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1.3 Abbreviations

BP
BW
CBF
CO2
CPAP

CPU

cTDI S’

cTDI D’

DIS
GA
HFO
hsPDA
IVH
LV
LVO
MABP
nsPDA
PDA
PFO
RDS
RV
RVO
SvC
TDI

VSD

blood pressure

birth weight

cerebral blood flow

carbon dioxide

continuous positive airway pressure
clinician performed ultrasound
peak systolic tissue Doppler velocity
peak diastolic tissue Doppler velocity
displacement

gestational age

high frequency oscillation
hemodynamic significant PDA
intraventricular hemorrhage

left ventricle

left ventricular output

mean arterial blood pressure
non-significant PDA

persistent ductus arteriosus
persistent foramen ovale
respiratory distress syndrome

right ventricle

right ventricular output

superior vena cava flow

tissue Doppler imaging

ventricular septum defect
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2 General Introduction

2.1 The first day of life often begins in the middle of the night

During my pediatric neonatology trainee period, taking care of very preterm infants during
their first hours of life, which often happened to be in the middle of the night, was always a
time filled with suspense, skills, sweat and sincerity. Helping the baby breath without
stressing her too much, getting the umbilical catheters right, keeping her blood sugar and
carbon dioxide stable — all this, while at the same time giving her parents the right amount of
information at the appropriate time, talk about the present situation, while carefully preparing
them for what may come. Stay close to her cot all night, watch over her blood pressure (BP)
and her pulse, oxygen saturation and pCOz. What a relief when my colleagues finally arrived
in the morning, and I could pass the baton and go home to sleep. During the day, she would
have her first cerebral ultrasound. And even though her breathing had been stable, the blood
gases within the acceptable range and the night altogether uneventful (from a neonatologist
point of view) she could have suffered an intraventricular hemorrhage (IVH). Receiving this
message from the attending radiologist was always a shock to me, not to think of how the

parents must have felt.

2.2 The search for a better way of monitoring newborn circulation

Two neonatologists in Sydney, Australia,[1] first wrote about a novel method for assessment
of systemic circulation in preterm infants. A neonatologist in Tromse,[2] Norway, first
introduced me to this method at the northernmost perinatal cardiology conference in 2004.

I was eager to test this method, superior vena cava (SVC) flow, because it gave hope about

providing us with a tool for prevention of [VH.

At the same time, a new method had emerged in the field of adult cardiology. With tissue
Doppler imaging (TDI) it was possible to measure movement within the heart muscle, not
merely the movement of the blood flow passing through the heart. The method had hardly
been tested in infants. When a fellow in the NICU at Ulleval was planning to study TDI in
healthy and sick newborns,[3] my supervisors found a way to combine our interests for these

two new methods for monitoring newborn circulation.
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2.3 A very short history of modern, western neonatology, including a summary
of Norwegian ultrasound development

In order to understand the enthusiasm (part of) the neonatal community felt about SVC flow,
we have to look back and realize how newborn circulation had been monitored since the
beginning of modern neonatology in the 1960s. In many ways, this era began with the birth of
Patrick Bouvier Kennedy, the youngest son of Jacqueline and John F. Kennedy. He was born
on August 7, 1963 with birth weight (BW) 1860 grams and gestational age (GA) 34 weeks.
He died two days later of hyaline membrane disease, later known as respiratory distress
syndrome (RDS). His obituary in The New York Times stated that all that could be done for a
victim of hyaline membrane disease "is to monitor the infant's blood chemistry and to try to
keep it near normal levels."[4] His death led to an increased public awareness about the
challenges of preterm birth, as well as increased research activity, primarily in the field of
neonatal respiratory medicine. At the time, it was already known that RDS was caused by
surfactant deficiency, and the first successful studies in animals were reported in the
beginning of the 70s.[5] The first article about bovine surfactant treatment given to preterm
babies was published in the Lancet in 1980.[6] With surfactant, an increasing number of
preterm babies made it through the first critical stage of prematurity, and research focus
shifted towards other complications of preterm birth, especially the high risk of brain damage
which was thought to be caused by cerebral hemorrhage. In 1977, the first study of cerebral
blood flow was published by a research group in Copenhagen, and a significant correlation
between low BP and low cerebral blood flow (CBF; using the 133Xe clearance technique)
was presented.[7] In 1980, this research group began using Doppler ultrasound for the studies

of cerebral circulation in neonates.[8]

In parallel with this development, ultrasound entered the field of cardiology and in the 70s the
combined use of M-mode and pulsed Doppler technique led to new insights in cardiac and
circulatory physiology. In Norway, the first enthusiasts (Leik Woie and Per Lunde in
Stavanger 72-73) met significant resistance, but fellow Lunde was invited to Rikshospitalet
(by Professor Ole Storstein) in 1974 to give a lecture about this new method. Three years later
Rikshospitalet got an ultrasound machine. However, the technical university in Trondheim
(NTNU) came to be a major center for the development of ultrasound within medicine. Based
on knowledge from cybernetics and computer technology the PEDOF, a pulsed echo Doppler

Flow velocity meter which enabled the measurement of blood flow velocity (in the aorta) was
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developed. Through cooperation between Rune Aaslid from NTNU and Jarle Holen at
Rikshospitalet, a radiologist and engineer who was familiar with Bernoulli’s equation from
working in the field of aerodynamics, the technique was then further developed and made it
possible to calculate pressure gradients. In 1976 the first report about the high degree of
correlation between invasive and non-invasive measurements of mitral stenosis was
published.[9] However, industry was not interested in development of these devices until
SINTEF produced 10 pieces that were sold to technical laboratories in Norway and Europe.
The department of cardiology at NTNU got one in 1976. Vingmed AS, a company established
in Norway in 1968, had been working with the Doppler technology since 1972, and began
cooperating with research groups in Trondheim and Oslo. Liv Hatle at NTNU played an
important role in linking the clinical use with further research and development of the
Doppler technique.[10] In 1979, echo and Doppler technique was combined, which made
simultaneous imaging and velocity measurements possible. Color was added to the Doppler
technique in 1984. Hatle kept working in the front line of cardiovascular research, and before
her retirement in 2001 she contributed to the development of tissue Doppler imaging (TDI)
working in Leuven, Belgium, which has become one of the major TDI centers in Europe.[11]
Ever since the 90s, Asbjorn Steylen in Trondheim has been an important contributor to the
development of TDI and strain rate imaging in particular.[12;13] By co-supervising the PhD
work of Eirik Nestaas,[14] Steylen has also contributed to the introduction of TDI in neonatal,

functional echocardiography.

2.4 Cerebral injury in preterm infants

Meanwhile, back in Copenhagen, as well as in many other places, the research field of
cerebral circulation kept growing along with an increasing awareness of the complexity and
multifactorial genesis of cerebral injury in preterm infants.[15;16] Following the first report
about hypotension and low CBF in 1977[7] the concept of autoregulation became central in a
number of studies of the relationship between BP and CBF.[17-21] Animal and human studies
led to increased awareness of the impact of CO2 on CBF perhaps being stronger than that of

BP[19;22-24] and so far, the mystery of cerebral autoregulation has not been solved.[8;25]

Intracranial hemorrhage occurs in 20 to 25% of infants with GA <30 weeks or BW <1500
g[26;27] and the incidence of severe IVH has been around 15% for the past 20 years.[28;29]
Grade 1-2 IVH is associated with generally good clinical prognosis while IVH grade 3-4 is
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associated with severe neurodevelopmental outcome.[30] Approximately 80% of IVHs occur
by 72 h after birth. Earlier studies have found an association between BP changes and risk of
IVH,[31] while recent studies have shown that infants who develop IVH during this period
had lower systemic perfusion and cerebral blood flow prior to the occurrence of IVH than
infants who did not develop cerebral injury.[32;33] A recent Danish study found that neonates
with a large persistent ductus arteriosus (PDA) on day three of life had an increased risk of

IVH compared with infants without PDA.[34]

2.5 Blood pressure

Measurement of BP is probably the most commonly applied technical method in modern
medicine, even if it has been around for centuries. The discovery of BP can be attributed to
Stephen Hales who in 1733, using arterial catheters, measured the BP of a horse and
demonstrated reduction in BP following hemorrhage.[35] In 1855 Professor Hermann
Vierordt of Tiibingen developed the sphygmograph, the first non-invasive pulse monitor. The
first investigations into hemodynamic pathology were performed with Samuel Siegfried Karl
Ritter von Basch’s sphyghmograph (1881), a water filled rubber bag which was connected to
a mercury filled manometer bulb. Many clinicians found this instrument to be a useful tool,
but the British Medical Journal stated that by using it, “we pauperize our senses and weaken
clinical acuity”.[35] The development of even more practical tools for BP measurement
continued, and in 1896, Scipione Riva-Rocci came up with the method upon which present-
day technique is based. The important advantage of his method was that the brachial artery
was equally compressed from all sides. Later, an oscillatory method was added for a more
precise detection of both systolic and diastolic pressure. It was Korotkoff, a Russian surgeon,

who in 1905 discovered the auscultatory technique which is still in use today.[35]

Since the 19" century, the clinical examination has been at the core of any medical
assessment. The general condition, skin color, muscle tone, capillary refill time, heart rate and
urine output — these parameters give the clinician valuable information about the state of the
patient. However, modern neonatology also relies heavily upon monitoring devices such as
pulse oximetry and BP measurements. In neonatology, the rule of thumb has been that the
mean arterial BP (MABP) in mmHg at least should equal GA in weeks or >30 mmHg.[36]
Numerous papers have reported on the adverse effects of hypotension in the preterm, newborn

infant.[37-39] However, during the past decades, there has been an increasing understanding
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about BP not being the sole determinant of (cerebral) blood flow.[40-45] Some studies have
demonstrated an adverse effect of antihypotensive treatment.[46-48] Recently, a large
multicenter study in the US showed that factors other than BP contributed to the decision to
use antihypotensive therapy, and infant outcomes were not improved with antihypotensive
therapy for any of the 15 definitions of low BP investigated.[49] In a study of permissive
hypotension, i.e. non-treated BP less than GA in weeks if clinical evidence of good perfusion,
there was no difference in short term outcome (including IVH grade 3-4) compared to

normotensive preterm infants.[48]

2.6 Superior vena cava flow

Since the late 90s, there has been growing awareness among clinicians that BP does not equal
blood flow. Although physiologically and mathematically different, these have traditionally
been used as equivalent entities in the setting of clinical circulatory monitoring. However,
studies have demonstrated that measuring BP is not sufficient to detect low blood flow.[50-
52] Left ventricular output (LVO) is an established non-invasive measure of systemic
circulation. By means of the Doppler ultrasound technique, this is an easy and reliable bedside
method which is applied in intensive care units worldwide.[53-56] However, in newborn
babies the fetal shunts, the foramen ovale (PFO) and the PDA do not close immediately after
birth. Because of the persistence of fetal shunts, LVO cannot be used as a measure of
systemic output in the newborn infant. It has been shown that shunting across the PDA may

overestimate LVO by 100%.[57-59]

In 2000, Kluckow and Evans described a new method for assessment of upper body and
systemic blood flow which was not influenced by the physiological shunts of the newborn
infant.[1] They demonstrated a good correlation between SVC flow and LVO in infants with a
closed duct. The following paper reported from a study which included 126 infants with GA
<30 weeks, and showed a strong association between low flow states and development of
IVH.[32] The findings were confirmed in a similar study from another hospital in
Australia[60] and a follow-up study showed impaired neurodevelopment at three years of age

in infants who had had low SVC flow during the first day of life.[61]

During the last decade, the method of assessing SVC flow has been applied in many different
settings,[62-68] for prognostic purposes[69;70] and also for evaluation of treatment

effect.[71-76] At the meeting of the European Society for Pediatric Research in Porto 2013,
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one of the abstracts presented for the young investigator award was a pilot randomized,

placebo-controlled trial of dobutamine for low SVC flow in low birth weight infants.[77]

2.7 Persistent ductus arteriosus and foramen ovale

In fetal life, the oxygenated blood from the placenta passes through the umbilical vein to the
sinus porta in the fetal liver. Part of this blood then passes through the liver circulation, while
about 1/3 of it passes through the ductus venosus to the right atrium and directly through the
foramen ovale (PFO) to the left side of the heart, thus supporting the upper part of the body
with well oxygenated blood.[78] The ductus arteriosus is an artery connecting the pulmonary
artery with the aorta, enabling the non-oxygenated blood from the right side of the heart to

pass directly to the descending aorta and to bypass the fetal pulmonary circulation (figure 1).

Figure 1 and 2 (Courtesy of Stefan Johansson, Karolinska Universitetssjukhuset, Stockholm)

In term infants, the duct usually is closed within the first 3-4 days,[78;79] while the PFO
closes by 3 months in approximately 90% of term infants.[80;81] In the preterm infant, these
processes may be delayed. In 60% of very preterm infants, the duct does not close within the
first days, and the PFO remains open for several months.[58] Due to the fall in pulmonary
vascular resistance and the increase in systemic arterial resistance after birth, a PDA will
allow for left to right shunting, i.e. blood escaping the systemic circulation and returning to
the pulmonary artery (figure 2). The incidence of PDA is inversely correlated with GA and
BW.[82] In a study of infants with BW <1500 g who were discharged from the NICU with a
PDA, spontaneous closure was seen in 18 of 21 infants by the end of the first year.[83]
Another study of infants with GA <27 weeks and PDA despite indomethacin treatment found

that 8 of 12 closed spontaneously by 6 months of age.[84]
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The PDA, also known as Ductus Botalli (Leonardo Botallo, 1530-87) remains one of the
major controversial issues within neonatology. Innumerable studies have demonstrated an
association between PDA and increased morbidity and mortality in preterm infants.[34;85-87]
However, in these studies the definition of “hemodynamically significant” (hs)PDA varies
from purely clinical findings to various combinations of echocardiographic criteria.[88] There
is continuous debate about if, when and how the PDA should be treated. During the past
decade(s), refinement of echocardiographic equipment and techniques has allowed for better
understanding of the duct, but still, no consensus has been reached about the significance of

PDA or how to deal with it.

2.8 Functional echocardiography

Assessment of cardiac function in neonates without cardiac malformations, also known as
“functional echocardiography”,[89;90] “targeted neonatal echocardiography[91] or
“clinician performed ultrasound” (CPU)[92] is now recommended in a growing number of
neonatal intensive care units (NICU) worldwide.[91;93] CPU is increasingly common within
other fields of medicine,[94-99] and was lifesaving during the Boston Marathon
bombing.[100]

The primary aim of CPU in the setting of the NICU is to use echocardiography as a tool for
assessment of cardiac function and the hemodynamic situation of sick and/or preterm infants
as an extension of clinical care. NICU patients differ from adult intensive care patients in
many ways, but two aspects make them unique: they are in the process of transition from fetal
to postnatal circulation, and they have an increased risk for having congenital heart
disease.[101] Different scenarios may demonstrate how various loading conditions influence
upon conventional measures of contractility. Hypovolemia reduces preload and thus
contractility. However, the contractile elements of the heart may be completely healthy.
Another example is persistent pulmonary hypertension in the newborn, which leads to
reduced RV function. The reduced pulmonary blood flow will also cause low LV preload and
hence apparently poor LV contractility. The opposite is seen in the presence of a large PDA
which increases the preload to the left heart and reduces the afterload due to run-off into the
pulmonary circulation, resulting in excellent measures of contractility. Yet, the hemodynamic

situation of the baby may be compromised.
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2.9 Doppler, Bernoulli, Ohm, Darcy, Poiseuille & Starling

Studies of hemodynamics and cardiac function are based upon physical laws discovered
centuries ago. A brief description of some of the principles which have direct relevance for

the papers of this thesis will follow.

The Doppler effect describes the change in frequency of a returning sound wave experienced
by a receiver when there is a relative movement between the receiver and the object

transmitting the wave (figure 3).

L. 1

Figure 3 (Courtesy of Frangois Duhesme, Detektor-Magazin.de)

This phenomenon was first described by Christian Johann Doppler (1803-53) in "Uber das
farbige Licht der Doppelsterne und einiger anderer Gestirne des Himmels" (1842) while he
was a professor of mathematics at the Technical Institute of Prague. In ultrasound, the
Doppler principle is used to detect and measure blood flow, using the red blood cells as the
reflecting, moving object. The velocity of the object is calculated using the Doppler shift (Df),
insonating frequency (f), speed of sound (c), and the angle of insonation (cos q) in the
Doppler equation: V = (Df x ¢)/(2 x fx cos q). An increasing angle of insonation leads to
increasing underestimation of flow velocity. An angle of 18° will underestimate flow by

5%.[102] In clinical practice, an angle <20° is within the acceptable range.

Steady blood flow in large, central vessels is characterized as laminar, with a flow profile that
is parabolic. This implies that when flow velocity is measured using pulsed Doppler, the
velocity represents the average velocity of the cross-section of the vessel. Blood flow (Q) in
mL/kg/min is calculated as follows: Q = (VTI x heart rate x (m x d*/4))/body weight, where

7 x d*/4 is the cross-sectional vessel area, assuming that the vessel is round, and VTTI is the
velocity time integral, the area under the velocity envelope, when plotting the average

velocity against time.
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With the modified Bernoulli equation (Daniel Bernoulli, 1700-82), assuming that there is a
steady flow, that hydrostatic pressure changes due to differences in elevation and the viscosity
and compressibility of the liquid are negligible, Doppler technique can be used to estimate

pressure: AP (the pressure difference) = 4 x V2, where v is the velocity of blood (m/s).[103]

With laminar flow, there is a linear relationship between perfusion pressure and flow. With
turbulence, more pressure is needed for a given flow. Potential measurement errors may come
from inaccurate measurement of vessel diameter or inaccurate measures of VTI due to high

angle of insonation or placement of the Doppler gate out of the laminar stream.

Georg Ohm (1789-1854), a German physicist and mathematician, found that there is a direct
proportionality between the voltage applied across a conductor and the resultant electric
current. This relationship, known as Ohm's law, has its analogue in hemodynamics, stating
that flow (Q) is determined by pressure difference AP and vascular resistance (R): Q=AP/R,
also known as Darcy’s law (Henry Philibert Gaspard Darcy, 1803-58).

Poiseuille’s law (Jean Léonard Marie Poiseuille, 1797-1869) describes the pressure drop in a
fluid flowing through a long cylindrical pipe, and demonstrates that the resistance is in
proportion to the 4™ power of the radius, making the vessel diameter the main contributing

factor to blood flow.

The Frank-Starling law of the heart (Ernest Starling, 1915) states that the stroke volume of the
heart increases in response to an increase in preload (the end-diastolic pressure; figure 4).
The stroke volume may also increase as a result of greater contractility, independent of the

end-diastolic volume.

Frank-Starling law

cardiac
autput

end-diastolic pressure .
g Figure 4
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2.10 Tissue Doppler imaging

Doppler methods can be used both for blood flow and tissue velocities. However, while blood
velocities usually are around 1 m/s, tissue velocities usually are less than 20 cm/s. Using a
low pass filtering technique, tissue Doppler imaging is used for acquisition of myocardial

tissue velocities.[104] The method was first applied by Yoshida et al. in 1961.[105]

Ventricular function has been a major focus in cardiology ever since ultrasound technology
made real-time measurements of the movement (M-mode) of the heart walls possible.[106]
Assessment of heart function by ultrasound was traditionally based on measurements of left
ventricular wall thickness and the changing left ventricular cavity diameters during systole
and diastole. Fractional shortening, defined as the percentage fall in left ventricular cavity
dimension in systole with respect to that in diastole, still is in routine use and the most
established measure of ventricular function. However, in the beginning of the 90s, the
development of a technique which enabled direct velocity imaging of the myocardium marked
the beginning of a new era of cardiac function studies, [107;108] and the first reports on
normal values for myocardial velocities during childhood were published in 2000 when
Harada et al.[109] studied children age 7 days - 18 yrs. and Kapusta et al.[110] included
children 4 - 18 yrs. During the past decade, different TDI modes have been applied in
fetal,[111-113] neonatal[114-118] and pediatric[119-124] studies. Only a few studies have
used TDI in preterm newborns.[125-129] Longitudinal annular motion is a measure of global
ventricular function[13;110;130] and can be assessed by measuring longitudinal annular

velocities and displacement.[129;131;132]
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3 Aims of the Thesis

A general aim for this thesis was to investigate two new methods for assessment of circulation
and cardiac function in preterm infants: SVC flow and cTDI. The specific aims of the three

papers were:
Paper 1

This was a methodological study where we investigated the off-line analysis of SVC flow.
The aim was to describe the variability of the different measurements that make up SVC flow,

i.e. the diameter of the vessel and the VTI of the blood flow.
Paper 11

This was a prospective, observational longitudinal cohort study aiming at gaining new
knowledge about myocardial function in very preterm infants assessed by ¢TDI during the
first day of life. We also wanted to explore the impact of gestational age, birth weight, ductal
shunting, and respiratory support on myocardial function. Finally, the prognostic value of
myocardial function during the first day of life regarding later development of IVH was

evaluated.
Paper 111

This prospective longitudinal cohort study was based on the same study population as the
previous study. The aim was to investigate the usefulness of SVC flow and ¢TDI for

prediction of hemodynamic significant (hs) PDA.
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4 Methodological considerations

All studies were performed in accordance with the Helsinki declaration of 1964 including
later amendments (www.wma.net). Written informed consent was acquired from the parents
of all included infants. All studies were accepted by the Regional Committee for Medical

Research Ethics and by the Scientific Committee at Oslo University Hospital Ulleval.

4.1 Recruitment and selection of study populations
4.1.1 Healthy term infants, paper I

For this study, healthy newborn term infants were recruited from the Maternity Ward at Oslo
University Hospital Ulleval between March and May 2005. Inclusion criteria were Apgar
score >8 at 5 min, GA >37 weeks and availability of one of the investigators. A total of 49
neonates were included, but one infant was later excluded because of an asymptomatic left
side pneumothorax. Parental informed consent was obtained for the collection of data for two
separate studies: TDI images were used for several papers[3;115;133;134] and the PhD theses
of Eirik Nestaas. SVC images were used for paper I of this thesis. The data were collected by
Eirik Nestaas and Drude Fugelseth.

4.1.2 Very preterm infants, paper II and III

At the time of data collection, the NICU at Oslo University Hospital Ullevél was the largest in
Norway, and it served both the local community and as a third level unit for the south-eastern
region of Norway. The unit was, and still is located directly next to the Maternity ward, which
at the time of the study had approximately 6000 births per year. From April 2005 to October
2007, infants born at GA <32 weeks and/or with BW <1500 g were eligible for inclusion.
Eligibility depended on the availability of the investigator (AL) to perform echocardiography.
Exclusion criteria were age >8 h at first exam, missing images of PDA, TDI or SVC,
congenital heart defects and other specific conditions that influenced upon hemodynamics.
The reason for the slightly different number of infants included in the final analysis of paper
IT and III is that the infants in paper II were selected because the cTDI data sets were the most
complete, although several measurements are missing at 12 and 24 h. For paper III, infants

were selected due to the completeness of the data sets pertaining to SVC flow.
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4.2 Echocardiography
4.2.1 Equipment for echocardiographic studies

All echocardiographic examinations for paper I, IT and III were performed with equipment
from GE Vingmed Horten, Norway. We used a Vivid 7 ultrasound scanner. For paper I the
images were recorded using a 5S probe and for paper II and III we used a 10S probe. All
echocardiographic recordings were performed with simultaneous ECG monitoring. The
images were stored in an integrated digital archiving system and analyzed off-line using the

manufacturer’s software (EchoPac version 10-12; GE).

4.2.2 Standard pediatric echocardiography, PFO and PDA grading

In order to confirm structural normality of the heart, all the infants included in the studies of
this thesis had a standard pediatric echocardiogram[102;135] performed as part of the initial
exam, including assessment of the physiological shunts of the newborn. The PFO was
assessed as open or closed. A PFO with diameter <3 mm and left-to-right shunt was
considered physiological.[58] If the PFO diameter was >3 mm, it was classified as an atrial
septum defect and the infant excluded from the study. Likewise, the PDA was defined as open
or closed. Using color Doppler mapping technique, the flow pattern was defined as left-to-
right, bidirectional or right-to-left shunt. Ductal shunting was classified into three grades,
according to the method described by Hirsiméki et al.[136] Grade I: Left-to-right flow was
minimal red-orange near the pulmonary origin of the PDA. Grade II: A narrow jet passed
through the PDA and the flow did not reach the pulmonary valve. Grade III: A broad flow in
the main pulmonary artery reached the leaflets of the pulmonary valve. A grade [ PDA was
defined as non-significant (ns)PDA, while grade II or IIT was defined as hsPDA. None of the

infants received medical treatment for PDA closure during the study period.

4.2.3 SVC flow (paper I and III)

For analysis of SVC diameter and SVC flow, five to ten consecutive waveforms were
recorded according to the method described by Kluckow et al.[1] SVC flow was calculated
using the formula: SVC flow = [VTI x (1 x [mean SVC diameter?/4] ) x heart rate]/body
weight, where VTI is the velocity time integral in cm, 7 is 3.14, and the flow is expressed as
mL/kg/min. The VTI was calculated from the Doppler velocity tracings and averaged from 5-

10 consecutive cardiac cycles (figure 5).
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Figure 5

Forward flow was positively integrated. In paper I, retrograde flow was ignored due to its
small volume and inconsistent appearance (figure 6), while in paper III, retrograde flow was

subtracted.

Figure 6

As described by Kluckow and Evans[1], the maximum and minimum internal diameters were
measured from frozen images at the point where the SVC starts to open up into the right
atrium (figure 7). Due to the variation in vessel diameter through the cardiac cycle, a mean of

the maximum and minimum diameter was used for the flow calculation.

Figure 7

Diameters measurements were averaged from 5 to 10 cardiac cycles and varied by a mean of

18% (SD 9%). The heart rate was derived from the intervals between cardiac cycles.
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4.2.4 Tissue Doppler imaging (paper II and III)

TDI is a relatively new method for quantitative evaluation of myocardial motion, using the
low Doppler shift frequencies of high energy generated by the ventricular wall motion that are
filtered out in standard Doppler blood flow studies. Ventricular wall motion is defined by
three variables: velocity, acceleration, and displacement. With M-mode, myocardial function
is mainly measured as circumferential contraction, while tissue Doppler measures velocity,
acceleration and longitudinal contraction. From studies in older subjects it is known that
abnormalities of wall motion may initially appear in the longitudinal axis, and several studies
in adults, children and newborn infants have demonstrated that TDI is more sensitive than
conventional myocardial function measures for detection of reduced left ventricular

function.[134;137-140]

Three different TDI modes can be used for analysis of myocardial velocities: pulse-wave
(pw), M-mode color, and two-dimensional cTDI. Compared with pwTDI, which requires
separate images from each position, only one single cTDI cine loop from the apical four-

chamber view is required for visualization of multiple segments of the heart (figure 8).

Figure 8

Due to the vulnerability of the infants (paper II and III) the exams had to be performed as
quickly and carefully as possible. A time limit of each examination was set to 10 minutes. We
therefore chose to use ¢cTDI. Two-dimensional ¢TDI images were recorded with the left and
right lateral walls as parallel to the ultrasound beams as possible, using tissue velocity range
+16 cm/s and default settings for frame rate (170 - 220/s). The images were stored in an
integrated digital archiving system. Postprocessing was done in the Q-analysis mode of the
EchoPac software (EchoPac PC SW, GE Vingmed Ultrasound). The region of interest (ROI)
was set to 3 x 1 mm and all measurements were made with the ROI set stationary in the

ultrasound sector and placed just apical of the atrioventricular valve insertion. If artefacts
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occurred the ROI was slightly repositioned. All measurements are averages of three
consecutive heartbeats. Peak systolic velocity (cTDI S”) was measured at the maximum height
of the systolic velocity curve. Due to frequent fusion of the early (E") and atrial (A") diastolic
waves, the tallest point of the diastolic waveform was chosen as the peak diastolic velocity
(D"). After defining the point of aortic valve closure (AVC), which defines end-systole, peak

systolic and diastolic displacement was measured at the points described above (figure 9).

Figure 9

4.3 Blood pressure measurements (paper Il and III)

In most infants, BP was measured through indwelling arterial lines (mostly umbilical artery
catheters). In the remaining, BP was measured with a manual manometer (HP MIO08B,
Hewlett-Packard Co., Palo Alto, CA, USA), with cuff adjusted to upper arm circumference

and in heart level position.

4.4 Statistical methods

Demographic data and data with skewed distributions are reported as median and quatrtiles,
otherwise means =+ standard deviation (SD) are used. Testing of approximately normally
distributed variables were catried out by Students t-tests (two groups) or analysis of variance
(ANOVA, three or more groups). Skewed distributions were log-transformed to satisfy the
assumption of approximate normal distribution, and results were confirmed by non-parametric
methods (Mann Whitney U tests or Kruskall-Wallis tests). Correlations between variables
were assessed by Pearson’s coefficient of correlation. Two-sided p-values <0.05 were

considered significant.

Intra- and inter-observer variability was assessed by Bland-Altman like procedures. In paper I
we used both standard Bland-Altman plots[141] and plots modified to allow the comparison

of three observers. As numerical indicators of variability, we used repeatability coefficients
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(two times the SD of the difference between the measurements) and the average variability
(the difference between two measurements expressed as a percentage of the mean of the two
measurements). The statistical analyses were performed with JMP (SAS Institute V.9.1.) and

IBM SPSS v. 20.

Paper I: Bland—Altman plots were used to illustrate intra- and interobserver variability.
Variability between measurements was computed as the difference between two
measurements expressed as a percentage of the mean of the two measurements. For the inter-
observer variability, we used the mean of all values obtained from the pairwise comparisons
of the observers. Systematic differences between observation periods for SVC diameter, VTI

and flow were assessed using paired t-tests and ANOVA.

Paper II: Demographic data and BP are reported as median and range. All other variables are
reported as mean and SD. To compare ¢TDI variables at 5, 12 and 24 h, we used t-tests based
on ANOVA with patients as random factors. Two-sided p values <0.05 were considered
significant. Correlations between variables were assessed by Pearson’s coefficient of
correlation. Recordings from 15 infants were analyzed by two observers (AL and EN)
separately for interobserver variability and re-analyzed after 6 months by one observer (AL)
for intraobserver variability. Reproducibility was assessed by calculating the repeatability, the

mean variability between measurements and by Bland-Altman analysis.

Paper III: Demographic data, BP and hemoglobin (Hb) are reported as median and range,
otherwise means with 95% confidence intervals are given. Differences between variables at
different time points were analyzed using ANOVA, while groups were compared using two-
sample t-tests. Correlations between variables were assessed by Pearson’s coefficient of
correlation. For variables with skewed distributions also non-parametric tests were used,

however, results were very similar and only results from the parametric tests are presented.
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5 Summary of Results
5.1 Paperl

This study established the range of SVC flow in healthy term infants during the first three
days of life. We found a decrease in mean SVC flow from 99 mL/kg/min at day one to 77
mL/kg/min at day three. Further, we found that reliable diameter images were obtained in
85% and velocity recordings in 81%. The mean variability of SVC flow was 17% in the
intraobserver analysis and 29% in the interobserver analysis. These findings demonstrate that
the main challenge of the method is the measurement of SVC diameter. The same observer
should ideally perform sequential analyses. Special caution should be taken when making

clinical implications from non-optimal pictures.

5.2 Paper Il

This was the first published serial study applying cTDI in very preterm infants during the first
day of life. We found that there was a significant reduction of systolic and diastolic velocities
and displacement of both ventricles from 5 to 12 h age. From 12 to 24 h there was a non-
significant increase of myocardial velocities and displacement. At 5 h, babies with hsPDA had
significantly higher systolic and diastolic velocities in both ventricles than those with nsPDA.
These findings could, if confirmed by further studies, have potential value in the management

of cardiovascular support in very preterm infants.

5.3 Paper 111

In paper Il we combined the methods from the previous two papers, and used data from the
same, preterm population as in paper II. We found that infants with hsPDA had higher
myocardial velocities (cTDI) at 5 h than babies with nsPDA. However, infants with an hsPDA
throughout the first day of life tended to have lower ¢cTDI velocities at all exams than infants
in whom an initial hsPDA became nsPDA by 24 h. SVC flow was significantly lower in
infants with hsPDA than nsPDAs at 24 h. An additional finding of this study was the
correlation between ¢TDI indices of the LV at 5 h and SVC flow at 24 h, and between various
c¢TDI indices at 24 h and SVC flow at 24 h. We concluded that ¢cTDI and SVC flow may be
useful for early assessment and prediction of hsPDA in addition to conventional

echocardiography in very preterm infants.
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6 General Discussion

In the present thesis we have examined two new methods for assessment of circulation and
cardiac function in newborn, preterm infants. In paper I we defined the range of SVC flow in
healthy, newborn term infants, and demonstrated that the major contributor to the variability
of the method was the diameter measurement. In paper II we found that the myocardial
function, assessed by cTDI, decreased significantly from 5 to 12 h postnatal age in a
population of preterm infants. In paper I1I, using the same preterm population, we showed

how ¢TDI and SVC flow could be applied for prediction of hsPDA.

The newborn infant is a complex model for the study of the physiological changes taking
place during early postnatal transition. Clinical studies are associated with many different
challenges and limitations, but carry the potential of giving directly relevant insight. Better
understanding of the ever changing hemodynamic situation during transition may contribute
to clinical decision making, and in some situations, such as persistent pulmonary hypertension
of the newborn, it is of critical importance. Studies have shown that clinical assessment has
low sensitivity for detection of impaired systemic circulation in newborn, preterm

infants,[50;142;143] revealing a need for better ways of monitoring newborn circulation.

6.1 Discussion of the methods

6.1.1 SVC flow

The use of non-invasive techniques such as 2D echocardiography to estimate blood flow
carries some degree of uncertainty. Regarding SVC flow, earlier echocardiographic studies
have found a good correlation between LVO and SVC flow in infants without PDA,[1] but a
validation study of SVC flow with magnetic resonance imaging (MRI) as the reference
measure showed a poor correlation between echocardiographic and MRI results.[144] Paper I
demonstrated a marked variability both in intra- and interobserver measurements, mainly due
to substantial variability in diameter measurements. This is in accordance with previous
studies of SVC.[1;66] However, when excluding two specific recordings (outliers), the mean
variability of the intraobserver diameter measurements was reduced from 5% to 2%. This
demonstrates the importance of quality assessment of the recordings and that low quality
recordings should be used with great caution in flow estimation. The inter-observer

differences were also mainly caused by differences in diameter measurements.
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In addition to random variation, we found marked differences between the observers (figure
10). These differences persisted even after repeated discussions among the investigators on

measurement procedures.
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Figure 10: Bland-Altman-like plots of inter-observer repeatability of SVC diameter, VTI and
SVC flow. Red dots LB, green dots DF, blue dots AL.

Variability of the SVC diameter measurement is caused by the physiologic variation of the
SVC during the cardiac cycle, but also by the subjective decision about where exactly to place
the calipers for measurement. This remains a challenge whether one chooses to measure from
a frozen 2D picture or by M mode. Averaging from repeated measurements strengthen the

final mean value.[145]
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Kluckow and Evans,[1] measured VTI from the abdominal approach. One study has
compared this approach with a suprasternal or high parasternal approach, and found that the
SVC VTI from the abdominal approach yielded slightly higher values by approximately 5%,
but the individual results were within the 95% confidence interval for intraobserver variability
of the suprasternal approach in 36 of 40 neonates.[146] All VTI recordings in our study were

performed from the abdominal approach.

Measurement of SVC flow is based on extrapolation from diameters, an area measurement
assuming constant geometry. The squaring of the data amplifies measurement errors. A
monodimensional length measure, such as VTI, will have a better repeatability than area
measurements. Thus we speculated if just measuring SVC VTI could be a better way of
defining systemic or upper body perfusion. However, VTI only provides information about
how far the blood moves within a certain amount of time, while in the clinical context, we
want to know the amount of blood (i.e. the flow) that is actually passing through the SVC. For
this reason, VTI must be related to the diameter of the vessel. Further, it is useful to

standardize the flow by relating it to the weight of the infant.

As SVC is a vein in close connection with other structures, one must assume that other organs
also may influence upon SVC flow. The effect of respiration is obvious and easy to detect
while performing the ultrasound exam. In our study, we did not specifically investigate the
magnitude of this effect. However, we tried to minimize the effect of respiration by using
average diameter and Doppler velocity tracings from 6 to 10 consecutive cardiac cycles.
Physiological factors, such as preload, afterload, heart rate and the intrinsic properties of the

ventricles also influence upon SVC flow. These factors were not investigated in this study.

6.1.2 Color tissue Doppler imaging

TDI has emerged as a new tool for assessment of myocardial function, and several TDI
modalities are available. We chose ¢TDI because one single cine loop from the apical four-
chamber view is sufficient for visualization of multiple heart segments. This makes the image
acquisition less time consuming than for pwTDI, which requires separate images of each heart
segment/wall. Another difference between these methods is that cTDI velocities are mean
values (usually from 3 consecutive loops) while pwTDI velocities are peak values which to
some degree depend on the gain setting of the ultrasound machine. An advantage of ¢TDI
compared to pwTDI is that cTDI provides data from the entire sector simultaneously, which is
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important for comparison of parameters. However, there are some issues with ¢TDI that need
to be discussed: 1) feasibility 2) frame rate 3) fusion of diastolic wave signals 4) intra- and

interobsever variability 5) time consuming post processing.

1) Feasibility is the percentage of successful exams. In study II images of good quality were
obtained in 68, 42 and 46%, and in study III good quality images were obtained in 81, 66, and
61% of infants at 5, 12 and 24 h, respectively. The main reason for our poor feasibility was
the challenging circumstance of image acquisition. The investigator stood bed-side holding
the probe inside the incubator. The infants were usually lying on their back, sometimes
slightly turned to their left side, because this could counterbalance the effect of the
mechanical ventilator support and reduce the grey areas produced by lung shadow. Yet,
correct image acquisition of the left ventricle often was very difficult, also due to the right
ventricular dominance in preterm infants. Thus, it was not always possible to obtain good
quality images within the 10 minutes time limit. We cannot really explain why the degree of
feasibility differed between study I and 11, considering that the study population was recruited
from the same group of infants. However, in both studies, the best feasibility was obtained in
the first exams. General experience from performing echocardiography in preterm infants
with respiratory support (ventilator) has taught us that the echocardiographic “window” often
becomes smaller as lung inflation leads to “foggy” ultrasound images. This may be part of the

reason why feasibility was better at 5 h than at the following exams.

2) The frame rate defines the temporal resolution, i.e. how many pictures can be recorded for
each heart cycle. TDI loops are like very small pieces of a movie. If for example the heart
beat is 120/min, a frame rate of 220/sec will result in 110 pictures taken for each heart cycle.
These 110 pictures make up the movement of each heart beat in the TDI loop. Insufficient
frame rate implies the risk of not detecting signals of higher frequency than the frame rate

(aliasing, undersampling; figure 11).
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Frame rates will be reduced if the image sector is widened or the image depth increased. We
used a frame rate of 170-220/sec as the infants had heart rates 140-180/min (i.e. 76 tissue
Doppler images for each heart beat if heart rate is 180/min). The width and the depth of the

apical four-chamber image required for cTDI analyses were quite similar for all the infants.

3) Frequent fusion of the E” and A" wave (82% of exams at 5 h, paper II) made us define D’
as the “peak diastolic velocity” (figure 6). This makes interpretation of diastolic myocardial
performance difficult. Fusion of E” and A" waves has been reported by other study
groups.[119;147;148] A feline cTDI study of longitudinal left ventricular velocities[148]
concluded that fusion of E” and A" waves in 64% of examinations was caused by increased
heart rate (i.e. >224 bpm). In a study of moderately premature infants, Eriksen et al.[149]
reported that fusion was observered mainly in infants with HR >155-160/min, and there was a
significant correlation between degree of fusion and HR. However, in a study of diastolic
dysfunction in mice with heart rate >500 bpm, there is no mention of any problems with
fusion,[150] and a study of RV diastolic function in newborn term infants with pulmonary
hypertension (due to congenital diaphragmatic hernia in most of them), reported absence of E”
wave in half of the patients, even in infants with lower heart rates.[151] The author concludes
that “these changes may be considered to indicate inherent impairment of systolic and early
diastolic function in the PHT group”. Absence of E” may also be caused by severe LV systolic
dysfunction, leading to an elevated end-diastolic pressure and preventing early diastolic

relaxation.

4) Regarding myocardial velocities, our intra- and interobserver variability was 19.9 - 29.3%
and 11.4 - 25.9% respectively (paper 1I). The only comparable study of cTDI in preterm
infants is the one by Joshi et al.[ 147] which reported intra- and interobserver variability of 10
- 15% for LV myocardial velocities as well as annular displacements in term and preterm
infants. To explain this discrepancy, one needs to look very closely at the way each study was
carried out. As opposed to us, Joshi et al. acquired ¢TDI images separately of the LV and RV,
which may have resulted in a higher image quality, implying a lower variability of
measurement. In our study, all parameters were measured in three beats and averaged. Joshi’s
study did the same, but exceptions were made if the signal from an individual beat was too
noisy, in which case only 1-2 beats were analysed. As we did not make such exceptions, our
averaged results are based on a wider range of measurements, implying a higher variability.

Another interesting reproducibility study of TDI parameters found a variability range of 18-
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56% for peak systolic velocities in patients with advanced LV dysfunction.[152] This leads us
to speculate if our study population may have been sicker than that of Joshi et al., which
included 25 preterm infants <34 weeks GA. Our population could perhaps be comparable to

patients with varying degrees of systolic dysfunction.

Regarding displacement, our results also had a higher variability than the only previous
published study. While we did all the measurements from one single recording, Joshi et
al.[147] acquired separate images of the left and right ventricle, which is likely to give better
image quality. As Joshi, we also used tissue tracking at the lateral mitral and lateral tricuspid
annulus for measurement of displacement. However, there is a series of choices to be made in
the tissue tracking process which are not described in Joshi’s report. In the following, the
actual measurement process will be described as detailed as possible, and hopefully it will
become clear why a certain degree of variability is an invariable result of cTDI measurements.
Annular displacement was measured with the EchoPac software version 112. First, one has to
do the Q-analysis, which means that one has to choose the ROI size. Defining the ROI size is
a trade-off. A large sample area will give an improved signal to noise ratio compared to a
small sample area, but if the sample area involves parts of the myocardium between the AV-
plane and the apex, or part of the epicardium, false low velocities could be measured, leading
to a false low average for the area. Similarly, if the sample area involves parts of the atrial
myocardium, false high velocities could be measured. One could speculate that the
repeatability measurements would have shown a better reproducibility if a larger part of the
ventricle myocardium were placed within the sample area, but then systematically lower

velocities would have been measured.

After defining the ROI size one must place the ROI at the AV valve insertion. Replacing the
ROI just I mm to the left or right will change the curve from which the tissue velocity is read.
So far there is no general recommendation about ROI size or position for cTDI analysis in
preterm infants. After the Q-analysis, and while keeping the ROI in the same position, one
moves on to tissue tracking. Now the curve will display the length of the forward movement
of the myocardial tissue. But before measuring the displacement length, one has to define the
point of aortic valve closure (AVC). This is because one wants to measure the maximum
systolic forward movement. Usually, this length is less than the maximum displacement of the
tissue. Defining the AVC also contributes to some degree of variability between

measurements. In addition to ROI size, sampling location and definition of the AVC, there are
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further choices to be made within the post-processing program. The EchoPac software version
112 enables the user to make the following choices regarding smoothing: 3, 5, or 7 sample
average or 30-50-70 ms average. We used the default settings for smoothing (70 ms average).
In sum, all these technical steps and choices contribute to increasing the variability. When
comparing cTDI studies by different investigators, one needs very detailed information about

the measurement process.

5) The post processing is time consuming. The measurements are performed off-line after the
exam is finished, so you do not get the results during image acquisition, and thus, no chance
to improve the recorded image in order to obtain higher quality measurements. The post-
processing is rather complicated (as described above) and the resulting variability high.

Hence, one must be careful when drawing conclusions about individual patients.

6.1.3 Grading of the PDA (paper III)

A validated definition of “hemodynamic significant PDA”’[88] does not exist. During the past
decades, there has been a trend towards using diameter measurement for defining a significant
degree of ductal shunting.[153-157] However, not unlike the challenges of measuring the
SVC diameter, measuring the PDA diameter is also a matter of individual choice. This
influences the placing of the calipers either when measuring from the 2D grey scale image or
when measuring at the narrowest point of the color flow image. Some investigators have
suggested to use a quantitative measure of the degree of shunting, such as flow pattern of the
PDA[158], LA/Ao ratio,[159] flow pattern in the descending aorta,[160] celiac artery blood
flow to left ventricular output ratio,[161] superior mesenteric artery blood flow,[162] and

perfusion index[163] either instead of or in addition to the diameter measurement.

We chose to use the grading system described by Hirsimiki et al.[136] This method is based
on a visual assessment of the color flow into the pulmonary artery, as described earlier
(methods). Like other measures based on the color Doppler mapping technique, this is also
influenced by technical matters, such as good image quality and gain setting. However,
Hirsiméki et al.[136] found good correlation between this color Doppler technique and pulsed
Doppler assessment of flow pattern in the main pulmonary artery, as well as with cardiac

output.
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6.2 Discussion of the results

6.2.1 SVC flow (paper I and III)

Paper I is an analysis of the post-processing variability of SVC flow measurements. The
substantial variability found in SVC flow measurements is in concordance with other SVC
studies[1;63;66] as well as with a study in which SVC flow was validated against phase-
contrast magnetic resonance imaging.[144] Paper I demonstrates how the diameter
measurement is the major cause of the variability. Basically, this is a consequence of
anatomical matters combined with the equation of blood flow (Q) calculation: Q = (VTI x
heart rate x ( x d*/4))/body weight, where  x d?/4 is the cross-sectional vessel area and VTI
is the velocity time integral. The underlying assumption is that the vessel is a perfectly round
structure. This same equation is used for the calculation of cardiac (LV) output. However, an
important difference between measuring LV output and SVC flow is the stiffness of the vessel
wall: while the caval vein is compliant and distensible the aortic wall is much stiffer and thus
less influenced by the amount of blood flow passing through it. In addition, the pressure in the
aorta is much higher than in the SVC, resulting in higher repeatability of the diameter
measurements. The venous character of the SVC also becomes apparent during
echocardiography when one gets a direct image of how respiratory movements influence upon
the diameter. This anatomical (physiological) variability is part of both the intra- and
interobserver variability described in paper I. The study also clearly demonstrates the personal
variability of each of the investigators. Repeated measurements of recorded,
echocardiographic images are performed manually. As described by Kluckow and Evans,[1]
the maximum and minimum internal diameters were measured at the point where the SVC
starts to open up into the right atrium (figure 5). This is a matter of personal judgement.
Regarding the VTI curve, the tracing of the curve also is a subjective matter. However, we
demonstrated that the variability of VTI measurements was smaller than that of diameter
measurements. As the variability effect of the manual placement of the cursor should be equal
for both SVC diameter and VTI measurements, the main reason for the difference in
variability is probably the intrinsic (anatomical/physiological) variability of the SVC. Paper I
demonstrates that serial measurements, for the above mentioned reasons, preferentially should

be performed by the same investigator.

In paper 111, SVC flow was measured serially by the same investigator, and we found that the

mean (SD) SVC flow was 90 (44), 81 (43) and 81 (46) mL/kg/min at 5, 12 and 24 h
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respectively. This variability is comparable to the results in paper I, where SVC flow was 99
(34) mL/kg/min at 24 h (same investigator). The slight decrease of SVC flow during the first
24 h (paper III) and the first three days (paper I) of life is in accordance with studies showing
a fall in LVO over the first days of life in healthy term infants.[164-168] In a study of preterm
infants, Murase et al.[169] found that LVO dropped transiently at 12 h of life and then
increased again after 24 h before reaching a steady level after 48 h of age. However, some
studies have found a steady increase of SVC flow, LVO and RVO during the first 24 to 48 h
of life.[170-172] The reason for this discrepancy is not known.

In paper 111, we showed that SVC flow was lower in infants with hsPDA and nsPDA. This is
in accordance with earlier findings[32] and may indicate that our method for PDA grading is
hemodynamically relevant, as left-to-right shunting across an hsPDA increases the LVO/SVC
ratio.[68;173]

6.2.2 cTDI (paper II and III)

Myocardial function

Paper II was an observational study of myocardial velocities and displacement of the LV and
RV in very preterm infants during the first 24 h of life, and demonstrated a significant
decrease of ¢TDI indices from 5 to 12 h postnatal age. As discussed earlier, myocardial
function can be defined in a number of ways. Neither conventional echocardiography nor
newer modalities such as TDI allow direct measurements of contractility. Higher myocardial
velocities do not equal higher contractility, as contraction of the heart is influenced not only
by the intrinsic properties of the myocytes (the contractility, the ability of the myocytes to
contract at a given preload), but also by loading conditions and heart rate. However, studies
have shown that strain rate, which measures deformation per time unit and can be quantified
with TDI, is a robust measure of contractility.[174;175] When performing repeated cTDI
measurements in the preterm heart within the first day of life, the longitudinal movement
(displacement) may be comparable to the strain of a segment which equals the length of the
entire left (or right) ventricular wall. Assuming that this segment length (the heart size)
remains unchanged within the first day of life, the velocity of this movement (the cTDI
velocity) then equals strain rate. In this sense, we interpret the cTDI velocities in this study as

an expression of myocardial contractility.
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As shown in table 1, the actual values of cTDI velocities and displacement at 5, 12 and 24 h
after birth are lower than reported in other studies of cTDI in infants.[129;147] However, both
the study by Eriksen et al.[129] and that of Joshi et al.[147] were of more mature infants than

ours, and the exams were performed somewhat later in terms of postnatal circulatory

transition.

Age at exam 5 hours 12 hours 24 hours p value*

cTDIS" LV (cm/s) 1.8 (0.7)* 1.3 (0.4)* 1.5 (0.6) 0.002
n=32 n=18 n=22

cTDI S” RV (cm/s) 2.8 (0.9)* 2.2 (0.9)* 2.5(0.9) 0.01
n=33 n=20 n=21

cTDID’" LV (cm/s) 23 (L.D)* 1.8 (0.8)* 2.1(0.9) 0.035
n=32 n=18 n=22

cTDID’" RV (cm/s) 4.1 (1.6)* 2.8 (0.9)* 3.3(1.5) <0.001
n=33 n=20 n=21

Dis LV (mm) 1.9 (0.9)* 1.4 (0.7)* 1.8 (0.8) 0.024
n=30 n=18 n=22

Dis RV (mm) 3.3 (1.2)* 2.2 (1.2)* 2.9(1.3) 0.002
n=31 n=20 n=21

Table 1: * p value pertains to the difference between 5 and 12 h exams

When comparing our results to the findings of Nii et al.,[176] who studied myocardial
diastolic velocities with ¢TDI in normal fetuses, we find that our preterm infants had even
lower right and left ventricular diastolic velocities than fetuses at GA 20 — 29 weeks. We

speculate that this reflects the increased work load during postnatal transition.
Influence of different loading conditions

The decrease of myocardial contractility from 5 to12 h, followed by a non-significant increase
from 12 to 24 h, could be related to the profound changes taking place at birth, when the low-
resistance placental circulation is removed, leaving the LV with a major increase in afterload.
The high-resistance pulmonary circulation of intrauterine life is replaced by a sub-systemic
level of resistance, and the rapid reduction in pulmonary artery pressure leads to an increase
in pulmonary blood flow and subsequent increase in preload to the LV. Hence, both preload
and afterload increase dramatically at birth.[177]
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Previous studies have shown that elevation in preload increases cardiac output and aortic flow
similarly in term and preterm heart.[167;178;179] LVO increases two- to threefold at
birth.[167;180] This rapid adaption at birth, thought to be triggered by a sudden release of
circulating catecholamines,[181;182] is also found in preterms.[183] However, it has been
demonstrated that the immature myocardium of the newborn is more sensitive to changes in
afterload than the more mature heart.[179;184] We therefore speculate that the significant
reduction of LV contractility from 5 to 12 h may represent a transitional response to the

postnatal increase in afterload.

The PDA may play a role in this timespan. Our findings in paper II and III indicate that
infants with hsPDA at 5 h age had a higher contractility than infants with nsPDA. This is in
accordance with the Frank Starling mechanism, as the increase in preload and reduction of
afterload due to run-off into the pulmonary circulation enables the myocardium to increase the
stroke volume. However, there has been some debate as to whether the Frank Starling
mechanism can be applied in newborn and preterm infants. In 1985, Baylen et al.[178] found
unchanged contractility in preterm lambs with hsPDA, and therefore concluded that the
compensatory increase of cardiac output was accomplished primarily by increasing LV end-
diastolic volume and stroke volume, i.e. by the Frank Starling mechanism. In this study,
contractility was defined by the peak dP/dt, a volume sensitive isovolumic index of
contractility, and ejection fraction was measured by cineangiocardiography. Similarly,
Lindner et al.[185] demonstrated that preterm infants with symptomatic PDA increased their
LVO by increasing stroke volume, not heart rate. Some years later, in 1992, Takahashi et
al.[184] found that premature infants had less reserve capacity in the LV than mature babies
and that the low left ventricular stroke volume was compensated with an increased heart rate.
Thus the author concluded that the Frank Starling mechanism seemed to be limited in preterm
infants. It is known that the myocardium of the newborn is immature[186-189] and that the
preterm, immature myocardium operates at a higher contractile state and therefore, has less
cardiac reserve than the heart of an older person.[190;191] This could explain our findings at
24 h, when the myocardial contractility was consistently lower in infants with hsPDA than
with nsPDA. We may speculate if this was caused by fatigue of the immature myocardium or

if it was merely a physiological response to the demands of the circulatory system.
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The right ventricle

The overall higher ¢TDI velocities and displacement in the RV than in the LV are in
accordance with other studies in preterm infants[192] and may reflect the functional
preference of the right heart typical of the fetal circulation.[193] However, also in healthy
children myocardial velocities are consistently found to be higher in the RV than in the LV.
Thus, the difference may also point to an intrinsic property of the RV, such as the pattern of
contraction.[194] Despite the physiological decrease of pulmonary vascular resistance, the
myocardial velocities and displacement of the RV also decreased from 5 to 12 h after birth.
We may speculate if this was caused by right-left heart interactions[195] and/or transient

diastolic dysfunction.[116]
Myocardial contractility and SVC flow

As shown in paper III, we found a correlation between contractility at 5 h age and SVC flow
at 24 h (figure 12), and between various ¢TDI indices at 24 h and SVC flow at 24 h. This is in
accordance with a study by Osborn et al.[196] in a population comparable to ours, and
probably reflects the relationship between cardiac function and systemic flow. Parikh et
al.[128] studied myocardial function in preterm infants on day 3 and found that infants with
hsPDA had worse myocardial systolic and diastolic function than infants with no or nsPDA.
This may indicate that the impaired myocardial function we found at 24 h persists at day 3 in
the presence of an hsPDA. Thus, not only could an early echocardiographic exam identify
infants with an hsPDA, but also those who are at risk of low systemic blood flow and in need

of cardiovascular support.

3,04
o
257 ° o
s o o
g
£ 20 o 0
> o
a o
@ 15 o
S *os ’
Q o
1,04
o
0
5
T T T T T
0 50 100 150 200
SVC flow (mi/kg/min) 24h .
Figure 12

40



6.2.3 Blood pressure (paper I1I)

MABP did not differ between infants with hsPDA or nsPDA at any time. This is in
accordance with a previous study showing no difference in BP related to the hemodynamic
significance of ductal shunting in infants with BW 1000-1500 g.[197] Our finding contrasts
the result of a prospective study showing significant blood pressure response to indomethacin
treatment of PDA in 24 preterm infants,[ 198] however, the mean BW of the study population
was <1000 g, thus not exactly comparable to the previously mentioned study. Our findings
also contrast the results of a retrospective study demonstrating an independent association of
PDA with hypotension,[199] but at the time of examination the infants were older (2-7 days)
than in our study, and one may assume that the pulmonary vascular resistance was lower, thus
allowing for a higher degree of left to right shunting across the PDA. In our study, only 1-2%
of infants received vasopressor treatment during the first 24 h of life, thus, this may not

explain the lack of significant BP difference between infants with nsPDA and hsPDA.

There was a strong correlation between MABP and SVC flow at 12h (1=0.5; p=0.007) and a
similar but non-significant trend at 5h (r=0.1; p=0.4) and 24h (r=0.2; p=0.2). This is in
accordance with earlier findings,[50] but contrasts the findings of Groves et al.[40] who

reported an inverse relationship between blood pressure and SVC flow at 5 and 12 h.
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7 Limitations

Both methods examined and applied in this thesis have contributed to new knowledge about
cardiac function and circulation in the preterm infant. However, both methods also have their
limitations. Further, the study of these methods has been limited by the study population
itself. Due to the vulnerability of the newborn, and especially the preterm infant, the exams
had to be carried out very carefully and with first priority given to the wellbeing of the infant.

Sometimes this meant finishing with an incomplete exam, or not performing the exam at all.

An intubated premature infant born prematurely at GA 26 weeks and 6 days with BW 990
grams. Photo taken at approximately 24 h after birth. (From Wikimedia Commons)

7.1.1 SVC flow

As paper [ was a methodological study, the limitations of SVC flow have been thoroughly
discussed in the paper, which demonstrates that the variability of diameter measurements are
the main source of the high repeatability index. We did not investigate the effect of respiration
on SVC flow, but sought to minimize the impact of respiration by averaging diameter and
Doppler velocity tracings from 5 - 10 consecutive cardiac cycles. In a study of
cardiorespiratory effects of changes in end expiratory pressure in ventilated newborns
(median GA 30 weeks), a short-term modest increase in end expiratory pressure did not lead

to clinically important change in systemic blood flow, assessed by SVC flow.[200]
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A different aspect of the effects of respiration was investigated in an MRI study of caval
blood flow during respiratory maneuvers, which showed a significant increase of SVC flow
during deep inspiration.[201] A similar effect of fetal breathing movements on SVC flow has
been reported.[202] However, in our study, infants were asleep or in a quiet awake state
during image acquisition, hence the influence of breathing was assumed to be stable

throughout the echocardiographic exam.

Regarding SVC flow, another possible source of error could be a persistent left SVC draining
into the right atrium via the coronary sinus, a normal variant that occurs in 0.3% of the

population.[203] We did not specifically look for this possibility.

7.1.2 ¢TDI

We emphasize that the results presented in paper II and III can only be applied to the
conditions under which the study was performed, using a Vivid 7 GE with a 10S probe, tissue

velocity range £16 cm/s, frame rate 170/220/s, Echopac software and ROI size 3x1 mm.

As described in paper 11, the major limitation of ¢cTDI measurements is the high degree of
intra- and interobser variability. We were surprised to find intraobserver variability to be
higher than interobserver variability in our study, and are unable to find any reasonable

explanation for this discrepancy.

A major limitiation to our ¢TDI studies is the lack of methodological guidelines and reference
values in the field of neonatal, functional echocardiography. As discussed above in
methodological considerations, a detailed description of the many technical aspects of cTDI

measurements is required to allow for comparison between studies.

A recent study in moderately preterm infants has demonstrated that it may be useful to
normalize cTDI indices for heart size.[129] Unfortunately, this was not possible in our study
due to insufficient image quality, especially of the apical region, as our main focus during

image acquisition was on the atrioventricular area.

Finally, the results reported in paper II and III are limited by the relatively small size and the

heterogeneous clinical condition of the study population.

What would be a clinically relevant difference in tissue Doppler velocities between infants

with hsPDA and nsPDA? So far, literature is scarce regarding ¢TDI values in this population
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in general, and there are no previous published reports about these values in preterm infants

with hsPDA during the first day of life.

In a study of myocardial function assessed by strain and strain rate in obese adolescents there

was 21.3% reduced global strain rate and 16.3% reduced global strain in obese adolescents
compared with lean counterparts before intervention. Maximal oxygen uptake was 41.4%
lower in the obese group. No group difference was observed after 13 weeks aerobic interval
training.[204] Thus, in this study, a difference in global strain rate of 21.3% was clinically

relevant, as measured by maximum oxygen uptake.

Table 2 shows the number of infants needed to detect a 20% difference in cTDI peak

velocities between infants with hsPDA and nsPDA, when using the formula

n=2x (%) 2x k, where SD is the standard difference of the observed values, A is the

desired difference (in this case 20% of the mean) and % is a constant which depends on the

choice of significance (in this case 0.05) and test power (in this case 80%).

5h 12h 24h
cIDIS'LV 61 50 63
c¢TDI S'/RV 36 76 68
cTDID’LV 85 76 87
cTDI D'RV 24 49 88

Table 2

This means that we would need a total of approximately 180 infants to detect a 20%

difference with a power of 80% and a two-sided p-value of 0.05.
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8 Conclusions

Paper I: SVC flow in healthy term infants decreased from mean (SD) 99 (34) mL/kg/min at
day one to 77 (27) mL/kg/min at day three after birth. The mean variability of SVC flow was
17% in the intraobserver analysis and 29% in the interobserver analysis. The diameter

measurement was the main contributor to the variability of SVC flow measurement.

Paper II: Myocardial velocities measured by ¢TDI decreased significantly from 5 to 12 h
postnatal age in very preterm infants. Infants with hsPDA had higher myocardial velocities

than infants with nsPDA at 5 h age.

Paper III: An hsPDA was associated with decreased myocardial velocities measured by
cTDI at 24 h postnatal age in very preterm infants. SVC flow was lower in infants with an
hsPDA than with a nsPDA at 24 h postnatal age. There was a correlation between low

myocardial velocities at 5 h and low SVC flow at 24 h postnatal age.
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9 Future perspectives

The method of SVC flow for measurement of systemic circulation in neonates has been
around since 2000. Meanwhile, more than 50 articles with various applications of the method
have been published. During this time span, the concept of functional echocardiography, or
CPU, has become part of the international neonatologist vocabulary. Thus, TDI entered

neonatology at a time of growing interest for cardiac functional studies in the NICU.

One randomized controlled trial (RCT) has been carried out to assess the effectiveness of
early prophylactic milrinone versus placebo for prevention of low systemic blood flow in
high-risk preterm infants.[205] However, for various reasons milrinone did not prevent low
SVC flow during the first 24 h of life. Presently, a large European multicenter RCT is planned
to assess dobutamine versus placebo for treatment of low SVC flow in very preterm

infants.[77]

Regarding TDI, the methodology is still in an early phase and further research is needed
before TDI can be applied routinely in the NICU. Guidelines and reference values need to be
established. However, from our experience in neonatology, we know how crucial these first,
postnatal hours are for the wellbeing of very preterm infants. With the methods studied in this
thesis, we hope to contribute to a better understanding of the changes taking place in the

central cardiovascular system during this vulnerable phase of transition.

46



10 References

0))

@)

(©))

(O]

©))

(6)

)

®

®)

(10

11

(12)

(13)

Reference List

Kluckow M, Evans N. Superior vena cava flow in newborn infants: a novel
marker of systemic blood flow. Arch Dis Child Fetal Neonatal Ed 2000
May;82(3):F182-F187.

Kaaresen PI, Ronning JA, Tunby J, Nordhov SM, Ulvund SE, Dahl LB. A
randomized controlled trial of an early intervention program in low birth weight
children: outcome at 2 years. Early Hum Dev 2008 Mar;84(3):201-9.

Nestaas E, Stoylen A, Sandvik L, Brunvand L, Fugelseth D. Feasibility and
reliability of strain and strain rate measurement in neonates by optimizing the
analysis parameters settings. Ultrasound Med Biol 2007 Feb;33(2):270-8.

Jorgensen AM, NNP DNP. Born in the USA: The History of Neonatology in the
United States: A Century of Caring. NICU Currents June 2010;8-12.

Halliday HL. Surfactants: past, present and future. J Perinatol 2008 May;28
Suppl 1:S547-S56.

Fujiwara T, Maeta H, Chida S, Morita T, Watabe Y, Abe T. Artificial surfactant
therapy in hyaline-membrane disease. Lancet 1980 Jan 12;1(8159):55-9.

Lou HC, Lassen NA, Friis-Hansen B. Low cerebral blood flow in hypotensive
perinatal distress. Acta Neurol Scand 1977 Oct;56(4):343-52.

Greisen G. To autoregulate or not to autoregulate--that is no longer the question.
Semin Pediatr Neurol 2009 Dec;16(4):207-15.

Holen J, Aaslid R, Landmark K, Simonsen S. Determination of pressure gradient
in mitral stenosis with a non-invasive ultrasound Doppler technique. Acta Med
Scand 1976;199(6):455-60.

Brubakk AO, Angelsen BA, Hatle L. Diagnosis of valvular heart disease using
transcutaneous Doppler ultrasound. Cardiovasc Res 1977 Sep;11(5):461-9.

Skjeerpe T, Hatle L. Ultralyd i hjartediagnostikken: ein medisinsk og teknologisk
triumf. In: Forfang K, Rasmussen K, editors. Det norske hjertet. Norsk
kardiologis historie.Oslo: Den norske legeforening; 2000. p. 91-102.

Heimdal A, Stoylen A, Torp H, Skjaerpe T. Real-time strain rate imaging of the
left ventricle by ultrasound. J Am Soc Echocardiogr 1998 Nov;11(11):1013-9.

Stoylen A, Skjaerpe T. Systolic long axis function of the left ventricle. Global and
regional information. Scand Cardiovasc J 2003 Sep;37(5):253-8.

47



(14

15)

(16)

17)

(18)

19)

(20)

21

(22)

(23)

(e))

(25)

(26)

27)

Nestaas E. Longitudinal Strain and Strain Rate by Tissue Doppler in Term
Neonates Faculty of Medicine, University of Oslo; 2010.

Altman DI, Volpe JJ. Cerebral blood flow in the newborn infant: measurement
and role in the pathogenesis of periventricular and intraventricular hemorrhage.
Adv Pediatr 1987;34:111-38.

Perlman JM, Hill A, Volpe JJ. The effect of patent ductus arteriosus on flow
velocity in the anterior cerebral arteries: ductal steal in the premature newborn
infant. J Pediatr 1981 Nov;99(5):767-71.

Lou HC, Lassen NA, Friis-Hansen B. Impaired autoregulation of cerebral blood
flow in the distressed newborn infant. J Pediatr 1979 Jan;94(1):118-21.

Greisen G. Cerebral blood flow in preterm infants during the first week of life.
Acta Paediatr Scand 1986 Jan;75(1):43-51.

Menke J, Michel E, Rabe H, Bresser BW, Grohs B, Schmitt RM, et al.
Simultaneous influence of blood pressure, PCO2, and PO2 on cerebral blood flow
velocity in preterm infants of less than 33 weeks' gestation. Pediatr Res 1993
Aug;34(2):173-7.

Tyszczuk L, Meek J, Elwell C, Wyatt JS. Cerebral blood flow is independent of
mean arterial blood pressure in preterm infants undergoing intensive care.
Pediatrics 1998 Aug;102(2 Pt 1):337-41.

Jayasinghe D, Gill AB, Levene MI. CBF reactivity in hypotensive and
normotensive preterm infants. Pediatr Res 2003 Dec;54(6):848-53.

Vannucci RC, Towfighi J, Heitjan DF, Brucklacher RM. Carbon dioxide protects
the perinatal brain from hypoxic-ischemic damage: an experimental study in the
immature rat. Pediatrics 1995 Jun;95(6):868-74.

Greisen G, Munck H, Lou H. May hypocarbia cause ischaemic brain damage in
the preterm infant? Lancet 1986 Aug 23;2(8504):460.

Muller AM, Morales C, Briner J, Baenziger O, Duc G, Bucher HU. Loss of CO2
reactivity of cerebral blood flow is associated with severe brain damage in
mechanically ventilated very low birth weight infants. Eur J Paediatr Neurol
1997;1(5-6):157-63.

Greisen G. Autoregulation of cerebral blood flow in newborn babies. Early Hum
Dev 2005 May;81(5):423-8.

McCrea HJ, Ment LR. The diagnosis, management, and postnatal prevention of
intraventricular hemorrhage in the preterm neonate. Clin Perinatol 2008
Dec;35(4):777-92, vii.

Schmid MB, Reister F, Mayer B, Hopfner RJ, Fuchs H, Hummler HD.
Prospective risk factor monitoring reduces intracranial hemorrhage rates in
preterm infants. Dtsch Arztebl Int 2013 Jul;110(29-30):489-96.

48



(2%

(29)

(30)

31

(32)

(33)

(34

(335)

(36)

37

(38%)

39

(40)

Ment LR, Aden U, Lin A, Kwon SH, Choi M, Hallman M, et al. Gene-
environment interactions in severe intraventricular hemorrhage of preterm
neonates. Pediatr Res 2013 Nov 5.

Stoll BJ, Hansen NI, Bell EF, Shankaran S, Laptook AR, Walsh MC, et al.
Neonatal outcomes of extremely preterm infants from the NICHD Neonatal
Research Network. Pediatrics 2010 Sep;126(3):443-56.

Payne AH, Hintz SR, Hibbs AM, Walsh MC, Vohr BR, Bann CM, et al.
Neurodevelopmental outcomes of extremely low-gestational-age neonates with
low-grade periventricular-intraventricular hemorrhage. JAMA Pediatr 2013
May;167(5):451-9.

Bada HS, Korones SB, Perry EH, Arheart KL, Ray JD, Pourcyrous M, et al.
Mean arterial blood pressure changes in premature infants and those at risk for
intraventricular hemorrhage. J Pediatr 1990 Oct;117(4):607-14.

Kluckow M, Evans N. Low superior vena cava flow and intraventricular
haemorrhage in preterm infants. Arch Dis Child Fetal Neonatal Ed 2000
May;82(3):F188-F194.

Noori S, McCoy M, Anderson MP, Ramji F, Seri I. Changes in Cardiac Function
and Cerebral Blood Flow in Relation to Peri/Intraventricular Hemorrhage in
Extremely Preterm Infants. J Pediatr 2013 Oct 30.

Sellmer A, Bjerre JV, Schmidt MR, McNamara PJ, Hjortdal VE, Host B, et al.
Morbidity and mortality in preterm neonates with patent ductus arteriosus on
day 3. Arch Dis Child Fetal Neonatal Ed 2013 Nov;98(6):F505-F510.

Booth J. A short history of blood pressure measurement. Proc R Soc Med 1977
Nov;70(11):793-9.

Conway-Org. Management of hypotension in the very low-birth-weight infant
during the golden hour. Adv Neonatal Care 2010 Oct;10(5):241-5.

Ibrahim CP. Hypotension in preterm infants. Indian Pediatr 2008 Apr;45(4):285-
94.

Fanaroff AA, Fanaroff JM. Short- and long-term consequences of hypotension in
ELBW infants. Semin Perinatol 2006 Jun;30(3):151-5.

Low JA, Froese AB, Galbraith RS, Smith JT, Sauerbrei EE, Derrick EJ. The
association between preterm newborn hypotension and hypoxemia and outcome
during the first year. Acta Paediatr 1993 May;82(5):433-7.

Groves AM, Kuschel CA, Knight DB, Skinner JR. Relationship between blood

pressure and blood flow in newborn preterm infants. Arch Dis Child Fetal
Neonatal Ed 2008 Jan;93(1):F29-F32.

49



(41

(42)

43)

44

(45)

(46)

47)

(48)

(49)

(50

(51)

(52)

(33)

Shah DM, Condo M, Bowen J, Kluckow M. Blood pressure or blood flow: which
is important in the preterm infant? A case report of twins. J Paediatr Child
Health 2012 Mar;48(3):E144-E146.

Garner RS, Burchfield DJ. Treatment of presumed hypotension in very low
birthweight neonates: effects on regional cerebral oxygenation. Arch Dis Child
Fetal Neonatal Ed 2013 Mar;98(2):F117-F121.

Sehgal A. Haemodynamically unstable preterm infant: an unresolved
management conundrum. Eur J Pediatr 2011 Oct;170(10):1237-45.

Dempsey EM, Barrington KJ. Treating hypotension in the preterm infant: when
and with what: a critical and systematic review. J Perinatol 2007 Aug;27(8):469-
78.

Cayabyab R, McLean CW, Seri I. Definition of hypotension and assessment of
hemodynamics in the preterm neonate. J Perinatol 2009 May;29 Suppl 2:S58-
S62.

Kuint J, Barak M, Morag I, Maayan-Metzger A. Early treated hypotension and
outcome in very low birth weight infants. Neonatology 2009;95(4):311-6.

Fanaroff JM, Wilson-Costello DE, Newman NS, Montpetite MM, Fanaroff AA.
Treated hypotension is associated with neonatal morbidity and hearing loss in
extremely low birth weight infants. Pediatrics 2006 Apr;117(4):1131-5.

Dempsey EM, Al HF, Barrington KJ. Permissive hypotension in the extremely
low birthweight infant with signs of good perfusion. Arch Dis Child Fetal
Neonatal Ed 2009 Jul;94(4):F241-F244.

Batton B, Li L, Newman NS, Das A, Watterberg KL, Yoder BA, et al. Use of
antihypotensive therapies in extremely preterm infants. Pediatrics 2013
Jun;131(6):e1865-e1873.

Osborn DA, Evans N, Kluckow M. Clinical detection of low upper body blood
flow in very premature infants using blood pressure, capillary refill time, and
central-peripheral temperature difference. Arch Dis Child Fetal Neonatal Ed
2004 Mar;89(2):F168-F173.

Pladys P, Wodey E, Beuchee A, Branger B, Betremieux P. Left ventricle output
and mean arterial blood pressure in preterm infants during the 1st day of life.
Eur J Pediatr 1999 Oct;158(10):817-24.

Kluckow M, Evans N. Relationship between blood pressure and cardiac output in
preterm infants requiring mechanical ventilation. J Pediatr 1996 Oct;129(4):506-
12.

Hollenberg SM. Hemodynamic monitoring. Chest 2013 May;143(5):1480-8.

50



(54

(55)

(56)

(57)

(58)

(59

(60)

(61)

(62)

(63)

(64)

(65)

(66)

(67)

Vincent JL, Rhodes A, Perel A, Martin GS, Rocca GD, Vallet B, et al. Clinical
review: Update on hemodynamic monitoring - a consensus of 16. Crit Care 2011
Aug 18;15(4):229.

Marik PE. Noninvasive cardiac output monitors: a state-of the-art review. J
Cardiothorac Vasc Anesth 2013 Feb;27(1):121-34.

de Boode WP. Cardiac output monitoring in newborns. Early Hum Dev 2010
Mar;86(3):143-8.

Baylen BG, Ogata H, Oguchi K, Ikegami M, Jacobs H, Jobe A, et al. The
contractility and performance of the preterm left ventricle before and after early

patent ductus arteriosus occlusion in surfactant-treated lambs. Pediatr Res 1985
Oct;19(10):1053-8.

Evans N, Iyer P. Incompetence of the foramen ovale in preterm infants supported
by mechanical ventilation. J Pediatr 1994 Nov;125(5 Pt 1):786-92.

Evans N, Iyer P. Assessment of ductus arteriosus shunt in preterm infants
supported by mechanical ventilation: effect of interatrial shunting. J Pediatr
1994 Nov;125(5 Pt 1):778-85.

Osborn DA, Evans N, Kluckow M. Hemodynamic and antecedent risk factors of
early and late periventricular/intraventricular hemorrhage in premature infants.
Pediatrics 2003 Jul;112(1 Pt 1):33-9.

Hunt RW, Evans N, Rieger I, Kluckow M. Low superior vena cava flow and
neurodevelopment at 3 years in very preterm infants. J Pediatr 2004
Nov;145(5):588-92.

de Waal KA, Evans N. Hemodynamics in Preterm Infants with Late-Onset
Sepsis. J Pediatr 2010 Mar 15.

Sloot SC, de Waal KA, van der Lee JH, van Kaam AH. Central blood flow
measurements in stable preterm infants after the transitional period. Arch Dis
Child Fetal Neonatal Ed 2010 Sep;95(5):F369-F372.

Takahashi S, Kakiuchi S, Nanba Y, Tsukamoto K, Nakamura T, Ito Y. The
perfusion index derived from a pulse oximeter for predicting low superior vena
cava flow in very low birth weight infants. J Perinatol 2010 Apr;30(4):265-9.

Moran M, Miletin J, Pichova K, Dempsey EM. Cerebral tissue oxygenation index
and superior vena cava blood flow in the very low birth weight infant. Acta
Paediatr 2009 Jan;98(1):43-6.

Groves AM, Kuschel CA, Knight DB, Skinner J. Echocardiographic assessment
of blood flow volume in the SVC and descending aorta in the newborn infant.
Arch Dis Child Fetal Neonatal Ed 2007 Jul 11.

Kluckow M, Evans N. Low systemic blood flow and hyperkalemia in preterm
infants. J Pediatr 2001 Aug;139(2):227-32.

51



(68)

(69)

(70)

1

(72)

(73)

(74)

(75)

(76)

(77

(78)

(7

(80)

El Hajjar M, Vaksmann G, Rakza T, Kongolo G, Storme L. Severity of the
ductal shunt: a comparison of different markers. Arch Dis Child Fetal Neonatal
Ed 2005 Sep;90(5):F419-F422.

Holberton JR, Drew SM, Mori R, Konig K. The diagnostic value of a single
measurement of superior vena cava flow in the first 24 h of life in very preterm
infants. Eur J Pediatr 2012 Oct;171(10):1489-95.

Miletin J, Dempsey EM. Low superior vena cava flow on day 1 and adverse
outcome in the very low birthweight infant. Arch Dis Child Fetal Neonatal Ed
2008 Sep;93(5):F368-F371.

Osborn D, Paradisis M, Evans N. The effect of inotropes on morbidity and
mortality in preterm infants with low systemic or organ blood flow. Cochrane
Database Syst Rev 2007;1:CD005090.

Paradisis M, Evans N, Kluckow M, Osborn D, McLachlan AJ. Pilot study of
milrinone for low systemic blood flow in very preterm infants. J Pediatr 2006
Mar;148(3):306-13.

Bouissou A, Rakza T, Klosowski S, Tourneux P, Vanderborght M, Storme L.
Hypotension in preterm infants with significant patent ductus arteriosus: effects
of dopamine. J Pediatr 2008 Dec;153(6):790-4.

Katheria AC, Leone TA. Changes in hemodynamics after rescue surfactant
administration. J Perinatol 2013 Jul;33(7):525-8.

De BJ, Rakza T, Pennaforte T, Johansson AB, Storme L. Hemodynamic effects of
fluid restriction in preterm infants with significant patent ductus arteriosus. J
Pediatr 2012 Sep;161(3):404-8.

Meyer MP, Mildenhall L. Delayed cord clamping and blood flow in the superior
vena cava in preterm infants: an observational study. Arch Dis Child Fetal
Neonatal Ed 2012 Nov;97(6):F484-F486.

Bravo MC, Lopes-Ortego P, Sanchez L, Riera J, Cabanas F, Madero R, et al.
Pilot randomisesd, blind placebo-controlled trial of dobutamine for low superior
vena cava flow in low birth weight infants. 2013.

Fugelseth D. Ductus Venosus "Arantii" in the Newborn. The forgotten vessel in
neonatology? An ultrasonographic study. Department of Paediatrics, Ulleval
University Hospital; 2000.

Giliberti P, De LC, Giordano L, Giliberti P. The physiopathology of the patent
ductus arteriosus. J Matern Fetal Neonatal Med 2009;22 Suppl 3:6-9.

Christie A. Normal closing time of the foramen ovale and the ductus arteriosus.
Am J Dis Child 1930;40(2):323-6.

52



(81

(82)

(83)

(84)

(85)

(86)

@87

(8%)

(89)

90)

o1

92)

93)

Arlettaz R, Archer N, Wilkinson AR. Natural history of innocent heart murmurs
in newborn babies: controlled echocardiographic study. Arch Dis Child Fetal
Neonatal Ed 1998 May;78(3):F166-F170.

Mezu-Ndubuisi OJ, Agarwal G, Raghavan A, Pham JT, Ohler KH, Maheshwari
A. Patent ductus arteriosus in premature neonates. Drugs 2012 May 7;72(7):907-
16.

Herrman K, Bose C, Lewis K, Laughon M. Spontaneous closure of the patent
ductus arteriosus in very low birth weight infants following discharge from the
neonatal unit. Arch Dis Child Fetal Neonatal Ed 2009 Jan;94(1):F48-F50.

Jhaveri N, Moon-Grady A, Clyman RI. Early surgical ligation versus a
conservative approach for management of patent ductus arteriosus that fails to
close after indomethacin treatment. J Pediatr 2010 Sep;157(3):381-7, 387.

Noori S, McCoy M, Friedlich P, Bright B, Gottipati V, Seri I, et al. Failure of
ductus arteriosus closure is associated with increased mortality in preterm
infants. Pediatrics 2009 Jan;123(1):e138-e144.

Kluckow M, Evans N. Ductal shunting, high pulmonary blood flow, and
pulmonary hemorrhage. J Pediatr 2000 Jul;137(1):68-72.

Evans N, Kluckow M. Early ductal shunting and intraventricular haemorrhage
in ventilated preterm infants. Arch Dis Child Fetal Neonatal Ed 1996
Nov;75(3):F183-F186.

Zonnenberg 1, de WK. The definition of a haemodynamic significant duct in
randomized controlled trials: a systematic literature review. Acta Paediatr 2012
Mar;101(3):247-51.

Evans N. Functional Echocardiography in the Neonatal Intensive Care Unit.
Hemodynamics and Cardiology. 2nd ed. Philadephia: Elsevier; 2012. p. 95-123.

Sehgal A, McNamara PJ. Does point-of-care functional echocardiography
enhance cardiovascular care in the NICU? J Perinatol 2008 Nov;28(11):729-35.

Mertens L, Seri I, Marek J, Arlettaz R, Barker P, McNamara P, et al. Targeted
neonatal echocardiography in the neonatal intensive care unit: practice
guidelines and recommendations for training: Writing group of the American
Society of Echocardiography (ASE) in collaboration with the European
Association of Echocardiography (EAE) and the Association for European
Pediatric Cardiologists (AEPC). Eur J Echocardiogr 2011 Oct;12(10):715-36.

Kluckow M, Jeffery M, Gill A, Evans N. A randomised placebo-controlled trial of
early treatment of the patent ductus arteriosus. Arch Dis Child Fetal Neonatal
Ed 2013 Dec 6.

Evans N, Gournay V, Cabanas F, Kluckow M, Leone T, Groves A, et al. Point-of-
care ultrasound in the neonatal intensive care unit: international perspectives.
Semin Fetal Neonatal Med 2011 Feb;16(1):61-8.

53



%4

95)

(96)

L)

(98)

99

(100)

(101)

(102)

(103)

(104)

(105)

(106)

(107)

Ayuela Azcarate JM, Clau-Terre F, Vicho PR, Guerrero de MM, Carrillo LA,
Ochagavia A, et al. Consensus document on ultrasound training in Intensive
Care Medicine. Care process, use of the technique and acquisition of professional
skills. Med Intensiva 2013 Dec 3.

Royse CF, Canty DJ, Faris J, Haji DL, Veltman M, Royse A. Core review:
physician-performed ultrasound: the time has come for routine use in acute care
medicine. Anesth Analg 2012 Nov;115(5):1007-28.

Wendt K, Crilly J, May C, Bates K, Saxena R. An outcomes evaluation of an
emergency department early pregnancy assessment service and early pregnancy
assessment protocol. Emerg Med J 2013 Oct 17.

Ku BS, Fields JM, Carr B, Everett WW, Gracias VH, Dean AJ. Clinician-
performed Beside Ultrasound for the Diagnosis of Traumatic Pneumothorax.
West J Emerg Med 2013 Mar;14(2):103-8.

Hannan LM, Steinfort DP, Irving LB, Hew M. Direct ultrasound localisation for
pleural aspiration: Translating evidence into action. Intern Med J 2013 Sep 25.

Hamer PW, Aspinall SR, Malycha PL. Clinician-performed ultrasound in
assessing potentially malignant thyroid nodules. ANZ J Surg 2013 Jul 4.

Kimberly HH, Stone MB. Clinician-performed ultrasonography during the
Boston marathon bombing mass casualty incident. Ann Emerg Med 2013
Aug;62(2):199-200.

Godfrey M, Schimmel MS, Hammerman C, Farber B, Glaser J, Nir A. The
incidence of congenital heart defects in very low birth weight and extremely low
birth weight infants. Isr Med Assoc J 2010 Jan;12(1):36-8.

Brunvand L, Bjernstad PG. Ekkokardiografi av barn. Kolofon Forlag; 2013.

Wittingham TA. The Doppler effect and its applications in echocardiography. In:
Skinner J, Alverson D, Hunter S, editors. Echocardiography for the
Neonatologist. 4th ed. Philadephia: Elsevier; 2004. p. 59-72.

Stoylen A. Strain rate imaging. Myocardial deformation imaging by ultrasound /
echocardiography. Online source. NTNU. Norwegian University of Science and
Technology; 2013.

YOSHIDA T, MORI M, NIMURA Y, HIKITA G, TAKA GS, NAKANISHI K, et
al. Analysis of heart motion with ultrasonic Doppler method and its clinical
application. Am Heart J 1961 Jan;61:61-75.

Sahn DJ, DeMaria A, Kisslo J, Weyman A. Recommendations regarding
quantitation in M-mode echocardiography: results of a survey of
echocardiographic measurements. Circulation 1978 Dec;58(6):1072-83.

McDicken WN, Sutherland GR, Moran CM, Gordon LN. Colour Doppler
velocity imaging of the myocardium. Ultrasound Med Biol 1992;18(6-7):651-4.

54



(108)

(109)

(110)

(111)

(112)

(113)

(114)

(115)

(116)

(117)

(118)

(119)

Miyatake K, Yamagishi M, Tanaka N, Uematsu M, Yamazaki N, Mine Y, et al.
New method for evaluating left ventricular wall motion by color-coded tissue
Doppler imaging: in vitro and in vivo studies. J Am Coll Cardiol 1995 Mar
1;25(3):717-24.

Harada K, Orino T, Yasuoka K, Tamura M, Takada G. Tissue doppler imaging
of left and right ventricles in normal children. Tohoku J Exp Med 2000
May;191(1):21-9.

Kapusta L, Thijssen JM, Cuypers MH, Peer PG, Daniels O. Assessment of
myocardial velocities in healthy children using tissue Doppler imaging.
Ultrasound Med Biol 2000 Feb;26(2):229-37.

Comas M, Crispi F. Assessment of fetal cardiac function using tissue Doppler
techniques. Fetal Diagn Ther 2012;32(1-2):30-8.

Iwashima S, Sekii K, Ishikawa T, Itou H. Serial change in myocardial tissue
Doppler imaging from fetus to neonate. Early Hum Dev 2013 Sep;89(9):687-92.

Sekii K, Ishikawa T, Ogata T, Itoh H, Iwashima S. Fetal myocardial tissue
Doppler indices before birth physiologically change in proportion to body size
adjusted for gestational age in low-risk term pregnancies. Early Hum Dev 2012
Jul;88(7):517-23.

Ekici F, Atalay S, Ozcelik N, Ucar T, Yilmaz E, Tutar E. Myocardial tissue
velocities in neonates. Echocardiography 2007 Jan;24(1):61-7.

Nestaas E, Stoylen A, Brunvand L, Fugelseth D. Tissue Doppler derived
longitudinal strain and strain rate during the first 3 days of life in healthy term
neonates. Pediatr Res 2009 Mar;65(3):357-62.

Mori K, Nakagawa R, Nii M, Edagawa T, Takehara Y, Inoue M, et al. Pulsed
wave Doppler tissue echocardiography assessment of the long axis function of the
right and left ventricles during the early neonatal period. Heart 2004
Feb;90(2):175-80.

Klitsie LM, Roest AA, Haak MC, Blom NA, Ten Harkel AD. Longitudinal
follow-up of ventricular performance in healthy neonates. Early Hum Dev 2013
Dec;89(12):993-7.

Koestenberger M, Raith W. M-Mode and tissue Doppler imaging derived normal
values of left and right ventricular function in healthy infants. Early Hum Dev
2013 May;89(5):331.

Frommelt PC, Ballweg JA, Whitstone BN, Frommelt MA. Usefulness of Doppler
tissue imaging analysis of tricuspid annular motion for determination of right
ventricular function in normal infants and children. Am J Cardiol 2002 Mar
1;89(5):610-3.

55



(120)

(121)

(122)

(123)

(124)

(125)

(126)

(127)

(128)

(129)

(130)

Eidem BW, McMahon CJ, Cohen RR, Wu J, Finkelshteyn I, Kovalchin JP, et al.
Impact of cardiac growth on Doppler tissue imaging velocities: a study in healthy
children. J Am Soc Echocardiogr 2004 Mar;17(3):212-21.

Roberson DA, Cui W, Chen Z, Madronero LF, Cuneo BF. Annular and septal
Doppler tissue imaging in children: normal z-score tables and effects of age,
heart rate, and body surface area. J Am Soc Echocardiogr 2007 Nov;20(11):1276-
84.

Roberson DA, Cui W. Tissue Doppler imaging measurement of left ventricular
systolic function in children: mitral annular displacement index is superior to
peak velocity. J Am Soc Echocardiogr 2009 Apr;22(4):376-82.

Koopman LP, Slorach C, Manlhiot C, McCrindle BW, Friedberg MK, Mertens
L, et al. Myocardial tissue Doppler velocity imaging in children: comparative
study between two ultrasound systems. J Am Soc Echocardiogr 2010
Sep;23(9):929-37.

van der Hulst AE, Delgado V, Ten Harkel AD, Klitsie LM, Filippini LH, Bax JJ,
et al. Tissue Doppler imaging in the left ventricle and right ventricle in healthy
children: normal age-related peak systolic velocities, timings, and time
differences. Eur J Echocardiogr 2011 Dec;12(12):953-60.

Poon CY, Edwards JM, Joshi S, Kotecha S, Fraser AG. Optimization of
myocardial deformation imaging in term and preterm infants. Eur J
Echocardiogr 2011 Mar;12(3):247-54.

Murase M, Morisawa T, Ishida A. Serial Assessment of Left-Ventricular
Function Using Tissue Doppler Imaging in Premature Infants Within 7 Days of
Life. Pediatr Cardiol 2013 Mar 9.

Lee A, Nestaas E, Liestol K, Brunvand L, Lindemann R, Fugelseth D. Tissue
Doppler imaging in very preterm infants during the first 24 h of life: an
observational study. Arch Dis Child Fetal Neonatal Ed 2013 Sep 18.

Parikh R, Negrine RJ, Chikermane A, Rasiah SV, Ewer AK. Assessment of
myocardial function in preterm infants with patent ductus arteriosus using tissue
Doppler imaging. Cardiol Young 2013 Oct 16;1-6.

Eriksen BH, Nestaas E, Hole T, Liestol K, Stoylen A, Fugelseth D. Longitudinal
assessment of atrioventricular annulus excursion by grey-scale m-mode and
colour tissue Doppler imaging in premature infants. Early Hum Dev 2013
Dec;89(12):977-82.

Swaminathan S, Ferrer PL, Wolff GS, Gomez-Marin O, Rusconi PG. Usefulness

of tissue Doppler echocardiography for evaluating ventricular function in
children without heart disease. Am J Cardiol 2003 Mar 1;91(5):570-4.

56



(131)

(132)

(133)

(134)

(135)

(136)

(137)

(138)

(139)

(140)

(141)

(142)

Manouras A, Shala A, Nyktari E, Shahgaldi K, Winter R, Vardas P, et al. Are
measurements of systolic myocardial velocities and displacement with colour and
spectral Tissue Doppler compatible? Cardiovasc Ultrasound 2009;7:29.

van der Hulst AE, Delgado V, Ten Harkel AD, Klitsie LM, Filippini LH, Bax JJ,
et al. Tissue Doppler imaging in the left ventricle and right ventricle in healthy
children: normal age-related peak systolic velocities, timings, and time
differences. Eur J Echocardiogr 2011 Dec;12(12):953-60.

Nestaas E, Stoylen A, Fugelseth D. Optimal types of probe, and tissue Doppler
frame rates, for use during tissue Doppler recording and off-line analysis of
strain and strain rate in neonates at term. Cardiol Young 2008 Oct;18(5):502-11.

Nestaas E, Stoylen A, Brunvand L, Fugelseth D. Longitudinal strain and strain
rate by tissue Doppler are more sensitive indices than fractional shortening for
assessing the reduced myocardial function in asphyxiated neonates. Cardiol
Young 2011 Feb;21(1):1-7.

Lenes K. Ekkokardiografi hos barn. In: Klingenberg C, et al, editors. Generell
veileder i pediatri. 3. edition ed. Norsk barnelegeforening, Den norske
legeforening; 2006.

Hirsimaki H, Kero P, Saraste M, Ekblad H, Korvenranta H, Wanne O. Grading
of left-to-right shunting ductus arteriosus in neonates with bedside pulsed
Doppler ultrasound. Am J Perinatol 1991 Jul;8(4):247-50.

Wei Y, Xu J, Xu T, Fan J, Tao S. Left ventricular systolic function of newborns
with asphyxia evaluated by tissue Doppler imaging. Pediatr Cardiol 2009
Aug;30(6):741-6.

Matter M, Abdel-Hady H, Attia G, Hafez M, Seliem W, Al-Arman M.
Myocardial performance in asphyxiated full-term infants assessed by Doppler
tissue imaging. Pediatr Cardiol 2010 Jul;31(5):634-42.

Abdel-Hady HE, Matter MK, ElI-Arman MM. Myocardial dysfunction in
neonatal sepsis: a tissue Doppler imaging study. Pediatr Crit Care Med 2012
May;13(3):318-23.

Fugelseth D, Ramstad HB, Kvehaugen AS, Nestaas E, Stoylen A, Staff AC.
Myocardial function in offspring 5-8years after pregnancy complicated by
preeclampsia. Early Hum Dev 2011 Aug;87(8):531-5.

Bland JM, Altman DG. Statistical methods for assessing agreement between two
methods of clinical measurement. Lancet 1986 Feb 8;1(8476):307-10.

Kupferschmid C, Lang D, Pohlandt F. Sensitivity, specificity and predictive value
of clinical findings, m-mode echocardiography and continuous-wave Doppler
sonography in the diagnosis of symptomatic patent ductus arteriosus in preterm
infants. Eur J Pediatr 1988 Apr;147(3):279-82.

57



(143)

(144)

(145)

(146)

(147)

(148)

(149)

(150)

(151)

(152)

(153)

(154)

Kluckow M, Seri I. Clinical presentations of neonatal shock: the VLBW
infant during the first postnatal day. In: Kleinman CS, Seri I, editors.
Neonatology. Questions and Controversies: Hemodynamics and
Cardiology. 2nd ed. Saunders/Elsevier Co: 2012. p. 237-67.

Ficial B, Finnemore AE, Cox DJ, Broadhouse KM, Price AN, Durighel G, et al.
Validation Study of the Accuracy of Echocardiographic Measurements of
Systemic Blood Flow Volume in Newborn Infants. J Am Soc Echocardiogr 2013
Sep 25.

Kiserud T, Saito T, Ozaki T, Rasmussen S, Hanson MA. Validation of diameter
measurements by ultrasound: intraobserver and interobserver variations
assessed in vitro and in fetal sheep. Ultrasound Obstet Gynecol 1999
Jan;13(1):52-7.

Harabor A, Fruitman D. Comparison between a suprasternal or high parasternal
approach and an abdominal approach for measuring superior vena cava Doppler
velocity in neonates. J Ultrasound Med 2012 Dec;31(12):1901-7.

Joshi S, Edwards JM, Wilson DG, Wong JK, Kotecha S, Fraser AG.
Reproducibility of myocardial velocity and deformation imaging in term and
preterm infants. Eur J Echocardiogr 2010 Jan;11(1):44-50.

Chetboul V, Athanassiadis N, Carlos C, Nicolle A, Zilberstein L, Pouchelon JL, et
al. Assessment of repeatability, reproducibility, and effect of anesthesia on
determination of radial and longitudinal left ventricular velocities via tissue
Doppler imaging in dogs. Am J Vet Res 2004 Jul;65(7):909-15.

Eriksen BH, Nestaas E, Hole T, et al. Myocardial function in premature infants:
a longitudinal observational study. BMJ open
2013;3:€002441.d0i.10.1136/bmjopen-2012-002441.

Reed AL, Tanaka A, Sorescu D, Liu H, Jeong EM, Sturdy M, et al. Diastolic
dysfunction is associated with cardiac fibrosis in the senescence-accelerated
mouse. Am J Physiol Heart Circ Physiol 2011 Sep;301(3):H824-H831.

Patel N, Mills JF, Cheung MM. Assessment of right ventricular function using
tissue Doppler imaging in infants with pulmonary hypertension. Neonatology
2009;96(3):193-9.

Mandysova E, Mraz T, Taborsky M, Niederle P. Reproducibility of tissue
Doppler parameters of asynchrony in patients with advanced LV dysfunction.

Eur J Echocardiogr 2008 Jul;9(4):509-15.

Evans N. Diagnosis of patent ductus arteriosus in the preterm newborn. Arch Dis
Child 1993 Jan;68(1 Spec No):58-61.

Evans N. Current controversies in the diagnosis and treatment of patent ductus
arteriosus in preterm infants. Adv Neonatal Care 2003 Aug;3(4):168-77.

58



(155)

(156)

(157)

(158)

(159)

(160)

(161)

(162)

(163)

(164)

(165)

(166)

(167)

Condo M, Evans N, Bellu R, Kluckow M. Echocardiographic assessment of
ductal significance: retrospective comparison of two methods. Arch Dis Child
Fetal Neonatal Ed 2011 May 5.

Clyman RI, Noori S. The very low birth weight neonate with hemodynamically
significant ductus arteriosus during the first postnatal week. In: Kleinman CS,
Seri I, editors. Hemodynamics and Cardiology. Neonatology questions and
controversies. 2nd ed. Philadelphia: Elsevier Saunders; 2012. p. 269-92.

Kluckow M, Evans N. Early echocardiographic prediction of symptomatic patent
ductus arteriosus in preterm infants undergoing mechanical ventilation. J
Pediatr 1995 Nov;127(5):774-9.

Su BN, Watanabe T, Shimizu M, Yanagisawa M. Echocardiographic assessment
of patent ductus arteriosus shunt flow pattern in premature infants. Arch Dis
Child Fetal Neonatal Ed 1977;77:36-40.

Iyer P, Evans N. Re-evaluation of the left atrial to aortic root ratio as a marker of
patent ductus arteriosus. Arch Dis Child Fetal Neonatal Ed 1994
Mar;70(2):F112-F117.

Groves AM, Kuschel CA, Knight DB, Skinner JR. Does retrograde diastolic flow
in the descending aorta signify impaired systemic perfusion in preterm infants?
Pediatr Res 2008 Jan;63(1):89-94.

El-Khuffash A, Higgins M, Walsh K, Molloy EJ. Quantitative assessment of the
degree of ductal steal using celiac artery blood flow to left ventricular output
ratio in preterm infants. Neonatology 2008;93(3):206-12.

Freeman-Ladd M, Cohen JB, Carver JD, Huhta JC. The hemodynamic effects of
neonatal patent ductus arteriosus shunting on superior mesenteric artery blood
flow. J Perinatol 2005 Jul;25(7):459-62.

Khositseth A, Muangyod N, Nuntnarumit P. Perfusion index as a diagnostic tool
for patent ductus arteriosus in preterm infants. Neonatology 2013;104(4):250-4.

Harada K, Shiota T, Takahashi Y, Tamura M, Takada G. Changes in the volume
and performance of the left ventricle in the early neonatal period. Early Hum
Dev 1994 Nov 18;39(3):201-9.

Hirsimaki H, Kero P, Wanne O, Erkkola R, Makoi Z. Doppler-derived cardiac
output in healthy newborn infants in relation to physiological patency of the
ductus arteriosus. Pediatr Cardiol 1988;9(2):79-83.

Winberg P, Jansson M, Marions L, Lundell BP. Left ventricular output during
postnatal circulatory adaptation in healthy infants born at full term. Arch Dis
Child 1989 Oct;64(10 Spec No):1374-8.

Agata Y, Hiraishi S, Oguchi K, Misawa H, Horiguchi Y, Fujino N, et al. Changes
in left ventricular output from fetal to early neonatal life. J Pediatr 1991
Sep;119(3):441-5.

59



(168)

(169)

(170)

a171)

172)

(173)

(174)

(175)

(176)

177

(178)

(179)

He SR, Zhang C, Liu YM, Sun YX, Zhuang J, Chen JM, et al. Accuracy of the
ultrasonic cardiac output monitor in healthy term neonates during postnatal
circulatory adaptation. Chin Med J (Engl ) 2011 Aug;124(15):2284-9.

Murase M, Ishida A, Momota T. Serial pulsed Doppler assessment of early left
ventricular output in critically ill very low-birth-weight infants. Pediatr Cardiol
2002 Jul;23(4):442-8.

Sirc J, Dempsey EM, Miletin J. Cerebral tissue oxygenation index, cardiac
output and superior vena cava flow in infants with birth weight less than 1250
grams in the first 48 hours of life. Early Hum Dev 2013 Jul;89(7):449-52.

Sommers R, Stonestreet BS, Oh W, Laptook A, Yanowitz TD, Raker C, et al.
Hemodynamic effects of delayed cord clamping in premature infants. Pediatrics
2012 Mar;129(3):e667-e672.

Shah D, Paradisis M, Bowen JR. Relationship between systemic blood flow, blood
pressure, inotropes, and aEEG in the first 48 h of life in extremely preterm
infants. Pediatr Res 2013 Sep;74(3):314-20.

Sehgal A, Menahem S. Interparametric correlation between echocardiographic
markers in preterm infants with patent ductus arteriosus. Pediatr Cardiol 2013
Jun;34(5):1212-7.

Weidemann F, Jamal F, Sutherland GR, Claus P, Kowalski M, Hatle L, et al.
Myocardial function defined by strain rate and strain during alterations in
inotropic states and heart rate. Am J Physiol Heart Circ Physiol 2002
Aug;283(2):H792-H799.

Ferferieva V, Van den Bergh A, Claus P, Jasaityte R, Veulemans P, Pellens M, et
al. The relative value of strain and strain rate for defining intrinsic myocardial
function. Am J Physiol Heart Circ Physiol 2012 Jan 1;302(1):H188-H195.

Nii M, Roman KS, Kingdom J, Redington AN, Jaeggi ET. Assessment of the
evolution of normal fetal diastolic function during mid and late gestation by
spectral Doppler tissue echocardiography. J Am Soc Echocardiogr 2006
Dec;19(12):1431-7.

Rudolph AM. The changes in the circulation after birth. Their importance in
congenital heart disease. Circulation 1970 Feb;41(2):343-59.

Kirkpatrick SE, Pitlick PT, Naliboff J, Friedman WF. Frank-Starling
relationship as an important determinant of fetal cardiac output. Am J Physiol
1976 Aug;231(2):495-500.

Eiby YA, Lumbers ER, Headrick JP, Lingwood BE. Left ventricular output and
aortic blood flow in response to changes in preload and afterload in the preterm
piglet heart. Am J Physiol Regul Integr Comp Physiol 2012 Oct 1;303(7):R769-
R777.

60



(180)

(181)

(182)

(183)

(184)

(185)

(186)

(187)

(188)

(189)

(190)

(191)

(192)

(193)

Wiladimiroff JW, Vosters R, McGhie JS. Normal cardiac ventricular geometry
and function during the last trimester of pregnancy and early neonatal period. Br
J Obstet Gynaecol 1982 Oct;89(10):839-44.

Habib DM, Padbury JF, Martinez AM, Chappell BA, Thio SL, Burnell EE.
Neonatal adaptation: cardiac adrenergic effector mechanisms after birth in
newborn sheep. Pediatr Res 1991 Jan;29(1):98-103.

Padbury J, Agata Y, Ludlow J, Ikegami M, Baylen B, Humme J. Effect of fetal
adrenalectomy on catecholamine release and physiologic adaptation at birth in
sheep. J Clin Invest 1987 Oct;80(4):1096-103.

Mehandru PL, Assel BG, Nuamah IF, Fanaroff AA, Kalhan SC. Catecholamine
response at birth in preterm newborns. Biol Neonate 1993;64(2-3):82-8.

Takahashi Y, Harada K, Ishida A, Tamura M, Takada G. Left ventricular
preload reserve in preterm infants with patent ductus arteriosus. Arch Dis Child
1994 Sep;71(2):F118-F121.

Lindner W, Seidel M, Versmold HT, Dohlemann C, Riegel KP. Stroke volume
and left ventricular output in preterm infants with patent ductus arteriosus.
Pediatr Res 1990 Mar;27(3):278-81.

Friedman WF, Kirkpatrick SE. In situ physiological study of the developing
heart. Recent Adv Stud Cardiac Struct Metab 1975;5:497-504.

Hammon JW, Jr. Myocardial protection in the immature heart. Ann Thorac
Surg 1995 Sep;60(3):839-42.

Baum VC, Palmisano BW. The immature heart and anesthesia. Anesthesiology
1997 Dec;87(6):1529-48.

Rog-Zielinska EA, Richardson RV, Denvir M, Chapman K. Glucocorticoids and
foetal heart maturation; implications for prematurity and foetal programming. J
Mol Endocrinol 2013 Dec 3.

Kishkurno S, Takahashi Y, Harada K, Ishida A, Tamura M, Takada G.
Postnatal changes in left ventricular volume and contractility in healthy term
infants. Pediatr Cardiol 1997 Mar;18(2):91-5.

Lee LA, Kimball TR, Daniels SR, Khoury P, Meyer RA. Left ventricular
mechanics in the preterm infant and their effect on the measurement of cardiac
performance. J Pediatr 1992 Jan;120(1):114-9.

Negrine RJ, Chikermane A, Wright JG, Ewer AK. Assessment of myocardial
function in neonates using tissue Doppler imaging. Arch Dis Child Fetal Neonatal
Ed 2010 Oct 30.

Gardiner HM, Pasquini L, Wolfenden J, Barlow A, Li W, Kulinskaya E, et al.
Myocardial tissue Doppler and long axis function in the fetal heart. Int J Cardiol
2006 Oct 26;113(1):39-47.

61



(194)

(195)

(196)

(197)

(198)

(199)

(200)

(201)

(202)

(203)

(204)

(205)

Haddad F, Hunt SA, Rosenthal DN, Murphy DJ. Right ventricular function in
cardiovascular disease, part I: Anatomy, physiology, aging, and functional
assessment of the right ventricle. Circulation 2008 Mar 18;117(11):1436-48.

Damiano RJ, Jr., La FP, Jr., Cox JL, Lowe JE, Santamore WP. Significant left
ventricular contribution to right ventricular systolic function. Am J Physiol 1991
Nov;261(5 Pt 2):H1514-H1524.

Osborn DA, Evans N, Kluckow M. Left ventricular contractility in extremely
premature infants in the first day and response to inotropes. Pediatr Res 2007
Mar;61(3):335-40.

Evans N, Moorcraft J. Effect of patency of the ductus arteriosus on blood
pressure in very preterm infants. Arch Dis Child 1992 Oct;67(10 Spec No):1169-
73.

Evans N, Iyer P. Change in blood pressure after treatment of patent ductus
arteriosus with indomethacin. Arch Dis Child 1993 May;68(5 Spec No):584-7.

Sarkar S, Dechert R, Schumacher RE, Donn SM. Is refractory hypotension in
preterm infants a manifestation of early ductal shunting? J Perinatol 2007
Jun;27(6):353-8.

de Waal KA, Evans N, Osborn DA, Kluckow M. Cardiorespiratory effects of
changes in end expiratory pressure in ventilated newborns. Arch Dis Child Fetal
Neonatal Ed 2007 Nov;92(6):F444-F448.

Kuzo RS, Pooley RA, Crook JE, Heckman MG, Gerber TC. Measurement of
caval blood flow with MRI during respiratory maneuvers: implications for
vascular contrast opacification on pulmonary CT angiographic studies. AJR Am
J Roentgenol 2007 Mar;188(3):839-42.

Nyberg MK, Johnsen SL, Rasmussen S, Kiserud T. Blood flow in the foetal
superior vena cava and the effect of foetal breathing movements. Early Hum Dev
2012 Mar;88(3):165-70.

SANDERS JM. Bilateral superior vena cavae. Anat Rec 1946 Apr;94:657-62.

Ingul CB, Tjonna AE, Stolen TO, Stoylen A, Wisloff U. Impaired cardiac
function among obese adolescents: effect of aerobic interval training. Arch
Pediatr Adolesc Med 2010 Sep;164(9):852-9.

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 Feb;154(2):189-95.

62



11 Errata

Page 22: in the methods section, the following flow chart should be added to show patient

inclusion for study II and III:

Total number of infants with GA < 32 weeks bom at study
institution between April 2005 and October 2007 (n=282)

Excluded {n= 198)
Echocardiographer not available

¥

Eligible infants (n= 84)

!

v

Parental informed, written consent (n=65) Parental consent lacking (n=19)

k.

Infants included for final analysis (n=39)
+ Excluded from analysis (n=26)

Age at first exam (5)

Missing image SWC (2)

Missing image TDI {5)

Missing image PDA (1)
MTproBNP missing (10)

Hib <9 gfdL (1)

VSD (2)

- o W R W
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Page 32: on feasibility: “We cannot really explain why the degree of feasibility differed
between study I and II...” should be “study Il and III...

Page 41: last paragraph: “There was a strong correlation between MABP and SVC flow ...”

should be “There was a moderate correlation...”

Page 42, picture text: “From Wikimedia Commons” should be “Courtesy of Chris Sternal-

Johnson”

In paper II, we reported that cTDI images of adequate quality were obtained in 52, 32 and
35% of infants at 5, 12 and 24 h, respectively. This is not correct, as these percentages were
calculated on the basis of the eligible population (65 infants). However, as 15 infants were
excluded for various reasons, the percentages should be 68, 42 and 46% at 5, 12 and 24 h,

respectively.
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