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General introduction 
The neonatologist often is faced with clinical hemodynamic dilemmas that are 
challenging to interpret and manage due to a lack of basic hemodynamic 
physiologic information. In most neonatal intensive care units, cardiovascular 
function is monitored only by continuous heart rate, invasive blood pressure 
monitoring, and poorly validated clinical signs such as capillary refill time. Although 
these parameters give important information, they provide only indirect and 
frequently limited insight into the complexities of cardiac function, changes in 
peripheral and pulmonary vascular resistance, intra- and extra cardiac shunting, 
and transitional circulation of the neonate. Doppler ultrasound measurements can 
offer a clearer understanding of the pathophysiology underlying these clinical 
presentations and help to guide logical treatment choices.1,2 

The most common studied and used parameters to help understand neonatal 
hemodynamics are left ventricular output (LVO), right ventricular output (RVO), and 
flow in the superior vena cava (SVC flow). These central blood flow (CBF) 
parameters, combined with assessment of ductal shunting and shunting over the 
foramen ovale will provide information on global cardiac function and distribution of 
blood flow between the pulmonary and systemic circulation.3,4 

There are a number of recent advances in understanding neonatal hemodynamics: 
 
- There is only a very weak relationship between blood pressure and blood flow in 
newborn infants.3,4 

- Many infants in the neonatal intensive care show a hypoperfusion reperfusion 
cycle in the first 24 hours of life, with 20-30% of this population showing very low 
blood flow at some point during this cycle.3,4  
- Risk factors for developing low blood flow are gestational age, mechanical 
ventilation and a large ductus arteriosus.5,6 

- Very low central blood flows are associated with impaired neurodevelopmental 
outcome.7 
 

 
GENERAL INTRODUCTION AND OUTLINE 
OF THIS THESIS  
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Still, several areas of neonatal hemodynamics have not been explored. The 
interaction between mechanical ventilation and central blood flows in newborn 
infants is poorly understood.8 Also, data about central blood flow in preterm infants 
outside the transitional phase with or without neonatal complications is limited.9 

 
Outline of this thesis 
The general aim of this thesis is to evaluate Doppler derived central blood flow 
measurements in newborn infants under different but common clinical scenario’s, 
and try to improve our understanding of neonatal hemodynamics. 
Chapter 1 provides a general overview of the methodology, accuracy and 
agreement for Doppler derived central blood flow parameters. Chapter 2 will review 
the literature and describe the current position of functional echocardiography, 
which includes CBF measurements, as a tool for the clinician. This chapter will also 
explore the logistics of implementing a functional echocardiography training 
program. 
The following two chapters are dedicated to cardiopulmonary interactions in 
newborn infants. Previous studies have shown that higher mean airway pressure is 
a determinant of low central blood flow. It is not known whether this is a direct effect 
of positive pressure ventilation on reducing systemic venous return, as suggested 
by animal studies, or a reflection of severity of lung disease. In Chapter 3 we 
explore the effect of a small increase in end expiratory pressure on RVO, SVC flow 
and ductal shunting in a cohort of ventilated newborns. In Chapter 4 the same 
central blood flow parameters are investigated during a lung recruitment manoeuvre 
during high frequency ventilation with a much larger increase in mean airway 
pressure. 
In Chapters 5 and 6 we investigate preterm infants outside the transitional phase. In 
Chapter 5 we selected clinically stable preterm infants and measured all CBF 
parameters at day 7 and day 14 to be able to provide a normal range for this age 
group. Chapter 6 investigates central blood flows in preterm infants with 
hemodynamically significant sepsis, a common cause for mortality in this age group. 
Chapter 7 evaluates ultrasound parameters used to categorise ductal shunting. For 
ductal assessment, ductal diameter is suggested to be the best indicator for ductal 
shunting. We quantified all ductal scans requested for predefined clinical signs and 
determined associations between the clinical signs, other commonly used 
ultrasound parameters to assess ductal shunting and ductal diameter. 
All findings are summarized in Chapter 8 and conclusions are presented with 
suggestions for clinical implementations and future research. 
 
1. Kluckow M, Seri I, Evans N. Functional echocardiography: an emerging clinical tool for the 
neonatologist. J Pediatr. 2007;150(2):125-30 
 
2. Kluckow M, Seri I, Evans N. Echocardiography and the neonatologist. Pediatr Cardiol. 
2008;29(6):1043-7 
 
3. Evans N. Assessment and support of the preterm circulation. Early Hum Dev.2006;82(12):803-10 
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ABSTRACT 
 
Central blood flow (CBF) measurements are measurements in and around the 
heart. It incorporates cardiac output, but also measurements of cardiac input and 
assessment of intra and extra cardiac shunts. CBF can be measured in the central 
circulation as right or left ventricular output (RVO or LVO) and/or as cardiac input 
measured at the superior vena cava (SVC flow). Assessment of shunts incorporates 
evaluation of the ductus arteriosus and the foramen ovale. 
This review describes the methodology of CBF measurements in newborn infants. It 
provides a brief overview of the evolution of Doppler ultrasound blood flow 
measurements, basic principles of Doppler ultrasound and an overview of all used 
methodology in the literature. A general guide for interpretation and normal values 
with suggested cut-offs of CBF’s are provided for clinical use. 
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Introduction 
Central blood flow (CBF) measurements are measurements in and around the 
heart. It incorporates cardiac output, but also measurements of cardiac input and 
assessment of intra and extra cardiac shunts. Schematically presented figure 1, 
CBF can be measured in the central circulation as right or left ventricular output 
(RVO or LVO) and/or as cardiac input measured at the superior vena cava (SVC 
flow). Intra and extra cardiac shunts like the foramen ovale, atrium or ventricular 
septal defects or ductus arteriosus are measured in the central circulation to assist 
in interpreting RVO and LVO. Organ blood flow can be measured in the arterial 
blood vessels of the main organs. Peripheral blood flow, as part of the organ 
circulation, refers to blood flow in the skin, mucus membranes or underlying muscle 
tissue.  
 

 
 
Figure 1. Compartments of the circulation where blood flow can be measured. The central circulation 
includes the pulmonary and systemic circulation. Organ circulation includes each organ and the 
peripheral circulation. All organs have their local afferent and/or efferent regulation system. Blood 
pressure in newborns is measured in the central circulation (descending aorta) or in the peripheral 
circulation (limbs)  
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As CBF mainly measures cardiac output and cardiac input, some basic principles of 
blood flow regulation need to be addressed. Although details of the circulation are 
complex, there are three basic principles that underlie all functions of the system.1  
 
1. The blood flow to each tissue of the body is controlled in relation to the tissue 
needs. When tissues are active, regional flow can be increased up to 30 times the 
resting level. Cardiac output can only be increased several times, so blood flow 
must also be controlled at the local level, which will result in redistribution of total 
blood flow. Only the increase in total blood flow can be measured with CBF 
measurements, not the level of distribution in the organ circulation.  
 
2. Cardiac output is controlled mainly by the sum of all the local tissue flows. The 
heart acts as an automaton; cardiac input determines cardiac output. It facilitates 
the use of cardiac input measurements as representative for cardiac output. The 
input = output response is not always sufficient, with the autonomic nervous system 
playing an important role in maintaining adequate output in disease states by 
altering heart rate and peripheral vascular resistance. 
 
3. Arterial blood pressure is controlled independently of either local blood flow 
control or cardiac output control. This will affect the physiological relationship 
between pressure and flow. Flow (Q) through a blood vessel is determined by the 
pressure difference (∆P) and the vascular resistance (R), Ohms’ law 
 

Q = ∆P / R 
 
Resistance is proportional to vessel radius (r), vessel length (L) and blood viscosity 
(η), where viscosity is mainly determined by blood haemoglobin content.  
 

R α η.L / r4  
 
The above expression for resistance can be combined with the equation describing 
the relationship between flow, pressure and resistance in the Poiseulle’s equation 

 
  Q = π.r4. ∆P / 8.η.L 
 
In this equation, the resistance of a vessel is in proportion to the fourth power of its 
radius, making the vessel diameter the most contributing factor to blood flow.  
 
Doppler ultrasound 
CBF can be measured using several techniques, eg. using oxygen consumption as 
a determinant of flow (using the Fick principle), dilution methods using dye or hot or 
cold fluid boluses, pulse pressure methods, Doppler ultrasound or velocity encoded 
phase contrast MRI. An extensive review of available methods and their respective 
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advantages and limitations is published elsewhere.2 In this thesis only Doppler 
ultrasound is used to measure CBF.  
The Doppler principle as applied to ultrasound describes the shift in frequency of 
the returning sound wave in proportion to the velocity of the object imaged. Doppler 
ultrasound is used to detect and measure blood flow with the major reflector being 
the red blood cell. Velocity of moving blood (V) is then calculated using the Doppler 
shift (Df), insonating frequency (f), speed of sound (c) and the angle of insonation 
(cos q, the angle between the sound waves and direction of moving blood) in the 
Doppler equation 
 

V = Df.c / 2.f.cos q 
 
Appropriate angle of insonation (also called Doppler angle) is essential for accurate 
determination of Doppler shift and blood flow velocity, with an increasing angle 
causing progressive underestimation of flow velocity. 
Blood flow throughout most of the central circulation is laminar, characterised by a 
flow profile that is parabolic. This occurs in long, straight blood vessels under steady 
flow conditions. The practical implication of parabolic laminar flow is that when flow 
velocity is measured using pulsed Doppler the velocity represents the average 
velocity of the cross section of the vessel. Plotting the average velocity against time 
allows for calculation of the velocity time integral (Vti), the area under the velocity 
envelope.  
Blood flow (Q) is calculated using the following parameters; Diameter (d) to 
calculate the cross sectional vessel area (π.d2/4) assuming that the vessel area is 
round, flow velocity (Vti) and heart rate. The following formula is used to calculate 
flow in ml/kg/min: 
 

Q = Vti. Heart rate. (π.d2/4) / body weight 
 
The diameter can be measured using two-dimensional (2D) images from one or two 
ultrasound imaging planes, or one can use the M mode technique. M mode records motion 
of tissue toward and away from the transducer and has the advantage of producing a clear 
delineation of vessel walls. The disadvantage of M mode is the potential of tangential cuts 
through the vessel, producing an overestimation of vessel diameter. 
 
Doppler can also be used to estimate pressure. The pressure difference (∆P) over a 
cross sectional area can be calculated by using the maximum velocity (V) in the 
modified Bernouilli equation 
 

∆P = 4.V2 
 
With laminar flow, there is a linear relationship between perfusion pressure and 
flow. This relationship weakens if flow becomes turbulent, with more perfusion 
pressure needed for a given flow. 
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In general, Doppler measures of blood flow in the central circulation have been shown to 
have good inter- and intra-observer reproducibility and to be well correlated with invasive 
measures of blood flow using microspheres, dye dilution or thermodilution techniques. 
Doppler was regarded as most useful when used to track changes.3  
Potential errors of measurements come from inaccurate measurement of vessel diameter 
due to poor views or tangentially performed measurements, or inaccurate measures of Vti 
due to an high angle of insonation or placement of the Doppler gate out of the laminar 
stream. 
Measuring CBF in newborns using Doppler ultrasound is performed in 2 steps. First, 
image acquisition (usually at the bedside) followed by image analysis using the 
incorporated software of the ultrasound equipment. Image acquisition in newborn 
infants requires a high resolution ultrasound (US) machine and high frequency 
Doppler probe with colour mode incorporated. Image analysis is the manual tracing 
(Vti’s) and determination of distances using callipers (vessel diameter and heart 
rate) for the calculation of CBF. 
Since the introduction of US in cardiac medicine in the late seventies, commercial 
US machines are now in its fourth generation. First generation US equipment 
included only M mode measurements of ventricular dimensions and unguided 
Doppler measurements using a pencil probe. A survey by Sahn in 1978 suggested 
that major problems existed with M mode inter observer variability.4 It was difficult to 
compare echocardiographic data from one laboratory compared with the results 
from another due to differences in timing of M mode measurements (eg. at onset or 
at peak of QRS) and in actual distances taken (eg. leading to leading edge or 
trailing to leading edge dimensions). The paper presented new recommendations 
for uniform M mode measurements. When 2D imaging became widely available in 
the late seventies (second generation US equipment), this led to an increase in 
publications describing the use of cardiac ultrasound and central blood flow 
measurements. A report of the American Society of Echocardiography Committee 
on Nomenclature and Standards in 2D Echocardiography brought uniformity in 
transducer location, imaging planes and image orientation standards.5 
Further refinement of US equipment included higher spatial resolution with 
increased Doppler frequency and a greater variety in size and shape of US probes 
(third generation US equipment) and development of software for advanced 
measurements like tissue Doppler, strain rate, 3D visualisation with miniaturisation 
of US probes and US equipment (fourth generation US equipment). It is clear that 
early pioneer work is invaluable, however, we must realise that the normal values 
produced with first and second generation US equipment are difficult to compare to 
values produced with current generation US equipment.  
 
Methodology of Doppler derived central blood flow measurements 
In newborn infants CBF is measured at 3 sites: right ventricular output (RVO) at the 
pulmonary valve, left ventricular output (LVO) at the aortic valve, and flow returning 
to the heart in the superior vena cava (SVC) measured at the junction of the SVC 
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and the right atrium.6-8 As mentioned before, additional sites of measurements help 
in correct interpretation of the CBF values. Intra and extra cardiac shunts are 
measured at the ductus arteriosus (DA) and the foramen ovale (OFO) and are an 
integrated part of assessing central blood flows in newborn infants.  
This paper will discuss the methodology of Doppler derived LVO, RVO, SVC flow, ductal 
assessment, foramen ovale assessment and flow in the descending aorta (DAo). 
Unfortunately, blood flow in the inferior vena cava (IVC) is difficult to measure via a trans-
thoracic approach due to the small common confluence and its anatomical position for flow 
velocity determinations. The same can be said for pulmonary venous blood flow.   
All flow measurements need assessment of vessel diameter and flow velocity 
 
Left ventricular output (LVO) 
LVO diameter is obtained in the parasternal long axis view, and flow velocity from 
the subcostal to apical view or the high suprasternal view. LVO measurements 
using Doppler ultrasound in newborns was first published by Alverson et al.9 They 
used M mode to determine the diameter of the ascending aorta and a high 
suprasternal continuous wave Doppler position to obtain LVO flow velocity in 8 
preterm and 14 term newborns in the first week of life. He reported a mean(SD) 
LVO of 221(56) and 236(47) ml/kg/min respectively. Walther et al. investigated a 
larger group of term and preterm infants, using slightly different methodology.6 The 
leading edge technique was used instead of the trailing edge technique (see figure 
2 for details). Comparable LVO values were reported for term infants and higher 
mean(SD) values of 260(35) ml/kg/min were found for preterm infants. For clinical 
use, 325 and 200 ml/kg/min were reported to be used as upper and lower limits of 
normal. Mandelbaum et al. introduced the use of the apical window for flow velocity 
determinations in newborn infants.10 A much lower LVO of 150(40) ml/kg/min was 
found using the apical window and the (smaller) aorta annulus in 18 healthy term 
newborns. Most current research on LVO in preterm infants uses the methodology 
and proposed lower limit of 150 ml/kg/min for clinical use as described by Evans et 
al.7 They used the internal diameter from 2D images of the ascending aorta and the 
apical window for flow velocity to calculate LVO. Mellander et al. compared the 
different methods to measure the LVO diameter, including 2D measurements at the 
aortic annulus.11 They found that aortic root diameters often overestimated and 2D 
aortic annulus underestimated LVO as compared to thermodilution. The aortic root 
is an area stretching from the aortic annulus to the proximal ascending aorta, 
including the sinuses of Valsalva and the supra-aortic ridge. M mode measurements 
do not pre-specify what area is actually measured. If the recommendations by 
Sahn4 are followed, then is it likely that the widest area at the sinuses of Valsalva is 
measured. There are considerable differences in diameter of the aortic annulus and 
sinuses of Valsalva in children and adults but limited data is available for the 
newborn population.12,13 In preterm infants the aorta annulus is approximately 0.9 
mm smaller than the ascending aorta, decreasing the LVO by 100 ml/kg/min.71 
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Figure 2. Methods of determination of LVO diameter. 2D ascending aorta dimensions are inner wall 
dimensions. 2D aortic annulus dimensions are taken at the valve hinges. Trailing edge technique 
measures the inner diameter of a vessel in M mode from the posterior portion of the anterior aortic wall to 
the inner boundary of the posterior aortic wall. Leading edge technique measures from the anterior 
portion of the anterior aortic wall to the inner boundary of the posterior aortic wall 

 
The methodology of Doppler determination of LVO and the reported values in 
newborn infants is  presented in table 1. Variation exists in diameter location 
(ascending aorta versus aortic root or aorta annulus), in methodology of diameter 
determination (M mode versus 2D, leading edge versus trailing edge technique), in 
Doppler method (continuous Doppler, CW versus pulse wave Doppler, PW) and in 
location of flow velocity determinations (suprasternal versus subcostal or apical). 
Most studies did not use angle correction for flow velocity. However, the anatomic 
position of the left ventricular outflow tract in newborn infants is seldom truly aligned 
(in 3D geometry) with any apical or subcostal view, creating an underestimation of 
the true LVO.  
The accuracy of LVO measurements as compared to the Fick method, 
thermodilution or dye dilution varies between 1 and 36%.3 Hudson evaluated intra 
and inter-observer agreement in 20 healthy term infants, using 3 different methods 
for aortic diameter measurements and 3 different sites of measuring blood flow 
velocity with both continuous wave and pulsed Doppler.23 In this study, the most 
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reproducible determination of cardiac output was found when the suprasternal site 
with continuous wave Doppler was used for measurement of blood flow velocity and 
M mode trailing edge technique was used for diameter.  
 
 
 
Study LVO diameter LVO flow velocity Angle 

correction 
Time after 
birth 

LVO (ml/kg/min) 
Preterm infants Term infants 
n Mean SD n Mean SD 

Alverson  
1984 9 

Ascending Aorta 
M mode trailing edge 
parasternal long axis 

Ascending Aorta  
unguided CW Doppler 
high suprasternal view 

no 1-5 days 8 221 56 14 236 47 

Walther  
1985 6 

Aortic Root 
M mode leading edge 
parasternal long axis 

Ascending Aorta  
unguided CW Doppler 
high suprasternal view 

no 1-5 days 59 260 35 62 230 30 

Hirsimaki 
1988 14 

Aortic Root 
M mode  
parasternal short axis 

Ascending Aorta  
unguided CW Doppler 
high suprasternal view 

no 24 hours    22 273 59 

Winberg  
1989 15 

Ascending Aorta 
M mode trailing edge 
parasternal long axis 

Ascending Aorta  
unguided CW Doppler 
high suprasternal view 

no 24 hours    16 187 35 

Walther  
1990 16 

Ascending aorta 
2D internal diameter 
parasternal long axis 

Ascending Aorta 
unguided CW Doppler 
high suprasternal view 

no unknown 26 250 41 16 250 41 

Agata  
1991 17 

Ascending Aorta 
M mode leading edge 
parasternal long axis 

Ascending Aorta  
2D guided PW Doppler 
apical view 

no 24 hours    34 245 56 

Mandelbaum 
1991 18 

Aortic Annulus 
2D internal diameter 
parasternal long axis 

Ascending Aorta  
2D guided PW Doppler 
apical view 

no 5-48 hours    18 150 40 

Evans  
1996 7 

Ascending Aorta 
2D internal diameter 
parasternal long axis 

Ascending Aorta  
2D guided PW Doppler 
apical view 

< 20° 24 hours 20 233# 55    

Evans  
1996 7 

Ascending Aorta 
2D internal diameter 
parasternal long axis 

Ascending Aorta  
2D guided PW Doppler 
apical view 

< 20° 4 days 20 282# 60    

Pladys  
1999 19 

Ascending Aorta 
M mode trailing edge 
parasternal long axis 

Ascending Aorta  
2D guided PW Doppler 
subcostal view 

no 24 hours 17 245* 60    

Tsai-
Goodman 
200120 

Aortic Root 
M mode trailing edge 
parasternal long axis 

Ascending Aorta  
unguided CW Doppler 
high suprasternal view 

no 24 hours 10 241  16 241  

Murase  
2002 21 

Ascending Aorta 
2D internal diameter 
parasternal long axis 

Ascending Aorta  
2D guided PW Doppler 
high suprasternal view 

no 24 hours 11 144^ 37    

Grooves  
2008 34 

Ascending Aorta 
2D internal diameter 
parasternal long axis 

Ascending Aorta  
2D guided PW Doppler 
apical view 

< 20° 24 hours 43 288× 80    

Sloot  
2010 22 

Aortic Annulus 
2D internal diameter 
parasternal long axis 

Ascending Aorta  
2D guided PW Doppler 
subcostal view 

no 7 days 57 296 74    

 
Table 1. Methods of determination of LVO diameter, flow velocity and reported mean(SD) values in 
ml/kg/min. # preterm infants with mild respiratory distress, * preterm infants with normal blood pressure,  ̂

preterm non-ventilated infants, × preterm infants with ductal size < median ductal size for cohort 

 
 
More recently, Tsai-Goodman et al. reported on repeatability of measures of LVO in 
term and preterm infants with no significant differences within or between observers 
for any of the parameters required to measure LVO.20 It is possible that improved 
image quality of current US equipment also improved intra and inter-observer 
agreement. 
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Right ventricular output (RVO) 
RVO diameter and flow velocity are obtained by a true parasternal view, looking 
slightly upwards to align with the right ventricular outflow tract. Doppler 
determinations of RVO in newborns were first published in 1987 by Takenaka and 
Sholler, but did not receive much clinical attention until later reports by Evans et al.7, 

24,25 RVO has traditionally been associated with pulmonary blood flow and LVO with 
systemic blood flow. However, the presumed associations of either parameter are 
not true if large shunts are present. Referring back the basic principles of cardiac 
output regulation, LVO reflects all pulmonary venous blood returning to the left side 
of the heart (systemic blood flow and ductal left-to-right shunt) and RVO is the 
resultant of cardiac input and left-to-right shunt over the foramen ovale. This would 
mean that RVO would better reflect systemic blood flow and that LVO would better 
reflect pulmonary blood flow during transition.26  
 

 
 
Study 

  
 Angle 

correction 
Time after 

birth 

 
RVO (ml/kg/min) 

RVO diameter RVO flow velocity Preterm infants Term infants 
  n Mean SD n Mean SD 

Tanaka  
1987 24 

not done RVOT  
2D guided PW Doppler 
parasternal short axis 

no 24 hours       

Sholler  
1987 25 

Pulmonary annulus at 
end systole in 2D 
parasternal short axis 

RVOT  
2D guided PW Doppler 
parasternal short axis 

no 14 days    25 310 70 

Shirashi  
1988 27 

Pulmonary artery 
M mode leading edge 
parasternal long axis 

RVOT  
2D guided PW Doppler 
parasternal short axis 

no 1-2 days    10 200  

Walther  
1990 16 

mean systolic 
diameter of the 
Pulmonary artery 

RVOT  
2D guided PW Doppler 
parasternal short axis 

no unknown 26 254 48 16 254 48 

Evans  
1996 7 

Pulmonary annulus at 
end systole in 2D 
parasternal axis 

RVOT  
2D guided PW Doppler 
parasternal axis 

no 24 hours 19 202# 71    

Evans  
1996 7 

Pulmonary annulus at 
end systole in 2D 
parasternal axis 

RVOT  
2D guided PW Doppler 
parasternal axis 

no 4 days 20 287# 60    

Yanowitz  
1999 28 

Pulmonary annulus at 
end systole in 2D 
parasternal short axis 

RVOT  
2D guided PW Doppler 
parasternal short axis 

no 24 hours 20 355 40    

Yanowitz  
1999 28 

Pulmonary annulus at 
end systole in 2D 
parasternal short axis 

RVOT  
2D guided PW Doppler 
parasternal short axis 

no 7 days 20 450 50    

Tsai-
Goodman  
2001 20 

Pulmonary annulus at 
end systole in 2D 
parasternal short axis 

RVOT  
2D guided PW Doppler 
parasternal short axis 

no 24 hours 10 255  16 255  

Grooves  
2008 34 

Pulmonary annulus at 
end systole in 2D 
parasternal short axis 

RVOT  
2D guided PW Doppler 
parasternal short axis 

no 24 hours 80 400 90    

Sloot  
2010 22 

Pulmonary annulus at 
end systole in 2D 
parasternal axis 

RVOT  
2D guided PW Doppler 
parasternal axis 

no 7 days 57 429 116    

 
Table 2. Methods of determination of RVO diameter, flow velocity and reported mean(SD) values in 
ml/kg/min. # preterm infants with mild respiratory distress 
 
The right ventricular outflow tract and pulmonary valve lie very close to the anterior 
chest wall, making Doppler measurements easy. Most studies use the parasternal 
view to visualise the pulmonary annulus for diameter determinations in end systole, 
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using the hinges of the pulmonary valve as reference point. Flow velocity can be 
measured using the same view. Some investigators use the short axis view to 
obtain the same parameters. (Table 2) Diastolic flow and/or turbulent flow from 
ductal shunting can make flow velocity measurements difficult, as precise tracing of 
the pulmonary waves is not always possible. The accuracy of Doppler RVO is not 
known, as there are no publications comparing Doppler RVO versus other methods 
of right-sided cardiac output determinations. The intra and inter-observer agreement 
has been determined by Tsai-Goodman et al. with the major difference found being 
measurements of the pulmonary outflow tract diameter.20 Intra-observer 
repeatability was 4%, 7.5% and 9% respectively for measurements of the hinges of 
the pulmonary valve, pulmonary trunk, and right ventricular outflow tract. There 
were significant differences between observers for measurement of the pulmonary 
trunk and right ventricular outflow tract, but not for the hinges of the pulmonary 
valve. The mean RVO was 255 ml/kg/min with a mean difference between 
observers of only 0.3 ml/kg/min (95% CI: -24.1 to 23.4 ml/kg/min).  
 
Superior vena cava flow (SVC flow)  
SVC flow is a relative new method of measuring central blood flow. It measures 
blood flowing back to the heart from the upper body and brain, and is not influenced 
by atrial or ductal shunting. Its use in newborns was first described by Tamura et 
al.29  They sequentially measured 17 healthy term infants in the first day of life, 
exploring the maximum venous flow velocity during ventricular systole (S wave) and 
diastole (D wave). Five to 7 cycles in expiration were used to average the flow 
velocity. They did not measure SVC diameters. The most used methodology for 
measuring SVC flow is the methodology presented by Kluckow and Evans.8 They 
measured SVC flow in 25 preterm and 14 term infants, using the high parasternal 
view rotated towards the true sagittal plane for diameter measurements. SVC image 
acquisition can be difficult, especially in spontaneous breathing infants. It is 
especially important to obtain the full diameter, as the SVC can ‘hide’ behind the 
ascending aorta. The minimum and maximum diameters were taken at the junction 
of the atrium and the SVC and averaged from 3 to 5 cardiac cycles. Flow velocity 
was measured from the low subcostal view with the probe directed towards the 
SVC. Since SVC flow is venous flow, the beat to beat variability is of importance. 
Spontaneous respiration will influence flow velocity, therefore it is advised to take at 
least 10 to 15 cycles to average flow velocity. 
Kluckow et al. reported that in infants with a closed duct, where LVO and RVO 
equate to systemic blood flow, SVC flow was an average 37% of LVO.8 The median 
intra-observer variability for SVC flow measurement was 8.1%, and the median 
inter-observer variability between the measurements was 14%. 
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Study SVC diameter SVC flow velocity Angle 

correction 
Time after 

birth 

SVC flow (ml/kg/min) 
Preterm infants Term infants 

n Mean SD n Mean SD 
Tamura  
1998 29 

not done 1cm proximal of RA 
2D guided PW Doppler 
suprasternal view 

no 24 hours    17   

Kluckow  
2000 8 

2D internal minimum and 
maximum diameter 
high parasternal view 

RA-SVC junction 
2D guided PW Doppler 
subcostal view 

no 24 hours 25 82 40 13 76 38 

Groves  
2008 30 

M mode internal 
minimum and maximum 
diameter 
high parasternal view 

RA-SVC junction 
2D guided PW Doppler 
subcostal view 

no 24 hours 14 112 36 13 89 32 

Lee  
2010 31 

2D internal minimum and 
maximum diameter 
high parasternal view 

RA-SVC junction 
2D guided PW Doppler 
subcostal view 

no 24 hours    48 99 47 

Sloot  
2010 22 

2D internal minimum and 
maximum diameter 
high parasternal view 

RA-SVC junction 
2D guided PW Doppler 
subcostal view 

no 7 days 57 89 33    

 
Table 3. Methods of determination of SVC diameter, flow velocity and reported mean(SD) values in 
ml/kg/min.  

 
Measurement of velocity time integral (median variability 7.4%) and diameter 
(median variability 8.7%) contributed more to the variability than heart rate (median 
variability 1.8%). Groves et al. showed comparable findings on intra and inter-
observer variability.30 Lee et al. investigated the image quality and intra and inter-
observer agreement of SVC flow. Reliable diameter images were obtained in 85% 
and velocity recordings in 81% of the patients, reflecting difficulties in image 
acquisition.31 The mean variability of SVC flow in this study was 17% in the intra-
observer analysis and 29% in the inter-observer analysis. 
 
Assessment of the ductus arteriosus (DA) 
The ductus arteriosus is a pulmonary to systemic shunt in fetal life, where it carries 
most of the RVO. Shortly after birth the shunt reverses due to an increase in 
systemic vascular resistance (release from the low resistance placental circulation) 
and a decrease in the pulmonary vasculature resistance (lung inflation). The shunt 
becomes systemic to pulmonary (left-to-right, LR) as long as systemic pressure is 
higher than the pulmonary pressure throughout the cardiac cycle. Normally the DA 
closes soon after birth and the shunt disappears, but this process is often delayed in 
very preterm and sick newborns.  
Ductal shunting will influence central blood flow, mainly LVO, as most of the time 
the shunt will be left-to-right. With significant right-to-left (RL) shunt, often due to 
high pulmonary vascular resistance and hence decreased pulmonary blood flow, 
ductal shunting can be associated with reduced LVO but with a normal venous 
return from the lower body. 
It is important to include ductal assessments in central blood flow measurements to 
be able to interpret the findings. Ductal assessment should include at least ductal 
diameter, maximum LR flow velocity (Vmax) and flow pattern (continuous, pulsatile, 
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bi-directional including % RL shunt, ie the amount of time of the cardiac cycle blood 
flows right-to-left). Several other ultrasound measurements are suggested to help 
determine the degree of shunting. They include the ratio between the dimensions of 
the left atrium and the aorta (LA/Ao ratio)32, Left pulmonary artery diastolic velocity 
(LPAd)33 and measuring the flow pattern of the descending Aorta (DAo)34, the 
cerebral arteries35,36 or the abdominal organ arteries37-39. 
 
Assessment of the ductus arteriosus; Ductal diameter (DAd) 
Ductal diameter is probably the most important parameter to determine the degree 
of ductal shunting. As with any flow, the diameter will have the largest impact on the 
amount of flow. Commonly, the duct is wide on the aortic side with constriction 
starting at the pulmonary site of the duct. To capture this aspect one should 
visualise the whole trajectory of the duct. Most investigators measure the DA 
diameter from the high left parasternal view, with optimised colour flow Doppler 
mapping scale and gain settings. The minimum diameter (site of maximal 
constriction) of the colour flow jet closest to the entry to the main pulmonary artery 
is then analysed through frame by frame analysis, and the diameter is taken at the 
clearest appearance in end systolic frames.40,41 The coefficient of variation using 
this methodology was 12%.40 Table 4 shows studies investigating ductal diameter in 
a wide variety of preterm infants and the ranges found. Median diameter is 
dependent on postnatal age with earlier measurements (within 12 hours of life) 
usually showing larger diameters. 
 
 
Study Inclusion criteria n Ductal diameter (mm) 
Roberson 1994 42 < 34 week gestation 48 2.6 (0.6) 
Evans 1995 40 < 1500 gram and mechanical ventilation 56 0 - 3.8 
Kluckow 1995 41 < 1500 gram and mechanical ventilation 116 0 - 3.8 
Evans 1996 43 < 1500 gram and mechanical ventilation 117 0 - 3.4 
Kluckow 2000 44 < 30 week gestation 126 0 - 3.5 
Osborn 2003 45 < 30 week gestation 128 0 - 4.3 
El Hajjar 2005 46 < 31 week gestation 23 0 - 5.0 / kg 
El Khuffash 2005 47 < 1500 gram 33 0 - 4.1 
Groves 2008 34 < 31 week gestation 80 0 - 3.9 
Paradisis 2009 48 < 30 week gestation 90 2.0 (0.9) 
 
 
Table 4. Range or mean(SD) of ductal diameters in preterm infants using a high left  
parasternal view with colour flow mapping at the site of maximum constriction 
 
With current generation ultrasound equipment it has become increasingly easy to 
measure the internal diameter of the duct using 2D images. The short axis view to 
measure ductal diameter is not preferred as it will not always visualise the whole 
trajectory of the duct and commonly visualise the (wider) ductal jet without showing 
the site of maximal constriction. Constricting ducts can change shape and show as 
tortuous or kinked, making it difficult to find the site of maximal constriction.  
For interpretation of central blood flow measurements, a ductal diameter greater 
than 1.5-1.6 mm can decrease SVC flow during transition, increase LVO and 
decrease flow in the descending aorta.34, 41, 43, 45 Evans et al. evaluated the effect of 
various cardiorespiratory factors on RVO and LVO in 120 ventilated preterm 
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infants.7 A significant ductal shunt resulted in an increased LVO to RVO ratio. Up to 
37% of ventilated preterm infants had suboptimal systemic blood flow which would 
not be detected if only LVO was measured. 
 
Assessment of the ductus arteriosus; Ductal flow pattern and maximum left-
to-right flow velocity 
Doppler evaluation at the point of DA diameter measurement will provide the ductal 
flow pattern. It is important to measure velocity and pattern in the duct itself at its 
narrowest point and not near the aortic side of the duct or in the ductal jet in the 
main pulmonary artery.  
A ductal flow pattern can be left-to-right (LR), bidirectional (BD) or right-to-left (RL) 
depending on the pressure difference between the two ends. Pure RL shunt is 
always pathological in newborn infants, but a small degree of BD shunting is normal 
shortly after birth.49 When the pattern is bidirectional, the proportion of the cardiac 
cycle with right-to-left shunting could be measured as the time of right-to-left 
shunting divided by the total length of the cardiac cycle. Assuming that the systemic 
pressure is normal, a RL ductal shunt percentage of more than 30% is often 
considered significant pulmonary hypertension. 
Su et al. classified ductal Doppler flow patterns on visual appearance into 5 
categories; pulmonary hypertension pattern, growing pattern, pulsatile pattern, 
closing pattern and closed pattern.50 Inter observer agreement to classify the 
patterns was not tested. The pulsatile pattern showed the highest specificity (100%) 
and sensitivity (93.5%) to predict a persisting DA with clinical signs. The closing 
pattern, commonly with a flow velocity > 200 cm/s and a continuous appearance, 
was associated with constriction.  
True ductal flow incorporating ductal diameter and Vti’s has been performed in a 
few studies.51,52 Although ductal flow is initially laminar, constriction will often 
change the flow to turbulent making representative tracings of flow velocity difficult.  
 
Assessment of shunt over the foramen ovale (FO) 
The FO is an area in the midportion of the atrial septum concerning the fossa ovalis. 
In fetal life is has a function as divider for blood into the right or left side of the heart. 
The edge of the atrial septum (crista dividens) divides the incoming flow in two 
arms. Flow from the ductus venosus is diverted predominantly in the left atrium and 
blood flow from the inferior vena cava enters the right atrium.53 After birth, when 
atrial and ventricular pressures change, the valvular structure has the potential to 
close the defect. In the first few days of life a shunt over the FO is common. It 
shows a dominant left-to-right direction and a bidirectional flow pattern.54  
The atrial septum can be imaged from a subcostal four-chamber view, adding 
colour flow Doppler mapping with colour scale setting for low velocities to assess 
shunts across the septum. The diameter can be measured using the color flow jet 
across the septum55 or by using 2D images.55,56 The pulsed wave Doppler gate is 
placed in the interatrial shunt at the level of the atrial septum to determine flow 
direction and flow velocity. The pattern of flow should then be classified as left-to-
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right, bidirectional, or right-to-left. When the pattern is bidirectional, the proportion of 
the cardiac cycle with right-to-left shunting could be measured as the time of right-
to-left shunting divided by the total length of the cardiac cycle as described for 
ductal flow patterns. 
An FO shunt can influence central blood flow measurements, with its main effect 
increasing RVO. Evans et al. reported studies in 51 ventilated preterm infants with 
an increasing RVO to LVO ratio if the FO diameter exceeded 3 mm.54,57 Only few of 
these large FO shunts persisted during admission, making the FO shunt less likely 
to influence central blood flows compared to ductal shunting. 
The natural course and closure of the FO is influenced by the presence of a DA and 
gestational age. In a study by Riggs et al. evaluating the natural course of an FO in 
80 term and preterm infants, younger gestational age was associated with delayed 
closure and the presence of a DA at the time of initial diagnosis of an FO was 
strongly associated with earlier closure of the FO.56 Table 5 shows studies 
investigating the FO in newborn infants. 
 

Study Population studied 
 

Timing Findings 

Fukazawa  
1988 59 

102 term and preterm infants 
 

follow up till closure 24% open at 1 week 
13% open at 1 month 
median diameter 4 mm 

Hannu  
1989 60 

37 healthy term infants 
 

 24 hours 41% closed  
57% LR shunt  
2% BD shunt 

Hiraishi  
1991 61 

36 healthy term infants  
 

4-5 days 53% closed 
28% LR shunt  
19% BD shunt 

Evans  
1994 55 

51 preterm infants < 1500 grams with 
mechanical ventilation for more than 24 
hours 

Regular during the first 3 
weeks and then on 
indication until discharge 

46% < 3 mm, early closure 
23% < 3 mm, persisting 
18% > 3 mm, early closure 
13% > 3 mm, persisting 

Markhorst  
1995 56 

20 healthy term infants 
 

6 days 90% closed 
10% LR shunt 
  0% RL shunt 

Riggs  
2000 57 

80 term and preterm infants with an 
OFO 
 

follow up till closure median closure time term infants 119 days 
median closure time preterm infants 752 days 
initial diameter not influencing closure 

 
Table 5. Studies investigating atrial shunting in newborn infants 

 
Descending Aorta flow (DAo flow) 
To facilitate measurements of blood flow in lower body, Groves et al. designed a 
method to measure blood flow in the descending aorta, just proximal of the 
diaphragm.30 Flow velocity was measured from a subcostal sagittal view and from 
the high parasternal view with PW Doppler, with use of angle correction. Reverse 
flow was deducted from forward flow to create total DAo flow. The diameter of the 
descending aorta was measured using M mode trailing edge technique in the 
parasternal short axis view. Intra and inter-observer variability were 14% and 11% 
respectively, with the subcostal approach showing better repeatability. Normal 
values were determined in 14 healthy preterm infants and 13 term infants. 
Median(range) DAo flow at 24 hours of age was 180(93-233) for term infants and 
133(108-305) ml/kg/min for preterm infants. In a larger preterm population less than 
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31 weeks gestation infant the median DAo flow was 145(29-255) ml/kg/min. DAo 
flow reversal showed significant correlations with an increased ductal shunt.34 
 
LVO to RVO ratio 
The LVO to RVO ratio can describe if significant shunting takes place between 
systemic and pulmonary system. The ratio does not discriminate where the shunt 
takes place (atrial or DA) and measurement errors can be multiplied when using 
ratios. Normal Doppler derived LVO to RVO ratio in preterm infants is not always 
one, even if shunts are not present. The anatomical positions of both outflow tracts 
are not always measurable with less than 20º angle leading to a variable amount of 
underestimation of the true cardiac output. The angle is usually greater for LVO 
then it is for RVO. 
 
Central blood flow measurements; clinical use and interpretation 
Central blood flow measurements are an integrated part of functional 
echocardiography in newborn infants. It reflects global cardiac function (preload, 
contractility, afterload) by measuring total blood flow through the pulmonary and/or 
systemic circulation. Research in neonatal hemodynamics has extensively studied 
the transitional circulation using CBF measurements. For a review of the current 
concepts of transitional circulation I refer to excellent articles elsewhere.63-66 In 
summary, blood flow and blood pressure rise in the first day after birth in healthy 
term and preterm infants. In sick and immature infants, blood pressure and/or blood 
flow often show a decrease in the first hours after birth with its nadir at 5 to 12 hours 
after birth. Risk factors for developing low systemic blood flow are a very young 
gestation, steal from blood out of the systemic circulation via a large ductus 
arteriosus, the use of mechanical ventilation and severe respiratory disease. 
Several trials in preterm infants have shown that abnormal low and persisting low 
central blood flow is associated with mortality and poor neurodevelopmental 
outcome.67,68 Most studies use an SVC flow < 45 ml/kg/min or LVO or RVO < 150 
ml/kg/min as the definition of low flow, with SVC flow the best studied parameter in 
relation to outcome.  

 
Table 6 presents mean and standard deviation of CBF values in term and preterm 
infants using the methodology as described with adjusted diameters for LVO for 
preterm infants at day 7 to 14.7,8,22,69,71 

Central blood flow measurements are increasingly used in clinical neonatology.70 Its 
importance in clinical decision making in specific situations has been described 61,62 
, but some argue that its importance in clinical decision making is not sufficiently 
studied. However, many currently used imaging techniques and diagnostic tests in 
neonatal medicine (including blood pressure monitoring) have not been subjected to 
randomized trials to determine its efficacy on outcome.70 CBF measurements, as all 
diagnostic methods, are used to increase insight in the assumed diagnosis and 
pathology. 
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 3-9 hours 24 hours day 2 day 7-14 
RVO (sagittal view)     
  Preterm  260(90) 270(90) 430(100) 
  Term  255(60)   
LVO (ascending aorta)    
  Preterm   240(60) 260(60) 400(75) 
  Term  220(60)   
SVC flow     
  Preterm 60(25) 80(20) 90(25) 90(30) 
  Term 75(25) 95(30) 100(30)  

 
 
Table 6. Mean and SD of central blood flow values using the methodology as 
described by Evans and Kluckow.7,8 

 

 
 

 Pathologically low 
blood flow 

Low blood flow High blood flow 

RVO < 120 < 150 > 600 
LVO < 120 < 150 > 600 
SVC flow < 40 < 45 > 150 

 
Table 7. Suggested cut-offs for low and high central blood flow in preterm infants 
 
 
Cardiac output reflects the transport of oxygen to the tissues and is determined by 
the demand. Often, all central blood flow parameters are high or all parameters are 
low. It is preferable to measure central blood flow at more than one site as a cross-
check to exclude measurement errors. If a single parameter is low or high, further 
exploration should take place to find the cause. This should include a full sequential 
segmental chamber analysis to rule out structural abnormalities and evaluation of 
ventricular failure with severe dilatation and subsequent obstruction of an outflow 
tract as found in severe pulmonary hypertension or prolonged mechanical 
ventilation using high distending pressures. Central blood flow measurements are 
probably most informative if followed over time. For serial measurements within a 
short period of time (hours to days), less user variation can be achieved if only the 
initial diameter is used for flow calculations. This would be possible for RVO and 
LVO, but not for SVC flow due to the flow dependent deformity of venous vessels. 
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Conclusion 
Central blood flow measurements are currently amongst the most common 
parameters used in neonatal research to describe hemodynamics in newborn 
infants. When reading reports on CBF, careful exploration of the used methodology 
is necessary to be able to compare the findings to normal values reported in the 
literature. RVO and SVC flow show the least amount of variation in methodology, 
possibly making these parameters the reference for measuring CBF in newborn 
infants. Ductal shunting is associated with changes in CBF and should be assessed 
by measuring ductal diameter and ductal flow pattern. 
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ABSTRACT 
 
Functional echocardiography (fECHO) is the bedside use of ultrasound to 
longitudinally assess myocardial function, systemic and pulmonary blood flow, and 
intra and extracardiac shunts. This review will focus on fECHO as a tool for the 
clinician to assess the hemodynamic condition of sick neonates and describe 
situations where fECHO can help determine a pathophysiological choice for 
cardiovascular support. The very low birth weight infant with hypotension during the 
first 24 hours of life, assessment and monitoring of the ductus arteriosus, 
assessment and response to treatment of infants with pulmonary hypertension, the 
infant with perinatal asphyxia and the infant with sepsis and cardiovascular 
compromise are reviewed. A discussion of interdisciplinary politics and suggestions 
for logistics and training programs are presented with the aim of achieving a 24 
hours a day fECHO service run by bedside clinicians.
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Introduction: 
Functional echocardiography (fECHO) is the bedside use of ultrasound to 
longitudinally assess myocardial function, systemic and pulmonary blood flow, and 
intra and extracardiac shunts. It can provide detailed real time information 
concerning physiology and hemodynamics leading to rapid identification of the 
mechanics of circulatory failure in critically ill patients, thus allowing targeting of 
therapy.1 

fECHO is an integral component of point of care ultrasound, or clinician performed 
ultrasound (CPU), where ultrasound is used by clinicians at the bedside to obtain 
focused information on any organ of the body, to examine if interventions are 
performed correctly (eg. line or tube placement) and assess the effect of treatments. 
CPU is increasingly used in many intensive care or emergency care settings, both 
adult and pediatric, and training services and accreditation programs are becoming 
more widely available.2-5 

fECHO is different from echocardiography performed by a pediatric cardiologist, 
where the main focus is to provide a consultative, cross-sectional, high-end opinion 
regarding structural heart disease and assessment of function at the time of the 
measurement.2 fECHO evolved from the need for longitudinal or more continuous 
monitoring of the hemodynamic condition of critically ill patients. In many neonatal 
intensive care (NICU) settings it is not feasible to have a cardiologist available 24 
hours a day to provide this information when needed. Additionally, the functional 
information required by the neonatologist for clinical management is not always 
provided by the pediatric cardiologist.  
This review will focus on fECHO as a tool for the clinician to assess the 
hemodynamic condition of sick neonates, describe situations where fECHO can 
help determine a pathophysiological choice for cardiovascular support, and what is 
needed to achieve a 24 hours a day fECHO service run by bedside clinicians. 
  
In what clinical situations can fECHO be used? 
In the neonatal intensive care there are several clinical situations where additional 
information gathered with fECHO could assist in clinical management. In this paper 
we will discuss the following situations: 
 
1. The very low birth weight infant (VLBW) with hypotension during the first 24 hours 
of life 
2. Assessment and monitoring of the ductus arteriosus 
3. Assessment and response to treatment of infants with pulmonary hypertension 
4. The infant with perinatal asphyxia 
5. The infant with sepsis and cardiovascular compromise  
 
The very low birth weight infant with hypotension during the first 24 hours of life 
The commonest situation involving cardiovascular compromise is the VLBW infant 
with hypotension during the first 24 hours of life. This infant may appear poorly 
perfused or be pink with apparent normal perfusion on clinical examination. The 
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differing clinical signs are explained by the state of peripheral resistance and the 
cardiac output. The critical clinical questions raised here are if hypotension 
(however defined) has a detrimental effect on end organ perfusion, what conditions 
contribute to the hypotension and whether hypotension in the setting of a normal 
cardiac output is acceptable. Literature regarding the effects of hypotension on end 
organ perfusion is inconclusive; even in cases of apparently well perfused infants 
selected on blood pressure and clinical judgement.6-8 The reason for not reaching 
consistent conclusions in these studies (where only blood pressure was considered) 
is likely to be explained by the underlying physiology. Perfusion is dependent on 
both a pressure gradient and on vascular resistance. The relationship is described 
by Poiseuille’s law where pressure equals flow times resistance. This law of physics 
explains why blood pressure is poorly correlated to blood flow or clinical parameters 
like capillary refill, and why blood pressure alone can not adequately describe the 
hemodynamic changes that occur during the complex transition from fetus to 
newborn.9 Normal physiology describes the transition from fetus to newborn as the 
transition from a low resistance placental circulation to a high resistance systemic 
circulation, combined with a decrease in pulmonary vascular resistance and closure 
of the fetal pulmonary to systemic shunts.10 To understand the actual hemodynamic 
condition of a VLBW infant with hypotension, a clinician needs information about 
blood flow to estimate vascular resistance. Furthermore, the clinician also needs 
information about the presence and size of systemic to pulmonary shunts.  
Systemic blood flow can be estimated with fECHO using measures of upper body 
systemic blood flow unaffected by cardiac shunts, such as flow in the superior vena 
cava (SVC flow), or with minimally confounded measures of systemic blood flow like 
right ventricular output (RVO).  Left ventricular output (LVO) is less informative 
during transition due to the presence of substantial left-to-right shunting over a 
ductus arteriosus (DA). Similarly RVO is affected by shunting through the PFO, 
which is however less important than the effect of ductal shunting on the LVO. With 
estimates of systemic blood flow one can more effectively treat hypotension and/or 
low blood flow using common cardiovascular medications according to their known 
effect on contractility and vascular resistance.  Low systemic blood flow with 
hypotension suggests a high systemic vascular resistance, and this situation might 
benefit most from increased contractility and afterload reduction with eg. 
Dobutamine or Milrinone. With normal blood flow, dopamine can be used to 
increase the afterload and increase blood pressure. 
Although no studies have explored the absolute threshold of low systemic blood 
flow and whether treatment improves outcome (similar to the situation with 
hypotension), an SVC flow less than 30 ml/kg/min at 5 hours of age and less than 
45 ml/kg/min thereafter or a ventricular output (RVO or LVO) less than 150 
ml/kg/min is associated with increased morbidity and mortality.11,12 In addition to not 
knowing the threshold for treatment, the response to treatment is not always what 
we expect. Cohort studies investigating the effect of volume and cardiovascular 
medications on blood pressure and blood flow have shown that a proportion of 
VLBW infants fail to improve or maintain improvement with treatment.12-16 
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Accordingly, further hemodynamic monitoring is essential to determine treatment 
effect in the VLBW infant with hypotension and/or low systemic blood flow. 
The presence of a large unconstricted DA can contribute to early hypotension in 
VLBW infants. fECHO can easily determine DA size, although attention must be 
given to measure at the narrowest point using reproducible methodology. A DA 
diameter > 1.5 mm is associated with retrograde or absent postductal aortic 
diastolic flow17, and if a large DA is combined with insufficient left ventricular 
compensation it can lead to decreased lower body perfusion.18 In VLBW infants with 
hypotension in the first 24 hours of life, a large duct with major left-to-right shunting 
should be considered for early medical closure.19,20 

 
Assessment and monitoring of the ductus arteriosus 
Assessment of the ductus arteriosus (DA) has been performed using 
echocardiography since the introduction of ultrasound in the late seventies. Despite 
many years of research, controversy still surrounds the role of the DA in adverse 
outcomes and the best method and appropriate timing of treatment. There is strong 
disagreement on the definition of a hemodynamically significant ductus arteriosus 
(HSDA), hence its management varies accordingly across regions and even within 
NICU’s.21,22 There are currently 3 practice variations; prophylactic treatment (within 
12 hours after birth), early targeted treatment (at 6-72 hours after birth) or treatment 
when clinical signs associated with a DA appears. 
Prophylactic treatment does not need (early) fECHO diagnosis, as all infants at risk 
for developing a HSDA will receive treatment soon after birth. The systematic 
review evaluating this treatment regime showed a reduction in symptomatic DA’s 
(RR 0.44; 95%CI 0.38-0.50) and echo-diagnosed DA’s during admission (RR 
0.29;95%CI 0.22-0.38), with no difference in long term neurodevelopmental 
outcome.23 This was despite the finding that infants who received prophylactic 
indomethacin had a lower incidence of intraventricular haemorrhage. As all other 
NICU treatment was the same, it seems that infants who were unnecessarily 
exposed to indomethacin (ie. have the tendency to close their duct spontaneously) 
probably do not benefit from indomethacin treatment or may even suffer adverse 
effect. With the prophylactic approach, overtreatment is estimated to be 
approximately 40% of the patients.   
Early targeted treatment will give the opportunity to select patients based on fECHO 
parameters of non-constriction, which predicts to some extent the likelihood of a 
persisting DA requiring treatment.24 Ductal diameter, flow pattern or flow velocity in 
the duct, turbulence in the mean pulmonary artery, reverse flow in the descending 
Aorta and LA/Ao ratio are the amongst the most used parameters. So far, 3 
randomised trials performed in the eighties and 1 recent multicentre trial have not 
shown any short term benefit besides increased ductal closure from this 
approach.25,26 The Australian DETECT study is currently investigating this strategy 
with primary outcome combined death and abnormal cranial ultrasound.72 

Treatment when clinical signs are evident has the advantage of avoiding 
overtreatment of VLBW infants who are able to spontaneously constrict their duct, 
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but it has several disadvantages. Studies show that the classical signs of a DA, a 
murmur and wide pulses, appear late in the clinical course of a persisting DA.27 
Significant steal from the lower body circulation via a large DA might take place 
before signs appear, therefore missing the opportunity to prevent morbidity. 
Although widely practiced, the clinical approach has not been subjected to any 
randomised trial against placebo. Also, no studies have investigated the degree of 
association of clinical signs like early hypotension, metabolic acidosis or well-
defined respiratory deterioration with fECHO measurements of a HSDA (eg. DA > 
1.5 or 2.0 mm). 
Surgical ligation of the DA has been studied within all 3 strategies and also as a first 
line treatment. Literature suggests that any surgical ligation is associated with 
impaired neuro-developmental outcome, but it is not clear if surgical closure is a 
cause or just a marker of poor developmental outcome.28,29 

Of the 26 randomized trials included in all Cochrane systematic reviews on 
pharmacological treatment, only the more recent studies used serial fECHO as 
entry point to establish if rescue treatment was needed. Most studies used a 
murmur and wide pulses as entry point for further fECHO evaluation. Besides 
contra-indications for NSAIDS, most studied did not provide pre-defined criteria for 
surgical ligation. As rescue treatment and surgical ligation were the amongst the 
study endpoints in most trials, results will be biased as scans and treatment were 
done at the clinicians discretion. 
It is clear we need more research, not only on the best timing of treatment but also 
regarding the definition of a HSDA, defining clinical parameters associated with a 
large DA, and with randomization selectively based on well defined clinical and 
ultrasound parameters. A pragmatic approach would be to collect as much 
information as we can on the duct with fECHO and quantify the DA into small, 
moderate and large. We can assess characteristics of the DA like diameter and 
transductal flow, look at the hemodynamic effects of the DA on the pulmonary 
circulation and on the systemic circulation. Suggestions for fECHO quantification 
are proposed in the literature30,31, although the parameters are not validated against 
clinical signs or outcome. McNamara designed a clinical and fECHO triaging system 
for case prioritisation of referral patients infants send to a level 4 children’s hospital 
for ductal ligation.32 Such a system could be designed for level 3 NICU’s as well, 
with pre-defined thresholds for pharmacological treatment. Long term outcome data 
of these cohorts will hopefully point towards future directions for randomised 
controlled trials. 
 
Assessment and response to treatment of infants with pulmonary hypertension 
Persistent pulmonary hypertension of the newborn (PPHN) is usually defined as a 
failure of normal pulmonary vascular relaxation at or shortly after birth.33 With the 
fetal channels still open, right-to-left shunting can take place during systole or 
throughout the whole cardiac cycle, depending on the pulmonary to systemic 
pressure ratio. PPHN has a wide variety of aetiologies varying from reversible 
(transient) pulmonary disease to irreversible structural abnormalities of the lung. 
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The term pulmonary hypertension (PH) is used to describe increased pulmonary 
pressure according to age. PPHN and PH are used throughout the literature, but 
PPHN usually describes the combination of PH and clinical or fECHO signs of 
extrapulmonary shunting in newborn infants. PH may be suspected clinically in an 
infant with high oxygen requirements, but can also be present in infants with no 
extra oxygen requirements, as PH alone does not necessarily cause hypoxemia. 
Clinically, a substantial difference in pre (right arm) and post ductal (lower limb) 
oxygenation saturations is suggestive of PPHN.  
Shortly after birth, PPHN and PH can be diagnosed and classified with fECHO 
using the open ductus arteriosus to determine the amount and severity of the right-
to-left shunt. The time of right-to-left ductal shunting can be measured in the ductal 
flow pattern and expressed as a percentage of the total duration of the cardiac 
cycle. Doppler measurements have been validated using cardiac catheterisation, 
and a right-to-left ductal shunt percentage of more than 30% of the cardiac cycle is 
considered significant pulmonary hypertension.34 It is important to realise that 
doppler measurements of ductal flow velocity reflect the pulmonary to systemic 
pressure ratio, and that systemic hypotension can influence the results. Assessment 
of volumetric shunting (measuring the actual volume crossing the duct) is only 
possible if there is laminar flow.35 

Pulmonary pressures can be estimated from the peak velocity of the tricuspid 
incompetence jet using the modified Bernoulli equation (pulmonary systolic 
pressure = right atrial pressure + 4 x peak velocity2), but its use is only validated in 
the absence of an unrestricted duct.36 Most reports show that tricuspid 
incompetence can be measured in approximately 2/3 of cases. Several other 
parameters can be used to estimate pulmonary pressures, like time to peak 
ejection/right ventricular ejection time ratio, presence of pulmonary incompetence, 
direction of ventricular septal wall motion and foramen ovale shunt direction.37,38 
Ventricular dysfunction (left and right) and low cardiac output can be a common 
finding in infants with PPHN and may also affect the interpretation of some of these 
measures. Poor ventricular function is associated with mortality and has been used 
to guide further treatment.39-41 

Interpreting fECHO in PPHN can be difficult due to its complexity, and findings will 
vary with time and instituted treatments. Myocardial dysfunction is mostly secondary 
to the continuous increase in RV afterload, although many newborns with PPHN 
also sustained some degree of perinatal asphyxia or have persistent metabolic 
acidosis and hypoxemia. The ductus can provide a variable degree of off-loading for 
the right ventricle, but will close in the first few days after birth in most term infants. 
Shunting across the foramen ovale will influence left or right atrial filling, and 
ventricular interdependence will affect end-diastolic volume distribution between the 
left and right ventricle. 
In a group of unselected term infants with high oxygen requirements followed with 
fECHO, Evans et al. found that the oxygen requirement is not always due to 
extrapulmonary right-to-left shunting of blood across the duct or foramen ovale, and 
that there is often a significant component of intrapulmonary shunting causing 
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ventilation-perfusion mismatch.40 Therefore the management of PPHN also requires 
addressing the respiratory support required, including mode of ventilation and 
specific settings. Management requires optimal lung inflation, preferably with high 
frequency oscillatory ventilation, surfactant therapy, in some clinical situations 
accepting preductal saturations as low as 80-85% in the absence of metabolic 
acidosis and rising lactate, and normalisation of paCO2 to prevent pulmonary 
vasoconstriction. Some of these aims differ from standard clinical aims in PPHN 
and it is only by understanding the underlying cardiovascular physiology that the 
optimal therapeutic aims for an individual baby can be understood.  Sedation is 
often commenced as supportive therapy, but routine muscle paralysis is not 
recommended.42 Both of these interventions can significantly change the 
haemodynamic balance in a critically unwell infant.   
For cardiovascular support, the emphasis is on reducing the pulmonary pressures 
with vasodilator therapy and optimising the systemic pressure. There is no evidence 
that increasing the blood pressure to suprasystemic levels is beneficial, except 
possibly in the setting of a normal systemic pressure, very high pulmonary pressure 
and right to left shunting at ductal level, where increasing the systemic blood 
pressure further may result in reversal in the right to left shunting and improvement 
in oxygenation. Inhaled nitric oxide (iNO) therapy is widely used in PPHN for 
pulmonary vasodilatation, but it is not clear which patients benefit most from iNO 
treatment. It is important to diagnose if there is severe left ventricular dysfunction, 
causing the systemic circulation to be dependent on the right ventricle via right-to-
left shunt over the ductus. Left ventricular dysfunction should be corrected before 
iNO therapy is started to prevent systemic hypotension.43 iNO is an expensive 
therapy and is not always required for treatment of PPHN. The use of fECHO can 
identify patients who most likely respond to iNO therapy and longitudinal studies 
can allow earlier identification of the best time to wean iNO after the PH has 
resolved. Information derived from fECHO may therefore also allow cost savings in 
the use of iNO therapy.  
There are many controversial and unresolved issues about which are the most 
effective drugs in PPHN. Dopamine, compared to adrenalin, will produce 
significantly more pulmonary vasoconstriction during hypoxia in an experimental 
study.44 Noradrenalin has recently been evaluated in a small cohort of term infants 
with PPHN and shown to produce a significant reduction in the pulmonary to 
systemic pressure ratio.45 Afterload reduction and improved contractility can be 
achieved if iNO therapy is combined with Milrinone.46 Therapeutic success of 
Sildenafil as adjuvant therapy is reported, but further evaluation before widespread 
use is advised.47 Again, accurate diagnosis of the underlying cardiovascular 
physiology allows the clinician to use the most appropriate therapy, targeted to the 
physiology.  
Serial fECHO measurements can quantify the response to any instituted treatment 
and could provide better insight for further treatment steps, including weaning of 
therapy. Also, it can follow the response of the right ventricle to closure of the duct, 
and subsequent effect on cardiac output and myocardial function. If extra pulmonary 
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shunts are still present, complete left-to-right shunting can be used to wean 
pulmonary vasodilator therapy. Newer doppler techniques like the myocardial 
performance index and tissue doppler of the right ventricle might be able to 
differentiate an afterload effect from contractile dysfunction, but these 
measurements have to be further validated.48-50 Although the diagnosis of PPHN, 
the presence and direction of extrapulmonary shunting and ventricular dysfunction 
are easy to establish with fECHO, guided treatment needs further clinical 
evaluation. 
 
The infant with perinatal asphyxia 
Perinatal asphyxia is another situation where there can be severe cardiovascular 
compromise which is difficult to recognize with clinical parameters alone. After a 
hypoxic-ischemic event, newborn infants may appear pale, with weak pulses and 
delayed capillary refill and have persistently high or low heart rate despite effective 
resuscitation. This is the same clinical picture as one would expect in hypovolemic 
shock. The use of volume expansion is an important consideration because it could 
be detrimental to an asphyxiated infant with severe myocardial dysfunction. Wyckoff 
retrospectively investigated the use of volume expansion in extensive resuscitation 
in the delivery room in 23 (near) term infants and found that volume expansion was 
rarely given for overt hypovolemia and more often for perinatal asphyxia and 
questions if volume resuscitation in asphyxia could be detrimental51, but no 
prospective studies have investigated this issue.  
Decreased myocardial function in perinatal asphyxia, also known as transient 
myocardial ischemia, can be diagnosed with fECHO. It can reveal impaired left 
ventricular function, mitral and/or tricuspid regurgitation, wall motion abnormalities 
of left ventricle and reduced cardiac output.52-54 The left ventricle in the long axis or 
4 chamber views will appear dilated with diminished movement of the ventricle wall 
and septum. Persistent hypotension in this situation will probably benefit from a 
careful fluid balance with fluid restriction and dobutamine as first line treatment to 
provide afterload reduction and increased contractility.55 In hypovolemia, fECHO 
shows a reduced end diastolic volume of the left ventricle with increased ventricular 
wall and septal movement.  
Extensive resuscitation in the delivery room is a rare event; therefore we perform 
fECHO on any infant on arrival in the NICU who needed extensive resuscitation. It 
is our experience that a substantial amount of (near) term infants with a suspected 
history of perinatal blood loss present with hypovolemia and not transient 
myocardial ischemia and would benefit from volume loading. The effect of volume 
loading can be followed with fECHO, which allows faster restoration of the volume 
depletion in cases of acute volume loss. The area of perinatal asphyxia and post 
resuscitation hemodynamics needs further studying. 
 
Assessment during (suspected) sepsis 
In adults, septic shock is associated with important hemodynamic changes. Initially, 
release of local immune system mediators increase vascular permeability and lead 
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to hypovolemia.56 As sepsis progresses, more mediators are released and local 
vasopressin levels are depleted, causing peripheral vasodilatation.57 The decrease 
in afterload produces a drop in blood pressure that triggers an increase in cardiac 
output to maintain normal perfusion pressure. The process of sepsis is far more 
complex than these initial responses, as the peripheral response to sepsis is 
variable. Regional blood flow can vary from areas with micro capillary obstruction 
due to coagulation disorders through to areas with extreme peripheral 
vasodilatation. The microcirculation seems to be the motor of sepsis, and 
dysfunction of the microcirculation is strongly correlated to poor outcome.58,59 

In adults, it is clear that early goal directed therapy using hemodynamic parameters 
can reduce mortality.60 Early aggressive treatment with adequate volume 
replacement and supportive treatment to maintain perfusion pressure can also 
reduce mortality in infants with fluid refractory shock61, even though the presenting 
central hemodynamic state can be different than that found in adults. Ceneviva et 
al. retrospectively described 50 children with fluid refractory and dopamine-resistant 
shock. The majority (58%) showed a low cardiac output and high systemic vascular 
resistance state, and only 22% had low cardiac output and low vascular 
resistance.62 Hemodynamic states frequently progressed and changed during the 
first 48 hrs and persistent shock with decreasing cardiac function occurred in 33% 
of the patients.  
In a prospectively followed cohort, a distinct hemodynamic pattern emerged when 
presenting in the pediatric intensive care with fluid resistant septic shock. Infants 
who developed sepsis as an in-patient (all with a central venous catheter in situ) 
typically presented with high cardiac output and low systemic vascular resistance, 
where infants with community acquired sepsis presented with normal or low cardiac 
output.63 Very little hemodynamic information is available on septic neonates. 
Literature on the hemodynamic presentation of sepsis in newborns has mainly 
focussed on Group B streptococcal sepsis. The clinical description was 
characterized as cold, mottled and peripherally constricted with evidence of organ 
ischemia. It was assumed, and confirmed in animal models, that cardiac output was 
low in these scenarios.64 We studied the central circulation in preterm infants in the 
NICU with a suspected infection and signs of cardiovascular compromise and found 
a high left and right cardiac output and a low systemic vascular resistance. None of 
the 20 patients studied had a low cardiac output on presentation.65 

All of these studies required information provided by bedside point of care 
ultrasound in particular that focused on cardiovascular function. They showed that 
persistent cardiovascular compromise is associated with mortality.66,67 fECHO can 
assist in describing the initial presentation and follow changes in the central 
circulation, including changes in central volume, cardiac output and left and right 
ventricular function. Developing a fECHO service will allow collection of real time, 
longitudinal point of care information, assisting the clinician to understand cardiac 
function and hemodynamic changes. This in turn allows targeting of cardiovascular 
support and monitoring of the response to treatment.  
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Developing a local fECHO service 
A fECHO service requires a dedicated ultrasound machine kept close to clinical 
areas with unlimited access, a core group of interested clinicians and a training and 
accreditation program with a commitment to continuing professional development.  
Initial purchase of an appropriate ultrasound machine should include appropriate 
sized ultrasound probes, software to enable cardiac calculations and adequate 
storage/backup facilities. The support of a local cardiology service is important to 
obtain, as pediatric cardiologists are an essential part of any fECHO service, 
providing advice and backup when the limitations of the neonatologist are reached. 
Equally however, there are many aspects of fECHO that have been developed and 
applied by neonatologists. Pediatric cardiologists may also learn from collaborating 
with neonatologists about the hemodynamic information that is most useful in the 
NICU setting and in particular the importance of immediate information when a baby 
clinically deteriorates. We have found that opening a dialogue with our cardiology 
colleagues about what information is needed to manage babies in NICU and the 
timeframe it is required in fairly quickly results in the conclusion that what is required 
is best delivered by allowing development of point of care ultrasound skills by the 
neonatologist. With this acknowledgement also comes an element of trust – that the 
neonatologist will recognise their own limitations and refer to the pediatric 
cardiologist at the appropriate time. As fECHO is not a consultative service, but 
rather used as an adjunct to clinical care, billing for a referred service is rarely 
relevant. Consequently, income streams of both specialties need not change – in 
fact the paediatric cardiologist may find themselves performing more consultative 
echocardiograms to reassure the neonatologist regarding minor anatomical variants 
noted during fECHO for other purposes. Concomitantly, the number of repeat 
echocardiograms performed by a pediatric cardiologist to assess progress of a PDA 
or PPHN, often after hours, can be significantly decreased.  
Another obstacle to introduction of fECHO to a Unit is that of perceived medico legal 
responsibility. Again, if the neonatologist is clear in what service they are providing 
this problem can be surmounted. It is important to understand the limitations of a 
fECHO, which is often performed for a specific clinical purpose without the 
implication of a full consultative structural echocardiogram.  An infant who has had a 
fECHO to assist in managing hypotension in the first 24 hrs by a neonatologist 
should NOT be regarded as having had a full echocardiogram. The terminology 
used to describe point of care ultrasound (fECHO or CPU; clinician performed 
ultrasound) can assist in preventing misconceptions as to exactly what investigation 
an infant has had performed. Similarly, it is our practice to always obtain advice 
from a pediatric cardiologist, regardless of our fECHO results, if we suspect 
congenital heart disease or are planning treatment of congenital heart disease. 
There will always be concerns regarding misdiagnosis of structural heart disease, 
although the literature has shown that the presence of a structural cardiac 
abnormality is almost always detected even if a full diagnosis is not made.68-70 
Experience has shown that clinical point-of-care ultrasound complements rather 
than replaces the need for consultative ultrasound. Partnership with the 
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cardiologists is essential so that appropriate and timely consultation and referral can 
occur when needed. 
Training can be developed by using individual/self directed learning based on 
reference material71, single institution training, group training in 1 centre or a 
national course.5 Only the latter option will have the full potential of ongoing 
accreditation and competence requirements. The components of a formal structured 
training program should include both theoretical teaching and development of 
practical skills alongside experienced neonatal echocardiographers and/or 
interested pediatric cardiologists. The only way to develop competency in fECHO is 
to regularly perform a range of studies preferably with a mentor or supervisor to 
guide and comment on skills development. Audit of performance and ongoing 
competency assessment are also important by use of logbooks and review of scans 
on video. 
 
Conclusion 
fECHO is increasingly utilised in the neonatal intensive care unit as interest by 
clinicians at the bedside in understanding both the acute and longitudinal 
cardiovascular physiology occurring in their patients increases. In countries such as 
Australia/New Zealand nearly all neonatal units have access to at least one 
neonatologist who can perform fECHO. fECHO provides a wealth of hemodynamic 
information, often different from the assumed underlying physiology. Appropriate 
training programs and resolution of interdisciplinary politics are needed to increase 
the use of this potentially valuable clinical information. More widespread use will 
lead to increased understanding of our complex patients and may eventually 
improve outcome. 
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CARDIORESPIRATORY EFFECTS OF 
CHANGES IN END EXPIRATORY 
PRESSURE IN VENTILATED NEWBORNS  
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ABSTRACT 
 
Background 
Positive pressure ventilation in premature infants can improve oxygenation, but may 
also diminish cerebral blood flow and cardiac output. Low brain and upper body flow 
(superior vena cava flow, SVC) increases the risk of intraventricular haemorrhage, 
with previous research showing that higher mean airway pressure is associated with 
low SVC flow. It is not known whether this is a direct effect of positive pressure 
ventilation or a reflection of severity of lung disease. The aim of this study was to 
determine whether positive end expiratory pressure (PEEP) in ventilated newborns 
could be increased without causing clinically relevant cardiorespiratory changes. 
 
Methods 
Ventilated newborns were studied before and 10 minutes after increasing PEEP 
from 5 to 8 cmH2O, then again when returned to baseline. Simultaneous 
echocardiographic and respiratory function measurements were collected during the 
intervention.  
 
Results 
Fifty infants were studied. Overall, increased PEEP was associated with a non-
significant difference in mean SVC flow of -5 ml/kg/min (95%CI -12 to 3) but a 
significant reduction in right ventricular output of 17 ml/kg/min (95%CI 5 to 28). 
There was a non-significant increase in lung compliance of (median difference 0.02 
ml/cmH2O/kg; p 0.093) and a significant decrease in lung resistance of 18 
cmH2O/L/s (95%CI 10 to 26). There was a positive association between % change 
in lung compliance and % change in SVC flow when corrected for paCO2 changes 
(regression coefficient 0.4 % (95%CI 0.2 to 0.6)). 
 
Conclusions 
A short-term increase in PEEP does not result in a significant change in systemic 
blood flow, although 36% of infants had clinically important changes in flow (+/-
25%).The intervention can improve dynamic lung function, especially airway 
resistance. Improvements in compliance tend to be associated with improvements 
in blood flow.
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Background 
A low systemic blood flow state is common in babies born before 30 weeks and is 
associated with significant morbidity. Therefore an understanding of the factors that 
might affect blood flow in this population is essential.1,2 Previous studies have 
shown that higher mean airway pressure is a  determinant of low superior vena 
cava (SVC) flow.3 It is not known whether this is a direct effect of positive pressure 
ventilation on reducing systemic venous return, as suggested by animal studies, or 
a reflection of severity of lung disease.4,5 

Positive end expiratory pressure (PEEP) is used to increase end-expiratory lung 
volume so as to improve arterial oxygen content, decrease the alveolar to arterial 
oxygen difference, and decrease shunt fraction by preventing alveolar collapse.6,7 
Most neonatal intensive care units use a static level of PEEP, and levels may vary 
between 3 and 8 cmH2O. The haemodynamic safety of different PEEP levels in a 
clinical setting has not been investigated yet. There is theoretical potential for higher 
PEEP, by opening up the lungs, it may reduce pulmonary vascular resistance and 
increase pulmonary and systemic blood flow. Our goal was to study whether end 
expiratory pressure in ventilated newborns could be increased from 5 to 8 cmH2O 
without causing clinically relevant cardiorespiratory changes.  
 
Methods 
All newborn infants admitted to RPA Newborn Care between April 2005 and March 
2006, who required assisted ventilation in the first 3 days, were eligible. Infants 
were excluded from the study if they had a major congenital malformation, severe 
perinatal asphyxia defined as a Sarnat score greater than 2 at any point, or severe 
hypoxia with a FiO2 more than 80%. Infants were also excluded if the peak 
inspiratory pressure was below 12 cmH2O with a FiO2 of 21%, as increasing PEEP 
in these infants might compromise tidal volume. Informed consent was obtained 
from the parents of eligible infants, and the study was approved by the local ethics 
committee. 
Infants received surfactant as soon as possible after birth on the basis of a 
surfactant function test (click test) performed on an early tracheal aspirate.8 
Ventilator strategies included adjusting the peak inspiratory pressure to achieve an 
expiratory tidal volume of 4 ml/kg with the rate adjusted to achieve a paCO2 of 40 to 
55 mmHg, and FiO2 was adjusted to maintain pre-ductal oxygen saturation between 
88 to 95%. All infants in our institution are generally maintained at a PEEP of 5 
cmH2O. Morphine sedation is given selectively to babies considered to be 
uncomfortable on the ventilator. Circulatory support interventions were not changed 
during the time period of the studies. 
Doppler echocardiographic measurements were performed using a Siemens Aspen 
ultrasound system with a 7 MHz vector array transducer incorporating colour flow 
and pulsed wave Doppler. SVC flow, Doppler measurement of right ventricular 
output (RVO), left pulmonary artery velocity (LPA), colour Doppler diameter of 
ductus arteriosus shunt and size, and Doppler of the middle cerebral arteries (MCA) 
were performed according to previously published methodology.9,10 Doppler 
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assessment of pulmonary artery pressure was also performed using the time to 
peak velocity divided by the right ventricular ejection time (TPV/RVET).11 All 
measurements were performed by one investigator (KW). 
Blinding at the time of measurement was achieved by allocating each study a 
random number drawn from a sealed envelope. This number was the only identifier 
on the ultrasound screen. The scans were recorded to different magnetic optical 
disks, and measurements were done as a batch away from the bedside at a later 
time. 
The intervention and data collection was performed, if possible, between 3 and 9 
hours of age. Echocardiographic and other parameters were recorded at the initial 
setting of 5 cmH2O PEEP, then after an increase of PEEP to 8 cmH2O for 10 
minutes, and again 10 minutes after PEEP was returned to 5 cmH2O. An arterial 
blood gas was drawn just before the start of the protocol and before the intervention 
measurement. If no arterial line was in place, transcutaneous measurements of 
paCO2 and paO2 were noted. Respiratory function parameters were measured 
using the Dräger 8000 ventilator (dynamic lung compliance, mean airway pressure, 
minute volume, FiO2) and were collected together with physiological parameters 
(heart rate, blood pressure) from the Phillips Agilent monitor. Average respiratory 
function parameters were calculated from 30-second interval measurements. 
Respiratory function measurements were excluded if the tube leak was more than 
25%. Exit criteria to stop the intervention were an increase in FiO2 more that 30% 
from baseline or a drop in mean blood pressure of 20% from baseline.  
 
Statistics  
Our hypothesis was that an increase in PEEP would not result in a significant 
change in SVC flow of more than 25% from baseline. The cut-off of 25% was 
chosen to allow for measurement error that was documented in previous studies 
and to allow for clinically unimportant changes in SVC flow. Statistical analysis was 
performed using a computer statistics package (SPSS 12.0 for windows). 
General linear models with repeated measurements were performed for normally 
distributed outcomes to tests the within-subjects effects at the three measurement 
time points. A Friedman test was used for non-parametric outcomes. A paired t-test 
was used to estimate mean differences in normally distributed outcomes and a 
Wilcoxon signed rank test for non-parametric outcomes after the increase in PEEP 
compared to baseline. 
Linear regression was used to identify risk factors for changes in flow before and 
after the increase in PEEP and to evaluate the possible interaction or confounding 
effect of gestational age, postnatal age and paCO2 on the relation between PEEP 
increase and flow changes. Statistical significance was set at 5%. Oneway analysis 
of variance was used to identify risk factors for changes in compliance. Groups 
were divided based on a clinically relevant change in compliance of 10% (no 
clinically relevant change, difference > 10% or < -10%). 
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The association between severity of lung disease (Mean airway pressure, 
Compliance, Resistance, FiO2) and flow changes was evaluated with linear 
regression analysis.  
 
Results 
Fifty infants with a median gestational age of 30 weeks and a median weight of 
1612 g were included. There were 40 preterm and 10 term infants included in the 
study. Twenty two of the preterm infants were less than 30 weeks in gestation. All 
preterm infants were ventilated because of respiratory distress syndrome (RDS) 
and received surfactant. Of the term infants, 2 infants were ventilated for meconium 
aspiration, 5 for non-specific lung disease with a positive click test for surfactant 
function, 2 for pneumonia/sepsis and one infant for mild perinatal asphyxia. 
Nine infants had their first study done after 24 or 48 hours of life, because they were 
transported to our centre or they were not ventilated in the first 24 hours of life.  
Cardiovascular and pulmonary function measurements before, during and after the 
increase in PEEP are shown in tables 1 and 2. In 8 infants, some indices of flow 
were not measurable due to poor windows, but SVC flow was always measurable. 
Pathologically low measures of SVC and RVO are defined as less than 40 and 120 
ml/kg/min, respectively.13 No infant met the exit criteria during the study. 
 
 

  Baseline  
PEEP 5 cmH2O 

Intervention 
PEEP 8 cmH2O 

Return to  
PEEP 5 cmH2O 

p-value 

RVO (ml/kg/min) 234 ± 103 218 ± 95 224 ± 87 0.014 
SVC (ml/kg/min) 92 ± 36 87 ± 36 86 ± 34 0.207 
  SVC d (mm) 3.7 ± 1.0 3.6 ± 1.1 3.6 ± 1.0 0.040 
  SVC Vti (m/s) 0.093 ± 0.032 0.097 ± 0.035 0.090 ± 0.029 0.172 
LPA mean (m/s) 0.33 ± 0.11 0.32 ± 0.13 0.32 ± 0.12 0.669 
DAd (mm) 2.2 (1.6 - 3.0) 2.2 (1.9 - 28) 2.1 (1.8 - 3.1) 0.628 
Ductal shunt (%RL) 14 (0 - 25)  12 (0 - 27) 15 (0 - 28) 0.760 
MCA mean (m/s) 0.13 (0.09 - 0.17) 0.14 (0.10 - 0.18) 0.12 (0.09 - 0.16) 0.190 
HR (beats/min) 143 ± 17 141 ± 20 143 ± 19 0.198 
SBP (mmHg) 47 ± 9 48 ± 9 47 ± 9 0.265 
DBP (mmHg) 30 ± 7 30 ± 6 30 ± 6 0.602 

 
 
Table 1: Cardiovascular response to an increase in PEEP in all 50 infants as mean ± SD or median 
(IQR) where appropriate. RVO: right ventricular output; SVC: superior vena cava flow; Vti: velocity time 
integral; LPA: left pulmonary artery velocity; MCA: middle cerebral artery; HR: heart rate; SBP: systolic 
blood pressure; DBP: diastolic blood pressure, %RL; percentage of cardiac cycle with right to left shunt.  

 
Effect of higher PEEP on SVC flow and RVO  
A change in SVC flow of more than 25% from baseline was found in 18 (36%) 
infants, with 9 infants having increased flows and 9 decreased flows (figure 1). 
Overall, there was a non-significant difference in SVC flow after the increase in 
PEEP of -5 ml/kg/min (95%CI -12 to 3) or -0.7% (95% CI -10.7 to 9.2%) due to a 
small but significant decrease in SVC diameter of 1.6 mm (95%CI 0.3 to 2.9 mm). 
The intervention caused a significant reduction in RVO with a mean of 17 ml/kg/min 
(95%CI 5 to 28) or 5 % (95%CI 0 to 10). 
Gestational age was not found to be an interaction factor or confounding factor in 
these analyses.  
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Gestational age, birth weight, baseline RVO, mean airway pressure, FiO2, lung 
compliance or resistance did not predict the direction of the change in SVC flow or 
RVO. There was a negative association between baseline SVC flow and change in 
SVC flow after the increase in PEEP; linear regression coefficient -0.3 ml/kg/min 
(95%CI -0.5 to -0.1). Postnatal age (hours) was positively associated with change in 
RVO after the increase in PEEP; regression coefficient 0.8 ml/kg/min (95%CI 0.1 to 
0.5). 
 

 
Figure 1. % change in SVC flow with the intervention. Black lines show more than 25% change at 8 
cmH2O of PEEP compared to baseline.  

 
Effect of higher PEEP on other haemodynamic measurements 
The ductus arteriosus was found to be patent in 40 infants with a median ductal 
diameter of 2.2 mm. The increase in PEEP had no significant effect on the ductal 
size or the percentage of ductal flow going right to left, a marker of relative pressure 
between the systemic and pulmonary system. LPA mean velocity was also not 
significantly changed by the intervention. As an assessment of pulmonary pressure, 
the time to peak velocity divided by the right ventricular ejection time (TPV/RVET) 
was calculated. It showed no significant change with the intervention and there was 
no association found between the change in RVO or LPA mean velocity and the 
change in TPV/RVET. 
The change in MCA mean velocity after the increase in PEEP was not significant 
(median difference 0.003 m/s; p 0.337).  
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Effect of higher PEEP on respiratory function 
Valid analysis of respiratory outcomes was possible in 36 infants who had a tube 
leak less than 25%. Results are presented in table 2. Dynamic lung compliance 
showed a non-significant increase (median difference 0.02 ml/cmH2O/kg; p 0.093), 
but lung resistance was significantly decreased after 10 minutes of higher PEEP 
(mean difference at 10 minutes -18 cmH2O/L/s (95%CI -26 to -10)). Both 
compliance and resistance returned to their baseline values within 10 minutes of the 
PEEP returning to 5 cmH2O.  
Significant associations were found between the following baseline characteristics 
and change in compliance with the intervention: mean airway pressure 
(F(2;35)=3.3, p 0.049), minute volume (F(2;27)=6.3, p 0.006) and resistance 
(F(2;35)=3.8, p 0.032). Infants who showed a decrease of more than 10% with the 
intervention had a higher mean airway pressure, higher minute volume and a lower 
resistance. This may point to overdistention as the cause for the decrease in 
compliance with an increase in PEEP. 
An increase in PEEP resulted in a significant increase in paCO2 (mean difference 
3.0 mmHg; 95%CI 1.2 to 4.8). Linear regression showed no significant effect of 
paCO2 changes on changes in RVO, MCA mean velocity or ductal shunting. An 
increase in paCO2 was, however, associated with a small but significant increase in 
SVC flow (regression coefficient 1.3 ml/kg/min (95%CI 0.0 to 2.5).  
 
 
  Baseline  

PEEP 5 cmH2O 
Intervention 

PEEP 8 cmH2O 
Return to  

PEEP 5 cmH2O 
p-value 

MAP cmH2O 8.5 (7.3 - 10.0) 11.0 (9.6 - 12.3) 8.6 (7.2 - 10.0) 0.000 
TV^ ml/kg 4.1 (3.4 - 4.9) 3.3 (2.7 - 4.3) 4.1 (3.5 - 5.3) 0.000 
C* ml/cmH2O/kg 0.43 (0.36 - 0.69) 0.53 (0.33 - 0.81) 0.45 (0.30 - 0.67) 0.409 
R* cmH2O/L/s 96 ± 41 78 ± 33 93 ± 40 0.000 
paCO2 mmHg 44 ± 12 47 ± 11 na  0.002 
paO2 mmHg 75 (63 - 99) 80 (63 - 99) na  0.884 
FiO2 % 25 (21 - 34)  25 (21 - 31) 25 (21 - 30) 0.043 
 

 
Table 2. Pulmonary response to an increase in PEEP in all 50 infants as mean ± SD or median (IQR) 
where appropriate. *Tidal volume (TV), compliance (C) and resistance (R) are reported for 36 infants with 
less than 25% tube leak. MAP: mean airway pressure; paCO2: partial carbon-dioxide pressure; paO2: 
partial oxygen pressure; FiO2: fractional inspired oxygen. na: not available. 

 
Respiratory function and flow 
We explored the relationship between changes in respiratory function and changes 
in flow and found two weak associations. An increase of 1 % in compliance is 
associated with a 0.4 % (95%CI 0.1 to 0.6) increase in SVC flow. (figure 2)  
Second, a positive association between paCO2 and MCA mean velocity was found 
(regression coefficient 0.002 m/s (95%CI 0.001 to 0.004), but the association 
between changes in paCO2 and MCA mean velocity with the intervention was not 
statistically significant (regression coefficient 0.001 (95%CI -0.001 to 0.003). 
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Figure 2. Partial regression scatterplot of % change in SVC flow and % change in lung compliance if 
corrected for paCO2 changes with 8 cmH2O of PEEP compared to baseline.  

 
Discussion 
This study showed that an increase of PEEP 5 to 8 cmH2O during 10 minutes did 
not lead to a clinically relevant change in upper body and brain blood flow (SVC 
flow) in the majority of infants. It was associated with a significant decrease in RVO 
but there were no clinically relevant changes in any of the other haemodynamic 
measurements. Improvements in SVC flow were associated with improvements in 
lung compliance, although this analysis is sensitive to the method of analysis. 
In contrast to the literature, our study found relatively little consistent change in 
hemodynamic parameters overall.13,14 Potential reasons for this include our 
heterogeneous study population, or the impact of our intervention. Possibly an 
increase of 5 to 8 cmH2O in PEEP was not large enough to cause consistent 
negative effects on blood flow as reported in the literature. Few infants had low 
systemic blood flows. We expected that infants with low baseline flow would show a 
larger decrease in flow with the intervention, but they were more likely to have an 
increase in SVC flow at 8 cmH2O of PEEP. This may be a regression to the mean. 
The decrease in RVO of -17 ml/kg/min was statistically significant, but we are not 
sure if this is of clinical significance considering the normal baseline RVO in this 
population. In 6 of the 7 patients with low baseline RVO (<120 ml/kg/min) the 
intervention resulted in no detectable change, but a potential adverse effect of 
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higher PEEP should be evaluated more thoroughly with further research, especially 
in infants with low flow. 
Probably the most important haemodynamic effect of PEEP in preterm infants with 
RDS is through the direct effect on alveoli. When PEEP is set too low, blood will be 
shunted away from collapsed alveoli which produce a regional increase in 
pulmonary vascular resistance. With optimal lung volume, lung vascular resistance 
will be at its lowest point, thus maximising RVO and cardiac input. PEEP is capable 
of optimising lung volume by keeping open (partially) collapsed alveoli. The 
intervention performed in this study is not considered a lung recruitment 
manoeuvre, and we can only speculate about lung volumes in the studied infants.15 
Lung volume is also related to airway resistance. At low lung volumes due to 
insufficient PEEP, airway resistance is high and the work of breathing is high. 
The effect of PEEP on compliance in this study showed an increased compliance 
with a maximum increase after 10 minutes of PEEP 8 cmH2O. Stabilisation of 
alveoli after a change in PEEP has been shown to take up to 14 minutes.16 
However, the evidence on the effect of PEEP on compliance is conflicting.17-19 
Compliance can only be used as a measurement to optimize ventilation without 
decreasing blood flow, if it is combined with information on lung volume. 
Two previous studies investigating lung compliance and blood flow simultaneously 
in newborn infants showed a progressive decrease in cardiac output with less 
decrease in the infants with low compliance.13,14 We demonstrated a reduction in 
RVO, but found no significant positive association between an increase in 
compliance and an increase in RVO as we did for SVC flow. This could be caused 
by differences in flow measurements. In RVO, we looked at the change in velocity 
and assumed the diameter did not change, whereas change in SVC was very 
dependent on change in diameter. This suggests that RVO, though perhaps not 
such a consistent measure of systemic blood flow compared to SVC, is less 
vulnerable to measurement error if only change in velocity is assessed and may be 
a better method to detect short term changes such as in this study.20 
Although our intervention seems to be only a minor increase in mean airway 
pressure, modest changes in PEEP can result in a clinically important decrease in 
tidal volume or functional residual capacity.21 This could explain the increase in 
paCO2 found in our study. Other studies suggest that the increase in paCO2 is 
responsible for an increase in cerebral blood flow (CBF).22,23 The relationship 
between paCO2 and CBF is exponential and a normal paCO2 - CBF reactivity is 
about 4% per mmHg.24 In this study, the increase in paCO2 was associated with an 
increase in SVC flow, but not with an increase in RVO or MCA mean velocity which 
makes the paCO2-SVC flow relationship difficult to interpret. The potential negative 
effect of PEEP on RVO could have been balanced by the potential positive effect of 
a higher paCO2 on CBF and SVC flow.  
 
Conclusion 
A short-term modest increase in PEEP reduces RVO, but does not lead to a 
clinically significant change in systemic blood flow in the majority of the infants. 
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Clinically significant changes (both positive and negative) in systemic blood flow 
were found in 36% of the infants. Improvements in lung compliance were 
associated with improvements in SVC flow. The association between ventilation and 
blood flow is a complex one that needs more study. Future research should focus 
on more sick infants, especially those with low blood flows, and on the effect of a 
larger intervention, such as lung recruitment manoeuvres.    
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CHAPTER 4 

EFFECT OF LUNG RECRUITMENT ON 
PULMONARY, SYSTEMIC AND DUCTAL 
BLOOD FLOW IN PRETERM INFANTS  
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ABSTRACT 
 
Objective 
To determine the effect of lung recruitment on pulmonary, systemic and ductal 
blood flow in preterm infants treated with primary high-frequency ventilation (HFV).  
 
Study design 
Thirty four infants (median gestational age 28 weeks) were included in this 
prospective cohort study. Changes in oxygenation in response to stepwise changes 
in the continuous distending pressure (CDP) were used to monitor lung recruitment 
during HFV. For each individual patient the opening pressure (CDPo), closing 
pressure (CDPc) and optimal pressure (CDPopt) were determined. Ultrasound 
measurements of right ventricular output (RVO), superior vena cava (SVC) and 
ductus arteriosus (DA) flow were performed at the start of recruitment (CDPs), 
CDPo, and CDPopt.  
 
Results 
Increasing the CDP from 8 (CDPs) to 20 (CDPo) cmH2O resulted in a decreased 
RVO (mean difference -17%; 95%CI -24, -10%) and unchanged SVC flow and 
ductal shunting. Transient low RVO and SVC flow values at CDPo were seen in, 
respectively, 3 and 2 infants. 
 
Conclusions 
Individual lung recruitment during HFV in preterm infants does not seem to result in 
clinically relevant changes in pulmonary, systemic and ductal blood flow. 
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Introduction 
Despite the increased use of  early nasal continuous positive airway pressure 
(CPAP), a substantial number of preterm infants with respiratory distress syndrome 
(RDS) are still treated with mechanical ventilation.1 Although often lifesaving, 
mechanical ventilation can also damage the immature lung by alveolar 
overdistension and repetitive opening and collapse. This process of secondary lung 
injury is considered one of the major risk factors for the development of 
bronchopulmonary dysplasia (BPD).2 

In an attempt to lower the incidence of BPD, many clinicians use high-frequency 
ventilation as a lung protective ventilation mode in preterm infants.3 Randomized 
controlled trials, however, have shown that high-frequency ventilation (HFV) only 
results in a modest and inconsistent decrease in BPD.4 Some have suggest that 
this disappointing result is, in part, caused by the ventilation strategy used during 
HFV.5 Indeed animal studies have shown that the small tidal volumes used during 
HFV will only attenuate lung injury when combined with alveolar recruitment and 
stabilization (i.e. optimal lung volume or open lung strategy).6 

We recently showed that lung recruitment during HFV is also feasible in preterm 
infants with RDS using changes in intrapulmonary shunt and subsequent changes 
in oxygenation to guide alveolar recruitment.7 The relatively high mean airway 
pressures used during and after this recruitment procedure did not affect blood 
pressure and heart rate. However, these hemodynamic parameters may not always 
reflect the true changes in systemic blood flow. Studies in preterm infants have 
shown that high mean airway pressures are associated with low systemic blood flow 
and that the latter increases the risk for intraventricular haemorrhage and poor 
neurodevelopmental outcome.8,9 So far, two studies measured systemic flows 
during HFV and showed no difference compared with conventional ventilation.10,11 
However, these studies did not measure the changes in blood flow during the actual 
recruitment procedure.  
The objective of the present study is to assess the direct effect of lung recruitment 
with primary HFV on pulmonary and systemic blood flow in preterm infants with 
RDS.  
 
Methods 
Patients 
This prospective observational cohort study was performed between June 2006 and 
January 2008 in the neonatal intensive care unit of Emma Children’s Hospital, 
Amsterdam, The Netherlands, where HFV is used as the primary mode of 
ventilation in preterm infants needing mechanical ventilation for a suspected 
diagnosis of RDS. Infants were eligible if they had a gestational age less than 35 
weeks and were less than 48 hours old. Infants with major congenital malformations 
were excluded. Informed consent was obtained from the parents and the study was 
approved by the local ethics committee. 
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Ventilation strategy 
HFV was delivered with a SensorMedics 3100A oscillator (SensorMedics Critical 
Care, Yorba Linda, CA) using an open lung ventilation strategy as previously 
described.7 In short, this strategy aims to recruit and stabilize the majority of 
collapsed alveoli, using oxygenation as an indirect parameter for lung volume. 
Starting at 6 to 8 cmH2O, the continuous distending pressure (CDP) was stepwise 
increased as long as transcutaneous oxygen saturation (SpO2) and/or partial 
oxygen pressure improved. The fraction of inspired oxygen (FiO2) was stepwise 
reduced keeping SpO2 within the target range (86–94%). The recruitment procedure 
was stopped if oxygenation no longer improved or the FiO2 was ≤ 0.25. The 
corresponding CDP was called the opening pressure (CDPo). Next, the CDP was 
stepwise reduced until the SpO2 deteriorated. Deterioration of oxygenation was 
defined as sustained drop in SpO2 of equal or more than 5% of the initial value at 
CDPo or an absolute SpO2 value below 86%. The corresponding CDP was called 
the closing pressure (CDPc). Following a second recruitment maneuver with the 
known CDPo, the optimal CDP (CDPopt) was set 2 cmH2O above the CDPc. The 
pressure amplitude was adjusted to maintain the transcutaneous partial carbon 
dioxide pressure between 40 and 60 mmHg. This approach ensured application of 
the lowest possible CDP to maintain an open lung for each individual patient. 
Ventilator settings and data on oxygenation were recorded at the start of the 
recruitment (CDPs), at CDPo, CDPc and at CDPopt. Following this first recruitment 
procedure patients were treated with exogenous surfactant according to the 
department protocol. 
 
Hemodynamic measurements 
Right ventricular output (RVO), superior vena cava flow (SVC) and ductus 
arteriosus (DA) flow were measured at CDPs, at CDPo and at CDPopt using a 
Sequoia ultrasound system (Siemens medical, Germany) with an 8 MHz vector 
array transducer incorporating colour flow and pulsed wave Doppler. RVO and SVC 
flow were measured according to previously published methodology, using 
thresholds of 150 and 45 ml/kg/min to define low RVO and low SVC flow 
respectively.12,13 For calculations of flow the following formula was used: Flow = 
(velocity time integral x (π x (diameter2/4) x heart rate)/body weight. 
Ductal diameter was determined from the 2D image using a suprasternal or high 
parasternal position in a way that the whole length of the duct could be visualised. 
The diameter was taken at the smallest point (in the cardiac cycle) at the pulmonary 
side of the duct. The time of right-to-left ductal shunting was measured in the ductal 
flow pattern and expressed as a percentage of the total duration of the cardiac cycle 
measured between two consecutive R waves. A right-to-left ductal shunt 
percentage of more than 30% of the cardiac cycle was considered significant 
pulmonary hypertension (PH).14 

Since all measurements were done at a very early postnatal age, we visually 
analysed ductal flow for the presence of laminar flow. If laminar, ductal flow velocity 
was sampled by pulse doppler ultrasonography at the same position where 2D 
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measurements of the diameter were obtained  according to the methodology 
described by Phillipos et al.15 Velocity time integrals (Vti’s) were determined by the 
average area under the curve of five consecutive Doppler waveforms. All upward 
and all downward Vti’s were averaged to determine right-to-left and left-to-right 
velocity time integrals over the DA. Averaged Vti’s were used with the 2D diameter 
of the duct in the aforementioned formula to determine right-to-left and left-to-right 
flow over the DA. The net ductal flow (DA flow) was calculated as the left-to-right 
flow minus the right-to-left flow. A negative net DA flow would therefore indicate a 
right-to-left shunt. 
All measurements were performed by one investigator (KW). The scans were 
recorded on magnetic optical disks, and measurements were done as a batch away 
from the bedside at a later time. 
Blood pressure and heart rate were recorded during the recruitment procedure. 
Blood pressure was measured by a non-invasive oscillometric device or an 
indwelling arterial line and this method was not changed during the recruitment 
procedure.  
 
Statistics 
The effect of lung recruitment on pulmonary and hemodynamic outcomes was 
evaluated with a General Linear Model with repeated measurements for normally 
distributed outcomes. A Friedman test was used for non-parametric outcomes. The 
association between the CDP and flow changes was evaluated with linear 
regression analysis. P-values smaller than 0.05 were considered statistically 
significant. Statistical analysis was performed using SPSS version 12 (SPSS 
Chicago, IL). 
 
Results: 
Patient characteristics 
Thirty four infants with a median (inter quartile range, IQR) gestational age of 28 
weeks (26-29) and a median birth weight of 1060 grams (760-1300) were included 
in this study. The median postnatal age at start of the recruitment was 5 hours (1-
10). Eleven infants (32%) had received a complete course of antenatal steroids. 
There were 4 infants (12%) with a low SVC flow at the start of the recruitment 
procedure and 2 (6%) of these infants also had a low RVO. Nine infants (26%) 
received hemodynamic support before the recruitment procedure, based on their 
clinical condition and blood pressure. All 9 received volume expansion, 3 infants 
also received dopamine and 1 infant received dopamine and dobutamine before 
lung recruitment was started. None of the patients required additional hemodynamic 
support during the recruitment procedure. 
 
Effect of lung recruitment on RVO and SVC flow 
As shown in table 1, the mean CDPo was 20 cmH2O, resulting in a significant 
decrease in the median FiO2 from 0.70 to 0.25. This lung volume could thereafter 
be maintained at a mean CDPopt of 14 cmH2O.  
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The RVO was significantly lower at CDPo compared with CDPs (mean difference -
51 ml/kg/min; 95% CI -73, -29 or -17%; 95% CI -24, -10%) and this remained 
unchanged after reaching CDPopt. The SVC flow, however, remained stable during 
all stages of lung recruitment (Table 1, Figure 1). 
 
 

  Start (CDPs) Open (CDPo) Optimal (CDPopt) p-value 
time (min) 0 ± 0 28 ± 11 50 ± 18 <0.001 
CDP (cmH2O) 8 ± 1 20 ± 4 14 ± 3 <0.001 
Amplitude (cmH2O) 22 ± 5 24 ± 5 23 ± 5 0.049 
FiO2  0.70 (0.50 - 1.00)  0.25 (0.23 - 0.35) 0.28 (0.23 - 0.34) <0.001 
Saturation (%) 86 ± 11 90 ± 4 91 ± 4 0.030 
RVO (ml/kg/min) 318 ± 101 267 ± 106 266 ± 85 <0.001 
SVC flow (ml/kg/min) 79 ± 30 78 ± 34 72 ± 27 0.239 
Duct diameter (mm) 2.5 ± 0.7 2.5 ± 0.9 2.5 ± 0.8 0.896 
Ductal shunt (%R-L time) 21 ± 14 23 ± 16 22 ± 18 0.846 
R-L DA Vti (cm/s) 2.3 (0.5 - 4.5) 2.4 (0.7 - 5.1) 2.3 (0.7 - 4.0) 0.927 
L-R DA Vti  (cm/s) 13.6 (5.0 - 24.0) 12.8 (4.1 - 22.4) 12.6 (5.1 - 20.1) 0.517 
HR (beats/min) 151 ± 14 145 ± 15 144 ± 14 <0.001 
SBP (mmHg) 46 ± 10 46 ± 8 44 ± 8 0.157  
DBP (mmHg) 27 ± 8 27 ± 7 27 ± 7 0.592 
 
 
Table 1: Pulmonary and hemodynamic response to lung recruitment in 34 infants as mean ± SD or 
median (IQR) where appropriate. Ductal flows are reported for 30 infants. CDP: continuous distending 
pressure, FiO2: fractional inspired oxygen, RVO: right ventricular output, SVC: superior vena cava, %RL: 
percentage of cardiac cycle with right to left shunt, R-L: right to left, L-R: left to right, DA Vti: Ductal 
velocity time integral, HR: heart rate; SBP: systolic blood pressure, DBP: diastolic blood pressure 

 
Figure 1. Mean(SD) right ventricular output (RVO) and superior vena cava (SVC) flow during lung 
recruitment. CDPs: continuous distending pressure at start of the recruitment procedure, CDPo: opening 
pressure, CDPopt: optimal pressure.  
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In 2 and 3 patients, respectively, the SVC flow and RVO dropped below the 
predefined low blood flow threshold values at CDPo, but returned to normal after 
reaching CDPopt. There was no significant association between the pressure 
difference between CDPs and CDPo and the decrease in RVO (regression 
coefficient -3.4 ml/kg/min per cmH2O; 95% CI -10, 3).  
 
Effect of lung recruitment on DA shunt 
The DA was found to be patent in 32 infants with a median ductal diameter of 2.5 
mm. In 30 infants the flow pattern in the duct was laminar, allowing for DA shunt 
measurements (Table 1). At the start of lung recruitment the shunt direction in these 
patients was right-to-left in 21% of the cardiac cycle and left-to-right in 79% of the 
cardiac cycle. In 9 infants (26%) the right-to-left shunt was more than 30% 
(definition of PH). 
Overall, maximum lung recruitment did not produce significant changes in ductal 
shunt. As shown in figure 2, maximum lung recruitment did not produce a major 
change in the right-to-left flow (median difference 2 ml/kg/min, 95% CI 0, 7) over the 
DA. The left-to-right flow, however, decreased at CDPo compared to CDPs (median 
difference -20 ml/kg/min, 95% CI -54, 35) and returned to baseline values after 
reaching CDPopt. (Figure 2) 

 
Figure 2: Median (IQR) ductal left-to-right (L-R) and right-to-left (R-L) flow during lung recruitment. CDPs: 
continuous distending pressure at start of the recruitment procedure, CDPo: opening pressure, CDPopt: 
optimal pressure.  
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In 3 infants the net DA flow velocity changed from positive (more left-to-right) at 
CDPs to negative (more right-to-left) at CDPo and returned to positive again at 
CDPopt. In 2 infants the net flow over the DA was negative at CDPs and changed to 
positive at CDPo and CDPopt. Only 2 of the 9 patients with PH (22%) reached a 
FiO2 ≤ 0.25 at CDPo, compared with 16 of the 25 infants (65%) without 
predominantly right-to-left shunt. 
 
Effect of lung recruitment on other hemodynamic parameters 
Heart rate decreased during the lung recruitment procedure (mean difference -6 
beats/min; 95% CI -9, -2), but there were no significant changes in blood pressure 
(Table 1). 
 
Discussion: 
This study shows that a lung recruitment procedure during HFV in preterm infants 
with RDS results in a reduction in RVO with no changes in SVC flow. Furthermore, 
this study shows that right-to-left shunt over the DA is often present in ventilated 
infants with RDS and that lung recruitment has a variable effect on the shunt 
direction. 
Although experimental and human studies have indicated that HFV is only lung 
protective when combined with an optimal lung volume or open lung strategy, the 
effect of this strategy on the hemodynamic stability of preterm infants has been 
poorly studied.6,17 The present study is, to our knowledge, the first that looked at the 
changes in pulmonary and systemic blood flow in response to lung recruitment in 
preterm infants. Despite the fact that the mean airway pressure increased almost 12 
cmH2O during the initial recruitment, the RVO decreased only 17%. Although this 
reduction was statistically significant, we feel the clinical relevance of this change is 
questionable because in all but 3 infants, the absolute RVO value remained well 
above the lower threshold of 150 ml/kg/min. Furthermore, in these 3 infants RVO 
returned to normal values after reaching CDPopt.  
We can only speculate on the possible mechanisms for this reduction in RVO. 
Based on studies performed in adults, application of high mean airway pressures 
leading to increased intrathoracic pressures can reduce cardiac output via [1] an 
increased right atrial pressure leading to a reduced cardiac input, [2] an increased 
right ventricular afterload due to an increased pulmonary vascular resistance as the 
lung is distended and, [3] a decreased ventricular filling due to ventricular 
interdependence.17-19 The slight changes in DA velocity time integrals seem to 
suggest that an increased right ventricular afterload due to an increase in 
pulmonary vascular resistance is one of the mechanisms for this reduction in RVO. 
This is consistent with fetal lamb studies showing that right ventricular stroke 
volume progressively decreases with an increase in afterload.20 However, other 
mechanisms cannot be ruled out by the present study because we did not measure 
other ultrasound parameters like flow over the foramen ovale, right ventricular 
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function and size, and/or left ventricular function. More invasive hemodynamic 
monitoring is currently not feasible in extremely low birth weight infants. 
The present study shows that the mean SVC flow does not change during the 
different stages of lung recruitment during HFV. In addition, only 2 infants showed a 
drop in absolute SVC flow below the critical value of 45 ml/kg/min, returning to 
normal values after reaching CDPopt. We feel this is an important observation 
considering the reported association between low SVC flow and intracranial 
haemorrhages.8  
We do not know if total cardiac input and lower body blood flow is not influenced by 
lung recruitment, because we did not measure flow in the inferior vena cava (IVC). 
Flow in the IVC represents 2/3 of the cardiac input, but it is difficult to measure via a 
trans-thoracic approach due to the small common confluence and its anatomical 
position for flow velocity determinations.  
Hemodynamic stability is considered an important determinant of how a patient will 
respond to changes in ventilation.21 Some of the patients included in this study were 
hemodynamically instable at the start of lung recruitment having either low systemic 
flows or needing volume expansion and/or inotropes. Although the response to lung 
recruitment was sometimes variable, most of the patients tolerated lung recruitment 
on an individual basis well. Whether these finding are also applicable to patients 
with more severe hemodynamic instability needs further studying.  
The present findings on RVO and SVC flow seem to be consistent with previous 
studies exploring the effect of increased mean airway pressures during conventional 
mechanical ventilation. Hausdorf and colleagues reported a 30% decrease in RVO 
when increasing the PEEP level from 0 to 8 cmH2O in preterm infants.22 The 
inclusion of infants in the postacute phase of RDS who often showed signs of lung 
over-distension at a PEEP of 8 cmH2O probably explains the fact that the decrease 
in RVO was almost twice the decrease reported in the present study. De Waal and 
colleagues reported the effect of much smaller changes in mean airway pressures 
by increasing PEEP 3 cmH2O in ventilated preterm infants which led to a 5% 
reduction in RVO with no change in SVC flow.23 This seems to indicate that the 
effect of higher mean airway pressures on pulmonary and systemic blood flow is 
dependent on lung compliance.  
We found a relatively high percentage (26%) of infants with PH at the start of lung 
recruitment. Walther and colleagues have reported similar results and suggested 
that the presence of PH reflects the severity of RDS.24 As expected, the patients 
with PH were less likely to reach the FiO2 target of 0.25 during lung recruitment 
compared with the patient without PH. This is probably explained by the fact that 
part of the hypoxemia in the PH patients is caused by extrapulmonary right-to-left 
shunt via the DA. This finding emphasizes the importance of stopping the stepwise 
increase in airway pressure as soon as oxygenation no longer improves, thereby 
minimizing the risk for lung over-distension.  
There are several limitations to this study. The patients included in this study were 
all preterm infants with suspected RDS treated with nasal CPAP as initial form of 
treatment. No prophylactic surfactant was given, and the measurements were 
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performed during their initial lung recruitment. The results from this study may not 
be applicable to a population who received prophylactic surfactant or have other 
causes of respiratory failure with non-homogeneous lung disease. Future studies 
are needed to confirm or refute our findings in these different clinical conditions.  
In conclusion, the present study shows that individual lung recruitment during open 
lung HFV does not result in a clinical relevant reduction in RVO or SVC flow in most 
preterm infants. Furthermore, this study shows that PH is present in some infants 
with RDS. This should be taken into account when using oxygenation as an indirect 
parameter to guide to process of lung recruitment.  
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CHAPTER 5 

CENTRAL BLOOD FLOW MEASUREMENTS 
IN STABLE PRETERM INFANTS AFTER THE 
TRANSITIONAL PERIOD  
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ABSTRACT 
 
Background 
Central blood flow measurements can provide detailed information on the hemodynamic 
condition of the preterm infant. However, reference values for right and left ventricular 
output (RVO and LVO) and superior vena cava flow (SVC flow) are only available for infants 
in the transitional period. The aim of this study was to determine RVO, LVO and SVC after 
the transitional period in stable preterm infants 
 
Methods 
RVO, LVO and SVC flow were measured with functional echocardiography on day 7 and 
day 14 of life in stable preterm infants less than 32 weeks gestation, with minimal 
respiratory support and no cardiovascular support. Infants with a clinical suspicion of an 
infection within 48 h after data collection or a ductal diameter > 1.4 mm were excluded from 
analysis.  
 
Results 
We performed 111 measurements in 62 preterm infants with a median (range) gestational 
age of 28 (25 - 31) weeks and birth weight of 1105 (650 - 2370) grams. Fifty-seven 
measurements were analysed on day 7 and 47 on day 14. The mean (SD) RVO, LVO and 
SVC flow were 429(116), 296(74) and 89(33) ml/kg/min on day 7 and 433(81), 300(79) and 
86(26) ml/kg/min on day 14. There were no significant differences in flows between day 7 
and 14 in the paired measurements. 
 
Conclusions 
This study provides central blood flow values in stable preterm infants after the transitional 
period. The flow variables were shown to remain stable between day 7 and day 14.
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Background 
The hemodynamic condition of newborn infants is often assessed by clinical variables such 
as heart rate, blood pressure and capillary refill. However, these markers are all poorly 
correlated to central blood flow, which seems to be a more accurate variable for 
determining the hemodynamic condition of newborn infants.1-3 Central blood flow can be 
measured in the great vessels entering or leaving the heart and the most commonly 
measured flows in newborn infants are right ventricular output (RVO), left ventricular output 
(LVO) and, more recently, superior vena cava (SVC) flow. Studies in preterm infants have 
shown that abnormal central blood flow is associated with poor neurodevelopmental 
outcome.4 

In order to classify data on central blood flow as normal or abnormal, it is imperative to have 
reference values for newborn infants. Ideally, such normal values should be obtained from 
both term and preterm infants in a stable hemodynamic condition not compromised by any 
underlying disease or treatment. In addition, reference data should not only be available for 
the first days after birth when the hemodynamic condition is adapting to extra-uterine life 
(the transitional period), but also for the first weeks of life when the hemodynamic condition 
of newborn infants can be compromised by nosocomial infections, necrotising enterocolitis 
or other diseases. 
To date, normative data, variability and repeatability on LVO, RVO and SVC flow have been 
established for healthy term infants in the first week of life.5-8 However, most data on central 
blood flow in preterm infants have only been obtained in the transitional period and many of 
these infants received mechanical ventilation and/or cardiovascular support.8-12 Only two 
studies obtained data on LVO5 and RVO13 in preterm infants after the transitional period. 
The aim of this study is to determine RVO, LVO and SVC flow after the transitional period in 
a larger cohort of stable preterm infants. 
 
Methods 
Patients 
This prospective observational cohort study was performed between October 2007 and 
June 2008 in the neonatal intensive care unit of the Emma Children’s Hospital, Amsterdam, 
the Netherlands. Informed consent was obtained from the parents and the study was 
approved by the ethics committee of the Academic Medical Centre of Amsterdam. Infants 
were eligible if they had a gestational age between 25 and 32 weeks, received no 
cardiovascular support, and were on minimal respiratory support, defined as continuous 
positive airway pressure (CPAP) or nasal canula with less than 30% oxygen. Exclusion 
criteria were clinical suspicion of an infection within 48 hours after data collection and a 
patent ductus arteriosus with a diameter of > 1.4 mm. 
 
Hemodynamic measurements 
RVO, LVO, SVC flow and the diameter of the ductus arteriosus (DA) were 
measured on day 7 and day 14 of life using a Sequoia ultrasound system (Siemens 
medical, Germany) with an 8 MHz vector array transducer incorporating colour flow 
and pulsed wave Doppler. No angle correction was used. Most hemodynamic 
parameters were measured according to previously published methodology.8,9 LVO 



81 
 

diameter was measured in the two dimensional parasternal long axis view at the 
hinge points of the aortic valve in end systole.14 For calculations of flow the following 
formula was used: Flow = (velocity time integral x (π x (diameter2/4) x heart 
rate)/body weight. Measurements were performed by two investigators (SS and 
KW). The scans were recorded on magnetic optical disks, and measurements were 
done as a batch away from the bedside at a later time.  
Statistical analysis was performed using a computer statistics package (SPSS 
v17.0, Chicago, USA). P-values smaller than 0.05 were considered statistically 
significant. The coefficient of variation, indicating the beat-to beat Vti variability, was 
calculated by dividing the within-subject standard deviation of repeated 
measurements by the grand mean of all measurements of all included subjects on 
day 7. A paired t-test was used to estimate mean differences in flow between day 7 
and day 14.  
 
Results 
During the 9 month study period, 111 infants born after less than 32 weeks 
gestation were admitted to the neonatal intensive care unit of the Emma Children’s 
Hospital. Sixty-two infants were included in the study. Fifty-seven of these infants 
were measured on day 7 and 47 on day 14 (figure 1). Paired measurements on day 
7 and 14 were available in 42 infants. The median (range) gestational age was 28 
(25 - 31) weeks and the birth weight was 1105 (650 - 2370) grams.  

 
Figure 1. Flow diagram for inclusion 
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Most infants were on nasal CPAP or canula and required no supplemental oxygen 
(table1). 
 
 

 Day 7 Day 14 
Total infants for analysis 57 47 
CPAP n (%) 32 (56) 26 (55) 
Nasal canula n (%) 20 (35) 12 (26) 
FiO2 % (median, range) 21 (21-29) 21 (21-28) 
Total fluid intake in ml/kg (mean, SD) 164 (13) 160 (10) 
Enteral fluid intake in ml/kg (mean, SD) 79 (45) 127 (43) 
Haemoglobin g/dl (mean, SD) 14.2 (1.3) 12.8 (1.0) 
 
Table 1. Patient characteristics. CPAP; continuous positive airway pressure 
 
 
The results of the central blood flow measurements on day 7 and 14 of life are 
reported in table 2. The coefficient of variation of the Vti values per patient for RVO, 
LVO and SVC flow was 9%, 10% and 40%, respectively.  Analysis of the paired 
measurements showed no significant differences in RVO, LVO and SVC flow 
between day 7 and 14 (mean difference RVO 1 ml/kg/min; 95%CI -32 to 34, LVO 17 
ml/kg/min; 95%CI -17 to 51 and SVC flow 2 ml/kg/min; 95%CI -8 to 13).  
 
 

  Day 7 Day 14 
  mean SD range mean SD range 
RVO (ml/kg/min) 429 116 233 - 756 433 81 206 - 644 
  diameter (mm) 5.8 0.6 4.6 - 7.4 5.8 0.6 4.6 - 8.2 
  Vti (cm) 10.9 1.5 5.8 - 14.9 11.4 1.6 7.7 - 15.7 
LVO (ml/kg/min) 296 74 168 - 485 300 79 158 - 574 
 diameter (mm) 4.8 0.5 3.3 - 6.6 4.8 0.6 3.4 - 7.0 
 Vti (cm) 11.2 2.5 6.3 - 17.5 11.4 2.4 5.2 - 16.3 
SVC flow (ml/kg/min) 89 33 39 - 216 86 26 46 - 150 
  diameter (mm) 2.3 0.4 1.6 - 3.4 2.5 0.5 1.8 - 3.9 
  Vti (cm) 13.3 3.0 7.6 - 22.8 13.0 3.0 7.7 - 18.8 
 
Table 2. Central blood flow measurements in 57 infants on day 7 and 47 infants on day 14. RVO; right 
ventricular output, LVO; left ventricular output, SVC flow; Superior vena cava flow, Vti; velocity time 
integral 
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Discussion 
To our knowledge, this is the first study that provides reference values for all three 
clinically used Doppler derived central blood flows (RVO, LVO and SVC flow) in a 
larger cohort of stable preterm infants after the transitional period. We did not see 
major changes in central blood flow between day 7 and day 14. 
Up to now, only LVO and RVO, but not SVC flow, have been studied in preterm 
infants outside the transitional period. Walther et al. reported a mean LVO of 265 
ml/kg/min at day 5 in 27 healthy preterm infants less than 1500 g.5 Yanowitz et al. 
measured RVO in 20 preterm infants and reported a mean RVO on day 7 (450 
ml/kg/min) and 14 (475 ml/kg/min) of life.13 These values are comparable to the 
findings in the current study.  
Our values on SVC flow are comparable with uncomplicated preterm infants on day 
2.8 One infant had a SVC flow of 39 ml/kg/min, but with a normal RVO and LVO. 
When determining central blood flow with ultrasound, it often is preferable to 
measure variables by more than one method as a cross-check. 
The reference values for RVO and LVO in our study are considerably higher 
compared with data obtained in the transitional period in earlier studies.9-12 There 
may be several reasons for this finding. First, it has been shown that infants with 
severe respiratory distress have lower values for RVO and LVO than infants with 
mild respiratory distress.9 The fact that our study, in contrast to most studies in the 
transitional period, included only patients with no or mild lung disease may 
therefore, in part, explain the higher RVO and LVO values. Second, mechanical 
ventilation can decrease pulmonary blood flow up to 30% depending on lung 
compliance.15-17 In contrast to our study, 54 to 100% of the infants included in 
previous studies on central blood flow in the transitional period were mechanically 
ventilated at time of the measurements, which might explain the observed 
differences in RVO and LVO.9-12 Third, 17 to 85% of the infants included in these 
previous studies were on cardiovascular support, suggesting hemodynamic 
instability, which may have affected RVO and LVO values.9-11 Finally, the difference 
in RVO and LVO might be explained by a physiological increase of these 
parameters with advancing age in preterm infants, as also reported for blood 
pressure.18 

We found a higher RVO than LVO. There are several possible explanations for this 
finding . Although we did not investigate the presence and the magnitude of an atrial 
shunt, it is likely that our population will show some left to right shunting on atrial 
level, which will increase RVO.19 Secondly, we found that the angle of insonation for 
determining LVO flow velocity was not always close to 0° due to the anatomical 
position of the left ventricular outflow tract, therefore generating lower values since 
angle correction was not used. Finally, our methodology for determining LVO was 
different compared to other studies. We measured the LVO diameter at the aortic 
annulus and not the aortic root. This will result in a smaller LVO diameter and 
therefore in a lower LVO.14 

The wide range of findings in this study are determined by the variance of the actual 
hemodynamic condition of the individual infants and measurement error. The 
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precision of Doppler cardiac output compared to Fick methods, thermodilution or 
dye dilution is in the order of 30%, with repeatability varying between 1% and 
22%.20 Most of the variability of measurement error will be determined by the 
accuracy of diameter measurements and the angle of insonation for flow velocity 
determination. Small differences in diameter determinations can lead to a large 
variability in cardiac output because the diameter is squared in the formula to 
calculate cardiac output. RVO diameter seems easier to determine than LVO 
diameter, as the right ventricular outflow tract lies closer to the chest and the 
ultrasound probe. Central blood flow measurements are best used to track changes. 
We feel that the right ventricular outflow tract is easier to access with a low angle of 
insonation, and therefore easier to use for longitudinal screening of central blood 
flow in newborn infants.7,16 For SVC flow, we found a high beat-to-beat variability in 
Vti, indicating the need to obtain at least 10 to 15 beats for calculation of flow. To 
use cardiac output measurements in routine clinical practice, adequate training of 
the operator and concise methodology are necessary to obtain reproducible values. 
The presented values for central blood flow obtained in a well defined group of 
stable preterm infants can assist in increasing hemodynamic insight during specific 
disease states like sepsis, necrotising enterocolitis or severe chronic lung disease. 
With frequent longitudinal measurements it would be possible to evaluate common 
hemodynamic presentations and cardiovascular adaptation during these diseases.21 
The possibility of targeting treatment based on blood pressure and flow needs to be 
explored further.  

 
Conclusion 
This study provides central blood flow values in stable preterm infants after the 
transitional period. The flow variables were shown to remain stable between day 7 
and day 14. 
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CHAPTER 6 

HEMODYNAMIC FINDINGS IN PRETERM 
INFANTS WITH LATE-ONSET SEPSIS  
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ABSTRACT 
 
Background 
Septic shock in preterm infants remains a significant cause of neonatal mortality. 
Decreased peripheral vascular resistance and relative or absolute hypovolemia are 
the major pathogenic factors of circulatory compromise during sepsis in adults. 
These hemodynamics have never been described in septic newborns. We aim to 
describe the hemodynamic changes over time in preterm infants with clinical sepsis. 
 
Methods 
Blood pressure (MBP), right and left ventricular output (RVO, LVO) and superior 
vena cava flow (SVC flow) of infants who had a suspected infection and showed 
signs of cardiovascular compromise were collected every 12 hours till considered 
better.  
 
Results 
Twenty infants with a median (range) gestational age of 27 (25-32) weeks and 
weight of 995 (650-1980) grams were included. Five patients died. Mean(SD) RVO, 
LVO and SVC flow at the first measurement was 555(133), 441(164) and 104(39) 
ml/kg/min respectively. The calculated SVR was 0.08 (0.04) mmHg/ml/kg/min.  
There was no significant change in flow in the 15 survivors. Blood pressure and 
SVR increased from start to the last measurement (mean difference MBP 8 mmHg; 
95%CI 3 to 13, SVR 0.02 mmHg/ml/kg/min; 95%CI 0.01 to 0.04). Significant 
decreases in flow and an increase in SVR was present in the 5 non-survivors (mean 
difference RVO -318 ml/kg/min; 95%CI -463 to -174, LVO -292 ml/kg/min; 95%CI -
473 to -111, SVC flow -46 ml/kg/min; 95%CI -77 to -16). 
 
Conclusions 
Neonates who develop sepsis in the NICU present with relative high left and right 
cardiac outputs and a low systemic vascular resistance. A decrease in RVO or LVO 
of more than 50% compared to the initial measurement is associated with mortality.
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Background: 
The overall incidence of sepsis in neonates has declined over the past decades, but 
it still remains a significant cause of neonatal mortality and morbidity, particularly in 
very low birth weight (VLBW) infants. Twenty five percent of the VLBW infants have 
1 or more culture proven sepsis episodes during their admission with an overall 
mortality of 17%. Over 40% of deaths occurring after the second week of life in 
VLBW infants are attributed to infection.1 Neonatal infections among extremely low 
birth weight infants are associated with poor neurodevelopmental and growth 
outcomes in early childhood.2 

The two major pathogenic factors of circulatory compromise in adults with sepsis 
are decreased peripheral vascular resistance and relative or absolute 
hypovolemia.3,4 Paediatric septic shock is also associated with severe hypovolemia, 
yet their response to fluid resuscitation differs from adults.5 Children with community 
acquired fluid refractory shock are frequently in a hypodynamic circulatory (also 
known as low flow) state, and respond to inotrope and vasodilator therapy. 
Hemodynamic states in septic children frequently progresses and change during the 
first 48 hours.6 

Treatment of sepsis with cardiovascular compromise in neonates has been 
traditionally based on an assumption of the same pathogenic factors as adults. To 
our knowledge, hemodynamics have never been described in septic newborns. 
Considering the difference in response to sepsis between adults and children and 
the lack of data in neonates, we aim to describe the hemodynamic presentation and 
changes in hemodynamics over time in preterm infants with clinical signs of sepsis 
and cardiovascular compromise. It is not our intention to evaluate the effect of 
interventions. 
 
Methods 
Patients 
This is an observational cohort study performed in the neonatal intensive care unit 
of Emma Children’s Hospital, Academic Medical Centre, Amsterdam, the 
Netherlands between November 2006 and Jan 2008, and the John Hunter Hospital, 
Newcastle, Australia between August 2008 and September 2009. The study was 
approved by the local ethics committees and informed consent was obtained from 
the parents of eligible infants. 
Infants less than 34 weeks gestation with a suspected infection after 72 hours of life 
were eligible. Suspected infection was diagnosed by the attending physician based 
on clinical signs and symptoms suggestive of an infection. With every suspected 
infection a sepsis work-up was performed. The sepsis work-up included a full blood 
count and blood culture, tracheal aspirate if mechanically ventilated, a chest and/or 
abdominal Xray, lumbar punction if the signs included seizures or abnormal 
movements and a urine culture if the patient had known renal abnormalities. In the 
Academic Medical centre in Amsterdam a C-reactive protein was often added. 
Infants with a suspected infection who developed at least 2 signs of cardiovascular 
compromise were included in the study. Signs of cardiovascular compromise could 
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be increased heart rate (> 20% above baseline in rest), low blood pressure (<5th 
percentile for gestational and postnatal age)7, poor perfusion (clinical appearance, 
capillary refill > 3 sec), oliguria (< 0.5 ml/kg/h), raised lactate or base excess with 
previous normal pH, or respiratory insufficiency requiring mechanical ventilation.  
Ultrasound measurements and collection of clinical data was started when at least 2 
pre-defined criteria were present and as early as possible after consent had been 
given. The measurements were repeated every 12 hours until the infant was 
considered better. The infants were considered better if they were back on their 
initial respiratory support and received no further cardiovascular support.  
Ventilator parameters (Mean airway pressure, FiO2, support mode) and 
cardiovascular support (volume given, inotrope and vasopressor dose and duration) 
was noted at each measurement point. Blood pressure was measured via an (non-
invasive) oscillometric device or an indwelling arterial line.  
 
Treatment protocol 
The treatment protocol for hypotension in sepsis in both hospitals is a pressure 
based approach. It starts with initial fluid loading with normal saline. No specific 
guidelines regarding the amount of volume is followed, but usually up till 60 ml/kg in 
the first 3 hours is administered if necessary. If blood pressure is not restored, 
dopamine is started at 5 µg/kg/min and increased to 10 µg/kg/min. Dobutamine is 
added at 10 µg/kg/min, and further increase in medication is ordered in increments 
to a maximum of 20 µg/kg/min. If blood pressure is still not improved by this time, 
hydrocortisone 3 mg/kg/day is added together with continuing fluid loading with 
normal saline or fresh frozen plasma, correction of metabolic acidosis and 
correction of haemoglobin. Adrenalin or Noradrenalin up to 1.5 µg/kg/min is added 
as a last resort treatment in fluid and vasopressor refractory septic shock. The flow 
measurements in this study were not used to guide treatment. 
 
Ultrasound measurements 
Functional echocardiography (fECHO) measurements were performed using a 
Sequoia ultrasound system (Siemens medical, Germany) with an 8 MHz vector 
array transducer in the Netherlands, and a iE33 ultrasound system (Philips medical, 
the Netherlands) with a 12 MHz phased sector array transducer in Australia. SVC 
flow and Doppler measurement of right ventricular output (RVO) were performed 
according to previously published methodology.8,9 Left ventricular output (LVO) was 
determined from the subcostal or apical view with the least angle of insonation, and 
LVO diameter taken from the long axis at the hinges of the aortic valve in late 
systole.  
All ultrasound scans were performed by one investigator (KW). The scans were 
recorded to magnetic optical disks, and measurements were done as a batch away 
from the bedside at a later time. Systemic vascular resistance (SVR) and upper 
body vascular resistance (UBVR) was calculated as mean arterial blood pressure 
(MBP) at the time of the scan divided by LVO or SVC flow respectively (in 
mmHg/ml/kg/min).  
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Statistics 
Statistical analysis was performed using a computer statistics package (SPSS 17.0 
for windows). A paired t-test was used to estimate mean differences in normally 
distributed outcomes and a Wilcoxon signed rank test was used for non-parametric 
outcomes from the first measurement to the 12 hour and last measurement. 
 
Results 
In the study periods, 318 preterm infants less than 34 weeks gestation were 
admitted to the unit in Amsterdam and 257 in Newcastle. Seventy-eight (13.5%) 
developed a late onset clinical sepsis and treatment was started. Twenty-seven 
(4.7%) of these infants were eligible for inclusion and had 2 or more pre-defined 
signs of hemodynamic disturbance. Seven eligible infants were not measured 
because the investigator was not available.  
Twenty infants with a median (range) gestational age of 27 (25 - 32) weeks and 
weight of 995 (650 - 1980) grams were measured. There median postnatal age was 
15 (7 - 120) days. The clinical diagnosis was septicaemia in 13 patients, necrotizing 
enterocolitis (NEC) in 6 patients and septicaemia/meningitis in one patient. Six 
patients grew coagulase-negative staphylococcus (CNS) in their blood culture, two 
patients grew group B streptococcus (GBS), one patient grew Staphylococcus 
Aureus, one patient Bacillus and in 5 patients gram negative species could be 
isolated. In 5 patients there was no growth in the cultures. Three of these patients 
had NECIIIa or higher. The first remaining patient with negative cultures presented 
with tachycardia, hypotension, poor perfusion, need for mechanical ventilation, an 
initial C-reactive protein of 8.7 mg/l and a maximum C-reactive protein of 28.9 mg/l 
and a drop in platelets from 218 to 78 x 109 /l. The second patient presented with 
tachycardia, hypotension, hyperglycaemia, need for mechanical ventilation, a C-
reactive protein of 39.0 mg/l and positive surface swabs with CNS. 
In 18 cases the first measurement was performed shortly after the sepsis work-up 
was performed and intubation and mechanical ventilation was started for respiratory 
insufficiency. In 2 cases the first measurement was done approximately 2 hours 
after the sepsis work-up was performed. 
 The clinical presentation at time of the first measurement was the need for 
mechanical ventilation (18 patients), poor perfusion (17), tachycardia (16), 
hypotension (13), and acidosis (6). Six patients had a patent ductus arteriosus (DA) 
at the first measurement with the diameter ranging from 1.2 to 2.0 mm. All showed 
left-to-right shunting over the DA at the first measurement. Of the 6 infants with a 
DA, three survived with 2 showing spontaneous closure of their DA after the sepsis 
episode. 
Five patients died due to their illness, all within 16 hours of presentation. The 15 
survivors took an average of 61 hours to get better. Individual characteristics of the 
included patients and cardiovascular support given during the septic episode are 
shown in table 1.  
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Patient GA Weight PNA 
(days) 

Diagnosis Culture Volume 
before (ml/kg) 

Volume first 
12 h (ml/kg) 

Inot Ino 
hours 

H
C 

Mortality 

1 25 740 16 sepsis no growth 5 88 2 24 1 0 
2 31 1130 7 sepsis Kleb oxytoca 0 71 0 0 0 0 
3 28 900 17 NEC IIIa no growth 0 107 2 72 0 0 
4 26 1220 18 sepsis Enterobacter 8 70 1 24 0 0 
5 25 750 10 sepsis no growth 10 55 2 36 1 0 
6 26 650 7 sepsis E Coli 0 46 2 48 1 0 
7 27 880 7 sepsis CNS 11 11 0 0 0 0 
8 28 1140 10 sepsis CNS 0 18 0 0 0 0 
9 25 1080 30 sepsis Serratia 5 79 3 14 1 1 

10 28 765 7 NEC IIIb CNS 10 162 3 14 1 1 
11 32 1875 14 sepsis/menigitis GBS 0 51 1 48 0 0 
12 30 1030 19 sepsis S Aureus 9 39 0 0 0 0 
13 27 1010 12 sepsis CNS 0 64 1 48 0 0 
14 27 980 33 NEC IIIb no growth 0 143 2 12 0 1 
15 26 1980 120 sepsis GBS 0 20 0 0 0 0 
16 25 1040 11 sepsis Bacillus 7 19 0 0 0 0 
17 28 960 21 NEC IIIa no growth 10 104 2 14 1 1 
18 25 750 16 NEC IIIa/sepsis CNS 10 192 3 120 1 0 
19 27 980 33 NEC IIIb/sepsis E Coli 0 163 2 16 0 1 
20 28 1180 12 sepsis CNS 0 34 1 24 0 0 

 

 
Table 1. patient characteristics and cardiovascular support given. GA; gestational age, PNA; postnatal 
age, NEC; necrotising enterocolitis, CNS; coagulase negative staphylococcus, GBS; group B streptococ, 
Ino; Inotropes, HC; hydrocortisone, Volume includes colloids, crystalloids, blood products and sodium 
bicarbonate. 
 
 

 
 
Figure 1. Flow in survivors (n=15, black lines) and non survivors (n=5, grey lines). RVO, right ventricular 
output; LVO, left ventricular output; SVC flow, superior vena cava flow.  
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Figure 2. Mean blood pressure in survivors (n=15, black lines) and non survivors (n=5, grey lines). 
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Figure 3. Systemic vascular resistance (SVR) in survivors (n=15, black lines) and non survivors (n=5, 
grey lines). 
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Figures 1 to 3 show the hemodynamic data on flow, blood pressure and systemic 
vascular resistance. The mean (SD) RVO, LVO and SVC flow at the first 
measurement in all 20 patients was 555(133), 441(164) and 104(39) ml/kg/min 
respectively. The mean (SD) calculated SVR was 0.08 (0.04) mmHg/ml/kg/min.  
Overall, the 15 survivors showed no significant changes in flow,  no change in SVR, 
and an increase in blood pressure in the first 12 hours (mean difference RVO -34 
ml/kg/min; 95%CI -93 to 24, LVO -5 ml/kg/min; 95%CI -38 to 28, SVC flow 6 
ml/kg/min; 95%CI -20 to 33, SVR 0.01 mmHg/ml/kg/min; 95%CI -0.02 to 0.01, MBP 
7 mmHg; 95%CI 0 to 13). 
 
The individual variation in response of the hemodynamic variables in the survivors 
is presented in figure 4. The 5 non-survivors showed a significant decrease in flow, 
an increase in SVR and no significant change in blood pressure in the first 12 hours 
(mean difference RVO -318 ml/kg/min; 95%CI -463 to -174, LVO -292 ml/kg/min; 
95%CI -473 to -111, SVC flow -46 ml/kg/min; 95%CI -77 to -16, SVR 0.10 
mmHg/ml/kg/min; 95%CI 0.01 to 0.20, MBP 3 mmHg; 95%CI -12 to 18). Figure 5 
shows the consistent response in flow and other hemodynamic variables in the non 
survivors.  
There was no significant change in flow parameters from start until better in the 15 
survivors (mean difference RVO -34 ml/kg/min; 95%CI -93 to 24, LVO -5 ml/kg/min; 
95%CI -38 to 28, SVC flow 6 ml/kg/min; 95%CI -20 to 33). Blood pressure and SVR 
increased and heart rate decreased from start to the last measurement in the 
survivors (mean difference MBP 8 mmHg; 95%CI 3 to 13, SVR 0.02 
mmHg/ml/kg/min; 95%CI 0.01 to 0.04, HR -26 bpm; 95%CI -38 to -13). There was 
no difference in mean airway pressure at start between the survivors and the non-
survivors. At 12 hours, the mean airway pressure was higher in the non-survivors 
compared to the survivors (mean difference 6.5 cmH2O; 95%CI 2.1 to 10.9).  
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Figure 4. Change in hemodynamic parameters as a percentage in survivors from start to 12 hours of 
age. RVO, right ventricular output; LVO, left ventricular output; SVC flow, superior vena cava flow, MBP, 
mean blood pressure; SVR, systemic vascular resistance; UBVR, upper body vascular resistance, HR, 
heart rate  
 
 

 
 
Figure 5. Change in hemodynamic parameters as a percentage in non survivors from start to 12 hours of 
age. RVO, right ventricular output; LVO, left ventricular output; SVC flow, superior vena cava flow, MBP, 
mean blood pressure; SVR, systemic vascular resistance; UBVR, upper body vascular resistance, HR, 
heart rate  
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Discussion 
This observational study shows that preterm infants who develop sepsis in the 
NICU and were measured after initial volume support present with relative high left 
and right cardiac outputs and a low systemic vascular resistance similar to the adult 
situation.  
A recent prospective study investigating 30 children with fluid resistant shock 
admitted to the paediatric intensive care  showed that children who had a hospital-
acquired catheter associated sepsis presented with a high cardiac index and low 
systemic vascular resistance. This pattern was not seen in community-acquired 
sepsis, where a normal or low cardiac index was predominant.10 Our data on 
preterm infants with a hospital-acquired sepsis is consistent with these findings, 
even though not all patients had a central venous line in place. 
Literature on the hemodynamic presentation of sepsis in newborns has mainly 
focussed on GBS sepsis. The clinical description was characterized by cold, mottled 
and peripherally constricted with evidence of organ ischemia. It was assumed and 
confirmed in animal models that cardiac output was low in these scenarios.11 Our 
findings does not support the animal data. Reference data on flow in preterm infants 
of this postnatal age is limited. The mean (SD) RVO, LVO and SVC flow of stable 
preterm infants less than 32 weeks gestation with minimal respiratory support and 
no cardiovascular support after the transitional period is estimated at 430(100), 
300(75) and 90(30) ml/kg/min respectively. 12 Compared to this data the initial RVO 
and LVO are still high, but with overlap.  
A decrease in RVO or LVO of more than 50% compared to baseline was associated 
with mortality. Failure to improve cardiac function is a characteristic also seen in 
adult patients with septic shock who did not survive.13,14 In children with 
meningococcemia, myocardial dysfunction measured by the shortening fraction is 
associated with mortality.15-17 We did not measure shortening fraction. It 
characterises left ventricular contractility, but it is affected by preload, afterload and 
ventricular shape and motion. Preterm infants have distorted left ventricular shape 
and abnormal wall motion, which persists throughout the first weeks of life. This will 
decrease the accuracy of shortening fraction in determining cardiovascular 
compromise in preterm infants.18 Cardiac output includes preload, contractility and 
afterload and is a good marker of cardiac dysfunction in preterm infants.19 
The initial SVC flow at presentation was only slightly higher when compared to 
healthy preterm infants after the transitional period.9 Compensatory mechanisms for 
keeping blood flow to the brain stable could explain the relative normal SVC flow. 
When combined with a relative high LVO, it could also mean increased flow 
returning from the inferior vena cava. Our cohort included 6 patients with severe 
NEC which could explain the increased perfusion of the mesenteric region. 
We found no changes in flow over the study period in the survivors. One would 
expect a decrease of flow towards normal after cardiovascular support has been 
stopped. Blood pressure and SVR increased over the same time period, as well as 
a normalisation of heart rate. This finding might suggest that flow only changes in 
infants who do not survive.  
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It could also be an effect of treatment installed. Adequate preload conditions and 
small changes in blood pressure and SVR were found in most survivors. A large 
increase in SVR and high doses of vasopressors was associated with mortality in 
this cohort. 
Functional echocardiography (fECHO) is thus far the only diagnostic tool to supply 
extra information about the hemodynamic state in neonates.20 As shown in this 
cohort, there is wide inter-individual variability in hemodynamic changes, which may 
not be guessed from the clinical scenario alone. The findings in this study are 
supportive of the need to monitor hemodynamics in septic shock patients, especially 
if hypotension is not responsive to volume and dopamine. fECHO allows the 
clinician to customise treatment according to actual hemodynamics. Empirically, the 
correct therapy for one hemodynamic will be the wrong therapy for the other. When 
flow is reduced, reducing vasopressor therapy and adding afterload reduction could 
prove beneficial. The reverse situation could be true as well. Persistent high cardiac 
output and low SVR might benefit from increasing doses of potent vasopressors. 
Further studies are needed to evaluate if the suggested changes in treatment can 
improve outcome. 
 
Conclusion 
Neonates who develop sepsis in the NICU present with relative high left and right 
cardiac outputs and a low systemic vascular resistance. A decrease in RVO or LVO 
of more than 50% compared to the initial measurement is associated with mortality. 
The findings in this study are supportive of the need to monitor hemodynamics, 
especially if hypotension is not responsive to volume and dopamine. 
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CHAPTER 7 

PREDICTING DUCTAL SIZE  
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ABSTRACT 
 
Introduction 
Numerous clinical and ultrasound criteria are used to categorise ductal shunting. 
The ductal diameter (DAd) has been considered as the most predictive measure for 
a hemodynamic significant duct. The diagnostic capability of clinical signs and other 
ultrasound parameters to predict DAd is evaluated in this study 
 
Methods 
We evaluated all ductal scans requested for predefined clinical signs and 
determined associations between the clinical signs, ultrasound parameters and 
DAd. Scans included central blood flows, DAd, ductal left-to-right maximum flow 
velocity (Vmax), LA/Ao ratio, maximum diastolic flow velocity in the left pulmonary 
artery (LPAd) and flow pattern in the descending Aorta (DAo). Receiver operating 
characteristics curves were obtained using a DAd >1.5 or >2.0 mm as gold 
standard. Area under the curves (AUC) and best cut-off values with sensitivity and 
specificity were calculated. 
 
Results 
Ninty five scans in 60 patients were analysed. Median (range) gestational age was 
27 (23-31) weeks, postnatal age of 5 (1-42) days. No relationship was found 
between clinical signs and DAd. All ultrasound parameters showed a high AUC for 
detecting any duct (LA/Ao ratio > 1.70; 0.81, LPAd > 40 cm/s; 0.98, LVO > 429 
ml/kg/min; 0.86, LVO/SVC flow ratio > 4; 0.81). Most parameters showed an AUC 
<0.80 for detecting a medium or large size duct. Retrograde DAo flow had good 
specificity, but poor sensitivity. 
 
Conclusion 
Clinical signs cannot predict ductal size. The diagnostic accuracy of the tested 
ultrasound parameters is not optimal for predicting ductal size. Retrograde DAo flow 
and low Vmax are the best predictors of a large duct.
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Introduction 
Despite many years of research, controversy still surrounds the role of the ductus 
arteriosus (DA) in adverse outcomes. Also the best diagnostic method and 
appropriate timing of diagnosis in relation to treatment is still a matter of debate.1 A 
hemodynamically significant ductus arteriosus (HSDA) impairs pulmonary and 
cardiac function. However, there is a wide variety in the clinical and ultrasound 
criteria used to define this impaired function. The classical clinical parameters used 
to diagnose a HSDA are a murmur, increased pulse volume (bounding pulses, 
hyperactive precordium) and/or increased pulmonary vascular markings or cardiac 
enlargement on chest radiography.2 Some authors also include the need for 
respiratory support or the inability to wean from this support.3 Ultrasound has long 
been used to establish or confirm the diagnosis of a HSDA. The earliest report was 
presented by Silverman and Rudolph.4 They measured left atrium (LA) and aortic 
(Ao) dimensions using unguided M mode in the long axis view to calculate the 
LA/Ao ratio. When color Doppler became available in the late eighties, visual 
classification of the jet size in the mean pulmonary artery 5 and color ductal 
diameter 6 were used to classify ductal shunting. Many other ultrasound 
parameters, like diastolic flow velocity in the left pulmonary artery (LPAd) 7, central 
blood flow measurements like left ventricular output (LVO) 8,9 and the LVO/SVC flow 
ratio 10, flow pattern in the descending Aorta (DAo)11,12 and flow patterns in the 
cerebral 13,14, renal 15 or the intestinal arteries 16 have been investigated and used to 
classify the extent of ductal shunting.  
The resistance of a vessel is in proportion to the fourth power of its radius, making 
the vessel diameter the most contributing variable of flow. The pressure difference 
between the two ends of the vessel is also an important variable of flow, but the 
systemic to pulmonary pressure difference is often within a stable range in preterm 
infants in the first weeks of life.17 Therefore, ductal diameter (DAd) seems best used 
as a marker of significant ductal shunting. Ductal diameter was the most accurate 
echocardiographic marker in predicting subsequent HSDA’s in a group of 124 
preterm infants < 1500 gram who needed mechanical ventilation.18 Measurement of 
DAd is being suggested as the most important parameter for quantification of ductal 
shunting.19-21 
The purpose of this study is to quantify all ductal scans requested in preterm infants 
with a clinical suspicion of a patent ductus arteriosus and determine which clinical 
sign or ultrasound parameters can best predict ductal diameter. 
 
Methods 
Patients 
This prospective observational cohort study was performed between January 2009 
and May 2010 in the neonatal intensive care unit of the John Hunter Hospital, 
Newcastle, Australia. All patients who needed a DA assessment were eligible. 
Scans of infants for suspected congenital heart disease or repeat scans to confirm 
ductal closure after treatment were excluded. The study was approved by the ethics 
committee of the University of Newcastle. 
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In this study a medium size duct was defined as a ductal diameter > 1.5 mm and a 
large size duct as > 2.0 mm.  
 
Clinical assessment 
Ductal assessment scans were requested by the attending clinicians in preterm 
infants with clinical signs suggestive of a ductus arteriosus. The clinical signs were 
predefined and included a murmur, increased pulse volume (bounding pulses 
and/or hyperactive precordium), unexplained metabolic acidosis (BE <-10), 
difficulties to wean off respiratory support or failed of CPAP, apnea’s needing 
mechanical ventilation or increased respiratory support, hypotension (mean blood 
pressure lower than 5th percentile for age 22), pulmonary haemorrhage or severe 
pulmonary congestion with congestive heart failure. 
We arbitrarily classified the main sign that triggered the necessity of the ultrasound 
assessment in three categories: mild clinical signs (murmur, increased pulse 
volume and unexplained metabolic acidosis), respiratory clinical signs (difficulties to 
wean off respiratory support or failed of CPAP, apnea’s needing mechanical 
ventilation or increased respiratory support), or severe clinical signs (hypotension, 
pulmonary haemorrhage or congestive heart failure). We considered using a clinical 
triaging system for ligation of a DA as proposed by McNamarra.20 Using this 
system, all except one patient would be classified as C2 and would not further 
differentiate our population. 
 
Ultrasound protocol 
Ultrasound measurements were performed using an iE33 ultrasound system 
(Philips medical, the Netherlands) with a 12 MHz phased sector array transducer. 
Ultrasound scans were performed by 2 investigators (KW and AL) trained in 
functional echocardiography. Measurements were performed as a batch and 
analysed by one investigator (KW) away from the bedside at a later time.  
The ultrasound protocol for ductal assessment included ductal diameter (DAd) using 
the high left parasternal view to visualise the duct in its whole length and to look for 
the site of maximal constriction in 2D or colour images.11,18 DAd was categorized in 
4 categories; A closed duct, DAd up till 1.5 mm, DAd between 1.6 and 2.0 mm and 
DAd > 2.0 mm. Ductal flow pattern was measured at the same location using pulse 
wave Doppler. The maximum velocity of the left-to-right shunt was measured using 
a calliper and averaged from 3 consecutive cardiac cycles. Flow direction was 
classified as left-to-right, bidirectional or right-to-left and the percentage right-to-left 
shunt was calculated if the flow direction was bidirectional. 
Left atrium size was captured from the long axis view and maximal internal diameter 
was taken using frame by frame analysis of the 2D images. M mode was not used. 
Values were averaged from 3 consecutive cardiac cycles and the LA/Ao ratio was 
calculated using the 2D derived LA diameter and the diameter of the aortic annulus. 
The left pulmonary artery (LPA) was visualised using the high parasternal view and 
the Doppler gate was placed into the LPA just after the bifurcation of the main 
pulmonary artery for flow velocity analysis. The maximum flow velocity in diastole 
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was measured using a calliper and a mean value for LPAd was calculated from 3-5 
consecutive cardiac cycles.7 
Central blood flow parameters were calculated using the formula Flow = velocity time 
integral (Vti) x Heart rate x (π.diameter2/4) / body weight in ml/kg/min. Left ventricular output 
Vti was determined from the subcostal or apical view with the least angle of insonation. LVO 
diameter was taken from the long axis view at aortic annulus using the hinge points of the 
aortic valve in late systole as reference.23 SVC flow and RVO were performed according to 
previously published methodology.24,25 

The flow pattern in the descending aorta (DAo) was taken from the high 
suprasternal view with the Doppler gate placed proximal of the diaphragm. The DAo 
flow was classified into three groups: Antegrade throughout diastole; no clear 
direction to diastolic flow; and retrograde throughout diastole.11,12 

 
Treatment protocol 
Unit policy would advise medical treatment if DAd > 1.5 mm with respiratory or 
severe clinical signs or a DAd > 2.0 mm with or without any signs. Surgical 
treatment is advised in DAd > 2.0 mm after failure of medical interventions with 
persisting respiratory or severe clinical signs. Treatment during the study period 
was directed by the attending clinician. The outcomes on ductal treatment are not 
part of this study. 
 
Statistics 
Data were analysed with a personal computer based statistics package (SPSS v17 
for Windows). A Kruskall Wallis test was performed to analyse the correlation 
between our clinical classification and ductal size. Pearson correlation was used to 
investigate possible correlations between the individual clinical signs and all 
ultrasound parameters.  
Linear regression analysis was used to assess the relation between DAd and the 
continuous variables Vmax, LA/Ao ratio, LPAd, LVO, RVO, SVC flow and the 
LVO/SVC ratio, and logistic regression for retrograde DAo flow. Receiver operating 
characteristics (ROC) curves were obtained using different DAd standards as the 
actual state variable and ultrasound parameters that were significant in the 
regression analysis. Area under the ROC curves (AUC) and best cut-off values for 
each variable were calculated.26 The accuracy, sensitivity and specificity of 
retrograde DAo flow were calculated using a contingency table. Our initial approach 
was to incorporate analysis for a DAd > 3.0 mm according to the criteria published 
by McNamara and Seghal 20,21 but our cohort only included 3 infants with a duct of 
this size. For all tests p < 0.05 was considered significant. 
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Results 
In this 17 month period, 263 preterm infants < 32 wk gestation were admitted to the 
unit, with 92 infants needing one or more assessments for a suspected ductus 
arteriosus. Ninety-five scans in 60 infants were performed by the investigators and 
were included in the analysis. The patient characteristics and distribution of the 
clinical signs are presented in table 1. In 84 scans (88%) an open duct was found, 
with a median (range) diameter of 1.5 (0.5-5.4) mm. There were 40 scans with a 
DAd > 1.5 mm and 14 scans showing a DAd > 2.0 mm. In 13 scans the flow pattern 
was bidirectional with one scan showing over 30% right-to-left flow. 
 
 
 
Gestational age (weeks) 27 (23-31) 
Weight (grams) 950 (440-1820) 
Postnatal age (days) 5 (1-42) 
     None 9 
     CPAP 62 
     Mechanical ventilation 24 
FiO2 (%) 21 (21-100) 
Mean airway pressure (cmH2O) 6 (0-20) 
Clinicians trigger for DA assessment  
    Mild clinical signs 63 
    Severe clinical signs 8 
    Respiratory signs 24 
Clinical signs (all)  
    Murmur 62 
    Increased pulse volume 17 
    Metabolic acidosis 16 
    Hypercapnia 3 
    Respiratory deterioration 48 
    Hypotension 8 
    Pulmonary haemorrhage 3 
    Congestive heart failure 0 

 
Table 1. patient characteristics and clinical signs before scanning. Median (range) or absolute numbers 
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Clinical signs and ultrasound parameters of shunt severity 
Most scans for ductal assessment were initiated by mild clinical signs. (table 1) The 
clinical categories which triggered the ductal assessment (mild, respiratory, severe) 
and DAd were not correlated with each other (Kruskal Wallis Chi-square 1.7, p < 
0.415, table 2).  
Using each individual clinical sign, some correlations were found. A murmur was 
best correlated with a higher Vmax (r = 0.42, p < 0.000). Increased pulse volume 
did not show any correlation with the tested ultrasound parameters and metabolic 
acidosis was correlated with retrograde DAo flow (r = 0.28, p < 0.006) and a lower 
SVC flow (r = -0.23, p < 0.024). Hypotension (8 infants) and pulmonary 
haemorrhage (3 infants) were both associated with a larger DAd and lower Vmax. (r 
= 0.27, p < 0.007 and r = -0.33, p < 0.030 for hypotension, r = 0.36, p < 0.000 and r 
= -0.26, p < 0.018 for pulmonary haemorrhage, respectively) 
 
 Ductus Arteriosus diameter (DAd) 
 Closed duct up till 1.5 mm 1.6 to 2.0 mm > 2.0 mm 
Mild clinical signs 5 32 17 9 
Respiratory signs 5 10 6 3 
Severe clinical signs 1 2 3 2 

 
Table 2. Ductus arteriosus diameter in relation to the clinical category in 95 scans in 60 preterm infants. 
 
 
Ductal diameter and ultrasound parameters of shunt severity 
The median and range of findings of the individual ultrasound parameters per 
ductus diameter category is presented in table 3.  
 
 
 Ductus Arteriosus diameter (DAd) 
 Closed duct up till 1.5 mm 1.6 to 2.0 mm > 2.0 mm 
n 11 44 26 14 
LA/Ao ratio 1.34 (1.00 - 1.89) 1.68 (0.91 - 2.20) 1.80 (1.31 - 2.20) 1.87 (1.27 - 2.46) 
LPAd (cm/s) 0 (0 - 15) 30 (0 - 75) 40 (18 - 91) 45 (28 - 74) 
Vmax (cm/s) Na 276 (56 - 438) 225 (50 - 397) 150 (51 - 224) 
retrograde DAo flow (%) 0 0 11 50 
LVO (ml/kg/min) 300 (217 - 396) 386 (211 - 852) 503 (336 - 895) 500 (230 - 708) 
RVO (ml/kg/min) 397 (215 - 649) 439 (167 - 749) 413 (246 - 753) 472 (172 - 906) 
SVC flow (ml/kg/min) 107 (55 - 191) 109 (46 - 304) 92 (52 - 197) 92 (58 - 185) 
LVO/SVC ratio 2.7 (1.7 - 4.5) 3.9 (1.6 - 9.3) 5.1 (2.8 - 10.3) 5.4 (2.9 - 10.8) 

 
Table 3. Ductus arteriosus diameter in relation to other ultrasound parameters (median and range or %)   
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Linear regression found a statistically significant positive relation between DAd and 
all ultrasound parameters except RVO. The scatter plots of Vmax, LA/Ao ratio, 
LPAd, LVO, SVC flow and LVO/SVC ratio are presented in figures 1 to 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-6: Standard linear regression analysis for comparison between ductal diameter (DAd) and 
maximum velocity of the ductal left-to-right shunt (Vmax), left atrial to aortic root ratio (LA/Ao ratio), 
maximum diastolic flow velocity in the left pulmonary artery (LPAd), left ventricular output (LVO), superior 
vena cava flow (SVC flow) and LVO/SVC ratio. 
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Logistic regression showed a significant relation between retrograde DAo flow and 
DAd. (B coefficient 3.14, p < 0.001) The ROC curve analysis including AUC, 
accuracy and optimised sensitivity and specificity for ultrasound parameters to 
assist in detecting a HSDA according to various cut-offs are presented in table 4. 
  
 
 Vmax < 225 cm/sec LA/Ao ratio > 1.70 LPAd > 40 cm/s retrograde DAo flow 

 AUC Sens spec AUC sens spec AUC sens spec ACC sens spec 

DAd > 2.0 mm 0.81 100 61 0.66 64 58 0.73 57 69 0.86 50 93 

DAd > 1.5 mm 0.68 70 68 0.76 73 75 0.78 53 78 0.82 78 85 

any duct na Na na 0.81 53 92 0.98 40 100 0.25 52 100 

 
 
 
 
 
 
 LVO > 429 ml/kg/min SVC > 107 ml/kg/min LVO/SVC ratio > 4 

 AUC sens spec AUC sens spec AUC sens spec 

DAd > 2.0 mm 0.66 64 58 0.57 57 46 0.66 64 54 

DAd > 1.5 mm 0.73 62 70 0.61 64 52 0.73 67 67 

any duct 0.86 50 100 0.57 56 50 0.81 53 75 

 
 
Table 4: ROC curve or contingency table analysis of 95 scan results with optimised cut-offs. AUC; area 
under the curve, ACC; accuracy, sens; sensitivity, spec; specificity, na; not available 
 
 
Discussion 
This study shows that clinical signs cannot predict ductal size and that most of the 
tested ultrasound parameters are not very helpful in differentiating between a small, 
medium and a large size duct. Retrograde flow in the DAo is best associated with a 
large duct and a high Vmax with a small duct. 
 
Clinical signs and ultrasound parameters 
The poor relationship between clinical signs and ultrasound parameters has been 
shown by others. Davis et al. determined the precision and accuracy of clinical and 
radiological signs in 99 premature infants in the first 3 to 7 days of life to predict 
ultrasound evidence of an open duct with any left-to-right shunting. No ductal 
diameters were used.27 Inter-observer variability for clinical signs and interpretation 
of chest radiography for cardiac size and vascular markings was generally high, 
with the exception of the presence or absence of a cardiac murmur. Radiological 
examination did not improve the observers' ability to distinguish between patients 
with and without a DA. Skelton et al. investigated 55 ventilated preterm infants with 
daily clinical and ultrasound investigations and found clinical signs to be very poor 
predictors of a ductal size larger than 1.5 mm.28 Alagarsamy found no differences in 
clinical signs (murmur, increased pulse volume, respiratory status not improved) in 
25 preterm infants with or without a duct larger than 2.0 mm. 29 In short, clinical 
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signs are very poor predictors of ductal size and positive clinical signs should 
always be followed by ultrasound to establish ductal size and shunt severity. 
 
DAd and ultrasound parameters of shunt severity 
We feel that ductal diameter is the ‘gold standard’ of shunt severity as it is the main 
variable of blood flow over the duct and the only ultrasound parameter that has 
been associated with reduced systemic perfusion during transition and adverse 
outcome.30-32 Our data describes the use of ultrasound parameters in a cohort of 
preterm infants mostly outside the transitional phase with a median postnatal age of 
5 days. We tested parameters of pulmonary overcirculation (LA/Ao ratio, Vmax, 
LPAd, LVO) and systemic hypoperfusion (DAo flow pattern, SVC flow, RVO, 
LVO/SVC ratio) but found most parameters not accurate enough in predicting ductal 
diameter. Longitudinal measurements of DAd are likely to be of benefit in further 
trials on clinical outcomes and treatment. 
 
Ductal left-to-right maximum velocity (Vmax) 
The maximum velocity of transductal flow is produced by the pressure difference 
between the aortic and pulmonary end of the ductus, and the ductal diameter. 
Constriction of the duct will lead to high velocities. Iyer et al. showed a higher mean 
Vmax of 175 cm/s infants with a DAd up to 1.5 mm compared to 137 cm/s in infants 
with a DAd ≥ 1.5 mm.33 

In our cohort, a Vmax > 225 cm/s was never present in infants with a duct larger 
than 2 mm. This might help to differentiate if the whole length of the duct and/or 
ductal diameter is difficult to obtain. 
 
Left atrium to aortic dimensions (LA/Ao ratio) 
The LA/Ao ratio is a good parameter for detecting a ductus arteriosus, but cannot 
differentiate ductal size. A wide range of LA/Ao values was found in infants with a 
duct. This is explained by patient factors such as patient hydration, left ventricular 
performance and atrial shunting, or difficulties in clearly recognising the posterior 
wall of the left atrium on M mode or 2D images. Our specificity is lower than 
presented by Iyer et al.33 They evaluated 56 preterm infants in the first 7 days of life 
using M mode derived LA/Ao ratio to detect a duct ≥ 1.5 mm. Using a LA/Ao ratio of 
1.5 as a cut-off gave a sensitivity of 79% and specificity of 95%. Since we used a 
different methodology using the smaller aortic annulus instead of the aortic root or 
ascending aorta dimensions, our absolute values will differ from previous reports. 
 
Maximum diastolic flow velocity in the left pulmonary artery (LPAd) 
Ductal left-to-right shunting will produce systolic and often turbulent diastolic flow in 
the left and right pulmonary arteries, as opposed to only systolic flow seen in infants 
with no duct. Suzumura et al. studied the LPAd in a cohort of 138 preterm infants 
less than 31 week gestation to predict if a DA would become symptomatic.7 Forty-
six infants with a symptomatic DA were compared with the findings of 92 infants 
who showed spontaneous ductal closure and did not develop a symptomatic DA. 
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The mean + 2SD LPAd of the control group was used as cut-off, which could vary 
depending on postnatal age between 42 (early) and 25 (late) cm/s. The reported 
sensitivity and specificity of LPAd to predict a sPDA was 82% and 83% respectively. 
The results of this study might be biased, as the control group included closed ducts 
and asymptomatic open ducts. 
We found LPAd to be a reasonable marker for ductal size. The ROC curve analysis 
showed an excellent AUC for detecting any duct, but lower for detecting a 1.5 or 2.0 
mm duct.  
The optimised cut-off for LPAd was 40 cm/s in our study. The suggested cut-off of 
20 cm/s by El Hajjar 10 would result in a sensitivity of 85% and specificity of 38% to 
detect a duct > 1.5 mm . El Hajjar reported on the mean and end diastolic flow 
velocity in the left pulmonary artery. Suzumura and our study used the maximum 
flow velocity in diastole, which explains the higher cut-off values found.  
 
Left ventricular output (LVO) 
Ductal left-to-right shunt will pass through the pulmonary circulation and re-enter the 
left side of the heart. As LVO is measured just after the aortic valve, it will measure 
pulmonary blood flow and include ductal shunting. However, there is a large 
individual variability in LVO of stable preterm infants without a significant duct with 
the normal range varying between 150 to 575 ml/kg/min.34 Mean LVO was 460 
ml/kg/min in the infants with a duct compared to 313 ml/kg/min in infants without a 
duct, but ROC analysis showed that LVO is a poor marker for ductal size. 
 
Superior vena cava flow (SVC flow) 
We found a poor relationship between upper body perfusion, measured with SVC 
flow, and ductal diameter in preterm infants with a median postnatal age of 5 days. 
SVC flow and its relationship with ductal diameter has been extensively studied 
during the first 72 hours of life with ductal diameter having a significant impact on 
low systemic blood flow and subsequent related outcomes.12,30,32 All central blood 
flows increase in the first week of life with very few preterm infants showing low 
systemic blood flow after transition.34 It seems likely that ductal shunting after the 
transition will mostly influence lower body perfusion. Studies on surgical ductal 
closure after the transition also show no effect of ductal closure on cerebral blood 
flow and cerebral perfusion.35,36 
 
Retrograde flow in the descending aorta (retrograde DAo flow) 
The flow pattern in the descending aorta is considered a marker of lower body 
perfusion. Groves at al. investigated the relationship between ductal diameter and 
DAo flow and other central blood flow measurements in 80 preterm infants < 31 
week gestation in the first 48 hours of life.12 In this study the presence of retrograde 
DAo flow was more strongly associated with increased LVO than ductal size, 
indicating cardiac reserve trying to compensate for decreased lower body perfusion. 
Evans et al. found a clear relationship between retrograde DAo flow and ductal 
diameter with very high rates of retrograde flow if the ductal diameter was > 1.7 mm 
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(86%) or > 2.1 mm (100%).11 He measured DAo flow just after the insertion of the 
ductus in the aorta. Groves and our study measured DAo flow pattern proximal of 
the diaphragm, explaining the lower percentages of retrograde DAo flow found. We 
found retrograde DAo flow to be a specific marker for ductal presence, but with very 
low sensitivity. 
 
LVO/SVC ratio as marker of significant shunt 
El Hajjar et al. used the LVO/SVC ratio ≥ 4 as gold standard to indicate significant 
ductal shunting. They investigated 23 preterm infants, 15 with an open duct, and 
found a positive correlation between the LVO/SVC ratio and LA/Ao ratio, ductal 
diameter and mean and end-diastolic flow in the LPA.10 The ROC analysis on all 
ultrasound parameters in our cohort showed comparable AUC’s for ductal diameter 
>1.5 mm, LVO/SVC ratio ≥ 4 and ductal diameter ≥ 1.4 mm/kg (data not shown). It 
seems reasonable to assume that all these cut-offs reflect the same level of ductal 
shunting. We feel that the LVO/SVC ratio is more prone to error than using ductal 
diameter because flow measurements are known to have up to 30% variability, 
compared to 12% for the internal diameter of the ductus arteriosus.11,25,37 Any error 
can be multiplied when using ratios. 
 
Conclusion 
In our cohort of selected preterm infants with clinical signs related to an open ductus 
arteriosus we found a wide range of findings in ductal size and ultrasound markers 
of ductal shunting. It is important to be able to distinguish between a large and a 
small duct, rather than an open or closed duct. Clinical signs cannot predict ductal 
size. Of the tested ultrasound parameters only retrograde flow in the descending 
aorta and a low left-to-right flow velocity in the duct were found to be predictive of a 
large duct. Ductal diameter is the easiest parameter to use to quantify ductal 
shunting.  
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Summary 
The hemodynamic condition of newborn infants is often assessed by clinical 
variables such as heart rate, blood pressure and capillary refill. However, these 
markers are all poorly correlated to central blood flow, which seems to be a more 
accurate variable for determining the hemodynamic condition of newborn infants.  
Central blood flow can be measured in the great vessels entering or leaving the 
heart and includes assessment of intra and extra cardiac shunts. 
The most commonly Doppler derived central blood flow (CBF) parameters in 
newborn infants are right ventricular output (RVO), left ventricular output (LVO) and, 
more recently, superior vena cava (SVC) flow. Studies in preterm infants have 
shown that abnormal central blood flow is associated with poor neurodevelopmental 
outcome. 
 
Chapter 1 summarizes the background of Doppler derived central blood flow 
parameters in newborn infants. The parameters were developed in the seventies 
and eighties, along side with the development of ultrasound equipment. We explain 
some basic principles of blood flow regulation and provide technical explanation on 
how to use Doppler ultrasound to measure blood flow. Potential errors of 
measurements come from inaccurate measurement of vessel diameter or 
inaccurate measures of flow velocity due to a high angle of insonation. The 
methodology of LVO, RVO, SVC flow and assessment of ductal shunting and 
shunting over the foramen ovale is explored in detail. We found a large diversity in 
the methodology of measuring LVO and a universal methodology of measuring 
RVO and SVC flow in newborn infants. The intra- and inter-observer repeatability 
varied between 1 and 22% for LVO and between 4 and 14% for RVO and SVC flow. 
The accuracy of LVO measurements as compared to Fick methods, thermodilution 
or dye dilution varied between 1 and 36%. The accuracy of RVO and SVC flow has 
not been determined.  
Mean values reported in the literature of LVO varied between 144 and 296 
ml/kg/min, RVO between 200 and 450 ml/kg/min, and SVC flow between 76 and 
112 ml/kg/min. Ductal diameter in very low birth weight preterm infants using the 
high parasternal approach was reported between 0 and 4.3 mm. 
To use cardiac output measurements in routine clinical practice, adequate training 
of the operator and concise methodology are necessary to obtain reproducible 
values. RVO and SVC flow show the least amount of variation in methodology, 
possibly making these parameters the reference for measuring CBF in newborn 

CHAPTER 8 
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infants. Ductal shunting is associated with changes in CBF and should be assessed 
by measuring ductal diameter and ductal flow pattern. 
 
Chapter 2 reviews the literature and describes the current position of functional 
echocardiography (fECHO), which includes CBF measurements, as a tool for the 
clinician. fECHO is the bedside use of ultrasound to longitudinally assess 
myocardial function, systemic and pulmonary blood flow, and intra and extracardiac 
shunts. It provides detailed real time information concerning physiology and 
hemodynamics leading to rapid identification of the possible mechanics of 
circulatory failure (preload, contractility, afterload) in critically ill patients, thus 
allowing targeting of therapy. We present 5 common clinical scenarios where 
ultrasound can help determine a pathophysiological choice for cardiovascular 
monitoring and support and describe the current best evidence to support this 
approach. Suggestions for logistics and training programs are presented with the 
aim of achieving a round the clock bedside fECHO service run by bedside 
clinicians. 
 
Chapter 3 describes the results of a prospective study evaluating cardiopulmonary 
interactions. Previous studies have shown that higher mean airway pressure is a 
determinant of low central blood flow. It is not known whether this is a direct effect 
of positive pressure ventilation on reducing systemic venous return, as suggested 
by animal studies, or a reflection of severity of lung disease. Fifty conventional 
ventilated newborns were studied before and 10 minutes after increasing positive 
end expiratory pressure (PEEP) from 5 to 8 cmH2O, and after returning to baseline. 
Simultaneous central blood flow parameters (RVO, SVC flow, ductal diameter) and 
respiratory function measurements (dynamic compliance and resistance) were 
collected during the intervention. Overall, increased PEEP was associated a small 
reduction in RVO and no changes in SVC flow. Although the overall effect on 
venous return from the upper body and brain was null, 36% of the babies showed 
both significant increases and decreases in flow, highlighting the way summary 
statistics can mask important individual effects. We could not find clear predictors of 
change in blood flow in response to a change in PEEP, although babies who 
showed improvement in lung compliance with higher PEEP were more likely to 
improve their systemic blood flow. 
 
Chapter 4 reports on the effect of a lung recruitment manoeuvre on central blood 
flow parameters. Thirty four preterm infants with respiratory distress syndrome 
(RDS) needing mechanical ventilation were included in this prospective cohort 
study. An individualised lung recruitment manoeuvre was used, using high 
frequency ventilation with stepwise changes in the continuous distending pressure 
(CDP) to recruit and stabilize the majority of collapsed alveoli using oxygenation as 
an indirect parameter for lung volume. Increasing the CDP from 8 to 20 cmH2O 
resulted in a mean decrease in RVO of 17% with unchanged SVC flow and ductal 
shunting. The study showed that this individual lung recruitment manoeuvre did not 
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result in a clinical relevant reduction in central blood flow in most preterm infants. 
Pulmonary hypertension was present in 26% of the infants with RDS and they were 
less likely to have a successful lung recruitment manoeuvre defined as reaching the 
FiO2 target of 0.25. The presence of pulmonary hypertension with significant right to 
left shunting over a wide open ductus should be taken into account when using 
oxygenation as an indirect parameter to guide to process of lung recruitment and 
emphasizes the importance of stopping the stepwise increase in airway pressure as 
soon as oxygenation no longer improves, thereby minimizing the risk for lung over-
distension.  
 
Chapter 5 provides central blood flow values in stable preterm infants after the 
transitional period. Reference values for RVO and LVO and SVC flow were only 
available for infants in the transitional period. Also, many of these infants received 
mechanical ventilation and/or cardiovascular support. 
We measured central blood flow on day 7 and day 14 of life in stable preterm infants less 
than 32 weeks gestation, with minimal respiratory support and no cardiovascular support. 
The mean (SD) RVO, LVO and SVC flow were 429(116), 296(74) and 89(33) ml/kg/min on 
day 7 and 433(81), 300(79) and 86(26) ml/kg/min on day 14. The reference values for RVO 
and LVO in our study are considerably higher compared with data obtained in the 
transitional period. 
 
Chapter 6 describes 20 preterm infants who had a suspected infection and showed 
signs of cardiovascular compromise. Septic shock in preterm infants remains a 
significant cause of neonatal mortality. Decreased peripheral vascular resistance 
and relative or absolute hypovolemia are the major pathogenic factors of circulatory 
compromise during sepsis in adults, but no data is available on hemodynamics in 
septic newborn infants. Mean(SD) RVO, LVO and SVC flow at the first 
measurement was high, at 555(133), 441(164) and 104(39) ml/kg/min respectively. 
The calculated systemic vascular resistance was 0.08 (0.04) mmHg/ml/kg/min. 
There was no significant change in flow in the 15 survivors, but the 5 non-survivors 
showed more than 50% decrease in central blood flow parameters. We concluded 
that preterm infants who develop sepsis in the NICU present with relative high left 
and right cardiac outputs and a low systemic vascular resistance. A significant 
decrease in flow was only seen in non surviving infants. Our findings suggest the 
need to monitor central blood flow in preterm infants with sepsis in order to target 
cardiovascular support to the actual hemodynamic state. 
 
Chapter 7 evaluates ductal assessment parameters compared to the ductal 
diameter (DAd) as gold standard for severity of ductal shunting. The resistance of a 
vessel is in proportion to the fourth power of its radius, making ductal diameter the 
most contributing factor to ductal shunting. The pressure difference between the two 
ends of the ductus arteriosus is also an important factor for ductal shunting, but the 
systemic to pulmonary pressure difference is often within a stable range in preterm 
infants in the first weeks of life. 
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Ninety five scans requested for predefined clinical signs were categorised in 3 
clinical groups (mild, severe, respiratory) and analysed. Scans included central 
blood flows, DAd, ductal left-to-right maximum velocity (Vmax), LA/Ao ratio, 
maximum diastolic flow velocity in the left pulmonary artery (LPAd) and flow pattern 
in the descending Aorta (DAo). In our cohort of selected preterm infants with clinical 
signs related to an open ductus arteriosus we found a wide range of findings in 
ductal size as well as ultrasound markers of ductal shunting. It is important to be 
able to distinguish between a large and a small duct, rather than an open or closed 
duct. Clinical signs cannot predict ductal size. Of the tested ultrasound parameters 
only retrograde flow in the descending aorta and a low left-to-right flow velocity in 
the duct were found to be predictive of a large duct.  
 
Future perspectives and directions for research 
Hemodynamics is an important part of neonatal intensive care. Research to date 
has shown many new insights in pathophysiology and the relationship between 
blood flow and outcome.1 Commonly used parameters to guide treatment (eg. blood 
pressure, capillary refill, lactate) are poorly associated with blood flow and trials 
have shown that circulatory support treatment does not always have the expected 
effect on central blood flow.2 These findings indicate the need to continue to explore 
neonatal hemodynamics by measuring central blood flow in the NICU.3 
Future studies are needed to evaluate the methodological issues still surrounding 
central blood flow measurements. The accuracy of all CBF measurements is 
currently being evaluated by phase contrast MRI.4 For clinical purposes, the inter-
rater variability in longitudinal measurements needs to be minimised. Most 
variability of Doppler CBF is caused by diameter measurements. Variability could be 
decreased if population based diameter percentiles are used in the formula to 
calculate flow, instead of actual diameter measurements. This approach will also 
decrease accuracy, but longitudinal changes have proven to be the best predictors 
of morbidity and mortality, not absolute values.5 
More research is needed to study the effect of treatment on blood flow. To date, 
only very few randomized trials have explored the effect of cardiovascular treatment 
(volume, inotropes, inodilators) on blood flow. 6-8 Randomizing at risk babies to 2 
different treatment regimes and preventing cross-over or contamination might reveal 
further insight in how to treat cardiovascular compromise. One could also suggest 
randomization at different thresholds, or a combination of pressure and flow 
thresholds. All trials should use standardised methodology of measuring CBF to be 
able to compare hemodynamic outcomes. 
The key to any successful trial is measuring the right outcome (short and long term) 
and obtaining the right diagnosis of the cardiovascular problem at hand. For 
example, the definition of a hemodynamic significant ductus arteriosus varies 
enormous amongst randomized trials investigating treatment of the duct.9 There is a 
wealth of information that can be obtained with functional echocardiography and 
central blood flow measurements. To achieve its potential, there is a need to move 
it to the point of care where it is performed by the attending neonatologist and not 
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by consulting specialists or researchers. As with most diagnostic methods, findings 
to date have not demonstrated that functional echocardiography affects outcomes. 
However, its value as a tool for assessing the rapidly changing hemodynamic status 
is essential to ensure future research can be translated into clinical practice.  
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Samenvatting 
De bloedsomloop van een pasgeborene wordt beoordeeld aan de hand van 
klinische parameters zoals hartfrequentie, bloeddruk en capillaire vulling. Alhoewel 
deze parameters klinisch goed bruikbaar zijn, geven deze parameters maar matig 
weer hoe de centrale bloeddoorstroming is. Bloeddoorstroming of flow van de 
centrale circulatie geeft een betere afspiegeling van de hemodynamische situatie 
tijdens de overgang van foetale naar de pasgeborene circulatie. Studies bij 
prematuur geboren kinderen hebben aangetoond dat een te lage flow geassocieerd 
is met een vertraagde neurologische ontwikkeling. 
Flow in de centrale circulatie kan worden bestudeerd met behulp van 
echocardiografische Doppler metingen van bloeddoorstroming in de grote vaten die 
het hart verlaten, of in de grote vaten die het hart binnenkomen. De meest gebruikte 
Doppler metingen van flow zijn de bloed uitstroom van het rechter hart (RVO), de 
bloed uitstroom van het linkerhart (LVO), en meer recent, bloed instroom van het 
rechter atrium door meting van de bloeddoorstroming in de vena cava superior 
(SVC flow).  
 
Hoofstuk 1 geeft een overzicht van de techniek, ontwikkeling en validatie van 
Doppler metingen bij pasgeborenen. De meeste Doppler parameters zijn ontwikkeld 
eind zeventiger jaren toen de echografische techniek beschikbaar kwam in de 
kliniek. Met de groei van de technische mogelijkheden van de echografische 
machines, groeide ook de diversiteit aan Doppler metingen. Het hoofdstuk beschrijft 
de methodologie en voor- en nadelen van Doppler metingen zoals ze zijn 
beschreven in de literatuur. Potentiële nadelen van Doppler metingen zijn de 
variabiliteit in de metingen van de diameter van de bloedvaten en de hoek van de 
meting voor de flow snelheid. 
De meetmethode van RVO, LVO en SVC flow en de mate van shunting over de 
ductus arteriosus en het foramen ovale worden uitgebreid beschreven in het 
hoofdstuk. We vonden een grote variabiliteit in de meetmethode van LVO, maar niet 
van RVO en SVC flow. De intra- en interobservator variabiliteit varieerde per 
gebruikte methode tussen de 1 en 22% voor LVO metingen, en tussen 4 en 14% 
voor RVO en SVC flow metingen. De nauwkeurigheid van LVO metingen in 
vergelijking met de Fick methoden of thermodilutie of varieerde tussen de 1 en 
36%. De nauwkeuringheid van RVO en SVC flow is nog niet onderzocht. De 
gemiddelde waardes gerapporteerd in de literatuur voor LVO in gezonde 
pasgeborenen varieerde tussen de 144 en 296 ml/kg/min, RVO tussen 200 en 450 
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ml/kg/min en SVC flow tussen 76 en 112 ml/kg/min. De diameter van de ductus 
arteriosus in zieke en gezonde premature kinderen varieerde tussen de 0 en 4.3 
mm wanneer deze werd bepaald in de parasternale doorsnede. 
Gezien de vermelde variabiliteit, is het belangrijk om gebruik te maken van uniforme 
methodologie en is goede training van de gebruiker noodzakelijk om in staat te zijn 
de gevonden waardes te interpreteren en toe te passen in de praktijk. Aangezien 
RVO en SVC flow de minste variatie laten zien zijn deze waardes het meest 
geschikt voor de kliniek. Voor longitudinale metingen is het waarschijnlijk beter 
alleen de eerst gemeten diameter te gebruiken voor LVO en RVO, en daarna alleen 
de variatie in flow snelheid te bepalen. Shunting over de ductus arteriosus gaat 
vaak gepaard met veranderingen in flow en kan het beste worden beoordeeld door 
metingen van de binnendiameter en flow snelheid van de ductus.  
 
Hoofstuk 2 geeft een overzicht van de huidige stand van kennis van de functionele 
echocardiografie (fECHO) als additionele diagnostische mogelijkheid in de klinische 
praktijk. Functionele echocardiografie is het bedside gebruik van echografie van 
longitudinale metingen voor hartfunctie, systemische en pulmonale 
bloeddoorstroming en intra- en extracardiale shunts. We beschijven hoe fECHO ons 
pathofysiologisch inzicht in zieke pasgeborenen met cardiovasculair falen kan 
verhogen. We presenteren 5 klinische scenario’s waar fECHO kan helpen in de 
klinische besluitvorming en we beschrijven huidig literatuur onderzoek die deze 
aanpak ondersteunt. Suggesties voor logistieke ondersteuning van de gebruiker en 
training programma’s worden gegeven met als doel het bereiken van een ‘rond de 
klok’ aanwezigheid van fECHO expertise in de neonatale intensive care. 
 
Hoofdstuk 3 beschrijft een prospectieve studie waar we interacties tussen hart en 
longen bestuderen. In 50 mechanische beademde pasgeborenen werd de eind 
expiratoire druk (PEEP)  kortdurend van 5 cmH2O naar 8 cmH2O verhoogd. Doppler 
metingen in de centrale bloeddoorstroming en simultane metingen van dynamische 
long functie (compliantie, luchtweg weerstand) voor, tijdens en na de interventie 
werden verricht. De bestaande opvatting dat een hogere PEEP leidt tot een 
verminderde bloed instroom in het hart was niet zo duidelijk in onze studie. Voor de 
gehele groep leidde de interventie tot een kleine daling in RVO, maar niet in SVC 
flow. Een derde van de pasgeborenen toonde een significante daling of stijging van 
SVC flow. Deze bevinding benadrukt hoe individuele fysiologische reacties kunnen 
verschillen met eenzelfde interventie. De pasgeborenen waarbij een verbetering in 
long compliantie gezien werd met de hogere PEEP   bleken ook een betere centrale 
bloeddoorstroming te hebben.   
 
In Hoofdstuk 4 wordt eenzelfde studie beschreven als in hoofdstuk 3, echter nu 
tijdens een rekruterings manoeuvre van de long met hoog frequente beademing. 
Met behulp van een stapgewijze verhoging van de gemiddelde beademingsdruk 
werd de long in 34 premature pasgeborenen met RDS gerecruteerd. De perifere 
oxygenatie (saturatie) werd gebruikt als indirecte parameter voor long volume. Een 
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verhoging van de gemiddelde beademingsdruk van 8 tot 20 cmH2O resulteerde in 
een gemiddelde daling van 17% in RVO, en geen verschil in SVC flow. Significante 
rechts-links shunt over de ductus arteriosus (>30% van de cardiale cyclus) was 
aanwezig in 26% van de kinderen, daarnaast was deze groep moeilijker succesvol 
te recruteren. Deze bevinding benadrukt dat tijdens stapsgewijze long recrutering 
verdere verhogingen in beademingsdruk moet worden gestopt als er geen 
verbetering is te zien in de perifere oxygenatie. 
 
Hoofdstuk 5 beschrijft metingen van de centrale bloeddoorstroming in een groep stabiele 
premature pasgeborenen na de transitie fase. Normaalwaarden voor RVO, LVO en SVC 
flow waren alleen beschikbaar tijdens de transitie fase. We bestudeerden 62 premature 
kinderen onder 32 weken zwangerschap op dag 7 en dag 14. De gemiddelde waarden en 
standaard deviaties voor RVO, LVO en SVC flow waren respectievelijk, 429(116), 296(74) 
en 89(33) ml/kg/min op dag 7 en 433(81), 300(79) and 86(26) ml/kg/min op dag 14. De 
waardes voor RVO en LVO zijn hoger dan de waarden bekend uit de literatuur tijdens de 
transitie fase. 
 
Hoofdstuk 6 beschrijft 20 premature kinderen met klinische aanwijzingen van 
ernstig cardiovasculair falen bij late septische shock. Septische shock in premature 
kinderen is de voornaamste oorzaak van mortaliteit na de transitie fase. De 
pathofysiologie van shock in kinderen en volwassenen wordt beschreven als een 
toestand met verlaagde vaatweerstand en relatieve of absolute hypovolemie, bij 
premature kinderen zijn hiervan echter nog geen gegevens bekend. We vonden 
hoge waardes van de centrale bloeddoorstroming bij de eerste symptomen van 
sepsis van alle kinderen, met gemiddelde waardes (SD) van RVO, LVO en SVC 
flow van respectievelijk 555(133), 441(164) en 104(39) ml/kg/min . Vijf kinderen 
overleden aan de gevolgen van de septische shock. De 15 overlevende kinderen 
vertoonden geen significante veranderingen in hun centrale bloeddoorstroming, 
gedurende de meetperiode, bij de kinderen die niet overleefden vonden we echter 
een grote daling in alle flow parameters (>50%) binnen 12 uur. We hebben 
geconcludeerd dat premature kinderen met septische shock na de transitie fase 
zich presenteren met een hoge bloed doorstroming en een lage systemische 
vaatweerstand, een daling van RVO of LVO van meer dan 50% is geassocieerd 
met mortaliteit. De grote veranderingen in de circulatie bij deze zieke kinderen 
benadrukt de noodzaak tot frequente hemodynamische monitoring en zo nodig 
aanpassing van de toegepaste interventies. 
 
Hoofdstuk 7 is een prospectieve studie waarin diverse klinische en echografische 
parameters worden vergeleken met de diameter van de ductus. De ductus diameter 
wordt beschouwd als gouden standaard voor de mate van shunting over de ductus.. 
De flow over elk bloedvat wordt bepaald door het drukverschil aan elke zijde en de 
vierde macht van de radius van het vat. In de eerste weken na de geboorte, is het 
drukverschil tussen de systemische en pulmonale circulatie redelijk stabiel. Dit 
maakt de ductus diameter de meest bepalende factor voor flow.  
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Bij kinderen met klinische symptomen verdacht voor een open ductus waren 95 
scans verricht. De patiënten werden ingedeeld in 3 groepen van ernst en type van 
presentatie: mild, ernstig en pulmonaal. Echografische metingen voor de mate van 
significantie van de ductus werden vastgesteld. De klinische en echografische 
parameters werden vergeleken met de diameter van de ductus arteriosus. De 
diameter werd geclassificeerd als gesloten, klein (<1.6 mm), matig (1.6 tot 2.0 mm) 
en groot (> 2.0 mm). 
De klinische presentatie is geen goede voorspeller van de diameter van de ductus 
arteriosus. De diagnostische accuratesse van de meeste echografische parameters 
was goed (AUC > 0.80) in het voorspellen van een aanwezige ductus arteriosus, 
echter matig (AUC < 0.80) in het voorspellen van een matige of grote ductus 
arteriosus. Alleen retrograde flow in de Aorta Descendens en een lage flow snelheid 
in de ductus arteriosus gaven de best voorspellende waarde voor een grote ductus 
arteriosus.  
 
Toekomst perspectieven 
De cardiovasculaire status is een belangrijk gegevent in neonatale intensive care. 
Onderzoek heeft nieuwe inzichten gegeven in de pathofysiologie van circulatie en 
de relatie tussen bloed doorstroming en ontwikkelingsuitkomst.1 De meest gebruikte 
parameters voor evaluatie van de bloedsomloop (zoals bloeddruk, capillary refill en 
lactaat) zijn slechts matig gerelateerd aan bloed flow. Klinische trials die gebruik 
maakten van deze parameters laten zien dat de interventies niet altijd het gewenste 
effect hebben op de bloed flow.2 Deze bevindingen laten zien dat meer onderzoek 
in neonatale hemodynamiek met Doppler metingen van de centrale 
bloeddoorstroming noodzakelijk is.3 De methodologie van Doppler metingen 
verdient nog meer aandacht. De nauwkeurigheid van de gebruikte Doppler 
metingen wordt momenteel onderzocht met fase-contrast MRI.4 Voor de klinische 
toepasbaarheid is het nodig dat de inter-rate variabiliteit van longitudinale metingen 
wordt verminderd. De grootste variatie wordt veroorzaakt door de meting van de 
ductus diameter.  De variabiliteit kan worden verminderd als gebruik gemaakt wordt 
van percielen in plaats van absulute waardent. Longitudinale metingen zijn echter 
de beste voorspellers van morbiditeit en mortaliteit en niet de absolute waardes.5 

Meer onderzoek is nodig naar het effect van interventies op bloed flow en klinische 
uitkomsten. Er zijn tot op heden maar weinig gerandomiseerde studies verricht naar 
de effecten van cardiovasculaire ondersteuning en lange termijn uitkomsten.6-8 
Standaard randomisatie van hoog risico babies met 2 behandelings strategieen is 
mogelijk. Hierbij moet geprobeerd worden om cross-over naar de alternatieve 
therapie te voorkomen om een beter inzicht te geven in de effecten van interventie 
op cardiovasculair falen. Een andere mogelijkheid is het randomiseren bij 
verschillende drempel waardes van bloed druk en bloed flow is. Trials zullen echter 
gebruik moeten maken van metingen die op een gestandaardiseerde wijze zijn 
verkregen.  
De sleutel tot een succesvolle trial is het bepalen van de juiste uitkomstmaat (korte 
en lange termijn) en het bepalen van de juiste diagnose van het cardiovasculaire 
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probleem.  Voorbeelden van diagnose problemen zijn: de definitie van een 
hemodynamisch significante ductus arteriosus die niet eenduidig is in diverse 
gerandomiseerde onderzoeken9 of het gebruik van bloeddruk als enige 
selectieparameter voor cardiovasculair falen.  De informatie die kan worden 
verzameld met functionele echocardiografie is vergelijkbaar met 
laboratoriumwaarden en andere vormen van radiodiagnostiek. De meerwaarde van 
‘bedside’ functionele echocardiografie kan alleen worden bereikt als het gebruikt 
wordt door de behandelend klinicus, en niet door consulterende specialisten of 
researchers. Zoals met vele diagnostische testen zijn er nog geen studies die 
aantonen dat met behulp van functionele echocardiografie de klinische uitkomst kan 
worden verbeterd. De waarde als onderzoeksinstrument van de snel veranderende 
hemodynamische toestand bij neonaten en in het bijzonder prematuren is nu wel 
zodanig onderbouwd dat deze vorm van diagnostiek kan worden gebruikt in de 
klinische praktijk. 
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2D  two dimensional 
95%CI  95% confidence interval 
α  proportional to 
ACC  accuracy 
AUC  area under the curve 
BD  bidirectional 
BPD  bronchopulmonary dysplasia 
c  speed of sound 
CBF  central blood flow 
CDP  continuous distending pressure 
CDPs continuous distending pressure at start of the recruitment 

procedure  
CDPo  opening continuous distending pressure 
CDPopt  optimal continuous distending pressure 
cos q  angle of insonation 
CPAP  continuous positive airway pressure 
CPU  clinicians performed ultrasound 
CW  continuous wave 
d  diameter 
DA  ductus arteriosus 
DAd  ductus arteriosus diameter 
DBP  diastolic blood pressure 
DAo  Descending Aorta 
Df  Doppler shift 
f  frequency 
fECHO  functional echocardiography 
FiO2  fraction of inspired oxygen 
HFV  High frequency ventilation 
HSDA  hemodynamic significant ductus arteriosus 
IQR  inter quartile range 
IVC  inferior vena cava 
l  length 
LA/Ao ratio left atrium to aorta ratio 
LPA  left pulmonary artery 
LPAd  left pulmonary artery diastolic flow velocity 
LVO  left ventricular output 
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LR  left-to-right 
OFO  open foramen ovale 
MBP  mean blood pressure 
η  viscosity 
∆P  pressure difference 
paCO2  partial pressure of carbon dioxide 
paO2  partial pressure of oxygen 
PEEP  positive end expiratory pressure 
PH  pulmonary hypertension 
PPHN  persistent pulmonary hypertension of the newborn 
PW  pulse wave 
Q  flow 
r  radius 
R  resistance 
RDS  respiratory distress syndrome 
RL  right-to-left 
RR  relative risk 
RVO  right ventricular output 
SBP  systolic blood pressure 
SD  standard deviation 
Sens  sensitivity 
Spec  specificity 
SpO2   transcutaneous oxygen saturation 
SVC flow superior vena cava flow 
SVR  systemic vascular resistance 
UBVR  upper body vascular resistance 
US  ultrasound 
V  velocity 
Vti  velocity time integral 
VLBW  very low birth weight 
Vmax  maximum flow velocity of the left-to-right shunt in the DA 
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Klinisch wetenschappelijk onderzoek met pasgeborenen is een klus met vele 
gezichten. Mijn eerste ervaringen met onderzoek tijdens mijn training waren niet 
altijd even positief en onderzoek werd aanvankelijk gezien als ‘lastig’ en tijdrovend. 
Echter, met het doorlezen van de bestaande neonatale literatuur werd het me 
duidelijk dat we nog zoveel moeten proberen te begrijpen om te kunnen verbeteren 
in ons vak. Mijn interesse in neonatale hemodynamiek bracht me tot een eerste 
opzet voor een promotie onderzoek naar de interaktie tussen mechanische 
ventilatie en bloed flow. Over tijd is de lijn wat aangepast, maar met hulp van 
iedereen die betrokken was met mijn promotie traject resulteert het nu in een 
compleet werk over Doppler metingen van de centrale circulatie in pasgeborenen. 
In dit hoofdstuk wil ik iedereen bedanken voor hun input in dit werk.   
 
Mijn promotor, Prof Joke Kok, beste Joke. Jij kent me sinds mijn start in de 
kindergeneeskunde en hebt me door al de jaren gesteund in mijn vorming als 
kinderarts en neonatoloog. Ik heb veel respect voor jouw kennis en enthousiasme in 
wetenschappelijk onderzoek en jouw klinische aanpak. In mijn carriere zijn vele 
stappen gemaakt. Van assistent tot fellow, de zijstap naar Zwolle, de post graduate 
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