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1
Introduction

Circulatory failure is an important cause of mortality and morbidity in seriously ill term and preterm born 

infants admitted to the neonatal intensive care unit and is associated with multiple causes such as sep-

sis, congenital heart disease and/or patent ductus arteriosus. Circulatory failure is defined as the inability 

of tissue oxygen delivery to meet tissue oxygen demand, resulting in cellular energy failure. When this 

condition is left untreated, irreversible organ damage will eventually occur. Both short- and long-term 

adverse outcomes are frequent in preterm infants and in newborn infants with congenital heart disease 

and have been linked to hypoxic-ischemic episodes. These include germinal matrix intraventricular 

hemorrhage, periventricular leukomalacia, necrotizing enterocolitis, and neurodevelopmental impair-

ments in later life (1-4).

Most interventions in neonatology are aimed at preventing irreversible organ damage, particularly 

brain injury, by treating such episodes of circulatory failure. Commonly used interventions are volume 

expansion, the administration of inotropes or catheter interventions in selected newborn infants 

with congenital heart disease. Treatment strategies, however, differ considerably between neonatal 

intensive care units since no consensus exists regarding assessment and diagnosis of impaired end-

organ tissue oxygen delivery in newborn infants nor regarding the best way to improve tissue oxygen 

delivery (5-8).

Diagnosing circulatory failure in neonates is difficult because modes for invasive hemodynamic 

monitoring are limited in these small infants and no gold standard for assessing tissue oxygen delivery 

is available. Therefore, assessing end-organ tissue oxygen delivery is currently mainly subjective, based 

on the interpretation of clinical hemodynamic and biochemical variables, representing cardiac output 

and tissue oxygenation. These variables include heart rate, blood pressure, peripheral arterial pulsations, 

capillary refill time, urine output, serum lactate, and base excess (5,6,9,10). However, clinical hemody-

namic variables are hard to interpret in neonates. There is often no consensus concerning normative 

data or normative data are lacking and clinical hemodynamic signs indicating circulatory failure such as 

hypotension and low urine output may be physiological in preterm infants during the first days of life. 

Biochemical indicators of tissue oxygen delivery such as serum lactate and base excess can exclusively 

be obtained intermittently and invasively. Some neonatologists advocate the use of Doppler echocar-

diography to assess cardiac output and superior vena cava flow in neonates at risk of circulatory failure 

(11,12). Measurements however cannot be obtained continuously and several authors have raised 

concerns regarding the precision, repeatability and validity of cardiac output and superior vena cava 

flow as measured with Doppler echocardiography (13,14). Furthermore, a cardiac output in the normal 

range may not be sufficient to ensure an adequate tissue oxygen supply.

Due to the inability to continuously monitor and assess end-organ tissue oxygen delivery, the risk 

of over- and undertreatment of (in)adequate tissue oxygen delivery is high in neonates admitted to a 

neonatal intensive care unit. A more direct continuous measurement of actual tissue oxygen delivery 

is needed to adequately guide therapeutic interventions aimed at timeously improving impaired tissue 

oxygen delivery in infants with circulatory failure, in order to improve short- and long-term outcome.
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Near-infrared spectroscopy

A non-invasive method that aims to measure tissue oxygen delivery and consumption continuously at 

the bedside is near-infrared spectroscopy (NIRS). NIRS-technology is based on the fact that biological tis-

sue is relatively transparent to near-infrared light (700 to 1000 nm), that near-infrared light is absorbed by 

chromophores as hemoglobin, and that oxygenated and deoxygenated hemoglobin have different ab-

sorption spectra (15-17). By emitting near-infrared light and analyzing returning light photons through a 

detector, NIR spectrometers are able to calculate the ratio of oxygenated to deoxygenated hemoglobin 

in the underlying tissue. Dependent on the device used, this ratio is reflected as the regional tissue 

oxygen saturation (rSO2) or tissue oxygenation index (TOI). As the majority of the emitted near-infrared 

light is absorbed by hemoglobin within venules and veins in the underlying tissue, the rSO2 and TOI are 

venous weighted values (18,19). As such they reflect the net result of tissue oxygen delivery and tissue 

oxygen consumption.

NIRS-devices differ in regard to the number of wavelengths used and the distance between the 

light-emitting source and the receiving sensor. For the purpose of this thesis, we used the INVOS 4100 

and 5100 NIR spectrometer (Somanetics) in combination with Pediatric and Neonatal SomaSensors 

(Covidien) to measure the rSO2. The SomaSensor emits near-infrared light at two wavelengths, 730 and 

810 nm. The returning light photons are received by two detectors, a shallow one at 30 mm and a 

deep one at 40 mm distance from the emitter. The shallow detector provides information about surface 

areas, while the deep detector provides information about the deeper tissues. The rSO2 is calculated by 

subtracting the oxygen saturation of the surface path from the deeper path and represents the venous 

weighted oxygen saturation of tissue to a depth of approximately 20 mm (19,20).

Apart from measuring tissue oxygen saturation, NIRS can be used to estimate the fractional oxygen 

extraction of the underlying tissue by measuring the transcutaneous arterial oxygen saturation (spO2) 

simultaneously and subsequently calculating the fractional tissue oxygen extraction (FTOE) using the 

following formula: FTOE=spO2-rSO2/spO2 (21,22). Increasing FTOE represents a relatively higher increase 

in oxygen uptake in relation to oxygen delivery and may represent increasing oxygen metabolism as 

well as decreasing oxygen delivery. As FTOE is less dependent on changes in spO2 than rSO2, FTOE may 

serve as a better marker for ischemic hypoxia than rSO2.

Cerebral NIRS monitoring

When the NIRS sensor is placed on the scalp of the newborn infant, the cerebral rSO2 can be measured. 

Validation studies have demonstrated positive correlations between jugular venous saturation and cere-

bral rSO2 and TOI as measured by NIRS in children (23,24). Several studies have reported reference values 

concerning cerebral rSO2 in stable preterm and healthy term neonates (25-28) and lower cerebral rSO2 

values in infants with various conditions such as anemia, patent ductus arteriosus and congenital heart 

disease (29-32). Little evidence, however, exists concerning critically low cerebral rSO2 values leading 

to organ damage in preterm and term newborn infants. Two studies that used either piglet models of 

graded hypoxia-ischemia or graded hypoxia demonstrated that cerebral rSO2 values below 30-45% for 

more than 30 minutes led to cerebral lactate accumulation, EEG changes, decreased ATP and ischemic 
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1brain injury (31,33). Two studies in neonates with hypoplastic left heart syndrome undergoing Norwood 

1 palliation showed that a prolonged cerebral rSO2 below 45-55% in the postoperative period was as-

sociated with new or worsened periventricular leukomalacia and poorer neurodevelopmental outcome 

at age 4 to 5 (34,35). Although thresholds may differ depending on the nature of the hypoxic insult 

(ischemic hypoxia vs. hypoxic hypoxia) and the conditions studied (for example hypothermia), increas-

ing evidence suggests that low pre-, intra- and postoperative cerebral rSO2 in neonates with congenital 

heart disease is associated with postoperative brain injury and adverse neurodevelopmental outcome 

(34-43). Several centers that treat neonates with congenital heart disease have adopted cerebral NIRS-

monitoring in their standard pre-, intra- and postoperative diagnostic algorithms to prevent and treat 

cerebral hypoxia and ischemia, thereby aiming to improve neurodevelopmental outcome (44-46).

Critically low values have not been established in preterm infants. However, several observational 

studies suggest that low and high cerebral rSO2 values in the first day to first two weeks of life in preterm 

infants are associated with the occurrence of hypoxic-ischemic brain injury including germinal matrix 

intraventricular hemorrhage (47-49) and periventricular echodensities (50) and with poor neurodevel-

opmental outcome at age two to three (51,52).

Multisite NIRS monitoring

Increasingly, NIRS is used to monitor oxygenation and perfusion at multiple sites in infants at risk of 

circulatory failure of various causes (46,53-59). Monitoring regional tissue oxygen saturation at mul-

tiple sites may pose several advantages above single site cerebral NIRS monitoring in the detection 

of impaired tissue oxygen delivery. First, cerebral blood flow may be preserved due to cerebrovascular 

autoregulation in newborn infants with circulatory failure. Monitoring somatic tissue beds of, for ex-

ample, intestines or kidneys, could be a better (55,58) and more timely (54,57) indicator of low systemic 

blood flow than cerebral NIRS monitoring and may therefore be used as an early target for intervention 

to prevent cerebral hypoperfusion. Furthermore, it could help to detect impaired renal and intestinal 

tissue oxygen delivery and may therefore help in the early detection of critically low organ perfusion 

leading to adverse outcomes such as necrotizing enterocolitis or renal failure (56,59). Second, multisite 

NIRS monitoring may be helpful in monitoring postductal organ tissue oxygen delivery in those infants 

that are at risk for decreased lower body perfusion due to congenital heart disease such as left-sided 

obstructive lesions or a hemodynamically significant ductus arteriosus due to obstruction in the aortic 

arch and/or diastolic steal of blood from the systemic to pulmonary circulation.

The actual additional clinical value of multisite NIRS monitoring for diagnosing compromised tissue 

perfusion in neonates at risk of circulatory failure admitted to the neonatal intensive care however, 

remains unclear.
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Aims and outline of the thesis

The main aim of this thesis was to explore the potentially additional value of monitoring regional tissue 

oxygen saturation of multiple organs using near-infrared spectroscopy in the clinical management of 

infants at high risk of hypoxic-ischemic organ injury due to circulatory failure.

Part I: Regional tissue oxygenation, clinical signs of circulatory failure, and Doppler 

echocardiographic measurements in high-risk infants

For a new method to be of diagnostic clinical value, it has to meet different criteria. First, it has to give 

additional information concerning the clinical status of the patient compared to the available clinical 

parameters. Available measurements concerning compromised tissue perfusion and abnormal circula-

tion include routine hemodynamic and biochemical measurements and Doppler echocardiographic 

measurements. Second, it has to measure the outcome of interest better than available measurements. 

As a gold standard for assessing critically low organ tissue oxygen delivery resulting in adverse outcome 

is not available, adverse outcome is possibly the best available outcome of interest. Our first aim was 

therefore to explore the agreement between clinical and echocardiographic indicators of hemody-

namic compromise and abnormal circulation and multisite NIRS measurements in relation to short-term 

outcome in infants at high risk of circulatory failure due to various causes.

For this purpose, we formulated the following research questions:

(1) What is the association between routine hemodynamic measurements and multisite NIRS measure-

ments in relation to short-term outcome in preterm infants at risk of circulatory failure due to clinical 

sepsis (Chapter 2)?

(2) How does cardiac output as assessed by Doppler echocardiography correlate with multisite NIRS 

measurements in preterm infants at risk of circulatory failure due to clinical sepsis (Chapter 3)?

(3) Do echocardiographic parameters of ductal hemodynamic significance relate to multisite NIRS mea-

surements in preterm infants at risk of circulatory failure due to patent ductus arteriosus (Chapter 4)?

(4) Does retrograde blood flow in the ascending or descending aorta signify impaired cerebral or renal 

tissue oxygen delivery in infants at risk of circulatory failure due to cardiac left-sided obstructive 

lesions (Chapter 5)?

Part II: Monitoring treatment effects on cerebral oxygenation in high-risk infants

Several interventions that are intended to improve the circulatory status of the infant are predominantly 

used to improve cerebral tissue oxygen delivery. Monitoring the oxygenation status of cerebral tissue 

would therefore be of great interest to evaluate the efficacy of the intervention in reaching this target. 

Our second aim was therefore to assess the effect of two commonly used interventions in neonatology 

on cerebral tissue oxygen saturation and extraction.

We formulated the following research questions:

(5) What is the effect of balloon atrial septostomy on cerebral oxygenation in neonates with transposi-

tion of the great arteries (Chapter 6)?
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1(6) Does treatment with volume expansion improve cerebral oxygenation in preterm infants with clini-

cal signs of poor perfusion (Chapter 7)?
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