
R E V I E W

Obstacles to the Early Diagnosis and Management 
of Patent Ductus Arteriosus
Sharada H Gowda1, Ranjit Philip2, Mark F Weems 3

1Department of Pediatrics and Division of Neonatology, Baylor College of Medicine, Houston, TX, USA; 2Department of Pediatrics, Division of 
Cardiology, Le Bonheur Children’s Hospital, University of Tennessee Health Science Center, Memphis, TN, USA; 3Department of Pediatrics, Division 
of Neonatology, Le Bonheur Children’s Hospital, University of Tennessee Health Science Center, Memphis, TN, USA

Correspondence: Mark F Weems, University of Tennessee Health Science Center, Department of Pediatrics, Division of Neonatology, 853 Jefferson 
Ave, Rout Bldg E201, Memphis, TN, 38163, USA, Tel +1 901-448-5950, Fax +1 901-448-1691, Email mweems@uthsc.edu 

Abstract: “What we know is little, and what we are ignorant of is immense”; the last words of Laplace still apply to the diagnosis and 
management of the patent ductus arteriosus (PDA). Despite decades of research, we are searching for the right approach to care for 
patients with PDA. Nuances of myocardial structural changes and cardiopulmonary interactions with prolonged exposure to excess 
pulmonary blood flow have played an important role in decision-making. The availability of medical treatments with poor efficacy 
and, historically, surgical ligation as the only available definitive therapy further widened the gap between observation and definitive 
closure. As more extremely low birth weight neonates born at earlier gestational ages survive, we are faced with a population whose 
physiological immaturity and structural alignment of the myocardium predisposes them to myocardial dysfunction and dysregulated 
vascular tone. Therefore, it may be time to replace historical approaches with a more precise patient-centric therapeutic model. 
A comprehensive serial echocardiography assessment of the heart function, hemodynamic significance, and clinical context with 
respect to pulmonary insufficiency and gut perfusion aids the neonatologist in making PDA management decisions. A targeted 
approach balances risks and benefits of therapy, avoids treatment for infants likely to have early spontaneous closure, and limits 
prolonged exposure to the pathologic PDA shunt in high-risk infants. There is significant variability in the diagnosis and treatment of 
the PDA, both within and across centers. This review highlights the clinical obstacles contributing to the variability and illustrates the 
need for a standardized approach to PDA diagnosis and management. 
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Introduction
“What we know is little, and what we are ignorant of is immense”; it is said that these were Laplace’s last words before 
his death.1 Laplace’s law and his alleged last words still hold true in PDA physiology and management a few centuries 
later. The ductus arteriosus (DA) was discovered as early as the second century, AD. Galen first described a fetal shunt 
from the pulmonary artery to the aorta, circumventing the lungs.2 A remnant of the sixth embryonic aortic arch, this 
connection between the left pulmonary artery and aorta allows the majority of right-sided cardiac output to bypass the 
lungs, sending blood flow to the descending aorta, feeding the systemic circulation and returning blood to the placenta 
via umbilical arteries (Figure 1A). The ductal tissue maintains patency in utero by multiple mechanisms, most 
prominently prostaglandin E2 (PGE2). Over time, the ductal tissue changes in morphology and response to chemical 
mediators such that the ductus at term gestation is significantly different from the preterm ductus.3

By the 16th century, spontaneous closure of the DA had been described, but understanding the mechanism of closure 
remains incomplete.4 At delivery, simultaneous decreases in placenta-derived PGE2 and pulmonary vascular resistance with 
an increase in blood oxygen content contribute to ductal constriction.5 In the term infant, this typically leads to functional 
closure within hours of birth. Compression of vaso vasorum supplying the ductal smooth muscle leads to tissue necrosis and 
permanent closure. The preterm infant, however, is at risk for prolonged patent ductus arteriosus (PDA) due to underdeveloped 
smooth muscle, immature vaso vasorum, and decreased responsiveness to changes in PGE2 compared to the term infant.3 In 
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this case, the fetal shunt reverses, sending left ventricular output across the PDA and back to the lungs (Figure 1B). While it is 
well known that nearly all preterm infants are born with a PDA and spontaneous closure may be delayed, the diagnosis of 
pathologic PDA and the benefit of interventions aimed at reducing the negative effects of the PDA remain controversial. 
Decision-making for PDA treatment has been historically centered around clinical presentation in the absence of objective 
echocardiographic findings. There is a growing body of literature supporting the use of targeted hemodynamic assessment by 
echocardiography to guide the bedside management of the PDA.6–8

Negative Outcomes Associated with the Ductus Arteriosus
After birth, prolonged ductal patency has been associated with multiple negative outcomes. The systemic to pulmonary 
shunt reduces blood flow to the systemic circulation, including the brain, gastrointestinal tract, and kidneys, 
a phenomenon called “ductal steal”. Additionally, ductal shunting results in lower diastolic pressure which impairs 
coronary perfusion pressure and organ perfusion pressure.9 In the early neonatal period, decreased cerebral perfusion has 
been associated with intraventricular hemorrhage.10 A prolonged shunt is associated with poor brain growth, a risk factor 
for poor neurodevelopmental outcomes.11 Similarly, in the gastrointestinal tract, decreased perfusion is a risk factor for 
necrotizing enterocolitis.12

In contrast to most other developing organ systems, the lungs are faced with increased blood flow. Shunting from the 
aorta across the PDA to the pulmonary artery leads to excess pulmonary blood flow.13,14 Increased pulmonary arterial 
flow leads to an increase in interstitial lung fluid. This is generally tolerated in the first few days after birth because there 
is a responsive increase in lymph flow allowing flow to return to the right atrium via the lymphatic system. However, 
when coupled with inflammation induced by mechanical ventilation, lymph drainage compensation cannot maintain 
homeostasis.15 At this point, additional flow may contribute to dilation of the left atrium, left ventricle, and aortic root 
(Figure 1C). Persistent excess flow leads to pulmonary edema. In severe cases, patients suffer from pulmonary 
hemorrhage which is more common when there is a restrictive atrial shunt or when there is a rapid decrease in mean 
airway pressure as in the case of extubation.16,17 If the shunt remains significant beyond the transitional period, 
progressive pulmonary edema and inflammation lead to hypoxemia. The bedside clinician may respond by increasing 
oxygen delivery or by increasing ventilator pressure, both risk factors for developing bronchopulmonary dysplasia.15 It is 
described that prolonged ducal patency beyond eight to ten days increases the risk of bronchopulmonary dysplasia (BPD) 
or death, and patency beyond eight weeks increases the risk of developing pulmonary hypertension.18–20 In addition to 
the associations prolonged ductal patency has with negative outcomes in specific neonatal organ systems, a prolonged 
shunt is associated with an 8-fold increase in mortality in the neonatal intensive care unit (NICU).21

Figure 1 Illustration of the ductal shunt over time. Arrows indicate the direction of blood flow across the ductus. (A) The fetal duct is a physiologic right to left shunt 
allowing right ventricular output to supply systemic circulation. (B) In the transitional period after birth, the shunt becomes bidirectional or left to right before spontaneous 
closure. (C) In the case of a prolonged patent ductus, a pathologic left to right shunt contributes to pulmonary over circulation and dilation of the left atrium and the left 
ventricle.
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Treatment Trends
Differing Views by Specialty
While the patent ductus arteriosus is clearly associated with morbidities and mortality in the NICU, there remains disagreement 
about the value of intervention. A recent survey of two hundred neonatologists and pediatric cardiologists asked the question, “In 
your opinion and experience, does closing a hemodynamically significant PDA make a difference in morbidity and mortality for 
children born <28 weeks’ gestation?”22 In this study, the cardiology group overwhelmingly responded that closing the PDA does 
make a difference (88 vs 12%), while the neonatologists were split (53 vs 46%).22 A similar survey study among European 
neonatologists shows wide variability in PDA assessment, diagnosis, and treatment. Furthermore, there is little clinical equipoise, 
suggesting that PDA practices are more strongly related to personal biases than clinical evidence.23

Decreasing Intervention
Despite a long-standing recognition that the patent ductus is associated with negative outcomes, it is less clear that 
treatment of the ductus improves outcomes. Multiple analyses of all trials of medical therapy for PDA show that 
pharmacotherapy decreases ductal patency but does not reduce the incidence of any negative outcome associated with the 
PDA.24 It has been suggested that PDA may not be a cause of negative outcomes, but simply a marker of a patient who is 
at risk for the negative outcomes associated with prematurity.25 Alternatively, it may be that closing the PDA does reduce 
the risk of negative outcomes, but the therapies studied to date, including NSAIDs and surgical ligation, carry a side- 
effect profile that is harmful enough to counteract the benefits of PDA closure.

Uncertainty about the benefits of PDA closure has led to a reduction in PDA therapy over time. A study of PDA 
management trends in the United States from 2006 to 2015 show a reduction in PDA ligation across all gestational age 
groups 23 to 30 weeks. Similarly, there was a reduction in the use of indomethacin or ibuprofen beginning in 2006 for 
patients born 27 to 30 weeks’ gestation and beginning in 2010 for patients born 23 to 26 weeks’ gestation.26 This downward 
trend is also seen in the diagnosis of PDA, but there is no evidence that the number of preterm infants who are born with 
a patent ductus has changed over time. Therefore, a decreasing trend in diagnosis suggests that physicians who are uncertain 
about PDA management prefer to ignore the PDA rather than try to understand how it may be affecting the patient.

Surgical Ligation and Catheter-Based Closure
Surgical ligation of the PDA was first proposed in 1907, and the technique was first developed in the 1930s.27 Ligation in 
neonates was increasing in frequency until the mid-2000’s at which point it began to decline.28 The decrease in surgical 
ligation of the PDA has been more significant than the decrease in medical therapy. Bixler, et al, show that from 2006 to 
2015, PDA ligations decreased from nearly 25% in infants born at 23 to 24 weeks’ gestation to approximately 10%. For 
infants born at 25 to 26 weeks, PDA ligation decreased from approximately 17% to 8%.26 The decrease in surgical 
ligation is likely due to the recognition of unacceptable side effects of ligation via thoracotomy. Data from the Trial of 
Indomethacin Prophylaxis in Preterms (TIPP) show that surgical ligation did not affect mortality but was associated with 
increased BPD, neurosensory impairment, and severe retinopathy of prematurity (ROP).29 However, these data have been 
challenged with a suggestion that confounding variables in the ligation group are responsible for the poor outcomes. 
A more recent study shows that neonates who go on to surgical ligation require a significantly higher mean airway 
pressure than those who do not go on to ligation. This increased need for respiratory support prior to ligation could be the 
underlying cause of increased BPD, neurodevelopmental delay, and ROP among ligation patients. In fact, Weisz, et al, 
found improved survival and no differences in neurodevelopmental impairment, chronic lung disease, or severe ROP.30

Although the long-term effects of ligation remain unclear, there are clear negative short-term effects associated with 
ligation. Multiple studies have shown that patients frequently require an increase in cardiorespiratory support after surgical 
ligation, a phenomenon called “post-ligation syndrome”.31,32 Recurrent laryngeal nerve injury and vocal cord paralysis are 
found in up to 40% of patients after ligation.33 Pneumothorax and pulmonary hemorrhage have also been reported.34,35

A relatively new therapy is transcatheter PDA closure (TCPC). This is a well-established intervention for infants 
greater than 5 kg, but new devices and approaches have allowed this intervention to be offered to infants as small as 
approximately 600 g.36 While there are no randomized studies comparing these procedures, TCPC is currently increasing 
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in use as it becomes available in more centers. TCPC has been shown to have a low rate of adverse events and may be 
associated with faster respiratory improvement compared to surgical ligation.36–39

Flawed Studies
There are more than five hundred clinical trials addressing the PDA published from 1976 to 2022.40 The most common 
findings among these trials are that medical therapy for PDA has an efficacy rate of only 67% and there is no consistent 
benefit to outcomes at NICU discharge. However, all randomized trials to date have been trials of low-efficacy medical 
therapy or high-risk surgical ligation. Furthermore, recurrent flaws in study design make it difficult to apply study 
findings to the present-day clinical practice. The mean date of publication for all PDA clinical trials is 2005 (Figure 2);40 

therefore, the majority of PDA trials were conducted on more mature neonatal populations than is commonly seen in the 
NICU today.

Among these published trials, there is inconsistency in the definition of PDA. Some such reports have used clinical 
definitions only (ie, murmur or bounding pulses) without ensuring the clinical signs are actually due to the PDA. Other 
reports have used the presence of a PDA on echocardiogram as a binary variable without assessment of shunt flow or 
clinical effects of the shunt.41,42 Still, other reports assessed the PDA prior to therapy with no post-intervention 
echocardiogram to determine efficacy. Recent studies have used more sophisticated PDA assessment tools, but the 
most consistent echocardiography variable used to define a PDA is diameter which has very poor correlation with shunt 
volume and hemodynamic significance.43–46

In addition to poorly representing current preterm populations and poorly defining the PDA, studies are plagued with 
excessive crossover. Hundscheid, et al, show that among 32 randomized clinical trials published from 1980 to 2014, 
greater than 50% of the conservative management groups still received medical therapy for the PDA, and in some 
studies, as many as 85% of patients randomized to conservative management still received medical therapy.47

Timing of assessment and therapy has a significant impact on study results. Most PDA trials have used treatment in 
the first few days after birth.5,24 These studies likely enrolled a significant number of patients during a period when the 
spontaneous closure rate is highest. On the other hand, the few studies with primary interventions beyond one week of 
age likely enrolled patients who were exposed to a pathologic shunt for a long enough duration that they were already 
high-risk for negative outcomes even if the PDA closure therapy is successful. As shown by Semberova, et al, very low 
birthweight infants born greater than 27 weeks’ gestation have an approximately 50% PDA closure rate in the first two 
weeks and greater than 80% closure by three weeks of age. Therefore, routine PDA therapy in this group would not 
likely impact the development of negative outcomes as it would shift PDA closure forward in time by only one to two 

Figure 2 Number of PDA clinical trials published each year, 1976–2022. Mean publication date is 2005.40
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weeks. Infants born before 26 weeks’ gestation, however, are expected to have a much longer duration of PDA. Half of 
these ducts remain significant at ten weeks of age, and 30% never close spontaneously.48

There is also variability in spontaneous PDA closure across centers. The PDA-Tolerate Trial showed that the 
spontaneous closure rate in the first week for infants born less than 26 weeks’ gestation varied from 8 to 50%.49 This 
difference highlights that there are many other interventions in neonatal medicine that affect the PDA. It is reasonable to 
presume that centers with a different spontaneous closure rates would see different impacts from early medical therapy. 
However, the PDA-Tolerate trial also shows that neonatologist biases can interfere with study recruitment. Two hundred 
and two patients were recruited, but 157 were not eligible because the clinical neonatologist treated the infant before 
enrollment. This means there was a population of infants, nearly as large as the enrolled population that was deemed too 
sick to be recruited. The pre-treated infants had worse respiratory disease at birth, 8 days of age, and 15 days of age; and 
this group had a median duration of PDA exposure of only 11 days compared to 22 days in the trial group. Despite being 
a higher-risk population, the pre-treated group had significantly lower mortality (3 vs 14%, p<0.001) compared to the 
randomized population.50 This suggests it may be beneficial to treat the PDA early in higher risk patients.

Determining the timing of intervention to improve outcomes remains elusive, however, because, while the expected 
benefits of earlier PDA closure increase with lower gestational age, the efficacy of medical therapy decreases. Multiple courses 
of unsuccessful medical therapy followed by late definitive closure prolong exposure to pathologic shunting, and the 
interventions may have side effects which negatively impact outcomes. El-Kaffash, et al, show that in patients born less 
than 28 weeks’ gestation, exposure to a hemodynamically significant PDA beyond eight days is associated with BPD or death 
with an adjusted odds ratio of 6.5 [1.7–25.5]. His group developed a four-component PDA score that was able to determine 
a high likelihood of spontaneous closure within the first two weeks after birth. Those with low likelihood of spontaneous 
closure were randomized to treatment or conservative management. The spontaneous closure group had the lowest rate of 
BPD or death followed by the group that had successful medical therapy. The highest rate of BPD or death was found in the 
group of PDAs that were treated but did not close with therapy.18,51 There are currently no validated data to predict response to 
medical therapy, and studies show the efficacy of this population is no more than 50–55%.18,41,42,52

Support for Closing the PDA
The neonatal heart, especially the premature myocardium, is less compliant due to decreased number of sarcomeres and 
actin/myosin complexes leading to baseline diastolic dysfunction compared to the mature myocardium. A study 
comparing myocardial performance index (MPI) and cardiac output (CO) in term and preterm neonates on 28th day 
of life demonstrated lower MPI and CO in preterm neonates along with lower ventricular mass and myocardial 
thickness.53 Frank Starling’s Law states that the stroke volume of the left ventricle correlates with myocyte stretch 
and ventricular volume. With intrinsic impairment in both these parameters, a neonatal heart with increased left-to-right 
shunting and an increase in pulmonary venous return stretches the limits of ventricular compliance and further impedes 
contractility, ultimately leading to an enlarged chamber size (Figure 1C). Takahashi, et al, describe this phenomenon: 
“premature infants had less capacity to generate adequate left ventricular stroke volume in proportion to the quantity of 
the left-to-right ductal shunting than the mature infants in presence of PDA”.54 Su, et al, observe the preterm left 
ventricle has limited ability to adapt to increased afterload and preload, resulting in myocardial dysfunction and 
hemodynamic deterioration.55 This may lead to post-capillary pulmonary hypertension (PH) in neonates with prolonged 
left-to-right shunting leading to increased pulmonary blood flow and pulmonary edema. Zhang, et al, describe their single 
center experience of cardiopulmonary ultrasound in the treatment of PDA and hypoxic respiratory failure (HRF) in 
preterm neonates. In their cohort of 76 neonates weighing ≤1500 grams, they utilized ultrasound to guide management in 
39 patients, while 37 patients were treated traditionally. They noted that ultrasound cohort had earlier treatment for ductal 
closure, decreased need for invasive respiratory support, and lower incidence of moderate to severe BPD.56

Several recent studies provide more evidence supporting ductal closure. Relangi, et al, studied outcomes in a single center 
before and after a clinical change to a more conservative approach to PDA therapy. They conclude, “the change in approach to 
diagnosis and management of PDA, from a more proactive and aggressive approach during the earlier epoch one to a more 
expectant approach during the subsequent epoch two, was associated with worse respiratory outcomes, including increase in 
BPD and in BPD or Death”.57 Similarly, Altit, et al, show outcome differences before and after a change from PDA treatment 
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by clinical judgement to a strict conservative approach. In patients born prior to 26 weeks, the rate of BPD or death increased 
significantly following a change to strict conservative management.58 El-Khuffash and his colleagues attempt to reconcile the 
contradiction between studies that show no benefit from PDA therapy and studies that show worse outcomes from 
conservative management by analyzing their randomized study by treatment effect rather than by intention to treat. They 
show that the rate of BPD or death is lowest among infants who have spontaneous ductal closure in the first two weeks after 
birth, and successful PDA treatment is associated with similarly good outcomes. The worst outcomes were associated with 
prolonged PDA with our without PDA treatment.18,51 Together, these studies suggest that optimal patient selection, optimal 
timing, and high treatment efficacy are needed to show benefit from PDA therapy.

Barriers to Treatment
PDA is a condition with significant diagnostic and physiological heterogeneity. Patients with ductal-dependent cardiac 
lesions require the PDA to be patent for a longer period in order to maintain either pulmonary or systemic circulation. 
Among preterm neonates without congenital cardiac disease, there are currently no standardized prediction models to 
understand which PDAs will quickly close without intervention and which PDAs might benefit from interventions aimed 
to drive closure. Furthermore, there are anatomic and hemodynamic variations among patients and dynamic variations 
over time which make it difficult to classify PDAs into clear categories that can be correlated with clear outcomes.

A major barrier to any therapy or intervention is the absence of large, well-designed randomized trials to prove benefit 
from the proposed intervention. To that extent, an important limitation in PDA therapy is that there are no randomized 
trials to clearly demonstrate the benefit of PDA therapy on long-term outcomes such as bronchopulmonary dysplasia 
(BPD), neurodevelopmental outcomes, or duration of mechanical ventilation.48

Even today, neonatologists and cardiologists encounter similar dilemmas faced by Gross’s team when he operated on 
a child with PDA and successfully closed in 1939: lack of physician equipoise.23,27,50 The neonatal community is (1) 
divided on whether or not to treat PDA, (2) inconsistent on timing of initiation, duration of therapy, and the number of 
courses of acetaminophen, indomethacin, or Ibuprofen, and (3) hesitant to commit to definitive closure methods such as 
TCPC or surgical ligation after medical therapy failure. This variability in management may be explained by institutional 
data and experience to some extent. Adoption of TCPC is limited by the lack of established interventional catheterization 
program in some centers, adverse outcomes after surgical closure such as post PDA ligation syndrome, and unjustified 
fears limb-threatening arterial thrombus formation.59,60

Surgical ligation and its associated mortality and morbidity may be the greatest barrier to closing the ductus. 
Occurrence of low cardiac output, also called as post-PDA ligation syndrome, after surgical ligation may be a result 
of systemic inflammatory response, sudden increase in afterload to left ventricle and strain on the myocardium in the 
immediate post-operative period.31 Increased rates of ROP and BPD are noted after surgical ligation in secondary 
analysis of infants treated for DA from the Trial of Indomethacin Prophylaxis in Preterms (TIPP).29 Similarly, Mirea, 
et al, noted in their cohort of preterm babies <32 weeks that those with surgical ligation had lower mortality with higher 
odds of comorbidities such as ROP and BPD.61 This was re-demonstrated in meta-analysis comparing medical manage-
ment with surgical ligation by Weisz et al.62 These studies highlight the negative consequences of surgical ligation after 
a prolonged period left-to-right shunting which causes reduced afterload on the left ventricle and concomitant lung injury 
due to the inflammatory cascade caused by ventilator-induced trauma and oxygen toxicity.

There has been a dictum in neonatology that a “less is more” approach or “benign neglect” may be the optimal 
approach. Advocates against ductal closure argue that the ductus is a marker of neonatal illness rather than a cause of 
neonatal illness.63 There are also advocates for closing ductus early in the transitional period, as early as 72 hours after 
birth, when most argue that the normal neonatal transitional circulatory adaptations have not completed.25,64 Perhaps, the 
more realistic statement is somewhere in between: not all babies need the ductus closed, not all of them need it closed 
early, and in some, waiting longer might be deleterious. This idea supported by Isayama, et al, who show that NICUs at 
both high and low extremes for PDA treatment have higher rates of death or severe neurologic injury; there is likely an 
optimal treatment strategy that sits somewhere between routine therapy and strict conservative management.65
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Role of Transthoracic Echocardiography
Transthoracic echocardiography (TTE) is a vital armament to the clinician for guiding decision-making in the diagnosis 
and management of a PDA. The assessment of hemodynamic significance of a PDA is no longer limited to merely 
measuring the size of the PDA by TTE. The contemporary definition for assessment of hemodynamic significance is 
more so a combined evaluation of clinical and echocardiographic parameters. Furthermore, there must be consistency in 
the reporting of TTEs to provide the neonatologist with the necessary information to make clinical decisions based on 
“echocardiographic significance of a PDA”.

Echocardiographic Assessment of Hemodynamic Significance
A diagnostic cardiac catheterization in conjunction with a cardiac MRI is the gold standard for assessment of cardiac 
hemodynamics.19 Unfortunately, the feasibility of these tests in premature infants can be challenging. When evaluating 
hemodynamic significance of a PDA by TTE, the quintessential question is how to estimate the magnitude of shunt 
volume and its impact on both pulmonary and systemic circulations. In addition, it is often underappreciated how the 
immature myocardium handles increased preload from the PDA in the setting of potential impaired coronary artery 
perfusion.9 The three key elements of PDA evaluation by TTE include assessment of the PDA’s physical characteristics, 
signs of pulmonary over-circulation, and evidence of systemic hypo-perfusion. There are various Doppler parameters to 
evaluate each of these elements which may be used in various scoring systems and institutional protocols to determine if 
the PDA is of hemodynamic significance. These scoring systems, albeit useful in predicting outcomes, can sometimes 
delay care or complicate decision-making if not performed with precision and accuracy. The pragmatic approach is to 
assess each of the three key PDA elements using available Doppler measures.

PDA Physical Characteristics
Size and Morphology 
The morphology of the PDA in preterm infants is usually long and tortuous with a “hockey stick” shaped curvature at the 
pulmonary end (Figure 3A and B).66 This is referred to as the “Type F” PDA. The size of the PDA is usually insinuated by the 
measurement at the pulmonary end which typically is the narrowest dimension of the PDA. Grading a PDA as small, moderate, or 
large varies between studies, but most agree that the PDA size at the pulmonary end of less than 1.5 mm is considered small. From 
a size perspective, most PDAs measuring 2.5 mm or more correlate with other TTE evidence of hemodynamic significance. The 
size of the PDA does matter based on weight. A 2 mm PDA in a 700 gram neonate is more significant than a similar sized PDA in 
a 1.7 kg neonate. Hence, many centers adopt indexing the PDA size to body weight and grade the PDA as small, moderate, or large 
based on a size of 1.5 mm/kg, 1.5 to 3 mm/kg, and greater than 3 mm/kg, respectively. Regardless of the grading system used, 
PDA measurements may be variable and can change with time and the clinical status. It is reassuring, however, that there is fair 
correlation between PDA size as measured by TTE when compared to angiograms in the cardiac catheterization laboratory.67 

However, PDA size has very poor correlation with the magnitude of shunting.46 If TCPC is being considered, TTE also provides 
information (length of the PDA and the size at the aortic end) to the interventional cardiologist to aid in sizing of the potential 
device (Figure 3C).

Figure 3 (A) Ductal morphology in premature low birth weight infants referred to as “Type F” PDA.66 (B) It is long and tortuous, similar to the fetal ductus, giving the 
appearance of a hockey stick. (C) Length and width at each end can be measured. 
Abbreviations: PA, pulmonary artery, PDA, patent ductus arteriosus, Ao, aorta, Dist, distance.
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Direction and Velocity of Shunt Across the PDA 
The direction of shunt flow is assessed using pulsed- and continuous-wave Doppler as well as color Doppler and is 
dependent on the difference in systemic and pulmonary pressures. The direction of flow in a PDA follows the pressure 
gradient, generally from the high-pressure aorta to the low-pressure pulmonary artery, ie, left to right. However, it can be 
right to left or bidirectional when there is high pulmonary vascular resistance. Right-to-left shunting across a PDA is 
a contra-indication to ductal closure as it serves as a pop-off valve for the right ventricle and a source of systemic cardiac 
output, albeit at the cost of oxygen saturation, in the case of high pulmonary vascular resistance.

A low peak velocity in a PDA indicates a non-restrictive shunt (usually <2.5–3 m/sec). If the peak systolic velocity is 
high, pulsatility can be assessed by the ratio of the peak systolic and diastolic velocity. If the peak systolic velocity is at 
least 2 times the peak diastolic velocity, it indicates a non-restrictive shunt. A restrictive shunt has a high peak systolic 
velocity with a low ratio of peak systolic to diastolic velocity (Figure 4).

Pulmonary Over-Circulation
A PDA is a post-tricuspid shunt. The increased pulmonary blood flow from left-to-right shunting across the PDA leads to 
increased pulmonary venous return or preload to the left side of the heart with consequent left atrial dilation. If the 
shunting persists, the immature left ventricle eventually dilates (Figure 1C). A significant atrial level shunt can alter this 
process and mask left ventricular dilation. There are numerous markers for pulmonary over-circulation, all of which have 
a small margin of error in measurement, and hence multiple measures are incorporated into the published scoring 
systems. The markers for pulmonary over-circulation can be sub-categorized into the following three groups:

Volume Overloading of the Left Heart 

Left Atrial Dilation. In the absence of significant diastolic dysfunction of the immature left ventricle, left atrial dilation 
can be used as an indicator of volume overload from a significant PDA shunt. Invariably, these preterm infants have an 
atrial level communication which may offload the left side. When there is a large left-to-right atrial shunt, the left atrium 
may not be dilated despite a hemodynamically significant PDA shunt.

Figure 4 Doppler gradient through the PDA — Although the peak velocity is almost 3 m/s (300 cm/s), there is significant pulsatility indicated by systolic to diastolic velocity 
ratio >2. This suggests a significant shunt. 
Abbreviations: PDA, patent ductus arteriosus, Sys, systolic, Dias, diastolic, Vel, velocity, PG, pressure gradient.
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Measurement.
● Left atrium to aortic annulus (LA:Ao) ratio: The LA:Ao ratio by M-mode is used as a marker for left atrial dilation 

indicating increased pulmonary venous return from the PDA. The aortic annulus (Ao) measurement is reproducible 
and does not change with loading conditions. An LA:Ao ratio of greater than 1.4 is considered significant. A ratio of 
greater than 2 is considered severe left atrial dilation (Figure 5A).

Pitfall: The left atrium may be foreshortened in some instances unless anatomic correction of the cursor is done.

● Left atrial volume: Normal values for left atrial volume in preterm infants are not well established possibly due to 
errors in measurement with the atrial septal defect in this cohort. Anecdotal experience suggests left atrial volumes 
are in the range of 26 to 30 mL/m2.

Left Ventricular Dilation. This is usually a later finding with a persistent large PDA. In the presence of a large atrial 
septal defect which offloads the left side, left ventricular dilation may not be seen. There is usually qualitative left 
ventricular dilation with a globular appearance of the heart on an apical 4-chamber view (Figure 5B).
Measurement.

● Left ventricular end diastolic dimension (LVeDd): LVeDd can be measured in both parasternal long and short axis 
images. In the case of a PDA, LVeDd usually measures near the upper limit of normal for age and size. There are 
published Z-scores for LVeDd.68

Pitfall: A large ASD may offload the volume on the left side resulting in a normal LVeDd. In general, LVeDd is a late 
sign and may not be seen early even with a hemodynamically significant PDA.
Mitral Valve Regurgitation. In the presence of a persistent large PDA, the volume overload with left atrial and ventricular 
dilation leads to stretching of the mitral valve annulus with consequent mitral valve insufficiency. It is an indication of 
a significant long-standing left-to-right shunt.

Pitfall: Mitral valve regurgitation is a late sign and is not seen in all infants with a large hemodynamically significant 
PDA (hsPDA). Though not common, congenital mitral valve dysplasia can also cause mitral valve regurgitation.
Forward Pulmonary Flow in Diastole in the Left Pulmonary Artery. The PDA connects the aorta to the roof of the main 
pulmonary artery near the origin of the left pulmonary artery (LPA). The presence of antegrade blood flow in the LPA 
indicates diastolic shunting from the PDA (Figure 5C).
Measurement.

● Pulsed-wave Doppler interrogation of the LPA shows diastolic flow. The end diastolic velocity can be measured. An 
end diastolic velocity measurement of greater than 0.2 m/s is a marker of a significant PDA shunt.69

Figure 5 Signs of pulmonary over-circulation. (A) Dilated left atrium measured by M-mode. This LA:Ao >2 is severe left atrial dilation. (B) LV dilation demonstrated by 
a globular appearance of the heart on an apical 4-chamber view. (C) Forward flow in the LPA indicates PDA shunting during diastole. 
Abbreviations: LA, left atrium, Ao, aorta, LV, left ventricle, LPA, left pulmonary artery, AoR, aortic root, Diam, diameter, PG, pressure gradient.
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Pulmonary Vein Flow. Increased pulmonary venous return from a large PDA is reflected in dilated pulmonary veins by 
2D and color Doppler.
Measurement.

● Qualitative assessment of the pulmonary veins by 2D and Color Doppler on the “crab view”.

Pitfall: This is subjective and fraught with variability in assessment

● Pulmonary vein D-wave velocity: The “D” wave refers to the diastolic wave which is due to opening of the mitral 
valve and reduction in the left atrial pressure. Doppler measurement is obtained from an apical 4-chamber view with 
the cursor parallel to the direction of blood flow. Neonates with an hsPDA have a high pulmonary vein D-wave 
velocity. A D-wave velocity of greater than 0.5 m/s is indicative of a significant PDA shunt.

Pitfall: This metric may vary based on the hydration/volume status of the neonate.

Left Side Pressure Loading 

Mitral Valve E/A Ratio. This is an easily reproducible measure in TTE and is usually an indicator of myocardial 
compliance. The E-velocity refers to the early passive filling of the left ventricle which occurs when the left atrial 
pressure supersedes the left ventricular pressure and the mitral valve opens. The A-velocity refers to the active filling of 
the left ventricle that occurs during atrial systole. Normally, the mitral E/A ratio is <1 in preterm neonates due to poor 
compliance with immature myocardium leading to low early diastolic filling (ie, low E-velocity). In the presence of an 
hsPDA, due to increased pulmonary venous return and consequent increased left atrial pressure, the E-velocity (early 
diastolic filling) increases leading to reversal in E/A ratio >1. A mitral E-velocity of more than 80cm/sec is indicative of 
a significant left-to-right shunt.

Pitfall: With time, even in preterm infants with no PDA, as the myocardial compliance improves, the E/A ratio 
gradually becomes >1. The E-velocity is also dependent on the volume status.
Decreased Isovolumic Relaxation Time (IVRT). This is the time between closure of the aortic valve and opening of the 
mitral valve. It is a timeframe in diastole when blood is neither entering nor exiting the left ventricle. With a large PDA 
with a significant shunt, the volume overload leads to rapid atrial filling which shortens the IVRT, ie, time to mitral valve 
opening. An IVRT less than 30 milliseconds is considered significant.

Pitfall: This measurement is fraught with error if not done routinely and consistently. Reliably obtaining an accurate 
angle of insonation of the cursor to the blood flow can be challenging. There is also a very small margin of error when 
measuring the time on the Doppler profile.

Left Ventricular Outflow (LVO) Estimation 

Left Ventricular Outflow to Right Ventricular Outflow (LVO:RVO) Ratio. In the presence of a large PDA, left ventricular 
outflow is increased due to the significant left-to-right shunting beyond the semilunar valves. Similarly, the right 
ventricular outflow (RVO) can also be measured. In theory, estimation of the ratio of LVO: RVO provides a surrogate 
for estimation of Qp: Qs (pulmonary blood flow to systemic blood flow ratio by cardiac catheterization). A Qp: Qs ratio 
greater than 1.5:1 is considered a significant shunt. Unfortunately, there are many levels of error with this measure as 
described below unless done routinely by a core group of sonographers.

Pitfalls: A small error in measurement of the aortic or pulmonary valve annulus makes a big difference in estimation of cardiac 
output. In addition, it can be challenging to obtain a reproducible and accurate LVO/left ventricular velocity time integral as the 
angle of insonation of the cursor in the left ventricular outflow must be parallel to the blood flow (Figure 6).
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Assessment of Systemic Hypo-Perfusion
Reversal of flow in the abdominal aorta indicates systemic steal from a significant PDA shunt. This echocardiographic 
measure has the strongest correlation with PDA shunt volume when assessed with cardiac MRI.70 This measure is easily 
obtained and has good reproducibility and purely from a hemodynamic perspective implies a significant PDA shunt 
regardless of any of the other aforementioned TTE metrics in the absence of severe aortic valve insufficiency or an 
arteriovenous shunt (Figure 7). Absent diastolic blood flow in the descending aorta below the ductal ampulla or in the 
celiac or superior mesenteric artery have also been described as markers of large shunt volume.69

Pitfall: There is a level of apprehension in evaluation of the celiac and superior mesenteric artery as it is thought to be 
beyond the scope of a congenital cardiology sonographer.

Figure 6 Potential measurement errors with LVO. Small changes in probe placement, angle of insonation, and cursor position lead to large changes in cardiac output 
estimations. (A) Measurement of LVOT velocity time integral. (B) Measurement of LVOT and aortic root diameter. 
Abbreviations: LVO, left ventricular outflow, LVOT, left ventricular outflow tract, VTI, velocity time integral, V, velocity, PG, pressure gradient, HR, heart rate, Asc, 
ascending, Ao, aorta, Desc, descending, SV, stroke volume, CO, cardiac output, Diam, diameter, AoR, aortic root.

Figure 7 Pulsed-wave Doppler of the abdominal aorta demonstrates reversal of flow during diastole.
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Other Considerations
The inherent diastolic dysfunction of the premature left ventricular myocardium is often forgotten during assessment of 
the hemodynamic assessment of a PDA. With increased pulmonary blood flow in a setting of left ventricular diastolic 
dysfunction, the pulmonary venous hypertension worsens which can eventually affect right ventricular performance.71

Early Echocardiography
There is currently no consensus for timing or indication for screening of the PDA in extremely preterm infants. Recent 
randomized controlled trials have suggested that the persistence of a moderate to large PDA beyond seven days of life in 
an extremely preterm infant increases the risk of BPD and death.20,72 The intent for early screening comes from the 
assumption that early screening would result in earlier treatment which may impact outcomes. The argument against 
early screening has been that though the presence of a hsPDA is associated with poor outcomes, closing the PDA has not 
changed these outcomes. Large national population-based prospective cohort studies have tried to answer the question on 
the utility of early screening echocardiography for PDA. The EPIPAGE 2 study showed that screening TTE before day 3 
of life was associated with lower in-hospital mortality and the likelihood of pulmonary hemorrhage.73 However, there 
was no difference in the incidence of necrotizing enterocolitis, severe BPD or severe cerebral lesions. Geisinger, et al, 
propose early echocardiography directed therapy in preterm infants less than 24 weeks’ gestation, showing an increase in 
survival, free of severe morbidity.74 Although safety data on early TTE screening in extremely preterm infants are 
lacking the presumed safety profile of this non-invasive assessment, it should not limit the use of this modality for early 
screening. There may be a disagreement on whether closing the PDA improves clinical outcomes. However, if available 
routinely, early TTE screening may help clinicians better understand the hemodynamics and physiology of extremely 
preterm infants and improve precision when making clinical decisions.

Horizon
The Percutaneous Intervention Versus Observational Trial of Arterial Ductus in Low-weight Infants (PIVOTAL) is a step 
in the right direction, addressing many of the limitations of previous randomized control trials in terms of patient 
selection by strict TTE and clinical criteria and the comparison with definitive therapy in the form of percutaneous 
intervention which bypasses many of the limitations of surgical ligation. As this trial unfolds, secondary anecdotal 
benefits are already being seen in many centers in terms of more standardized TTE acquisition and reporting which has 
aided in protocol driven clinical management of preterm neonates with a large PDA. As the questions continue as to who 
(<26 weeks’ gestation?), when (10–21 days of age), and how (if failed medical therapy, then TCPC) does the PDA need 
to be closed, trials of this nature, through precision-based medicine help bridge the gap between the academic thought 
groups who do not believe in PDA closure and those who believe in closing every PDA in preterm neonates.

Conclusion
As an essential fetal shunt supplying oxygen to the systemic circulation, ductus arteriosus plays an important role in fetal 
growth and development. However, patency beyond fetal life is fraught with hemodynamic changes. The PDA in preterm 
neonates is a pathologic left-to-right shunt that is associated with pulmonary over circulation which may play a role in 
evolution of chronic lung disease, altered myocardial function with loading condition changes on left ventricle, and 
decreased systemic perfusion affecting end organs such as gastrointestinal tract and renal parenchyma with added 
comorbidities of necrotizing enterocolitis and acute kidney injury. Additionally, medical management with diuretics 
and fluid restriction may lead to electrolyte disturbances and further worsening of kidney injury. The dynamic nature of 
the PDA especially with the relationship to mean airway pressure on mechanical ventilation makes assessment more 
nuanced and thus contributes to confusion.

A major drawback with multiple attempts at randomized control trials is an inability to show better outcomes with 
closure despite such advantages shown on institutional case series. Perhaps, limitations in study design or variability at 
participating institutions make it challenging to apply evidence to an individual patient. As neonatologists and 
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cardiologists gain better understanding of PDA pathology and its effects on micro and macro circulation, it is important 
to apply rigorous clinical and echocardiographic criteria to defining an hsPDA.

With many unanswered questions ranging from whether a PDA is contributing to any clinical co-morbidities to risks 
of medical, transcatheter closure, and surgical ligations, the medical community is yet to agree upon optimal strategies 
for PDA management. Individualizing therapeutic approaches based on the clinical phenotype and risk stratification of 
therapies may mitigate adverse effects and prove beneficial.
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