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Abstract

Background: The effect of 3D-printed bioresorbable vascular scaffolds (BRS) in coronary heart disease
has not been clarified.

Aims: We aimed to compare the safety and efficacy of 3D-printed BRS with that of metallic sirolimus-
eluting stents (SES).

Methods: Thirty-two BRS and 32 SES were implanted into 64 porcine coronary arteries. Quantitative
coronary angiography (QCA) and optical coherence tomography (OCT) were performed at 14, 28, 97, and
189 days post-implantation. Scanning electron microscopy (SEM) and histopathological analyses were per-
formed at each assessment.

Results: All stents/scaffolds were successfully implanted. All animals survived for the duration of the
study. QCA showed the two devices had a similar stent/scaffold-to-artery ratio and acute percent recoil.
OCT showed the lumen area (LA) and scaffold/stent area (SA) of the BRS were significantly smaller
than those of the SES at 14 and 28 days post-implantation (14-day LA: BRS vs SES 4.524+0.41 mm? vs
5.69+1.11 mm?; p=0.03; 14-day SA: BRS vs SES 4.99+0.45 mm? vs 6.11£1.06 mm?; p=0.03; 28-day LA:
BRS vs SES 2.93+1.03 mm? vs 4.82+0.74 mm?, p=0.003; 28-day SA: BRS vs SES 3.86+0.98 mm?’ vs
5.75+0.71 mm?; p=0.03). Both the LA and SA of the BRS increased over time and were similar to those of
the SES at the 97-day and 189-day assessments. SEM and histomorphological analyses showed no signi-
ficant between-group differences in endothelialisation at each assessment.

Conclusions: The novel 3D-printed BRS showed safety and efficacy similar to that of SES in a porcine
model. The BRS also showed a long-term positive remodelling effect.
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Abbreviations

3D three-dimensional

BRS bioresorbable vascular scaffold
CHD coronary heart disease

DES drug-eluting stent

LA lumen area

MLD minimal lumen diameter

NA neointimal area

ocT optical coherence tomography

PCI percutaneous coronary intervention
QCA quantitative coronary angiography
SA scaffold/stent area

SEM scanning electron microscopy
SES sirolimus-eluting stent

ST stent thrombosis

Introduction

The development of percutaneous coronary intervention (PCI) has
improved the prognosis of patients with coronary heart disease
(CHD). However, a permanent metallic implant may contribute
to late/very-late stent thrombosis (ST). A bioresorbable vascular
scaffold (BRS) has potential advantages over traditional metallic
drug-eluting stents (DES), including removal of the rigid caging
in the stented vessel and restoring the vessel to a physiological
state’?. Owing to its potential biodegradability, a BRS can theo-
retically reduce late/very-late ST°. However, recent studies have
revealed an increased incidence of ST and in-stent restenosis fol-
lowing implantation of BRS*S. There are several possible mechan-
ical causes of ST, including malapposition, incomplete coverage
of lesions, device-vessel mismatch, stent fracture, late stent dis-
continuity, stent overlap, uncovered struts, and neoatherosclero-
sis®. Procedural and lesion characteristics are crucial factors, and
most of the above-mentioned factors are also possibly related to
the scaffold design.

To compensate for the reduced radial strength of non-metallic
struts, a BRS requires an appropriate strut thickness. However,
thicker struts impede the healing process and increase the risk of
malapposition because of factors such as fracture or breaks in the
integrity of the BRS as a result of the absorption of the scaffold’.
Furthermore, the rectangular-shaped struts most often used in the
current BRS may affect the local haemodynamic microenviron-
ment in treated vessels and increase the risk of ST®. Therefore,
there is a need for a re-engineering of the scaffold, including con-
sideration of the type of polymer, the geometric shape and thick-
ness of the strut, and vessel wall coverage.

As is well-known, depending on the characteristics of coronary
artery anatomy, tapered coronary artery lesions are often encoun-
tered in clinical practice’ and subsequent stent edge dissection is
a predictor of an adverse clinical outcome'®!. Due to differences in
materials, the current BRS devices cannot be overexpanded in the
same way as metal stents and may have an increased risk of proxi-
mal malapposition, distal dissection, and haematoma when used in
vessels that are obviously tapered. Using 3D printing technology

combined with angiographic image processing, reconstruction, and
an innovative fabrication strategy, personalised stents can be pro-
duced, thus allowing the production of stents that are more suitable
for these lesions. The aim of this preclinical study was to evaluate
the safety and efficacy of a novel 3D-printed bioresorbable siroli-
mus-eluting scaffold with circular-shaped struts and a nanoparticle
coating with a fixed size in a normal porcine coronary artery.
Editorial, see page 103

Methods

STUDY SCAFFOLDS

The BRS used in this study was the AMSorb (Beijing Advanced
Medical Technologies) and the metallic SES used was the
HELIOS (Kinhely Medical). The BRS is a 3D-printed balloon-
expandable coronary scaffold, which consists of a polymer back-
bone of novel poly-L-lactic acid (PLLA) coated with a thin layer
of'a 1:1 mixture of an amorphous matrix of poly(D,L-lactic acid)
and 100 pg/cm? of the antiproliferative drug sirolimus. The struts
have a cross-sectional circular shape with a thickness of 140 pm
(Figure 1, Table 1). The SES consists of an L605 cobalt chro-
mium alloy platform with a thickness of 80 um coated with
a layer of sirolimus (135 pg/cm?) with poly(lactic-co-glycolic
acid) (PLGA). The scaffold/stent size was fixed for the purposes
of this study at 3 mm in diameter and 12 mm in length for both
the BRS and SES.
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Figure 1. Configuration and structure of the AMSorb scaffold.

ANIMALS

The study protocol was approved by the Institutional Animal Care
and Use Committee of Peking University First Hospital (reference
number J201612) and conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. Pigs of either sex (weight: 25-40 kg; age: 6-8 months)
were sourced from the China Agricultural University and fed

a standard laboratory chow diet without added lipids.

EXPERIMENT GROUPS AND PROCEDURE

All animals received pretreatment with 300 mg of aspirin and
75 mg of clopidogrel one day prior to the implantation of the allo-
cated device. Aspirin 100 mg/day and clopidogrel 75 mg/day were
administered through to the time each animal was euthanised.
A BRS or SES was implanted into either the left anterior descend-
ing artery, left circumflex artery, or right coronary artery in



Table 1. Different scaffold of Absorb BRS and AMSorh.

A novel 3D-printed bioresorbable scaffold in a porcine model

Device Backhone Coating Strut thickness
Absorb BRS Rounded rectangle PLLA PDLLA Everolimus 100 pg/cm? 157 ym
AMSorb Ellipse PLLA PDLLA Sirolimus 100 pg/cm? 140 pm

BRS: bioresorbable vascular scaffold; PLLA: poly-L-lactic acid; PDLLA: poly(D,L-lactide)

a randomised manner, so that two types of devices were implanted
in two different coronary arteries in each animal (Table 2). The
stent/scaffold-to-artery ratio was limited to 1.1-1.2:1 according
to the quantitative coronary angiography (QCA) analysis. The
method used to induce anaesthesia and the SES implantation pro-
cedure have been described previously'>. The BRS needed to be
in contact with blood for more than 90 seconds before delivery
to the target coronary segment and then inflated at a steady rate
over 10 seconds until it expanded to its maximum diameter. The
expansion pressure (generally 8-10 atm) was then maintained for
up to 30 seconds. Angiography was repeated after implantation to
confirm that no obvious dissection or thrombosis had occurred.

EVALUATION BY QUANTITATIVE CORONARY ANGIOGRAPHY

QCA was performed in eight animals at 14, 28, 97, and 189 days
after implantation using CAAS 5.9 QCA software (Pie Medical
Imaging). In each vessel, the stent/scaffold segment and the peri-
stent/scaffold segment (defined as 5 mm proximal and distal to the
stent/scaffold edge) were evaluated post-implantation and at each
assessment time. The evaluations were performed independently by
two cardiovascular experts (XG. Wang and B. Zhang). A third inves-
tigator (B. Zheng) checked their results. The following QCA param-
eters were measured: minimal lumen diameter (MLD) immediately
after implantation, reference vessel diameter, MLD at the various
assessment times, percentage diameter stenosis, and late lumen loss
(defined as the difference between the MLD post-implantation and
the MLD at the assessments post-implantation). We also evaluated
acute recoil, which was defined as the difference between the mean
diameter of the inflated balloon (X) and the mean lumen diameter of
the stent immediately after deflation of the balloon (Y). Acute per-
cent recoil was defined as (X-Y)/X and expressed as a percentage'.

OPTICAL COHERENCE TOMOGRAPHY IMAGING AND
EVALUATION

Optical coherence tomography (OCT) was performed at each
assessment using a C7XR Dragonfly imaging system (Abbott)
with a pullback speed of 2.5 cm/s (n=8 in each group). The OCT

measurements were repeated offline using the LightLab Imaging
workstation (Abbott). The OCT evaluations were performed inde-
pendently by two cardiovascular experts (XG. Wang and B. Zhang).
A third investigator (B. Zheng) checked their results. Contiguous
cross-sections were analysed at 1 mm longitudinal intervals within
the treated segment and at 5 mm proximal and distal to the stent/
scaffold edges to measure the proximal and distal reference vessel
areas (RVA). The RVA, lumen area (LA), stent/ scaffold area (SA),
neointimal area (NA), and percentage area of stenosis were calcu-
lated according to the methods used in previous studies'.

STENT/SCAFFOLD HARVEST AND EVALUATION OF
HISTOLOGY AND MORPHOLOGY

Eight animals were euthanised after the imaging examination at
each assessment time. Their hearts were removed and perfused
with heparinised saline for 30 minutes at a pressure of 100 mmHg
(1 mmHg=0.0133 kPa).

For histological and morphological evaluation, the stent/scaf-
fold vessel segment was separated rapidly, fixed in 10% formal-
dehyde solution, and stained with haematoxylin and eosin for
histopathological analysis. The following parameters were inves-
tigated according to published methods'>!®: LA, internal elastic
lamina area (IELA), NA (IELA — LA), and percent area of steno-
sis (IELA — LA/LAx100%) with morphological analysis of injury,
inflammation, and endothelialisation.

For scanning electron microscopy (SEM), the stented vessel seg-
ments were separated, cut along the longitudinal axis, and fixed
with 3% buffered glutaraldehyde and 1% buffered osmium tetrox-
ide (n=2 for SES, n=2 for BRS). The samples were then dehydrated
in a series of ethanol baths (50%, 75% and 100%), dried in liquid
CO, in a critical point dryer (72.8 atm, 31°C), and sputter-coated
for 3 min at 15 mA with gold. SEM images (H-450; Hitachi) were
acquired at low magnification (x18) to evaluate the overall neoin-
timal coverage of the stents and at various high magnifications to
identify the composition of the tissue covering the surfaces of the
stents. Endothelial cells were identified as sheets of closely con-
nected monolayer cells with a spindle or polygonal shape.

Table 2. Distribution of stents in the coronary arteries at the four assessment times.

189 days
BRS 5 3 0 7 1 0 8 0 0 4 g 1
SES 3 5 0 1 4 3 0 8 0 4 3 1

SES: metallic sirolimus-eluting stent

BRS: bioresorbable sirolimus-eluting scaffold (AMSorb); LAD: left anterior descending artery; LCx: left circumflex artery; RCA: right coronary artery;
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STATISTICAL ANALYSIS

Continuous values that were distributed normally are expressed
as the mean+tstandard deviation. Categorical data are expressed as
the percentage. n represents the number of stents of each type.
The independent two-sample t-test was used to detect between-
group differences. All statistical analyses of numerical data were
performed using SPSS Statistics 24.0 (IBM). A p-value <0.05 was

considered statistically significant.

Results

A total of 64 stents/scaffolds (BRS n=32, SES n=32) were suc-
cessfully implanted in the coronary arteries of 32 pigs. All animals
survived for the planned study duration without any complications

(angiographic stent thrombosis, migration, or fragmentation).

QUANTITATIVE CORONARY ANGIOGRAPHY ANALYSIS

The results of the QCA analysis at baseline and parameters assoc-
iated with acute recoil are presented in Table 3. There was no
difference in the diameter of the reference vessel between the
BRS and the SES (2.824+0.32 mm vs 2.76+0.28 mm; p=0.44)

at baseline. The stent-to-artery ratio for the BRS was simi-
lar to that for the SES (1.03+0.10 vs 1.07+0.10; p=0.13). The
acute absolute recoil was similar in both groups (0.07£0.21 mm
vs 0.08+0.17 mm; p=0.98), as was the acute percent recoil
(2.50+7.33% vs 2.44+5.78%; p=0.97). The results for MLD
immediately after the procedure, MLD at the various assessment
times, late lumen loss, and percent diameter of stenosis are pre-
sented in Tahle 4. The MLD was significantly smaller for the
BRS than for the SES at day 14 (1.90+0.30 mm vs 2.384+0.33 mm;
p=0.01) but not at any other assessment time. The late lumen loss
and percent diameter of stenosis were comparable between the
two groups at each assessment time. The greatest late lumen loss
with the BRS was 0.89+0.40 mm at 28 days and with the SES
was 0.80+£0.31 mm at 97 days.

ANALYSIS BY OPTICAL COHERENCE TOMOGRAPHY

OCT examination was performed successfully for all of the study
devices (Table 5). The appearance of the struts at each OCT
examination is shown in Figure 2. All struts had a preserved box-
like appearance with no ST, malapposition, dissection, or tissue

Table 3. QCA analysis at baseline and parameters associated with acute recoil.

Parameter Ens 93 p-value
(n=32) (n=32)

Reference vessel diameter (mm) 2.82+0.32 2.76+0.28 0.44
Stent-to-artery ratio 1.03+0.10 1.07+0.10 0.13
Mean diameter of inflated balloon (X, mm) 2.87+0.13 2.93+0.18 0.15
Mean diameter of stent immediately after balloon inflation (Y, mm) 2.79+0.22 2.85+0.20 0.29
Acute absolute recoil (X-Y, mm) 0.07+0.21 0.08+0.17 0.98
Acute percent recoil ([X-YI/X, %) 2.50+7.33 2.44+5.78 0.97
BRS: bioresorbable sirolimus-eluting scaffold (AMSorb); QCA: quantitative coronary angiography; SES: metallic sirolimus-eluting stent

Tahle 4. QCA analysis of late lumen loss and percentage diameter of stenosis.

14 days | IMLD (mm) | FU-MLD (m) | LLL (mm) | %DS (%)
BRS (n=8) 2.37+0.11 1.90+0.30 0.47+0.31 19.88+13.36
SES (n=8) 2.62+0.16 2.38+0.33 0.25+0.28 9.33+10.59
p-value 0.002* 0.01* 0.15 0.10
28 days | IMLD (mm) | FUMLD(mm) | LLL (mm) | %DS (%)
BRS (n=8) 2.67+0.28 1.78+0.29 0.89+0.40 32.62+13.26
SES (n=8) 2.66+0.20 2.17+0.45 0.49+0.39 18.54+14.89
p-value 0.94 0.08 0.08 0.09
BRS (n=8) 2.57+0.18 1.99+0.20 0.58+0.17 22.56+6.51
SES (n=8) 2.66+0.25 1.85+0.36 0.80+0.31 30.31+11.87
p-value 0.44 0.37 0.10 0.13
BRS (n=8) 2.66+0.16 2.17+0.47 0.49+0.51 17.89+18.75
SES (n=8) 2.72+0.19 2.05+0.25 0.67+0.13 24.91+4.37
p-value 0.52 0.51 0.35 0.33
*Statistically significant difference. FU-MLD: MLD at the various assessment times; IMLD: minimal lumen diameter immediately after implantation;
LLL: late lumen loss; %DS: percentage of diameter stenosis




Table 5. OCT analysis at each assessment of the BRS and SES.

14 days :Eg :3 p-value
RVA (mm?) 5.72£1.30 5.62+1.14 0.88
LA (mm?) 4.52+0.41 5.69x1.11 0.03*
SA (mm?) 4.99+0.45 6.11+1.06 0.03*
NA (mm?) 0.46+0.10 0.43+0.16 0.58
%AS 9.35+1.65 7.28+3.30 0.14

28 days ‘ n=8 ‘ n=8 ‘ p-value
RVA (mm?) 6.06+1.03 5.15+0.7 0.10
LA (mm?) 2.93+1.03 4.82+0.74 0.003*
SA (mm?) 3.86+0.98 5.75+0.71 0.002*
NA (mm?) 0.93+0.39 0.92+0.25 0.98
%AS 25.43+13.21 16.50+4.68 0.15

97 days ‘ n=8 ‘ n=8 ‘ p-value
RVA (mm?) 5.92+0.35 5.62+0.59 0.27
LA (mm?) 3.90+0.60 3.63+1.08 0.57
SA (mm?) 5.33+0.83 5.30+0.78 0.93
NA (mm?) 1.44+0.69 1.67+0.64 0.53
%AS 26.95+9.50 32.43+13.30 0.39

Sgion 1m0

RVA (mm?) 6.65+0.68 6.21+1.36 0.46
LA (mm?) 4.31+1.06 3.78+0.54 0.32
SA (mm?) 5.89+1.22 5.54+0.66 0.58
NA (mm?) 1.58+0.40 1.78+0.56 0.49
%AS 27.22+6.10 31.72+8.07 0.28
*Statistically significant difference. %AS: percentage area of stenosis; BRS: bioresorbable
sirolimus-eluting scaffold (AMSorb); LA: lumen area; NA: neointimal area; RVA: reference
vessel area; SA: stent area; SES: metallic sirolimus-eluting stent

BRS

SES

14 days

A novel 3D-printed bioresorbable scaffold in a porcine model

prolapse in either group. The RVA was similar between the two
groups at all assessment times. The LA of the BRS was signi-
ficantly smaller than that of the SES at 14 days (4.52+0.41 mm?’
vs 5.69£1.11 mm? p=0.03) and 28 days (2.93+1.03 mm? vs
4.82+0.74 mm?; p=0.003). The SA showed a pattern similar to that
of the LA. The SA of the BRS was significantly smaller than that
of the SES at 14 days (4.99+0.45 mm? vs 6.11+1.06 mm?; p=0.03)
and 28 days (3.86+£0.98 mm? vs 5.75+0.71 mm?; p=0.002). The
LA and SA of the BRS were numerically larger than those of the
SES at 97 days and 189 days, but the differences were not statisti-
cally significant (Figure 3). There was no significant difference in
NA or the percent area of stenosis between the BRS and SES at
any assessment time.

HISTOPATHOLOGICAL AND HISTOMORPHOLOGICAL
ANALYSES

The histopathological findings under light microscopy at each
assessment time are shown in Figure 4 (low magnification, 20x)
and Figure 5 (high magnification, 200%). At each assessment,
all BRS and SES devices were structurally intact and all stent/
scaffold beam surfaces were covered with endothelial cells. No
thrombus formation was observed in either group. The results of
the morphological analyses are shown in Tahle 6. There were no
statistically significant between-group differences in LA, IELA,
NA, or percentage area of stenosis at any assessment time. There
were also no significant differences in the injury, inflamma-
tion, or endothelialisation scores between the two groups at any
assessment (Table 7). The endothelialisation scores were similar
between the two groups and showed complete re-endothelialisa-
tion at 97 days and 189 days, which is consistent with the findings
on SEM (Figure 6, Figure 7).

Figure 2. Performance of the BRS and SES at each optical coherence tomography assessment. BRS: bioresorbable sirolimus-eluting scaffold
(AMSorb); SES: metallic sirolimus-eluting stent
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Figure 3. Lumen area and scaffold/stent area of the BRS and SES at each assessment time. BRS: bioresorbable sirolimus-eluting scaffold
(AMSorb); SES: metallic sirolimus-eluting stent

189 days

Figure 4. Histopathological findings for the BRS and SES at each assessment time (low magnification). BRS: bioresorbable sirolimus-eluting
scaffold (AMSorb), SES: metallic sirolimus-eluting stent

14 days 28 days 97 days 189 days

BRS

Figure 5. Histopathological findings for the BRS and SES at each assessment time (high magnification). BRS: bioresorbable sirolimus-eluting
scaffold (AMSorb); SES: metallic sirolimus-eluting stent
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Table 6. Histomorphometric parameters for BRS and SES at each assessment time.

|
>
wn,
<8
=
3
189 days 3
BRS n=6 SES n=6 BRS n=6 SES n=6 BRS n=6 SES n=6 BRS n=6 SES n=6 =)
LA (mm?2) 4.16:1.16 | 4.24+156 | 2.04+1.27 | 3.18+¢1.17 | 1.49:+0.61 | 2.29+1.27 | 1.96+0.96 | 2.78+0.92 S
p-value 0.92 0.14 0.19 0.17 T
IELA (mm?) | 477:1.20 | 5.28:131 | 3.58+139 | 4.91s1.07 | 5165277 | 531090 | 4.99:135 | 6.50:1.82 @
pvalue 0.50 0.09 0.90 0.13 3
NA (mm?) 0.61:0.20 | 1.04:085 | 1.54:028 | 1.73x1.22 | 3.67:3.20 | 3.02:1.27 | 3.03:1.83 | 3.73:2.36
pvalue 0.28 0.73 0.66 0.58
%AS 13.52+6.02 \20.03¢15.79 49.o9¢21.72\34.72¢20.44 62.80120.05‘57.26123.07 57.64119.49‘53.58120.45
pvalue 0.37 0.27 0.67 0.73
%AS: percentage area of stenosis; BRS: bioresorbable sirolimus-eluting scaffold (AMSorb); LA: lumen area; IELA: internal elastic lamina area;
NA: neointimal area; SES: metallic sirolimus-eluting stent

Table 7. Pathological scores for BRS and SES at each assessment time.

189 days
BRS n=6 BRSn=6 | SESn=6 SES n=6
'S';‘;'femma“"” 0.33£0.52 | 0.00+0.00 | 0.50+0.55 | 0.00:0.00 | 1.50+1.22 | 1.17+1.17 | 1.50+1.05 | 1.17£1.17
pvalue 0.18 0.08 0.64 0.62
Injury score 0.33:0.52 | 0.17<0.41 | 0.33:+0.52 | 0.0040.00 | 1.00¢1.10 | 1.00£1.10 | 0.67+0.82 | 0.33+0.52
pvalue 0.55 0.18 1.00 0.42

SEC”Odrgthe“a”satiO” 2.17:0.98 | 2.50+0.84 | 2.83+0.41 | 3.00:0.00 | 3.00:0.00 | 3.00+0.00 | 3.00+0.00 | 3.00+0.00

p-value 0.54 0.36 - -

BRS: bioresorbable sirolimus-eluting scaffold (AMSorb); SES: metallic sirolimus-eluting stent

14 days

fa

28 days 97 days 189 days

Jf q?

SES

Figure 6. Findings on scanning electron microscopy for the BRS and SES at each assessment time (low magnification). BRS: bioresorbable
sirolimus-eluting scaffold (AMSorb); SES: metallic sirolimus-eluting stent
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Figure 7. Findings on scanning electron microscopy for the BRS and SES at each assessment time (high magnification). BRS: bioresorbable

sirolimus-eluting scaffold (AMSorb); SES: metallic sirolimus-eluting stent

Discussion

3D printing technology is gradually being applied in several fields
of medicine, including fabrication of medical devices, advanced
visualisation, diagnosis planning, and simulation of surgical pro-
cedures!”. However, few systematic long-term studies have dem-
onstrated the feasibility of 3D-printed scaffolds for CHD in vivo'.
This preclinical study further validated the safety of a fully degra-
dable sirolimus-eluting 3D-printed scaffold by implanting it into
normal coronary arteries in a porcine model. All animals sur-
vived for the entire duration of the study without stent thrombo-
sis, migration, or fragmentation, confirming that the safety of the
BRS is comparable with that of the SES. Previous studies have
demonstrated the good biocompatibility of the PLLA bioabsorb-
able vascular stent (BVS)!”%. In our histopathological analysis,
there were no or few aggregations of inflammatory cells in the
BRS-stented arterial wall tissue, which suggests that this stent has
favourable biocompatibility. Moreover, it was noted to be inert and
non-thrombogenic at the 189-day assessment. In terms of inflam-
mation scores, the BRS seems to be better than BVS in previ-
ous studies®. The circular shape and smaller thickness of the BRS
may be one of the reasons for less inflammation, and the unsta-
ble injury score may be another confounding factor. A healthy,
intact, and functioning endothelial layer controls thrombosis and
thrombolysis, interactions between platelets and leukocytes, and
the release of vasodilating (e.g., nitric oxide) and vasoconstrict-
ing (e.g., endothelin-1) substances, as well as regulating vascu-
lar tone and growth?'. Early re-endothelialisation would be helpful
for suppressing neointimal hyperplasia, preventing restenosis,
and reducing complications of ST?. Our OCT and SEM analy-
ses showed that the BRS scaffolds had a good degree of endothe-
lial cell coverage at each assessment time. Pathological analysis
showed that the endothelialisation scores were similar for the two

stents; the BRS achieved early re-endothelialisation within 28
days and complete endothelialisation at 97 days, suggesting that,
unlike the SES, the BRS does not delay the re-endothelialisation
process. Two-stage degradation and the vascular characteristics of
the novel 3D-printed scaffold may demonstrate the potential of
this device to promote endothelial function®.

A bioabsorbable PLLA stent has several advantages due to its
good biocompatibility and ability to be moulded into scaffolds of
different shapes'®?. However, there is still a concern about the
acute stent recoil and radial strength of the scaffold because it
has material and structural characteristics that are different from
those of the metallic stent. In the ABSORB and SPIRIT trials,
the mean acute recoil of the bioabsorbable everolimus-eluting
coronary scaffold (Absorb BVS 1.0, Abbott; 6.85+6.96%) was
slightly higher than that of the metallic everolimus-eluting stent
(XIENCE V, Abbott; 4.27+7.08%)%*, and the improved Absorb
BVS revision 1.1 had an acute recoil similar to that of the Absorb
BVS revision 1.0%. In the present study, both the BRS and SES
had similar acute recoil (2.50+£7.33% vs 2.44+5.78%; p=0.97),
which suggests that, like the commercially available SES, the
BRS could provide sufficient radial strength to support a ves-
sel wall in the acute phase. OCT analysis showed that the LA
and SA of the stents in the BRS group were significantly smaller
than those in the SES group at the 14-day and 28-day assess-
ments but that there was no significant between-group difference
in the NA. Therefore, consideration should be given to the pos-
sibility of late recoil with the BRS caused by a decrease in radial
strength. However, at the 97-day and 189-day assessments, both
OCT and the histopathological examination showed that the BRS
scaffold beam remained intact. There was no significant between-
group difference in the LA or SA, and even the above-mentioned
parameters in the BRS group surpassed those in the SES group,



suggesting that the novel 3D-printed absorbable scaffold can pro-
vide enough support to resist elastic recoil and restrict neointimal
proliferation in porcine coronary arteries for at least 6 months.
This novel scaffold has a unique closed-loop unit structure with
a spiral arrangement and is circular in cross-section, which is
conducive to attachment to the inner wall of a blood vessel and
reducing the effect on local blood flow®. Therefore, in theory, the
novel scaffold could provide a better local haemodynamic micro-
environment in treated vessels, thereby reducing the risk of ST.
Furthermore, the novel nanoparticle coating on the scaffold effec-
tively inhibits proliferation of smooth muscle cells in vitro®. This
could be the reason for its good flexural properties, radial support
force, and limited neointimal proliferation. However, the lack of
immediate baseline OCT data in this study meant that it was not
possible to analyse the late stent recoil, and this will be the sub-
ject of a future study.

An earlier study of the Absorb BVS in a porcine coronary mod-
el* showed late lumen gain with an increase in the LA of the
BVS from 2.87+1.28 mm? at 28 days to 5.13+0.84 mm? at 2 years
and 6.85+1.25 mm? at 4 years. Serial assessment of this BVS in
patients showed a similar tendency, with further intravascular
ultrasound examination suggesting that reduction of plaque led to
late lumen enlargement rather than positive vessel remodelling®’.
An earlier preclinical study demonstrated that this late lumen gain
might be coupled with positive remodelling of the scaffold-treated
segment®. In our study, late lumen enlargement and SA enlarge-
ment of the BRS were similarly documented by OCT. Analysis
of the mean LA on OCT showed a significant increase from
2.93£1.03 mm? at 28 days to 4.31£1.06 mm? at 189 days and an
increase in SA from 3.86+0.98 mm? at 28 days to 5.89+1.22 mm?®
at 189 days. However, the OCT was performed in different animals
at each time point in this study; therefore, the late lumen enlarge-
ment might be a pseudomorph. Therefore, continuous intravascular
imaging, such as continuous OCT or intravascular ultrasound fol-
low-up studies, should be considered to validate this phenomenon.
In addition, we will make more efforts to characterise the change
in tissue composition during biodegradation by histopathology on
the neointimal tissue around the struts in the long-term evaluation,
per the European Society of Cardiology/European Association of
Percutaneous Cardiovascular Interventions Task Force’s executive
summary on bioresorbable scaffolds®.

Finally, the scaffold was manufactured by 3D printing tech-
nology and can be tailor-made for specific coronary lesions, to
help prevent device-vessel mismatch and associated malapposi-
tion, and avoid incomplete coverage of lesions, stent overlap, and
uncovered struts. Considering that this study primarily explored
the safety of this novel scaffold in porcine coronary arteries, this
potential advantage should be investigated in further preclinical
and clinical studies.

Limitations
This study had some limitations. First, it was performed in
healthy animals with no atherosclerotic lesions in the coronary

A novel 3D-printed bioresorbable scaffold in a porcine model

arteries. Therefore, it could not reflect complex clinical scenar-
ios. Moreover, the possibility that growth of the animals during
the study contributed to positive vessel remodelling cannot be
excluded. Second, different animal cohorts were examined at the
different assessment times without the benefit of serial observa-
tions in the same animals. The late scaffold discontinuity and late
recoil of BRS were two important influencing factors in determin-
ing late outcomes. A serial intravascular imaging study in the same
vessels and long-term histopathological analysis would be needed
to observe dynamic evolution. Third, we used only one size of
stent and did not tailor the stent to fit the vessel in each animal.
Therefore, this study did not fully reflect the characteristics of 3D
printing technology, and further research is needed to explore per-
sonalised percutaneous coronary intervention based on intravascu-

lar imaging and 3D printing technology.

Conclusions

This novel 3D-printed BRS showed safety and efficacy similar to
that of an SES in a porcine model and had a long-term positive
remodelling effect. Our preliminary findings for this novel stent
warrant further clinical evaluation in patients with coronary artery
disease.

Impact on daily practice

This preclinical study validated the safety and efficacy of
a fully degradable sirolimus-eluting 3D-printed scaffold by
implanting it into normal coronary arteries in a porcine model.
The scaffold could be tailor-made for specific coronary lesions,
which could help to prevent device-vessel mismatch and assoc-
iated malapposition, and avoid incomplete coverage of lesions,
stent overlap, and uncovered struts. Ultimately it may reduce

clinical events and improve patient outcomes.
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