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Objectives: The objectives of this review are to discuss the tech-
nology and clinical interpretation of near infrared spectroscopy 
oximetry and its clinical application in patients with congenital 
heart disease.
Data Source: MEDLINE and PubMed.
Conclusion: Near infrared spectroscopy provides a continuous 
noninvasive assessment of tissue oxygenation. Over 20 years 
ago, near infrared spectroscopy was introduced into clinical prac-
tice for monitoring cerebral oxygenation during cardiopulmonary 
bypass in adults. Since that time, the utilization of near infrared 
spectroscopy has extended into the realm of pediatric cardiac 
surgery and is increasingly being used in the cardiac ICU to moni-
tor tissue oxygenation perioperatively. (Pediatr Crit Care Med 
2016; 17:S201–S206)
Key Words: cardiac surgery; monitoring; near infrared spectroscopy; 
pediatric; tissue oxygenation

Conventional hemodynamic monitoring (typically mea-
sured continuously, such as blood pressure or heart 
rate) and laboratory evidence of anaerobic metabolism 

or organ dysfunction (typically measured intermittently, such 
as acid-base status or serum lactate levels) are often insensitive 
(1–6) and relatively late indicators of shock, and poor indica-
tors of adequate resuscitation, resulting in delayed recogni-
tion of serious illness, incomplete treatment, and potentially 
suboptimal outcomes. Inclusion of measures of oxygen trans-
port economy (the relationship between oxygen supply and 
demand) can provide targets for intervention that are associ-
ated with improved outcomes in patients at risk for or in a state 
of shock. Near infrared spectroscopy (NIRS), a continuous, 
noninvasive measure of regional oxygen economy, can signal 

changes in circulation that occur early and prior to the devel-
opment of shock, and can approximate invasive measures, 
filling a gap in the surveillance, evaluation, and treatment of 
circulatory abnormalities. Specifically, NIRS aids in character-
izing regional and global circulatory function, with growing 
evidence for improved outcomes particularly in, but not lim-
ited to, patients subjected to cardiac surgery.

NIRS TECHNOLOGY
The clinical applications of NIRS uses a modified Beer-
Lambert principle to measure the relative concentrations of 
oxy- and deoxy-hemoglobin species, thus yielding a continu-
ous, noninvasive assessment of tissue oxygenation through a 
quantitative assessment of the color of hemoglobin in blood 
in the optical field beneath the probe. Unlike pulse oximetry, 
NIRS devices evaluate the nonpulsatile optical component, 
and therefore report the average color of the optical field 
that is highly venous-weighted related to the microcircula-
tory anatomy. An optical window of 700–900 nm allows light 
to pass through skin or bone into underlying tissue; the dif-
ferential absorption of at least two light wavelengths of light, 
and a dual-detector system that can reduce by subtraction the 
effects of shallow signals, allows a NIRS device to continuously 
and noninvasively estimate the hemoglobin-oxygen satura-
tion within tissues deep to the sensor. The depth of the optical 
field is approximately half the source-detector distance, which 
is 4 cm in most widely used devices. This source-detector dis-
tance and the subtraction algorithm enable the device to esti-
mate the regional oxyhemoglobin saturation (rSo

2
) in a tissue 

sample about 1 cm3 in volume and about 2–3 cm beneath the 
sensor. This venous-weighted measurement provides an esti-
mation of regional oxygen economy. Continuous, real-time 
changes in rSo

2
 reflect changes either in metabolic demand or 

in the supply of oxygen.
NIRS has been extensively studied in animal and human 

models. The biophysical characteristics of the device and 
underlying tissue determine the optical field that is measured, 
and the technique permits very good approximation of the cap-
illary-venous hemoglobin saturation (7). Clinical studies have 
validated NIRS cerebral rSo

2
 with jugular bulb venous satura-

tion (SjVo
2
) measurements (8–11). In a study of 30 infants and 

children with congenital heart disease, the correlation between 
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cerebral rSo
2
 and SjVo

2
 was excellent with r equal to 0.93 (8). 

A similar series in patients prior to cardiac catheterization or 
cardiac surgery found good correlation between rSo

2
 and SjVo

2
, 

with the strongest correlation in infants less than 10 kg (r = 0.83) 
(10). The increased precision in younger patients derives from 
two corollaries of optical physical principles. Since the same 
4 cm source-detector distance will probe relatively deeper into a 
small body, the field will have relatively less contribution from 
shallow tissue, and because the optical field will cover a greater 
proportional volume of a smaller organ, intraregional hetero-
geneity in oxygenation will be less important.

Several studies have reported the relationship between 
cerebral rSo

2
, somatic rSo

2
, and superior vena cava satura-

tions (SsVco
2
). Since the field saturation is venous-weighted, 

a regional venous approximation can be algebraically derived 
with an assumption about the relative arterial proportion in 
the field (typically 20–25%), but the regional venous satura-
tion should not be expected to have equivalence with the 
regional rSo

2
. Since the mixed venous saturation (SmVo

2
) is 

the flow-weighted average of regional venous saturations, 
attempts to show a univariate correlation between single site 
rSo

2
 and the SmVo

2
 (12–15) should be viewed as oversimpli-

fied, just as the SsVco
2
 shows variable agreement with SmVo

2
 

under varying conditions. A global quasi-SmVo
2
 can be rea-

sonably approximated by NIRS models that include multiple 
sites (Fig. 1) (16–22).

The relationship between hypoxia detectable by NIRS and 
organ injury has been established in animal models of cerebral 
injury. Cerebral hypoxia below a normothermic rSo

2
 thresh-

old of 45% is associated with elevated brain lactate levels, 
intracellular anaerobic metabolism, depletion of adenosine 

triphosphate, electroencephalographic slowing, and finally 
silence (23). Similarly, specific “thresholds” for cerebral injury 
in adults have been established in prospective observational 
studies of adults undergoing cardiac surgery. Absolute cerebral 
rSo

2
 less than 50% or a 20% decline from baseline is associ-

ated with a higher likelihood of cognitive decline, frontal lobe 
injury, increased prevalence of stroke, and electroencephalo-
graphic silence, as well as prolonged mechanical ventilation 
and hospitalization (12–14,24,25). In a randomized, prospec-
tive study of adults having coronary artery bypass grafting, 
prolonged cerebral desaturation was associated with a greater 
prevalence of organ dysfunction (15). A higher likelihood of 
adverse neurologic outcomes has been associated with lower 
intraoperative cerebral rSo

2
 saturation in children. Austin et al 

(26) reported the influence of multimodal neurophysiologic 
monitoring during pediatric cardiac surgery on acute neu-
rologic injury in 250 pediatric cardiac surgery patients who 
had intraoperative multimodality neurophysiologic monitor-
ing. Conditions of neurologic vulnerability were observed in 
70% of patients, with NIRS alone identifying 60% of these 
abnormalities. Patients who had interventions that success-
fully treated the identified abnormalities had significantly 
fewer neurologic complications and shorter hospitalizations 
than either historical controls or those patients whose iden-
tified abnormalities were not corrected, and the outcome of 
patients with successfully-treated abnormalities was not differ-
ent from that of patients without abnormalities detected on 
neurophysiologic monitoring. This study was not randomized, 
so other factors may have influenced the findings, although 
the authors felt compelled to abandon a nonintervention arm 
because the identified abnormalities frequently alerted them 
to undesirable conditions despite otherwise deliberate intra-
operative management. This study provided ample evidence 
to drive elaboration of technology for intraoperative manage-
ment across many institutions, from which subsequent clinical 
data have derived.

BASELINE OR NORMAL RSo2 VALUES
Multi-site cerebral and somatic NIRS monitoring of patients in 
critical care units provides a continuous, noninvasive, real-time 
assessment of regional perfusion in patients at risk for multi-
organ dysfunction and death. Application of this technology 
relies on knowledge of normal rSo

2
 values in well patients as 

well as knowledge of baseline, and potentially abnormal val-
ues, in patients with underlying vulnerable physiology. In a 
study of healthy adults, mean baseline cerebral rSo

2
 was 70% 

compared with 65% in adults just prior to cardiac surgery 
(27). Early work by Kurth et al (28) established baseline val-
ues for cerebral rSo

2
 in infants and children with and with-

out congenital heart disease. Healthy children and those with 
acyanotic heart disease had baseline cerebral rSo

2
 values simi-

lar to the adult population with an arterial saturation (Sao
2
) 

– cerebral rSo
2
 difference of approximately 30%. In patients 

with cyanotic heart disease, cerebral rSo
2
 values were 46–57% 

with a wider Sao
2
 – rSo

2
 difference of nearly 40% in patients 

with the hypoplastic left heart syndrome (HLHS). Fenton et al 

Figure 1. Estimation of mixed venous oxygen saturation (Svo2) from cere-
bral and somatic near infrared spectroscopy (NIRS) in 10 patients with 
hypoplastic left heart syndrome after stage 1 palliation, with an average 
of 31 measures per patient in the first 48 postoperative hours. Scvo2 was 
measured by an oximetric catheter (Abbott Oxycath; Abbott Laboratories, 
Abbott Park, IL) in the superior vena cava. Cerebral and somatic regional 
oxyhemoglobin saturation (rSo2) were measured by Somanetics Invos 
4100A (Covidien/Medtronics Corporation, Minneapolis, MN) with probes in 
the midline frontal and right T12-L2 flank region. The best linear model was 
fit as superior vena cava saturation (Svo2) = –3 + 0.46 × cerebral regional 
oxygen saturation (rSo2C) + 0.46 × renal-somatic regional oxygen satura-
tion (rSo2R). This can be transformed as Svo2 = 0.92 × (average of cerebral 
and somatic rSo2) – 3 (16).
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(29) reported pediatric cardiac patients with clinical evidence 
of left to right shunts with or without cyanosis had lower base-
line cerebral rSo

2
 compared with those without left to right 

shunts regardless of the Sao
2
. Recently, simultaneous base-

line cerebral and somatic rSo
2
 have been reported in healthy 

neonates and in neonates prior to stage 1 palliation for HLHS 
(Table 1). Bernal et al (30) reported resting and postprandial 
cerebral and somatic rSo

2
 values in healthy neonates with nor-

mal Sao
2
. The at-rest average cerebral rSo

2
 was 78% with a 

somatic rSo
2
 of 88%, demonstrating higher oxygen extraction 

across the cerebral bed compared with the renal-somatic bed. 
Changes in cerebral and somatic tissue oxygenation during 
feeding in healthy neonates were not significant, as would be 
expected with good physiologic reserve. This relatively luxuri-
ous renal-somatic oxygen economy is also observed by direct 
tissue puncture in healthy animals (33), and in neonates with 
HLHS following stage 1 palliation supported with an inodila-
tor agents (Table 1) (34, 35). In contrast, in 45 neonates with 
HLHS prior to stage 1 palliation, the mean Sao

2
, cerebral rSo

2
, 

and somatic rSo
2
 were 92%, 68%, and 70%, respectively, dem-

onstrating similar extraction across somatic vascular beds, as 
would be expected with relatively limited systemic perfusion 
(Table 1) (31). Thus the somatic-cerebral saturation differ-
ence (rSo

2
S – rSo

2
C) is characteristically 10–20% in health, but 

approaches 0 or negative values with the redistribution of lim-
ited systemic blood flow. Hanson et al (36) found in patients 
presenting to the emergency department with dehydration 
that the somatic-cerebral difference was low on initial evalua-
tion and increased with volume resuscitation, demonstrating a 
dose-response relationship. In premature neonates, the quan-
tification of somatic ischemia by the somatic-cerebral satu-
ration relationship was more predictive of the development 

of necrotizing enterocolitis than the somatic rSo
2
 alone (37). 

Thus characterizing regional blood flow not only by the abso-
lute rSo

2
, but also by the comparative relationships between 

different organ beds, is useful in the interpretation of these 
physiologic measures (Fig. 2).

NIRS IN PATIENTS WITH CONGENITAL HEART 
DISEASE
The use of NIRS in the management of critical illness has 
predominantly occurred in infants and children. Several pro-
spective observational studies of infants and children with 
congenital heart disease requiring surgery have evaluated the 
relationship of multi-site NIRS and venous oximetry or indi-
cators of anaerobic metabolism (16, 21, 22, 32, 35, 39). In 
a series of 20 infants and children, dorsal lateral flank and 
anterior abdominal rSo

2
 exhibited a strong correlation with 

venous oximetry and lactate within 48 hours of surgery (18). 
In a similar study of 23 infants, cerebral, splanchnic, renal, 
and muscle rSo

2
 values were recorded every 30 seconds and 

correlated to lactate measurements during the first 24 hours 
following surgery. rSo

2
 from each site was associated with ele-

vated lactate with the strongest inverse relationship between 
cerebral rSo

2
 and lactate. In this series, averaged cerebral-

renal rSo
2
 less than 65% in acyanotic children predicted a 

serum lactate more than 3 mmol/L with 95% sensitivity and 
83% specificity (39). In a series of 30 neonates with HLHS, 
48 hours of postoperative physiologic data including cere-
bral and somatic rSo

2
 were used to detect the distribution 

of systemic perfusion during periods of low cardiac output 
defined by low venous oxygen saturations and metabolic aci-
dosis. Actual cerebral and somatic rSo

2
 were loosely related 

with venous oxygen saturations, but more closely related 

TABLE 1. Measured and Derived Parameters From Two-Site Near Infrared Spectroscopy

Parameter
Normal (n = 25,  

n = 17,690)
HLHS Pre-S1P  

(n = 47, n = 1,831)
HLHS Post-S1P  

(n = 41, n = 1,554)

Arterial oxygen saturation 98 ± 4 92.3 ± 5.4a 84.8 ± 6.1a

Cerebral regional oxygen saturation 77.7 ± 7.9 66.8 ± 8.5a 66.4 ± 9.0a

Renal-somatic regional oxygen saturation 86.7 ± 7.6 68.4 ± 8.8a 78.4 ± 7.7a

Somatic-cerebral regional oxyhemoglobin 
saturation difference

9.0 ± 8.9 1.6 ± 9.4a,b 11.9 ± 9.4

Arterial-cerebral difference 20.3 ± 7.9 25.1 ± 9.0 18.2 ± 8.6

Arterial-somatic difference 11.2 ± 7.6 23.5 ± 9.1a,b 6.3 ± 7.3

Svo2 (modelled) 70.7 ± 6.9 58.2 ± 8.7a,b 66.6 ± 8.8

Svo2 (measured) 64.2 ± 9.6

HLHS = hypoplastic left heart syndrome, S1P = stage 1 palliation, Svo2 = mixed venous oxygen saturation.
a    Different from normal neonates.
b    Different from post-stage 1 palliation.
Regional oxygenation by pulse oximetry (Sao2), cerebral, and renal somatic near infrared spectroscopy (NIRS) in normal newborns (30), and patients with 
hypoplastic left heart syndrome (HLHS) before (31) and after (16, 32) stage 1 palliation (S1P). Derived parameters are somatic-cerebral regional oxyhemoglobin 
saturation (rSo2) difference (∆rSo2RC), arterial-cerebral difference, arterial-somatic difference (∆arSo2R), and Svo2 modelled by two-site NIRS model from 
Figure 1. Although the absolute Sao2 and regional rSo2 after palliation is lower than normal newborns, the regional blood flow parameters, as reflected by 
arterial-regional differences, are quite similar. Before palliation, somatic hypoperfusion is evidenced by a wide ∆arSo2R and a small somatic-cerebral difference 
(∆rSo2RC), and the modelled Svo2 is lower than normal newborns and HLHS following the S1P. The modelled Svo2 agrees well with invasively measured values 
available post-S1P.
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when considering both rSo
2
 in a linear relationship. Further 

investigation revealed that differences of less than 10 between 
cerebral and somatic rSo

2
 predicted anaerobic metabolism 

(32). In a series of 79 patients who underwent stage 1 pallia-
tion, somatic rSo

2
 less than 60%, and a progressive somatic 

ischemia indicated by a cerebral-somatic rSo
2
 difference 

approaching zero, predicted biochemical shock, complica-
tions, and longer ICU length of stay (Fig. 3) (35).

The relatively recent application of NIRS monitoring pre-
cludes evaluation of its predictive validity for important long-
term outcomes, particularly for the CNS. However, there is 
evidence that prolonged cerebral desaturation in the peri-
operative period is associated with early childhood develop-
mental delay (38,40–42). In a series of preschool age children 
with HLHS, the duration of cerebral desaturation within the 
first 48 hours following surgery was predictive of poor neu-
rodevelopmental performance (Table 2) (42). Although the 
expected contribution of early physiologic events to long-term 
functional outcome might be limited by neuronal plasticity 
except for extreme conditions, we believe that detection of 

risk conditions and manage-
ment to avoid injury is justified 
on quality of life and economic 
grounds.

Studies have correlated low 
rSo

2
 to MRI abnormalities and 

early childhood developmen-
tal outcomes. In a prospective 
observational assessment of 
infants with congenital heart 
disease following cardiac sur-
gery, Dent et al (43) reported 
new or worsened postoperative 
MRI lesions in 73% of study 
subjects, typically abnormalities 

of the white matter. These new or worsened lesions were cor-
related with a prolonged cerebral rSo

2
 decline (rSo

2
 < 45% for 

more than 180 min, with an odds ratio of 13 compared with 
those patients without prolonged low rSo

2
). In a prospective 

series, Andropoulos et al (44) reported results in a cohort of 
neonates with complex congenital heart disease (with either 
one or two ventricles) requiring surgery shortly after birth. The 
patients had intraoperative and postoperative cerebral NIRS 
monitoring, and targeted interventions to maintain cerebral 
rSo

2
 more than 50%. The investigators found new postopera-

tive MRI lesions in 36% of the cohort. In contrast to the report 
by Dent et al (43), this study did not identify an association 
between new MRI findings and cerebral rSo

2
, although rSo

2
 

was maintained above 45% for 96% of the monitored time. The 
neurodevelopmental outcome in this cohort was not different 
from population norms, which was attributed to perioperative 
strategies that were effective in preventing prolonged cerebral 
hypoxia (44). More recently, Kussman et al (45) reported an 
intraoperative prospective study of 104 infants undergo-
ing biventricular repair without aortic arch obstruction with 
1-year development assessment and MRI. Lower Psychomotor 
Development Index (Bayley Scale) scores were associated with 
lower rSo

2
 60 minutes following separation from cardiopul-

monary bypass. The study was limited to measuring values in 
the operating room, thus not measuring the continued vulner-
ability of CNS postoperatively.

In addition to the identification of global and organ-
specific hypoxic-ischemic states, NIRS can be used to trend 
these conditions noninvasively in less intense environments, 
or before invasive or laboratory measures can be obtained 
(31, 36, 46). In conditions of limited global oxygen delivery, 
optimizing the distribution of cardiac output is a critical goal 
that can be achieved with the regional measures provided 
by NIRS. For example, NIRS can guide changes in cerebral 
rSo

2
 and systemic perfusion with changes in the fraction of 

inspired oxygen and changes in Co
2
 (47, 48). Consequently, 

changes in pulmonary and systemic blood flow can be 
approximated by assessing arterial and central venous oxy-
gen saturations or noninvasively by assessing arterial and 
NIRS-derived oxygen saturations. The patient with a single 
ventricle in a shock or cardiac arrest state may particularly 

Figure 2. Patients with adverse neurologic outcome (pediatric cerebral performance category) at 1-yr follow-up 
had lower (minimum [min]) cerebral regional oxyhemoglobin saturation (rSo2) both in the operating room and in 
the ICU (38). CICU = cardiac ICU, OR = odds ratio, rSo2C = cerebral regional oxygen saturation.

Figure 3. Predicted probability of complications, biochemical shock, and 
mortality in 79 neonates with hypoplastic left heart syndrome. A somatic-
cerebral regional oxyhemoglobin saturation (rSo2) difference less than 10 
during first 48 postoperative hours after stage 1 palliation is associated 
with an increase risk of biochemical shock and postoperative complica-
tions. A somatic-cerebral rSo2 difference of zero or less is associated with 
an increased risk of mortality (35).
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benefit from information obtained from NIRS (49, 50). In 
this subset of patients, optimization of the pulmonary-to-
systemic blood flow ratio (minimizing “steal” of systemic 
blood flow into the pulmonary circulation) can be critical to 
avoid end organ injury and treatment can be guided with the 
information derived from venous-side measures provided by 
NIRS monitoring.

CONCLUSION
The most extensive reports in pediatrics have investigated 
the utility of NIRS as a perioperative cerebral monitor dur-
ing cardiac surgery. A single randomized-controlled study in 
adults undergoing coronary artery bypass grafting has dem-
onstrated improved outcome with NIRS-driven interven-
tion. Many prospective observational studies, with a subset of 
randomized studies, have validated NIRS rSo

2
 in relation to 

venous oximetry and anaerobic metabolism, with some stud-
ies linking NIRS-derived rSo

2
 to intermediate patient out-

comes, whereas other studies have shown little relationship 
to outcomes. There continues to be uncertainty about critical 
thresholds—both absolute values and duration—that should 
be avoided to minimize the risk of secondary organ dysfunc-
tion that results when oxygen economy (the oxygen supply/
demand relationship) is insufficient. However, we consider it 
unlikely that threshold values obtained in any specific study 
population would be generalizable without considering the 
optical complexity of the measure and the physiologic com-
plexity of the organism, just as any other physiologic measure 
requires thoughtful interpretation. The increasing deploy-
ment of NIRS monitoring in critical care units will ideally 
lead to a more critical evaluation of multi-modality moni-
toring—NIRS, pulse oximetry, arterial and venous pressures, 
capnography—so that each of these technologies add value in 
recognizing the potential to harm by inappropriate interven-
tion or nonintervention. Future studies might use both the 
pressure and oxygenation dimension to better characterize 
circulatory status and identify risk conditions with a goal of 
producing physiologic modeling with enough patient-speci-
ficity to guide interventions.
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