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Abstract

Patent ductus arteriosus (PDA) accounts for approximately 10% of all congenital heart diseases,
with an incidence of at least 2—4 per 1000 term births. Closure of the large, hemodynamically
significant PDA is established as the standard of care, and can be performed safely and effectively
using either surgical or transcatheter methods. The appropriate management of the very small,
hemodynamically insignificant PDA is less clear. Routine closure of such defects has been
advocated to eliminate or reduce the risk of infective endocarditis (IE). However, the risk of IE in
patients with a small PDA appears to be extremely low, and IE is treatable. Although closure of
the small PDA is generally safe and technically successful, it is unknown whether this treatment
truly improves the risk : benefit balance compared with observation. In this article, we review the
published literature on the natural history and treatment outcomes in individuals with a PDA, the
epidemiology and outcomes of IE, particularly in association with PDA, and the rationale and
evidence for closure of the very small PDA.

Keywords

Coil Embolization; Congenital Heart Disease; Device Closure; Patent Ductus Arterosus; Practice
Guidelines

Introduction

The purpose of this article is to review the published literature on the natural history and
treatment outcomes in individuals with a patent ductus arteriosus (PDA), the epidemiology
and outcomes of infective endocarditis (IE) particularly in association with PDA, and the
rationale and evidence for closure of the very small PDA.

Patent Ductus Arteriosus

A PDA that persists beyond 1 month of age is estimated to occur in 0.3-0.8—4 per 1000 live
births,! and to account for approximately 10% of all congenital heart defects.? The size of a
PDA can range from very large to <1 mm, and accordingly, the clinical findings associated

Corresponding Author: Doff B. McElhinney, MD, Department of Cardiology, Children’s Hospital Boston, Boston, MA, USA. Tel:
(+1) 617-355-9656; Fax: (+1) 617-713-3808; doff.mcelhinney@cardio.chboston.org.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Fortescue et al.

Page 2

with a PDA can vary considerably. In 1991, Houston et al. presented a study in which they
evaluated children and adults with no typical PDA murmur on auscultation and no evidence
pulmonary hypertension. In a random sample of 360 patients screened using Doppler
echocardiography, the authors detected 21 patients with a silent PDA. The authors
concluded that with the advent of sensitive measures such as Doppler ultrasound, the
incidence of PDA may rise, as previously undetected patients come to medical attention.
The authors posited that as many as 0.5% of patients presenting with an innocent murmur
may have a PDA, which is far higher than earlier estimates (0.065%).4

The potential adverse effects of an untreated PDA include: (1) ventricular hypertrophy with
congestive heart failure; (2) pulmonary vascular disease including Eisenmenger syndrome
with shunt flow reversal; (3) poor physical growth; (4) IE; (5) aneurysmal dilatation of the
ductus; and (6) ductal calcification. In some early series, especially those published prior to
the advent of antibiotic therapy for IE, life expectancy forthe patient with PDA was quoted
as half that for an unaffected patient of the same age and cardiac anatomy.5 It has been
estimated that one-third of adults with unrepaired, hemodynamically significant PDAs will
die of heart failure, pulmonary hypertension, or endocarditis by age 40, and that this figure
rises to two-third by age 60.2

The Very Small PDA

As noted above, PDAs can range considerably in size, physiologic significance, and clinical
appearance. PDAs in patients with no other structural heart disease, especially small PDAs,
can be difficult to detect clinically Very small PDAs in particular may be associated with an
innocent-sounding murmur or have no murmur at all, and are often termed “clinically silent”
or “silent” because patients are symptom free and without other clinical findings, and if a
murmur is present, it may be innocent sounding. Particularly if the lesion is not
hemodynamically significant, a PDA may be missed until some other event, such as the
performance of an echocardiogram for another reason or, rarely, the development of IE,
leads to its discovery.” Although some silent PDAs are detected incidentally in adulthood on
routine clinical examination, this is the exception rather than the rule.8 Thus, the true
prevalence of isolated, small PDAs unknown, as many patients likely go undetected if some
other clinical event does not bring them to medical attention.

In this review, both “small” and “very small” are used to characterize PDA size, without
precise definition. While these characterizations may be arguable, we intend “very small” to
include clinically silent PDAs and “small” to refer to PDAs that may have a characteristic
PDA murmur but are not associated with hemodynamic consequences. The natural history
of small or silent PDAs has not been well characterized. Nevertheless, based on these
definitions, it stands to reason that the main, if not only, significant complication that might
be result from a small or silent PDA is IE.

Outcomes after PDA Closure

The concept of surgical PDA ligation was introduced by Munro in 1888.° Successful PDA
division was accomplished for the first time by Gross in 1939.10 This procedure was
associated with significant risk in early experience, as such patients could go on to
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experience postoperative complications such as elevated pulmonary pressures, heart failure
from a long history of left-to-right ductal shunting, or pulmonary embolic phenomena. Risk
of surgical complications including death and pulmonary or cerebral thromboembolism
appeared greater in patients who came to medical attention because of the development of
IE due to IE-associated vegetations on valves or on the pulmonary artery or aorta.

Over the past few decades, outcomes after surgical ligation of the PDA have improved
significantly. In 1982, Marquis et al. reported on 804 adult patients with isolated PDA
followed from 1940 to 1979.11 Of these, 15 underwent surgical PDA ligation in adulthood
either due to worsening symptoms (n = 14) or increasing heart size (n = 1). One patient’s
preoperative course was complicated by bacterial IE, which responded to preoperative
antibiotics. Surgery was successful in all 15 patients; however, one patient died from a
cerebral infarction sustained perioperatively, and another died 8 months postoperatively
from heart failure. The authors concluded that operative PDA ligation is less well tolerated
in older patients than in the young, and that elective surgical repair of PDAs should be
undertaken in childhood whenever possible, no matter “however well the child, however
trivial the shunt.”11

In a 1994 report, Mavroudis et al. presented a large, retrospective case series of 1108
pediatric patients from Children’s Memorial Hospital of Chicago who underwent surgical
PDA ligation between 1947 and 1993.12 Patients with complex congenital heart disease and
premature infants were excluded from the analysis. The authors noted that mean age at
surgery declined from 5.9 + 3.3 years in the first decade to 3.6 + 3.8 years in the last decade.
There were no deaths, no PDA recurrences, and no IE in follow-up. The overall morbidity
rate was 4.4% and the major morbidity rates, which included reoperation for bleed and
reoperation for inadequate ligation, were 0.3% and 0.1%, respectively. The authors
concluded that open surgical division of the PDA is a safe and effective technique for PDA
closure that avoids the risks of device embolization, PDA recanalization, or exsanguinating
hemorrhage seen with other, more recent procedural approaches. The authors suggested that
this approach should remain the standard of care until other approaches show similar safety
rates.

In a 2006 report, Schneider et al. reviewed PDA closure techniques dating back to the first
surgeries performed in 1939.13 Transcatheter closure was introduced by Portsman et al. in
1967 using the conical Ivalon plug.}* This was followed by Rashkind and Cuaso, who
employed an umbrella-type device for PDA closure starting in 1979.1% This approach was
sometimes complicated by residual shunting, and in 1992 Cambier reported the first use of
vascular embolization coils for nonsurgical PDA closure, which proved highly effective for
the small-to moderate-sized PDA.16 Subsequently, additional transcatheter devices have
been devised, including PDA-specific devices, allowing nonsurgical closure of larger PDAS
and fewer postprocedural complications in general.

Over the past 10-15 years, transcatheter closure of PDAs has gained favor over surgical
repair for most routine PDAs. A number of studies have been published reporting
experience with transcatheter PDA closure, in particular using detachable coils and the
Amplatzer ductal occluder device (Table 1).17-26 Sample sizes of these series ranged from
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43 t0 439. In total, 1640 patients were reported with an overall PDA closure rate at latest
follow-up of 94%. There were 18 major adverse events, 17 of which (1.1%) were
procedural: death unrelated to the procedure (n = 1), embolization of a closure device that
was not retrieved (n = 10) or required an additional catheterization or surgery to repair (n =
6), and infective endocarditis (n = 1).27 There were no procedural deaths, strokes, or other
major vascular complications. Minor adverse events included embolization of a device that
was retrieved in the same procedure and without adverse consequences such as stroke,
vessel loss, or dissection (n = 70), aortic or left pulmonary artery narrowing not requiring
intervention (n = 32), arrhythmia (n = 2), blood loss requiring transfusion (n = 2), significant
hemolysis (n = 12), hypertension (n = 1), inguinal pseudoaneurysm or loss of peripheral
pulse (n = 18), and various other minor complications (n = 7). These occurred in 144
patients, or 8.8%. Device embolization requiring intervention occurred in all reported series,
at rates ranging from 1.4% to 11.6%. While the majority of embolized devices or coils were
successfully retrieved using catheter-based methods, some patients with embolization were
referred for surgical device removal and PDA ligation (n = 3). Although most series did not
link PDA size to adverse events, Gudausky et al.18 reported that procedural failure did not
occur when the PDA size was <1.5 mm. Overall, only one death was reported in these
series, a 15-month-old with partial trisomy 18 who underwent successful PDA closure but
died 5 months later from respiratory distress related to overwhelming sepsis.2
Postprocedure IE was reported in one patient who had an 8-mm PDA and trivial residual
flow through the device on postimplant angiography.1® The patient recovered fully after
antibiotic therapy and surgical device removal with PDA ligation. It is important to note that
the duration of follow-up was limited and variable in all of these studies, such that it is
impossible to estimate the risk of IE following transcatheter PDA closure.

During the same time period, surgical techniques for PDA ligation have improved, with the
development of less invasive approaches with shorter recovery times and fewer operative
complications. In the current era, thoracoscopic PDA closure is routinely employed, with
similar acute outcomes to open closure28:29 Schneider et al. cited 94-100% overall success
rates and 0-2% mortality with surgical closure. They remarked that a surgical approach
remains the treatment of choice for the very large ductus. The authors also reviewed
indications for PDA closure and supported that PDA closure is “clearly indicated” in certain
patient groups, including: (1) those who are symptomatic from left-to-right shunting and (2)
those who are asymptomatic but have left heart enlargement. PDA closure in the patient
with a small PDA is less clear, but given the risk of IE and the low morbidity of closure, the
authors concluded that “a strategy advocating routine closure of any PDA in children and
young adults appears most reasonable.”13

IE: Overview

IE is a serious complication that is almost uniformly fatal if untreated.3C Patients with
lesions such as PDA, where an abnormal communication between cardiac structures
produces turbulent blood flow, are at increased risk of developing endocarditis.3! In a 1995
publication, Durack addressed this issue extensively.32 Citing data from the early 1990s,
Durack estimated that the overall incidence of IE was approximately 10-60 cases per
million per year, and slightly lower in developed countries at 15-30 cases per million per

Congenit Heart Dis. Author manuscript; available in PMC 2014 November 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Fortescue et al.

Page 5

year, or 4000-8000 new cases in the United States per year. Of these, roughly 75% have
preexisting cardiac abnormalities, including PDA.

In 2000, Ascuncion et al. presented a retrospective descriptive study looking at patients with
congenital heart disease at one center treated between January 1990 and November 1998.33
Among their 30 patients, who ranged in age from 10 to 45 years, ventricular septal defect
(VSD) (n = 13) and PDA (n = 7) were the two most common cardiac diagnoses. PDA size
was not discussed. Overall survival was 87%, with four patients dying from IE despite
antimicrobial treatment, three due to embolism, and one from arrhythmia.

In a 2001 review, Mylonakis and Calderwood focused on progress made in the past decade
in the diagnosis and management of IE affecting native and prosthetic heart valves in
adults.3* They reported an incidence of native-valve endocarditis of 1.7-6.2 cases per 100
000 person years in the United States and Western Europe, with mitral valve prolapse being
the most common predisposing cardiovascular diagnosis in this setting. Patients with PDA
were not specifically addressed.

In a 1998 scientific statement by the American Heart Association,3° the authors estimated
that the incidence of IE had increased over the prior decade, with 15 000-20 000 new cases
of IE in the United States per year. This would make IE the fourth leading cause of life-
threatening infectious disease in adults. Patients with PDA were not specifically addressed
in that statement.

IE in Association with a PDA

The association between IE and PDA was first documented in the early 1900s.36
Historically, IE was a rare but often fatal complication of PDA: in the preantibiotic era, IE
was the single most common cause of death in PDA patients (42-45% of deaths). Over the
course of the next few decades, after the introduction and initiation of widespread use of
antibiotic therapy, mortality from IE in PDA patients decreased significantly. What was a
frequently fatal infectious disease became survivable if appropriate antibiotics were
administered in a timely manner.

Between 1939 and 1971, five case series were published characterizing the association
between IE and PDA (Table 2).38-42 The majority of these investigators concluded that IE is
rare in patients with PDA, but that when it does occur, surgical PDA ligation should be
performed.

Over time, with the refinement of surgical and antimicrobial interventions, survival of
patients with PDA-associated IE has improved. In 1975, Johnson et al. published a series of
149 episodes of IE in 141 patients from 1933 to 1972.36 The patients in that study had a
variety of different types of structural congenital heart disease, and all had a diagnosis of IE
at study entry. Nine of these patients had PDA, four of whom died from IE, three in the first
decade of study and one in the second. Overall, there was a steady decline in mortality from
IE from 100% in the first decade to 19% in the last. The authors noted that early corrective
surgery resulted in a marked decline in mortality and morbidity from IE in patients with
PDA or VSD.
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In a 1942 series, Wilson and Lubschez reported a mortality rate from IE among patients
aged 2—19 years of 1 per 367 patient years (38 total patients), or 0.27% per annum.*! In
1968, Campbell reported an IE death rate among 123 patients of 0.6%. He concluded that,
since the advent of antibiotic treatment, the short-term outlook for children with PDA and IE
was much improved from earlier experiences, but that these patients remained at risk for
repeated attacks of IE if the PDA was not subsequently closed. Cosh reported similar results
in a 1957 series of 73 largely pediatric patients with isolated PDA followed during the
antibiotic era. There were six cases of IE in 1451 patient years, or 0.4% per annum (95%
confidence interval [CI]: 0.15-0.9%).43 One of these patients died from the infection. Cosh
concluded that PDA ligation is indicated when clinical signs and symptoms suggest the PDA
is large, or after the patient has contracted and been treated for IE in order to prevent future
attacks. Similar to Marquis et al.11 Cosh remarked that even in the pediatric patient with a
small, uncomplicated PDA, surgical ligation is justified, “for the risks of ligation are now
less than the small risks of leaving the ductus patent.” However, he concluded that the same
does not hold true for adult patients, where surgical ligation can be more difficult. In these
patients, he recommended that an asymptomatic PDA may be left open, so long as care is
taken to prevent IE.

In 1993, Schrader and Kadel retrospectively analyzed 100 adult patients with PDA who
were referred for transcatheter closure.?* They cited an annual incidence of IE in PDA of
0.14% (binomial 95% CI: 0.05-0.5%). More recently between 2002 and 2008, five case
reports have been published describing IE in patients with an isolated PDA, as summarized
in Table 3.45-49 Each of these reports emphasizes the importance of a high index of
suspicion of IE in a patient with a known PDA who presents with prolonged symptoms of
systemic infection. They also illustrate the sensitivity of echocardiography in making the
diagnosis of PDA in such patients.

Recent guidelines from the American Heart Association of the Committee on Rheumatic
Fever, Endocarditis, and Kawasaki Disease do not recommend routine subacute bacterial
endocarditis prophylaxis for unrepaired PDA.%0

IE in Association with a Very Small PDA

As discussed above, Houston et al.3 observed a very small PDA in 21 of 360 children and
adults without a typical PDA murmur who were screened with Doppler echocardiography,
and estimated that as many as 0.5% of individuals with an innocent-sounding murmur may
have a PDA. In the Discussion of that study, the authors commented on previous studies
advocating routine PDA closure for the prevention of IE®51 and questioned whether such
recommendations should also apply to the clinically silent PDA. At the time of publication,
the authors did not support routine PDA closure or antibiotic prophylaxis in these patients.
The investigators hypothesized that some patients considered to have IE in a structurally
normal heart may actually have a silent PDA, and that with the increasingly widespread use
of color flow Doppler, these false-negative errors are likely to diminish. They proposed that
patients with a silent PDA may benefit from PDA closure or prophylactic antibiotics.

Congenit Heart Dis. Author manuscript; available in PMC 2014 November 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Fortescue et al.

Page 7

In the 1990s, two notable reports were published regarding IE in patients with a silent PDA.
In 1993, Balzer et al.5>2 presented a case of IE in a patient with a clinically silent PDA in
which prompt diagnosis and effective treatment led to a good outcome (Table 4). The patient
had no history of murmur and no murmur on presentation. The authors concluded that, like
patients with larger PDAs, all patients with a silent PDA should undergo antibiotic
prophylaxis and surgical closure. In a 1994 letter to the editor, Lloyd and Beekman
commented on the Balzer et al. findings and questioned this conclusion.>3 Lloyd and
Beekman argued that if the overall prevalence of silent PDA was estimated at 0.5%, then
300 000 US children would require PDA ligation to prevent the single episode of silent PDA
associated IE observed by Balzer et al. Furthermore, if the mortality risk from surgical PDA
ligation is 1 in 20 000, then 15 children would have died to prevent one episode of IE. Here,
Lloyd and Beekman are implicitly arguing that the risk (not annualized) of IE in patients
with a silent PDA is 1:300 000 based on Balzer et al.’s single case report, with the rhetorical
assumption that Balzer et al.’s case represents 100% reporting of such occurrences. Lloyd
and Beekman also brought up the troubling issue of detecting patients with a clinically silent
PDA: such widespread application of echocardiography in an effort to detect these patients
would not be feasible. The authors concluded that the risk of IE in a patient with silent PDA
must be “more than a thousand-fold less than the risk when a continuous murmur is
present,” and ended their letter with a quotation from Latson et al. referring to the silent
PDA as a “benign technomalady.”>*

In 1997, Thilen and Astrom-Olsson presented a retrospective review of patient records and
death certificates of 270 pediatric and adult cases of PDA from a large academic medical
center in Sweden. Cases were collected from 1980 to 1995.55 Among 270 PDA cases, 173
(64%) were isolated PDA and 38 of these were clinically silent. Half of the patients with a
“silent” PDA had enlargement of the left atrium and/or ventricle, which highlights the
limitations in our understanding of the relationship between a ductal murmur and
hemodynamic significance. In 39 cases, the decision was made to leave the PDA patent.
During 1196 patient years at risk, the investigators saw no cases of IE (binomial estimate of
95% Cls: 0.0-0.3%). To look further for IE cases, the authors reviewed all Swedish death
certificates from 1960 to 1993 (~3 million) to check for the occurrence of PDA in
combination with IE and found only two fatal cases of IE. The authors concluded that IE in
patients with a PDA had declined in the last few decades and was currently rare. They
suggested that given the low incidence of IE in association with a PDA and the efficacy of
modern therapies for IE, routine PDA closure was not warranted solely for the indication of
preventing IE. In patients with hemodynamically insignificant PDA and no current or past
history of IE, the investigators recommended monitoring alone.

Over the past decade, three cases have been reported of IE in patients with a clinically silent
PDA (Table 4).56-58 None of these patients had a previous PDA diagnosis prior to
presentation or a reported history of murmur. In 2000, Parthenakis et al. reported the case of
an 18-year-old female with no known cardiovascular disease who presented with fever for
40 days.>® On presentation, cardiac auscultation revealed a soft systolic murmur at the
second left intercostal space. Echocardiography showed a small PDA and a vegetation in the
left pulmonary artery. The patient received antibiotics and the PDA was subsequently
closed. The patient did well. In a 2004 report, Ozkokeli et al. described the case of a 27-
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year-old female with no known cardiac disease and no prior murmur suggestive of a PDA,
who presented with 3 months of fever, lethargy, and abdominal distention.® Cardiac
auscultation at presentation revealed a loud pulmonary second heart sound and a diastolic
murmur on the right sternal border. On echocardiography, she was found to have a 5-mm
PDA and multiple vegetations on the pulmonary and aortic valves. She was diagnosed with
IE and underwent excision of the pulmonary valve, aortic valve replacement, PDA closure,
and received antibiotic therapy, after which she recovered uneventfully. The authors
commented that, even though Thilen and Astrom-Olsson suggested there was no reason to
close small PDAs for the sole purpose of preventing IE, risk of IE still exists even in the
small PDA.5 Similarly, in a 2006 report, Malnick and Zimhony presented the case of a 31-
year-old immigrant female from Ethiopia with no known cardiovascular disease or murmurs
who developed Streptococcus anginosus IE.>8 The patient’s small, silent PDA was initially
missed on transthoracic echocardiography and later detected on transesophageal
echocardiography. Cardiac auscultation at presentation revealed a grade 2/6 systolic murmur
audible at the cardiac apex. She received antibiotics, her PDA was closed, and she recovered
without event. All of these cases were reported as IE in association with a silent PDA, but
reported histories were limited and the presence of IE at the time of diagnosis may have
confounded the clinical and echocardiographic findings. For example, it is possible that a
PDA murmur existed previously and went undiagnosed, or that the development of IE
changed the quality of an existing PDA murmur or the observed size of the PDA on
echocardiography. The four reported cases of IE associated with a silent PDA underscore
the importance of maintaining a high index of clinical suspicion for the presence of a small
PDA in a patient with IE, even if there is no PDA history and there are no physical exam
findings suggestive of this cardiac lesion. None of these PDAs were diagnosed prior to IE
development. PDA size was not reported in three of these patients, and attempts to ascertain
detailed anatomic or hemodynamic data through author correspondence to date have been
unsuccessful All four patients survived with antibiotic therapy and PDA closure.

Recent Children’s Hospital Boston Experience

From January 1, 2005 to December 31, 2009, 168 patients at Children’s Hospital Boston
underwent transcatheter PDA closure. The median diameter of the PDA in the 168 patients
was 2.6 mm (range 1.0-6.0 mm). The median PDA diameter measured by angiography at
the time of PDA closure (n = 159 patients with data available) was 2.4 mm (range 0.5-6.5
mm; Figure 1). All PDAs were closed successfully in the catheterization lab, with no serious
adverse events. There were 11 minor adverse events (6.6%; 95% CI 3.3-11.4%). Seven
patients experienced embolization of a coil or device that was successfully retrieved (3.6%);
there was no difference in PDA size between patients with and without device/coil
embolization. Other minor adverse events included left pulmonary artery or aortic narrowing
by the device in four patients; in one patient with left pulmonary artery narrowing, the
decision was made to take the patient to the operating room electively during the same
anesthesia round and ligate the PDA surgically. The possibility that transcatheter closure
would be unsuccessful in this patient was recognized prior to the procedure, so the transition
to operative closure was not unanticipated. There were no deaths and no reported cases of IE
during limited follow-up.
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During this same period at our center, 145 patients were diagnosed by echocardiography
with an isolated PDA (or with a minor associated cardiac anomaly not requiring
intervention) but did not undergo PDA closure. At the time of this report, quantitative
echocardiographic assessment of PDA size was available in 139 of these patients (96%).
The median PDA diameter in these patients was 1.4 mm (range 0.4—4.5 mm) and the PDA
diameter was <2 mm in 120 patients (Figure 1); six patients lacked a quantitative PDA
measurement and were reported only as “small” or “trivial” (3 each). In summary, of 172
patients with an isolated PDA measuring <2 mm in diameter during this period, 30% (52)
were closed and the remaining 70% were left open. No patients developed IE.

Conclusions

PDA is a common congenital cardiovascular anomaly. In many cases, however, a PDA may
be of little to no hemodynamic significance. With increasing use of echocardiography, the
diagnosis of very small, clinically silent PDAs is likely to rise. Most investigators are in
agreement that moderate or large PDAs, especially those with hemodynamic significance or
associated IE, should be closed to improve the hemodynamic profile and prevent recurrent
IE. Management of the very small or clinically silent PDA is more controversial, with a
number of authors recommending routine closure regardless of size,11:1243.52 and others
advocating a more judicious approach.5355 A risk: benefit analysis of this problem, which
would attempt to balance the risks and benefits of PDA closure against those associated with
leaving the PDA open, is hampered by a number of important limitations in the available
data. If the sole reason for closing a very small, hemodynamically insignificant PDA is to
decrease the risk of IE and its complications, there must be evidence or a good reason to
believe that the cumulative risk of procedural events associated with closure and any
residual risk of IE after closure is lower than the lifetime risk of IE associated with an open
PDA.

Risks and Benefits of Closing the Very Small PDA

The risks associated with closure of a very small PDA are unknown. In the reported series of
transcatheter PDA closure summarized in this review, including our experience, there were
no procedural deaths, while major procedural events occurred in 1.0% of cases (95% ClI:
0.6-1.6%). These are not broken down by PDA size/hemodynamic significance, so it is
unclear whether the probability of procedural events is associated with PDA size. In our
recent experience, which included no major but 11 minor events (6.6%; 95% CI 3.1-11.4%)
in 168 patients, the frequency of minor events did not appear to differ across PDA size.
Also, a reporting bias in favor of positive outcomes is well known, particularly with respect
to case reports,>%:60 and the authors are aware that major adverse events, including death,
have occurred at other centers with closure of PDAs in otherwise well patients. Based on
these limited data, a conservative estimate (i.e., on the low end of the spectrum suggested by
the available data) of the major adverse event rate associated with PDA closure is in the
range of 0.5-1.0%, while a more liberal estimate might be 1.5%. Additional risks of PDA
closure, which may be impossible to ascertain, are the potential incremental risk of exposure
of ionizing radiation, and the risks of undetermined chronic issues relating to medication
and/or contrast exposure, which we can assume to be negligible. The purported benefit of
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closing the very small PDA is reduction or elimination of IE risk. There are no data aside
from case reports to support this indication. In the reported series of transcatheter PDA
closure, follow-up was generally very short, while the risk of IE is ongoing, so the lack of
events in these series does not speak to the true risk of IE after PDA closure. There was one
reported case of IE in a patient who had an incompletely closed 8-mm PDA. This highlights
an important assumption that underlies closure of the small PDA for IE prophylaxis, namely,
that the PDA is successfully closed. Most series report complete closure in upwards of 95%
of patients, often 98-99%, so this assumption is usually valid. In the small proportion of
patients in whom complete closure is not obtained, however, the risk of IE is likely just as
high as, if not higher than, a patient with an open PDA of the same size.

As noted earlier in this review, Lloyd and Beekman®3 estimated that if the overall
prevalence of silent PDA is 0.5%, then 300 000 US children would require PDA ligation to
prevent silent PDA-associated IE.52 Furthermore, if the mortality risk from surgical PDA
ligation is 1 in 20 000, then 15 children would die to prevent silent PDA associated IE. In
the risk: benefit calculations Lloyd and Beekman presented, they assumed (even if only for
the sake of argument) that the Balzer et al. case was the only instance of a silent PDA
associated with IE, such that the rate of IE in silent PDAs was estimated at 1 in 300 000
(95% C1 0.0 to <0.01%). Of four reported cases of IE associated with a clinically silent
PDA, all but the Balzer et al. report were from outside the United States-52°6-58 |t is
arguable that positive reporting bias would be less of an impediment to reporting cases of IE
associated with silent PDA, as treatment in such cases is antibiotics followed by surgical
PDA closure, and this type of event might be enlisted as a “positive” case to support the
utility of closing such defects. Nevertheless, the estimated risk of IE used in the risk: benefit
analysis proposed by Lloyd and Beekman is likely an underestimate. In other series
discussed above, Thilen and Astrom-Olsson reported no cases of IE in 1196 patient years
(binomial 95% CI: 0.0-0.3% per patient-year),>® Wilson and Lubschez*! reported 1 death in
367 patients, or 0.27%, and Schrader and Kadel reported an annual IE risk of 0.14% in a
series of 100 adults.44 Based on these studies, which include both large and small PDAs, the
risk of IE in patients with a PDA is higher than the assumption utilized by Lloyd and
Beekman, which was directed only at the question of the clinically silent PDA. Presumably,
the risk of IE is lower in patients with a very small PDA than in these series, and higher than
the 1 in 300 000 risk assumed by Lloyd and Beekman, but there are limited data upon which
to base this assumption. In the study by Schrader and Kadel, the luminal diameter of the
PDA was <4.5 mm in 60% of the cases, but >4.5 mm in all six cases complicated by IE.
This suggests that the risk of IE is substantially higher in large than small PDAs. Taking all
of these data into consideration, and assuming that the risk of IE associated with PDA is
weighted toward larger PDAs, 0.01% per year would be a conservative estimate of IE risk in
patients with a small PDA, and 0.001% would be substantially higher than the 1 in 300 000
used in the calculations of Lloyd and Beekman, and still reasonable based on the reported
literature.

Risks and Benefits of Leaving the Very Small PDA Open

In the absence of hemodynamic significance, the only known risk associated with leaving a
very small PDA open is that of IE, which is to the inverse of the benefit of PDA closure in
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these patients. Similarly, the clinical benefits of leaving a small PDA open are inversely
identical to the risks of closing a PDA. Another potentially important benefit of not closing
small PDAs is financial. Lloyd and Beekman addressed the potential costs of ascertaining
and closing small PDAs, which are estimated to occur in 0.5% of the population, and
estimated a conservative price tag of $33 billion, making the argument that routine closure
of small PDAs for IE prophylaxis is not cost effective.

Using the conservative estimates reached above, the lifetime risk of IE associated with
leaving a very small PDA open, assuming that there is no change in the size or
hemodynamic significance of such PDAs over time (0.01% per year for 85-90 years, 0.1%
lifetime risk) is similar to the risk associated with a major procedural adverse event for
closing a small PDA, and there is no clear preference for either approach. Using the more
liberal estimates proposed above (0.001% annual risk of IE associated with a very small
PDA and 1.5% risk of a major procedural adverse event associated with closing a small
PDA), the risk of procedural events is more than an order of magnitude higher than the
lifetime risk of IE. Based on the currently available data and crude estimates of risk derived
from those data, which are limited and confounded with respect to the present exercise, there
is no evidence to support a superior risk: benefit balance for routine closure of the very
small, hemodynamically insignificant PDA, and accordingly, it is difficult to justify closure
of such defects simply to reduce the risk of IE and its complications. There are a number of
unknowns data addressing these questions may shift the balance of evidence. Because IE is a
very rare event in the population of patients with a very small PDA, and may occur many
years after diagnosis of the PDA, it would be impractical to perform a prospective trial of
closure of the very small PDA for IE prophylaxis. Thus, further refinement of risk: benefit
calculations concerning this problem will depend largely on prospective clinical practice-
based evidence and/or decision analysis, and, in this evolving health care landscape, may
require more candid cost: benefit considerations.
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Figure 1.
Diameters of PDASs closed in the catheterization lab compared with those left open,

Children’s Hospital Boston, January 2005-December 2009. *Includes six open PDAs
reported as “trivial” or “small” (three each) without diameter reported. The solid bars
represent open PDAS; the open bars closed PDAs. PDA, patent ductus arteriosus.

Congenit Heart Dis. Author manuscript; available in PMC 2014 November 21.



Page 16

Fortescue et al.

'paso]o para|dwiod /g ‘sjuanied 89T JO 09 UO ajge|ieAe sweibolpreaoyds uoneziisiayredsod >_Em_m

*(d) as|nd fesayduiad Jo ssoj Jo ‘wsAinauropnasd
‘sisAjowsay ueaiyubis (g) uoisnysuesy Buriinbai ssoj poolq ‘(4y) erwyiAydie ‘(N) uonuaaiaiul ou Buriinbal Buimolseu Alsue Areuownd 1aj 40 21110 ‘Uoiredljdwod Jofew Inoyim uonezijoqua

301A9P STV JOUIA ‘(31) SIPJLI0PUS SAIIBJUI ‘IX3) Ul PauLap Se SaiIpIgJow Ul Buiinsal Jo suonuaAisul Butiinbal uoiezijoquia 891Aap ‘Yreap :s3v Jofely (ST ‘SIUBAS 3SI9APE) SAWIOIINO o&.a.>c<H

109 3|qeYIBISP X00D ‘|10D ‘901A3P pauonng ‘ag 4epnjodo [e1np Jaziejdwy ‘0ay :sadil E:mo_“ﬁ

"pal419ads SSIMIBYI0 SS|UN ‘UOITRIASP PJepUBIS F Ueawl JO ‘[Xew—uiw] uesw ‘(Xew—uiw) ueipaw se paiuasaid sazis (WAd) SnsoLIsle snonp jusled
*

oav
(%0°0T—€"L ‘1D %S6) %0°8 ‘69T = U [£10} HOUIIN ag (Wwz'TT-2°0)
(%T'Z-T'T ;1D %G6) %S'T ‘8T = U [€10] :I0le|/ :S3)e SW0IIN0 3SISAPE UBBW |[BJOAQ %06 :UesW |[eJaAQ 110D wuw 2z abeiany  808T J/ SIEloL
() N *(2) uonezijoquia Jouiw :(%9°9) JoUlIN . oav (0'9-0'1) (6002-5002)
auou wiofepy §%056 -[1eJ3N0 110D ww gz 89T uoisog [endsoH s,ualpjiyd
(2) d ‘(#FT) N ‘() uonezijoquia Joutw (%G '9T) JOUIN oav (ww ot-T1) (¥002-0002)
(2) uonezijoqus Jofew :(%.'T) Jofe %86 11249A0 (o] wwez 12T 11600€ '[e 33 feyzy
(6) uonezijoqwa Jouiw :(%8°9) :OUIA oav [43) (5002-0002)
() uonezijoqus Jofew :(%0°€) Jofe %G6 Syuow 9 10D WWOTFWw /T 2eT §18002 '[e 18 Axsnepno
110D
(2) sisAjowaH ‘(9) N (T) uonezijoque Joutw :(9%.°2) JOUIIN ad (ww g—¢) (S002-666T)
(1) 31 :(%6°0) J0feN %06 :I[eJ8N0 oav wwy o LTT 612002 '[e 39 Buer
(2) sisAjowaH ‘(6) d ‘(6) N ‘(0z) uonezijoquia Jouiw :(%6°8) JOUIIN oav (0002-566T)
(T) uonezijoqus Jofew :(%¢ 0) JofeIN %696 :SYIUOW € 1100 WwZTFWWw g 0SE 029002 "I 39 Buey
(8) Jayr0
‘@ a‘@ N ‘(@ v '(2) d () sisAjoway (T) uonezijoqua Joulw:(%/ 0T) JOUlA (Www Z'TT-6°0) (z00Z-666T)
(T) yresp ‘(1) uonezijoqua Jofew :(%S0) Jofei %66 1eak T oav wwoz  6eV 12700 "I 19 Ssed
(£2) uonezijoqusa Joutw :(%6°6) JOUA (866T-166T)
(v7) uonezijoquia Jofew :(%G'T) JofeN %6. ‘syow 9 oo [ww—zolwwssz  zig 221002 '8 13 [e[eD
(T) N :(%¢€°2) Joutn (ww g-z'2) (666T—L66T)
(1) uonezijoquia Jofew :(%g'¢) JofeN %007 :Aep T oav Www 6'e €y 20002 '[e 19 sojnodouey |
(1) sisAjowsH
‘(G) uonezijoqua Joulw :(%S TT) JOUlN (S66T-166T)
auou :Jofepy %¥6 :yuow T 1100 [ww go-Tlww z'e 25 yz,66T ‘[e 18 18D
auoU :JouIA (ww §-T) (S66T-166T)
(T) uonezijoqus Jofew :(%¥ 1) JofeN %686 :SUIuOW 9 ww o'z 1L 29661 "[2 18 BjzIswo .
(€) uonezijoqua Joutw :(9%0°2) Jouln (payodal jou)
(2) uonezijoqus sofew :(9%/ 'v) JofeIN %98 ‘syow ¢ 110D pauodal 10N [ 92966T Unzn
dn-mojjod (potied Apnis)
4S9W00INO 85 RAPY 19787 [2INSOID % sedA 1 8unso|D IS VaAd gy sJoyiny
Alewiwing sy nsay ainso|) wdd Je1ayieasuel |
T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Congenit Heart Dis. Author manuscript; available in PMC 2014 November 21.



Page 17

Fortescue et al.

"S3IeWIISa [eILIOUI] UO paseq Aouanbaly Juane 1oy (1D) S[eAIBIUI 30UBPISU0D 9466 “dnoiB Apnis yoes Ui sjusiied Jo Jaquinu uo paseq paiyBlam ale sje1o | ul palsi| sabesane |eIsnQ

NIH-PA Author Manuscript

NIH-PA Author Manuscript

swaned ‘sid

I
NIH-PA Author Manuscript

Congenit Heart Dis. Author manuscript; available in PMC 2014 November 21.



Page 18

Fortescue et al.

NIH-PA Author Manuscript

*31qeatdde 10U “W/N ‘SIIPJBO0pUS BANIBYUI ‘| ‘SnsoLBLe sMonp Jualed ‘vYad ‘esessip 1esy [enusbuod ‘aHD

*13Je| sypuow g paip Apuanbasgns Ing sonoigqnue paAledal wusmed 3| m:0+

'S9lI9S Wialow)sod
x

sieehG6-0  (00T) 9¢6 0 0 (91) 29T 9¢6 2y TL6T '[e 18 sojnodoBeued

s1eak 0z-0 0 04 (11)s 0 of 4oL V6T UUBg

«VIN 0 (oy)yz  LUmowiun 0 09 orEV6T 0dideysS pue skayy

sleak 0z umounun 0 0 0 8e 1yCV6T Z34YIsqnT pue Uos|IM\

«VIN 0 (0g)gz  LUMmowluNn 0 6 6c9E6T 100aY

aw11 dn-mojjod (%)N (%) N 31 (%) N (%) N N vad sloyny

9Ins0|D Vad  Wwoljyreeq 3l el dHD BYo

T.6T-6E6T :siuaned WAd ul 3| JO SaLI9S aseD
¢ 9|qel

NIH-PA Author Manuscript NIH-PA Author Manuscript

Congenit Heart Dis. Author manuscript; available in PMC 2014 November 21.



Page 19

a|qearjdde j0u "N ‘pariodal 10U ‘YN ‘SIIPIRIOPUS BAIBUI ‘T ‘Snsoliale snonp jusied ‘vdd

"UOITRDI41IUSPI B1IB1IBY 104 Palinbal BIPSW 24N3ND SNOIPISE) ‘BIPaW SIN}ND PABPUEIS U0 aAIRBaU-3INND
*

6v800C
(ww g) ePIUSIN
ON ON VN ‘UN 4N alelepoN eaudsAp [euonuaxs ‘anbiye 26 pue yores
(ww 6) 8v800C
SOA SOA SOA dN abre $s0| yBram ‘anbiey ‘1ans4 67 ‘e I0YD
1y7002
SBA SOA SOA SuepuUIA 'S dN sso| 1yBram ‘Buiresms ‘1ans- IT [eabjg
sso] yBiam 9v€00C 'I®
SOA SOA SOA 11 sinBues snoooo01dans 4N ‘anBiyey ‘suonendred ‘Jans4 oy 19 SLINOY]
y¢00¢
obunuey
. pue
SOA SOA sap  ,Eludonoigy ‘snaine snododojydels abre]  suonendjed ‘sseussajyealg ‘1ons- 08 IyueaxeAer
dn-mojjod reaAllY  pasolD A|feoifins vad  SO101giuY aAlre edos id S)wsiuebio  (umouy swoydwis  (sreak)aby Jusired sloyiny
4) ww
‘9z1S
vdd

Fortescue et al.

8002—200¢ Siuslied Ydd Ul 3 J0 suoday ased
€ 9lgel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Congenit Heart Dis. Author manuscript; available in PMC 2014 November 21.



Page 20

"8]el uoIeIuBWIPas 8142041418 ‘4ST ‘siipJedopus aARdaul ‘g ‘Ateue Areuownd ybu ‘wdy ‘A1aue Areuownd Y| ‘Wd ‘snsouape snjonp jualed ‘vad

"SI0UINE BY) WOJJ PAAIDIBI 10U BIIM SISUOCSSI '3|q/el Y} U PalsI| 10U aJe SUOISUBWIP YAd 249U "SUOISUSWIP 10} AJ30a11p PaloeIu0d sioyine ||y "paysignd 1ou silswelp vYad

1
'sisouBeIp ad 4o Inwinw Jo A101s1y parusinaop ou pey pue Ayijesy Ajsnoinaid atam syuaied noj |1y
*

Fortescue et al.

fisejdoiape
Areuownd ‘uonelaban

VAd [lews "vdT e ssew a]iqow

uoibas oluownd
aA0ge Jnunw
fisuiyoe ),
snonunuod 9/
1191e] sAep 9 ‘xade

snsouibue 'S 1o} aAnisod
aInyna poojg “Inoy

ybnoa

eidoiyig
wouj jusned
‘|3e1Ss| g:9002

Vd1 40 [enowss ‘uonedi| 119)e] sAep XIS ‘suoieIaban ou ‘sanjen 2e1pJed e ANWINW Jwiw €8 ¥S3 "SapjoeId ‘Ssaudeam pazifeaush Auoywiz
Vad A pamoj|o} SOHOIQNUY  [BWIOU ‘3]OLIUSA 13| JO UOKE[IP PIIN olj0)sAs 9/g apes9  Areuownd Jejiseqiq pitA "I98} JO SX9aMm g 1€ pue xo1ufey

$n220201daS

onAjoway-e 1o} anmsod

JuaWwaoe|dal anjeA d1LI0. Alaye  Japlog [eutais bl aunynd poojg “INOY/WWTS eaudsAp
‘anjen Areuownd Jo uoISIOXa Areuownd Jo |jem uo suoielsfan  UO JnwINW d1joIselp ¥s3 eindind Anwaixa 18SUO 81nde AQ pamoj|oy Asxiny
‘uorrelaban Jo jeaowas ‘uoirebi| ‘BAJBA D11I0E JO 1SND AJBU0JOJ-UOU  ‘pUNOS B3y puodas Jamo] ‘AjeBawous)ds uoIUBISIP [eulwiopae 7002 ;5’8
Vdd Ag pamojjo} sonoIgqiuy  Uo Ssew asuspoyds abie| ‘((wws) vad Areuow|nd pnoT ‘AleBaworeda  ‘ABreyis] ‘ansy Jo syluow g 12 19 11340420
aoeds

uorelaban yum [e1S02481UI Y3| 920919
uoneIaban Jo [eAowsal ‘uoiebi| 1Ud)ISISU0I \/d 01Ul \Ydd JO douenus pu09ss Je Jnunw sinBues snad0201dang 95000¢ '8
vad Aq pamoj|o4 sanoIqnuy Je ssew ajiqow afue| ‘vdd |[ews 2110)sAs YOS 1oy aAnisod ainynd poo|g 19A8} JO SY9aM 9 8T 19 SpfeuUayLed

sinbues sn220201dans

snaine sna020]Aydels

Japioq 10} aAnisod ainynd

Vdd J0 doueIIua Je uonelaban [eulals 14a| Jano poo|q ‘AyredouapeydwA| ured >oeq
uonebi| UM JUBISISU0D Y] Je Alsuapoyos Inwnw uondala |ERJTVER] pue X28u ‘peay ‘Buniwon VSN 25€66T
wvad Aq pamoj|o} sanolgnuy lews ‘vad (wwg-g) |jews 21]015AS 0S ‘ewayihis [eabuhreyd ‘easneu ‘Janay Jo shep € 6T ‘e 18 Jezfeg
ssoubeig uib1io
Je uolrelnasny sbuipui4 0 A1unod
aW02INO pUe JUSWITED J | ;SBupuid we iBoip reooyoz Jeipied  geT pue wex3 [eashud swoldwAS Bunueseld  (S1ea A) by Jueited sioyiny
L.9002—€66T S)udlled VAd .JudlIS,, AuieaH AJsnoinaid ul 31 Jo spoday ased
¥ 9lqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Congenit Heart Dis. Author manuscript; available in PMC 2014 November 21.



