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ever, in most infants who are 30 weeks’ gestation or great-
er, the actual impact of RDS on ductal shunting may be 
less than commonly assumed (only 11% are still open af-
ter 4 days). On the other hand, preterm infants of less than 
30 weeks’ gestation with severe RDS have a 65% inci-
dence of persistent patent ductus arteriosus (PDA). 

 The introduction of exogenous surfactant therapy has 
altered both the incidence and the presentation of the 
PDA. Although surfactant has no effect on the contractile 
behavior of the ductus, its effects on pulmonary vascular 
resistance lead to an earlier clinical presentation of the 
left-to-right shunt in preterm animals  [1, 2]  and humans 
 [3–6] . Infants who receive excessive fl uid administration 
during the fi rst days of life also are more likely to develop 
a clinically symptomatic PDA  [7] . 

 Regulation of Ductus Arteriosus Patency 

 In the full term infant, closure of the ductus arteriosus 
occurs in two phases: (1) ‘functional’ closure of the lumen 
within the fi rst hours after birth by smooth muscle con-
striction, and (2) ‘anatomic’ occlusion of the lumen over 
the next several days due to extensive neointimal thick-
ening and loss of smooth muscle cells from the inner mus-
cle media. 

 Patency of the fetal ductus arteriosus is regulated by 
both dilating and contracting factors. The ductus nor-
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  Abstract 
 A patent ductus arteriosus (PDA) results in increased pul-
monary blood fl ow and redistribution of fl ow to other 
organs. Several co-morbidities (i.e., necrotizing entero-
colitis, intracranial hemorrhage, pulmonary edema/hem-
orrhage, bronchopulmonary dysplasia, and retinopathy) 
are associated with the presence of a PDA, but whether 
or not a PDA is responsible for their development is still 
unclear. In this review, comparative physiology between 
the full term and preterm newborn and the barriers pre-
venting the necessary cascade of events leading to per-
manent constriction of the PDA are reviewed. 

 Copyright © 2006 S. Karger AG, Basel 

 

Pulsed Doppler echocardiographic assessments of full 
term infants indicate that functional closure of the ductus 
has occurred in almost all by 72 h. Essentially all healthy 
preterm infants of 30 weeks’ gestation or greater will have 
closed their ductus by the fourth day after birth. Respira-
tory distress syndrome (RDS) delays ductus closure; how-
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mally has a high level of intrinsic tone during fetal life  [8] . 
The factors that promote ductus constriction in the fetus 
have yet to be identifi ed. The intrinsic ductus tone is due 
to components that are both dependent on and indepen-
dent of extracellular calcium  [8] . Permeabilized smooth 
muscle from the fetal ductus is signifi cantly more sensi-
tive to the contractile effects of calcium than is smooth 
muscle from the aorta and the pulmonary artery  [9] . En-
dothelin-1 also appears to play a role in producing the 
basal tone of the ductus  [10] . 

 The factors that oppose ductus arteriosus constriction 
in utero are better understood. The elevated vascular 
pressure within the ductus lumen (due to the constricted 
pulmonary vascular bed) plays an important role in op-
posing ductus constriction  [11] . The fetal ductus also pro-
duces several vasodilators that oppose the ability of the 
intrinsic ductus tone to constrict the vessel. Vasodilator 
prostaglandins (PGs) appear to be the dominant vasodi-
lators that oppose ductus constriction in the later part of 
gestation  [12] . Inhibitors of PG synthesis constrict the 
fetal ductus both in vitro and in vivo. Both isoforms of 
the enzyme responsible for synthesizing PGs (cyclooxy-
genase (COX)-1 and COX-2) are expressed in the fetal 
ductus  [13] . PGE 2  is the most potent PG produced by the 
ductus  [14, 15]  and appears to be the most important 
prostanoid to regulate ductus patency. The response of 
the ductus to PGE 2  is unique among blood vessels in that 
it is extraordinarily sensitive to this vasodilating sub-
stance. PGE 2  produces ductus relaxation by interacting 
with several of the PGE receptors (EP 2 , EP 3 , and EP 4 ) 
 [16] . In the ductus, all three of the EP receptors partici-
pate in vasodilation by activating adenylate cyclase  [16] . 
The increased intracellular concentrations of cAMP in-
hibit the sensitivity of the ductus’ contractile proteins to 
calcium  [9] . In addition, one of the EP receptors (EP 3 ) 
also relaxes the ductus smooth muscle by opening KATP 
channels which hyperpolarize the muscle and inhibit duc-
tus tone  [16] . 

 In addition to the PGs that are made within the ductus, 
the fetal ductus is also under the infl uence of circulating 
concentrations of PGE 2 . Circulating concentrations of 
PGE 2  appear to be of placental origin  [17] . Circulating 
concentrations of PGE 2  (approximately 1 n M ) in the late 
gestation fetal lamb are close to those that produce max-
imal relaxation of the ductus  [18] . PGE 2  concentrations 
are particularly high in the fetus because of the reduced 
pulmonary clearance of circulating PGs due to the low 
fetal pulmonary blood fl ow  [19] . 

 Nitric oxide (NO) is made by the fetal ductus arterio-
sus and appears to play an important role in maintaining 

ductus patency in rodent fetuses early in gestation  [12] . 
Although NO is also made in the ductus of larger species, 
its importance in maintaining ductus patency under nor-
mal in utero conditions has not been conclusively dem-
onstrated  [20]  (see below for the role of NO in fetuses 
exposed to indomethacin tocolysis and in premature new-
borns). 

 Carbon monoxide relaxes the ductus arteriosus and 
both hemoxygenase-1 and -2 (the enzymes that make car-
bon monoxide) are found within the endothelial and 
smooth muscle cells of the ductus. Under physiological 
conditions the amount of carbon monoxide made by the 
ductus does not seem to affect ductus tone; however, in 
circumstances where its synthesis is upregulated, e.g., en-
dotoxinemia, it may exert a relaxing infl uence on the duc-
tus  [21] . 

 Following delivery there are several events that pro-
mote ductus constriction in the full term newborn: (1) an 
increase in arterial PO 2 , (2) a decrease in blood pressure 
within the ductus lumen (due to the postnatal decrease in 
pulmonary vascular resistance), (3) a decrease in circulat-
ing PGE 2  (due to the loss of placental PG production and 
the increase in PG removal by the lung), and (4) a de-
crease in the number of PGE 2  receptors in the ductus wall 
 [16] . Although the newborn ductus continues to be sensi-
tive to the vasodilating effects of NO, it loses its ability 
to respond to PGE 2   [22, 23] . All of these factors promote 
ductus constriction after birth. 

 The postnatal increase in arterial PaO 2  plays an im-
portant role in ductus constriction. A cytochrome P 450  
hemoprotein, that is located in the plasma membrane of 
the vascular smooth muscle cells, appears to act as a re-
ceptor for the oxygen-induced events in the ductus  [24, 
25] . Oxygen inhibits K +  channels  [26, 27] . This is associ-
ated with membrane depolarization, an increase in 
smooth muscle intracellular calcium  [28] , and formation 
of the potent vasoconstrictor, endothelin-1  [29] . How-
ever, the role of endothelin-1 in postnatal ductus closure 
has recently been questioned  [10, 27, 30]  and the path-
ways through which oxygen alters membrane potential 
are still unclear  [26, 31] . 

 In contrast with the full term ductus, the premature 
ductus is less likely to constrict after birth. The most im-
portant mechanism that prevents the preterm ductus 
from constricting after birth is its increased sensitivity to 
the vasodilating effects of PGE 2  and NO  [32] . The in-
creased sensitivity is not due to an increased number of 
PGE 2  receptors but rather to enhanced coupling between 
the receptors and the downstream signaling pathways. As 
a result, inhibitors of PG production (e.g., indomethacin, 
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ibuprofen, and mefanamic acid) are usually effective 
agents in promoting ductus closure in the premature in-
fant. It follows that drugs interfering with NO synthesis 
or function also could become useful adjuncts, especially 
in situations where indomethacin has proven to be inef-
fective  [33] . 

 The endogenous factors that alter the ability of the 
preterm ductus to constrict with advancing gestation are 
unknown. Prenatal administration of vitamin A has been 
shown to increase both the intracellular calcium response 
and the contractile response of the preterm ductus to ox-
ygen  [34] . During normal fetal development, circulating 
cortisol concentrations increase near the end of gestation. 
Elevated cortisol concentrations in the fetus have been 
found to decrease the sensitivity of the ductus to the va-
sodilating effects of PGE 2   [35] ; consistent with these fi nd-
ings, prenatal administration of glucocorticoids causes a 
signifi cant reduction in the incidence of PDA in prema-
ture humans and animals  [36–40] . The postnatal admin-
istration of glucocorticoids also has been shown to reduce 
the incidence of PDA  [41] . However, postnatal glucocor-
ticoid treatment also seems to increase the incidence of 
several of the other neonatal morbidities  [41] . 

 Anatomic Closure-Histologic Changes 

 In normal, full term animals, loss of responsiveness to 
PGE 2  shortly after birth prevents the ductus arteriosus 
from reopening once it has constricted  [22, 23] . The loss 
of responsiveness is accompanied by rapid histologic 
changes that ultimately lead to obliteration of the vessel’s 
lumen and loss of smooth muscle cells from the inner 
muscle media. In the full term newborn there is progres-
sive intimal thickening and fragmentation of the internal 
elastic lamina after delivery. As the intima increases in 
size, it ultimately forms mounds that occlude the already 
constricted lumen. The increase in intimal thickening is 
due (1) to migration of smooth muscle cells from the mus-
cle media into the intima and (2) to proliferation of lumi-
nal endothelial cells. 

 The process that initiates the permanent closure of the 
ductus has recently been elucidated. Both the loss of va-
sodilator regulation and the anatomic events that lead to 
permanent closure appear to be controlled by the degree 
of ductus smooth muscle constriction. Experimental 
models that alter the ability of the ductus to constrict at 
term also prevent the normal histologic changes that oc-
cur after birth  [11, 42–46] . Constriction produces isch-
emic hypoxia of the vessel wall  [47] . In the full term new-

born ductus, the ischemic hypoxia that accompanies con-
striction occurs even before luminal fl ow has been 
eliminated. This is due to alterations in intramural vasa 
vasorum blood fl ow  [48] . With advancing gestation, the 
thickness of the ductus wall increases in size to a dimen-
sion that requires the presence of intramural vasa vaso-
rum to provide nutrients to its outer half. These collaps-
ible, intramural vasa vasorum provide the ductus with a 
unique mechanism for controlling the maximal diffusion 
distance for oxygen and nutrients across its wall. In the 
full term newborn, ductus constriction obliterates vasa 
vasorum fl ow to the outer muscle media; this turns the 
entire thickness of the muscle media into a virtual avas-
cular zone. The profound ischemic hypoxia that follows 
the compression of the vasa vasorum inhibits local pro-
duction of PGE 2  and NO, induces local production of 
growth factors (e.g., TGF- �  and vascular endothelial 
growth factor (VEGF)), and produces smooth muscle 
apoptosis in the ductus wall. VEGF plays a critical role 
in the migration of the ductus smooth muscle cells into 
the neointima and in the proliferation of intramural vasa 
vasorum  [49] . 

 In preterm infants, the ductus frequently remains open 
for many days after birth. Even when it does constrict, 
the premature ductus frequently fails to develop pro-
found hypoxia and anatomic remodeling. The preterm 
infant seems to require a greater degree of ductal constric-
tion, than the full term infant, in order to develop a com-
parable degree of hypoxia. In contrast with the full term 
ductus, the thin-walled preterm ductus does not depend 
on intramural vasa vasorum to provide oxygen and nu-
trients to its wall. The absence of intramural vasa vaso-
rum leaves the preterm ductus without a mechanism to 
rapidly increase the diffusion distance across its wall dur-
ing postnatal constriction. As long as there is any degree 
of luminal patency, the thin-walled preterm ductus fails 
to become profoundly hypoxic and fails to undergo ana-
tomic remodeling after birth. As a result, the preterm duc-
tus requires that there be complete cessation of luminal 
fl ow before it can develop the same degree of hypoxia as 
found at term. If this degree of hypoxic ischemia can be 
induced in the preterm ductus, then most of the anatom-
ic changes seen at term will occur  [8, 38] . If the premature 
ductus does not develop the degree of ischemic hypoxia 
necessary to induce anatomic remodeling and smooth 
muscle death, it remains essentially fetal in appearance 
and is still susceptible to vessel reopening. 

 In contrast with the full term newborn ductus, the pre-
term newborn ductus continues to respond to PGE 2  after 
birth. In addition to its persistent responsiveness to PGE 2 , 
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the premature ductus produces an increased amount of 
NO after birth. This is due to the ingrowth of new intra-
mural vasa vasorum that expressly synthesize NO  [49] . 
As a result, there is a change in the relative balance of the 
vasodilators that maintain ductus patency after birth. 
Ductus patency becomes less dependent on PG genera-
tion and more dependent on other vasodilators during the 
fi rst weeks after birth. This could explain why the effec-
tiveness of indomethacin wanes with increasing postnatal 
age  [50, 51] . In premature baboons, the combined use of 
a NO synthase-inhibitor and indomethacin produces a 
much greater degree of ductus constriction than indo-
methacin alone  [33] . It follows that drugs that interfere 
with NO synthesis could become a useful adjunct, espe-
cially in situations where indomethacin has been found 
to be ineffective. 

 Hemodynamic and Pulmonary Alterations 

 The pathophysiologic features of a PDA depend both 
on the magnitude of the left-to-right shunt and on the 
cardiac and pulmonary responses to the shunt. Studies in 
preterm lambs and human newborns  [52, 53]  have shown 
that preterm newborns are able to increase left ventricular 
output, and maintain their ‘effective’ systemic blood 
fl ow, even with left-to-right PDA shunts equal to 50% of 
left ventricular output. With shunts greater than 50% of 
left ventricular output, ‘effective’ systemic blood fl ow 
falls, despite a continued increase in left ventricular out-
put. The increase in left ventricular output associated 
with a PDA is accomplished not by an increase in heart 
rate, but by an increase in stroke volume  [52, 53] . Stroke 
volume increases primarily as a result of the simultaneous 
decrease in afterload resistance on the heart and the in-
crease in left ventricular preload. Despite the ability of 
the left ventricle to increase its output in the face of a left-
to-right ductus shunt, blood fl ow distribution is signifi -
cantly rearranged. This redistribution of systemic blood 
fl ow occurs even with small shunts  [52] . Blood fl ow to the 
skin, bone, and skeletal muscle is most likely to be af-
fected by the left-to-right ductus shunt. The next most 
likely organs to be affected are the gastrointestinal tract 
and kidneys. These organs receive decreased blood fl ow 
due to a combination of decreased perfusion pressure 
(due to a drop in diastolic pressure) and localized vaso-
constriction. These organs may experience signifi cant hy-
poperfusion before there are any signs of left ventricular 
compromise  [53, 54] . This decrease in organ perfusion 
contributes to some of the morbidities caused by a PDA: 

necrotizing enterocolitis and decreased glomerular fi ltra-
tion rate  [50, 55] . 

 The decreased ability of the preterm infant to main-
tain active pulmonary vasoconstriction  [56]  may be re-
sponsible in part for the earlier presentation of a ‘large’ 
left-to-right PDA shunt  [57, 58] . In addition, therapeutic 
maneuvers (e.g., surfactant replacement) that lead to a 
more rapid drop in pulmonary vascular resistance can 
exacerbate the amount of left-to-right shunt in preterm 
infants with RDS and lead to pulmonary hemorrhage  [6, 
59] . Although the mechanisms responsible for pulmonary 
hemorrhage after surfactant are uncertain, a retrospective 
cohort study found that a clinically detectable PDA was 
associated with the onset of the hemorrhage  [60] . Early 
ductus closure has been shown to decrease the incidence 
of signifi cant pulmonary hemorrhage  [50, 61] . With a 
wide-open PDA, the pulmonary vasculature is exposed 
to systemic blood pressure and increased pulmonary 
blood fl ow. While it is true that preterm animals with a 
PDA have increased fl uid and protein clearance into the 
lung interstitium, due to an increase in pulmonary micro-
vascular fi ltration pressure, a simultaneous increase in 
lung lymph fl ow appears to eliminate the excess fl uid and 
protein from the lung. This compensatory increase in 
lung lymph acts as an ‘edema safety factor’, inhibiting 
fl uid accumulation in the lungs. As a result, there is no 
net increase in water or protein accumulation in the lung 
and there is no change in pulmonary mechanics  [1, 50, 
62–64] . This delicate balance between the PDA-induced 
fl uid fi ltration and lymphatic reabsorption is consistent 
with the observation, made in human infants, that closure 
of the ductus arteriosus, within the fi rst 24 h after birth, 
has no effect on the course of the newborn’s hyaline mem-
brane disease. However, after several days of lung disease 
and mechanical ventilation, the residual functioning lym-
phatics are more easily overwhelmed by the same size 
ductus shunt that could be accommodated on the fi rst day 
after delivery. As a result, it is not uncommon for infants 
with a persistent PDA to develop pulmonary edema and 
alterations in pulmonary mechanics at 7–10 days after 
birth. In these infants, improvement in lung compliance 
occurs following closure of the PDA  [50, 65–69] . Factors 
responsible for these alterations in pulmonary mechanics 
have recently been identifi ed. Using a baboon model of 
premature chronic lung disease, Drs. McCurnin, Yoder, 
Seidner, Ikegami, Chang, Waleh and Clyman (unpubl. 
results) have found that there are no differences in sur-
factant secretion, epithelial protein permeability, or in-
crease in surfactant inhibitory proteins when the preterm 
infant is exposed to an open PDA for 2 weeks after birth. 
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Although there are numerous changes in the genes that 
regulate infl ammation and tissue remodeling in the pre-
term lung after birth, the presence of an open ductus does 
not appear to alter the expression pattern of these pro-in-
fl ammatory genes, or of the genes involved in lung remod-
eling. The main differences in the animals with an open 
ductus were the amount and the distribution of water in 
their lungs. In contrast with the full term lung, which mo-
bilizes fl uid quite rapidly after birth, the preterm lung 
mobilizes lung fl uid much more slowly. A persistent PDA 

leads to a small but signifi cant increase in lung water at 2 
weeks after delivery. Closure of the PDA with a COX in-
hibitor, like ibuprofen, leads to increased expression of 
epithelial sodium channels and increased removal of fl u-
id from the alveolar compartment. In addition, the pres-
ence of a persistent PDA signifi cantly alters alveolar 
growth and leads to alveolar simplifi cation with decreased 
alveolar surface area. The question now is: what does this 
alveolar growth arrest mean for long-term gas exchange 
beyond the neonatal period? 
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