
arterial partial pressure of carbon dioxide. The incidence of 
Type II neurologic injuries was 3% before and 0.3% after the 
introduction of cerebral oximetry.

Many studies have investigated the utility of NIRS 
oxygenation monitoring in predicting and preventing the 
onset of POCD and postoperative delirium (Table 7). Most 
employed the INVOS™ or NIRO® systems, and rSO2 or 
TOI was the oximetry parameter used in clinical evaluation. 
An absolute decrease in rSO2 or TOI to 35–65%, a 20–30% 
relative decrease in rSO2 or TOI from baseline, or an AUC 
below the oxygen saturation threshold was used to prompt 
remedial interventions. Among the seven studies of POCD 
listed in Table 7, five demonstrated a positive association 
between intraoperative NIRS measurements and the onset 
of POCD [125–128, 138], whereas the other two showed 
no positive association [122, 124]. Although the reasons 
for these contradictory results remain largely speculative, 
the timing of clinical evaluation or differences in the neuro-
cognitive test battery or POCD diagnosis criteria may pos-
sibly have contributed to the varied outcomes. In addition, 
a positive association between an intraoperative decrease in 
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rSO2 and the onset of postoperative delirium has been dem-
onstrated [129]. The body of available evidence highlights 
the utility of intraoperative NIRS oxygenation monitoring 
in predicting the subsequent development of POCD and 
delirium. Furthermore, proactive intervention strategies to 
maintain the NIRS cerebral oxygen saturation at or above 
80% or 85% of baseline have been shown to prevent post-
operative delirium [130] and neurocognitive decline [131].

In a prospective, randomized study of patients undergoing 
CABG surgery, Murkin et al. showed that active interven-
tions to maintain rSO2 values at or above 75% of baseline 
were associated with a significant decrease in mortality, 
major organ morbidity (ventilation > 48 h, stroke, myo-
cardial infarction, return for reexploration), and stay in the 
intensive care unit, compared with no interventions [132]. In 
the study by Murkin et al., cerebral desaturation was defined 
as a decrease in saturation values below 70% of baseline 

for 1 min or longer. However, to minimize the probability 
of patients reaching these levels, interventions to improve 
cerebral oxygenation were initiated when rSO2 reached 75% 
of baseline for > 15 s. Denault et al. proposed an eight-step 
algorithm that incorporated a trigger rSO2 threshold defined 
by a 20% bilateral or unilateral relative reduction from 
baseline or an absolute decrease below 50% [133]. Figure 7 
shows an algorithm proposed for hemodynamic manage-
ment in cardiac surgery with cardiopulmonary bypass, with 
a minor modification based on the Murkin et al. and Denault 
et al. studies [132, 133].

When abnormal rSO2 data are obtained (i.e., 20–30% 
relative decrease from baseline), the surgeon should review 
the catheter placement, head position, arterial oxygen satu-
ration, mean arterial pressure, central venous pressure, car-
diac index, mixed venous oxygen saturation, hemoglobin 
concentration, and other variables. Appropriate and timely 

Fig. 7   A proposed algorithm for 
cardiac surgery with cardiopul-
monary bypass (arranged from 
the figure in [116, 117] with a 
minor modification). MAP mean 
arterial pressure, CVP central 
venous pressure, SaO2 arterial 
oxygen saturation, PaCO2 arte-
rial partial pressure of carbon 
dioxide, Hb hemoglobin, SvO2 
venous oxygen saturation, TEE 
transesophageal echocardiog-
raphy, CPB cardiopulmonary 
bypass, CMRO2 cerebral 
metabolic rate of oxygen, ICP 
intracranial pressure
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interventions should be implemented to reduce the risk of 
major organ dysfunction.

Scientists recently discovered a NIRS method to assess 
cerebral blood flow autoregulation based on spontaneous 
variations in blood pressure. When the mean arterial blood 
pressure is within the autoregulatory range, NIRS oxygena-
tion saturation is less dependent on fluctuations in blood 
pressure. By contrast, when the mean arterial blood pressure 
falls below the lower autoregulatory limit, the dependence 
of NIRS oxygenation saturation on arterial blood pressure 
becomes more pronounced. On the basis of the lower limit 
of autoregulation, the acceptable lower limit of cerebral per-
fusion pressure during cardiopulmonary bypass should be 
50 mmHg [72]. However, based on data from 225 patients, 
a clinical study reported a wide 95% prediction interval of 
43–90 mmHg for mean arterial pressure at the lower limit 
of autoregulation [134].

Pediatric cardiac surgery

Points to consider in pediatric patients

Summary statement

•	 In pediatric patients undergoing cardiac surgery, NIRS 
oxygen saturation data vary significantly depending on 
the medical condition.

Commentary

The anatomical and physiological properties that affect 
NIRS oxygen saturation measurements differ considerably 
between children and adults. For example, the skull and 
scalp are still developing in infants and are often thinner 
than in adults. These characteristics suggest that extracranial 
blood flow has a smaller impact on NIRS measurements 
in children than in adults. In pediatric patients undergoing 
cardiac surgery, NIRS oxygen saturation data vary signifi-
cantly dependent on the medical conditions involved. In 
patients who underwent palliative surgery on cardiopulmo-
nary bypass for single-ventricle congenital heart defects, the 
mean baseline rSO2 value measured before the induction of 
anesthesia was approximately 70% of that in patients with-
out left-to-right shunt or cyanosis, and 40–60% of that in 
patients with cyanosis [135]. The mean (standard deviation) 
rSO2 value measured after anesthesia induction was 61% 
(11%) in infants with D-transposition of the great arteries, 
71% (14%) in those with tetralogy of Fallot, 62% (9%) in 
those with ventricular septal defect [136], and 60% (11%) in 
those with hypoplastic left heart syndrome [137].

Use of NIRS oxygenation monitoring and alarm thresholds 
in pediatric cardiac surgery

Summary statements

•	 In pediatric cardiac surgery, NIRS oxygen monitoring 
is used to identify the safe duration of DHCA and the 
risk of hypoperfusion of the left hemisphere, which tends 
to be less oxygenated than the right hemisphere during 
regional low-flow cerebral perfusion.

•	 A decrease in perioperative NIRS oxygen saturation has 
been associated with the development of postoperative 
neurologic and other complications.

Commentary

In pediatric cardiac surgery, NIRS oxygen monitoring is 
used to identify the safe duration of DHCA and the risk of 
hypoperfusion of the left hemisphere, which tends to be less 
oxygenated than the right hemisphere during regional low-
flow cerebral perfusion. In children undergoing cardiac sur-
gery, rSO2 values decreased to 60–70% of baseline over the 
duration of DHCA, reaching the nadir in 20–40 min [136]. 
The half-life of change in NIRS oxygenation saturation dur-
ing DHCA was inversely related to age: 9 min in neonates 
(age < 1 month), 6 min in infants (age 1–12 months), and 
4 min in children (age 1–4 years) [137]. These results indi-
cate that cerebral oxygen consumption increases with age. 
In a study of 19 neonates undergoing regional low-flow cer-
ebral perfusion via the brachiocephalic artery, a mean rSO2 
difference of 6.3% between the hemispheres was observed, 
with the left hemisphere showing lower values, and nearly 
half of the patients had sustained differences of > 10% [82]. 
However, the impact of left-to-right rSO2 differences on the 
onset of postoperative neurologic complications was not 
evaluated in this study.

Table 8 summarizes major pediatric cardiac surgery stud-
ies that investigated the association between NIRS oxygena-
tion data and neurologic complications or other outcomes.

In a study of 26 pediatric patients who underwent car-
diac surgery, three had an abnormal postoperative neurologic 
status; these patients had a smaller rSO2 increase during 
DHCA than other patients, with a shorter time to DHCA 
[137]. The smaller rSO2 changes during DHCA may have 
reflected insufficient cooling of the brain [137]. In a ret-
rospective study of 250 pediatric patients with congenital 
heart disease, Austin et al. employed TCD and NIRS for 
neurophysiologic monitoring. They showed that interven-
tions based on a 50% reduction from baseline in the peak 
flow velocity or a 20% relative decrease from baseline in 
rSO2 decreased the incidence of postoperative neurologic 
sequelae and the length of hospital stay [138]. In a study 
of 22 neonates who underwent the Norwood procedure for 
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hypoplastic left heart syndrome, a prolonged duration of low 
postoperative rSO2 values (< 45% for > 180 min) was asso-
ciated with abnormal findings on postoperative MRI scans 
[81]. In a prospective cohort study of 66 term newborns 
requiring surgery for congenital heart disease, 16 underwent 
intraoperative NIRS monitoring (n = 11 with transposition 
of the great arteries, n = 4 with hypoplastic left heart syn-
drome, and n = 1 with aortic arch obstruction) [80]. Six of 
them showed brain injury on postoperative MRI scans, and 
their mean total oxygen index during aortic clamping was 
significantly lower than in non-injured patients. Moreover, 
in a retrospective analysis of 50 consecutive newborns who 
received surgery for hypoplastic left heart syndrome, 18 
adverse events occurred in 11 patients [87]. The mean rSO2 
over the first 48 postoperative hours was smaller in these 
patients than in other patients. Of note, in a study of 68 
neonates undergoing cardiac surgery with cardiopulmonary 
bypass, no association was found between prolonged low 
rSO2 < 45% in the intra- and postoperative periods and any 
measure of postoperative MRI brain injury [75].

Use of NIRS oxygenation monitoring 
in cardiovascular surgery in Japan

Summary statements

•	 NIRS oxygenation monitoring is used at 84% of depart-
ments that perform cardiac and aortic surgery in Japan. 
More than 90% of the cardiac and aortic surgery facilities 
that employ this monitoring modality consider it useful.

•	 NIRS oxygenation monitoring is used at 64% of facilities 
in Japan that perform CEA. Most of the CEA facilities 
that employ this monitoring modality consider it useful.

Commentary

In a 2015 survey on the use of NIRS oxygenation monitoring 
in cardiovascular anesthesia, the JSCVA mailed a question-
naire to 487 Japanese medical centers that had an anesthesia 
department, of which 184 (38%) responded [139]. All 184 
stated that they provided cardiac and aortic surgery services, 
and 155 (84%) used intraoperative NIRS oxygenation moni-
toring. At 70 centers (38%), this monitoring method was 
routinely implemented. NIRS oxygenation monitoring was 
not adopted at 29 centers (16%). The most frequent reasons 
for not using NIRS oxygenation monitoring included the fol-
lowing: (1) the center did not possess a NIRS device, (2) the 
monitoring procedure was not covered by the national health 
insurance policy, and (3) the costs of the purchase and appli-
cation of the device were high. These reasons related to hos-
pital financial management. More than 90% of the centers 
that implemented NIRS oxygenation monitoring considered VS
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it to be useful for cerebral circulation management during 
cardiac surgery and cardiopulmonary bypass. Questions 
regarding CEA showed that 47% of the responding centers 
routinely used NIRS oxygenation monitoring whereas 36% 
did not. Most of the centers that employed this modality 
in CEA mentioned that it was useful for the detection and 
management of cerebral hypoperfusion and hyperperfusion. 
Apart from cardiac, aortic, and CEA surgery, NIRS oxy-
genation monitoring was utilized in the surgical manage-
ment of patients with a history of cerebral infarction, carotid 
stenosis, Moyamoya disease, and intracranial aneurysm that 
required vascular reconstruction. Fifty-eight centers men-
tioned its use in surgery for patients with carotid stenosis.

Concluding remarks

This document provides an overview of the current epidemi-
ology and pathogenetic mechanisms of perioperative brain 
injury in cardiovascular surgery. It also summarizes the 
principles and application of NIRS oxygenation monitoring 
as a tool to prevent surgically induced brain injury. Moreo-
ver, this document presents practical considerations in the 
use of this monitoring method and discusses approaches to 
abnormal findings. The available clinical evidence is insuf-
ficient to establish a comprehensive intervention program to 
prevent perioperative brain injury based on NIRS oxygena-
tion monitoring. However, this noninvasive and continuous 
monitoring technique has been shown to detect perfusion 
abnormalities that occur during surgery. Further research 
is warranted to establish the utility of NIRS oxygenation 
monitoring in improving neurologic and other outcomes. 
In particular, more attention should be paid to the accuracy 
and precision of commercially available NIRS oxygenation 
monitoring devices. Appropriately using this monitoring 
modality to detect changes in cerebral metabolism and other 
physiological conditions in patients undergoing cardiovas-
cular surgery, and implementing timely interventions in 
response to abnormal findings, will help improve functional 
outcomes. The JSCVA should make efforts to expand the use 
of NIRS oxygenation monitoring in clinical practice, and the 
future coverage of this modality under the national health 
insurance policy will be a key to this expansion.
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