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ARTICLE INFO ABSTRACT
Article history: Although the use of bioabsorbable occluder is expected to reduce the risk of metal occluder-related com-
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bioabsorbable occluders were designed to overcome such limitations. The aim of this study was to inves-
tigate the efficacy and safety of a fully biodegradable occluder in patients with ventricular septal defects.
125 patients with perimembranous ventricular septal defect (VSD) larger than 3 mm were screened from
April 2019 to January 2020 in seven centers. 108 patients were enrolled and randomized into the bioab-
sorbable occluder group (n = 54 patients) and nitinol occluder group (n = 54). A non-inferiority design
Transcatheter closure was utilized and all patients underwent transcatheter device occlusion. Outcomes were analyzed with
Bioabsorbable a 24-month follow-up. All patients were successfully implanted and completed the trial. No residual
Degradation shunt >2 mm was observed during follow-up. Transthoracic echocardiography showed a hyperechoic
Echocardiography area corresponding to the bioabsorbable occluder which decreased primarily during the first year after
implantation and disappeared within 24 months. Postprocedural arrhythmia was the only occluder-
related complication with an incidence of 5.56% and 14.81% for the bioabsorbable and nitinol groups,
respectively (P = 0.112). The incidence of sustained conduction block was lower in the bioabsorbable
occluder group (0/54 vs. 6/54, P = 0.036) at 24-month follow-up. In conclusion, the novel fully bioab-
sorbable occluder can be successfully and safely implanted under echocardiography guidance and reduce
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the incidence of sustained postprocedural arrythmia. The efficacy and safety of this fully biodegradable
occluder are non-inferior to that of a traditional nitinol one.

© 2023 Science China Press. Published by Elsevier B.V. and Science China Press. This is an open access
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Occluders are pivotal devices in the treatment of structural
heart disease, including ventricular septal defect (VSD), atrial sep-
tal defect, and left atrial appendage. Although nitinol-based
occluders are predominantly used in current clinical practice, they
have drawbacks such as nickel release, and tissue erosion and com-
pression, which may underlie severe complications such as allergy,
cardiac perforation, and complete atrioventricular block [1-5]. An
occluder made of bioabsorbable materials is expected to circum-
vent these drawbacks based on the premise that the temporary
bioabsorbable scaffold would allow endothelization to create a
native tissue barrier. However, the development of bioabsorbable
occluders faces three main challenges. Firstly, mismatched rate of
occluder degradation and endothelization which might result in
defect recanalization. In addition, bioabsorbable materials are
radiotranslucency and less resilient compared with nitinol. There-
fore, bioabsorbable occluders have required a metal frame to
strengthen support, maintain occluder shape, and render the
occluder visible under fluoroscopy. Unfortunately, the metal frame
results in incomplete degradation of the occluder and even cardiac
perforation [6,7], and the addition of metal markers to render
occluders visible under fluoroscopy is at risk of dislodging and
embolizing during occluder degradation.

In view of these challenges, we designed a new metal-free
occluder fully made of bioabsorbable materials. To foster coordi-
nated occluder degradation and endothelization, we chose a hybrid
structure, composed of polydioxanone (PDO) monofilament with
relatively rapid degradation as double-umbrella framework and
poly-L-lactic acid (PLLA) fabric with relatively slow degradation
as barrier-film. Moreover, we added a shape line to facilitate
framework shaping into a double-umbrella and recover support
strength after the occluder is released from the delivery sheath.
What's more, echocardiography is used for procedural guidance
in lieu of fluoroscopy, and provides good visibility of the bioab-
sorbable occluder thereby rendering a metal frame or markers
unnecessary.

The complications associated with the use of a metal occluder
for perimembranous VSD closure have been the subject of contro-
versy and precluded its approval for clinical use in North America.
We therefore conducted research and applied the abovementioned
innovative design features to a bioabsorbable occluder for VSD clo-
sure. The short-term outcomes of this fully bioabsorbable occluder
for perimembranous VSD were favorable based on preliminary
analysis in five patients [8]. In this multicenter, randomized, con-
trolled trial, we aimed to further assess the efficacy and two-year
safety of the novel fully bioabsorbable occluder.

2. Materials and methods
2.1. Study design and patients

This trial was a prospective, multicenter, randomized study of
the novel occluder in the treatment of perimembranous VSD (Clin-
icalTrials.gov, number NCT03941691). Patients were recruited at
seven hospitals in China. All eligible patients had to meet the fol-
lowing inclusion criteria: perimembranous VSD with a diameter
ranging from 3 to 14 mm; age ranging from 1 to 60 years; weight
>10 kg; and distance between the edge of defect and the aortic
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valve >3 mm. Patients with any of the following conditions were
excluded: other cardiac malformation dependent on VSD or requir-
ing surgery; severe pulmonary hypertension with bidirectional
shunt or right-to-left shunt; aortic valve prolapse; or moderate
or severe aortic regurgitation.

Patients were initially screened for study eligibility by transtho-
racic echocardiogram (TTE). If the patient met all inclusion criteria,
the patient or the legal guardian was informed about the study and
signed the informed consent to participate in this study. Following
general anesthesia in the operating room, transesophageal
echocardiography (TEE) was performed to assess VSD anatomy
for eligibility. The patient was then identified as a suitable candi-
date for VSD device closure and registered in the study. The regis-
tered patients were randomized 1:1 to VSD closure with either
bioabsorbable occluder or nitinol occluder. The excluded patients
after the TEE assessment underwent surgical repair. All patients
who received device closure underwent follow-up at discharge,
30 days, 6 months, 12 months, and yearly thereafter.

The trial was approved by the ethics committees of the seven
centers (approval No. of the leading center, 2018-1077). All proce-
dures performed in studies involving human participants were in
accordance with the 1964 Helsinki declaration and its later amend-
ments or comparable ethical standards. Written informed consent
was obtained from all patients/guardians.

2.2. Sample size and randomization

The sample-size calculations were based on the expectation
that device closure for VSD using this novel bioabsorbable occluder
would be noninferior to using traditional nitinol occluder in suc-
cessful closure of the defect, defined as successful implantation
of the occluder and no or <2 mm residual shunt at 6 months post-
operatively. According to the experience of clinicians, it was
assumed that the success rate of defect closure using the nitinol
occluder is 98% and the non-inferior margin is clinically acceptable
as 8%. Assuming a one-sided type I error rate of 2.5% and 80%
power and considering a dropout rate of 10%, the sample size
was calculated to be 54 for each group.

2.3. Devices and procedure

The fully bioabsorbable VSD occluder, produced by Shanghai
Shape Memory Alloy Ltd (Shanghai, China), consists of a symmetric
“double-umbrella” framework woven by PDO monofilament
(molecular mass, 200 kDa; diameter, 0.15 mm for sizes 4-7 or
0.20 mm for sizes 8-16) with PLLA (molecular mass, 100 kDa)
non-braided fabric filled in both disks, which finally hydrolyze into
carbon dioxide and water via the Krebs cycle [9,10]. The occluder is
self-expandable, reclaimable, and can be delivered through a
sheath. Because the elasticity of PDO is worse than that of nitinol,
the occluder shaping is aided by a shape line, which is tied on the
center of the left disc and has a knot on the other end. A connected
line is linked with the shape line through the knot. The occluder is
available in sizes of 4-16 mm in waist diameter, and correspond-
ingly delivered through 8-10 French (Fr) sheath. The delivery sys-
tem is made up of a stainless-steel spring tube with a clamp on the
tip (Fig. 1). The metal occluder used in this study is symmetric with
two disks and a waist woven by nitinol wire, and it is also pro-


http://creativecommons.org/licenses/by/4.0/
http://ClinicalTrials.gov
http://ClinicalTrials.gov

S. Wang et al.

(a)

©

Science Bulletin 68 (2023) 1051-1059

(b)

(@

Fig. 1. Illustration for the occluder shaping process. (a) The left side of the bioabsorbable occlude was spherical after being released from the delivery sheath. (b) The left side
of the bioabsorbable occluder was shaped from spherical shape to disc shape by pulling back the shape line, which was tied on the center of the left disc (indicated by the red
triangle). (c) The right side was spherical after being released from the delivery sheath. The yellow triangle indicated the connecting rivet of the occluder. The green triangle
indicated the connecting line. (d) The entire occluder was shaped into the “double-umbrella” framework by pulling back the shape line and simultaneously pushing the
delivery cable. There was a knot (indicated by the black triangle) on the shape line, which would be pulled beyond the connecting rivet of the occluder, in order to keep the

double-umbrella shape stable after releasement.

duced by Shanghai Shape Memory Alloy Ltd. The details of this
occluder have been reported previously [11].

The implantation procedure of the bioabsorbable occluder was
similar to that of the nitinol occluder [11]. In the present study,
the occluder was implanted through a perventricular approach
under TEE guidance. The procedure was performed in an operating
room, and the patient was under general endotracheal anesthesia.
The right ventricular free wall was exposed via a minimal inferior
sternotomy, a purse-string suture was placed on the coronary-free
area of the right ventricular free wall, and a trocar was inserted
into the right ventricular cavity through the purse-string. Under
TEE guidance, a 0.035-inch guide wire was introduced into the left
ventricle via the defect through the trocar. After the trocar was
withdrawn, a delivery sheath was advanced over the guide wire
via the defect into the left ventricle, and then the inner sheath
and guide wire were removed under TEE guidance. The occluder
selected was 1-2 mm larger than the largest defect diameter mea-
sured by TEE, and then it was delivered through the prepared load-
ing sheath and delivery sheath. There was one more step of
occluder shaping in the release process of the bioabsorbable occlu-
der. The left disc of the bioabsorbable occluder needed to be
shaped from spherical shape to disc by pulling back the shape line
by the connecting line after the occluder was released from the
sheath. After deployment of the right disc, the entire occluder
was shaped into the “double-umbrella” framework by pulling back
the shape line and simultaneously pushing the delivery cable.
When the knot of the shape line was pulled out of the connecting
rivet of the occluder, the occluder was locked into a “double-
umbrella” shape (Fig. 1, Video S1 online). The connecting line
was then removed from the occluder. TEE was used to reassess
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occluder shape and position, the presence of a residual shunt,
and valvular regurgitation before and after occluder deployment.
Thereafter, the shape line and delivery sheath were removed, and
the purse-string suture was tied. All patients were transferred to
the intensive care unit, where the endotracheal tube was removed.
All patients were prescribed daily aspirin (5 mg/kg) for 6 months
post procedure.

2.4. Outcomes and measures

The efficacy endpoint was the rate of successful implantation of
the occluder and no or less than 2 mm residual shunt assessed by
TTE at 6 months postoperatively. The safety endpoint was the rate
of occluder-related complications within 24 months, defined as the
composite of death, occluder displacement, new-onset more than
mild or aggravated valve regurgitation, cardiovascular surgery for
adverse events, symptoms of embolization, or arrhythmias.

2.5. Echocardiographic analysis of occluder biodegradation

Before discharge and at 1, 3, 6, 12, and 24 months after the
operation, the areas of the left and right discs in both five-
chamber and short-axis views of TTE were measured by dynamic
analysis of the region of interest using QLAB quantitative analysis
software (Philips Medical, Andover, USA).

2.6. Statistical analysis

Baseline evaluation was assessed in the full analysis set (FAS),
which included a set of subjects characterized by the intention-
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to-treat principle and consisted of all patients who were randomly
assigned to receive operation with the study device. The primary
efficacy analysis was conducted using the per-protocol set (PPS),
which comprised a subset of subjects whose compliance with the
protocol was sufficient to ensure that their clinical data would
likely exhibit the true effects of treatment according to the proto-
col. Safety assessment was conducted using the safety set (SS)
comprised of a set of subjects receiving bioabsorbable occluder
implantation and at least one safety estimation. Data are presented
as mean + standard deviation (SD), median with range, or frequen-
cies and/or percentages. SPSS 26.0 (SPSS, Inc., Chicago, USA) was
used for the statistical analysis. The Student’s t test, Welch’s
t test, Chi-square test, Fisher’s exact test, and non-parametric test
were used for comparison between the two groups, where appro-
priate. The analyses were based on the intention-to-treat principle.
All tests of significance were 2-sided, and a P <0.05 was considered
statistically significant.

3. Results
3.1. Participants

From April 2019 to January 2020, 125 patients were screened by
TTE, and 8 patients were excluded because of anatomy ineligibility
(distance between the edge of defect and the aortic valve <3 mm in
6; multiple perimembranous VSD in 2). One hundred seventeen
patients signed the informed consent, and one patient withdrew
consent before the procedure. Eight cases were not registered
due to disqualification of TEE examination after anesthesia, 2 cases
of short distance from the aortic valve, 4 cases of multiple per-
imembranous VSD, and 2 cases of tricuspid valve and chordae ten-
dineae partial coverage defects. Finally, 108 registered patients
were randomly assigned to the bioabsorbable occluder group
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(n = 54 patients) and the nitinol occluder group (n = 54 patients)
(Fig. 2). The median age was 4 (range 1 to 38) years in the bioab-
sorbable occluder group and 4 (range 1 to 49) years in the nitinol
group, respectively (P = 0.680). The median defect size was 4.00
(range 3.00 to 8.20) mm and 4.00 (range 3.00 to 7.50) mm, respec-
tively (P = 0.807). The distribution of baseline clinical characteris-
tics was similar between the two study groups (Table 1).

3.2. Perioperative results

All patients in both groups successfully completed device clo-
sure for perimembranous VSD. The median size of the occluder
was 6.00 (range 4.00 to 10.00) mm in both bioabsorbable and
metal groups. The mean procedure time defined as the duration
from thoracotomy to sternal closure was 78.31 * 29.83 min in
the bioabsorbable group, and 63.87 + 25.06 min in the nitinol
group (P = 0.008), respectively (Table 1). Residual shunt <2 mm
was found in 3 (5.56%) patients of the bioabsorbable group and 1
(1.85%) patient of the nitinol group (P = 0.745), respectively
(Table 2). There was no aggravation of aortic or tricuspid regurgi-
tation after occluder implantation in either group. Left ventricular
size decreased after surgery in both groups. No major adverse
events such as cardiac arrest occurred in either group, and no
patient required blood transfusion due to blood loss.

3.3. Follow-up results

3.3.1. Efficacy endpoints

Only one patient in the bioabsorbable occluder group did not
attend follow-up visit at 12 months postoperatively. All the
patients in both groups completed 6- and 24-month visits. At
6 months, no <2 mm residual shunt was detected by TTE in either
group. Therefore, the efficacy endpoint was achieved in 100% of

125 patients were screened

8 patients were excluded:
-6 for the distance between the edge
of defect and the aortic valve less

than 3 mm
-2 were multiple perimembranous

1 withdrew consent
8 patients were not registered

con

117 patients signed the informed
sent

VSD

-2 for short distance between defect
and the aortic valve

-4 were multiple perimembranous
VSD

-2 for tricuspid valve and chordae
partly covering the defect ‘

108 patients were registered ‘

|

54 patients were assigned to
bioabsorbable occluder group

54 patients were assigned to
mental occluder group

54 (100%) were included in
the 6-month analysis

54 (100%) were included in
the 6-month analysis

One patient refused
the 12-month visit

53 (98%) and 54 (100%) were
included in the 12-month and the
24-month analysis respectively

54 (100%) were included in
the 12-month and 24-month
analysis

Fig. 2. Study flowchart.
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Table 1
Baseline characteristics and perioperative results.
Bioabsorbable group Nitinol group Statistics P value
(n=54) (n=>54)
Baseline characteristics
Age (years) 4.00 (1.00-38.00) 4.00 (1.00-49.00) 1391.500" 0.680
Sex (male, n (%)) 20 (37) 24 (44) 0.614° 0.433
Weight (kg) 15.70 (10.00-64.00) 17.00 (10.00-150.00) 1244.500° 0.189
Height (cm) 109.13 + 22.84 106.20 * 26.59 0.613¢ 0.541
VSD diameter (mm) 4.00 (3.00-8.20) 4.00 (3.00-7.50) 1418.500° 0.807
LVEDD (mm) 39.26 + 4.55 38.91 +4.80 0.391°¢ 0.697
Qp/Qs 1.5(1.2-2.8) 1.5(1.3-2.7) 1659.500° 0.189
mPAP (mmHg) 23.89 + 10.23 23.56 + 9.34 0.141°¢ 0.889
Perioperative results
Occluder size (mm) 6.00 (4.00-10.00) 6.00 (4.00-10.00) 1532.000° 0.631
Procedure time (min) 78.31 £ 29.83 63.87 £ 25.06 2.667°¢ 0.008
Success rate (%) 100 100 - -
No. of sudden cardiac arrest 0 0 - -
No. of transfusion 0 0 - -

Values are presented as mean #* SD, median (range), n
mPAP: mean pulmonary artery pressure.
2 U value, independent-samples Mann-Whitney U test.
b Pearson 2 value, Chi-square test.
¢ tvalue, independent-samples t test.

patients in both groups. The difference in the success rate between
these two groups was 0 (95% Cl: —0.066 to 0.066). The absolute
value of the lower limit of the 95% CI was 0.066%, which was less
than the specified non-inferiority margin of 8%; therefore, the
non-inferiority conclusion was valid. During the 24-month
follow-up period, less than 2 mm residual shunt was detected
immediately after the procedure disappeared and no new trans-
ventricle shunt occurred in both groups.

3.3.2. Safety endpoints

During the 24-month follow-up period, postoperative arrhyth-
mias were the only device-related complications in both groups.
The incidence of device-related complications before discharge
was 5.56% (3/54) and 14.81% (8/54) in the bioabsorbable and niti-
nol group, respectively (P = 0.112). In the bioabsorbable group, the
three patients developed complete right bundle branch block
(RBBB). In the nitinol group, the eight patients had different post-
operative arrhythmias. Among them, RBBB occurred in 3 (5.56%)
patients, complete left bundle branch block (LBBB) in 2 (3.70%)
patients and left anterior fascicular block in 1 (1.85%) patient, fre-
quent premature ventricular contractions in 2 (3.70%) patients. It is
worth noting that the conduction block that developed in the three
patients with bioabsorbable occluder was reversible (Fig. S1
online) but it was sustained in patients with nitinol occluder at
24 months follow-up. Therefore, when comparing 24-month ECG
results between the two groups, the incidence of sustained con-
duction block was lower in the bioabsorbable occluder group
(0/54 vs.6/54, P=0.036). No complete atrioventricular block devel-
oped in either group during the 24-month follow-up period.

There was no occluder-induced valve dysfunction in either
group. In terms of the tricuspid valve, 2 patients in the bioab-
sorbable group and 1 in the nitinol group had moderate regurgita-
tion before the procedure, which reduced to mild or less after
occluder implantation. The trend of tricuspid regurgitation
improvement was observed in both groups after VSD closure, but
without statistically significant difference. In terms of aortic valve,
no mild or more regurgitation was detected in either group during
follow-up. Few patients had trivial regurgitation with no signifi-
cant difference between the two groups.

No other complications including occluder displacement,
embolization, abnormal liver and renal function (Table S1 online),
surgery, and death occurred in either group during the follow-up.
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(%), or otherwise noted. LVEDD: left ventricular end-diastolic dimension; Qp/Qs: pulmonary-to-systemic flow ratio;

3.4. Degradation of the bioabsorbable occluder

The degradation process of bioabsorbable occluders was
assessed using echocardiography. The bioabsorbable occluder
was shown on the echocardiogram as a hyperechoic region that
protruded from the surrounding endocardium at 3 months but
was at the same level as the surrounding endocardium at the 12-
month follow-up. However, no hyperechoic region was detected
on the ventricular septum by echocardiography at the 24-month
follow-up (Fig. 3). The degradation process was quantified as a
reduction in the area of the hyperechoic region, which was demon-
strated in both the left and right discs of the biodegradable occlu-
der. In TTE five-chamber view, the area of the left disc decreased
from 62.74 + 5.54 mm? (measured before discharge) to 6.67 *
6.64 mm? (measured at 12 months), while the right disc decreased
from 64.42 + 6.21 mm? to 18.75 + 4.08 mm?. In TTE short axis view,
the area of the left disc decreased from 64.67 + 6.16 mm? (mea-
sured before discharge) to 7.01 + 2.62 (measured at 12 months),
and the right disc decreased from 67.56 # 5.19 mm? to 15.64 * 3.
65 mm?. The ratio of the hyperechoic region area measured at 1-,
3-, 6-, and 12-month follow-up to that measured before discharge
was 93.42%, 81.94%, 63.07%, and 10.69% (mean value of the five-
chamber view and short-axis view) for the left disc, and 94.76%,
86.38%, 74.54 %, and 26.17% for the right disc, respectively (Fig. 4).

4. Discussion and conclusion

Interventional technology is one of the greatest advances in the
cardiovascular field, and occluders and stents are the most widely
used implants. However, the use of metal devices is associated
with long-term complications such as cardiac erosion, restenosis,
and compression. Devices made of bioabsorbable materials are
expected to avoid these events. Unfortunately, previous bioab-
sorbable occluders had a mismatched rate of degradation and
endothelization, incomplete degradation, and lesser resilience,
which led to new complications. Therefore, bioabsorbable occlud-
ers have not yet been recognized and widely used. Therefore, we
designed a novel fully bioabsorbable occluder with improvements
to address the latter limitations. In this study, the efficacy and
safety of this novel occluder were compared with those of the tra-
ditional nitinol occluder, and the therapeutic effect of the
biodegradable device was noninferior to that of the traditional
device.
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Table 2

Echocardiography results.

Baseline

After implantation

6 months

1 year

2 years

Bioabsorbable Nitinol Statistics P Bioabsorbable Nitinol Statistics P Bioabsorbable Nitinol Statistics P Bioabsorbable Nitinol Statistics P Bioabsorbable Nitinol Statistics P
group group value group group value group group value group group value group group value
(n=54) (n = 54) (n=54) (n=54) (n=54) (n=54) (n=53) (n=54) (n=54) (n=54)
Residual - - 1.908° 0.745 1.907*  0.495 B 0.495 - -
shunt
<lmm - - 1(1.85) 1(1.85) 1(1.85) 0 1(1.89) 0 0 0
>1, <2 - - 2 (3.70) 0 1(1.85) 0 0 0 0 0
mm
>2,<4 - - 0 0 0 0 0 0 0 0
mm
>4 mm - - 0 0 0 0 0 0 0 0
TR 1.231°  0.755 0216" 0970 0.695"  0.739 1.843" 0374 1.063" 0.618
Trivial 14 (25.93) 12 (22.22) 19 (35.19) 17 (31.48) 21 (38.89) 17 (31.48) 19 (35.85) 13 (24.07) 18(33.33) 16 (29.62)
Mild 22 (40.74) 27 (50.00) 18 (33.33) 20 (37.03) 17 (31.48) 20 (37.03) 18 (33.96) 23 (42.59) 15 (27.78) 20 (37.03)
Moderate 2 (3.70) 1(1.85) 0 0 0 0 0 0 0 0
Severe 0 0 0 0 0 0 0 0 0 0
AR 4 1.000 ¢ 1.000 4 0.495 ¢ 1.000 4 1.000
Trivial 1 (1.85) 1(1.85) 1(1.85) 1(1.85) 0 2 (3.70) 0 1(1.85) 0 1(1.85)
Mild 0 0 0 0 0 0 0 0 0 0
Moderate 0 0 0 0 0 0 0 0 0 0
Severe 0 0 0 0 0 0 0 0 0 0
LVEF (%) 65.81 = 3.09 66.01 £ 3.55 0.292° 0.771 64.70 + 3.42 65.28 + 3.67 0.840° 0.403 65.66 + 3.81 65.07 + 3.32 0.871°  0.386 64.51 + 3.04 65.09 + 3.28 0.943°  0.348 65.83 + 3.66 65.06 +3.17 1.181°  0.240
LVEDD 3926 +4.55 3891 +4.80 0.391° 0.697 36.33 £3.82 3643 £3.82 0.126° 0.900 36.28 +3.74  36.18 +3.74 0.129° 0.898 37.35+3.78  37.11 £3.53 0.342° 0.733 38.35+3.60 38.02 +3.24 0.506° 0.614
(mm)

Values are mean * SD or n (%). Group differences have been evaluated with Welch’s t test or non-parametric test for continuous variables and Pearson’s Chi-square test for categorical variables. AR: aortic regurgitation; TR: tricuspid

regurgitation; LVEF: left ventricular ejection fractions.
¢ Fisher's exact test.
b Pearson 2 value, Chi-square test.
¢ t value, independent-samples t test.
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Fig. 3. Morphology changes of the fully bioabsorbable occluder as shown by TTE throughout the 24-month follow-up. (a-f): TTE five-chamber view and short-axis view were
examined before discharge, and at 1-, 3-, 6-, 12-, and 24-month follow-up, respectively. Arrows indicate the occluder. RV: right ventricle; LV: left ventricle; AO: ascending
aorta.

The first challenge for an occluder made of only bioabsorbable approaches [11-14]. The framework woven by PDO filament has

materials is how to safely implant it into the heart. Several studies good visibility by echocardiography, enabling the occluder to be
have documented the safety and efficacy of echocardiography- implanted under echocardiographic guidance. Therefore, the
guided closure of septal defect by transfemoral or transthoracic change in guiding image modality from fluoroscopy to echocardio-
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Fig. 4. Quantitative analysis in the area of the fully bioabsorbable occluder as shown by TTE throughout the 24-month follow-up. (a) The area measured in a five-chamber
view. (b) Ratio of the disc area measured at 1-, 3-, 6-, and 12-month follow-up to that measured before discharge in five-chamber view. (c) The area measured in a short-axis
view. (d) Ratio of the disc area measured at 1-, 3-, 6-, and 12-month follow-up to that measured before discharge in short-axis view. *P <0.05. Error bar shows standard error
of the mean.
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graphy allows the implantation of a fully bioabsorbable occluder
without any metallic component.

Compared with well-established surgical repair of perimembra-
nous ventricular septal defects, transcatheter occlusion was
proofed to provide a less invasive treatment with equal efficacy
[15]. Although this fully bioabsorbable occluder is designed to be
implanted via transfemoral or transthoracic route, the use of
transthoracic perventricular approach was used in this trial in
compliance with ethics committee requirements to provide maxi-
mum patient safety. Because the present trial is the first in the
world to evaluate a fully bioabsorbable occluder which is com-
pletely invisible under X-ray, transthoracic device closure by infe-
rior mini sternotomy can be immediately converted to routing
open-heart surgery, to prevent severe complications during the
implantation process.

Since the resilience of the PDO framework is not as good as that
of the nitinol one, another challenge is making the bioabsorbable
occluder return to a double-umbrella shape after it is released from
the delivery sheath. An innovative solution is to add a wire to the
left disc, which provides a counterforce to the delivery cable,
allowing the occluder to be easily and effectively shaped into a
double umbrella. This occluder shaping step required additional
time compared with nitinol occluder implantation, which explains
the longer procedure time in the bioabsorbable occluder group.

A key desired feature of a bioabsorbable occluder is that it pro-
vides adequate support and blocks the defect until endothelization
is completed, i.e., for the native tissue to completely cover the
defect. Complete endothelization of the disc surface has been
reported to take 3-6 months [11,20]. The PDO framework sus-
tained the dormant stage for at least 90 days and then entered into
the active degradation stage [16]. The PDO-based framework pro-
vides enough strength and then rapidly degrades after endothe-
lization. Degradation of the PLLA fabric is significantly slower
than that of the PDO framework. The PLLA fabric was partially
degraded at 6 months thereby preventing postoperative VSD
recanalization [17,18]. Therefore, this novel “double-umbrella”
occluder composed of PDO framework and PLLA fabric can degrade
completely and close the defect without recanalization.

The degradation process of the bioabsorbable occluder can be
assessed semiquantitatively by echocardiography. The double-
umbrella shape of the occluder can be detected in five-chamber
and short-axis views as a hyperechoic area protruding from the
surrounding endocardium within 6 months, which suggested that
the occluder still retained sufficient strength to close the defect. At
the 12-month echocardiographic follow-up, the hyperechoic area
was flush with the surrounding endocardium, indicating that the
occluder degraded primarily during this timeframe. No new
trans-ventricle shunt occurred during follow-up in the patients
receiving the bioabsorbable occluder, suggesting an appropriate
balance between endothelization and degradation. Furthermore,
the decline rate of the hyperechoic area in the left disc region
was significantly higher than that in the right disc region, suggest-
ing that the left disc degraded faster than the right disc possibly
due to faster blood flow and higher pressure in the left ventricle
than in the right ventricle. This phenomenon was not recorded in
other studies of bioabsorbable atrial septal occluder [19-21],
because of the similar pressure in the two atria. Divergent degrada-
tion of various parts of the occluder should not be ignored when
developing new bioabsorbable occluders for other diseases. For
example, bioabsorbable occluder for patent ductus arteriosus
may migrate, resulting from faster degradation of the aortic side
than the pulmonary artery side. Therefore, different sides of the
occluder should be made with materials with different molecular
weights, in order to keep balanced degradation of the two sides.
In the electrocardiographic assessment at 24 months in the present
study, the bioabsorbable occluder group had a significantly lower
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incidence of sustained conduction block. This could be ascribed
to the ability of the bioabsorbable occluder to completely degrade.
Cardiac conduction block is the main concern in device closure of
perimembranous VSD [5]. Although the exact mechanism of con-
duction block following device closure remains unclear, subse-
quent compression stress on the surrounding septal tissue and
subsequent stimulus reaction induced by the device are considered
to play important roles in the development of conduction block.
The reversible complete RBBB recorded in the bioabsorbable occlu-
der group may be explained by a reduction or disappearance of
pressure and stimulus reaction due to occluder degradation.
Although the fatal late-onset complication of CABV did not occur
in either group during follow-up, the bioabsorbable occluder
degrades completely after endothelization without any residue,
which promises to minimize or eliminate the risk of late-onset
complications.

Inevitably, the current study had some potential limitations,
including a rather small sample size for each group. Thus a larger
study with longer follow-up in the future is warranted. In addition,
histological examination which is routinely conducted in animal
studies was not used in this human study to evaluate the extent
of occluder degradation and endothelization, however, VSD
recanalization did not occur which indicates that endothelization
was completed before complete device degradation. The bioab-
sorbable occluder group had a salutary effect on the incidence of
sustained bundle branch block and ventricular premature beat,
despite that at the 2-year follow-up, the bioabsorbable occluder
was not better at preventing cardiac erosion and complete atri-
oventricular block, which did not occur in either group.

In summary, this novel fully bioabsorbable occluder with a
hybrid structure combining PDO and PLLA can be successfully
and safely implanted with the help of echocardiography and the
shape line, and effectively closes perimembranous VSDs. Our result
indicated that the efficacy of this fully biodegradable occluder is
non-inferior to that of a traditional nitinol one. Besides, in terms
of safety endpoint, the bioabsorbable occluder degrades com-
pletely thereby reducing the risk of sustained postprocedural
arrhythmia. Improvements including hybrid structure, shape line,
and echocardiographic guidance, as well as a caution about diver-
gent degradation pave the way for the development of new gener-
ation bioabsorbable occluders for other structural heart diseases.
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