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ABSTRACT

BACKGROUND Transcatheter patent ductus arteriosus (PDA) closure has become the first-choice method
of treatment in the majority of patients. However, device selection poses a challenge.

AIMS  This study aimed to analyze periprocedural and 1-year outcomes of PDA transcatheter closure
performed with different devices throughout a 25-year time period in a single center.

METHODS  All 1036 patients who underwent transcatheter PDA closure between 1993 and 2020 were
included in retrospective analysis. Various devices were used: the Rashkind device (RD; n = 25), coils
(n=469), nitinol duct occluders type I (DO [; n =300), type II (n = 32), type 11 additional sizes (ADO I1 AS;
n = 209), as well as off-label devices: vascular plugs and atrial septal and muscular ventricular septal
defect occluders (n = 17). Data on 24-hour and 1-year follow-up were available for 100% and 78.9% of
the study patients, respectively.

RESULTS The procedure was successful in 98.6% of the study patients, with a major complication rate
of 0.2%. Complete PDA closure after a year was observed in 81.8% of the patients treated with RD, 93.7%
of those with coils, and 100% of those with duct occluders. There were no differences between Amplatzer
DO I(n=159)and its DO I copies manufactured in China (n = 141) with regard to success, efficacy, and
complication rates. Recently, ADO II AS has replaced coils and become the preferred device to close
small-to-moderate PDA.

CONCLUSIONS Transcatheter PDA closure with all types of nitinol duct occluders is safe and effective,
with no residual shunting at 1-year follow-up. Due to higher efficacy, ADO IT AS has replaced coils in the
treatment of smaller PDA.

INTRODUCTION Patent ductus arteriosus
(PDA) is diagnosed more frequently nowadays
owing to advancements in echocardiography and
is considered to affect as much as 0.2% of the pop-
ulation.! Since the first reports of PDA percuta-
neous closure with an Ivalon plug over 50 years
ago, and later with a double-umbrella Rashkind
device (RD; C. R. Bard, Ireland), there has been
tremendous progress in implant development.?
Devices such as pushable and detachable coils,
for example Flipper coils (Cook Medical, Lim-
erick, Ireland), Amplatzer Duct Occluder type
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I (DO I; AGA [now Abbott], Minneapolis, Min-
nesota, United States)—a prototype of nitinol-
-based, self-expanding occluder—and its succes-
sors, type Il and type II Additional Sizes (ADO 11
and ADO II AS), as well as occasionally used off-
-label devices such as Amplatzer septal and mus-
cular ventricular septal defect (VSD) occluders
and Amplatzer vascular plugs, constitute a wide
armamentarium for PDA percutaneous closure.*"!
To date, the transcatheter approach has gradual-
ly become the gold standard in PDA treatment in
the majority of patients, and DO I and coils have
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WHAT'S NEW?

Transcatheter patent ductus arteriosus (PDA) closure has proven its safety and
efficacy and become the first-choice method of treatment in the majority of
patients; however, device selection remains an open question. Transcatheter
PDA closure with all types of nitinol duct occluders is safe and effective, with
no residual shunting reported at 1-year follow-up. Since the introduction of
Amplatzer Duct Occluder IT Additional Sizes, it has replaced coils and become
the preferred device to close small-to-moderate PDA owing to high complete
closure rates and fewer embolizations. Moreover, it can be applied in all age
groups. Original Amplatzer Duct Occluder type I and Amplatzer-like copies
provide comparable results in percutaneous closure of larger PDA. Despite
the development of PDA closure devices, the use of off-label equipment is
necessary and safe in selected patients.
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been the most widely used devices for PDA clo-
sure so far.”” There have been numerous publica-
tions regarding the outcome of transcatheter PDA
closure; however, after the introduction of mul-
tiple newer devices (such as ADO IT and ADO II
AS), the current comparative data on different im-
plants and their application are scarce.” The aim
of this retrospective study was to analyze peri-
procedural and 1-year outcomes of transcathe-
ter PDA closure with various devices throughout
a 25-year time period in a single center.

METHODS Study population All1036 consec-
utive patients who underwent attempted trans-
catheter closure of PDA between October 1993
and February 2020 in a single tertiary center were
included in the retrospective, descriptive, and
nonrandomized analysis. Medical records, hemo-
dynamic data, echocardiographic findings, and
follow-up data were obtained from our registry.
There were no exclusion criteria regarding the an-
alyzed population. The study was approved by
the university research ethics committee. Written
informed consent was obtained from all patients
or their caregivers prior to the procedure. The in-
dications for transcatheter versus surgical PDA
closure changed over the investigated time peri-
od and depended mostly on the availability and
development of the devices. Nineteen patients
(1.8%) were deemed eligible for the percutane-
ous procedure due to either residual shunt or re-
canalization of previously surgically closed PDA."
The permanent contraindications to PDA treat-
ment included Eisenmenger syndrome, a duct
too large for endovascular treatment with avail-
able devices, preterm neonates, and a comorbid-
ity requiring cardiac surgery.

Transcatheter procedure All procedures were

performed under fluoroscopic guidance and gen-
eral or local anesthesia in children and adults, re-
spectively. After femoral artery only, or artery
and vein, access completion (4-6 French sheath),
intravenous heparin (50 IU/kg) and cefazolin

were administered. The size and shape of PDA
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were assessed on both preprocedural transtho-
racic echocardiography and angiography in later-
al and/ or right oblique projections. The PDA mor-
phology was defined according to the Krichen-
ko classification by angiography.” In 15 patients
(1.4%), for better duct visualization, balloon static
calibration was performed with an 18- or a 24-mm
Amplatzer sizing balloons. In adult patients with
mean pulmonary artery pressure (mPAP) greater
than or equal to 50 mm Hg, the 10-minute bal-
loon occlusion test was performed before PDA
closure (n = 2). The following devices were used
in a routine manner (described elsewhere?”), de-
pending on their availability, the operator’s pref-
erences, and PDA morphology: RD (n = 25), de-
tachable coil(s) (n = 469; multiple and sequen-
tially in 18 patients), DO I (n = 300; among them
159 Amplatzer and 141 Chinese copies: 63 Cardi-
-O-Fix, 37 Hyperion, 32 HeartR, and 9 Cera duct
occluders), ADOII (n = 32), ADO II AS (n = 209),
as well as off-label devices: atrial septal occluder
(ASO; n = 7; among them 2 Amplatzer and 5 Car-
dioSEAL/STARFlex devices), Amplatzer muscu-
lar VSD occluder (n = 6), Amplatzer Vascular Plug
type Il (AVP II; n = 4) (see FiGURe 1 for details). Over-
all, 1052 devices were used in 1033 patients; no oc-
cluder was used in 3 patients because of the duct
size (too large) in a single person and difficulty to
cross the duct with any guidewire in 2 patients.
Patients were divided into groups depending on
the device used. Off-label devices were excluded
from the comparative analysis owing to the lim-
ited number of patients (n <7). Although RD was
withdrawn from clinical practice in 2000, it was
not excluded from the comparison. The antero-
grade (venous) delivery approach was employed
in 372 patients (36%), the retrograde (arterial)
approach in 652 (63.1%), and both approaches
(multiple coils) in 9 (0.9%) (Supplementary ma-
terial, Table S1). In 93 patients (9%), an arterio-
venous loop was necessary to deploy the device
from the venous site. Devices were released af-
ter confirmation of a stable position by angiogra-
phy. In selected patients, the PAP measurement
was repeated. Embolization with subsequent de-
vice percutaneous and uneventful retrieval was
classified as a minor complication but analyzed
separately, as it was mostly related to the device
type (RD, coils). Residual PDA leakage was evalu-
ated by color Doppler echocardiography. Protru-
sion was defined as blood flow turbulence either
in the descending aorta or in the pulmonary ar-
tery with a velocity exceeding 2 m/s by Doppler
echocardiography.

The follow-up echocardiographic assessment
of implanted patients was conducted immedi-
ately after the procedure, after 24 hours, and
then after 1 month, 6 months, and 12 months
in an outpatient clinic according to a predeter-
mined schedule. Data on 24-hour and 1-year
follow-up were available for 100% and 78.9%
of the patients, respectively. Despite the fact
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that 36 patients (3.5%) did not reach the 1-year
follow-up point, they were included in the anal-
ysis because of complete PDA closure at 1-month
follow-up.

Statistical analysis Statistical analyses were
performed using the Statistica 13.3 software
(StatSoft Polska, Krakéw, Poland). All contin-
uous variables were expressed as mean (SD) or
median with range and interquartile range (IQR),
as appropriate. Categorical data were present-
ed as numbers (percentages). Data normality
was verified using the Shapiro-Wilk test. Study
groups were compared using the t test, Mann-
Whitney test, Fisher exact test, or Kruskal-Wal-
lis test with post hoc pairwise comparison ad-
justed with the Bonferroni correction, as appro-
priate. The association between fluoroscopy time
and the time period from the introduction of the
transcatheter PDA closure procedure was exam-
ined using the Spearman correlation. A P value
less than 0.05 was considered significant.

RESULTS Baseline characteristics There
were 672 women (64.9%) and 364 men (35.1%)
included in the study, at a median age of 4 years
(range, 2 months to 84.5 years; IQR, 2-10 years)
and a median weight of 17 kg (range, 3.9-136 kg;

IQR, 12.5-35 kg). Eleven patients (1.1%) weighed
less than 6 kg, 117 (11.3%) were adults (older
than 18 years), and 36 (3.5%) were older than
50 years (Supplementary material, Figure SI).
On angiography, the PDA anatomy was classi-
fied as type A (conical) in 508 patients (49%),
type B (window-like, less than 3-mm long) in
25 (2.4%), type C (tubular) in 55 (5.3%), type D
(complex) in 156 (15.1%), and type E (elongated)
in 273 (26.4%). The median narrowest PDA di-
ameter and length were 2 mm (range, 1-10 mm;
IQR, 1.5-2.5 mm) and 7 mm (range, 2-20 mm;
IQR, 5-9 mm), respectively. Mean pulmonary
artery pressure was greater than or equal to
25 mm Hg in 167 patients (16.1%).

Transcatheter procedure Differences be-
tween the study groups divided by the device
used in terms of age, weight, and the narrowest
PDA diameter were noted (P = 0.009, P = 0.02,
and P <0.001, respectively) (FIGURE2). Among niti-
nol wire mesh duct occluders (DO I, ADO II, and
ADOII AS), there were no differences regarding
age or weight. Over time, trends towards PDA
closure in younger patients and those with a low-
er body weight were observed. Patent ductus ar-
teriosus type A, which was the most common-
ly seen lesion (49%), was predominantly treated
with DO I, especially in ducts with the narrowest
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Abbreviations: see FIGURE 1
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diameter exceeding 2.5 mm. Smaller type

A ducts were closed with coils, and after the in-
troduction in 2014 to our clinical practice, with

ADO II AS. The least frequent PDA type B was

mostly treated with RD (n = 9) and ASO (n =7)

in the case of ducts of a diameter longer than

or equal to 3 mm and with coils in the case of
ducts of a diameter shorter than 3 mm (n = 6).
Patent ductus arteriosus type C has been recent-
ly treated with symmetrical double-disc nitinol

wire mesh occluders (ADO IT and ADO II AS) or
with VSD occluders in patients with mPAP above

40 mm Hg. Patent ductus arteriosus types D and

E, as well as postsurgical residual shunt or re-
canalizations, were covered almost complete-
ly with coils and ADO II AS. Fluoroscopy time

was shorter in procedures using the arterial ap-
proach (mainly coils and ADO IT AS) as compared

with the venous delivery approach (median time,
4 vs 6 min, respectively; P <0.001) (Supplemen-
tary material, Figure S2). Over time, a reduction

in fluoroscopy time was noted (Supplementary
material, Figure S3).

Successrate The procedure was successful in

1021 out of 1036 study patients (98.6%). There

were 3 unsuccessful implantations of RD due to

an unstable position of the device (n = 2) or its

embolization (n = 1). Coil implantation failed in 8

patients due to an unstable position (n = 1), pro-
trusion risk (n = 1), or device embolization (n = 6).
There were also a 5-kg patient with a 3.2-mm di-
ameter PDA type A, in whom neither ADO IT AS

nor DO Iimplantation were successful, a 4.5-kg
patient with a 4-mm diameter PDA type C, in

whom the procedure was abandoned because

of the duct morphology, an 8.9-kg patient with

a1l.5-mm diameter PDA type E, in whom cross-
ing the duct with a guidewire resulted in left pul-
monary artery wall dissection with the creation

of a transient and hemodynamically insignifi-
cant pseudoaneurysm, and a single patient with
a 1-mm diameter PDA type E, which could not
be crossed with a guidewire; both latter ducts

closed spontaneously.

Complications Overall, there were 73 peri-
procedural complications (7%), of which only 2
(0.2%) were major and both resulted from device
protrusion. A 7-kg patient with a 6-mm diameter
PDA type C and mPAP of 65 mm Hg developed
amoderate left pulmonary artery stenosis after
an 8-mm VSD occluder deployment; after 5-year
follow-up, he underwent stent implantation to
the narrowed vessel. The second 11-kg patient
with a 2-mm wide and 5-mm long PDA type E
needed urgent surgery due to severe stenosis of
the descending aorta with a 3x6 mm ADOI, as
it could not be removed. Most minor complica-
tions were access-related (n = 52); the most fre-
quent ones included the need for heparin infu-
sion to restore peripheral pedal pulse (n = 26) and
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groin hematoma (n = 13). A single case of tran-
sient hemolysis in a patient with residual shunt
after coil implantation was noted and treated
conservatively. Patients who developed compli-
cations (embolizations excluded) were younger
and had a lower body weight as compared with
those without complications (median [IQR] age,
2.1 [1.5-5] years vs 4.2 [2.1-10] years; P <0.001;
median [IQR] weight, 13 [10.7-19.5] kg vs 17.5
[12.8-35.6] kg; P <0.001), and no differences were
found regarding the narrowest PDA diameter
or the device applied between the 2 groups. No
complications were observed at 1-year follow-up.

Device embolization In summary, 11 de-
vice embolizations (1.1%) to the pulmonary ar-
tery were noted within 24 hours after implan-
tation: 10 coils and a single RD, all of them were
retrieved percutaneously. There were no late
embolizations.

Residual shunts The study groups differed in
terms of complete closure rates: after 24 hours
(P <0.001) and a year (P <0.001) (FiGure3). In a sub-
analysis of ADO IT AS and coils (devices designed
to close smaller ducts), we observed higher com-
plete closure rates for ADO II AS: after 24 hours
(P <0.001) and a year (P <0.001). In patients im-
planted with nitinol wire mesh devices, all resid-
ual shunts disappeared by the time of the echo-
cardiographic assessment at 1 month following
the procedure. Reintervention with a coil after
amean (SD) time of 2.7 (1.7) years was necessary
in 3 patients implanted with RDs and 14 with coils.
Additionally, in a single patient, crossing the nar-
row and tortuous residual shunt with a guidewire
was impossible; however, the duct closed spon-
taneously."® Two late recanalizations were noted
(RD, coil). All off-label devices but one (VSD oc-
cluder) closed PDA effectively at 1-year follow-up.
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DISCUSSION The Rashkind device was the first
commonly used implant for PDA closure and
it was used in 25 of our study patients (2.4%).
The device required the use of an 8-11 French
venous sheath; however, its successful implan-
tation in even 3.5-kg infants was reported.”
The smallest patient in whom we used RD was
a 4-kg infant, but the procedure was unsuccess-
ful owing to device instability. In our analysis,
RD had low success and complete closure rates
(88% and 81.8%, respectively). Moreover, 3 out
of 22 patients with RDs needed subsequent per-
cutaneous closure of residual shunt.

Coils are feasible and safe to occlude small
PDA (shorter than 2 mm) and can be implanted
from both sides and only through 4 French cath-
eters. Their use in larger ducts is associated with
persistent residual shunting and higher emboli-
zation rates.”’'® We used detachable coils in 451
patients. They presented high success but rath-
er low complete closure rates (98.2% and 93.7%,
respectively). A total of 10 embolizations were
noted (2.2%). At the beginning (before 2000),
due to the lack of alternative devices, simulta-
neous multiple (double) coils were also used in
ducts exceeding 3 mm. Nevertheless, a residual
shunting rate greater than 10% at 1-year follow-

-up was observed. With time, we used coils less
frequently and only in smaller PDA, which re-
sulted in a decrease in the rate of embolizations
to 0.8% and of residual shunting at 1-year follow-

-up to 2.4% in the last 10 years (n = 127).

Amplatzer Duct Occluder type I, designed to
close PDA in patients weighing more than 6 kg
and older than 6 months, has become a perfect
tool to close larger PDAs, especially PDA type
A. Numerous devices resembling the original DO
I (copies) have been introduced so far and they
are frequently available in larger sizes. Overall,
we used 159 Amplatzer and 141 Chinese DO I
with success rates of 100% and 99.3% (a single
unsuccessful implantation of Hyperion DO I),
respectively. No residual shunting was observed
in any of those groups at follow-up. Similar en-
hancement was reported in other studies.’”*!
There were also no differences regarding patients’
age, weight, implanted device size, and compli-
cation rates between Amplatzer and Chinese
DO I groups (Supplementary material, Table S2).
Chinese DO I devices have been predominant-
ly used in recent years; therefore, shorter fluo-
roscopy time with their use can be partially ex-
plained by the learning curve.

To our best knowledge, such a comparison of de-
vices used for transcatheter PDA closure has not
been reported so far in a similar number of patients.

Both ADO Il and ADO II AS represent the next
generation of Amplatzer devices. Their symmetri-
cal design with 2 retention discs and flexible struc-
ture make them suitable for only a 4-5 French de-
livery catheter and permits implantation by using
either a venous or an arterial approach.

Transcatheter PDA closure over 25 years 291
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Of note, ADO 1I is preferred in small-to-
-moderate ducts, especially type C, and is asso-

ciated with satisfactory outcomes.?? Due to the di-
ameter of the ADO Il disc, its use is advised in pa-
tients with a descending aorta diameter exceeding
10 mm, as it often protrudes to either the aorta or
the left pulmonary artery.” We found this type
of complication in a single 11-kg patient (3.1%),
in whom an excessively long ADO II caused a se-
vere stenosis of the descending aorta.

Special attention should be paid to elderly pa-
tients with often calcified and fragile ducts, in
whom a considerably stiff sheath introduced us-
ing a venous approach can be troublesome.? In
those patients, devices with symmetrical and
articulating retention discs are preferred, such
as ADO II and AVP II, which we described else-
where in detail.

The ADO II AS was designed to close small
ducts: 4-mm wide or narrower as well as 8-mm
long or shorter ones in smaller children. The ADO
IT AS discs, which are only 1 to 1.5 mm larger than
the stenting central waist, prevent device protru-
sion.”® We did not note any protrusion or embo-
lization of that device among 209 procedures.
The ADO II AS central waist diameter was se-
lected to be median (IQR) 2.9 (1.4-5) times larg-
er than the narrowest PDA diameter. The ADO II
AS (also under the name Piccolo) has been cur-
rently more frequently used even in premature
infants weighing more than 700 g and has shown
good results.?” Surgical PDA closure of infants
weighing less than 750 g is still associated with
a high early mortality rate.”® In the population
presented in this study, ADO II AS was also ap-
plied in older children and a few adult patients,
which was described elsewhere.?’ Interesting-
ly, there were no differences between ADO IT AS
and other nitinol devices regarding patients’ age
or weight. According to Mahmoud et al,® to pre-
vent device protrusion, ADO Il AS can be select-
ed in such a way that their length is much short-
er than that of the duct. It simultaneously en-
ables its use in ducts longer than 8 mm (26.3%
of our patients treated with ADO II AS had such
PDA morphology). Moreover, in a few patients
with PDA types D and E, ADO II AS was implant-
ed with the aortic retention disc deployed into
the duct and not in the ampulla, with no com-
plications or residual shunt. Although generally
contraindicated, the application of a short ADO
IT AS in PDA type B and off-label device use in
the aortopulmonary window in an infant have
been described.?¢3?

Since the introduction of ADO II AS, it has
replaced coils and become our preferred device
to close small-to-moderate PDA. This tendency
was also reported by other authors.?' Coils pres-
ent a significant residual leak rate, and emboli-
zations are relatively common; however, they
are significantly less expensive.’? Nowadays, in
our center, coil application is limited to PDA type
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D and E of a diameter shorter than 1.5 mm, in
which crossing with a 4 French catheter can be
difficult. In those rare cases, we implant the coil
in the so-called wedge catheter position.

In special situations, we used off-label devic-
es (n =17). All these procedures were successful.
The AVP II was used in 4 patients, mostly in PDA
type D (n = 3). The ASO was applied in 7 patients
with PDA type B that was more than 3 mm wide.
For that type of PDA, septal occluders are con-
sidered to be safe and effective.”* The lack of
narrowing in PDA type C often results in signif-
icant shunting and, therefore, in substantial pul-
monary pressure elevation. To avoid emboliza-
tion, devices with a double retention disc (such
as VSD occluders) are preferable.'03*

The main limitations of this study include its
retrospective, single-center design and the va-
riety of devices available throughout the ana-
lyzed time period.

Conclusions The armamentarium for trans-
catheter PDA closure has greatly developed over
thelast 25 years. The application of nitinol-based

devices, such as Amplatzer duct occluders (of all

types), provides excellent results at periprocedur-
al and 1-year follow-up, without residual shunt-
ing at 1-month follow-up. Amplatzer devices are

feasible and safe in all PDA types. Original Am-
platzer DO I and Amplatzer-like copies offer simi-
lar results. The ADO II AS has proven its superior-
ity over coils in terms of both safety and the com-
plete closure rate and has become the preferred

device to close small-to-moderate PDA.

SUPPLEMENTARY MATERIAL

Supplementary material is available at www.mp.pl/kardiologiapolska.
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