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Abstract
Although a moderate-size PDA needs to be closed by the time a child is 1–2 years old, there is
great uncertainty about whether it needs to be closed during the neonatal period. While 95% of
neonatologists believe that a moderate-size PDA should be closed if it persists in infants (born
before 28 weeks) who still require mechanical ventilation, the number that treat a PDA when it
occurs in infants that do not require mechanical ventilation varies widely. Both the high likelihood
of spontaneous ductus closure and the absence of RCTs, specifically addressing the risks and
benefits of neonatal ductus closure, adds to the current uncertainty. New information suggests that
early pharmacologic treatment has several important short-term benefits for the preterm newborn.
On the other hand, ductus ligation, while eliminating the detrimental effects of a PDA on lung
development, may create its own set of morbidities that counteract many of the benefits derived
from ductus closure.

Introduction
Numerous studies have demonstrated that a prolonged, persistent left-to-right shunt through
a patent ductus arteriosus (PDA) shortens the life span of animals and humans (1–6). The
long-term morbidities that are associated with a PDA (subacute bacterial endocarditis and
irreversible pulmonary hypertension) can usually be avoided if the ductus is closed within
the first two years after birth. Although a PDA needs to be closed by the time a child is 1–2
years old, there is great uncertainty about whether a persistent PDA needs to be closed
during the neonatal period (7–9).

In newborn infants, a persistent PDA increases pulmonary hyperemia and edema, and
decreases renal, mesenteric and cerebral perfusion. Pharmacologic and surgical treatments
can eliminate these hemodynamic aberrations. On the other hand, there is a high likelihood
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that the ductus will close spontaneously (without any specific treatment) during the neonatal
period. Therefore, early treatment runs the risk of exposing infants to drugs or procedures
they might not need.

Incidence of spontaneous ductus closure
Pulsed Doppler echocardiographic assessments of full term infants indicate that functional
closure of the ductus arteriosus occurs in almost 50% of the infants by 24 hours, in 90% by
48 hours, and in all by 72 hours after birth (Table 1). The rate of ductus closure is delayed in
preterm infants; however, essentially all healthy preterm infants (and 90% of those with
respiratory distress syndrome), who are ≥30 weeks gestation, will close their ductus by the
fourth day after birth. Preterm infants of less than 30 weeks gestation, with severe
respiratory distress, have a 65% incidence of persistent ductus patency beyond the fourth
day of life. Even among these infants, spontaneous closure can occur during the neonatal
period (Table 1). Sixty-seven percent of infants, weighing between 1000 and 1500 grams at
birth, will spontaneously close their ductus by seven days after birth (94% will close prior to
hospital discharge) (10). Among VLBW (≤ 1500 grams) infants that still have a persistent
PDA at the time of hospital discharge, 86% will spontaneously close their PDA by the end
of the first year (the rest will still have a persistent PDA or will require coil occlusion during
the first year) (11). On the other hand, spontaneous ductus closure during the neonatal
period only occurs in 30-to-35% of infants weighing <1000 grams at birth (10, 12) (Table
1). For infants ≤27 weeks (or weighing <1000 grams), with a persistent PDA at the time of
hospital discharge, 75% will spontaneously close their PDA and 25% will require coil
occlusion by the end of the first year (13).

Several perinatal and postnatal events can alter the incidence of spontaneous ductus closure:
infants who are small for gestational age (14–16), develop late onset septicemia (17) or
receive excessive fluid administration during the first days of life (18) are more likely to
develop a clinically symptomatic PDA in the neonatal period. Furosemide administration
and phototherapy also have been reported to increase the incidence of PDA (19, 20);
however, more recent studies have not found this to be the case (21, 22). Administration of
exogenous surfactant can alter the presentation of a PDA. Surfactant has no effect on the
contractile behavior of the ductus; rather, it alters pulmonary vascular resistance and leads to
an earlier clinical presentation of the left-to-right shunt in animals (23, 24) and humans (25–
28). In one single center study, lowering the “tolerable” range of oxygen saturations led to
an increased incidence of PDA in preterm infants (29). On the other hand, no change in the
incidence of PDA was detected in a recent, large, multicenter trial after the “tolerable” range
of oxygen saturations was lowered (30). Several perinatal factors increase the likelihood that
the ductus will close spontaneously: non-Caucasian infants and infants who receive
antenatal glucocorticoids are significantly more likely to close their ductus in the neonatal
period (31–33).

Surgical and pharmacologic treatment options for closing the PDA during
the newborn period
Surgical Ligation

Surgical ligation produces definitive ductus arteriosus closure, however, it is associated with
its own set of morbidities: thoracotomy, pneumothorax, chylothorax, scoliosis and infection
(34). The incidence of unilateral vocal cord paralysis (which increases the requirements for
tube feedings, respiratory support and hospital stay) has been reported to be as high as 67%
in infants with birthweights ≤1000 grams, following PDA ligation (35, 36). Approximately
25–30% of infants with birthweights ≤1000 grams will require inotropic support for
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profound hypotension during the postoperative period (37). In addition, neonatal transport to
another facility may be required if surgical expertise is not readily available.

Early surgical ligation has recently been shown to be an independent risk factor for the
development of bronchopulmonary dysplasia (38, 39). Early surgical ligation increases the
expression of genes involved with pulmonary inflammation and decreases the expression of
pulmonary epithelial sodium channels (that are critical for alveolar water clearance) (40).
These changes may contribute to the lack of improvement in pulmonary mechanics after
PDA ligation. In addition, early surgical ligation impedes lung growth (41–43). These
findings raise the possibility that ductus ligation, while eliminating the detrimental effects of
a PDA on lung development, may create its own set of problems that counteract many of the
benefits derived from ductus closure (38, 39).

Indomethacin and Ibuprofen
Inhibition of prostaglandin synthesis with nonselective inhibitors of cyclooxygenase-1 and
-2 (e.g., indomethacin and ibuprofen) appears to be an effective alternative to surgical
ligation (44). In most intensive care nurseries, indomethacin and ibuprofen have replaced
surgery as the preferred therapy for closing a persistent PDA. However, both have been
associated with several potential adverse effects in the newborn. Indomethacin produces
significant reductions in renal (45, 46), mesenteric (47, 48), and cerebral blood flow (49–
54). Indomethacin also reduces cerebral oxygenation (54, 55). Alterations in creatinine
clearance and oliguria (that are minimally responsive to dopamine or furosemide therapy
(56, 57)) are common problems with the initial doses of indomethacin. Renal function
returns towards normal after the initial doses of indomethacin or after drug discontinuation
(58). Some of indomethacin’s actions on these organ systems may not be due to its
inhibition of prostaglandin synthesis (59–61).

Although indomethacin produces significant physiologic alterations, none of the controlled,
randomized trials that have examined the relationship between indomethacin and neonatal
morbidity have found an increase in the incidence of necrotizing enterocolitis,
gastrointestinal perforation, ROP, chronic lung disease, or cerebral white matter injury
following indomethacin treatment (62). Although indomethacin, by itself, has not been
shown to increase the incidence of gastrointestinal perforations, the combination of
indomethacin and postnatal steroids, administered simultaneously, has been shown to
increase the incidence of gastrointestinal perforations/necrotizing enterocolitis (63, 64).

Indomethacin’s cerebral vasoconstrictive effects are frequently cited as a concern for
neonatologists (53, 65); however, a Cochrane systematic review found that indomethacin
prophylaxis is more likely to decrease rather than increase the incidence of periventricular
leukomalacia (62). Although there is no evidence that prophylactic indomethacin has any
beneficial or adverse effects on neurodevelopmental outcome at 18 months (66), there is
evidence that there may be long term benefits at 4.5 and 8 years (67–69).

Ibuprofen, another nonselective cyclooxygenase inhibitor, has been shown to close the
ductus in animals (70) and preterm infants. It appears to be as effective as indomethacin in
producing PDA closure in very low birthweight infants (at least in infants with a mean
gestational age of 28 weeks) (71). In contrast with indomethacin, ibuprofen does not appear
to affect mesenteric blood flow (46, 59, 61) and has less of an effect on renal perfusion,
oliguria (46, 59, 61), and cerebral blood flow (54, 61, 72, 73). Animal studies suggest that
ibuprofen may have some cytoprotective effects in the intestinal tract (74). Although
individual studies have not found ibuprofen to be superior to indomethacin in the prevention
of NEC, a recent meta-analysis suggests that ibuprofen may be associated with a lower
incidence of NEC than indomethacin (71). On the other hand, ibuprofen does not appear to
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have the same intracranial hemorrhage sparing effects that are seen with indomethacin. The
optimal age-appropriate dosing schedule for ibuprofen is still under consideration (75).
Ibuprofen’s effects on total and free serum bilirubin concentrations (76, 77) raise concerns
about the safety of some of the higher dose options.

PDA and Neonatal Morbidity: To treat or not to treat
At this time, clear evidence is lacking for or against many of the current approaches to a
PDA in the newborn period (7, 78, 79). Although indomethacin and ibuprofen have been
shown to be effective in producing ductus closure (44), the long-term benefits of ductus
closure on chronic lung disease, necrotizing enterocolitis or survival have yet to be
established (78, 80–83). Published randomized controlled trials (RCTs) provide only a
limited amount of information to help guide current PDA treatment choices. Unfortunately,
most PDA-related RCTs were not designed to address the question of whether or not a
symptomatic PDA should be treated during the neonatal period; they were designed, instead,
to assess the relationship between “timing” of treatment (“early” or “late”) and efficiency of
PDA closure. Therefore, the published RCTs are only useful for examining the effects of
short-term exposures (between 2–6 days) to a PDA. RCTs that examined preterm infants,
whose PDA first became symptomatic when they were several days old, found that “early”
PDA closure did not alter the incidence of serious neonatal morbidities, like BPD, NEC or
ROP, when compared with an approach that “delayed” PDA closure by 2–6 days (80). On
the other hand, using indomethacin as a “prophylactic” treatment (i.e., starting treatment
within 12 hours of birth) appeared to have some benefits compared with delaying treatment
until “early” PDA symptoms appeared (usually 2–3 days after birth). These “prophylactic”
treatment RCTs (and their meta-analysis) demonstrate that indomethacin prophylaxis
decreases the incidence of 1) severe early pulmonary hemorrhage, 2) severe grades of IVH,
3) the risk of developing a symptomatic PDA, and 4) the risk that indomethacin treatment
will fail to close the PDA and that surgical ligation will be needed (62, 66, 84–88).

The postnatal age when indomethacin treatment is initiated plays an important role in
determining its ability to close the PDA. Even when indomethacin concentrations are
maintained in the “desired” range, the drug’s ability to produce ductus closure remains
inversely proportional to the postnatal age at the time of treatment (45, 89–91). With
advancing postnatal age, dilator prostaglandins play less of a role in maintaining ductus
patency and other factors become more responsible for its persistent patency (33, 92–95). As
a result, indomethacin becomes less effective in producing PDA closure as postnatal age
increases (89).

Although a “prophylactic” treatment approach has several important short-term benefits, it
results in over-treatment of infants that might close their ductus spontaneously and never
need treatment (see above). Sixty-seven percent of infants with birthweights >1000 grams
will spontaneously close their ductus by 7 days of age, and 94% will close their ductus by
the time of discharge (10, 12). At this time, less than 30% of neonatologists in the United
States use indomethacin “prophylactically”, despite its short-term benefits (96). Early
echocardiographic measurements may be able to identify infants who are likely to ultimately
develop cardiopulmonary compromise from their PDA. If this proves to be true, it would
enable us to give early/prophylactic treatment to a more targeted population (97–100).

Although most infants with birthweights >1000 grams tolerate the presence of a PDA, while
awaiting spontaneous closure, infants with birthweights ≤1000 grams are much less likely to
do so. Sixty percent of infants with birthweights ≤1000 grams will develop significant
symptoms (pulmonary edema, hypotension, renal impairment, or need for persistent or
escalating respiratory support) that will affect their neonatal hospitalization (10, 12).
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Unfortunately, there is little information about the consequences of long-term exposure to a
persistent, symptomatic, moderate-to-large left-to-right PDA shunt in infants ≤1000 grams.
Only one small RCT performed almost 30 years ago, was designed to examine the effects of
a persistent symptomatic PDA on neonatal pulmonary morbidity in infants with birth
weights ≤1000 grams (101). The investigators found that surgical closure of the PDA, when
signs of congestive failure developed, decreased the need for prolonged ventilatory support
(compared with infants that were not allowed to have their PDA ligated) (101). Whether
these findings are still applicable in the setting of modern neonatal treatment (e.g., antenatal
glucocorticoids, surfactant replacement therapies, “gentle” ventilation, etc) has become a
matter of controversy among neonatologists (102). The role of a persistent PDA in the
development of necrotizing enterocolitis is even more controversial since there are no
clinical trials that have addressed this issue.

These uncertainties have resulted in several areas of controversy regarding PDA
management: 1) whether or not to use indomethacin prophylaxis, 2) when to treat a
moderate-to-large PDA, and 3) whether or not enteral feeding should be stopped in the
presence of a PDA or during treatment of a PDA (7, 78, 79, 81, 103). At this time, 95% of
American neonatologists believe that a moderate-to-large PDA should be treated if it
persists in infants born before 28 weeks who still require mechanical ventilation (96). The
number of neonatologists that treat a persistent PDA when it occurs in infants that do not
require mechanical ventilation varies significantly (Table 2). Marked differences in the
willingness of neonatologists to feed infants in the presence of a PDA account for much of
the variation in the rates of indomethacin use and PDA ligation. It is interesting to note that
70% of US neonatologists believe that enteral feeding needs to be stopped in the presence of
a PDA. In contrast, non-US neonatologists have exactly the opposite opinion: 70% believe
that enteral feeding should continue in the presence of a PDA (96).

The controversy about treatment really focuses on infants born before 28 weeks gestation, or
with birthweights ≤1000 grams, since only 30% will close their PDA spontaneously and
60% will develop significant PDA-related symptoms that affect their hospitalization (10,
12). Recently a cohort-controlled study was reported that compared a “conservative”
approach with a more “aggressive” approach for treatment of infants that failed to close their
PDA after indomethacin treatment (13). The “aggressive” approach used early surgical
ligation (within 2 days) when the infant’s PDA failed to close after indomethacin treatment.
The “conservative” approach continued feedings in the presence of a PDA and only ligated
the PDA if cardiopulmonary compromise (persistent inotrope-dependent hypotension and/or
persistent or escalating respiratory support) developed. There were no significant differences
in the rates of BPD, sepsis, ROP, neurologic injury or mortality between the two groups.
The risk for NEC was significantly less in the conservatively treated infants, even though
they received enteral feedings in the presence of a PDA.

Despite the investigators’ desire to avoid ligation in infants treated with the “conservative”
approach, 70% of the infants born before 28 weeks gestation ultimately met ligation criteria
(persistent hypotension and/or escalating respiratory support) and were ligated during the
neonatal period. The likelihood that infants would meet ligation criteria was inversely
related to their gestational age: 80% of infants born at 24–25 weeks gestation met ligation
criteria, compared with 56% of those born at 26–27 weeks, and 14% of those born at 28–29
weeks. Although most of the conservatively treated immature infants ultimately were
ligated, there was a significantly longer delay before the ligation was performed (compared
with infants ligated during the “aggressive” approach period). The delay in ligation may be
beneficial since accumulating evidence suggests that several of the morbidities associated
with ligation (hypotension and need for inotropic support (37, 104), vocal cord paralysis
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(35), and bronchopulmonary dysplasia (38, 105)) are significantly reduced when ligation is
delayed.

Approximately 30% of the “conservatively” treated infants, that were born before 28 weeks
gestation, did not develop cardiopulmonary compromise from their PDA and were not
ligated prior to hospital discharge. Eighty percent of these infants ultimately closed their
PDA spontaneously, despite initial indomethacin failure (13). Further investigations will be
needed to determine which infants are most likely to benefit from surgical ligation and
which infants might best be left untreated when pharmacologic approaches are no longer an
option.

Acknowledgments
Supported in part by grants from U.S. Public Health Service (NIH grants HL46691 and HL109199, and by a gift
from the Jamie and Bobby Gates Foundation.

Bibliography
1. Loftin CD, Trivedi DB, Tiano HF, et al. Failure of ductus arteriosus closure and remodeling in

neonatal mice deficient in cyclooxygenase-1 and cyclooxygenase-2. Proc Natl Acad Sci U S A.
2001; 98:1059–1064. [PubMed: 11158594]

2. Campbell M. Natural history of persistent ductus arteriosus. Br Heart J. 1968; 30:4–13. [PubMed:
5637557]

3. Brooks JM, Travadi JN, Patole SK, et al. Is surgical ligation of patent ductus arteriosus necessary?
The Western Australian experience of conservative management. Arch Dis Child Fetal Neonatal Ed.
2005; 90:F235–F239. [PubMed: 15846015]

4. Van Israel N, Dukes-McEwan J, French AT. Long-term follow-up of dogs with patent ductus
arteriosus. J Small Anim Pract. 2003; 44:480–490. [PubMed: 14635960]

5. Noori S, McCoy M, Friedlich P, et al. Failure of ductus arteriosus closure is associated with
increased mortality in preterm infants. Pediatrics. 2009; 123:e138–e144. [PubMed: 19117835]

6. Reese J, Paria BC, Brown N, et al. Coordinated regulation of fetal and maternal prostaglandins
directs successful birth and postnatal adaptation in the mouse. Proc Natl Acad Sci U S A. 2000;
97:9759–9764. [PubMed: 10944235]

7. Laughon MM, Simmons MA, Bose CL. Patency of the ductus arteriosus in the premature infant: is
it pathologic? Should it be treated? Curr Opin Pediatr. 2004; 16:146–151. [PubMed: 15021192]

8. Benitz WE. Treatment of persistent patent ductus arteriosus in preterm infants: time to accept the
null hypothesis? J Perinatol. 2010; 30:241–252. [PubMed: 20182439]

9. Benitz WE. Learning to live with patency of the ductus arteriosus in preterm infants. J Perinatol.
2011; 31 Suppl 1:S42–S48. [PubMed: 21448203]

10. Nemerofsky SL, Parravicini E, Bateman D, et al. The ductus arteriosus rarely requires treatment in
infants > 1000 grams. Am J Perinatol. 2008; 25:661–666. [PubMed: 18850514]

11. Herrman K, Bose C, Lewis K, et al. Spontaneous closure of the patent ductus arteriosus in very
low birth weight infants following discharge from the neonatal unit. Arch Dis Child Fetal Neonatal
Ed. 2009; 94:F48–F50. [PubMed: 18450808]

12. Koch J, Hensley G, Roy L, et al. Prevalence of spontaneous closure of the ductus arteriosus in
neonates at a birth weight of 1000 grams or less. Pediatrics. 2006; 117:1113–1121. [PubMed:
16585305]

13. Jhaveri N, Moon-Grady A, Clyman RI. Early surgical ligation versus a conservative approach for
management of patent ductus arteriosus that fails to close after indomethacin treatment. J Pediatr.
2010; 157:381–387. [PubMed: 20434168]

14. Cotton RB, Lindstrom DP, Stahlman MT. Early prediction of symptomatic patent ductus arteriosus
from perinatal risk factors: discriminant analysis. Acta Paediatr Scand. 1981; 70:723–727.
[PubMed: 7324921]

Clyman et al. Page 6

Semin Perinatol. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



15. Del Moral T, Gonzalez-Quintero VH, Claure N, et al. Antenatal exposure to magnesium sulfate
and the incidence of patent ductus arteriosus in extremely low birth weight infants. J Perinatol.
2007; 27:154–157. [PubMed: 17314984]

16. Rakza T, Magnenant E, Klosowski S, et al. Early hemodynamic consequences of patent ductus
arteriosus in preterm infants with intrauterine growth restriction. J Pediatr. 2007; 151:624–628.
[PubMed: 18035142]

17. Gonzalez A, Sosenko IR, Chandar J, et al. Influence of infection on patent ductus arteriosus and
chronic lung disease in premature infants weighing 1000 grams or less. J Pediatr. 1996; 128:470–
478. [PubMed: 8618179]

18. Bell EF, Acarregui MJ. Restricted versus liberal water intake for preventing morbidity and
mortality in preterm infants (Cochrane Review). Cochrane Database Syst Rev. 2001; 3

19. Green TP, Thompson TR, Johnson DE, et al. Furosemide promotes patent ductus arteriosus in
premature infants with the respiratory distress syndrome. N. Engl. J. Med. 1983; 308:743–748.
[PubMed: 6828120]

20. Rosenfeld W, Sadhev S, Brunot V, et al. Phototherapy effect on the incidence of patent ductus
arteriosus in premature infants: prevention with chest shielding. Pediatrics. 1986; 78:10–14.
[PubMed: 3725477]

21. Andriessen P, Struis NC, Niemarkt H, et al. Furosemide in preterm infants treated with
indomethacin for patent ductus arteriosus. Acta Paediatr. 2009; 98:797–803. [PubMed: 19187396]

22. Lee BS, Byun SY, Chung ML, et al. Effect of furosemide on ductal closure and renal function in
indomethacin-treated preterm infants during the early neonatal period. Neonatology. 2010;
98:191–199. [PubMed: 20234144]

23. Shimada S, Raju TNK, Bhat R, et al. Treatment of patent ductus arteriosus after exogenous
surfactant in baboons with hyaline membrane disease. Pediatr. Res. 1989; 26:565–569. [PubMed:
2602035]

24. Clyman RI, Jobe A, Heymann MA, et al. Increased shunt through the patent ductus arteriosus after
surfactant replacement therapy. J. Pediatr. 1982; 100:101–107. [PubMed: 6948942]

25. Kaapa P, Seppanen M, Kero P, et al. Pulmonary hemodynamics after synthetic surfactant
replacement in neonatal respiratory distress syndrome. J. Pediatr. 1993; 123:115–119. [PubMed:
8320604]

26. Reller MD, Buffkin DC, Colasurdo MA, et al. Ductal patency in neonates with respiratory distress
syndrome. A randomized surfactant trial. Am. J. Dis. Child. 1991; 145:1017–1020. [PubMed:
1877559]

27. Reller MD, Rice MJ, McDonald RW. Review of studies evaluating ductal patency in the premature
infant. J. Pediatr. 1993; 122:S59–S62. [PubMed: 8501549]

28. Alpan, G.; Clyman, RI. Cardiovascular effects of surfactant replacement with special reference to
the patent ductus arteriosus. In: Robertson, B.; Taeusch, HW., editors. Surfactant Therapy for
Lung Disease: Lung Biology in Health and Disease. New York: Marcel Dekker, Inc.; 1995. p.
531-545.

29. Noori S, Patel D, Friedlich P, et al. Effects of low oxygen saturation limits on the ductus arteriosus
in extremely low birth weight infants. J Perinatol. 2009; 29:553–557. [PubMed: 19461594]

30. Carlo WA, Finer NN, Walsh MC, et al. Target ranges of oxygen saturation in extremely preterm
infants. N Engl J Med. 2010; 362:1959–1969. [PubMed: 20472937]

31. Furzan JA, Reisch J, Tyson JE, et al. Incidence and risk factors for symptomatic patent ductus
arteriosus among inborn very-low-birth-weight infants. Early Hum Dev. 1985; 12:39–48.
[PubMed: 4064996]

32. Clyman RI, Ballard PL, Sniderman S, et al. Prenatal administration of betamethasone for
prevention of patent ductus arteriosus. J. Pediatr. 1981; 98:123–126. [PubMed: 7452388]

33. Chorne N, Jegatheesan P, Lin E, et al. Risk factors for persistent ductus arteriosus patency during
indomethacin treatment. J Pediatr. 2007; 151:629–634. [PubMed: 18035143]

34. Roclawski M, Sabiniewicz R, Potaz P, et al. Scoliosis in patients with aortic coarctation and patent
ductus arteriosus: does standard posterolateral thoracotomy play a role in the development of the
lateral curve of the spine? Pediatr Cardiol. 2009; 30:941–945. [PubMed: 19597861]

Clyman et al. Page 7

Semin Perinatol. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



35. Smith ME, King JD, Elsherif A, et al. Should all newborns who undergo patent ductus arteriosus
ligation be examined for vocal fold mobility? Laryngoscope. 2009; 119:1606–1609. [PubMed:
19507238]

36. Clement WA, El-Hakim H, Phillipos EZ, et al. Unilateral vocal cord paralysis following patent
ductus arteriosus ligation in extremely low-birth-weight infants. Arch Otolaryngol Head Neck
Surg. 2008; 134:28–33. [PubMed: 18209132]

37. Moin F, Kennedy KA, Moya FR. Risk factors predicting vasopressor use after patent ductus
arteriosus ligation. Am J Perinatol. 2003; 20:313–320. [PubMed: 14528401]

38. Clyman R, Cassady G, Kirklin JK, et al. The role of patent ductus arteriosus ligation in
bronchopulmonary dysplasia: reexamining a randomized controlled trial. J Pediatr. 2009;
154:873–876. [PubMed: 19324366]

39. Chorne N, Leonard C, Piecuch R, et al. Patent ductus arteriosus and its treatment as risk factors for
neonatal and neurodevelopmental morbidity. Pediatrics. 2007; 119:1165–1174. [PubMed:
17545385]

40. Waleh N, McCurnin DC, Yoder BA, et al. Patent ductus arteriosus ligation alters pulmonary gene
expression in preterm baboons. Pediatr Res. 2010 (Epub ahead of print).

41. McCurnin D, Seidner S, Chang LY, et al. Ibuprofen-induced patent ductus arteriosus closure:
physiologic, histologic, and biochemical effects on the premature lung. Pediatrics. 2008; 121:945–
956. [PubMed: 18450898]

42. McCurnin DC, Yoder BA, Coalson J, et al. Effect of ductus ligation on cardiopulmonary function
in premature baboons. Am J Respir Crit Care Med. 2005; 172:1569–1574. [PubMed: 16179644]

43. Chang LY, McCurnin D, Yoder B, et al. Ductus arteriosus ligation and alveolar growth in preterm
baboons with a patent ductus arteriosus. Pediatr Res. 2008; 63:299–302. [PubMed: 18287969]

44. Gersony WM, Peckham GJ, Ellison RC, et al. Effects of indomethacin in premature infants with
patent ductus arteriosus: results of a national collaborative study. J Pediatr. 1983; 102:895–906.
[PubMed: 6343572]

45. Rennie JM, Doyle J, Cooke RWI. Early administration of indomethacin to preterm infants. Arch.
Dis. Child. 1986; 61:233–238. [PubMed: 3516077]

46. Pezzati M, Vangi V, Biagiotti R, et al. Effects of indomethacin and ibuprofen on mesenteric and
renal blood flow in preterm infants with patent ductus arteriosus. J Pediatr. 1999; 135:733–738.
[PubMed: 10586177]

47. Coombs RC, Morgan MEI, Durin GM, et al. Gut blood flow velocities in the newborn: effects of
patent ductus arteriosus and parenteral indomethacin. Arch. Dis. Child. 1990; 65:1067–1071.
[PubMed: 2241229]

48. Van Bel F, Van Zoeren D, Schipper J, et al. Effect of indomethacin on superior mesenteric artery
blood flow velocity in preterm infants. J Pediatr. 1990; 116:965–970. [PubMed: 2112189]

49. Laudignon N, Chemtob S, Bard H, et al. Effect of indomethacin on cerebral blood flow velocity of
premature newborns. Biol Neonate. 1988; 54:254–262. [PubMed: 3203119]

50. Van Bel F, Van de Bor M, Stijnen T, et al. Cerebral blood flow velocity changes in preterm infants
after a single dose of indomethacin: duration of its effect [see comments]. Pediatrics. 1989;
84:802–807. [PubMed: 2677960]

51. Austin NC, Pairaudeau PW, Hames TK, et al. Regional cerebral blood flow velocity changes after
indomethacin infusion in preterm infants. Arch Dis Child. 1992; 67:851–854. [PubMed: 1519988]

52. Pryds O, Greisen G, Johansen KH. Indomethacin and cerebral blood flow in premature infants
treated for patent ductus arteriosus. Eur J Pediatr. 1988; 147:315–316. [PubMed: 3391227]

53. Edwards AD, Wyatt JS, Richardson C, et al. Effects of indomethacin on cerebral haemodynamics
in very preterm infants. Lancet. 1990; 335:1491–1495. [PubMed: 1972434]

54. Patel J, Roberts I, Azzopardi D, et al. Randomized double-blind controlled trial comparing the
effects of ibuprofen with indomethacin on cerebral hemodynamics in preterm infants with patent
ductus arteriosus [see comments]. Pediatr Res. 2000; 47:36–42. [PubMed: 10625080]

55. McCormick DC, Edwards AD, Brown GC, et al. Effect of indomethacin on cerebral oxidized
cytochrome oxidase in preterm infants. Pediatr Res. 1993; 33:603–608. [PubMed: 8397375]

56. Brion LP, Campbell DE. Furosemide for symptomatic patent ductus arteriosus in indomethacin-
treated infants (Cochrane Review). Cochrane Database Syst Rev. 2001; 3

Clyman et al. Page 8

Semin Perinatol. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



57. Barrington K, Brion LP. Dopamine versus no treatment to prevent renal dysfunction in
indomethacin-treated preterm newborn infants. Cochrane Database Syst Rev. 2002 CD003213.

58. Seyberth HW, Rasher W, Hackenthal R, et al. Effect of prolonged indomethacin therapy on renal
function and selected vasoactive hormones in very low birth weight infants with symptomatic
patent ductus arteriosus. J Pediatr. 1983; 103:979–984. [PubMed: 6358443]

59. Malcolm DD, Segar JL, Robillard JE, et al. Indomethacin compromises hemodynamics during
positive-pressure ventilation, independently of prostanoids. J Appl Physiol. 1993; 74:1672–1678.
[PubMed: 8514682]

60. Chemtob S, Beharry K, Barna T, et al. Differences in the effects in the newborn piglet of various
nonsteroidal antiinflammatory drugs on cerebral blood flow but not on cerebrovascular
prostaglandins. Pediatr Res. 1991; 30:106–111. [PubMed: 1891274]

61. Speziale MV, Allen RG, Henderson CR, et al. Effects of ibuprofen and indomethacin on the
regional circulation in newborn piglets. Biol Neonate. 1999; 76:242–252. [PubMed: 10473899]

62. Fowlie PW, Davis PG. Prophylactic intravenous indomethacin for preventing mortality and
morbidity in preterm infants. Cochrane Database Syst Rev. 2010 CD000174.

63. Watterberg KL, Gerdes JS, Cole CH, et al. Prophylaxis of early adrenal insufficiency to prevent
bronchopulmonary dysplasia: a multicenter trial. Pediatrics. 2004; 114:1649–1657. [PubMed:
15574629]

64. Peltoniemi O, Kari MA, Heinonen K, et al. Pretreatment cortisol values may predict responses to
hydrocortisone administration for the prevention of bronchopulmonary dysplasia in high-risk
infants. J Pediatr. 2005; 146:632–637. [PubMed: 15870666]

65. Leffler CW, Busija DW, Fletcher AM, et al. Effects of indomethacin upon cerebral hemodynamics
of newborn pigs. Pediatr Res. 1985; 19:1160–1164. [PubMed: 4069824]

66. Schmidt B, Davis P, Moddemann D, et al. Long-term effects of indomethacin prophylaxis in
extremely-low-birth- weight infants. N Engl J Med. 2001; 344:1966–1972. [PubMed: 11430325]

67. Vohr BR, Allan WC, Westerveld M, et al. School-age outcomes of very low birth weight infants in
the indomethacin intraventricular hemorrhage prevention trial. Pediatrics. 2003; 111:e340–e346.
[PubMed: 12671149]

68. Ment LR, Vohr B, Allan W, et al. Outcome of children in the indomethacin intraventricular
hemorrhage prevention trial. Pediatrics. 2000; 105:485–491. [PubMed: 10699097]

69. Ment LR, Vohr BR, Makuch RW, et al. Prevention of intraventricular hemorrhage by
indomethacin in male preterm infants. J Pediatr. 2004; 145:832–834. [PubMed: 15580211]

70. Coceani F, White E, Bodach E, et al. Age-dependent changes in the response of the lamb ductus
arteriosus to oxygen and ibuprofen. Can J Physiol Pharmacol. 1979; 57:825–831. [PubMed:
497895]

71. Ohlsson A, Walia R, Shah S. Ibuprofen for the treatment of patent ductus arteriosus in preterm
and/or low birth weight infants. Cochrane Database Syst Rev. 2010 CD003481.

72. Mosca F, Bray M, Lattanzio M, et al. Comparative evaluation of the effects of indomethacin and
ibuprofen on cerebral perfusion and oxygenation in preterm infants with patent ductus arteriosus. J
Pediatr. 1997; 131:549–554. [PubMed: 9386657]

73. Chemtob S, Laudignon N, Beharry K, et al. Effects of prostaglandins and indomethacin on cerebral
blood flow and cerebral oxygen consumption of conscious newborn piglets. Dev Pharmacol Ther.
1990; 14:1–14. [PubMed: 2311475]

74. Grosfeld JL, Kamman K, Gross K, et al. Comparative effects of indomethacin, prostaglandin E1,
and ibuprofen on bowel ischemia. J Pediatr Surg. 1983; 18:738–742. [PubMed: 6686609]

75. Hirt D, Van Overmeire B, Treluyer JM, et al. An optimized ibuprofen dosing scheme for preterm
neonates with patent ductus arteriosus, based on a population pharmacokinetic and
pharmacodynamic study. Br J Clin Pharmacol. 2008; 65:629–636. [PubMed: 18307541]

76. Zecca E, Romagnoli C, De Carolis MP, et al. Does Ibuprofen increase neonatal
hyperbilirubinemia? Pediatrics. 2009; 124:480–484. [PubMed: 19620202]

77. Ahlfors CE. Effect of ibuprofen on bilirubin-albumin binding. J Pediatr. 2004; 144:386–388.
[PubMed: 15001951]

78. Clyman RI, Chorne N. Patent ductus arteriosus: evidence for and against treatment. J Pediatr.
2007; 150:216–219. [PubMed: 17307530]

Clyman et al. Page 9

Semin Perinatol. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



79. Bose CL, Laughon M. Treatment to prevent patency of the ductus arteriosus: beneficial or
harmful? J Pediatr. 2006; 148:713–714. [PubMed: 16769371]

80. Cooke L, Steer P, Woodgate P. Indomethacin for asymptomatic patent ductus arteriosus in preterm
infants. Cochrane Database Syst Rev. 2003 CD003745.

81. Knight DB. The treatment of patent ductus arteriosus in preterm infants. A review and overview of
randomized trials. Semin Neonatol. 2001; 6:63–73. [PubMed: 11162286]

82. Yeh TF, Luken JA, Thalji A, et al. Intravenous indomethacin therapy in premature infants with
persistent ductus arteriosus—a double blind controlled study. J Pediatr. 1981; 98:137–145.
[PubMed: 7005415]

83. Yeh TF, Thalji A, Luken L, et al. Improved lung compliance following indomethacin therapy in
premature infants with persistent ductus arteriosus. Chest. 1981; 80:698–700. [PubMed: 7307591]

84. Ment LR, Oh W, Ehrenkranz RA, et al. Low-dose indomethacin and prevention of intraventricular
hemorrhage: a multicenter randomized trial. Pediatrics. 1994; 93:543–550. [PubMed: 8134206]

85. Bandstra ES, Montalvo BM, Goldberg RN, et al. Prophylactic indomethacin for prevention of
intraventricular hemorrhage in premature infants. Pediatrics. 1988; 82:533–542. [PubMed:
3174314]

86. Al Faleh K, Smyth J, Roberts R, et al. Prevention and 18-month outcome of serious pulmonary
hemorrhage in extremely low birth weight infants: results from the triall of indomethacin
prophylaxis in preterms. Pediatrics. 2008; 121:e233–e238. [PubMed: 18245398]

87. Domanico RS, Waldman JD, Lester LA, et al. Prophylactic indomethacin reduces the incidence of
pulmonary hemorrhage and patent ductus arteriosus in surfactant treated infants < 1250 grams.
Pediatr. Res. 1994; 35:331.

88. Clyman RI, Chorne N. PDA treatment: Effects on pulmonary hemorrhage and pulmonary
morbidity. J Pediatr. 2008; 152:447–448.

89. Achanti B, Yeh TF, Pildes RS. Indomethacin therapy in infants with advanced postnatal age and
patent ductus arteriosus. Clin. Invest. Med. 1986; 9:250–253. [PubMed: 3802612]

90. Brash AR, Hickey DE, Graham TP, et al. Pharmacokinetics of indomethacin in the neonate. N.
Engl. J. Med. 1981; 305:67–72. [PubMed: 7242577]

91. Thalji AA, Carr I, Yeh TF, et al. Pharmacokinetics of intravenously administered indomethacin in
premature infants. J Pediatr. 1980; 97:995–1000. [PubMed: 7441434]

92. Cotton RB, Haywood JL, FitzGerald GA. Symptomatic patent ductus arteriosus following
prophylactic indomethacin. A clinical and biochemical appraisal. Biol. Neonate. 1991; 60:273–
282. [PubMed: 1790251]

93. Waleh N, Hodnick R, Jhaveri N, et al. Patterns of gene expression in the ductus arteriosus are
related to environmental and genetic risk factors for persistent ductus patency. Pediatr Res. 2010;
68:292–297. [PubMed: 20581741]

94. Levin M, McCurnin D, Seidner SR, et al. Postnatal constriction, ATP depletion, and cell death in
the mature and immature ductus arteriosus. Am J Physiol Regul Integr Comp Physiol. 2006;
290:R359–R364. [PubMed: 16223843]

95. Waleh N, Seidner S, McCurnin D, et al. The role of monocyte-derived cells and inflammation in
baboon ductus arteriosus remodeling. Pediatr Res. 2005; 57:254–262. [PubMed: 15611359]

96. Jhaveri N, Soll RF, Clyman RI. Feeding practices and patent ductus arteriosus ligation preferences-
are they related? Am J Perinatol. 2009; 27:667–674. [PubMed: 20225172]

97. Harling S, Hansen-Pupp I, Baigi A, et al. Echocardiographic prediction of patent ductus arteriosus
in need of therapeutic intervention. Acta Paediatr. 2011; 100:231–235. [PubMed: 20874741]

98. Ramos FG, Rosenfeld CR, Roy L, et al. Echocardiographic predictors of symptomatic patent
ductus arteriosus in extremely-low-birth-weight preterm neonates. J Perinatol. 2010; 30:535–539.
[PubMed: 20182434]

99. Kwinta P, Rudzinski A, Kruczek P, et al. Can early echocardiographic findings predict patent
ductus arteriosus? Neonatology. 2009; 95:141–148. [PubMed: 18776728]

100. Kluckow M, Evans N. Early echocardiographic prediction of symptomatic patent ductus
arteriosus in preterm infants undergoing mechanical ventilation. J Pediatr. 1995; 127:774–779.
[PubMed: 7472835]

Clyman et al. Page 10

Semin Perinatol. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



101. Cotton RB, Stahlman MT, Berder HW, et al. Randomized trial of early closure of symptomatic
patent ductus arteriosus in small preterm infants. J Pediatr. 1978; 93:647–651. [PubMed: 702245]

102. Bose CL, Laughon MM. Patent ductus arteriosus: lack of evidence for common treatments. Arch
Dis Child Fetal Neonatal Ed. 2007; 92:F498–F502. [PubMed: 17951552]

103. Amin SB, Handley C, Carter-Pokras O. Indomethacin use for the management of patent ductus
arteriosus in preterms: a web-based survey of practice attitudes among neonatal fellowship
program directors in the United States. Pediatr Cardiol. 2007; 28:193–200. [PubMed: 17457636]

104. Teixeira LS, Shivananda SP, Stephens D, et al. Postoperative cardiorespiratory instability
following ligation of the preterm ductus arteriosus is related to early need for intervention. J
Perinatol. 2008; 28:803–810. [PubMed: 18615091]

105. Bhat R, Fisher E, Raju TN, et al. Patent ductus arteriosus: recent advances in diagnosis and
management. Pediatr Clin North Am. 1982; 29:1117–1136. [PubMed: 7133791]

106. Dudell GG, Gersony WM. Patent ductus arteriosus in neonates with severe respiratory disease. J.
Pediatr. 1984; 104:915–920. [PubMed: 6726527]

107. Gentile R, Stevenson GM, Dooley T, et al. Pulsed Doppler echocardiographic determination of
time of ductal closure in normal newborn infants. J. Pediatr. 1981; 98:443–448. [PubMed:
7205459]

Clyman et al. Page 11

Semin Perinatol. Author manuscript; available in PMC 2013 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Clyman et al. Page 12

Table 1

Rates of spontaneous ductus arteriosus closure (%)

A. Gestation Closed on day 4 Closed on day 7 Closed at discharge

  Full term 100 100 100

  ≥30 weeks 90 98 98

  27–28 weeks 22 36 na

  25–26 weeks 20 32 na

  24 weeks 8 13 na

B. Birthweight

  1000–1500 grams 35 67 94

  <1000 grams 21 34 na

Data from the following sources: (10, 12, 27, 106, 107). NA, no data available.
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Table 2

What criteria do neonatologists use to determine whether or not to treat a moderate-to-large PDA with
indomethacin/ibuprofen or surgery.

Number of neonatologists willing to use Indomethacin/Ibuprofen or surgical
ligation to close a moderate-to-large PDA when infants have one of the

following conditions (%)

Infant’s condition:
Treatment Options

Indomethacin/Ibuprofen* Surgical Ligation+

Any infant < 900 grams
and < 28 weeks:
regardless of whether
they need any respiratory
support

36 9

Infants < 900 grams
and < 28 weeks: who
require NCPAP for
respiratory support

73 37

Infants < 900 grams
and < 28 weeks: who
require mechanical
ventilation (IMV, HFOV,
etc)

96 91

Infants < 900 grams
and < 28 weeks: who
require mechanical
ventilation (IMV, HFOV,
etc) and require inotropes
for hypotension

99 99

Board certified neonatologists registered with the American Academy of Pediatrics were surveyed in December 2010 (n = 755 responses).

A moderate-to-large PDA is defined as having holodiastolic retrograde flow in the descending aorta.

*
Exact question: In infants that are < 900 grams and < 28 weeks gestation, I use indomethacin or ibuprofen to treat a moderate-to-large PDA

under the following circumstances…

+
Exact question: In infants that are < 900 grams and < 28 weeks gestation, I would ligate a moderate-to-large PDA if it has not responded to

indomethacin or ibuprofen (or if indomethacin or ibuprofen is contraindicated) under the following circumstances…
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