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Use of near infrared spectroscopy for 
hemodynamic monitoring in pediatrics
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ABSTRACT
Near infrared spectroscopy (NIRS) is a non-
invasive optical technique for the evaluation of 
regional tissue oxygenation using transcutaneous 
detectors. In recent years, publications about 
this topic have increased exponentially; this 
reflects the growing interest among investigators 
and clinicians about this new technology and 
its potential benefits for pediatric patients. 
The objective of this review is to know the 
functioning and potential uses of regional 
saturation measured by NIRS and establish 
future challenges.
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INTRODUCTION
Technological advances allow to 

use new tools to monitor critically ill 
patients. This was a non-systematic 
review about one of them, near 
infrared spectroscopy (NIRS), to 
establish the basics of how it works 
and potential  uses  in  pediatr ic 
patients.

HISTORY AND BEGINNING
The first article about NIRS was 

published in 1977 in Science . 1 It 
allowed Frans Jöbsis to demonstrate 
the possibility of measuring changes 
in  hemoglobin-oxyhemoglobin 
balance using experimental heart and 
brain infrared transillumination.

Ten years later, Ferrari et al.,2 
showed a  corre la t ion  be tween 
a  r e d u c e d  o x y g e n  s a t u r a t i o n 
determined by NIRS and a slowed 
electroencephalogram activity in 
adult patients who underwent carotid 

endarterectomy.
Since the early 2000s, several 

studies have been published to 
validate the use of NIRS in pediatric 
patients: Nagdyman et al.,3 studied 
4 3   c h i l d r e n  a f t e r  u n d e r g o i n g 
surgery for congenital heart disease 
to determine the relation between 
cerebral tissue oxygenation index 
(TOI) and central venous oxygen 
saturation (SvO2). TOI describes 
the relation between oxygenated 
hemoglobin and total hemoglobin, 
as determined by NIRS. Measured 
SvO2 values revealed a significant 
c o r r e l a t i o n  w i t h  t h e  c e r e b r a l 
oxygenation index, with a Pearson 
correlation value of 0.52 and a p value 
< 0.001. In another prospective study,4 
the same author compared the TOI 
value determined by NIRS with 
oxygen venous saturation measured 
at the jugular bulb in children and, 
again, demonstrated a significant 
correlation between both values with 
a high specificity (91%), but a low 
sensitivity (46%).

A correlation was also established 
between NIRS and plethysmography. 
A study conducted in 2007 showed 
an intraclass correlation of 0.93 for 
the NIRS as an indicator of distal 
perfusion.5 Another prior study 
demonstrated that forearm blood 
flow estimated by NIRS correlated to 
that estimated by plethysmography, 
with an r value = 0.853~0.981 and 
p value < 0.001.6

Although NIRS was initially used 
as a surrogate for regional cerebral 
blood flow, its use has expanded to 
other applications, as described below.

DEFINITION AND 
FUNCTIONING

Oxygen saturation determined 
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by NIRS is an optical technique that allows a 
continuous, non-invasive measurement in real 
time of the balance between regional oxygen 
availability (DO2) and consumption (VO2) 
(Figure 1), based on the principle that many 
substances absorb and disseminate infrared light 
in different levels at varying wavelengths.

An infrared spectrometer emits light towards 
a sample and measures the proportion of light 
reflected within a wide range of wavelengths. 
Using the modified Beer-Lambert law, it measures 
relative saturated and desaturated hemoglobin 
levels, resulting in an ongoing and non-invasive 
assessment of oxygen tissue saturation through a 
quantitative evaluation of hemoglobin color in the 
optical field below the detector.

Unlike pulse oximetry, NIRS devices reflect 
oxygen uptake in the tissue bed; this is known 
as regional oxygen saturation (rSO2). In other 
words, they measure the balance between the 
oxygen delivered to the tissue and that obtained 
at this tissue level. The ongoing measurement of 
tissue oxygenation reflects the state of perfusion 
and allows to monitor variations in real time, to 
prevent shock.7-11

These values are  obtained by placing 
a detector on the skin of the area where the 
measurement will be made: forehead (brain) 
(Figure 2), abdomen (mesentery), lumbar area 
(kidneys).

In general, 2 detectors are used to assess 
2 different circulation models. Each detector has 
a source of light and 2 photodetectors. Photons 
emitted by the source of light are disseminated 
into the tissue bed. Those not absorbed, return 
to the skin photodetector. The oxygen saturation 
value determined by NIRS accounts for the 
amount of light absorbed in the tissue bed. Such 
value accounts for an average of arterial, venous, 
and capillary oxygenation; 75-80% corresponds to 
the venous portion.12

These measurements should be interpreted in 
the setting of the patient because a low value may 
be due to a higher oxygen extraction (as in the 
case of shock) or a reduced blood flow (ischemia) 
in said region, resulting in an alteration of tissue 
oxygen delivery.

Figure 1. Near infrared spectroscopy (NIRS) monitor. On the right of the screen, cerebral (up) and somatic (down) regional 
oxygen saturation values; on the left, trend curve for regional oxygen saturation based on time
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NORMAL VALUES
In 2001, Kurth et al., published a study that 

measured regional cerebral saturation (ScO2) 
determined by NIRS in both pediatric patients 
with congenital heart disease before undergoing 
cardiovascular surgery and healthy individuals. 
They found that mean ScO2 was 68% (standard 
deviation [SD] ± 10%) in healthy children and 
in those with non-cyanotic heart defect. Patients 
with cyanotic heart defect (transposition of the 
great arteries, pulmonary atresia) had lower 
values: 47 ± 11 and 38 ± 6, respectively.13

Establishing normal values for somatic 
regional  oxygen saturation (SsO 2)  in the 
abdominal wall or the renal cell is harder; this 
depends on the patient’s weight and age, the 
abdominal wall thickness, the type of detector 
used, and the site to be assessed. For example, 
SsO2 measured at the renal cell correlates with 
oxygen saturation in the renal vein and the 
inferior vena cava only in patients who weigh 
less than 10 kg. Another study14 demonstrated 
an adequate correlation between SsO2 in the 
infraumbilical region with blood flow measured 
by Doppler in the superior mesenteric artery 
in neonates who did not have abdominal wall 
edema or ascites.

Due to such difficulty to standardize normal 

SsO2 values, the difference in somatic-cerebral 
saturation, which ranges between 10% and 20% in 
healthy individuals, may be useful because SsO2 
is generally higher due to oxygen extraction from 
cerebral flow. In a study published in 2010, Bernal 
et al.,15 monitored healthy neonates using a NIRS 
device placed in the frontal region and the right side 
at the T2-L2 level and found an average somatic-
cerebral saturation difference of 8.9% ± 9.4%. In 
pathological situations where the blood flow is 
redistributed to preserve the cerebral bed, the 
difference is close to 0% or negative. Hanson et al.,16 
demonstrated that the difference in somatic-cerebral 
saturation in dehydrated patients admitted to the 
emergency department was low and increased with 
fluid resuscitation, which confirms a dose-response 
relation.

The implementation of oxygen saturation 
with multilevel NIRS provides simultaneous 
measurements of ScO2 and SsO2; this allows for 
an early detection of low cardiac output through 
changes in the somatic-cerebral difference.

CURRENT USES
Cardiovascular surgery

Pediatric cardiovascular surgery was one 
of the first disciplines that implemented the 
measurement of oxygen saturation using NIRS. 

Figure 2. Cerebral regional oxygen saturation. Axial section obtained at the frontal level; the light travels in a curvilinear 
path across the underlying tissue and is absorbed by photodetectors

From Zaleski KL, Kussman BD. Near infrared spectroscopy in pediatric congenital heart disease, J Cardiothorac Vasc Anesth. 
2020;34(2):489-500.
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Alterations in neurodevelopment are common 
among survivors of surgery for congenital 
heart disease which, even with a multifactorial 
etiology, may experience a partial improvement 
in prognosis, with an adequate neurological 
monitoring during surgery.17-21

Austin et al.,17 were the first authors who 
reported improvements in neurological outcomes 
with the introduction of NIRS in a multimodal 
neurophysiological monitoring algorithm in 
patients undergoing extracorporeal circulation 
(ECC). In their 1997 study, they demonstrated 
that among patients who received an intervention 
based on the algorithm for the measurement of 
ScO2 by NIRS, cerebral blood flow measured by 
transcranial Doppler, and electroencephalogram 
monitoring, only 6% developed neurological 
sequelae (seizures and alterations in motor skills, 
vision or hearing loss) versus 26% in the group 
that did not follow the algorithm (p < 0.001).

However, there is still a debate about the 
clinical usefulness of NIRS in the perioperative 
period of cardiovascular surgery; further 
randomized clinical trials are required in the 
pediatric population to establish a coherent 
association between low cerebral NIRS values and 
poor neurological outcomes.18

Prospective observational studies have assessed 
the relationship between cerebral and somatic 
NIRS and other anaerobic metabolism indicators. 
In a series of 20 cases,19 SsO2 measured at the 
posterior-lateral region and the anterior abdominal 
region showed a strong correlation with central 
venous oximetry and lactate values in the 48 hours 
following surgery. In a similar study of 23 infants, 
regional oxygen saturation (rSO2) was measured at 
the level of the brain, viscera, kidneys, and muscles 
every 30 seconds, and the values at each site were 
compared to plasma lactate levels in the first 
24 hours following surgery. A stronger correlation 
was observed between ScO2 determined by NIRS 
and lactate levels. In this series, ScO2 values below 
65% in acyanotic children predicted a lactate level 
above 3 mmol/L, with a 95% sensitivity and a 83% 
specificity.7,20

In a series of 79 patients with hypoplastic left 
heart syndrome (HLHS) who underwent surgery 
for stage 1 single ventricle, SsO2 below 60% and 
a difference between ScO2 and SsO2 close to 0 
correlated to shock, post-operative complications, 
and a longer length of stay in the intensive care 
unit (ICU), with a p < 0.01.21

In  2016,  Hickok et  a l . , 22 publ ished an 
observational, prospective study that analyzed 

the relation between a low oxygen saturation 
determined by NIRS and the development of low 
cardiac output syndrome (LCOS) in 27 neonates 
with congenital heart disease who underwent 
heart surgery. Of them, 11 (40%) developed 
LCOS, defined as a pH level below 7.3, lactate 
level higher than 4 mmol/L or the need to add 
a new vasoactive agent to the treatment. They 
obtained a consistent SsO2 determined by NIRS 
below 58%, with a 100% sensitivity and a 69% 
specificity to detect LCOS, whereas a variability in 
NIRS values below 0.8% showed a 55% sensitivity 
and a 94% specificity to predict the development 
of LCOS. In the group of patients diagnosed with 
LCOS, mean ScO2 and SsO2 in the renal cell were 
48% and 50%, respectively, which is consistent 
with the data obtained in other studies about 
the correlation of a difference of less than 10% 
between cerebral and somatic NIRS as a predictor 
of LCOS.

A study with a larger number of patients 
(n = 329) published by Hoffman et al.,23 in 2017 
concluded that NIRS measurements during 
the postoperative period of congenital heart 
disease in neonates allowed to detect regional 
hypoxia-ischemia, even in the absence of an 
overall SvO2 reduction. In addition, regional 
saturation determined by NIRS was the best non-
invasive predictor of extracorporeal membrane 
oxygenation (ECMO) in the first 6 hours following 
surgery, with an area under the ROC curve of 
0.716.

Necrotizing enterocolitis
Necrotizing enterocolitis (NEC) is the most 

severe gastrointestinal disease in neonates. It 
is associated with harmful effects in the short 
and long term, including high rates of mortality 
and neurodevelopmental impairment. The 
pathophysiology of NEC has not been completely 
elucidated yet; it is believed that the mechanism 
involves a complex interaction among several 
factors: neonatal gut mucosa immaturity, 
mesenteric ischemia, tissue hypoxia, enteral 
feeding, and the presence of infectious agents 
or toxins. NEC is more common among preterm 
infants; however, approximately 10% occurs 
in term or late preterm infants. These patients 
have additional risk factors that predispose 
them to intestinal ischemia, including congenital 
heart disease, intrauterine growth restriction or 
neonatal asphyxia.

McElhinney et al.,25 found that patients 
with HLHS, univentricular heart with aortic 
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arc  interrupt ion,  t runcus  ar ter iosus ,  or 
aortopulmonary window had significantly higher 
rates of NEC than those with other types of heart 
disease.

These findings are consistent with those 
reported by De Witt et al.,26 in a study of 2014, 
which compared the risk for NEC in patients with 
biventricular (30 patients) and univentricular 
(34 patients) morphology. Of them, 11 developed 
NEC, all in the univentricular group. Patients 
with NEC diagnosis had a lower visceral rSO2 
(32.6% versus 47.0%, p = 0.05) and a higher rate of 
time with a SsO2 below 30% (48.8% versus 6.7%, 
p = 0.04) than in the NEC group. This shows a 
difference in regional oxygenation determined by 
NIRS among patients with NEC.

Extracorporeal circulation
The use of oxygen saturation determined by 

NIRS has increased as hemodynamic monitoring 
in patients undergoing heart surgery with 
extracorporeal circulation (ECC) requirement. 
In an international survey administered to 
perfusionists,18 the use of ScO2 determined by 
NIRS during extracorporeal circulation was 74%. 
Another survey, carried out in the United States, 
reported that 97% of facilities used cerebral 
regional oximetry during the Norwood procedure 
for HLHS.18

A study conducted by Haydin et  al . , 27 
compared cerebral oxygen saturation determined 
by NIRS, mean blood pressure (MBP), lactate 
levels ,  and pump f low during pediatr ic 
cardiovascular surgery using ECC and developed 
hypothermia. For this comparison, pump time 
was divided into 5 stages: 1) at the beginning 
of ECC, 2) cooling at 32 °C, 3) at final target 
temperature, 4) rewarming at 32 °C, and 5) before 
end of ECC. ScO2 values showed changes among 
the 5 studied stages; there was a significant 
increase during the cooling period, compared to 
stage 1 (p < 0.05). There was no significant change 
during the cooling period for the other analyzed 
parameters. Those investigators concluded that 
cerebral oxygen saturation determined by NIRS is 
effective to safely monitor a reduction in oxygen 
consumption and the corresponding cerebral 
protection.

Extracorporeal membrane oxygenation
In relation to the use of ScO2 determined 

by NIRS during ECMO, in 2020 Tsou et al.,28 
published an observational retrospective 
cohort study that analyzed 156 admissions 

to ECMO between 2008 and 2014. The final 
outcome was to determine patients’ neurological 
status at discharge using the Pediatric Cerebral 
Performance Category. The authors found that 
the proportion of patients with a ScO2 value 
below 40% or a drop higher than 20% from 
baseline ScO2 was significantly higher in the 
group with unfavorable neurological outcomes 
at discharge. These values were associated with 
both mortality prior to discharge and pathological 
findings in images of the brain (stroke and overall 
injury post-asphyxia).

Based on these articles, NIRS use during 
ECMO may help to identify patients at risk for 
death or unfavorable neurological outcomes, and 
this may allow to implement early therapeutic 
measures.

OTHER POTENTIAL USES
Early shock recognition

Shock in pediatric patients results in a high 
mortality and morbidity rate worldwide. Its early 
detection and management are critical to reduce 
it. Unlike adult patients, arterial hypotension is a 
delayed sign of shock in children.29

Pichler et al.,30 compared hypotension events 
in 2 groups of neonates (NIRS versus control). In 
the NIRS group, the difference between cerebral 
and somatic rSO2 was measured every 6 hours. 
If such difference was higher than 5%, it was 
considered an early sign of centralized circulation 
(shock initiation) and actions were implemented 
to optimize perfusion (volume, inotropes). In 
the control group, oxygen saturation values 
determined by NIRS were not visible for the 
treating team, so the standard plan implemented 
at the unit was followed. The authors of this study 
concluded that using the difference between 
cerebral and somatic rSO2 values determined by 
NIRS may favor the early detection of alterations 
in microcirculation before they become clinically 
evident.

Monitoring of peripheral perfusion
Reports31,32 have been recently published 

about the use of oxygen saturation determined 
by NIRS to monitor peripheral perfusion after 
lower extremity trauma or after femoral artery 
cannulation for ECC.

In 2019, Herbet et al.,33 carried out a study 
to assess the use of SrO2 determined by NIRS to 
establish the risk for arterial occlusion following 
cardiac catheterization in 152 patients. SrO2 
values were obtained by NIRS placing detectors 
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bilaterally, in the posterior and lateral area of 
both calves. A significant reduction in regional 
oxygen saturation was observed in the extremity 
that underwent the procedure compared to the 
opposite extremity. SrO2 values determined 
by NIRS did not show a correlation with the 
subjective assessment of peripheral perfusion. 
One patient had a complication of missed 
heartbeat, which was managed with heparin; 
this patient showed a clear reduction in regional 
saturation, with a progressive improvement after 
treatment initiation.

Neurosurgery
There are currently no non-invasive methods 

to measure intracranial pressure. Lang et al.,34 
proposed using ScO2 determined by NIRS 
to assess cerebral perfusion in children with 
hydrocephalus and intracranial hypertension 
who were scheduled for surgery. They compared 
ScO2 before and after cerebrospinal fluid shunt in 
22 patients. A significant difference was observed 
in ScO2 values determined by NIRS; this suggests 
an improvement in cerebral oxygenation, which 
correlated to the resolution of intracranial 
hypertension symptoms following recovery from 
anesthesia.

Transfusions
It  is  known that absolute and isolated 

hematocrit and hemoglobin values should not be 
the only parameters to be taken into consideration 
when indicating red blood cell transfusions. A 
potential strategy to guide transfusion support 
may be fractional tissue oxygen extraction (FTOE) 
as a surrogate measure for the cerebral oxygen 
supply-demand ratio. This indicator results from 
the ratio between arterial oxygen saturation and 
regional oxygen saturation determined by NIRS. 
Neunhoeffer et al.,35 proposed using a high FTOE 
as a marker for transfusion requirement. They 
included 62 neonates and infants younger than 
6 months who underwent a major surgery (heart 
disease, diaphragmatic hernia, and omphalocele). 
They found a clear improvement in cerebral 
regional oxygen saturation following transfusion, 
especially among patients with a cerebral FTOE 
higher than 0.4.

Transplantation
A 2021 systematic review36 found that oxygen 

saturation determined by NIRS may also be 
useful in liver and kidney transplantation. They 
analyzed 5 relevant publications: 3 studied graft 

perfusion in kidney transplantation and 2 referred 
to liver transplantation. Their main finding was 
that a drop in regional saturation predicted 
vascular graft complications.

FINAL COMMENT
Oxygen saturation determined by NIRS is a 

monitoring method that allows for a non-invasive 
measurement in real time of the balance between 
regional oxygen availability and consumption. It 
provides continuous information about changes 
in cerebral and systemic flow and allows for the 
early detection of negative clinical events.

In recent years, its varied uses have increased 
not only in the operating room, but also in 
pediatric and neonatal intensive care units.

T h e  a c c u r a c y  o f  o x y g e n  s a t u r a t i o n 
determined by NIRS may be compared with 
invasive measurements, such as SvcO2, serves 
as an excellent complement to SvcO2 and is very 
useful to monitor cerebral perfusion during 
cardiovascular surgery.

An absolute ScO2 value below 50 or a 20% 
drop from baseline, as determined by NIRS, 
calls for a procedure to rule out ventilatory 
disorders (hypocapnia) or events that increase 
the cerebral metabolic demand (such as seizures 
or hyperthermia), optimize analgosedation, and 
monitor SvO2 and hematocrit levels.

The use of oxygen saturation determined by 
NIRS in older patients is limited. Most studies 
have focused on infants and neonates. Another 
barrier in the standardization of NIRS use is 
the large inter- and intra-individual variability 
of measurements; this hurdles the possibility of 
obtaining normal values and cutoff points.37

Further randomized controlled trials are 
required in  the  pediatr ic  populat ion  to 
demonstrate that the use of oxygen saturation 
determined by NIRS can serve as a routine 
hemodynamic monitoring strategy to reduce 
mortality or the length of stay and to warrant 
the inherent cost  of  any new technology 
implementation.

Understanding both how available devices 
work and their limitations will allow SrO2 
determined by NIRS to become, in the setting 
of blood flow monitoring, the equivalent of 
saturometers for respiratory monitoring: a tool 
that provides continuous and non-invasive 
information that may significantly increase the 
detection of an imbalance between oxygen supply 
and demand at the level of microcirculation. n
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