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Abstract: The ductus arteriosus represents an essential vascular structure connecting the pulmonary
artery and the aorta. Over the past decades, there has been substantial advancement in our under-
standing of both the fundamental and clinical aspects of the ductus arteriosus. In particular, the
clarification of the regulatory mechanisms governing ductal patency in critical stages such as the
fetal and the perinatal period has enabled optimal management of both physiological and patho-
logical conditions in which the ductus arteriosus plays a crucial role. Furthermore, a more in-depth
understanding of the regulatory mechanisms controlling this fundamental structure has facilitated
the development of advanced therapeutic strategies and personalized interventions. In the present
review, we provide a comprehensive overview of the ductus arteriosus during fetal and perinatal life,
encompassing its physiological functions, pathological conditions, and clinical implications. Through
this examination, we aim to contribute to a broader understanding of the ductus arteriosus’ role in
these critical developmental stages and its significance in clinical practice.
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1. Introduction

The ductus arteriosus (DA) is an important fetal structure connecting the pulmonary
and systemic circulations, allowing for fetal blood to bypass the developing lungs. Despite
centuries of study, the DA’s complexity still represents a great challenge for both clinicians
and scientists.

Early anatomical descriptions date back to the second century AD, with Sir William
Harvey recognizing its importance in fetal circulation in the 1600s [1]. Seminal studies
in the following centuries detailed the DA’s histological structure [2,3] while others pro-
vided mechanistic insights into the involvement (or role) of prostaglandin and oxygen in
regulating the patency and closure of the DA [4,5]. Recent advances in molecular biology
and diagnostics have enhanced our understanding, but several issues persist, in particular
regarding the genetic predisposition to persistent DA, the timing of spontaneous closure,
and optimal pharmacologic strategies [6].

This review explores several factors influencing DA patency during fetal and perina-
tal life.

2. Ductus Arteriosus in Fetal Life
2.1. Embryology, Morphology, and Histology

In humans, the ductus arteriosus is a crucial vascular structure fully formed between
the sixth and eighth weeks of gestation [7].

In fetuses with normal cardiac anatomy, the DA connects the main pulmonary artery
to the descending aorta, usually distal to the origin of the left subclavian artery.
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Embryologically, the DA arises from the distal portion of the left sixth pharyngeal
arch approximately at day 29 of fetal life and creates stable communication between the
dorsal aorta and the pulmonary trunk subsequent to the emergence of the right and left
pulmonary arteries from the proximal end of the sixth branchial arch. Rarely, a right DA
may arise due to a regression failure of the right sixth arch [8]. An important study has
taken into account the spatial relationship between the fetal DA and the aorta because the
location of DA insertion defines the inferior margin of the aortic isthmus [7].

The ductus arteriosus plays a pivotal role in fetal circulation by establishing a con-
nection between the main arteries, and the dimensions and configuration of the ductus
arteriosus significantly influence the resistance to blood flow and the extent of shunting [9].

Moreover, the magnitude and direction of the flow across the ductus arteriosus (DA)
determine that the upstream angle between the DA and the aorta is typically <90°, while
the downstream angle between the DA and the descending aorta is usually >80° [10]. This
configuration is referred to as the “F type” or “fetal type” in the classification proposed by
Krichenko and colleagues [11]. The term “fetal-type” DA therefore describes a distinctive
elongated ductus with angles resembling a hockey stick at its insertion point into the
pulmonary artery [12].

During gestation, the DA becomes progressively longer, wider, and more curved, and
by the end of the third trimester, it will exhibit a pronouncedly curved configuration [13].

From the histological point of view, there are significant differences between the great
arteries (i.e., the main pulmonary artery and descending aorta) and DA. The (tunica) media
of the DA is indeed characterized by smooth muscle fibers with a typical longitudinal
and spiral arrangement, whereas the media of the great arteries is mainly composed of
circumferentially arranged layers of elastic fibers. The contraction of the smooth muscle
fibers of the media is responsible for the progressive narrowing of the DA, starting at the
pulmonary end of this structure and leading to the functional closure within the first days
of life in term newborns [9,13]. Moreover, the DA intima is thick and irregular, and during
the third trimester, it is characterized by the presence of intraluminal intimal cushions [14].
This distinctive structure of the ductus arteriosus lays the foundation for its constriction
following birth.

The patency of the DA is controlled by opposing mechanisms that induce vasodilation
or vasoconstriction. During fetal life, it is crucial for the DA to remain open as a result
of a predominance of vasodilatory factors over vasoconstrictive ones. Prostaglandins,
in particular, play a pivotal role in preventing preterm vasoconstriction. Histological
changes during ductal maturation result in increased responsiveness to oxygen tension and
prostaglandins [15].

Circulating prostaglandins, which originate in the placenta, usually undergo metabolism
in the lungs. Because fetal pulmonary blood flow is low, the clearance of prostaglandins is
diminished, resulting in an elevated concentration of these factors [16].

Fetal DA patency is predominantly maintained through prostaglandin E2 (PGE2)
activation, facilitated by the EP4 receptor, inducing DA dilation via the activation of the
cAMP /PKA signaling pathway [17].

Simultaneously, endothelial nitric oxide synthase produces nitric oxide (NO) in the
luminal endothelium and vasa vasorum endothelium. The activation of nitric oxide (NO),
which stimulates the cGMP/PKG signaling pathway, is fundamental to maintaining fetal
ductal patency [6].

While PGE2 and NO are commonly recognized as the principal mediators of DA
dilation, it has been recently demonstrated that other factors also play a significant role.
Adenosine and atrial natriuretic peptide have been documented to dilate the DA by up-
regulating cAMP and cGMP signaling, respectively [18]. Furthermore, several potassium
channels expressed in smooth muscle cells (SMCs) function as vasodilators along with
carbon monoxide (CO), which serves as a cGMP-mediated vasodilator [19].

All these molecular mechanisms are required to maintain DA patency in the fetal
life [20,21].
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Human genetic studies have unveiled several genetic factors linked to both syndromic
and nonsyndromic cases of the PDA. Currently, over 100 disorders encompass the PDA
within their phenotypic spectrum, supporting the idea that several genes can contribute
to syndromic PDA. Notable syndromic examples encompass Down syndrome, Marfan
syndrome, and Noonan syndrome [22]. Conversely, nonsyndromic cases occur in isolation
and exhibit a higher prevalence compared to syndromic associations [23,24]. Addition-
ally, research utilizing mouse knockout models has provided valuable insights into the
molecular pathways involved in PDA development and the genetic background [25].

2.2. Ductus Arteriosus Physiology in Fetal Life

Before birth, fetal hemodynamics are characterized by low blood flow in pulmonary
circulation (functional absence of the lungs) and a dependence on low-resistance placental
circulation for metabolic functioning as well as gas exchange.

The majority of our current knowledge of the physiology of fetal circulation is based on
findings from animal models [10,25]. Fetal blood distribution deeply differs from neonatal
circulation because the blood flow of the intrauterine circulation system is directed to
maximize oxygen delivery to the brain and heart. In the fetus, blood is oxygenated in the
placenta and returns to the body through the umbilical vein. About 50% of oxygenated
blood flow, coming from the placenta, reaches the inferior vena cava via the ductus venosus
and about 50% is distributed to the hepatic circulation system. Umbilical venous blood
has an oxygen saturation of 70% to 80%, which is the highest oxygen saturation in fetal
circulation [10,26].

Due to the anatomical position of the inferior vena cava and its connection with the
atria, the majority of the oxygen-rich blood volume exhibits a preferential flow pattern into
the left atrium via the patent foramen ovale (PFO). The maintenance of FO patency is due
to a pressure gradient between the two atria, which allows for the unidirectional flow of
blood into the left atrium and subsequently the left ventricle. A significant portion of this
oxygen-enriched blood, characterized by an oxygen saturation of 65%, is directed from the
ascending aorta toward the upper regions of the fetal body, with a smaller fraction directed
to the descending aorta [26].

The remaining blood within the right atrium mixes with blood from the superior vena
cava prior to entering the right ventricle. Subsequently, it is expelled into the pulmonary
trunk, with an average oxygen saturation level of 50%. Because a notable feature in fetal
circulation is the elevated pulmonary vascular resistance (PVR), only a fraction of about
20% of the right ventricular output traverses the pulmonary circulation [26].

The majority of the right ventricular output is directed through the ductus arteriosus
and reaches the limited blood supply originating from the ascending aorta. Consequently,
the final oxygen saturation level within the blood in the descending aorta is approxi-
mately 55%.

Inizio Modulo

Animal studies and Doppler studies in human fetuses have demonstrated that almost
80-90% of the blood volume that is pumped into the pulmonary artery by the right fetal
ventricle preferentially joins the systemic flow via the ductus arteriosus (DA) and, as a
result, only a percentage of 10-20% of the right cardiac output enters the lungs during this
period [6].

DA patency is therefore essential to ensure fetal development.

2.3. Echographic Imaging

In a typical fetal ultrasound, an axial three-vessel trachea view reveals the pulmonary
artery connecting with the ductal arch, positioned on the same side as the aorta in a V-
shaped alignment relative to the trachea. This view also includes a visible superior vena
cava. When observing the ductal and aortic arch views in a sagittal orientation, it becomes
evident that the aortic arch has a sharper bend and originates more posteriorly from the left
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ventricle than the ductal arch, which has its origin in the right ventricle. The three-vessel
and trachea view is becoming a routine assessment in fetal scans [9].

Fetal ductal flow is entirely right to left during the cardiac cycle and it is typically
biphasic, characterized by a peak systolic velocity up to 140 cm/s and diastolic velocities
ranging from 6 to 30 cm/s [27].

2.4. Fetal Ductus Arteriosus Pathology

Understanding the physiological effect of the DA during fetal life is essential in
comprehending the normal development of the cardiovascular system and the potential
anomalies that can arise from a defective DA.

An intrauterine constrictive DA is a rare pathological entity mostly occurring during
the third trimester of gestation. The risk of ductal constriction shows, in fact, a significant
increase with advancing gestational age, especially from 32 weeks of gestation [28].

Ductal constriction is often associated with maternal intake of prostaglandin synthase
inhibitors (non-steroidal anti-inflammatory drugs or corticosteroids) or the consumption of
foods rich in polyphenols (green tea, dark chocolate, and grape juice) [29].

A prenatal constrictive DA determines significant hemodynamic alteration mostly
driven by higher pulmonary vascular resistance, leading to early fetal right ventricular
(RV) failure, increased pulmonary blood flow, and consequent microstructural changes in
the pulmonary vascular bed and pulmonary arteries dilation [30].

Fetal echocardiographic studies revealed a small diameter of the DA, high systolic
and diastolic Doppler velocities, and a decreased pulsatility index. Moreover, additional
findings may include RV hypertrophy with/without dysfunction, tricuspid and pulmonary
regurgitation, right atrium dilation, and cardiomegaly.

Recent studies confirmed that fetal hearts with DA constriction show significant
ventricular remodeling and biventricular dysfunction through conventional ultrasound
parameters [31,32].

Most severe cases of DA constriction may result in hydrops fetalis and fetal demise [28,33].

The prompt discontinuation of causative agent exposure can result in the normal-
ization of the ductal flow in the majority of cases, whereas the detection of complete
prenatal ductal closure with or without hydrops currently represents an indication for
urgent delivery in order to avoid prenatal death and further damage to the fetal pulmonary
bed [28].

Postnatal persistent pulmonary hypertension of the newborn (PPHN) may occur in
almost 25% of patients with in utero DA constriction and requires global management
of pulmonary vascular resistance (nitric oxide, supplementary oxygen, and mechanical
ventilation) and pharmacological management of cardiac dysfunction.

3. Ductus Arteriosus in the Transitional Period

The transition from intrauterine to extrauterine life represents a critical phase with rapidly
evolving circulatory changes, which may have downstream end-organ consequences.

Animal models have been used to assess the physiological processes typical of the
transition phase with particular effort in characterizing the hemodynamic changes during
this period [34].

The complex transition of fetal circulation to postnatal hemodynamic status is a result
of a multilevel interplay among biochemical, mechanical, and hormonal factors that are
still not fully elucidated and, thus, are currently under investigation [16,17,35-37].

The main trigger for these complex changes after birth is aeration of the lungs sec-
ondary to the onset of spontaneous breathing. The negative pressure created by the first
breaths is the cause of the displacement of lung fluid from the alveoli to the interstitial
space and establishment of an air-liquid interface with the subsequent aeration of the lungs,
increasing the pO; and causing a significant drop in PVR [34].

Over the first 48-72 h of life, a progressive fall in PVR secondary to progressive lung
recruitment and increased alveolar oxygen content has been demonstrated [34].
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Concurrently, the removal of placental circulation through cord clamping determines
a rise in SVR and a rapid shift of the PVR:SVR ratio with preferential shunting from
systemic-to-pulmonary circulation (i.e., left-to-right shunting) across the DA and FO. The
DA left-to-right shunting triggers a significant rise in the blood volume into the pulmonary
vascular bed with the following exposure of the pulmonary endothelium to increased
shearing forces.

Simultaneously, increasing oxygen tension across the DA leads to several biochemical
changes. In particular, there is significant production of vasodilatory mediators (i.e.,
nitric oxide and prostacyclin) and reduced production of vasoconstrictor mediators (i.e.,
endothelin, leukotrienes, and thromboxane) [38,39].

Therefore, the shunt across the DA during the transition plays a critical role in driving
hemodynamic changes during this vulnerable period.

Closure of the DA occurs spontaneously after birth in most infants, and it transforms
into the “ligamentum arteriosum”, a fibrous band of tissue that is a remnant of the DA.
However, the mechanism regulating DA closure is complex and multifactorial. Postnatal
closure of the DA can be categorized into two phases: an early functional closure followed
by an anatomical closure.

The DA’s functional closure is mostly driven by smooth muscle cell (SMC) constriction
secondary to increased arterial oxygen content, a prostaglandin concentration fall, and
decreased blood pressure (due to the drop in PVR). Functional closure of the lumen of the
DA occurs within the first 18-24 h after birth in full-term healthy neonates, whereas the
anatomical closure takes days or weeks to be completed.

The anatomical closure depends on several molecules that have been recently reviewed
in a study by Hsu et al. [37]. In particular, several remodeling mechanisms, including
SMC migration/proliferation, extracellular matrix (ECM) production, endothelial cell (EC)
proliferation, and internal elastic laminae (IEL) disruption, significantly contribute to the
anatomical closure of the DA [37].

The growing application of neonatologist-performed echocardiography (NPE) and
functional echocardiographic techniques allowed for the early detection of postnatal DA
changes in neonates [40,41]. Figure 1 provides a concise visual representation of the key
imaging perspectives employed in the evaluation of ductal shunts and cardiac chambers.
Patterns of ductal shunting in a normal trajectory have been described in a prospective
study by Jain et al. and it has been demonstrated that right-to-left DA flow beyond 8-12 h
of life is uncommon for full-term healthy neonates [42].

Nevertheless, how the ductal shunt may be affected by several factors that potentially
interfere with a normal transition warrants further evaluation.

Ductus Arteriosus during Transition in Premature Preterm Neonates

The DA in preterm neonates is less likely to close during the transitional period
and, indeed, the incidence of patent ductus arteriosus (PDA) is strongly related to lower
gestational ages. PDA in preterm infants, moreover, is strongly associated with several
complications, such as chronic lung disease (CLD) and other adverse outcomes [43,44].

The DA in preterm infants shows some histological differences because it is more
thin-walled and less muscular. Moreover, the premature ductus’ SMCs appear to be more
sensitive to circulating PGE2 and nitric oxide, whose levels are higher when preterm due
to systemic inflammatory mediators (Tumor necrosis factor alpha, TNFw) [45].

Preterm babies also show a variable degree of adrenal insufficiency with altered corti-
sol secretion and a subsequent higher risk of prolonged DA patency [46]. Additional factors
that may be significantly associated with premature DA patency are thrombocytopenia [47]
and altered platelet function [48].

Impaired O; responsiveness in the DA promotes persistent patency, and the oxygen-
sensing mechanism has been the object of several studies to date [20,49,50]. The recent
application of multiomic approaches to biological processes has gained a new insight into
our understanding of the DA oxygen response.
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Figure 1. Standard echocardiographic views used in NPE.

Transcriptomic studies performed in animal models and human samples identified
several genes that are differentially expressed in the DA and are important for DA func-
tion and the response to O; (i.e., TFAP2B and prostaglandin E2 receptor PTGER4) [51].
Transcriptomics also revealed significantly different SMC expression profiles in cases of
anormal DA, a closing pattern DA, and PDA. In patients with a closing DA, there was a
significant enrichment of the gene ontology pathways to the oxygen response. Omic strate-
gies (transcriptomics and proteomics) share the potentiality to enhance our understanding
of the complexity of gene and protein expression implicated in the mechanism of closure of
the DA [52].

NPE studies have also taken into consideration the potential role of resuscitation tech-
niques including positive pressure ventilation and oxygen and surfactant administration
on the patency of the DA.

Surfactant replacement therapy can promote a major circulatory shift, favoring pul-
monary circulation (at the expense of systemic circulation) through the PDA. Using serial
echocardiography, Sehgal et al. demonstrated changes in the transductal diameter, flow



J. Cardiovasc. Dev. Dis. 2024, 11,113 7 of 11

direction, and shunt magnitude after surfactant replacement therapy in newly born preterm
infants [53].

Early exposure to high-flow systemic-to-pulmonary shunting across the DA during
the transitional period in preterm neonates may have an etiological role for peculiar
complications in this population.

Relevant complications occurring in the immediate transitional period are mostly
represented by intraventricular hemorrhage (IVH) and pulmonary hemorrhage (PH).

The premature myocardium is characterized by a lower number of contractile units and
an immature sarcoplasmic reticulum [54]. Clinically, this translates to a slower adaptation
to preload and afterload changes typical of the transitional period. In particular, a sustained
systemic-to-pulmonary shunt across a premature DA determines a sudden increase in the
pulmonary blood flow, pulmonary venous return, and left heart preload. However, the
premature left ventricle may not tolerate these changes and compensatory mechanisms
may include increased left ventricular relaxation and filling, increased left atrial pressure,
and postcapillary pulmonary hypertension, thus increasing the preterm’s susceptibility to
complications, such as pulmonary hemorrhage [53].

Additionally, sustained prolonged unrestrictive left-to-right shunting across the DA
can lead to a shunting of blood away from vital postductal organs, resulting in compro-
mised perfusion to these critical tissues and a steal phenomenon downstream, including
cerebral and systemic circulation. In some cases, the extent of the DA shunt may supersede
the infant’s compensatory mechanisms of increasing left ventricular output (cerebral au-
toregulation capacity), thus resulting in a variable degree of cerebral hypoperfusion, which
may predispose one to IVH [55] (Figure 2).

Hemodynamically Significant
Patent Ductus Arteriosus (PDA)
with Left-to-Right Shunt

@D &8

L9

3 Systemic
Overcirculation of (3 Hypotensionand
the Lungs End-Organ

/ Hypoperfusion

Oxygenation Failure

Pulmonary and Increased Intraventricular -
Hypertension Ventilation hemorrhage (IVH) Renal Insufficiency
Requirements

Worsening of Lung
Disease and Necrotizing
Bronchopulmonary Enterocolitis(NEC)
Dysplasia (BPD)

Figure 2. Hemodynamically significant patent ductus arteriosus pathophysiology.

Several studies have tried to analyze the association between preterm PDA and short-
term and long-term outcomes [56].

However, a recent multicenter trial has concluded that expectant management for PDA
in extremely premature infants was noninferior to early ibuprofen treatment concerning
outcomes such as necrotizing enterocolitis, bronchopulmonary dysplasia, or mortality at
36 weeks postmenstrual age. This pivotal study paves the way for a potential shift in the
approach to PDA in preterm neonates [57].
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In a population-based cohort of extremely preterm infants, the practice of early echocar-
diographic evaluation within the first 3 days of life and DA treatment was significantly
associated with both lower mortality and a lower incidence of PH [58].

To date, however, the ability to detect ductal physiological changes during transition
has been hindered by the absence of equipment capable of continuously measuring hemo-
dynamic changes. NPE allows for the periodic evaluation of the presence, shunt direction,
and shunt volume of the DA in preterm infants, but there is still the need for the validation
of the association between these echocardiographic parameters and the outcome.

The patency of the DA may also be a therapeutic option in specific pathological entities.

In particular, maintaining DA patency by prostaglandin infusion is the therapeutic
cornerstone in the case of duct-dependent congenital heart defects (Critical CHD) un-
til a surgical or interventional repair can be provided. These conditions include both
duct-dependent CHD affecting the systemic circulation (hypoplastic left heart syndrome,
hypertrophic cardiomyopathy with critical left ventricular output impairment, critical
aortic stenosis, and coarctation of the aorta or interrupted aortic arch) and duct-dependent
CHD affecting the pulmonary circulation (tricuspid valve atresia, severe Ebstein’s anomaly,
pulmonary atresia, critical pulmonary artery stenosis, and severe tetralogy of Fallot).

Moreover, an extracardiac malformation may benefit from ductal patency as this
important vascular structure may preserve ventricular function by “offloading” pulmonary
circulation (i.e., Vein of Galen malformation and congenital diaphragmatic hernia-related
pulmonary hypertension).

In all these conditions, the therapeutic effect of DA patency is largely based on main-
taining the balance between systemic blood flow (Qs) and pulmonary blood flow (Qp).
With a normal hemodynamic status, without intracardiac or extracardiac shunts, an equal
volume of blood flows through the pulmonary and systemic vascular beds, resulting in a
Qp:Qs ratio of 1. In several conditions where there is the need for ductal patency, the main
aim is to keep the Qp:Qs ratio within a “safe range” through routine surveillance of the
patient’s symptoms indicative of low or excessive blood flow.

NPE can be used to estimate the left and right ventricular outputs and extrapolate the
Qp:Qs ratio; despite being readily available for bedside monitoring, a reference method is
currently lacking, and it lacks reliability in the case of outflow tract obstruction and in the
case of PDA bidirectional shunting.

4. Conclusions

The ductus arteriosus plays a key role both during fetal life and in the transitional
period.

Proper knowledge of the status of the DA shunt in fetuses, preterm, and at-term babies
is important for a full evaluation of the hemodynamic changes over time.

After birth, a DA shunt may contribute to the pathophysiology of hemodynamic
complications and, on the other hand, in pathological conditions, ductal patency could be
necessary to ensure adequate pulmonary and/or systemic blood flow.

Close monitoring through bedside and non-invasive tools such as NPE is fundamental
for an early assessment of the quantitative and qualitative changes in the DA shunt and to
identify newborns at higher risk for several pathological conditions.

Despite the greater availability of advanced molecular biology techniques and sub-
stantial progress in diagnostics and patient global care, the patent ductus arteriosus (PDA)
continues to raise important issues regarding the genetic and epigenetic factors contributing
to PDA, the optimal timing for spontaneous closure, and the pharmacological approaches
for managing a persistently patent DA.

5. Future Directions

Advancements in the comprehension of regulatory mechanisms and the physiopathol-
ogy of the fetal and perinatal ductus arteriosus represent a crucial step in the field of
neonatal research. Elucidating the intricate determinants governing ductus arteriosus
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patency during these critical developmental stages holds significant implications for both
basic science and clinical care. Future directions in this field necessitate a comprehensive
integration of high-throughput omics technologies, such as genomics, transcriptomics, and
proteomics, to elucidate the complex interplay of molecular factors. Collaborative efforts of
molecular biologists, bioinformaticians, and clinicians are essential for the synthesis of a
comprehensive understanding. This approach will allow for a deeper understanding of the
regulatory networks, providing a foundation for targeted therapeutic interventions and
innovative strategies to address the multiple issues related to DA function in the fetal and
perinatal periods.

Author Contributions: Conceptualization, I.C.; Writing—Original Draft Preparation, E.P.; Writing—
Review and Editing, FP., M.L., D.D. and S.E,; Supervision, I.C. All authors have read and agreed to
the published version of the manuscript.

Funding: The authors declare that no funds, grants, or other support were received during the
preparation of this manuscript.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Dataset available on request from the authors.

Acknowledgments: This work was supported also by the Italian Ministry of Health with “Current
Research” funds.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Obladen, M. History of the Ductus Arteriosus: 1. Anatomy and Spontaneous Closure. Neonatology 2011, 99, 83-89. [CrossRef]

2. Gittenberger-de Groot, A.C. Persistent Ductus Arteriosus: Most Probably a Primary Congenital Malformation. Br. Heart ]. 1977,
39, 610-618. [CrossRef]

3. Jager, B.V.; Wollenman, O.]. An Anatomical Study of the Closure of the Ductus Arteriosus. Am. |. Pathol. 1942, 18, 595-613.

4. Clyman, R.I. Mechanisms Regulating the Ductus Arteriosus. Neonatology 2006, 89, 330-335. [CrossRef]

5. Coceani, F.,; Olley, PM. The Response of the Ductus Arteriosus to Prostaglandins. Can. . Physiol. Pharmacol. 1973, 51, 220-225.
[CrossRef]

6. Crockett, S.L.; Berger, C.D.; Shelton, E.L.; Reese, ]. Molecular and Mechanical Factors Contributing to Ductus Arteriosus Patency
and Closure. Congenit. Heart Dis. 2019, 14, 15-20. [CrossRef]

7. Alvarez, S.G.V.,; McBrien, A. Ductus Arteriosus and Fetal Echocardiography: Implications for Practice. Semin. Fetal Neonatal Med.
2018, 23, 285-291. [CrossRef]

8.  Schneider, D.J.; Moore, J.W. Patent Ductus Arteriosus. Circulation 2006, 114, 1873-1882. [CrossRef]

9. May, L.A;; Masand, PM.; Qureshi, A.M.; Jadhav, S.P. The Ductus Arteriosus: A Review of Embryology to Intervention. Pediatr.
Radiol. 2023, 53, 509-522. [CrossRef]

10. Rudolph, A.M. Congenital Cardiovascular Malformations and the Fetal Circulation. Arch. Dis. Child.—Fetal Neonatal Ed. 2010, 95,
F132-F136. [CrossRef]

11. Krichenko, A.; Benson, L.N.; Burrows, P.; Moes, C.A.F.; McLaughlin, P.; Freedom, R M. Angiographic Classification of the Isolated,
Persistently Patent Ductus Arteriosus and Implications for Percutaneous Catheter Occlusion. Am. . Cardiol. 1989, 63, 877-880.
[CrossRef]

12.  Sathanandam, S.; Balduf, K.; Chilakala, S.; Washington, K.; Allen, K.; Knott-Craig, C.; Rush Waller, B.; Philip, R. Role of
Transcatheter Patent Ductus Arteriosus Closure in Extremely Low Birth Weight Infants. Catheter. Cardiovasc. Interv. 2019, 93,
89-96. [CrossRef]

13. Benson, C.B.; Brown, D.L.; Doubilet, PM.; DiSalvo, D.N.; Laing, F.C.; Frates, M.C. Increasing Curvature of the Normal Fetal
Ductus Arteriosus with Advancing Gestational Age. Ultrasound Obstet. Gynecol. 1995, 5, 95-97. [CrossRef]

14. Bergwerff, M.; DeRuiter, M.C.; Gittenberger-de Groot, A.C. Comparative Anatomy and Ontogeny of the Ductus Arteriosus, a
Vascular Outsider. Anat. Embryol. 1999, 200, 559-571. [CrossRef]

15.  Sobh, D.M.; Batouty, N.M.; Abdelwahab, R.M.; El-Badrawy, A.; Tawfik, A.M. Ductus Arteriosus Location in Relation to Aortic
Arch Position, Branching Pattern, and Viscero-Atrial Situs. Clin. Radiol. 2019, 74, 732.e1-732.e8. [CrossRef]

16. Gao, Y,; Raj, J.U. Regulation of the Pulmonary Circulation in the Fetus and Newborn. Physiol. Rev. 2010, 90, 1291-1335. [CrossRef]

17.  Yarboro, M.T.; Boatwright, N.; Sekulich, D.C.; Hooper, C.W.; Wong, T.; Poole, S.D.; Berger, C.D.; Brown, A.].; Jetter, C.S.; Sucre,

J.M.S,; et al. A Novel Role for PGE2-EP4 in the Developmental Programming of the Mouse Ductus Arteriosus: Consequences for
Vessel Maturation and Function. Am. J. Physiol. Heart Circ. Physiol. 2023, 325, H687-H701. [CrossRef]


https://doi.org/10.1159/000308367
https://doi.org/10.1136/hrt.39.6.610
https://doi.org/10.1159/000092870
https://doi.org/10.1139/y73-031
https://doi.org/10.1111/chd.12714
https://doi.org/10.1016/j.siny.2018.03.001
https://doi.org/10.1161/CIRCULATIONAHA.105.592063
https://doi.org/10.1007/s00247-022-05518-0
https://doi.org/10.1136/adc.2007.128777
https://doi.org/10.1016/0002-9149(89)90064-7
https://doi.org/10.1002/ccd.27808
https://doi.org/10.1046/j.1469-0705.1995.05020095.x
https://doi.org/10.1007/s004290050304
https://doi.org/10.1016/j.crad.2019.05.007
https://doi.org/10.1152/physrev.00032.2009
https://doi.org/10.1152/ajpheart.00294.2023

J. Cardiovasc. Dev. Dis. 2024, 11,113 10 of 11

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

Sarzani, R.; Allevi, M.; Di Pentima, C.; Schiavi, P; Spannella, F.; Giulietti, F. Role of Cardiac Natriuretic Peptides in Heart Structure
and Function. Int. ]. Mol. Sci. 2022, 23, 14415. [CrossRef]

Nagaraj, C.; Li, Y.; Tang, B.; Bordag, N.; Guntur, D.; Enyedi, P.; Olschewski, H.; Olschewski, A. Potassium Channels in the
Transition from Fetal to the Neonatal Pulmonary Circulation. Int. J. Mol. Sci. 2022, 23, 4681. [CrossRef]

Ovaly, F. Molecular and Mechanical Mechanisms Regulating Ductus Arteriosus Closure in Preterm Infants. Front. Pediatr. 2020, 8,
516. [CrossRef]

Yokoyama, U.; Oka, S.; Saito, ]. Molecular Mechanisms Regulating Extracellular Matrix-Mediated Remodeling in the Ductus
Arteriosus. Semin. Perinatol. 2023, 47, 151716. [CrossRef]

Lewis, T.R.; Shelton, E.L.; Van Driest, S.L.; Kannankeril, PJ.; Reese, J. Genetics of the Patent Ductus Arteriosus (PDA) and
Pharmacogenetics of PDA Treatment. Semin Fetal Neonatal Med. 2018, 23, 232-238. [CrossRef]

Dagle, ].M.; Lepp, N.T.; Cooper, M.E.; Schaa, K.L.; Kelsey, K.J.; Orr, K.L.; Caprau, D.; Zimmerman, C.R.; Steffen, K.M.; Johnson,
KJ.; et al. Determination of Genetic Predisposition to Patent Ductus Arteriosus in Preterm Infants. Pediatrics 2009, 123, 1116-1123.
[CrossRef]

Patel, PM.; Momany, A.M.; Schaa, K.L.; Romitti, P.A.; Druschel, C.; Cooper, M.E.; Marazita, M.L.; Murray, ].C.; Dagle, ]. M. Genetic
Modifiers of Patent Ductus Arteriosus in Term Infants. J. Pediatr. 2016, 176, 57-61.e1. [CrossRef]

Yarboro, M.T.; Gopal, S.H.; Su, R.L.; Morgan, TM.; Reese, ]. Mouse Models of Patent Ductus Arteriosus (PDA) and Their
Relevance for Human PDA. Dev. Dyn. 2022, 251, 424-443. [CrossRef]

Kiserud, T.; Acharya, G. The Fetal Circulation. Prenat. Diagn. 2004, 24, 1049-1059. [CrossRef]

Mielke, G.; Benda, N. Reference Ranges for Two-Dimensional Echocardiographic Examination of the Fetal Ductus Arteriosus.
Ultrasound Obstet. Gynecol. 2000, 15, 219-225. [CrossRef]

Ishida, H.; Kawazu, Y.; Kayatani, F; Inamura, N. Prognostic Factors of Premature Closure of the Ductus Arteriosus in Utero: A
Systematic Literature Review. Cardiol. Young 2017, 27, 634—-638. [CrossRef]

Zielinsky, P.; Piccoli, A.L.; Manica, ].L.L.; Nicoloso, L.H.S. New Insights on Fetal Ductal Constriction: Role of Maternal Ingestion
of Polyphenol-Rich Foods. Expert Rev. Cardiovasc. Ther. 2010, 8, 291-298. [CrossRef]

Mielke, G.; Steil, E.; Breuer, J.; Goelz, R. Circulatory Changes Following Intrauterine Closure of the Ductus Arteriosus in the
Human Fetus and Newborn. Prenat. Diagn. 1998, 18, 139-145. [CrossRef]

Li, T; Han, J.; Han, Y.; Liu, X.; Gu, X,; Zhang, Y.; Sun, L.; Zhao, Y.; Gao, S.; Hao, X.; et al. Evaluation of Changes of Cardiac
Morphology and Function in Fetuses with Ductus Arteriosus Constriction by Speckle-Tracking Echocardiography. Front. Pediatr.
2023, 11, 1085352. [CrossRef] [PubMed]

Ma, J.; Cao, H.; Hong, L,; Liu, J.; Song, X.; Shi, J.; Zhang, Y.; Cui, L.; Zhang, L.; Xie, M. Cardiac Function Assessment in Fetuses
with Ductus Arteriosus Constriction: A Two-Dimensional Echocardiography and FetalHQ Study. Front. Cardiovasc. Med. 2022, 9,
868675. [CrossRef]

Kondo, T.; Kitazawa, R.; Noda-Maeda, N.; Kitazawa, S. Fetal Hydrops Associated with Spontaneous Premature Closure of Ductus
Arteriosus. Pathol. Int. 2006, 56, 554-557. [CrossRef]

Rudolph, A.M.; Auld, P.A.; Golinko, R.J.; Paul, M.H. Pulmonary Vascular Adjustments in the Neonatal Period. Pediatrics 1961, 28,
28-34. [CrossRef]

Deshpande, P.; Baczynski, M.; McNamara, PJ.; Jain, A. Patent Ductus Arteriosus: The Physiology of Transition. Semin. Fetal
Neonatal Med. 2018, 23, 225-231. [CrossRef] [PubMed]

Hooper, S.B.; te Pas, A.B.; Lang, J.; van Vonderen, ].J.; Roehr, C.C.; Kluckow, M.; Gill, A.W.; Wallace, E.M.; Polglase, G.R.
Cardiovascular Transition at Birth: A Physiological Sequence. Pediatr. Res. 2015, 77, 608-614. [CrossRef]

Hsu, H-W,; Lin, T.-Y,; Liu, Y.-C.; Yeh, J.-L.; Hsu, J.-H. Molecular Mechanisms Underlying Remodeling of Ductus Arteriosus:
Looking beyond the Prostaglandin Pathway. Int. . Mol. Sci. 2021, 22, 3238. [CrossRef] [PubMed]

Haworth, S.G. Pulmonary Endothelium in the Perinatal Period. Pharmacol. Rep. 2006, 58, 153-164.

Wojciak-Stothard, B.; Haworth, S.G. Perinatal Changes in Pulmonary Vascular Endothelial Function. Pharmacol. Ther. 2006, 109,
78-91. [CrossRef]

Popat, H.; Kluckow, M. Noninvasive Assessment of the Early Transitional Circulation in Healthy Term Infants. Neonatology 2012,
101, 166-171. [CrossRef]

Singh, Y.; Tissot, C. Echocardiographic Evaluation of Transitional Circulation for the Neonatologists. Front. Pediatr. 2018, 6, 140.
[CrossRef]

Jain, A.; Mohamed, A.; El-Khuffash, A.; Connelly, K.A.; Dallaire, F.; Jankov, R.P.; McNamara, PJ.; Mertens, L. A Comprehensive
Echocardiographic Protocol for Assessing Neonatal Right Ventricular Dimensions and Function in the Transitional Period:
Normative Data and Z Scores. J. Am. Soc. Echocardiogr. 2014, 27, 1293-1304. [CrossRef]

EL-Khuffash, A.; James, A.T.; Corcoran, J.D.; Dicker, P,; Franklin, O.; Elsayed, Y.N.; Ting, J.Y.; Sehgal, A.; Malikiwi, A.; Harabor,
A_; et al. A Patent Ductus Arteriosus Severity Score Predicts Chronic Lung Disease or Death before Discharge. . Pediatr. 2015, 167,
1354-1361.e2. [CrossRef]

Schena, F,; Francescato, G.; Cappelleri, A ; Picciolli, I.; Mayer, A.; Mosca, F; Fumagalli, M. Association between Hemodynamically
Significant Patent Ductus Arteriosus and Bronchopulmonary Dysplasia. J. Pediatr. 2015, 166, 1488-1492. [CrossRef]

Liu, H.; Manganiello, V.; Waleh, N.; Clyman, R.I. Expression, Activity and Function of Phosphodiesterases in the Mature and
Immature Ductus Arteriosus. Pediatr. Res. 2008, 64, 477-481. [CrossRef]


https://doi.org/10.3390/ijms232214415
https://doi.org/10.3390/ijms23094681
https://doi.org/10.3389/fped.2020.00516
https://doi.org/10.1016/j.semperi.2023.151716
https://doi.org/10.1016/j.siny.2018.02.006
https://doi.org/10.1542/peds.2008-0313
https://doi.org/10.1016/j.jpeds.2016.05.066
https://doi.org/10.1002/dvdy.408
https://doi.org/10.1002/pd.1062
https://doi.org/10.1046/j.1469-0705.2000.00078.x
https://doi.org/10.1017/S1047951116000871
https://doi.org/10.1586/erc.09.174
https://doi.org/10.1002/(SICI)1097-0223(199802)18:2%3C139::AID-PD230%3E3.0.CO;2-%23
https://doi.org/10.3389/fped.2023.1085352
https://www.ncbi.nlm.nih.gov/pubmed/36816371
https://doi.org/10.3389/fcvm.2022.868675
https://doi.org/10.1111/j.1440-1827.2006.02005.x
https://doi.org/10.1542/peds.28.1.28
https://doi.org/10.1016/j.siny.2018.05.001
https://www.ncbi.nlm.nih.gov/pubmed/29779927
https://doi.org/10.1038/pr.2015.21
https://doi.org/10.3390/ijms22063238
https://www.ncbi.nlm.nih.gov/pubmed/33810164
https://doi.org/10.1016/j.pharmthera.2005.06.016
https://doi.org/10.1159/000330052
https://doi.org/10.3389/fped.2018.00140
https://doi.org/10.1016/j.echo.2014.08.018
https://doi.org/10.1016/j.jpeds.2015.09.028
https://doi.org/10.1016/j.jpeds.2015.03.012
https://doi.org/10.1203/PDR.0b013e3181827c2c

J. Cardiovasc. Dev. Dis. 2024, 11,113 11 of 11

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Watterberg, K.L.; Scott, S.M.; Backstrom, C.; Gifford, K.L.; Cook, K.L. Links Between Early Adrenal Function and Respiratory
Outcome in Preterm Infants: Airway Inflammation and Patent Ductus Arteriosus. Pediatrics 2000, 105, 320-324. [CrossRef]
Alyamac Dizdar, E.; Ozdemir, R.; Nur Sari, F; Yurttutan, S.; Gokmen, T.; Erdeve, O.; Emre Canpolat, F; Uras, N.; Suna Oguz, S.;
Dilmen, U. Low Platelet Count Is Associated with Ductus Arteriosus Patency in Preterm Newborns. Early Hum. Dev. 2012, 88,
813-816. [CrossRef]

Sallmon, H.; Weber, S.C.; Hiining, B.; Stein, A.; Horn, P.A.; Metze, B.C.; Dame, C.; Biihrer, C.; Felderhoff-Miiser, U.; Hansmann,
G.; et al. Thrombocytopenia in the First 24 Hours After Birth and Incidence of Patent Ductus Arteriosus. Pediatrics 2012, 130,
€623-e630. [CrossRef]

Read, A.D,; Bentley, R.E.T.; Martin, A.Y.; Mewburn, ].D.; Alizadeh, E.; Wu, D.; Lima, P.D.A.; Dunham-Snary, K.J.; Thébaud, B.;
Sharp, W.; et al. Electron Leak From the Mitochondrial Electron Transport Chain Complex I at Site IQ Is Crucial for Oxygen
Sensing in Rabbit and Human Ductus Arteriosus. J. Am. Heart Assoc. 2023, 12, €029131. [CrossRef]

Kajimoto, H.; Hashimoto, K.; Bonnet, S.N.; Haromy, A.; Harry, G.; Moudgil, R.; Nakanishi, T.; Rebeyka, I.; Thébaud, B.; Michelakis,
E.D.; et al. Oxygen Activates the Rho/Rho-Kinase Pathway and Induces RhoB and ROCK-1 Expression in Human and Rabbit
Ductus Arteriosus by Increasing Mitochondria-Derived Reactive Oxygen Species. Circulation 2007, 115, 1777-1788. [CrossRef]
Satoda, M.; Zhao, F; Diaz, G.A.; Burn, J.; Goodship, J.; Davidson, H.R.; Pierpont, M.E.; Gelb, B.D. Mutations in TFAP2B Cause
Char Syndrome, a Familial Form of Patent Ductus Arteriosus. Nat. Genet. 2000, 25, 42—46. [CrossRef] [PubMed]

Bentley, R.E.T.; Hindmarch, C.C.T.; Archer, S.L. Using Omics to Breathe New Life into Our Understanding of the Ductus
Arteriosus Oxygen Response. Semin. Perinatol. 2023, 47, 151715. [CrossRef] [PubMed]

Sehgal, A.; Ruoss, J.L.; Stanford, A.H.; Lakshminrusimha, S.; McNamara, P.J. Hemodynamic Consequences of Respiratory
Interventions in Preterm Infants. J. Perinatol. 2022, 42, 1153-1160. [CrossRef] [PubMed]

Kim, M.Y,; Finch, A.M.; Lumbers, E.R.; Boyce, A.C.; Gibson, K.J.; Eiby, Y.A.; Lingwood, B.E. Expression of Adrenoceptor Subtypes
in Preterm Piglet Heart Is Different to Term Heart. PLoS ONE 2014, 9, €92167. [CrossRef]

Noori, S.; Seri, I. Hemodynamic Antecedents of Peri/Intraventricular Hemorrhage in Very Preterm Neonates. Semin. Fetal
Neonatal Med. 2015, 20, 232-237. [CrossRef]

Kluckow, M.; Jeffery, M.; Gill, A.; Evans, N. A Randomised Placebo-Controlled Trial of Early Treatment of the Patent Ductus
Arteriosus. Arch. Dis. Child. Fetal Neonatal Ed. 2014, 99, F99-F104. [CrossRef]

Hundscheid, T.; Onland, W.; Kooi, EM.W.; Vijlbrief, D.C.; De Vries, W.B.; Dijkman, K.P.; Van Kaam, A.H.; Villamor, E.; Kroon,
A.A.; Visser, R.; et al. Expectant Management or Early Ibuprofen for Patent Ductus Arteriosus. N. Engl. |. Med. 2023, 388, 980-990.
[CrossRef]

Rozé, ].-C.; Cambonie, G.; Marchand-Martin, L.; Gournay, V.; Durrmeyer, X.; Durox, M.; Storme, L.; Porcher, R.; Ancel, P-Y,;
Hemodynamic EPIPAGE 2 Study Group. Association Between Early Screening for Patent Ductus Arteriosus and In-Hospital
Mortality Among Extremely Preterm Infants. JAMA 2015, 313, 2441-2448. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1542/peds.105.2.320
https://doi.org/10.1016/j.earlhumdev.2012.05.007
https://doi.org/10.1542/peds.2012-0499
https://doi.org/10.1161/JAHA.122.029131
https://doi.org/10.1161/CIRCULATIONAHA.106.649566
https://doi.org/10.1038/75578
https://www.ncbi.nlm.nih.gov/pubmed/10802654
https://doi.org/10.1016/j.semperi.2023.151715
https://www.ncbi.nlm.nih.gov/pubmed/36906478
https://doi.org/10.1038/s41372-022-01422-5
https://www.ncbi.nlm.nih.gov/pubmed/35690691
https://doi.org/10.1371/journal.pone.0092167
https://doi.org/10.1016/j.siny.2015.02.004
https://doi.org/10.1136/archdischild-2013-304695
https://doi.org/10.1056/NEJMoa2207418
https://doi.org/10.1001/jama.2015.6734

	Introduction 
	Ductus Arteriosus in Fetal Life 
	Embryology, Morphology, and Histology 
	Ductus Arteriosus Physiology in Fetal Life 
	Echographic Imaging 
	Fetal Ductus Arteriosus Pathology 

	Ductus Arteriosus in the Transitional Period 
	Conclusions 
	Future Directions 
	References

