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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 
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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.  
  
1. Evans N. Assessment and support of the preterm circulation. Early Hum Dev.2006;82(12):803-10 
 
2. Evans N. Support of the preterm circulation: keynote address to the Fifth Evidence vs Experience 
Conference, Chicago, June 2008. J Perinatol. 2009;29 Suppl 2:S50-7 
 
3. Kluckow M, Seri I, Evans N. Functional echocardiography: an emerging clinical tool for the 
neonatologist. J Pediatr. 2007;150(2):125-30 
 
4. Groves A; Chiesa G; Durighel G; Uribe S; Hajnal J; Razavi R; Edwards D. Repeatability and internal 
validation of magnetic resonance assessment of cardiac function in newborn infants. Acta Ped 
2009;98:24-25 
 
5. Kluckow M, Evans N. Low superior vena cava flow and intraventricular haemorrhage in preterm 
infants. Arch Dis Child Fetal Neonatal Ed. 2000;82(3):F188-94 
 
6. Lundstrøm K, Pryds O, Greisen G. The haemodynamic effects of dopamine and volume expansion in 
sick preterm infants. Early Hum Dev. 2000;57(2):157-63 
 
7. Osborn D, Evans N, Kluckow M. Randomized trial of dobutamine versus dopamine in preterm infants 
with low systemic blood flow. J Pediatr. 2002;140(2):183-91 
 
8. Paradisis M, Evans N, Kluckow M, Osborn D. Randomized trial of milrinone versus placebo for 
prevention of low systemic blood flow in very preterm infants. J Pediatr. 2009;154(2):189-95 
 
9. Zonnenberg I, de Waal KA. The definition of a hemodynamic significant ductus arteriosus in 
randomized trials; a systematic literature review. ESPR Copenhagen 2010A 
 




