SK Mehta, A Younoszai, J Pietz, and BP Achanti. Pharmacological closure of the patent ductus
arteriosus. Images Paediatr Cardiol. 2003 Jan-Mar; 5(1): 1-15.

in
PAEDIATRIC
IMAGES  caroiorocy

Images Paediatr Cardiol. 2003 Jan-Mar; 5(1): 1-15.

PMCID: PMC3232537

Pharmacological closure of the patent ductus arteriosus

SK Mehta, A Younoszai, J Pietz, and BP Achanti

Contact information: Dr. Sudhir Ken Mehta, Chairman of Pediatrics, Department of
Pediatrics and Pediatric Cardiology, Fairview Hospital, 18101 Lorain Avenue, Cleveland,
Ohio 44111-5656 - USA Tel: 216-476-7236 Fax: 216-476-7021 ; Email:
ken.mehta@fairviewhospital.org

Copyright : © Images in Paediatric Cardiology

This is an open-access article distributed under the terms of the Creative Commons
Attribution-Noncommercial-Share Alike 3.0 Unported, which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly
cited.

Abstract

Pharmacological closure by indomethacin is customary if symptoms of PDA are not
controlled adequately with fluid restriction and diuretics. Its use, however, requires a
comprehensive clinical assessment of all the vital perinatal factors and a vigilant
monitoring of the sick infant. Prophylactic use of indomethacin is discouraged. The
decision to use pharmacological versus surgical treatment or both should be
individualized based on evidence-based research and clinician's own experience. Surgical
ligation remains the primary mode of therapy in cases of pharmacological treatment
failure or recurrence.

MeSH: Ductus Arteriosus, Patent Infant, Premature, Echocardiography, transthoracic,
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Introduction and background

The ductus arteriosus in the fetus is an important conduit that allows deoxygenated blood
to bypass the collapsed lungs and enter the placenta through the descending aorta and
umbilical arteries. The placenta acts as an oxygenator and returns oxygen rich blood
through the umbilical vein and ductus venosus to the fetal heart. During the first two
trimesters, blood flow to the lungs is minimal and it increases substantially during the last
trimester. After birth, the ductus arteriosus normally closes within the first several days of
life. A persistently patent ductus arteriosus (PDA) can cause significant problems,
especially in premature infants.

Physiologic closure of the ductus arteriosus

The outer layer of the ductus is primarily composed of circumferentially oriented muscle
fibers."! During the last trimester of pregnancy, there is rapid growth in medial muscular
tissue with subsequent migration into the subintimal space, probably due to increased
expression of transforming growth factor 1. This growth accompanies a simultaneous
increase in the sensitivity of the ductus arteriosus to oxygen tension for closure.> Oxygen



SK Mehta, A Younoszai, J Pietz, and BP Achanti. Pharmacological closure of the patent ductus
arteriosus. Images Paediatr Cardiol. 2003 Jan-Mar; 5(1): 1-15.

reaches the muscular media either through the lumen or through intramural vasa vasorum
coming from the outer muscular layer. Part of the muscular media adjoining the lumen is
relatively avascular, devoid of vasa vasorum and therefore poorly oxygenated. During
closure of the ductus, the thickness of the avascular zone plays a critical role in causing
hypoxia and anatomical remodeling of the ductus. The contraction of circumferential
fibers results in narrowing of the ductal lumen whereas contraction of longitudinal fibers
leads to shortening of the ductus.

The placenta produces prostaglandins, which maintain prenatal patency of the ductus and,
in early gestation, inhibit the ability of the ductus to contract in response to oxygen. The
ductus arteriosus itself also produces prostaglandins and nitric oxide-like vasodilators.
During the postnatal period, final closure of the ductus arteriosus results from increased
production of local vasoconstrictors (like endothelin) in response to higher arterial
oxygen,' removal of placental prostaglandin and a decrease in the number of
prostaglandin E; receptors in the ductal wall.

Persistent patency of the ductus arteriosus

During the first 60 hours of life, spontaneous closure of the ductus occurs in 55% of full-
term newborn infants. By 2-6 months of age, closure occurs in more than 95% of healthy
infants.* Persistent patency of the ductus arteriosus following birth is inversely related to
gestational age. This may be due to the smaller amount of muscular tissue in the media
with lower intrinsic tone, and lower responsiveness to oxygen but higher sensitivity to the
vasodilating effects of prostaglandin E, and nitric oxide.> In clinical practice, most
extremely-low-birth-weight infants who are less than 28 weeks gestation have a patent
ductus arteriosus (PDA) during the postnatal period. (For an excellent review and images
on patent ductus arteriosus in premature infants, please see Karatza et al.).! Prematurity,
however, does not guarantee prolonged patency of the ductus arteriosus. For example,
Reller et al. found that the PDA closed spontaneously in 32 of 36 infants with a
gestational age of 30-37 weeks and respiratory distress syndrome by the fourth day of
life! Concurrent infections may increase the release of prostaglandins (6-
ketoprostaglandin F1) and tumor necrosis factors, and increase the risk of late ductal
opening and closure failures.

The direction of blood flow across the PDA depends on the balance of pulmonary and
systemic vascular resistance. In-utero, the fetal lungs are collapsed and the pulmonary
vascular resistance is high. Conversely, the connection of the low resistance placenta to
the systemic vascular bed via the umbilical cord allows for low systemic vascular
resistance resulting in blood flow from the pulmonary artery to the aorta (i.e. a “right-to-
left shunt”) prenatally (for further details, please refer to fetal images' and figure 1).
Despite the increase in smooth muscle in the wall of the pulmonary arterioles during the
last trimester, pulmonary vascular resistance falls primarily due to increase in the total
cross sectional area of the vascular bed secondary to the growth in the number of
respiratory units. This drop in the pulmonary vascular resistance leads to increase in the
pulmonary blood flow during the last trimester.

As the newborn begins to breathe, the lungs expand and the pulmonary vascular
resistance drops. The umbilical cord is simultaneously clamped separating the placenta
from the systemic bed and the systemic vascular resistance quickly rises above that of the
pulmonary bed. As a result, after birth, blood flows from the aorta into the pulmonary
artery (i.e. a “left-to-right shunt”). Most of this left-to-right shunt comes from the distal
aorta particularly during diastole. A large PDA that offers no resistance of its own (non-
restrictive) may result in a considerable increase in pulmonary blood flow eventually
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leading to high output heart failure despite improved ventricular performance due to
decreased afterload.

Pathology of the PDA in premature infants

In contrast to older children, fetal and neonatal myocardium has a higher non-contractile
to contractile mass ratio, and is less compliant.? Therefore, with the increase in preload
resulting from ductal left-to-right shunting, higher left ventricular end-diastolic and left
atrial pressures ensue early. In addition, rising hydrostatic pressure in pulmonary
capillaries from higher pulmonary blood flow exceeds oncotic pressures leading to patchy
atelectasis with possible segmental and lobar collapse, further increasing the pulmonary
vascular resistance. Premature infants commonly have low oncotic pressure and increased
capillary permeability that further worsens the interstitial leak.

Figure 1 Fetal echocardiogram of the ductus arteriosus (Courtesy of Drs. J. Moodley and
Y. Shah)
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Infants with lower birth weight (<1200 grams) are less able to tolerate a PDA than full
term infants. Such infants have underdeveloped alveoli in addition to surfactant
deficiency (Figure 2). They also have a less well developed pulmonary lymphatic system
and are therefore less capable of eliminating the excess fluid presented to the premature
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lung by a large PDA. A relatively larger PDA compared to aortic diameter and a
relatively lower pulmonary vascular resistance due to less muscle in the pulmonary
vascular bed permits relatively larger pulmonary blood flow. This also steals significant
blood flow from vessels distal to the duct such as the gut.

Respiratory failure is a common consequence of a large PDA in the premature infant.
Tachypnea can aid in draining the excess fluid from the interstitial space through the
lymphatic system. However, when input exceeds output interstitial edema ensues. This
edema may result in decreased CO, diffusion from capillaries to alveoli and CO,
retention. Consequently air passages are narrowed and respiratory failure and apnea
develops more quickly in premature infants as their fragile respiratory muscles tire out.
As poor lung compliance is common in most of these infants, this process serves to
aggravate any existing respiratory distress syndrome.

Surfactant has become standard therapy for neonatal respiratory distress syndrome
associated with prematurity. The introduction of surfactant over the last 10 years has
contributed to a decrease in mortality and morbidity in very-low-birth-weight infants.!
Surfactant, however, reduces pulmonary vascular resistance and increases left to right
shunting across the ductus. Surfactant does not delay closure of the ductus arteriosus.'??
Perfusion of the systemic vascular bed in the setting of a PDA has been examined. Even
with a large PDA, premature infants maintain normal cerebral blood flow, although flow
is decreased in post-ductal organs secondary to lower perfusion pressure.! Auto-
regulatory mechanisms in the brain compensate for cerebral blood flow changes
associated with ductal shunting that are probably related to diastolic runoff and not to
increase in cerebrovascular resistance.™?

Figure 2 Developmental factors affecting the hemodynamics of the PDA
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Clinical diagnosis

The classical description of the signs and symptoms of the PDA were described in the
1950s by Dr. Helen Taussig. She described a premature infant with a continuous washing
machine-like murmur heard best in the left upper sternal border. She also described
bounding pulses due to the rapid runoff, enlarged heart on chest x-ray and evidence of
pulmonary congestion and heart failure in the more severe cases. These findings must be
properly placed in context of the gestational age of the infant in question. A premature
infant being treated in 1950 probably was over 1500 grams in birth weight. Infants being
treated in that era were rarely as small as neonates that are routinely cared for in today's
neonatal intensive care units.

Therefore, when trying to diagnose a PDA in the modern NICU one must consider the
physiologic differences of the extremely low birth weight infant. This is also complicated
by the presence of neonatal lung disease such as RDS. Many extremely low birth weight
infants have a silent patent ductus arteriosus. They may not have a murmur at all. While
bounding pulses are considered the hallmark of the PDA, they may not be detected in the
very tiny neonate if that infant does not have enough myocardial reserve to compensate
for the rapid run off. Alternatively, bounding pulses may not be found if pulmonary
vascular resistance is equal or near equal to systemic vascular resistance. Often the effect
of the PDA on the premature infant does not become clear until surfactant deficiency has
resolved. When ventilator dependence persists beyond the third day of life in these tiniest
patients, surfactant deficiency becomes a less likely cause of cardiopulmonary symptoms.
Commonly, after artificial surfactant, oxygen requirements will initially decrease only to
increase in a few days. Carbon dioxide retention becomes more of a problem as well.
Enlarged heart on chest radiograph and clinical signs of narrow airways will manifest. It
is not unusual for the classic murmur of the PDA as well as bounding pulses to appear at
this time due to a drop in pulmonary vascular resistance allowing a left to right shunt
through the PDA. In general, PDA evaluation by clinical examination alone in the
ventilator dependent preterm infants is of limited value.

The most reliable non-invasive diagnostic tool is echocardiography with Doppler
ultrasound. In most infants, a modified parasternal short axis view offers the best window
for PDA visualization (Figure 3). This view offers the best opportunity to directly
measure the PDA. The secondary effects of the increased flow can estimate the volume
load from the left to right ductal shunt. A large shunt leads to dilation of the left atrium
and left ventricle, as well as holodiastolic reversal of blood flow distal to the ductus in the
descending aorta due to run off into the pulmonary bed. Enlargement of the left atrium
reflecting the approximate magnitude of the shunt, can be further supported by left atrial-
to-aortic root ratio of >1.3. The presence of a patent fossa ovalis, present in most newborn
infants, can confound these measurements.! In addition, continuous wave Doppler can
estimate pulmonary artery pressures by measuring Doppler velocities of PDA flow and
tricuspid regurgitation.

In the setting of prenatal ductal constriction the Tei index, an echocardiographicaly
derived measure of cardiac function, appears to be useful, between the gestational ages of
20-39 weeks, to evaluate depressed right ventricular function.*
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Figure 3 Echocardiography of the PDA. The ductus can be well visualized from the left
parasternal area (A) with low velocity flow back into the pulmonary artery from the aorta
(B). After therapy with indomethacin the PDA significantly decreases in size (C) with
aliasing color Doppler flow in a smaller jet (D), and a high velocity, restrictive spectral
Doppler pattern (E). (MPA = main pulmonary artery, RPA = right pulmonary artery, Ao
= aorta, PDA = patent ductus arteriosus, DA = descending aorta, LPA = left pulmonary
artery)
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The diagnosis of ductus arteriosus aneurysm should be considered when there is a
localized saccular or tubular dilatation of the ductus arteriosus. It conceivably results
from abnormal elastin formation or abnormal intimal cushion formation. The reported
incidence of ductus arteriosus aneurysm, seen after the third trimester, varies between 1.5
- 8.8% and may represent a normal variant.? It may be observed in patients with Marfan,
Ehlers-Danlos and Larsen syndrome and has the potential for spontaneous rupture,
thromboembolism, erosion, and infection. If large, it can compress the adjoining tissues
and structures. Its presence should prompt clinicians to look for the associated syndromes
particularly connective tissue diseases.

Pharmacological

Conservative medical management such as diuretics and fluid restriction suffice in many
patients with early symptoms. After the second day of life, limiting fluid intake to meet
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basic requirements of excretion, insensible loss, and growth may lower the risk for
development of symptoms related to a PDA in premature infants." The ability of a
premature infant to tolerate a PDA may be inversely proportional to gestational age.
Closure is indicated in the symptomatic infant with a significant volume overload
documented by echocardiography.

In the premature infant an important aspect of PDA management is fluid intake. Early
fluid restriction to allow for little more than insensible and sensible losses will
significantly reduce the risks of PDA, necrotizing enterocolitis, and death at the expense
of postnatal weight loss. If the signs and symptoms persist, one is left with balancing the
various needs of the patient against the problems of treating the symptoms of the PDA.
Simple fluid restriction along with diuretic use is often recommended to control the
symptoms of a PDA. Furosemide is commonly used. Although furosemide is a
prostaglandin agonist, it does not interfere with PDA closure. Furosemide merely helps
the lungs clear fluid and thereby improves the patient's ability to tolerate the PDA. Short-
term use of furosemide and fluid restriction requires a close vigilance to prevent
dehydration. Long-term use of this drug can have serious and subtle side effects. It causes
calcium loss by the kidney and may lead to rickets. It can also cause hypokalemia, which
leads to a metabolic alkalosis and carbon dioxide retention that can be misinterpreted as
worsening of cardiopulmonary disease leading to an apparent increase in ventilator
support. Hypokalemia can be controlled with potassium supplementation but it is difficult
to overcome the problem of calcium loss caused by furosemide. For this reason, many
clinicians prefer milder thiazide diuretics for long-term use.

One of the core challenges with fluid restriction is nutritional. In a growing infant, long-
term fluid restriction limits the amount of calories and minerals that can be given.
Providing adequate calories and minerals with fluid restriction requires highly
concentrated formulas or parenteral alimentation, which may increase the risk for feeding
intolerance and sepsis. For many clinicians, it is a poor trade to control the symptoms of
PDA at the expense of good nutrition. Authors recommend the use of Lasix and fluid
restriction only for a few days at most. Beyond that, thiazides may be preferred and fluids
be restricted only to the level at which adequate calories can be provided for good growth
- in a chronically ill premature infant, it is usually no less than 120 ml/Kg/day.
Indomethacin is a potent stimulator of ductal closure. It blocks the enzyme
cyclooxygenase inhibiting prostaglandin synthesis thereby facilitating ductal closure
(Figure 4). Indomethacin also increases the thickness of the avascular zone by causing
constriction of circumferential and longitudinal muscle, decreasing blood flow in the vasa
vasorum, and causing vessel wall hypoxia with release of vascular endothelial cell growth
factor (VEGF). VEGF induces formation of neointimal mounds and stimulates in-growth
of the vasa vasorum during permanent ductal closure.

Indomethacin is the most commonly used agent for medical closure of a ductus. Most
studies have shown that the use of indomethacin in closing the PDA has reduced the need
for subsequent surgical closure. The appropriate time to administer indomethacin is
debatable. The three primary strategies are as follows:

1. Use of indomethacin within 24 hours of life as a prophylactic treatment
2. Before or at early onset of clinical symptoms
3. After the development of clinical symptoms
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Figure 4 Biosynthesis of arachidonic acid
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Given as prophylactic treatment within 24 hours of birth, indomethacin reduces the
incidence of a symptomatic PDA, the need for surgical closure, and the incidence of
grade 3 and 4 intraventricular hemorrhage (pooled relative risk = 0.66 [95% CI 0.53 to
0.82]). Closure of the PDA by itself, however, does not improve the outcome in terms of
mortality, necrotizing enterocolitis (NEC), bronchopulmonary dysplasia, or retinopathy of
prematurity. Additionally, there are serious concerns among many clinicians regarding
side effects of indomethacin including transient oliguria and altered renal function;
decrease in cerebral, mesenteric, and renal blood flow; altered platelet function; and
necrotizing enterocolitis or gastrointestinal perforation. Consequently, use of
indomethacin in contraindicated in infants with a bleeding diathesis, necrotizing
enterocolitis, or renal failure.

Indomethacin is commonly used in institutions caring for premature infants; however, the
administration of this medication is quite variable. This makes it difficult to compare the
side effects, or their lack of, reported in various studies. Confounding variables include
post-natal age, gestational age, dose, delivery, and the rate of delivery, prenatal use of
medications, surfactant use, and infections. A lack of documentation regarding the exact
mode of delivery adds to the confusion. For example, the effectiveness and safety of IV
infusion over 36 hours versus the conventional mode of infusion may be different and
needs further evaluation. In addition, the risk for necrotizing enterocolitis and a higher
rate of ductus reopening remains a concern in extremely premature infants (<27 weeks of
gestational age).

Notwithstanding several contraindications, should clinicians elect to use indomethacin,
based on our own experience and review of the literature, we recommend the following
strategy to minimize the side effects of indomethacin. To avoid compromise in cerebral
and gastrointestinal blood flow, infants should receive 0.1- 0.2 mg/kg 1V of indomethacin
slowly over a minimum of 30 minutes followed immediately by 1 mg/kg of furosemide.
A total of 3 doses can be given depending on the clinical response & indomethacin levels.
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The usefulness and the factors that may prompt prolonged indomethacin therapy are still
under investigation. Although successful closure of the PDA by indomethacin can be
achieved even after 10 days of postnatal age, close monitoring of indomethacin levels and
clinical response is required for optimal management of all infants to minimize its side
effects.

Furosemide given immediately after indomethacin may prevent the renal side effects of
indomethacin therapy without interfering with efficacy of indomethacin for the closure of
PDA. In addition, it may help improve pulmonary compliance. Concomitant dopamine
therapy in an attempt to increase the renal blood flow, however, is of no benefit and it
does not reduce the magnitude of the indomethacin-induced oliguria.

Obstetrical use of indomethacin to treat premature labor can affect the postnatal response
of the ductus to medical therapy. In-utero exposure to indomethacin results in production
of endothelial nitric oxide synthase, increased nitric oxide production, loss of smooth
muscle cells, and loss of contractile capacity. In such cases, prostaglandins play a
minimal role in the closure of the ductus arteriosus and premature infants become
unresponsive to indomethacin therapy. These children have an increased incidence of
surgical closure of the PDA. It remains to be seen whether cyclooxygenase-1-selective
inhibitors would provide effective delay of premature labor without adverse effects to
fetus.

Ibuprofen, another non-selective cyclooxygenase inhibitor, given on the third day of
postnatal life appears to be as effective as indomethacin for PDA closure but less likely to
induce oliguria. It may be too early to judge its full safety profile as evidenced by a recent
report of 3 very premature infants who developed pulmonary hypertension after ibuprofen
prophylaxis.

Hydrocortisone decreases responsiveness of the ductus arteriosus smooth muscle to
PGE,. Prenatal administration of betamethasone decreased the incidence of clinically
significant PDA from 34% to 18% by 24 hours. Many clinicians, who could not use
indomethacin, either due to contraindications for drug use or personal preference, found
postnatal use of low dose corticosteroids useful in the management of hemodynamically
significant PDA. Recent concerns about neurodevelopmental delay in very-low-birth-
weight infants associated with the use of dexamethasone strongly argue against steroid
use in these infants.

Non-Pharmacological Therapies

Surgical ligation

In small infants that are not a candidate for, or who have failed, medical therapy, surgical
ligation remains an effective alternative. In a randomized, controlled trial of prophylactic
surgical ligation of PDA, the incidence of NEC decreased from 30% to 8%, however, it
had no significant effect on other outcome measures like death, bronchopulmonary
dysplasia, retinopathy of prematurity, and intraventricular hemorrhage. The classical
approach via a left lateral sternotomy with ligation can be performed in an operating room
or at the bedside with low mortality. The use of anterior extra-pleural approach reported
in 5 patients is a relatively new technique and more studies are needed prior to its
recommendation for general use. Alternatively, to minimize trauma to the chest wall, a
video-assisted thoracoscopic approach has been used successfully in some institutions.

Trans-catheter closure

Although coil occlusion has been performed in infants, a large short PDA, which is the
typical anatomy in symptomatic newborns and premature infants, is difficult to close. In
addition, there is a significant risk of obstructing the descending aorta or left pulmonary
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artery, which are small caliber vessels in neonates. In children with a smaller ductus and
less significant left to right shunting closure can be deferred until they are older. Out of
the neonatal period, cardiac catheterization with coil occlusion of the PDA has become
the primary mode of closure (Figure 5). Newer occlusion devices similar to ones used for
ASD closure are being developed for closure of the large PDA in older children and
adults.

Figure 5 Closure of a PDA by coil catheterization. (A) Injection into the aorta reveals a
large PDA at baseline. (B) Following placement of a coil the angiographic dye no longer
crosses into the pulmonary artery confirming ductal closure
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(MPA = main pulmonary artery, PDA = patent ductus arteriosus,
DA = descending aorta)

Pharmacological management versus surgical closure

Pharmacological management (usually indomethacin) and/or mechanical closure (usually
surgical ligation) are considered if symptoms of PDA are not controlled adequately with
fluid restriction and/or diuretics. Choosing between these approaches is still difficult and
controversial. While studies have shown that closure of the PDA is beneficial, it is by no
means clear as to the best method of closure, timing or patient selection. Indomethacin
does close the PDA in many cases but not all. In general, indomethacin is most effective
at closing the PDA in infants who need it the least i.e. 32-36 weeks gestation larger
infants who are better able to tolerate the hemodynamic effects of a PDA. The earlier the
infant's gestation, the less likely it is that the PDA is going to respond to indomethacin.
Indomethacin failure rate in neonates weighing less than 800 g can be high (43%). Also,
neonates who are beyond 10 days postnatal age may be less responsive to indomethacin.

Side effects of indomethacin are potentially serious. As mentioned above, these include
altered renal function; decreased cerebral, mesenteric, and renal blood flow; altered
platelet function; necrotizing enterocolitis (NEC); and bowel perforation. Consequently,
use of indomethacin is contraindicated in patients with bleeding diathesis, necrotizing
enterocolitis or oliguria. When given to a patient with high pulmonary vascular resistance,
it can cause severe hypoxia. Necrotizing enterocolitis is a particular problem in the
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patients who tend to have the most difficulty with the PDA i.e. the very tiny infant. With
increasing prematurity, the risk for the development of NEC as well as its severity
increases.

Consequently, many clinicians are opting for closure of the PDA by mechanical means in
small premature infants (<800 grams). Risks of PDA closure in the hands of an
experienced surgeon tend to be small and limited to the usual proximate consequences of
surgery like surgical mishaps, infection and chylothorax. In view of our excellent surgical
outcome, we rarely use indomethacin in the extreme premature infants. We also have a
zero incidence of surgical NEC over the last several years treating over 70 premature
infants weighing <1500 grams. With the availability of adequate facilities and trained
staff, many neonatal intensive care units prefer to perform the PDA ligation in the unit,
thus avoiding the need to move the already critically ill patient.

Summary

Although effective, we do not recommend prophylactic indomethacin treatment or
prophylactic surgical ligation as it will lead to unnecessary indomethacin and surgical
exposure to a large number of preterm infants who may never develop PDA related
symptoms requiring pharmacological and/or surgical closure. The decision to use
pharmacological versus surgical treatment or both should be based on giving careful
consideration to the above factors, individual infant, evidence based research, experience
of surgical and nursing team, and clinician's own experience. The data on the success of
therapy and its impact on the overall mortality vary depending on various prenatal, natal,
and postnatal factors including the experience of the surgical and medical staff, time and
mode of medical treatment, and the type of medical therapy. Until further information is
available, in cases of pharmacological treatment failure or recurrence, the optimal
management remains surgical closure. More studies are needed regarding the safety and
effectiveness of ibuprofen in extremely premature infants.
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