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Abstract
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Patent ductus arteriosus (PDA) is common in infants born <28 weeks gestational age (GA)
and associated with significant morbidity. Despite extensive research efforts, the indications
for PDA treatment remain controversial. The aims of these studies were to gain knowledge of
factors affecting ductal closure during the early postnatal period and provide better means for
identification of preterm infants that may benefit from PDA treatment.
In Paper I, infants born <28 weeks GA and pharmacologically treated for PDA were
retrospectively identified and their echocardiographic examinations were reviewed. Twentynine (52%) infants successfully closed and 27 (48%) infants failed to close PDA during
treatment. High maximal ductal flow velocity (Vmax) was independently associated with
closure (OR 3.04, p=0.049).
Paper II prospectively included infants born <28 weeks GA and assessed early respiratory,
circulatory and echocardiographic parameters. PDA was persistent in 18 (30%) and ultimately
closed or insignificant in 42 (70%) infants. Echocardiographic criteria for hemodynamically
significant PDA on days 2-7 did not predict persistent PDA (p=1.000). Mechanical ventilation
(p=0.025), high mean airway pressure (p=0.020) and low Vmax (p=0.024) during day two were
associated with future persistent PDA.
Blood samples were obtained during the second day of life from 47 of the infants in Paper
II and serum markers previously associated with PDA or factors affecting PDA were analyzed
for Paper III. Inflammatory markers and erythropoietin (EPO) were elevated in infants with
future persistent PDA. EPO levels were also higher in infants that did not close PDA during
pharmacological treatment.
In Paper IV, 44 infants born <28 weeks GA with surgically ligated PDA were retrospectively
compared to non-surgically treated controls. Ligated infants had larger ductal diameter prior
to, and lack of diameter decrease after pharmacological treatment for PDA (p=0.048 and
p=0.022 respectively), and higher incidence of severe bronchopulmonary dysplasia (p=0.025).
Longer periods with invasive ventilation was independently associated with ligation (OR 1.04,
p=0.018).
In conclusion, early hsPDA do not predict persistence of ductus arteriosus in extremely
preterm infants, but Vmax and EPO are promising early markers for prediction of persistence
and should be subjects of future studies.
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Introduction

The ductus arteriosus is a blood vessel that exists during fetal development. It
connects the main pulmonary artery to the aorta and together with the foramen
ovale serves to allow blood to bypass the pulmonary circulation. In healthy,
full term infants, the ductus arteriosus usually closes within 48-72 hours of
birth, but in preterm infants it frequently remains open beyond the first days
of life. Incidence of patent ductus arteriosus (PDA) is inversely related to gestational age (GA), affecting only 0.05% of term infants, but 70% of infants
born in 22-27 weeks GA (Clyman, 2018; Schneider and Moore, 2006).
Thanks to improvements in neonatal care, survival rates for extremely premature infants have increased during the last decades, leading to a higher prevalence of PDA (Backes et al., 2019; Domellöf and Jonsson, 2018; Ishii et al.,
2013). A PDA with left to right shunting can cause volume overload on the
pulmonary circulation, systemic hypoperfusion, put strain on the heart and is
associated with a number of severe complications.
PDA is routinely diagnosed by echocardiography and can be closed either by
pharmacological treatment or surgical intervention. Over time, strategies for
treatment have ranged from early prophylactic treatment to late treatment only
of symptomatic infants with large shunts. However, despite extensive research
efforts during the last decades, it has not been possible to demonstrate a definitive reduction in long term morbidity or mortality after treatment of PDA.
Early and precise identification of infants at risk of developing significant
ductal shunting and associated complications would prevent unnecessary and
perilous treatment for infants that do not benefit from it and at the same time
avoid prolonged exposure to PDA shunting for infants that require intervention.
The aims of these studies have been to gain better knowledge of factors affecting ductal closure during the early postnatal period and provide better
means for early identification of preterm infants that may benefit from treatment of PDA.
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The fetal circulation
The cardiovascular system is the first organ system that starts forming in the
embryo. It is extensively remodeled throughout fetal life, but by the end of the
fifth month most of the cardiovascular development is complete (Stock and
Vacanti, 2001). The fetus is dependent on the placental circulation to obtain
oxygen and nutrition via the fetal-maternal blood exchange. Oxygenated
blood flows via the umbilical vein and the majority passes via the main portal
circulation, while a minor portion goes via the ductus venosus directly to the
inferior vena cava just before it enters the right atrium.
Most of the flow from the ductus venosus is shunted from the right atrium
through the foramen ovale to the left atrium, via the left ventricle and, together
with a small portion of venous return from the pulmonary circulation, ultimately supplying the upper body including the brain with oxygenated blood
(Kiserud, 2005). A part of the blood from the portal circulation and the venous
return from the superior and inferior vena cava is passed from the right atrium
to the right ventricle and the main pulmonary artery.
Only a small fraction of the blood entering the pulmonary artery flows through
the pulmonary vascular bed, whereas the majority is shunted through the
ductus arteriosus (Figure 1) to the descending aorta (Hamrick and Hansmann,
2010). Around half of the total cardiac output passes the ductus arteriosus
from the high resistance pulmonary vascular bed to the low resistance systemic circulation made possible by the attachment to placental circulation
(Gournay, 2011; Prsa et al., 2014). Blood is then returned to the placenta via
the internal iliac arteries and the umbilical arteries.
The high pulmonary vascular resistance in the fluid filled fetal lungs causes
an elevated vascular pressure within the ductal lumen which directly opposes
ductal constriction. The low oxygen tension in the blood also facilitates ductal
patency and a range of biochemical factors promotes ductal persistence
throughout fetal life.
The fetal ductus intrinsically produces a number of vasodilators, with prostaglandin E2 (PGE2) appearing to be the most important for maintaining ductal
patency (Clyman, 2006; Wyllie, 2003). Besides the local production, circulating levels of PGE2 and prostaglandin I2 are high due to placental production
and inability of the fetal lungs to clear prostaglandins (Schneider and Moore,
2006).
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Figure 1. The fetal heart.
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The hemodynamic transition after birth
The aeration of the lungs together with the negative pressure caused by the
first breaths of the newborn infant instigates transposition of fluid from the
alveolar space and consequently a rapid decrease in the pulmonary vascular
resistance (Gao and Raj, 2010). During the first days of life there is then a
continued reduction in resistance (Rudolph et al., 1961).
Coinciding with the initial drop in the pulmonary vascular resistance is a
prompt rise in the systemic vascular resistance due to the removal of the low
resistance placental vascular bed from the systemic circulation. The shift in
the ratio between the pulmonary and systemic vascular resistances causes a
change in the direction of the flow in the ductus arteriosus from exclusively
right to left, to a transient bidirectional shunt and thereafter a complete reversal to left to right flow within the first 24 hours of life (Deshpande et al., 2018;
El-Khuffash and McNamara, 2017).
This rapid inflow of blood into the pulmonary vascular bed and the increased
oxygen tension induces production of several vasodilatory mediators such as
nitric oxide, bradykinin and prostacyclin in the pulmonary arterial endothelium. It also inhibits production of vasoconstrictors such as thromboxane, endothelin and leukotrienes (Haworth, 2006).
The rise in pulmonary blood flow increases the left atrial pressure which, together with the decreased venous return in the inferior vena cava and subsequent drop in right atrial pressure results in displacement of the flap of the
foramen ovale and closure of the atrial shunt. The significant increase in left
ventricle preload also results in improved stroke volume and an increase in
the total cardiac output (Agata et al., 1991; Jain et al., 2018).

Closure of the ductus arteriosus in term infants
Functional closure
Several of the changes in the immediate hemodynamic transition after birth
serves to promote constriction of the ductus arteriosus. The decrease in pulmonary vascular resistance results in a decrease in blood pressure within the
ductal lumen, thereby diminishing the mechanical resistance to constriction.
Furthermore the increase in arterial oxygen tension induces smooth muscle
constriction, likely through a cytochrome P 450 hemoprotein which acts as
receptor in the muscle cells associated with increased intracellular calcium
and formation of the vasoconstrictor endothelin (Baragatti et al., 2011;
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Coceani et al., 1994, 1989). After loss of the placental prostaglandin production, the levels of circulating PGE2 start to decrease. PGE2 is also removed in
the lung, further accelerating this reduction. Additionally, there is a decrease
in the number of PGE2 receptors in the ductal wall, reducing the ductus ability
to respond to the vasodilatory effect of the prostaglandins (Abrams et al.,
1995; Bouayad et al., 2001; Clyman, 2006; Clyman et al., 1983). The constriction results in shortening and thickening of the ductus and subsequently a
functional closure of the vessel.

Anatomical closure
After the functional closure of the ductus arteriosus, a range of factors allow
for the ductus to permanently occlude. With higher GA the ductal wall gets
thicker, requiring intramural vasa vasorum to meet its need for oxygen and
nutrition. The constriction of the ductus causes obliteration of these vasa vasorum and consequently loss of oxygen supply to the outer muscle media. The
following hypoxia inhibits production of PGE2 and nitric oxide, induces production of transforming growth factor β and vascular endothelial growth factor and induces apoptosis of smooth muscle cells (Clyman et al., 1999).
Due to migration of smooth muscle cells from the muscle media into the intima and proliferation of the luminal endothelial cells, the intima progressively thickens, and forms so called intimal cushions that occlude the constricted ductal lumen. The definitive anatomic remodeling from the ductus
arteriosus to the ligamentum arteriosum takes place within the first few
months in full term infants (Evans, 2011).

PDA in preterm infants
A range of different factors could contribute to the ductus arteriosus failing to
constrict and close. The most important factor is prematurity. Primarily, the
ductus is less likely to constrict in the newborn preterm infant compared to
the full-term infant. This is mainly due to an increased sensitivity to PGE2
(Clyman et al., 1998). Additionally, the inherent immaturity of the thinner
preterm ductal wall does not rely on vasa vasorum to provide oxygen. Thus,
it requires a greater degree of constriction to establish profound hypoxia and
the subsequent anatomic remodeling (Clyman, 2006).
If the preterm ductus constricts but do not develop a sufficient degree of hypoxia to induce anatomic remodeling, it will be vulnerable to adverse signals
and could reopen, for example during infections. Besides the intrinsic ductal
factors; respiratory distress, exposure to antenatal indomethacin and lack of
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antenatal glucocorticoids are all independent risk factors for PDA (Madan et
al., 2008; Morales et al., 1989; Waffarn, 1983).
Left to right ductal shunting cause increased pulmonary blood flow and systemic hypoperfusion and is, although causative relationships have not been
established, associated with complications such as bronchopulmonary dysplasia (BPD), intraventricular hemorrhage (IVH), necrotizing enterocolitis
(NEC) and compromised renal function (Dollberg et al., 2005; Dudell and
Gersony, 1984; Evans and Kluckow, 1996).

Hemodynamical significance of PDA
Additional to confirming that the ductus is still open, the diagnostics of PDA
are mainly focused on assessing the ductal flow volume and the hemodynamic
consequences of the shunt. A PDA is often labeled as hemodynamically significant if there are signs indicating substantial hemodynamic effects of the
ductal flow. Clinical symptoms of a hemodynamically significant PDA
(hsPDA) are generally not reliable in the early postnatal period and the diagnosis of hsPDA is therefore routinely based on echocardiographic findings
(Perez and Laughon, 2015; Thankavel et al., 2013). Usually a combination of
ductal characteristics, signs of pulmonary overcirculation and/or signs of systemic hypoperfusion are used as criteria for the diagnosis (van Laere et al.,
2018).
The definition of hsPDA does however vary widely between studies, and
while some parameters can aid to identify infants that will likely have symptoms from PDA, there is limited knowledge of the dynamics of different measurements during the postnatal transitional period (Evans, 2015; Heuchan and
Clyman, 2014; Zonnenberg and de Waal, 2012). Additionally, the criteria for
the most preterm infants are unclear as few studies of hsPDA include larger
cohorts of extremely preterm infants i.e. infants born before 28 weeks GA.
To adequately target infants that may benefit from treatment and initiate interventions in time, there is need not only for more precise appreciation of the
ductal flow volume, but also to foresee the probability of treatment success,
as a large part of the most preterm infants may not respond to pharmacological
treatment. Implications for treatment from studies of infants with higher gestational ages may thus not be readily transferred to extremely preterm infants
(Benitz, 2016; Evans, 2015).
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Clinical signs of PDA
Examination findings
Clinical examination findings have historically been used to diagnose PDA
and are still relevant in case of limited availably of timely echocardiographic
examinations.
In infants with higher GA, the turbulence from a continuous left to right ductal
flow in the PDA causes a holosystolic murmur often described as a ‘machinery murmur’. Due to a higher pulmonary pressure, the diastolic component is
frequently missing during the early postnatal period in preterm infants. The
left to right outflow can also result in decreased systemic blood pressure and
a compensatory higher pulse pressure with findings of a hyperdynamic precordium and marked femoral pulses (Evans and Moorcraft, 1992; Katheria et
al., 2018). These classical examination findings are however non-specific in
the early postnatal period (Davis, 1995; Skelton et al., 1994).

Symptoms
The symptoms of PDA are equally unspecific as many associated complications can stem from a wide range of different causes. Early symptoms include
bradycardia, increased oxygen requirements and need for ventilatory support
and pulmonary complications such as pulmonary hemorrhagic edema and
eventually pulmonary hemorrhage (Kluckow and Evans, 2001, 2000). Later
symptoms include additional signs of cardiac failure with tachycardia, progressive respiratory problems with desaturations, and poor feeding and
growth (Gournay, 2011).

Echocardiographic assessment of PDA
The current golden standard method for evaluating the ductus arteriosus is by
echocardiography. Doppler echocardiography enables direct visualization of
the ductus and color Doppler allows assessment of any ductal flow, together
offering reliable determination of ductal patency. Pulsed Doppler can give additional information on ductal flow patterns and flow velocity, as well as on
flow characteristics of pre- and post-ductal vessels. Echocardiographic signs
have been shown to precede clinical recognition of PDA by 1.8 days (Skelton
et al., 1994).
However, precise estimation of ductal shunt volume is more complex, partly
because the postnatal circulatory transition is a dynamic process with other
15

morbidities, e.g. infections, and therapies, e.g. ventilatory support, affecting
ductal flow. Beside the actual shunt volume, there is a need to assess the impact of PDA flow on the pulmonary and systemic circulation and subsequent
effects on the heart and other organs.
The ultimate objective of examining the PDA is to optimize the ability to decide on the best treatment strategy for the individual infant. This involves not
only interpreting the ductal characteristics and the consequences of ductal
flow at the time of the echocardiographic examination, but also to prognosticate the chances of spontaneous ductal closure and the response to pharmacological treatment, as well as to assess the risks for major complications from
prolonged patency of the duct. Below is presented a range of different echocardiographic parameters and combinations of variables that have been proposed to improve the echocardiographic evaluation of PDA.

Ductal characteristics
Ductal diameter
The diameter of the vessel is one of the most common measurements used to
characterize a ductus arteriosus (Evans and Iyer, 1995). It has also frequently
been utilized as a surrogate marker for the hemodynamic significance of a
PDA. The diameter is measured at the narrowest part of the ductus during
systole using 2-dimensional or color Doppler imaging and can be expressed
either as its absolute value (in mm) or indexed to the diameter of the left pulmonary artery (as ratio) or the patient weight (in mm per kg) (El Hajjar, 2005;
Havranek et al., 2015; Ramos et al., 2010).
A PDA with a diameter of less than 1.5 mm is commonly considered restrictive (Evans and Iyer, 1995; Iyer and Evans, 1994). Such a PDA is usually
denoted as small, while a PDA with a diameter between 1.5 and 3.0 mm is
considered moderate and one with a diameter of more than 3.0 mm is considered large (Arlettaz, 2017). A large ductal diameter on the third day is associated with a composite of death and severe morbidity, as well as with subsequent treatment of PDA (Sellmer et al., 2013; Tschuppert et al., 2008). However, the diameter have weak correlations to other echocardiographic markers
of shunt volume and an absolute cut-off to represent hemodynamic significance is unreliable due to the variability of the ductus and the measurement
variability between observers (de Freitas Martins et al., 2018; Jain and Shah,
2015).
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Ductal flow velocity
The velocity of the ductal flow is measured with continuous or pulsed Doppler
directly in line with the ductal flow and assessed as maximal (systolic) and
minimal (diastolic) flow velocity.
Low maximal flow velocity (Vmax) at echocardiography within 48 hours of
birth is associated with a large PDA at one month of age in infants born before
32 weeks GA (Smith et al., 2015). Pre-treatment low ductal Vmax on the third
day of life is associated with still patent ductus within 24 hours of pharmacological treatment failure in infants born at 26-32 weeks GA (Van Overmeire
et al., 2001). Vmax at the end of the first cycle of ibuprofen treatment also
discriminate between responders and non-responders to additional doses in
infants born before 28 weeks GA (Pees et al., 2010).
Ductal flow pattern
Four different ductal flow patterns (Figure 2) have been described by Su et al.
(1997).

Figure 2. Ductal flow patterns

1. Pulmonary hypertension pattern: bi-directional flow profile with a predominant right to left shunt
2. Growing pattern: bi-directional flow profile with a predominant left to
right shunt
3. Pulsatile pattern: left to right shunt with a pulsatile profile of peak flow
velocity of about 1.5 m/second
4. Closing pattern: left to right shunt, with a characteristic continuous profile
of peak flow velocity of about 2 m/second.
In infants born at 23-32 weeks GA, ductal diameter and flow patterns are significantly associated as the diameter decreases until closure (Condò et al.,
2012). A closing pattern during the first four days of life indicate that the infant is not at risk of developing clinically significant PDA, but flow patterns
during the first three days are not associated with subsequent need for pharmacological or surgical treatment (Pereira et al., 2018).
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Pulmonary overcirculation
Left atrium to aortic root ratio
The left atrium to aortic root ratio (LA/Ao) was the first echocardiographic
marker for ductal patency and is still one of the most commonly used indices
(Iyer and Evans, 1994). The PDA affects the LA/Ao since left to right ductal
shunting increases the volume load on the left side of the heart, dilating the
left atrium, while the aortic root will be comparatively unaffected by the volume load. A LA/Ao equal to or more than 1.5 is a sign of severe left heart
pressure loading and a large volume PDA shunt (Heuchan and Clyman, 2014;
McNamara and Sehgal, 2007). However, the parameter is not specific to PDA
and can reflect mitral valve or left ventricular dysfunction as well as other
reasons for volume overload. In face of a large PDA flow it can also be decreased by flow across the patent foramen ovale (Shepherd and Noori, 2018).
Left pulmonary artery diastolic flow velocity
The increased pulmonary blood flow caused by left to right ductal flow can
be assessed by measuring the left pulmonary artery (LPA) diastolic flow. A
flow velocity of more than 0.2 m/s is commonly used as a marker of an increased pulmonary flow due to PDA (El Hajjar, 2005; Shepherd and Noori,
2018).
Left ventricle output
The left ventricular output (LVO) is the sum of the systemic blood flow and
the shunt flow across the PDA (van Laere et al., 2018). It is calculated as the
product of the second power of the left ventricular outflow tract divided by
two, π, the velocity time integral and the heart rate. An output of more than
300 ml/kg/min is associated with clinical symptoms of PDA (Walther et al.,
1989).
The cardiac output is very dynamic during the first days of life and the LVO
can also be affected by the flow through the foramen ovale. Furthermore, a
low LVO can be a sign of a failing myocardium unable to compensate for the
increased demand (Shepherd and Noori, 2018). The ratio of LVO and superior
vena cava flow has been suggested as an alternative marker for ductal flow,
but is difficult to measure and less accurate than conventional markers (van
Laere et al., 2018).

Systemic hypoperfusion
Flow in aorta and peripheral arteries
The magnitude of the systemic hypoperfusion caused by the ductal shunt can
be assessed by examining the flow direction in diastole in the descending
aorta, as well as in the anterior cerebral and the superior mesenteric arteries.
18

Flow reversal in the descending aorta is a sign of significant compromise of
the systemic circulation, i.e. a ductal steal phenomenon (Jain and Shah, 2015).
Low cerebral, splanchnic or renal blood flow is also indicative of a large PDA
shunt (Perlman et al., 1981; Shimada et al., 1994; Weir et al., 1999).

Biochemical markers for PDA
Beside clinical signs and echocardiographic parameters, a number of biochemical markers have also been suggested to be significative of hsPDA. Natriuretic peptides and cardiac troponin T have been correlated to echocardiographic measurements of shunt volume and high levels associated with outcome of death or severe IVH (Asrani et al., 2018; El-Khuffash et al., 2008b,
2008a). Other markers such as nucleated red blood cells and platelet parameters have been suggested to be indicative of the hemodynamical effects of the
ductus or its response to pharmacological treatment, but certain associations
remain to be proven (Bas-Suárez et al., 2014; Bin-Nun et al., 2016; Olukman
et al., 2017; Simon et al., 2015). A number of markers associated with PDA
in vivo, ductal constriction or remodulation in vitro, pulmonary arterial vasoconstriction, or respirator disease in preterm infants are potential markers for
persistence of the ductus arteriosus.

Cardiac markers
B-type natriuretic peptide
B-type natriuretic peptide (BNP) is a polypeptide released mainly by the cardiac ventricles in response to myocardial stretch and volume overload. It is
released together with its inactive prohormone N-terminal-pro-BNP (NTproBNP) and both BNP and NT-proBNP are known to be associated with
hsPDA (Mine et al., 2013; Occhipinti et al., 2014). NT-proBNP also relates
to death and severe IVH in infants with PDA (El-Khuffash et al., 2008a; Lee
et al., 2013).

Vasoactive markers
Endothelin-1
Endothelin-1 (ET-1) is a potent vasoconstrictor released primarily by endothelial cells, for instance in pulmonary vessels in response to increased pulmonary blood flow. The pro-peptide C-terminal-pro-ET-1 has previously
been associated with respiratory morbidity in preterm infants and with oxygen-induced ductal constriction (Cracowski and Leuchte, 2012; Grass et al.,
2014; Letzner et al., 2012; Lohani et al., 2015; Sato et al., 2000).
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Growth factors
Epidermal growth factor
Epidermal growth factor (EGF) is synthetized in a range of different cells and
stimulates cell proliferation and differentiation. In animal studies, EGF has
been shown to constrict ductus arteriosus and regulate remodeling during its
permanent anatomic closure (Hong et al., 2014; Waleh et al., 2011).
Platelet derived growth factor
Platelet derived growth factor (PDGF) is synthetized and released by platelets
and stimulates angiogenesis. Like EGF, PDGF has also been shown to constrict ductus arteriosus and regulate remodeling during its permanent anatomic
closure (Hong et al., 2014; Waleh et al., 2011).
Vascular endothelial growth factor
Vascular endothelial growth factor (VEGF) is a hypoxia-induced growth factor and regulates remodeling during permanent anatomic closure of the ductus
arteriosus, but also promotes vasodilation (Clyman et al., 2002).
Growth/differentiation factor 15
Growth/differentiation factor 15 (GDF-15) is a protein in the transforming
growth factor β superfamily and associated with tissue hypoxia, inflammation, acute injury and oxidative stress. It has also been suggested as a marker
for pediatric pulmonary arterial hypertension (Colvin et al., 2014; Lohani et
al., 2015).

Inflammatory markers
Thromboxane B2
Thromboxane B2 (TXB2) is a product of thromboxane A2, which is produced
by activated platelets and stimulates platelet activation and aggregation. It is
also a vasoconstrictor. Vasoactive prostanoids play an important role in the
postnatal circulatory transition and closure of ductus arteriosus and levels of
TXB2 have been found to be higher in newborns with persistent pulmonary
hypertension (Altiere et al., 1986; Belik et al., 2010; Chen et al., 2012; Sood
et al., 2007).
Interleukins
Interleukins (IL) are a large group of cytokines with complex immunomodulatory functions. Some members, as IL-8, are associated with angiogenesis
and some, as IL-12, are anti-angiogenic. Pro-inflammatory interleukins IL-6,
IL-8, IL-12 and anti-inflammatory IL-10 have been linked to pulmonary morbidity and vascular remodeling in newborn preterm infants (Blanco-Quirós et
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al., 2004; Bose et al., 2013; D’Angio et al., 2016; Lohani et al., 2015; Lusyati
et al., 2013; Paananen et al., 2009; Rocha et al., 2012; Sorokin et al., 2013;
Takahashi et al., 2010).
Monocyte chemoattractant protein-1
Monocyte chemoattractant protein-1 (MCP-1) is a chemokine regulating migration and infiltration of monocytes and macrophages. It is associated with
mechanical ventilation in extremely preterm infants and with pediatric pulmonary arterial hypertension (Bose et al., 2013; Duncan et al., 2012; Lusyati
et al., 2013; Takahashi et al., 2010).
Erythropoietin
Erythropoietin (EPO) is a cytokine produced mainly in the kidneys and the
liver. It stimulates erythropoiesis, angiogenesis and is a marker for inflammation. It is also a vasoconstrictor linked to pulmonary morbidity (Holm et al.,
2016; Wells Logan et al., 2014). hsPDA has been suggested to be associated
with intrauterine hypoxia, which could stimulate erythropoiesis. A proxy
measurement for erythropoiesis, circulating nucleated red blood cells, has
been found correlated with ductal severity (Bin-Nun et al., 2016).

PDA scoring systems
Because of the difficulties to define the magnitude and impact of a ductal
shunt and to predict the chance of ductal closure, as well as to foresee the risks
for severe complications, a number of different scoring systems have been
developed. These systems combine risk factors, clinical findings, and echocardiographic measurements to help define hemodynamic significance and
predict outcomes of PDA.
El-Khuffash et al. (2011) created a system based on six previously described
echocardiographic criteria for hemodynamic significance. One mark is allocated for each of the following:
•
•
•
•
•
•

Ductal diameter: ≥1.5 mm
LA/Ao: ≥1.5
Descending aortic end diastolic velocity: absent or reversed end diastolic
flow
LVO: >300 ml/kg/min
Mitral valve early phase to atrial phase velocity ratio: ≥1
Celiac artery blood flow to LVO ratio: ≤15%

The maximum score possible is accordingly six marks. A high score at 48
hours of life in premature infants is predictive of death before discharge or
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severe neurodevelopmental disability at two years of age (El-Khuffash et al.,
2011).
The same group also developed a PDA-severity score incorporating markers
of pulmonary overcirculation and left ventricular (LV) diastolic function. Five
variables independently associated with chronic lung disease or death (gestation at birth, ductal diameter, ductal Vmax, LV output, and LV A’ wave) are
combined to a score that range from 0 to 13. A high score on the second day
is predictive of later occurrence of chronic lung disease or death in infants less
than 29 weeks’ GA (El-Khuffash et al., 2015).
Seghal et al. (2013) also devised a scoring system with echocardiographic parameters (ductal diameter, ductal Vmax, PDA/LPA diameter, antegrade pulmonary artery diastolic flow, antegrade LPA diastolic flow, LA/Ao, LV/Ao,
LVO superior vena cava flow ratio, E’ wave A’ wave ratio and isovolumic
relaxation time) for which a high score at the time of treatment is associated
with increased odds of developing chronic lung disease.
Other scoring systems incorporates PDA as a risk factor for other morbidities,
for example the system for BPD development created by Gursoy et al. (2014).

Treatment of PDA
In addition to the uncertainties of how to best evaluate the hemodynamic significance of PDA and assess the risk for continued persistence, there is also a
lack of consensus on treatment strategies for PDA. Historically the view on
when and how to treat PDA has varied widely.

Conservative treatment
Beside pharmacological treatments and surgical interventions directly aimed
at closing the ductus arteriosus, there is a range of management strategies to
indirectly reduce ductal flow and possibly increase the chances of ductal closure.
Non-pharmacological measurements include careful resuscitation, restriction
of fluid intake, increased end-expiratory pressure and higher fraction of inspired oxygen. Restricted fluid intake is associated with a reduction in PDA,
but also with reduced systemic blood flow. Higher positive end-expiratory
pressure reduce PDA shunting, but has unclear effect on ductal closure (Bell
and Acarregui, 2014; De Buyst et al., 2012; Vanhaesebrouck et al., 2007).
Overall, the effects of non-pharmacological strategies need further investigation. Symptomatic treatments include for example interventions for cardiac
22

failure, such as diuretics and digoxin, but such treatments have not been
shown to influence ductal closure (Brion and Campbell, 2001).
One important aspect is that many studies of different active treatments fail to
acknowledge that the active treatment often is compared, not to omission of
treatment, but to non-pharmacological and symptomatic treatment strategies
(Clyman, 2018).

Pharmacological treatment
Pharmacological treatment to close PDA is based on the role of prostaglandins
in maintaining ductal persistence. PGE2 stimulates ductal relaxation by interacting with several PGE receptors and is the most important prostanoid that
regulates ductus patency (Bouayad et al., 2001). Due to enhanced coupling
between the receptors and downstream pathways, preterm infants have increased sensitivity to PGE2, diminishing the ability to spontaneously close the
ductus arteriosus. At the same time, the efficacy of treatment with prostaglandin synthetase inhibitors is lower in the most preterm infants, with 75% of
infants born before 29 weeks GA achieving closure with pharmacological
treatment, compared to only 30% of infants born before 27 weeks GA
(Desfrere et al., 2005).
Indomethacin and ibuprofen
Indomethacin and ibuprofen have been the primary treatment options for PDA
during the last four decades. Both drugs act by reducing the prostaglandinmediated vasodilatation by inhibiting the cyclooxygenase (COX) and peroxidase (POX) sites on prostaglandin H2 synthetase.
Rates of ductal closure following an initial course of indomethacin range from
30% to 99% depending on the patient characteristics and dose, duration, and
method of drug administration, and from 40% to 50% with a second course
(Desfrere et al., 2005; Gersony et al., 1983; Godambe et al., 2006; Pacifici,
2013). The efficacy of ntravenous ibuprofen is similar to indomethacin in less
preterm infants, but high-dose ibuprofen is more efficient at low GA (Dani et
al., 2012). However indomethacin comparatively reduces the risk of PVH and
possibly also NEC (Fowlie and Davis, 2010; Ohlsson et al., 2015; Ohlsson
and Shah, 2011).
The major adverse effects of intravenous indomethacin and ibuprofen include
intestinal perforation and renal failure. Such treatment should thus be avoided
in patients with hypotension or renal impairment (Attridge et al., 2006;
Heuchan and Clyman, 2014). Oral ibuprofen is associated with a lower incidence of NEC than indomethacin and a recent meta-analysis has concluded
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that a high dose of oral ibuprofen is more effective in closing PDA than standard doses of intravenous ibuprofen or intravenous indomethacin (Mitra et al.,
2018).
Acetaminophen
During recent years, acetaminophen has been introduced as an alternative to
indomethacin and ibuprofen. It is so far less studied, but has an effect that is
likely mediated by inhibition at the POX site of prostaglandin H2 synthetase
It can be administered orally and appears to have similar efficacy in closing
PDA as indomethacin and ibuprofen, but with less adverse side effects
(Hammerman et al., 2011; Huang et al., 2018; Oncel et al., 2013). However,
since acetaminophen has not been studied in extremely preterm infants the
efficacy and safety in this group is still unclear (Jasani et al., 2018).

Surgical treatment
Open ligation
Surgical ligation of PDA offers immediate and definitive closure of the ductal
shunt and before pharmacological treatment was available, early ligation was
the primary treatment option for PDA (El-Khuffash et al., 2016). Due to the
associations with adverse pulmonary and neurodevelopmental outcomes, surgical ligation has during the last decades been viewed as an alternative only
for infants with symptomatic PDA in face of contraindications for, or after
failure of, pharmacological treatment. Consequently, and also due to increasing recognition of the high degree of spontaneous closure of ductus arteriosus,
the rate of surgical ligation has declined during the last 10 years (Hagadorn et
al., 2016). However, it is difficult to assess whether complications are due to
confounding factors of the surgical procedure or prolonged exposure to an
hsPDA (Clyman et al., 2009; Jhaveri et al., 2010). Surgical ligation is thus
still considered an option for infants with large, persistent PDA (Mirea et al.,
2012).
Endovascular closure
Endovascular closure of PDA is the preferred surgical alternative in term infants, but its role in the treatment of preterm infants is still unclear. Historically, endovascular devices have not been available in proportional sizes for
infants with lower GA, but smaller delivery systems are becoming available
and case-series of preterm infants treated with endovascular techniques have
been published with successful procedures performed in infants with as low
weight as 750 gram (Weisz and Giesinger, 2018).
The potential benefits of endovascular closure compared to open surgical ligation include elimination of risks related directly to the surgical procedure,
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e.g. nerve injuries, pneumothorax, chylothorax or inadvertent ligation of other
vessels, as well as those related to more extensive perioperative care. Conversely there are specific risks associated with endovascular surgery, e.g. embolization or perforation of the right ventricular wall. A recent meta-analysis
has reported an incidence of clinically significant adverse events of 10%
(Backes et al., 2017). In conclusion, endovascular closure of PDA appears
technically feasible in preterm infants but is not yet fully available for the
smallest infants as further studies are required to establish safety and effectiveness in this group.

Timing of treatment
Beside the options of different types of treatment, there is a choice of the timing for treatment. Strategies have historically ranged from early prophylactic
treatment of asymptomatic infants, to late treatment limited to infants with
large and symptomatic PDA. With pharmacological treatments, the timing is
important as efficacy decreases postnatally when the balance of vasodilators
changes from being regulated predominantly by prostaglandins to being regulated by other vasodilators (Clyman and Marayanan, 2000). At the same
time, early prophylactic treatment is associated with increased risk for complications such as NEC and impaired renal function (Fanos et al., 2005).
Prophylactic treatment
Prophylactic treatment within the first days of life of all preterm infants increases efficacy of pharmacological treatment and reduces incidence of symptomatic PDA as well as of PVH and pulmonary hemorrhage (Fowlie and
Davis, 2010). Nonetheless, the improvement in early outcome does not translate to any long term decreases in morbidity or mortality and the strategy involves exposing infants without PDA to a potentially harmful treatment
(Alfaleh et al., 2008). With appropriate availability of echocardiography,
prophylactic treatment of PDA is currently not viewed as a preferred strategy.
Early asymptomatic treatment
Early echocardiographic examinations allow for treatment of infants with
signs of hsPDA before symptoms develop. Optimally this would permit initiation of early pharmacological treatment with high efficacy, without exposing
infants to large shunts for prolonged periods and without exposing infants
with closing or closed ductus arteriosus to treatment. However, the limited
ability to assess the existing hemodynamic effects of the PDA shunt with adequate precision, and especially the inability to predict future outcome and
risks for complications, impairs the treatment outcome.
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Symptomatic treatment
To withhold treatment until there is echocardiographic signs and clear clinical
symptoms of an hsPDA avoids unnecessary treatment of infants with closed
or clinically insignificant ducts. Modern ventilatory support and concomitant
treatments may reduce the impact of prolonged exposure to PDA and there is
emerging evidence that a conservative approach may be a feasible strategy in
preterm infants (Clyman, 2018; Letshwiti et al., 2017; Slaughter et al., 2017).
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Aims

In Paper I, the aim was to identify early factors associated with closure of the
ductus arteriosus during pharmacological treatment in extremely preterm infants. A special focus was placed on echocardiographic parameters prior to
treatment, in addition to ventilatory and pulmonary circulatory factors.
In Paper II, the aim was to evaluate whether early hsPDA predicts persistent
ductus arteriosus in extremely preterm infants. Additional aims were to identify factors associated with future persistence of ductus arteriosus and with
non-responsiveness to pharmacological PDA treatment by assessing respiratory, systemic circulatory and echocardiographic parameters during the first
days of life.
In Paper III, the aim was to identify early biochemical markers associated with
persistence of ductus arteriosus and with non-responsiveness to pharmacological PDA treatment, and to evaluate potential correlations between biochemical markers and echocardiographic parameters.
In Paper IV, the aim was to investigate the differences in peri- and postnatal
characteristics, treatments, and outcomes between extremely preterm infants
surgically treated for PDA and non-surgically treated infants matched to the
same GA and month of birth.
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Patients and methods

Patients
The pharmacological treatment cohort
For Paper I, infants born at 22-27 weeks GA between January 2006 and December 2009 at Uppsala University Children's Hospital were retrospectively
identified. A total of 56 infants that had been pharmacologically treated for
PDA were included in the study. Medical records were assessed for information on perinatal details and outcome, and nursing flow charts were assessed for details on PDA treatment, including information on ventilatory settings and fluid administration. The study was approved by the regional ethical
review board in Uppsala.

The Ductus Arteriosus and Pulmonary circulation in PReterm
infants (DAPPR)-cohort
Paper II and Paper III were based on the DAPPR-study that was conducted as
a prospective study at Uppsala University Children’s Hospital between November 2012 and May 2015. Infants born at 22-27 weeks GA without any
major congenital anomalies or heart defects were included after informed,
written consent from the parents. The study was approved by the regional ethical review board in Uppsala.

The surgical treatment cohort
For Paper IV, infants born at 22-27 weeks GA and admitted to the neonatal
intensive care unit at Uppsala University Children’s Hospital between January
2010 and December 2016 were retrospectively identified. Forty-four infants
subjected to surgical ligation of PDA during the period were included in the
study (Ligated group). Each ligated infant was matched with an infant that
had not undergone surgery for PDA and that had been born within +/- 1 month
of the birthdate and +/- 1 week of the GA of the ligated infant (Control group).
Medical records were assessed for perinatal parameters, treatments and outcomes. This study was approved by the regional ethical review board in
Gothenburg as a part of a multicenter study (Gothenburg and Uppsala).
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Echocardiography
All newborn infants born at a GA of less than 28 weeks admitted to the neonatal intensive care unit at Uppsala University Children’s Hospital were evaluated echocardiographically within the first days of life and echocardiographic examinations were repeated if indicated.
The internal diameter of the ductus arteriosus was measured at its narrowest
point from the parasternal short axis view in two-dimensional and color Doppler mode. Ductal flow velocity was assessed with pulsed and continuous
Doppler directly in line with the ductal flow from the same position. LA/Ao
was measured in M-mode from the parasternal long axis. Flow velocity of the
LPA was measured with pulsed and continuous Doppler using a parasternal
short axis view. Absent or reversed flow in the descending aorta was assessed
using color and pulsed Doppler above and below the ductal orifice. hsPDA
was defined by predominant left to right shunting across the ductus arteriosus
in combination with either ductus diameter of less than 1.5 mm, LA/Ao of
less than 1.5 or absent or reversed flow in the descending aorta during diastole
(Dani et al., 2008; Iyer and Evans, 1994; Kluckow and Evans, 1995).
For Paper I, each infant’s last echocardiographic examination before treatment start was reassessed for the study by a single cardiologist (A.J.), who
was blinded to treatment results. The first follow-up echocardiography after
treatment defined successful or failed ductal closure. The PDA was considered closed if no ductal flow could be found with color Doppler.
For the DAPPR-study (Paper II and III), infants underwent echocardiographic
examinations during the first, second and third day of life as a part of the study
protocol. Additional examinations were performed before and at discharge in
infants with open but hemodynamically insignificant PDA during the first
seven days of life, in infants that did not receive pharmacological treatment
because of contraindications and in infants that did not respond to pharmacological treatment. The study timeline is presented in Figure 3. All examinations were conducted and interpreted by the same pediatric cardiologist (AJ).
If hsPDA remained and consequently warranted surgical ligation, it was defined as persistent. For infants that did not survive, PDA was defined as persistent if there were echocardiographic or clinical signs of hsPDA before death
and autopsy revealed an open ductus arteriosus. For all other infants, PDA
was considered closed or insignificant.
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Figure 3. Timeline for the DAPPR-study

Respiratory and circulatory parameters
For infants in the DAPPR-cohort (Paper II and III), ventilatory parameters,
including airway pressures for both mechanically ventilated infants and infants with continuous positive airway pressure (CPAP) therapy, were continuously measured by the Stephanie ventilator (Fritz Stephan GmbH, Gackenbach, Germany). Electrocardiography electrodes were placed, and infants received an umbilical arterial catheter used for continuous measurements of systemic arterial blood pressures. Respiratory and circulatory parameters were
prospectively and continuously recorded in the patient data management system IntelliVue Clinical Information Portfolio (Philips Healthcare, Eindhoven,
Netherlands)

Multiplex proximity extension assay
For analysis of the biochemical markers in the DAPPR-cohort (Paper III),
blood samples were collected from indwelling umbilical arterial catheters at
the time of the echocardiographic examination during the second day of life.
After centrifugation at 2400 g for 7 minutes, the supernatant serum was obtained and stored at −80° C until further analysis.
The principle of the multiplex proximity extension assay (PEA) used in the
DAPPR-study (Paper III) is based on pairs of antibodies linked to oligonucleotides having affinity to one another. Upon binding to the marker, the two
oligonucleotides are brought in proximity, and subsequently extended by a
DNA polymerase forming a new sequence that acts as a unique marker for the
specific antigen. This sequence is be quantified by quantitative real-time polymerase chain reaction, where the number of polymerase chain reaction templates formed is proportional to the initial concentration of the marker
(Assarsson et al., 2014). The technique allows for simultaneous relative quantification of an extensive range of serum protein markers from the limited
blood volumes that can be collected from preterm infants. Proteins associated
to factors affecting PDA and proteins that in vitro have been linked to ductus
arteriosus or related conditions were identified for the study. All the identified
proteins available for analysis with PEA were included in the study. The analyses were performed using the Proseek Multiplex 96x96 CVD I, Oncology I
and Inflammation I biomarker panels from Olink (Olink Bioscience, Uppsala,
Sweden).
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Additional analyses
Additional to the markers analyzed with the PEA in the DAPPR-cohort (Paper
III), ET-1 was analyzed by a sandwich enzyme-linked immunosorbent assay
(Catalog number DET100, R&D Systems, Inc., Minneapolis, Minnesota) and
TXB2 was analyzed using the Parameter Thromboxane B2 Assay (Catalog
number KGE011, R&D Systems, Inc.).

Statistical analysis
For Paper I, statistical analyses were conducted with SPSS Statistics 18 for
Windows (SPSS, Inc., Chicago, Illinois, USA). The Mann-Whitney test was
used to compare non-parametric continuous data and the Fisher’s exact test
was used to compare categorical data. Data for each group is presented as
median values and range or number and percentage. All p-values presented
are two-tailed and a p-value of less than 0.05 was considered statistically
significant. Multivariable logistic regression was performed to assess the individual influence of predictive factors on the proportion of ductal closure.
Factors previously found to affect ductal closure during treatment (GA, preeclampsia, antenatal glucocorticoid administration, time of treatment start)
were included in the analysis together with ductal Vmax adjusted for the
second power of ductal diameter and the time of echocardiography. The adjustment for the second power of ductal diameter was made to assess
whether flow velocity was independent of ductal diameter according to the
Hagen–Poiseuille equation.
For the DAPPR-cohort (Paper II and III) a custom software was developed
for statistical analysis using Matlab (The Mathworks Inc., Natick, Massachusetts, USA). Data for each group and period is presented as median values and
interquartile range (IQR) or number and percentage. For continuous parameters, the moving mean over 12 hours is plotted for each group. The MannWhitney test was used to compare non-parametric continuous data and the
Fisher’s exact test was used to compare categorical data. Spearman's rankorder correlations were used to examine the relationship between ductal Vmax
and blood pressure, airway pressure, blood oxygen saturation and ductal diameter and for secondary examination of relationships between EPO and
blood gas parameters. A receiver operating curve was constructed for each
biochemical marker and the area under curve (AUC) is presented with 95%
confidence interval and p-value. All p-values presented are two-tailed and a
p-value less than 0.05 was considered statistically significant. To compensate
for multiple testing, significances for parallel respiratory, circulatory and
echocardiographic parameters and significances for all parallel analyses of biochemical markers were determined using the Benjamini–Hochberg method,
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reducing the risk of false discoveries to an expected rate of less than 10%
(Benjamini and Hochberg, 1995).
In Paper IV, Matlab was used for statistical analysis. Categorical variables
were analyzed using Fisher exact test. Continuous variables were analyzed
using Student’s t test or Mann-Whitney test. Normal distribution of parameters was tested by Kolmogorov-Smirnov’s goodness of fit test. Categorical
variables are presented as number and percent and continuous variables are
presented as mean and standard deviation (SD) or median and IQR. All pvalues presented are two-tailed and a p-value less than 0.05 was considered
statistically significant. Multivariate logistic regression was used to examine
the relationship between treatment and ductal factors and surgical ligation.

33

Results

Paper I
Out of the 56 infants born at 22–27 weeks GA during the studied period, 29
(52%) infants successfully closed PDA (Closed group) and 27 (48%) infants
failed to close (Persistent group). The median GA was higher in the Closed
group, but all other perinatal characteristics were similar between the two
groups (Table 1).
Table 1. Perinatal characteristics

Gestational age, weeks (range)
Birth weight, grams (range)
Male gender (%)
Preeclampsia (%)
Antenatal steroids (%)
Antenatal indomethacin (%)
Cesarean section (%)
Surfactant (%)
Apgar 1
Apgar 5
Apgar 10

Closed
(n = 29)

Persistent
(n = 27)

p

25+5 (22+2-27+4)
718 (432-1217)
20 (69)
5 (17)
23 (79)
0 (0)
17 (59)
28 (97)
5 (1-9)
7 (1-10)
9 (2-10)

24+3 (22+3-27+4)
595 (440-1052)
14 (52)
5 (19)
22 (81)
0 (0)
15 (56)
26 (96)
5 (1-10)
8 (3-10)
9 (4-10)

0.047
0.363
0.274
1.000
1.000
1.000
1.000
1.000
0.980
0.807
0.773

At the last echocardiographic examination before initiation of pharmacological treatment, infants in the Closed group had a higher ductal Vmax than infants in the Persistent group (Table 2). There were no major differences in
treatment characteristics between the two groups (Table 3). All studied infants
had been treated with indomethacin, except eight infants that received treatment with ibuprofen alone and two infants that received both indomethacin
and ibuprofen due to a shortage of indomethacin during part of the studied
period.
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Table 2. Characteristics at time of echocardiography

Age at echocardiography, days (range)
Ventilator (%)
Ventilator mean airway pressure, cmH20
(range)
CPAP (%)
CPAP, cmH20 (range)
Fraction of inspired oxygen, % (range)
Systolic blood pressure1, mmHg (range)
Ductal diameter, mm (range)
Maximal ductal flow velocity, m/s (range)
Left atrial to aortic root ratio (range)

Closed
(n = 29)

Persistent
(n = 27)

p

2 (0-7)
10 (34)
8 (6-14)

2 (0-33)
16 (59)
9 (7-12)

0.079
0.108
0.220

19 (66)
5 (4-7)
25 (21-52)
47 (37-62)
1.7 (0.9-3.0)
1.6 (0.5-2.7)
1.5 (1.2-2.8)

11 (41)
5 (3-7)
27 (21-42)
47 (35-84)
1.8 (1.0-3.0)
1.1 (0.7-2.9)
1.7 (1.1-3.5)

0.108
0.618
0.848
0.987
0.399
0.023
0.198

1

21 versus 15 infants had an arterial catheter which enabled blood pressure measurements,
CPAP - Continuous positive airway pressure

Table 3. Treatment characteristics

Age at treatment start, days (range)
Indomethacin (%)
Ibuprofen1 (%)
Change in weight, % (range)
Fluid intake, mL/kg/day (range)
- part IV, % (range)
Urine output, mL/kg/h (range)

Closed
(n = 29)

Persistent
(n = 27)

p

3 (1-8)
26 (90)
4 (14)
1 (-10 - 9)
134 (98-168)
59 (0-85)
2.1 (0.5-4.2)

3 (1-40)
22 (82)
6 (22)
4 (-12 - 12)
139 (111-203)
43 (0-89)
2.2 (0.4-4.9)

0.117
0.462
0.497
0.090
0.354
0.468
0.594

1

1 infant in each group received treatment with both indomethacin and ibuprofen during the
same course

Multivariate logistical regression analysis for factors previously found to affect ductal closure during pharmacological PDA treatment and ductal Vmax
(adjusted for the squared ductal diameter and for the time of echocardiography) revealed an independent association between higher ductal Vmax and
ductal closure (Table 4).
Table 4. Multivariable analysis for ductal closure
Gestational age1
Preeclampsia
Antenatal steroids
Age at treatment start2, days
Maximal ductal flow velocity3, m/s

OR (95% CI)

p

1.45 (0.93-2.25)
0.78 (0.11-5.60)
0.83 (0.17-4.04)
0.82 (0.60-1.12)
3.04 (1.01-9.22)

0.103
0.807
0.817
0.213
0.049

1

OR for every 1 week increase, 2OR for every 1 day increase. 3OR for every 1 m/s increase,
adjusted for age at echocardiography and squared ductal diameter. OR – Odds ratio
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In the Persistent group, eleven (41%) infants were subjected to surgery after
follow up echocardiography, one (4%) infant received a second course of ibuprofen at a regional hospital, three (11%) infants died with an open ductus,
five (19%) infants had spontaneous closure of their PDA at the time of echocardiographic examination before discharge, and seven (26%) infants were
discharged with an open ductus. Three (10%) infants in the Closed group had
reopened PDAs since the first echocardiographic examination after treatment.
Infants in the Persistent group had more days with high frequency oscillatory
ventilation, but otherwise there were no major differences in outcome between
the groups (Table 5).
Table 5. Outcome

CPAP, days (range)
Ventilator treatment, days (range)
High frequency oscillatory ventilation (%)
Respiratory distress syndrome (%)
Bronchopulmonary dysplasia (%)
Periventricular leukomalacia (%)
Intraventricular hemorrhage, grade I-IV (%)
Intraventricular hemorrhage, grade III-IV
(%)
Retinopathy of prematurity (%)
Necrotizing enterocolitis (%)
Deceased (%)
Age at death, days (range)
CPAP – Continuous positive airway pressure

Closed
(n = 29)

Persistent
(n = 27)

p

46 (3-95)
8 (0-65)
9 (7-30)
29 (100)
15 (52)
3 (10)
5 (17)
1 (3)

42 (0-122)
23 (0-100)
4 (1-11)
27 (100)
16 (59)
4 (15)
7 (26)
1 (4)

0.533
0.100
0.037
1.000
0.602
0.700
0.523
1.000

15 (52)
1 (3)
3 (10)
38 (22-42)

15 (56)
4 (15)
4 (15)
17 (6-166)

0.795
0.185
0.700
0.480

Paper II
Between 1 November 2012 and 1 May 2015 122 infants were born at 22-27
weeks GA at Uppsala University Children’s Hospital. Sixty infants were included in the DAPPR- cohort (Figure 4). The median GA of the 60 included
infants was 25+2 weeks (IQR: 23+4 – 26+1 weeks). PDA was persistent in
18 (30%) infants and ultimately closed or insignificant in 42 (70%) infants.
Infants with future persistent PDA had lower GA and birth weight, but hsPDA
during the second to seventh day of life was not associated with persistent
PDA (Table 6).
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Figure 4. Flow diagram of the DAPPR-study cohort

Table 6. Clinical characteristics
Persistent
n = 18
Perinatal parameters
Gestational age, weeks (IQR)
Birth weight, grams (IQR)
Male gender, n (%)
Preeclampsia, n (%)
Prenatal steroids, n (%)
Caesarean section, n (%)
Surfactant, n (%)
Apgar 1 (IQR)
Apgar 5 (IQR)
PDA treatment
Hemodynamically significant PDA,
day 2-7, n (%)
Pharmacological treatment, n (%)
Time of pharmacological treatment,
day (IQR)
PDA closed <24H pharmacological
treatment, ratio (%)
Surgical treatment, n (%)
Age at surgical treatment, days (IQR)
Outcome
Respiratory distress syndrome, n (%)
Bronchopulmonary dysplasia, n (%)
Intraventricular hemorrhage grade IIIIV, n (%)
Necrotizing enterocolitis, n (%)
Sepsis, n (%)
Deceased, n (%)

Insignificant
n = 42

p

23+6 (23+3 - 24+4) 25+6 (24+4 - 26+4) <0.001
593 (572-720)
792 (629-936)
<0.001
10 (56%)
24 (57%)
1.000
1 (6%)
4 (10%)
1.000
17 (94%)
41 (98%)
0.514
8 (44%)
22 (52%)
0.779
18 (100%)
40 (95%)
1.000
4(1-9)
5 (2-9)
0.012
6 (1-9)
7 (3-9)
0.012
16 (89%)

38 (90%)

1.000

10 (56%)
3.5 (1.7-6.4)

20 (48%)
3.5 (2.3-4.0)

0.779
0.741

0/10 (0%)

7/15 (47%)

0.020

11 (61%)
43 (34-52)

0 (0%)
-

<0.001
-

18 (100%)

42 (100%)

1.000

12 (61%)
4 (22%)

17 (40%)
5 (12%)

0.167
0.431

7 (39%)
8 (44%)
9 (50%)

7 (17%)
13 (31%)
3 (7%)

0.095
0.381
<0.001

IQR – Interquartile range, PDA – Patent ductus arteriosus, H – hours

Continuous median values for respiratory and systemic circulatory parameters
during the first three days of life are presented in Figure 5. For comparison
with echocardiographic parameters including early hsPDA, aggregated median values for each day are presented in Table 7.

38

Figure 5. Median values for circulatory and respiratory parameters
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Table 7. Circulatory and respiratory parameters
Persistent
n = 18

Insignificant
n = 42

p

17 (94)
14 (78)
15 (83)

30 (71)
19 (45)
17 (45)

0.084
0.025*
0.004*

7.0 (6.5-7.5)
7.0 (6.5-8.1)
7.7 (7.1-8.2)

6.4 (5.7-6.9)
6.2 (5.1-7.1)
5.8 (4.1-8.1)

0.023
0.020*
0.027

4.4 (3.8-4.5)
3.7 (3.4-4.4)
4.2 (3.8-4.4)

4.4 (3.8-4.5)
4.3 (3.5-4.5)
4.3 (3.7-4.5)

0.538
0.123
0.365

150 (144-154)
152 (147-156)
156 (151-159)

152 (146-156)
152 (146-156)
152 (148-157)

0.397
0.834
0.321

30 (29-33)
32 (30-34)
34 (32-38)

32 (29-36)
34 (32-40)
35 (33-37)

0.127
0.039*
0.337

1.6 (1.5-1.9)
1.6 (1.5-2.5)
1.9 (1.6-2.2)

1.8 (1.5-2.0)
2.0 (1.6-2.5)
1.8 (1.6-2.2)

0.438
0.942
0.864

1.3 (1.0-1.5)
1.1 (0.9-1.4)
1.4 (1.1-1.7)

1.3 (1.0-1.8)
1.5 (1.0-1.9)
1.5 (1.0-2.0)

0.716
0.024*
0.593

1.3 (1.2-1.7)
1.5 (1.1-1.8)
1.6 (1.5-1.6)

1.4 (1.3-1.5)
1.5 (1.4-1.7)
1.4 (1.2-1.8)

0.749
0.565
0.583

0.2 (0.1-0.2)
0.2 (0.1-0.3)
0.2 (0.1-0.3)

0.080
0.586
0.972

Mechanical ventilation, n (%)
Day 1
Day 2
Day 3
Mean airway pressure, cmH20 (IQR)
Day 1
Day 2
Day 3

Oxygen saturation / fraction of inspired oxygen, (IQR)
Day 1
Day 2
Day 3
Heart rate, bpm (IQR)
Day 1
Day 2
Day 3
Mean arterial pressure, mmHg (IQR)
Day 1
Day 2
Day 3
Ductus arteriosus diameter, mm (IQR)
Day 1
Day 2
Day 3
Maximal ductal flow velocity, m/s (IQR)
Day 1
Day 2
Day 3
Left atrium to aortic root ratio (IQR)
Day 1
Day 2
Day 3

Left pulmonary artery diastolic flow velocity, m/s (IQR)
Day 1
Day 2
Day 3

0.2 (0.2-0.3)
0.2 (0.2-0.3)
0.2 (0.2-0.3)

Hemodynamically significant PDA, n (%)
Day 1
7 (64)
20 (56)
0.737
Day 2
10 (71)
24 (71)
1.000
Day 3
9 (90)
21 (68)
0.239
* significant according to the Benjamini–Hochberg method, IQR – Interquartile range, PDA –
Patent ductus arteriosus
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A total of 30 infants received pharmacological PDA treatment with seven infants closing PDA within 24 hours of treatment and 18 infants not responding
to treatment (Table 8). Out of the infants that did not respond to treatment,
eight later closed their PDA spontaneously. Due to medical or logistical reasons, five infants did not undergo any echocardiographic examination within
24 hours of completion of treatment and were therefore excluded from the
analyses. In all five of these infants, PDA was eventually considered closed
or insignificant.
Table 8. Clinical and echocardiographic characteristics of pharmacologically
treated infants
Non-responsive
n = 18
Perinatal parameters
Gestational age, weeks (IQR)
Birth weight, grams (IQR)
Male gender, n (%)
Preeclampsia, n (%)
Prenatal steroids, n (%)
Caesarean section, n (%)
Surfactant, n (%)
Apgar 1 (IQR)
Apgar 5 (IQR)

Responsive
n=7

24+4 (23+4 - 25+2) 26+4 (24+3 - 27+1)
684 (579-760)
858 (647-1024)
10 (56%)
5 (71%)
1 (6%)
1 (14%)
18 (100%)
7 (100%)
7 (39%)
6 (86%)
18 (100%)
7 (100%)
4 (4-6)
7 (5-8)
6 (5-7)
9 (7-9)

p
0.122
0.065
0.659
0.490
1.000
0.073
1.000
0.055
0.010

Echocardiographic parameters
Ductal diameter, mm (IQR)
Left atrium to aortic root ratio (IQR)
Left pulmonary artery diastolic flow
velocity, m/s (IQR)
Maximal ductal flow velocity, m/s (IQR)

2.0 (1.8-2.4)
1.4 (1.3-1.7)
0.3 (0.2-0.3)

1.6 (1.6-2.2)
1.7 (1.3-1.8)
0.2 (0.1-0.3)

0.163
0.446
0.391

1.3 (0.9-1.5)

1.9 (1.6-2.1)

0.014

3.8 (1.1-8.5)

2.9 (2.1-4.4)

0.348

3 (1-4)

3 (1-3)

0.777

14 (78%)
8 (44%)
1 (6%)

6 (86%)
2 (29%)
1 (14%)

1.000
0.659
0.490

7 (39%)
7 (39%)
4 (22%)

0 (0%)
0 (0%)
2 (29%)

0.133
0.133
1.000

Treatment
Time until treatment start, days (range)
Number of doses (range)
Outcome
Respiratory distress syndrome, n (%)
Bronchopulmonary dysplasia, n (%)
Intraventricular hemorrhage grade III-IV,
n (%)
Necrotizing enterocolitis, n (%)
Surgery for PDA (%)
Deceased (%)

IQR – Interquartile range, PDA – Patent ductus arteriosus, H – hours

In an analysis of all echocardiographic examinations, ductal Vmax correlated
positively with mean arterial pressure (ρ = 0.409, p < 0.001) and oxygen saturation (ρ = 0.257, p < 0.001), and negatively with mean airway pressure (ρ =
41

-0.333, p < 0.001), but had no correlation to ductal diameter (ρ = -0.102, p =
0.247) at the time of the examination.

Paper III
Out of the infants in the DAPPR-cohort, valid blood samples were obtained
from 47 infants at a median postnatal age of 1.7 days (IQR: 1.5-2.0 days).
Information on perinatal characteristics for infants included in the study of
biochemical markers is presented in Table 9. In this cohort, PDA was ultimately considered closed or clinically insignificant in 17 (68%) treated infants
and in 16 (73%) untreated infants (p = 0.760). Nine (19%) infants were later
subjected to surgical closure of PDA.
Table 9. Clinical characteristics
Persistent
n = 14

Insignificant
n = 33

p

Perinatal parameters
Gestational age, weeks (IQR)
Gestational weight grams (IQR)
Male gender, n (%)
Preeclampsia, n (%)
PPROM, n (%)
Chorioamnionitis, n (%)
Prenatal steroids, n (%)
Cesarean section, n (%)
Surfactant, n (%)
Apgar 1 (IQR)
Apgar 5 (IQR)

23+4 (22+5 - 24+1) 25+6 (24+4 - 26+5) <0.001
593 (572-655)
800 (637-947)
<0.001
7 (50)
17 (52)
1.000
0 (0)
3 (9)
0.544
1 (7)
5 (15)
0.653
1 (7)
2 (6)
1.000
14 (100)
32 (97)
1.000
6 (43)
18 (55)
0.534
14 (100)
33 (100)
1.000
4 (3-4)
6 (4-7)
0.017
5 (3-6)
7 (6-9)
0.010

Outcome
Respiratory distress syndrome, n (%)
Bronchopulmonary dysplasia, n (%)
Intraventricular hemorrhage grade IIIIV, n (%)
Necrotizing enterocolitis, n (%)
Deceased, n (%)

14 (100)
9 (64)
2 (14)

33 (100)
14 (42)
1 (3)

1.000
0.212
0.208

6 (43)
6 (43)

5 (15)
3 (9)

0.061
0.013

IQR – Interquartile range, PPROM – Prolonged premature rupture of membranes

Levels of BNP and NT-proBNP, as well as of all the inflammatory biomarkers
except for IL-12, were higher in infants with persistent PDA. Low levels of
PDGF in infants with persistent PDA was the only association between any
of the growth factors and persistent PDA. High levels of EPO had the strongest association to ductal persistence (Table 10).
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Table 10. Biochemical markers

BNP, AU (IQR)
NT-proBNP, AU
(IQR)
ET-1, pg/mL (IQR)
EGF, AU (IQR)
PDGF, AU (IQR)
VEGF, AU (IQR)

Persistent
n = 14

Insignificant
n = 33

AUC (95% CI)

p

58.9 (32.6-111.5)
52.4 (48.9-56.0)

28.6 (3.1-78.8)
49.1 (47.1-51.5)

0.71 (0.54-0.87)
0.72 (0.56-0.88)

0.014*
0.007*

2.04 (1.05-4.32) 1.42 (0.20-3.11) 0.55 (0.34-0.76)
0.636
29.1 (20.0-40.7) 35.0 (24.2-68.2) 0.64 (0.45-0.83)
0.155
11.4 (9.94-18.5) 20.2 (11.6-53.3) 0.72 (0.54-0.90)
0.017*
3150 (27773031 (2606-3366) 0.58 (0.39-0.77)
0.412
3443)
TXB2, pg/mL (IQR)
11088 (991310553 (75280.56 (0.41-0.72)
0.424
11650)
13949)
IL-6, AU (IQR)
408.5 (242.4237.1 (134.90.73 (0.57-0.89)
0.005*
1198.4)
408.3)
IL-8, AU (IQR)
977.1 (614.1762.8 (406.50.71 (0.55-0.87)
0.012*
6140.7)
1095.6)
IL-10, AU (IQR)
24.8 (21.1-35.8) 15.5 (10.7-24.4) 0.77 (0.62-0.91) <0.001*
IL-12, AU (IQR)
379.3 (236.9279.6 (240.70.56 (0.38-0.75)
0.505
476.4)
392.8)
EPO, AU (IQR)
2.13 (1.53-3.70) 0.92 (0.82-1.78) 0.80 (0.67-0.94) <0.001*
GDF-15, AU (IQR)
5269 (40103361 (2617-4508) 0.75 (0.60-0.90)
0.001*
6091)
MCP-1, AU (IQR)
3376 (29192415 (1959-3233) 0.70 (0.54-0.87)
0.017*
4292)
* Significant according to the Benjamini–Hochberg method, AU – arbitrary units, IQR – Interquartile range

The correlation between EPO and blood gas levels during the 24 hours before
biomarker sampling were examined as a post-hoc analysis. EPO levels correlated with median pH (ρ = -0.450, p = 0.005) and median pO2 (ρ = -0.386, p
= 0.018), but not with median pCO2 (ρ = 0.278, p = 0.083).
Twenty-five (53%) of the infants were pharmacologically treated. Median
postnatal age at treatment initiation was 2.9 days (IQR: 2.2-3.4 days) in the
responsive group and 3.9 days (IQR: 2.6-4.4 days, p = 0. 235) in the nonresponsive group. Seven (35%) infants closed their PDA within 24 hours of
the last dose of Ibuprofen, while 13 (65%) infants did not respond to treatment. Five pharmacologically treated infants had no echocardiographic examination within 24 hours of treatment and were therefore not included in the
analysis. Information on perinatal parameters and outcomes for infants that
did and did not respond to treatment are presented in Table 11. EPO levels
were higher in infants that did not respond to pharmacological treatment, but
no other biomarker significantly differed between the groups (Table 12).

43

Table 11. Clinical characteristics of pharmacologically treated infants
Non-responsive
n = 13
Perinatal parameters
Gestational age, weeks (IQR)
Gestational weight grams (IQR)
Male gender, n (%)
Preeclampsia, n (%)
PPROM, n (%)
Chorioamnionitis, n (%)
Prenatal steroids, n (%)
Cesarean section, n (%)
Surfactant, n (%)
Apgar 1 (IQR)
Apgar 5 (IQR)

Responsive
n=7

24+4 (23+4 - 25+3) 26+4 (24+3 - 27+1)
654 (595-768)
858 (647-1024)
6 (46)
5 (71)
1 (8)
1 (14)
1 (8)
2 (29)
1 (8)
1 (14)
13 (100)
7 (100)
6 (46)
6 (86)
13 (100)
7 (100)
4 (4-6)
7 (5-8)
6 (5-7)
9 (7-9)

p
0.165
0.068
0.374
1.000
0.270
1.000
1.000
0.158
1.000
0.084
0.011

Outcome
Respiratory distress syndrome, n (%)
Bronchopulmonary dysplasia, n (%)
Intraventricular hemorrhage grade IIIIV, n (%)
Necrotizing enterocolitis, n (%)
Deceased, n (%)

13 (100)

7 (100)

1.000

7 (54)
1 (8)

2 (29)
1 (14)

0.374
1.000

5 (38)
2 (15)

0 (0)
2 (29)

0.114
0.587

IQR – Interquartile range, PPROM – Prolonged premature rupture of membranes

Table 12. Biochemical markers in pharmacologically treated infants

BNP, AU (IQR)
NT-proBNP, AU
(IQR)
ET-1, pg/mL (IQR)
EGF, AU (IQR)
PDGF, AU (IQR)
VEGF, AU (IQR)
TXB2, pg/mL (IQR)
IL-6, AU (IQR)
IL-8, AU (IQR)
IL-10, AU (IQR)
IL-12, AU (IQR)
EPO, AU (IQR)
GDF-15, AU (IQR)
MCP-1, AU (IQR)

Non-responsive
n = 13
85.6 (41.2-162.5)

Responsive
n=7
21.9 (2.6-59.8)

AUC (95% CI)

p

0.73 (0.45-1.00)

0.109

52.4 (48.4-55.2)

48.8 (48.0-51.4)

0.70 (0.41-0.99)

0.183

3.58 (1.91-5.65)
32.1 (20.3-60.1)
11.3 (10.2-20.1)
3087 (2541-3343)
10985 (978211865)
309.9 (224.8666.2)
926.9 (508.41924.6)
20.9 (12.9-29.6)
279.6 (249.0443.3)
1.62 (1.24-2.30)
4597 (2871-5701)
3376 (1959-4190)

0.20 (0.20-2.7)
30.5 (29.9-170.4)
34.8 (15.5-141.6)
3080 (2855-3236)
9229 (745819092)
245.3 (120.1392.9)
702.7 (263.6963.3)
13.3 (11.1-18.5)
278.7 (262.5310.5)
0.84 (0.82-0.85)
3792 (3361-4241)
2312 (1726-3267)

0.78 (0.50-1.00)
0.60 (0.31-0.89)
0.74 (0.49-0.99)
0.65 (0.37-0.93)
0.55 (0.26-0.84)

0.050
0.506
0.549
0.296
0.727

0.60 (0.28-0.91)

0.528

0.53 (0.22-0.85)

0.834

0.57 (0.25-0.88)
0.53 (0.22-9.85)

0.675
0.834

0.93 (0.75-1.00)
0.58 (0.29-0.88)
0.58 (0.27-0.89)

<0.001*
0.584
0.600

* Significant according to the Benjamini–Hochberg method, AUC – Area under curve, AU –
arbitrary units, IQR – Interquartile range
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Paper IV
The 44 infants in the Ligated group and the 44 infants in the Control group were
well matched in GA and birthweight. Perinatal characteristics for the two groups are
presented in Table 13. Surgery for PDA had been performed at a mean postnatal age
of 50 ± 26 days in the Ligated group.

Table 13. Clinical characteristics and treatments
Ligated
n = 44

Control
n = 44

p

24+5 ± 1+3
668 ± 170)
25 (57)
11 (25)
44 (100)
26 (59)
3.9 ± 2.2
5.7 ± 2.2

24+5 ± 1+3
703 ± 166
21 (48)
12 (27)
44 (100)
22 (50)
5.2 ± 2.4
6.6 ±2.0

1.000
0.319
0.522
1.000
1.000
0.521
0.018
0.064

7.4 ± 2.1

1.0 ± 1.5

0.166

Perinatal factors
Gestational age, weeks (mean±SD)
Birthweight, grams (mean±SD)
Male gender, n (%)
Preterm premature rupture of membranes, n (%)
Prenatal steroids, n (%)
Caesarean section, n (%)
Apgar 1 (mean±SD)
Apgar 5 (mean±SD)
Apgar 10 (mean±SD)
Treatments
Transfusions, n (IQR)
5 (3-6)
3 (1-4)
<0.001
Transfusion volume, ml/kg (IQR)
75 (45-90)
45 (15-60)
<0.001
Inotropic support, n (%)
10 (23)
6 (14)
0.408
Postnatal steroids, n (%)
11 (25)
1 (2)
0.004
Invasive ventilation, days (IQR)
47 (38-68)
20 (3-36)
<0.001
CPAP (IQR)
14 (8-26)
13 (5-32)
0.729
Invasive and non-invasive ventilation (IQR)
63 (49-99)
40(13-70)
<0.001
Pharmacological PDA-treatment, n (%)
23 (52)
22 (50)
1.000
Time of pharmacological treatment, days
5.2 ± 4.7
4.4 ± 6.6
0.654
(mean±SD)
SD – Standard deviation, IQR – Interquartile range, CPAP – Continuous positive airway pressure

All (100%) infants in the Ligated group had hsPDA during the first week,
compared to 30 (68%) infants in the Control group (p < 0.001). Eleven (25%)
infants in the Control group were considered to have a closed ductus arteriosus
already at the time of the first echocardiographic examination.
Infants in the two groups received pharmacological treatment to a similar extent. Treatment was initiated at 5.2 (4.7) days and at 4.4 (6.6) days postnatally
in the Ligated group and the Control group respectively (p = 0.654). The success of pharmacological treatment was limited, with only one (4%) infant in
the Ligated group and eleven (50%) infants in the Control group that closed
PDA during treatment. The ductal diameter was unchanged in the Ligated
group, whereas it was reduced after treatment in the Control group (Table 14).
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Table 14. Echocardiographic parameters
Ligated
n = 44

Control
n = 44

p

2 (1-3)
43 (98)
1.9 (0.7)
1.32 (0.42)
1.8 (0.4)
32 (73)

2 (0-2)
33 (75)
1.5 (0.9)
1.36 (0.51)
1.6 (0.4)
19 (43)

0.169
0.004
0.022
0.640
0.213
0.009

Pre-treatment echocardiography
Timing, day (IQR)
Ductus open, n (%)
Ductus diameter, mm (mean±SD)
Maximal ductal flow velocity, m/s (mean±SD)
Left atrium to aortic root ratio (mean±SD)
Hemodynamically significant PDA, n (%)
Post-pharmacological treatment echocardiography

n=23

Timing, day (IQR)
Ductus open, n (%)
Ductus diameter, mm (mean±SD)
Ductus diameter change, mm (mean±SD)
Maximal ductal flow velocity, m/s (mean±SD)
Left atrium to aortic root ratio (mean±SD)
Hemodynamically significant PDA, n (%)

n = 20

14 (9-21)
22 (96)
2.0 (0.8)
0.0 (1.1)
1.32 (0.38)
1.7 (0.5)
17 (74)

13 (6-30)
11 (55)
0.9 (0.9)
-0.9 (1.2)
1.49 (0.75)
1.4 (0.7)
10 (50)

0.732
0.003
0.001
0.048
0.417
0.191
0.127

SD – Standard deviation, IQR – Interquartile range, PDA – Patent ductus arteriosus

Prolonged need for invasive ventilation was the only factor independently associated with surgical ligation (Table 15). Infants in the Ligated group had
more severe BPD, but occurrences of other BPD grades were similar to the
Control group. Occurrence of IVH, NEC, sepsis and retinopathy of prematurity were similar between groups and there was no difference in mortality
(Table 16).
Table 15. Multivariable analysis for ligation
Ductus open at first echocardiographic examination
Ductus diameter at first echocardiographic examination
Pharmacological treatment
Postnatal steroid treatment
Number of transfusions
Days with invasive ventilation
OR – Odds ratio
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OR (95% CI)

p

3.123 (0.088-111.517)
1.654 (0.521-5.250)
1.056 (0.298-3.751)
1.051 (0.842-1.312)
1.041 (1.003-1.079)

0.531
0.393
0.932
1.000
0.661
0.018

Table 16. Outcome

Mild bronchopulmonary dysplasia, n (%)
Moderate bronchopulmonary dysplasia, n (%)
Severe bronchopulmonary dysplasia, n (%)
Intraventricular hemorrhage grade I-II, n (%)
Intraventricular hemorrhage grade III-IV, n (%)
Retinopathy of prematurity stage III, n (%)
Necrotizing enterocolitis stage IIIa-IIIb (%)
Sepsis, n (%)
Deceased, n (%)
Age at death, day (mean±SD)

Ligated
n = 44

Control
n = 44

p

1 (2)
4 (9)
38 (86)
11 (25)
5 (11)
14 (32)
5 (11)
19 (43)
5 (11)
117 ± 72

2 (5)
7 (16)
28 (64)
5 (11)
2 (5)
15 (34)
8 (18)
21 (48)
5 (11)
191 ± 178

1.000
0.521
0.025
0.166
0.434
0.653
0.549
0.831
1.000
0.417

SD – Standard deviation
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Discussion

Despite extensive research in the field, there is still a great uncertainty about
the optimal management of PDA in preterm infants. Echocardiography allows
for convenient identification of an open ductus arteriosus, but assessment of
the ductal flow volume, of the shunt’s impact on pulmonary and systemic circulation and on the heart and other organs is more complex.
Even though treatment strategies have ranged from early prophylactic treatment to late treatment only of infants with signs of cardiac failure, no certain
reductions in long term morbidity or mortality have been proven after successful pharmacological or surgical closure of PDA. The outcome of early
treatment strategies may be affected by inclusion of infants that spontaneously
would have closed ductus arteriosus or in whom the PDA would have become
insignificant even without treatment. These infants are therefore unnecessarily exposed to potentially harmful treatments. On the other hand, outcome
of late treatment strategies may be affected by the prolonged exposure to ductal shunting in infants that do not spontaneously close their ductus arteriosus.
In addition, irrespective of whether an early or late treatment strategy is used,
there is a risk that infants that are not receptive to pharmacological closure are
exposed to unnecessary medications.
The decision to treat a PDA is generally dependent on the designation of the
PDA as hemodynamically significant, but the criteria for hsPDA varies widely
between studies (Zonnenberg and de Waal, 2012). Definitions of early hsPDA
rely on echocardiographic assessments of different proxy variables for ductal
flow volume, while hsPDA at a later time is associated with circulatory compromise with clinical signs of respiratory problems and cardiac failure. The
relevance of the echocardiographic criteria during the different stages of postnatal development is unclear and the general significance in infants born extremely preterm is uncertain. As demonstrated in all of the papers in this thesis, pharmacological treatment is also less effective in the most preterm infants. Nevertheless, outcome of treatment of PDA may improve by better
identification of infants that need and are susceptible to treatment to close
PDA.
In Paper I, we aimed to identify factors that affect the probability of pharmacological PDA closure in extremely preterm infants. Compared to studies of
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more mature infants, the effectiveness of indomethacin to close PDA was low
in this cohort. Only higher ductal Vmax was found to be independently associated with ductal closure, whereas no early major differences in ventilatory
parameters and fraction of inspired oxygen could be established between the
groups in this study. Pulmonary disease has previously been identified as a
risk factor for failure of pharmacological treatment of PDA, but possibly due
to the high incidence of RDS in this cohort, this association could not be confirmed (Chorne et al., 2007; Itabashi et al., 2003). As seen in Paper I and II,
ductal flow may be a more sensitive marker of persistent higher pulmonary
vascular resistance and pulmonary dysfunction at this early stage of life in
extremely preterm infants. In line with previous studies, no certain difference
in outcome between infants that did or did not close PDA during treatment
could be confirmed in Paper I.
In the DAPPR-study (Paper II and III), our aim was to prospectively evaluate
the impact of early hsPDA and to examine early respiratory, circulatory and
echocardiographic parameters in extremely preterm infants in order to identify factors associated with persistence of ductus arteriosus. Furthermore, several potential new serum markers for PDA were analyzed.
hsPDA was defined as a remaining ductal flow and either a large diameter,
signs of pulmonary overcirculation or systemic shunt effect in accordance
with the definitions by Dani et al. (2008) and Tauzin et al. (2012) and with the
cut-off values modified according to Kluckow and Evans (1995) and Iyer and
Evans (1994). As presented in Paper II, a large majority of infants both in the
group with future persistent PDA and in the group with ultimately closed or
insignificant PDA had hsPDA during the first week of life, and the early presence of hsPDA did thus not predict persistent of ductus arteriosus. This is
consistent with studies demonstrating both a high likelihood of spontaneous
PDA closure as well as early non-hemodynamically significant PDA progressing to hemodynamic significance (Fink et al., 2018; Herrman et al., 2008;
Semberova et al., 2017).
Low ductal Vmax on the second day of life was the only echocardiographic
parameter associated with ductal persistence in Paper II. In addition to the
findings in Paper I, ductal Vmax was also correlated to mean airway pressure
and blood oxygen saturation, implying a close relationship between the early
respiratory and circulatory factors. The early period following the first 24
hours of life may consequently offer a window for prognosticating future ductal persistence, where a high ductal Vmax contrary to signs of high-volume
shunting at a later stage may indicate a greater likelihood of ductal closure.
We believe that ductal Vmax has potential to be an important marker for outcome of PDA, but further prospective, randomized studies are needed to confirm its clinical usefulness.
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Paper III presents associations between serum markers and persistent ductus
arteriosus in the DAPPR-cohort. In line with known associations to hsPDA,
we found that BNP and NT-proBNP were associated with persistence of
ductus arteriosus. High levels of inflammatory markers IL-6, IL-8, IL-10,
GDF-15 and MCP-1 were also associated with persistence of ductus arteriosus
in this cohort. From what is known from previous studies in preterm infants,
this finding might indicate a relationship to early pulmonary morbidity; although covariation with other inflammatory conditions could also explain
these associations (Bose et al., 2013; Colvin et al., 2014; D’Angio et al., 2016;
Duncan et al., 2012; Lohani et al., 2015; Lusyati et al., 2013; Paananen et al.,
2009; Sorokin et al., 2013).
High concentrations of EPO were associated with both persistent ductus arteriosus and with failure of pharmacological treatment in the DAPPR-cohort
(Paper III). The strong association between EPO and persistent ductus arteriosus, and the lack of connection between other inflammatory factors and treatment responses, suggests that the association with EPO may be due to a different mechanism than a general inflammatory activity. We performed additional analyses of the correlations between EPO levels and blood gases in the
study and confirmed significant negative correlations between EPO concentration and median pH and median pO2 during the day before blood sampling.
We believe that these correlations suggests that EPO levels relate mainly to
postnatal hypoxia rather than prenatal hypoxic events, as previous studies
show that the half-time of EPO is short (Krishnan et al., 1996).
Treatment with recombinant EPO has been found to induce increased airway
resistance and stimulate pulmonary inflammation in animal studies (Polglase
et al., 2014). Holm et al. (2016) identified a dose-response relationship between endogenous EPO blood concentrations in the first two postnatal weeks
and later lung disease in infants born before 28 weeks GA. This connection
between EPO and pulmonary dysfunction is in line with the association between low ductal Vmax, conceivable as a sign of elevated pulmonary artery
pressure, and persistent ductus arteriosus seen in Paper II (Smith et al., 2015;
Van Overmeire et al., 2000). Like ductal Vmax, we believe that EPO is a
promising marker that could offer an additional modality beside echocardiography to prognosticate the outcome of PDA.
In Paper IV we compared all surgically treated infants born between January
2010 and December 2016 to matched non-surgically treated controls born during the same period. The cohort was well matched for GA and the groups had
similar mean birthweight, gender balance and proportion of pharmacologically treated infants.
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Ten percent of all infants born at 22-27 weeks GA during the study period
were subjected to surgical ligation. Compared to the rate of surgery in cohorts
in previous studies, this reflects a conservative approach in line with the general trend during the last decade (Hagadorn et al., 2016; Weinberg et al.,
2016). More than half of the infants in the Ligated group had been primarily
pharmacologically treated for PDA, reflecting the poor effectiveness of pharmacological treatment in extremely preterm infants previously described by
our group and others (Olsson and Sindelar, 2011).
An early large ductal diameter was associated with future surgical ligation in
this study. This is not surprising, as a large DA diameter is one of the criteria
for hemodynamical significant PDA used at most centers, including ours, and
thus a part of the indication for both pharmacological treatment and surgical
ligation. The decrease in diameter in infants in the Control group but not in
the Ligated group during pharmacological treatment confirmed the finding of
Pees et al. (2010) that a reduction in ductal diameter indicates treatment response. There was also a trend towards an increased need of surgical ligation
associated with low ductal flow velocity, which is in line with the associations
found in Paper I and II.
In this study (Paper IV), several differences in outcomes between the Ligated
group and the Control group were related to the severity of pulmonary disease.
Infants in the Ligated group had more days with invasive ventilation, which
was also the only factor independently associated with surgical ligation. However, as failure to come off the ventilator is an important indication for surgical treatment, this could partly be a confounding effect. Infants in the Ligated
group also received more red blood cell transfusions than the Control group.
The need for red blood cell transfusions has previously been associated with
presence of PDA in more mature infants, however, in a previous study by
Sellmer et al. (2013) there were no difference between infants with small and
large PDAs (Chen et al., 2014). Lower hemoglobin values have also been associated with BPD and the need for transfusions could thus be a confounder
for pulmonary disease (Duan et al., 2016).
The associations between the outcome of PDA and ductal Vmax and/or respiratory factors identified in all of the papers in this thesis indicates a close
relation between PDA and pulmonary circulation. In the past, a large ductal
shunt has been considered mainly as an aggravator of respiratory problems.
The findings in the current studies indicate that the causality might be the opposite during the early postnatal period in extremely preterm infants. Respiratory problems and inability to clear the lungs from fluid in combination with
the need for ventilatory support with high airway pressures can prevent a decrease in pulmonary vascular resistance. This causes a higher pulmonary arterial pressure and lower pressure gradient from the systemic circulation and
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consequently a lower left to right ductal Vmax, a higher intraductal pressure
and lower pO2. Altogether this diminishes the chances of ductal closure even
in case of inhibition of PGE2 during treatment with COX or POX inhibitors.
In Paper III, EPO levels were also found negatively correlated to pH and pO2,
and several of the biochemical factors associated to persistence of ductus arteriosus have previously been associated to pulmonary morbidity.

Limitations of the studies
Our first study (Paper I) was limited by its retrospective design, the exclusion
of a number of infants with PDA that were not treated before discharge and
the use of both indomethacin and ibuprofen during the study period. The
DAPPR-study (Paper II and III) was limited by the small number of patients
enrolled, not allowing for multivariable logistic regression analyses without a
major risk of overfitting according to the one in ten rule. Analyses were however adjusted for multiple testing. Another limitation was the heterogenicity
of the cohort with regard to PDA treatment. However, measurements from all
infants in the study were analyzed in relation to persistence of ductus arteriosus in order to avoid bias from the echocardiographic estimation of shunt volume and an excessive division into groups of infants depending on the perceived hemodynamically significance of PDA, treatment contraindications,
administration of pharmacological treatments, treatment responsiveness and
ultimately closure of PDA. The conclusions from the analyses of biochemical
markers (Paper III) were limited by the risk for selection bias due to the exclusion of infants without valid blood samples. The arbitrary units in the PEA
analysis unfortunately also precludes comparison to other materials.
The strengths of the DAPPR-study (Paper II and III) were the continuously
recorded respiratory and circulatory parameters, serial echocardiographic examinations and measurements of novel biochemical markers in this cohort of
the most extremely preterm infants. Despite the limited absolute number of
infants, few prospective studies to our knowledge feature a larger cohort of
infants with comparable GA from one single unit.
The matched cohort study of surgical treatment (Paper IV) was also limited
by its retrospective design and the lack of randomization not ruling out that
unidentified clinical factors could have influenced the course of PDA and the
outcomes after surgical ligation.
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Conclusions

•

Low ductal Vmax, independently of ductal diameter, is associated with
failure to close PDA during pharmacological treatment in extremely preterm infants (Paper I and II).

•

Early hsPDA do not predict persistence of ductus arteriosus in extremely
preterm infants (Paper II).

•

Early need of mechanical ventilation, high airway pressures and low ductal Vmax on the second day of life are associated with persistence of
ductus arteriosus in extremely preterm infants (Paper II).

•

Early ductal Vmax is correlated with respiratory parameters in extremely
preterm infants (Paper II).

•

Early high levels of inflammatory markers and EPO, and low levels of
PDGF are associated with persistence of ductus arteriosus in extremely
preterm infants (Paper III).

•

Early high levels of EPO are associated with failure to close PDA during
pharmacological treatment in extremely preterm infants (Paper III).

•

The efficacy of pharmacological treatment is limited in extremely preterm
infants (Paper I, II, III and IV)

•

Early large ductal diameter and lack of decrease in ductal diameter during
pharmacological treatment are associated with future need for surgical
treatment in extremely preterm infants (Paper IV).
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Future perspectives

A number of important questions need to be answered to advance the management of PDA in extremely preterm infants. Remaining ambiguities include
how to identify infants that risk developing persistent ductus arteriosus and
infants that will respond to pharmacological treatment, as well as whether
early targeted pharmacological closure of PDA improves long-term outcomes.
This thesis aspires to contribute to the understanding of the first two questions.
We believe that ductal Vmax and EPO are potentially useful as markers in
this context, but additional studies are called for. One important aspect that
needs to be examined is the validity in a cohort not fractioned by different
treatments. As recent studies support a conservative treatment of PDA in extremely preterm infants, a study investigating these markers in a cohort without pharmacological treatment is feasible (Letshwiti et al., 2017; Slaughter et
al., 2017).
We have planned to advance with this in the form of a prospective observational study including infants born before 28 weeks GA and admitted to Uppsala University Children’s Hospital. Blood samples will be collected from indwelling umbilical arterial catheters at 48 hours of postnatal age and EPO will
be analyzed according to clinical routine, but with treating physicians blinded
for the results. Infants will undergo echocardiographic examinations at the
time of blood sampling and additional examinations before discharge. No
pharmacological treatment to close PDA will be administered within the
study. If a clinically significant PDA persists, surgical closure of the ductus
will be used as rescue treatment at the discretion of the treating neonatologist.
This will allow for evaluation of the marker in a more homogenic cohort and
provide important information on the natural course of the ductus arteriosus
in extremely preterm infants.
Regarding the impact of early targeted pharmacological closure of PDA on
long-term outcomes, there are currently several ongoing trials (Clyman,
2018).
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•
•
•

The TRIOCAPI trial is randomizing infants with a large PDA using echocardiographic criteria to either ibuprofen or conservative treatment and is
expected to present its results in early 2019
The Baby OSCAR trial is a blinded, randomized placebo-controlled trial
investigating short- and long-term outcomes of the treatment of a large
PDA with ibuprofen in extremely preterm babies within 72 hours of birth
BeNeDuctus trial is a multicenter, randomized, non-inferiority trial of
early treatment versus expectant management of PDA in extremely preterm infants.

There is hope that these large randomized trials will provide reliable information on the timing of treatment and outcomes of pharmacological closure
of PDA. With better means to assess the hemodynamic effects of the ductal
shunt and improved ability to foresee persistence of the ductus arteriosus and
the response to pharmacologic treatment, the management of PDA in extremely preterm infants will improve in the near future.
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Summary in Swedish

Under fosterlivet passerar större delen av ett fosters blodvolym förbi lungorna
genom en öppning mellan hjärtats förmak, foramen ovale, och genom ett förbindelsekärl mellan kropps- och lungpulsådern, ductus arteriosus. Normalt
sluts foramen ovale inom de närmaste timmarna efter födelsen och ductus arteriosus inom de första dagarna efter födseln. Hos för tidigt födda barn är det
emellertid vanligt att kärlet fortsätter att vara öppen. Öppetstående ductus arteriosus (PDA) är kopplat till komplikationer bland annat i lungor, hjärna och
tarm, och till kortsiktigt och långsiktigt ökad sjuklighet och risk för död. Extremt för tidigt födda barn har en ständigt ökande överlevnad till följd av medicinska framsteg, och därmed ökar också antalet barn med PDA.
PDA diagnostiseras vanligen med ultraljudsundersökning av hjärtat under de
första dygnen efter födseln och kan behandlas antingen medicinskt med antiinflammatoriska läkemedel, eller kirurgiskt med operativ slutning av kärlet.
Det finns emellertid inga generella kriterier för när PDA bedöms orsaka signifikant påverkan på blodflödet (hsPDA) och därmed bör behandlas. Någon
långsiktigt minskad sjuklighet eller dödlighet efter behandling har heller inte
gått att bevisa. Hos extremt för tidigt födda barn har den medicinska behandlingen dessutom begränsad förmåga att sluta PDA.
Syftet med de här studierna har varit att öka kunskapen om faktorer som påverkar slutningen av ductus arteriosus hos extremt för tidigt födda barn och
att identifiera bättre markörer för vilka barn som är betjänta av behandling av
PDA.
I den första studien identifierades 56 barn födda före 28 graviditetsveckor som
behandlats medicinskt för PDA och alla ultraljudsundersökningar av hjärtat
eftergranskades. Tjugonio barn (52%) hade svarat på behandlingen och stängt
PDA, medan 27 barn (48%) fortsatt hade öppen PDA vid den första ultraljudsundersökningen efter behandlingen. Barnen som stängde PDA var födda i senare graviditetsveckor och vid den sista ultraljudsbehandlingen innan behandling var den maximala blodflödeshastigheten (Vmax) i PDA högre i den gruppen. Vmax justerad för diametern av PDA i kvadrat och för undersökningstidpunkten var den enda faktorn som var oberoende kopplad till slutning av
PDA under behandling.
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Den andra studien genomfördes som en prospektiv studie där alla barn födda
före 28 graviditetsveckor mellan november 2012 och maj 2015 på Akademiska barnsjukhuset kunde inkluderas. Barnen undersöktes med ultraljud dag
ett, dag två och dag tre efter födseln och därefter då det var kliniskt motiverat.
Data avseende andning och cirkulation registrerades automatiskt och kontinuerligt i ett elektroniskt patientinformationssystem. Barnen behandlades medicinskt för PDA om hsPDA noterades med ultraljud under andra till sjunde
dagen efter födseln. PDA bedömdes som kvarstående om PDA var fortsatt
öppen efter medicinsk behandling eller om barnet inte kunde behandlas medicinskt på grund av kontraindikationer, och om barnet därmed krävde operativ slutning av PDA, eller om det avled med en öppetstående PDA.
Totalt inkluderades 60 barn varav 18 hade en kvarstående PDA och 42
stängde PDA. Resultaten från studien visar att andning och cirkulation genomgår flera förändringar under de första levnadsdygnen. Det fanns ingen
skillnad i förekomsten av hsPDA mellan de som hade en kvarstående PDA
och de som stängde PDA. Kvarstående PDA var kopplat till större behov av
respiratorbehandling och höga luftvägstryck samt låg Vmax under dag två efter födseln.
Den tredje studien innefattade 47 av barnen från den andra studien som lämnat
blodprov under dag två efter födseln. I blodproven undersöktes nivåerna av
ett antal markörer som tidigare funnits kopplade till PDA eller till faktorer
som kan påverka PDA. Resultaten visade att markörer som frigörs vid belastning av hjärtat (B-type natriuretic peptide, N-terminal-pro-B-type natriuretic
peptide), och faktorer kopplade till inflammation (interleukin-6, interleukin8, interleukin-10, monocyte chemoattractant protein-1, growth/differentiation
factor 15) och blodbildning (erytropoetin), var högre hos barn som sedan hade
en kvarstående PDA En tillväxtfaktor (platelet derived growth factor) var
lägre hos barn med senare kvarstående PDA. Erytropoetin (EPO) var den enda
markör som var högre hos de barn som inte svarade på medicinsk behandling.
Ytterligare analyser visade även att EPO varierade med pH och syrenivån i
blodet.
I den fjärde studien inkluderades samtliga 44 barn som opererats för PDA
under perioden 2010–2016. Dessa matchades sedan med 44 icke-opererade
kontroller som fötts inom samma graviditetsvecka och inom en månad i tid.
De opererade och de icke-opererade barnen hade erhållit medicinsk behandling för PDA i liknande utsträckning och vid liknande tidpunkt. Diametern på
PDA var oförändrad i den opererade gruppen, men minskade i kontrollgruppen efter den medicinska behandlingen. Långvarigt behov av respiratorbehandling var den enda faktor som var oberoende kopplad till operation av
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PDA. Opererade barn hade en svårare grad av lungsjukdomen bronkopulmonell dysplasi, men förekomsten av andra komplikationer var likartad mellan
grupperna.
Sammanfattningsvis indikerar inte en tidig hsPDA en fortsatt kvarstående
ductus arteriosus hos extremt för tidigt födda barn, men Vmax och EPO är
lovande tidiga markörer som kan förbättra diagnostiken och behandlingsresultaten av PDA i den här gruppen. Den potentiella kliniska nyttan av Vmax
och EPO bör vara föremål för fortsatta studier.
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