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Abstract

This article describes the evolution of minimally invasive intervention technologies for vascular
restoration therapy from early-stage balloon angioplasty in 1970s, metallic bare metal stent and
metallic drug-eluting stent technologies in 1990s and 2000s, to bioresorbable vascular scaffold
(BVS) technology in large-scale development in recent years. The history, the current stage, the
challenges and the future of BVS development are discussed in detail as the best available ap-
proach for vascular restoration therapy. The criteria of materials selection, design and processing
principles of BVS, and the corresponding clinical trial results are also summarized in this article.
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Introduction

Vascular disease is a pathological state of muscular arteries. It starts
with endothelial cell dysfunction, which is followed by the prolifera-
tion and migration of smooth muscle cells (SMCs) toward the blood
vessel lumen. Such chronic effect causes thickening of the vessel
wall, forming a plaque due to the build-up of fat and cholesterol de-
posits on the inside walls consisting of proliferating SMCs, macro-
phages and various types of lymphocytes. Over time, the build-up
narrows the artery and causes inadequate blood flow to various
body tissues. Eventually, the plaque may also rupture causing the
formation of clots. The blockage formed in the coronary arteries
could potentially cause angina or even heart attack. When the block-
age forms in the carotid arteries, it can lead to a transient ischemic
attack or even stroke. When the blockage forms in the legs, it could
lead to leg pain or cramps with activity, while a total loss of circula-
tion can even cause gangrene and loss of a limb.

Among various vascular diseases, the cardiovascular disease, es-
pecially coronary artery disease (CAD), is by far the leading cause of
mortality worldwide. Currently, around 17 million people are dying
of this disease worldwide each year, and this number is expected to
exceed 23 million by the year 2030 [1,2].

In order to treat these vascular diseases, the development of a
new therapy/device has been long expected, which could help the
narrowed vessel restore its original size to re-establish its normal
blood flow condition, regain the once damaged endothelial mono-
layer to prevent the formation of plaque and recover its normal
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physiological vascular function. Ultimately, it is also expected that
the new therapy/device could even demolish or eliminate the formed
plague and allow the diseased vessel to regain its original healthy
conditions. Such approach has been widely discussed as vascular res-
toration therapy or vascular reparative therapy [3-14].

Previous approaches for vascular restoration

Originally, various efforts had been done to develop medicines
which could repair the diseased vessel and restore its healthy func-
tion. But so far, most of them normally can only temporarily relieve
the symptom of the disease and could hardly play the magic to move
the narrowed vessel back to its original size.

In early 1960s, the by-pass surgery was introduced for CAD
treatment. However, such open heart surgery was very complicated
and required long time to be fully recovered [15].

In 1970s, the percutaneous transluminal coronary angioplasty
(PTCA), or simply called as balloon angioplasty, was developed
aimed at restoring the regular blood flow to repair diseased vessel.
The PTCA is performed by advancing a small guide wire across the
blockage in the blood vessel first, followed by advancing a pre-
crimped balloon to the blockage site through the guide wire. Once
the pre-crimped balloon arrives at the blockage site, it is inflated to
compress the blockage against the artery wall to open up blocked
coronary artery, allowing blood to circulate unobstructed to the
heart muscle. At the end of the procedure, the balloon is deflated
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and withdrawn from the blood vessel. Since the first performance of
PTCA by Dr. Gruentzig in 1977 in patients [16,17], it had been
quickly applied for cardiovascular disease treatment around the
world. This revolutionary technology is viewed as the initial step to-
ward vascular restoration therapy. However, due to the lack of sup-
port to keep the vessel open once the balloon was deflated, the high
restenosis (30-50%) due to elastic recoil, constrictive remodeling
and intimal hyperplasia were observed as the common side-effects
of balloon angioplasty, which resulted in high rate of repeat inter-
ventions at long-term follow-up, representing a limitation of such
technology [18].

In order to prevent restenosis due to elastic recoil and constric-
tive remodeling of diseased vessel by balloon angioplasty, bare metal
stent (BMS), which is a small tubular wire mesh device, was devel-
oped and quickly widely applied around the world. In practice, BMS
is crimped onto a balloon catheter first. Once it is expanded in the
narrowed section of the vessel, it maintains post-treatment vessel pa-
tency and prevents elastic recoil and constrictive remodeling
[19,20]. Palmaz-Schatz balloon-expandable stent was approved in
USA as the first BMS for elective use by Food and Drug
Administration (FDA) in 1994.

Compared to expanded balloon, BMS could keep the narrowed
vessel open to re-establish its normal blood flow condition. It
seemed that BMS technology might be one step closer to serve as
vascular restoration therapy. However, after large-scale application
of BMS in 1990s, it was found that although BMS reduced rates of
restenosis compared with balloon angioplasty, the re-narrowing of
the treated artery was still observed in 20-30% of patients due to
in-stent restenosis [21]. The in-stent restenosis is defined as diameter
stenosis of >50% in the stented area of the vessel mainly due to ex-
cessive neointimal proliferation within the stented segment initiated
by inflammatory response in the vessel wall area with implanted
BMS, where the inward migration and proliferation of medial SMCs
and the deposition of excess extracellular matrix proteins would ul-
timately obstruct the vessel lumen [22-25].

In order to reduce in-stent restenosis caused by BMS, drug-
eluting stent (DES) was developed in late 1990s [26-30]. DES
normally contains three components: stent platform, therapeutic
agents/drug and drug carrier. The stent platform ensures the patency
of the vessel lumen, whereas the drug and drug carrier-formed coat-
ing layer controls the drug release to limit the growth of neointimal
scar tissue, thus reducing in-stent restenosis. For drug carrier, it is
required to have good adhesion with stent platform, good bio-
compatibility, good mechanical properties such as good strength
and elasticity. Polymer materials have been used as suitable candi-
dates of drug carriers from the beginning. By adjusting the drug/
drug carrier composition, the drug dose and drug-releasing kinetics
could be well controlled.

DES stent platform can be made from the following materials:
316L stainless steel, cobalt—chromium alloy, titanium and its alloy,
platinum—iridium alloy and tantalum, etc.

Many therapeutic agents with antiproliferative and/or anti-
inflammatory  properties, such as everolimus, sirolimus,
zotarolimus, biolimus, tacrolimus and paclitaxel have been incorpo-
rated on the stent surface and tested clinically to inhibit neointimal
growth [31].

The first successful trial of DES was of sirolimus-eluting stent. A
clinical trial conducted in 2002 led to regulatory approval of the
sirolimus-eluting Cypher™ stent manufactured by J&J Company in
Europe in 2002, and its FDA approval was obtained in 2003.
Followed by the approval of Cypher™ stent, the paclitaxel-eluting

Taxus™ stent was manufactured by Boston Scientific and obtained
FDA approval in 2004. In addition, the zotarolimus-eluting
Endeavor™ stent manufactured by Medtronic and everolimus-elut-
ing Xience V™ stent manufactured by Abbott were approved by
FDA in 2007 and 2008, respectively.

Although the DES could greatly reduce the in-stent restenosis,
the continuous release of drug could cause the delay of artery heal-
ing process, and potentially increase the risks of late stent thrombo-
sis after discontinuation of antiplatelet therapy. In case of DES with
durable polymer as coating material, especially for DES with less
biocompatible durable polymer coating layer, the durable polymer
remaining within the coronary artery environment long after com-
plete elution of drug may contribute to the adhesion and activation
of leukocytes, leading to the local chronic inflammation and hyper-
sensitivity, which could potentially increase the risks of late stent
thrombosis [32,33] and late in-stent restenosis [34]. In order to elim-
inate the potential effect of durable polymer on late stent thrombosis
and late in-stent restenosis, many studies focusing on DES with bio-
degradable polymer coating layer have been conducted [35-49].

For current regular metallic DES, though its coating layer is
made of durable polymer or biodegradable polymer, the backbone
platform is a non-degradable metal, which stays in the vessel perma-
nently after implantation, which makes any further non-invasive
screening or re-intervention more difficult, and would also poten-
tially cause late thrombosis and late in-stent restenosis after the anti-
restenosis drug is completely released. In addition, irrespective of
the kind of coating layer is used, as long as the stent platform still
has biostable metal, the vessel would not be able to fully regain its
original physiological functions such as vasomotion functions.

Bioresorbable Vascular Scaffold

Bioresorbable vascular scaffold (or fully biodegradable stent) is a
small tubular wire mesh device with its platform made from fully
bioresorbable materials, which normally has a coating layer contain-
ing bioresorbable material and anti-proliferative drug on the top of
its platform like regular DES. Bioresorbable vascular scaffold (BVS)
is used to avoid permanent metal implant in vessels, allow late vessel
remodeling in the absence of a metallic cage and leave only healed
native vessel tissue after the full absorption of the scaffold. The
stented segment might recover its healthy condition, allowing physi-
ological vascular function after re-establishing normal flow condi-
tions by lumen expansion.

Compared to regular DES, BVS could reduce the possibility of
additional interventions at the sites of device implantation without
concerns for the generation of jailed side branches and does not in-
terfere with non-invasive diagnostic tools [50-52]. The lack of a for-
eign object in the body might reduce the risk of potential long-term
complications and of late thrombosis. The bioresorbable vascular
scaffold has the potential to restore vascular integrity and fulfill all
requirements of vascular restoration therapy.

In the early stage of development of BVS back to 1980s,
none of them contained anti-proliferative drug coating layer.
Nowadays, most of the bioresorbable vascular vcaffolds are de-
signed to have drug coating layer to perform all the functions of
a DES first and then are naturally absorbed and metabolized in
the body. The absence of permanent implant would eliminate the
stimulus for chronic inflammation and accelerate healing process,
and potentially reduce the need for long-term dual anti-platelet
therapy. Late stent thrombosis is thereby abolished or greatly
reduced. In addition, the disappearance of the bioresorbable
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vascular scaffold facilitates any re-intervention at later stages
when needed [53,54].

Principles of BVS design and processing

Since early 1980s, a lot of R&D work on BVS has been done in both
academic and industrial areas and some major breakthroughs have
been achieved in the recent 10 years [54-62]. Based on the recent
studies and various data generated from bench testing, preclinical
and clinical studies, it has been found that the BVS design should
meet a different set of performance criteria other than regular metal-
lic DES design. The lifecycle of a BVS contains three phases: (i) re-
vascularization of blocked vessel after scaffold implantation; (ii)
restoration of reopened vessel; and (iii) resorption of BVS. During
the first phase, the BVS should have high acute radial strength, mini-
mum acute recoil, good deliverability and therapeutic agent deliv-
ered to abluminal tissue at a controlled rate. During the second
phase, the BVS should gradually lose radial strength, deposit cellular
matrix over struts and allow the vessel to respond naturally to physi-
ological stimuli. In the third phase, the scaffold should become dis-
continuous structure and be absorbed in a benign fashion [63,64]. In
order to open the blocked vessel and provide mechanical support,
the BVS must have high radial strength and a certain degree of flexi-
bility. In addition, the degradation products need to be fully non-
toxic. Given an ideal design pattern and processing conditions, the
BVS must be able to perform its mechanical function, facilitate scaf-
fold placement within the vessel and deliver drugs for the prevention
of restenosis. Furthermore, the scaffold must support the artery
while the vessel heals and should gradually transfer mechanical load
to the tissue as the scaffold degrades over time. Radiopacity is an-
other consideration in BVS design. The scaffold should be visible un-
der X-ray while allowing visualization of the vessel and balloon
catheter markers. In order to achieve success, a BVS is expected to
have comparable efficacy to a DES while absorbs safely over a clini-
cally appropriate time frame.

Materials for bioresorbable vascular scaffold
preparation

In order to obtain qualified product of bioresorbable vascular
scaffold, there are some basic criteria for material selection. First, a
candidate material for BVS should possess enough mechanical
strength to hold open the blocked vessel and provide mechanical
support without significant recoil, while the candidate should also
have a certain degree of fracture toughness to avoid cracks or bro-
ken struts. Then, the resorption rate of candidate material should
match the healing process of blood vessel, and the degradation
products should not provoke tissue overload and other inflamma-
tory responses. And then, the material should have great biocompat-
ibility, good fatigue resistance and physical resistance to aging.
At last, the material should be able to withstand high-temperature
heat processing, high-energy laser cutting and critical sterilization
conditions.

Materials that have potential to be used in bioresorbable vascu-
lar scaffold preparation include various bioresorbable polymeric
materials and blends [54, 65-77], and corrosive metallic metals and
alloys [78-93]. Representative bioresorbable materials which might
be potentially used for BVS preparation are briefly summarized in
Table 1. In addition, there are also researches on bioresorbable vas-
cular scaffold made from hybrid bioresirbable materials such as
composites of bioresorbable polymer/bioceramic, and bioresorbable
metal/bioceramic [94,95].

Table 1. Representative bioresorbable materials
which could potentially be used for bioresorbable
vascular scaffold preparation

Name Degradation time
(months)
Poly(D,L-lactide) >12
Poly(L-lactide) >24
Polyglycolide 6-12
Poly(lactide-co-glycolide) 1-28
Poly(s-caprolactone) >24
Poly(trimethylene carbonate) >12
Poly(anhydride) 1-6
Poly(urethane) >6
Magnesium <3
Iron >24

Bioresorbable polymeric materials include bioresorbable polyes-
ters [54, 65-73], polyanhydrides, polyurethanes [74], polyorthoest-
ers, poly(ester amide) [75], poly(amino acid) and tyrosine-derived
polycarbonates [76,77]. Among these polymers, polyesters have
been used in a wide range of medical devices. The typical examples
of polyesters include poly(L-lactide) (PLLA), (poly-D-lactide)
(PDLA), poly(D,L-lactide) (PDLLA), polyglycolide (PGA), poly(e-
caprolactone) (PCL), poly(trimethylene carbonate), and their
copolymers such as poly(lactide-co-glycolide) and poly(lactide-
co-caprolactone), etc. [65-68]. PLLA comprises the naturally
occurring (L) enantiomer of the lactide monomer. The PLLA
homopolymer is semicrystalline, whereas the PDLLA polymer is
amorphous due to the racemic mixture of monomer that disrupts
cystallinity. As a result, PDLLA erodes at a faster rate than PLLA,
which normally degrades over a few years. On the other hand, PGA
is a highly crystalline polymer, but its bonds are highly prone to hy-
drolysis. PGA homopolymer typically degrades over a time period of
6-12 months. Copolymer of 50:50 PGA and PLA degrades more
rapidly than either homopolymer because the PLA interrupts the
crystallinity of PGA and allows for more water penetration.
Homopolymer and copolymers mentioned above can also be mixed
together to form various blends such as PLLA/PCL blend, PLLA/
PGA/PCL blend, PLLA/PDLA stereo-complex blend.

As for corrosive metals, most studies have been focused on the
following two classes of metals: magnesium (Mg) and iron (Fe) and
Mg- or Fe-based alloys. The Fe and Fe-based alloys include pure Fe
[78-81], nitride Fe [82-83], and Fe-Mn alloys [84-87], etc. Mg-
based alloys under investigation include magnesium-rare earth
(Mg-RE) [88-90], magnesium—aluminum (Mg-Al) [91,92], Mg-Zn
and magnesium—calcium (Mg-Ca) alloy [93], etc.

In spite of availability of quite a lot of bioresorbable materials,
the number of materials which would meet all requirements men-
tioned above at the same time is limited. Among them, PLLA has
been used as the most popular material for various BVS products
development.

Based on clinical trial results, the bioresorbable vascular polymeric
scaffold, especially PLLA-based scaffold, has shown very promising
results and some products have received CE marking approval. As for
bioresorbable vascular metallic scaffold, no product has been ap-
proved for sale in the market. For PLLA-based scaffold, during degra-
dation, the polymer breaks down into lactic acid and is ultimately
metabolized into water and carbon dioxide. As for bioresorbable vas-
cular metallic scaffold, the case could potentially be more complicated
partially due to continuous release of corrosive product.
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Table 2. Bioresorbable vascular scaffold products under development

Company Stent name Platform material Drug Coating material
Abbott Absorb™ PLLA Everolimus PLA
REVA Medical ReZolve® Tyrosine-derived Sirolimus Absorbable polymer
polycarbonate
Elixir DESolve™ PLLA Myolimus PLA
Kyoto Medical Igaki-Tamai PLLA Nil Nil
Amaranth Medical Amaranth PLLA PLLA Nil Nil
Huaan Biotech Xinsorb PLLA Sirolimus PLA
OrbusNeich Acute PLLA-based polymer Sirolimus/CD34 Absorbable polymer
Arterial Remolding Technologies ARTDIVA PLLA Nil Nil
Xenogenics Corporation Ideal PAE salicylic acid Sirolimus salicylate Salicylate linked by adipic acid
Biotronik AMSI WE43 Mg alloy Nil Nil
DREAMS I Refined Mg alloy Paclitaxel PLGA
DREAMS I Refined Mg alloy Sirolimus PLA

Lifetech Scientific Nitriding iron stent

Nitride iron

Nil Nil

Various BVSs under development

Since 1980s, especially in recent 10 years, dozens of medical device
companies in the world have been developing various BVS products,
which are listed in Table 2.

The first BVS prototype was developed by researchers from
Duke University in the early 1980s, and was based on PLLA. The
scaffold was described as self-expanding. The preclinical study was
performed with five stents and pathologic data were obtained at var-
ious time-points between 2 hours and 12 weeks. No inflammatory
response and no thrombosis were observed. It was reported that the
stents were endothelialized after 2 weeks [96,97].

The first BVS in clinical trial was Igaki-Tamai BVS/stent, which
was manufactured from a monofilament poly(L-lactide) fiber and
wound into a helical pattern [52, 98-100]. The scaffold was de-
signed as a ‘zigzag’ coil and was described as springy and partially
self-expanding. It requires delivery in a covered sheath (8F), and
once positioned, deployment requires balloon expansion with con-
trast heated to as high as more than 55°C. Subsequent self-expan-
sion occurs over a 30-min period [100].

In 1998, an unblinded clinical study on 55 patients was under-
taken to assess the feasibility and safety of the Igaki-Tamai scaffold/
stent in coronary arteries, and were followed up to 4 years
[101-103]. A total of 84 stents were used to treat 63 lesions. X-ray
angiography and intravascular ultrasound (IVUS) were performed
before and immediately after the procedure to visualize results, and
up to 48 months following the initial procedure. The clinical studies
showed that all stents were successfully delivered to the target le-
sions and that angiographic success was achieved in all procedures
performed. Immediately after the procedure, angiography and IVUS
revealed no further bioactive remodeling of the stented segment. At
12-month post-procedure IVUS follow-up, the scaffold struts were
clearly visible and apparently well opposed to the vessel wall. IVUS
measurement taken 36 months post-procedure showed a decrease in
scaffold strut area. Overall, the Igaki-Tamai biodegradable scaffold/
stent study demonstrated the feasibility and safety of the BVS/stent
over a 4-year follow-up period.

In 2012, the 10-year follow-up data from a second larger
cohort of 50 patients were reported. The cumulative target lesion re-
vascularization over 10 years was 28%, which was comparable to
BMS [104].

One concern of using Igaki-Tamai scaffold/stent is expansion
of the stent due to heat, because the exposure to elevated

temperature can cause necrosis of the arterial wall, followed by
SMC proliferation [105]. A temperature of 55°C has been shown to
promote platelet adhesion to the vessel wall, and thus the increase of
thrombosis [100].

Reva Medical Inc. is a company developing bioresorbable scaf-
fold from a radiopaque tyrosine-derived polycarbonate material and
has initiated its clinical trial since 2007. Reva Medical utilizes a
unique ‘slide and lock” geometry for its scaffold designs. When ex-
panded, the stent elements slide from the compact state and lock
into an expanded state, similar to safety lockouts on extension lad-
ders. Thus, the expansion is not dependent on material deformation,
and will provide steel-like scaffolding. The Reva BVS is delivered by
standard balloon deployment and is made radiopaque by polymeric

material itself.
Among various metallic BVSs, Biotronik (Berlin, Germany) is

the first and also the only company who has product under clinical
trial stage used in human coronary arteries so far. Biotronik’s first
generation metallic BVS is made from magnesium alloy WE43 con-
taining 93% magnesium and 7% rare earth metals. Its First-in-Man
clinical trial showed that its late lumen loss at 4 months was unac-
ceptably high (1.08 + 0.49mm) and its ischemic-driven Target lesion
revascularization (TLR) rate reached to as high as 26.7% after at
12 months, which was possibly caused due to too fast degradation
(it degraded within 2 months) [106]. With the modification of
the composition of the magnesium alloy and the addition of PLG/
drug coating layer, the second generation product showed consider-
able improvement with the late lumen loss at 0.64 =0.50 mm
at 6 months follow-up and the TLR rate down to 4.7% at
12 months [107].

ABSORB BVS
The Abbott ABSORB BVS is the first drug-eluting BVS with CE
marking approval. Back in 2006, Abbott initiated First-in-Man
ABSORB clinical trial, the world’s first clinical trial of drug-eluting
polymeric BVS [108]. The ABSORB BVS has been available in
Europe and other international markets since late 2012, and a large-
scale clinical trial of ABSORB BVS has started since 2013 in USA.
Like the Duke and Igaki-Tamai scaffolds, the Abbott ABSORB
BVS is also made from PLLA. However, Abbott ABSORB BVS has a
coating layer containing antiproliferative agent everolimus and poly-
lactide to control drug release. The scaffold is made radio-opaque
by the addition of radial-opaque markers on the two ends of the
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scaffold. The acute property of ABSORB BVS after deploy-
ment looks similar to regular DES with good mechanical proper-
ties, deliverability and biocompatibility. The ABSORB BVS has
similar radial strength as Abbott MULTI-LINK metallic stent. The
in vivo preclinical model of the drug release profile from ABSORB
BVS is comparable to Abbott’s XIENCE™ V everolimus drug-
eluting coronary stent, which has been approved for use in Europe
and USA.

A 2-year pre-clinical study of ABSORB BVS showed that BVS
was safe and effective. Complete luminal endothelialization was
formed within 1 month. Similar to Cypher DES, the neointimal re-
sponse of BVS is minimal at all time points evaluated up to 12
months. The inflammatory response of BVS is overall minimal and
is even less than that of the Cypher DES at 6 and 9 months
[109,110].

The outcome of 2-year follow-up from the ABSORB clinical trial
indicated the full absorption of scaffold. Unique benefits such as lu-
men gain and restored vasomotion have been demonstrated clini-
cally after treatment with ABSORB BVS [111]. The late lumen
enlargement was associated with reduced plaque burden and vaso-
motion was restored similar to the native state of a coronary artery
[112]. Absence of foreign body reaction and the recovery of vasomo-
tion restoration were indications of a healthy vessel and suggested
that late thrombosis risk had been eliminated. Compared to SPIRIT
I clinical trial results using regular DES, after 2 years, the ABSORB
BVS exhibits positive remodeling and full resorption of the scaffold
and a trend back to the deployment state. Such trends are not
observed with non-degradable DES since there are permanent scaf-
folding effects preventing the lumen from exhibiting positive re-
modeling. These results suggest that the BVS is trending back to its
healthy native state.

The future of BVS

The clinical trial results with BVS, especially with Abbott ABSORB
BVS, have shown that BVS could let the narrowed vessel to re-establish
its normal blood flow condition. Furthermore, it could even recover the
normal physiological vascular functions in some cases, which makes
BVS the best available approach for vascular restoration therapy.

It is also expected that the large-scale application of BVS would
dramatically shorten the dual-antiplatelet therapy duration and pos-
sibly remove the risk of late thrombotic events associated with a
permanent scaffold.

In the near future, it requires more research work to further opti-
mize BVS material design and processing to be sure of its bioresorp-
tion profile would match the vessel healing process very well. By
doing so, it is expected that more diseased vessels would regain their
normal physiological vascular functions after vascular restoration
therapy using BVS.

Another optimization work to do in the future is to increase the
rate of full re-endothelialization to promote adequate vessel healing.
Although the healthy animal model showed that the re-endothelializa-
tion of BVS can be finished within 1 month, but based on clinical re-
sults from regular DES, it was known that the continuous release of
antiproliferative drug would delay or even inhibit the formation of a
complete endothelial mono-layer. Such delay or inhibition would defi-
nitely impact the recovery of normal physiological vascular functions.

The vascular healing processes are expected to be very complex
and may vary from patient to patient. Therefore, in the future, there
is a demand to make BVS product with different materials and dif-
ferent designs to meet different requirement.

It is anticipated that BVSs offer the possibility for integration with
local drug delivery, genetic transfer and radiation. Geometrically
modified fully biodegradable implants can act as potential therapeutic
carriers for the treatment of diseases such as cancers, where specific
tissue targeting and high local dosage possibilities could offer an alter-
native to conventional systemic therapies.

Finally, it is expected that the success of BVSs applied in coro-
nary arteries will also prompt the expansion to peripheral arteries,
the trachea, esophagus, and urethra, etc. in the future.

References

1. Mendis S, Puska P, Norrving B. Global Atlas on Cardiovascular Disease
Prevention and Control. Geneva, Switzerland: World Health
Organization, 2011.

2. Labarthe D. Epidemiology and Prevention of Cardiovascular Diseases:
A Global Challenge, 2nd edn. Sudbury, Massachusetts: Jones & Bartlett
Learning, 2011.

3. Wykrzykowska JJ, Onuma Y, Serruys PW. Vascular restoration therapy:
the fourth revolution in interventional cardiology and the ultimate
“rosy” prophecy. Eurolntervention 2009;5:F7-8.

4. Corti R. A further step towards vascular reparative therapy. Eur Heart |
2012;33:1302-4.

5. Igbal J, Onuma Y, Ormiston ] et al. Bioresorbable scaffolds: rationale,
current status, challenges, and future. Eur Heart ] 2014;35:765-76.

6. Khattab AA, Windecker S. Vascular restoration therapy: what should
the clinical and angiographic measures for success be? Eurointervention
2009;5:F49-53.

7. Brugaletta S, Heo JH, Garcia-Garcia HM et al. Endothelial-dependent
vasomotion in a coronary segment treated by ABSORB everolimus-elut-
ing bioresorbable vascular scaffold system is related to plaque composi-
tion at the time of bioresorption of the polymer: indirect finding of
vascular reparative therapy? Eur Heart ] 2012;33:1325-33.

8. Brugaletta S, Garcia-Garcia HM, Onuma Y et al. Everolimus-eluting
ABSORB bioresorbable vascular scaffold: present and future perspec-
tives. Expert Rev Med Dev Expert Rev Med Dev 2012;9:327-38.

9.  Lane JP, Perkins LEL, Sheehy AJ et al. Lumen gain and restoration of
pulsatility after implantation of a bioresorbable vascular scaffold in por-
cine coronary arteries. JACC Cardiovasc Interv 2014;7:688-98.

10. Brugaletta S, Heo JH, Garcia-Garcia HM et al. Endothelial-dependent
vasomotion in a coronary segment treated by ABSORB everolimus-elut-
ing bioresorbable vascular scaffold system is related to plaque composi-
tion at the time of bioresorption of the polymer: indirect finding of
vascular reparative therapy? Eur Heart ] 2012;33:1325-33.

11. Strandberg E, Zeltinger ], Schulz DG et al. Late positive remodeling
and late lumen gain contribute to vascular restoration by a non-drug elut-
ing bioresorbable scaffold a four-year intravascular ultrasound study in
normal porcine coronary arteries. Circ Cardiovasc Interv 2012;5:39-46.

12. Wang Y, Oberhauser J. Bioabsorbable scaffold with particles providing
delayed acceleration of degradation: U.S. Patent 8,709,070. Issued on 29
April 2014.

13. Wang Y. Bioabsorbable stent with layers having different degradation
rates: U.S. Patent 8,377,533. Issued on 19 March 2013.

14. Wang Y, Ma X. Control of degradation profile of bioabsorbable
poly (L-lactide) scaffold: US Patent number 8,834,776, issued on
16 September 2014.

15. Galvez-Monton C, Ordonez-Llanos J, de Luna AB et al. One hundred
years of myocardial infarction. Eur Heart [ 2012;33:2888-91.

16. Gruentzig AR. Transluminal dilatation of coronary artery stenosis (let-
ter). Lancet 1978;1:263.

17.  Gruentzig AR, Senning A, Siegenthaler WE. Nonoperative dilatation of
coronary artery stenosis - Percutaneous transluminal coronary angio-
plasty. N Engl ] Med 1979;301:61-8.

18. Kahn JK, Hartler GO. Frequency and cause of failure with contemporary
balloon angioplasty and implications for new technologies. Am J Cardiol
1990;66:858-60.


-
out to 2 years 
&amp;
111-112
two
13
4
two
bioresorbable vascular scaffold
bioresorbable vascular scaffold
bioresorbable vascular scaffold
bioresorbable vascular scaffold
bioresorbable vascular scaffold
bioresorbable vascular scaffold
DAPT (
)
bioresorbable vascular scaffold
treatment
bioresorbable vascular scaffold
bioresorbable vascular scaffold
one
bioresorbable vascular scaffold
bioresorbable vascular scaffold
,
bioresorbable vascular scaffold

54

Wang and Zhang

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Fischman D, Savage M, Zalewski A et al. Overview of the Palmaz-Schatz
stent. | Invasive Cardiol 1991;3:75-81.

Schatz RA, Baim DD, Leon M et al. Clinical experience with the Palmaz-
Schatz coronary stent. Initial results of a multicenter study. Circulation
1991;83:148-61.

Van Belle E, Bauters C, Hubert E et al. Restenosis rates in diabetic pa-
tients: a comparison of coronary stenting and balloon angioplasty in na-
tive coronary vessels. Circulation 1997;96:1454-60.

Mani G, Feldman MD, Patel D ez al. Coronary stents: a materials per-
spective. Biomaterials 2007;28:1689-710.

Alfonso F, Perez-Vizcayno MJ, Cruz A et al. Treatment of patients with
in-stent restenosis. Eurolntervention 2009;5(Suppl. D):D70-8.

Bainey KR, Norris CM, Graham MM et al. Clinical in-stent restenosis
with bare metal stents: is it truly a benign phenomenon? Int | Cardiol
2008;29:378-82.

Ross R, Glomset JA. The pathogenesis of atherosclerosis. N Engl ] Med
1976;295:369-77.

Serruys PW, Kutryk MJ, Ong AT. Coronary-artery stents. N Engl ] Med
2006;354:483-95.

Hwang CW, Wu D, Edelman ER. Physiological transport forces govern
drug distribution for stent-based delivery. Circulation 2001;104:600-5.
Wykrzykowska JJ, Onuma Y, Serruys PW. Advances in stent drug deliv-
ery: the future is in bioabsorbable stents. Expert Opin Drug Deliv.
2009;6:113-26.

Morice MC, Serruys PW, Eduardo-Sousa J et al. A randomized compari-
son of a sirolimus-eluting stent with a standard stent for coronary revas-
cularization. N Engl | Med 2002;346:1773-80.

Schofer J, Schloter M, Gershlick AH et al. Sirolimus-eluting stents for
treatment of patients with long atherosclerotic lesions in small coronary
arteries: double-blind, randomized controlled trial (E-SIRIUS). Lancet
2003;362:1093-9.

Htay T, Liu MW. Drug-eluting stent: a review and update. Vasc Health
Risk Manag 2005;1:263-76.

Virmani R, Farb A, Guagliumi G et al. Drug-eluting stents: caution and
concerns for long-term outcome. Coron Artery Dis 2004;15:313-8.
McFadden EP, Stabile E, Regar E et al. Late thrombosis in drug eluting
coronary stents after discontinuation of antiplatelet therapy. Lancet
2004;364:1519-21.

Claessen BE, Beijk MA, Legrand V et al. Two-year clinical, angiographic,
and intravascular ultrasound follow-up of the XIENCE V everolimus-
eluting stent in the treatment of patients with de novo native coronary ar-
tery lesions: the SPIRIT II trial. Circulation 2009;120:339-47.

Martin DM, Boyle FJ. Drug-eluting stents for coronary artery disease: a
review. Med Eng Phys. 2013;33:148-63.

Raber L, Kelbaek H, Ostojic M et al. Effect of biolimus-eluting stents
with biodegradable polymer vs bare-metal stents on cardiovascular
events among patients with acute myocardial infarction: the
COMFORTABLE AMI randomized trial. JAMA 2012;308:777-87.
Han YL, Zhang L, Yang LX et al. A new generation of biodegradable
polymer-coated sirolimus-eluting stents for the treatment of coronary ar-
tery disease: final S-year clinical outcomes from the CREATE study.
Eurolntervention 2012;8:815-22.

Rao SV, Califf RM, Kramer JM et al. Postmarket evaluation of break-
through technologies. Am Heart ] 2008;156:201-8.

Garg S, Serruys PW. Coronary stents: looking forward. | Am Coll
Cardiol. 2010;56:543-78.

Ge J, Qian J, Wang X et al. Effectiveness and safety of the sirolimus-elut-
ing stents coated with bioabsorbable polymer coating in human coronary
arteries. Catheter Cardiovasc Interv 2007;69:198-202.

Grube E, Schofer J, Hauptmann KE et al. A novel paclitaxel-eluting stent
with an ultrathin abluminal biodegradable polymer: 9-month outcomes
with the JACTAX HD stent. JACC Cardiovasc Interv 2010;3:431-8.
Gao RL, Xu B, Lansky AJ et al. A randomized comparison of a novel
abluminal groove-filled biodegradable polymer sirolimus-eluting stent
with a durable polymer everolimus-eluting stent: clinical and angio-
TARGET 1 Eurolntervention

graphic follow-up of the trial.

2013;9:75-83.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Davlouros PA, Nikokiris G, Karantalis V et al. Neointimal coverage and
stent strut apposition six months after implantation of a paclitaxel elut-
ing stent in acute coronary syndromes: an optical coherence tomography
study. Int | Cardiol 2010;151:155-9.

Grube E, Schofer ], Hauptmann KE et al. A novel paclitaxel-eluting
stent with an ultrathin abluminal biodegradable polymer: 9-month out-
comes with the JACTAX HD stent. JACC Cardiovasc Interv
2010;3:431-8.

Meredith IT, Verheye S, Dubois CL et al. Primary endpoint results of the
EVOLVE trial: a randomized evaluation of a novel bioabsorbable poly-
mer-coated, everolimus-eluting coronary stent. | Am Coll Cardiol
2012;59:1362-70.

Meredith IT, Verheye S, Weissman NJ et al. Six-month IVUS and two-
year clinical outcomes in the EVOLVE FHU trial: a randomized evalua-
tion of a novel bioabsorbable polymer-coated, everolimus-eluting stent.
Eurolntervention 2013;9:308-15.

Christianse EH, Jensen LO, Thayssen P et al. Biolimus-eluting bio-
degradable polymer-coated stent versus durable polymer-coated siroli-
mus-eluting stent in unselected patients receiving percutaneous
coronary intervention: a randomized non-inferiority trial. Lancet
2013;381:661-9.

Windecker S, Serruys PW, Wandel S et al. Biolimus-eluting stent with
biodegradable polymer versus sirolimus-eluting stent with durable poly-
mer for coronary revascularization (LEADERS): a randomized non-infe-
riority trial. Lancet 2008;372:1163-1173.

Stefanini GG, Kalesan B, Serruys PW et al. Long-term clinical outcomes
of biodegradable polymer biolimus-eluting stents versus durable polymer
sirolimus-eluting stents in patients with coronary artery disease
(LEADERS): 4 year follow-up of a randomized non-inferiority trial.
Lancet 2011;378:1940-8.

Zidar ], Lincoff A, Stack R et al. Biodegradable Stents in Textbook of
Interventional Cardiology, 2nd edn. Philadelphia: Saunders, 1994,
787-802.

Colombo A, Karvouni E. Biodegradable stents: fulfilling the mission and
stepping away. Circulation 2000;102:371-3.

Tsuji T, Tamai H, Igaki K et al. Biodegradable stents as a platform to
drug loading. Int | Cardiovasc Intervent 2003;5:13-16.

Virmani R, Finn AK, Kolodgie FD. A review of current devices and a
look at new technology: drug eluting stents. Expert Rev Med Devices
2009;6:33-42.

Ormiston JA, Serruys PW. Bioabsorbable coronary stents.
Cardiovasc Interv 2009;2:255-60.

Onuma Y, Serruys PW. Bioresorbable scaffold - the advent of a new era

Circ

in percutaneous coronary and peripheral revascularization. Circulation
2011;123:779-97.

Wang Y, Kleiner L. Fabricating an implantable medical device from an
amorphous or very low crystallinity polymer construct. US patent num-
ber 8,372,332, issued on 12 February 2013.

Wang Y. Bioabsorbable stent with layers having different degradation
rates. US patent number 8,057,876, issued on 15 November 2011.

Wang Y, Gale D, Huang B. Implantable medical devices fabricated from
polymer blends with star-block copolymers. US patent number
8,262,723, issued on 11 September 2012.

Wang Y, Castrol D, Pacetti S. Methods to improve adhesion of polymer
coatings over stents. US Patent number 7,998,524, issued 16 August
2011.

Oberhauser J, Hossainy S, Rapoza R. Design principles and performance
of bioresorbable polymeric coronary scaffolds. Eurolntervention
2009;5:15-22.

Serruys PW, Ormiston JA, Onuma Y et al. A bioabsorbable everolimus-
eluting coronary stent system (ABSORB): 2-year outcomes and results
from multiple imaging methods. Lancet 2009;373:897-910.

Hossany S, Rapoza R, Oberhauser J et al. Bioabsorbable stent and treat-
ment that elicits time-varying host-material response. US Patent
Application No 2010/0198330, filing date 20 July 2009.

Kleiner LW, Wright WJ, Wang Y. Evolution of implantable and insert-
able drug delivery systems. | Control Release 2014;181:1-10.



Vascular restoration therapy and bioresorbable vascular scaffold

55

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Rapoza R, Wang Y, Oberhauser JP et al. Bioabsorbable stent that modu-
lates plaque geometric morphology and chemical composition. US
Patent Application No. 12/510076. Filed on 27 July 2009.

Tamai H, Igaki K, Tsuji T et al. A Biodegradable poly(lactic acid) coronary
stent in the porcine coronary artery. | Interven Cardiol 1999;12:443-50.
Venkatraman SS, Tan LP, Joso JFD et al. Biodegradable stents with elas-
tic memory. Biomaterials 2006;27:1573-8.

Grabow N, Martin DP, Schmitz KP et al. Absorbable polymer stent tech-
nologies for vascular regeneration. | Chem Technol Biotechnol
2010;85:744-51.

Xue L, Dai S, Li Z. Biodegradable shape-memory block co-polymers for
fast self-expandable stents. Biomaterials 2010;31:8132-40.

Tan LP, Venkatraman SS, Joso JED et al. Collapse pressures of bilayered
biodegradable stents. | Biomed Mater Res B Appl Biomater
2006;79:102-7.

Wang Y. Implantable medical devices fabricated from block copolymers.
US Patent number 7,956,100, issued 7 June 2011.

Wang Y, Gale DC, Huang B et al. Degradable polymeric implantable
medical devices with a continuous phase and discrete phase. US Patent
number 7,964,210, issued 21 June 2011.

Wang Y. Bioabsorbable scaffolds made from composites. US Patent
number 8,545,546, issued 1 October 2013.

Wang Y. Methods for crimping a polymeric scaffold to a delivery balloon
and achieving stable mechanical properties in the scaffold after crimping.
US Patent number 8,752,265, issued 17 June 2014.

Wang Y. Implantable medical devices fabricated from polyurethanes
with biodegradable hard and soft blocks and blends thereof. US patent
number 8,501,290, issued 6 August 2013.

Trollsas M, Gale D, Wang Y. Implantable medical devices comprising
semi-crystalline poly(ester-amide). US Patent number 7,771,739, issued
10 August 2010.

Bourke SL, Kohn J. Polymers derived from the amino acid L-tyrosine:
polycarbonates, polyarylates and copolymers with poly (ethylene glycol).
Adv Drug Deliv Rev 2003;55:447-66.

Magno MHR, Kim ], Srinivasan A et al. Synthesis, degradation and bio-
compatibility of tyrosine-derived polycarbonate scaffolds. | Mater Chem
2010;20:8885-93.

Peuster M, Wohlsein P, Briigmann M et al. A novel approach to tempo-
rary stenting: degradable cardiovascular stents produced from corrodible
metal—results 6-18 months after implantation into New Zealand white
rabbits. Heart 2001;86:563-9.

Moravej M, Prima F, Fiset M et al. Electroformed iron as new biomate-
rial for degradable stents: Development process and structure—properties
relationship. Acta Biomater 2010;6:1726-35.

Peuster M, Hesse C, Schloo T et al. Longterm biocompatibility of a cor-
rodible peripheral iron stent in the porcine descending aorta.
Biomaterials 2006;27:4955-62.

Waksman R, Pakala R, Baffour R et al. Short-term effects of biocorrodi-
ble iron stents in porcine coronary arteries. | Interv Cardiol
2008;21:15-20.

Wu C, Qiu H, Hu XY et al. Short-term safety and efficacy of the biode-
gradable iron stent in mini-swine coronary arteries. Chin Med |
2013;126:4752-7.

Feng Q, Zhang D, Xin C et al. Characterization and in vivo evaluation of
a bio-corrodible nitrided iron stent. | Mater Sci Mater Med
2013;24:713-24.

Schinhammer M, Hanzi AC, Loffler JF et al. Design strategy for biode-
gradable Fe-based alloys for medical applications. Acta Biomater
2010;6:1705-13.

Hermawan H, Purnama A, Dube D et al. Fe~Mn alloys for metallic bio-
degradable stents: degradation and cell viability studies. Acta Biomater
2010;6:1852-60.

Hermawan H, Mantovani D. Process of prototyping coronary stents
from biodegradable Fe-Mn alloys. Acta Biomater 2013;9:8585-92.
Purnama A, Hermawan H, Champetier S et al. Gene expression profile
of mouse fibroblasts exposed to a biodegradable iron alloy for stents.
Acta Biomater 2013;9:8746-53.

88.

89.

90.

92.

93.

94.

95.

96.

97.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Peeters P, Bosiers M, Verbist J et al. Preliminary results after application
of absorbable metal stents in patients with critical limb ischemia.
J Endovasc Ther 2005;12:1-5.

Di Mario C, Griffiths H, Goktekin O et al. Drugeluting bioabsorbable
magnesium stent. | Interv Cardiol 2004;17:391-5.

Waksman R, Pakala R, Kuchulakanti PK et al. Safety and efficacy of bio-
absorbable magnesium alloy stents in porcine coronary arteries. Catheter
Cardiovasc Interv 2006;68:606-17.

Heublein B, Rohde R, Kaese V et al. Biocorrosion of magnesium alloys: a
new principle in cardiovascular Heart
2003;89:651-6.

Xin Y, Liu C, Zhang X et al. Corrosion behavior of biomedical AZ91

J Mater Res

implant  technology?

magnesium  alloy in
2007;22:2004-11.
Zhang E, Yang L. Microstructure, mechanical properties and bio-corro-

simulated body fluids.

sion properties of Mg-Zn-Mn—Ca alloy for biomedical application.
Mater Sci Eng A 2008;497:111-8.

Wang Y, Gale DC. Methods of forming polymer-bioceramic composite
medical devices with bioceramic particles. US Patent number 8,425,591,
issued 23 April 2013.

Wang Y. Stent formed from bioerodible metal-bioceramic composite. US
Patent Appl. No: 13/155936, Filed on 8 June 2011.

Gammon RS, Chapman GD, Agrawal GM et al. Mechanical features of
the Duke biodegradable intravascular stent. JACC 1991;17:235A.

Stack RS, Califf RM, Phillips HR et al. Interventional cardiac catheteri-
zation at Duke Medical Center. Am | Cadiol 1988;62:3F-24F.

Tsuji T, Tamai H, Igaki K et al. Biodegradable Polymeric Stent. Curr
Interv Cardiol Rep 2001;3:10-17.

Tsuji T, Tamai H, Igaki K et al. Experimental and clinical studies of bio-
degradable polymeric stents. | Interven Cardiol 2000;13:439-46.

Post MJ, van Zanten HG, de Graaf-Bos AN et al. Thrombogenicity of
the human arterial wall after interventional thermal injury. | Vasc Res
1996;33:156-63.

Tamai H, Igaki K, Kyo E ez al. Initial and 6-month results of biodegrad-
able poly-l-lactic acid coronary
2000;102:399-404.

Tamai H. Biodegradable stents, an update and work in progress.
Presentation at TCT 2003.

Tamai H. Biodegradable stents four year follow-up. Presentation at TCT
2004.

Nishio S, Kosuga K, Igaki K et al. Long-term (>10 years) clinical out-

stents in humans. Circulation

comes of first-in-human biodegradable poly-I-lactic acid coronary stents:
Igaki-Tamai stents. Circulation 2012;125:2343-53.

Doek P, Correa R, Neville R et al. Dose-dependent smooth muscle cell
proliferation induced by thermal injury with pulsed infrared lasers.
Circulation 1992;86:1249-56.

Erbel R, Di Mario C, Bartunek J et al. Temporary scaffolding of coro-
nary arteries with bioabsorbable magnesium stents: a prospective, non-
randomized multicentre trial. Lancet 2007;369:1869-75.

Kitabata H, Waksman R, Warnack B. Bioresorbable metal scaffold for
cardiovascular application: current knowledge and future perspectives.
Cardiovascular Revascularization Medicine 2014;15:109-16.

Ormiston JA, Webster MW, Armstrong G. First-in-human implantation of
a fully bioabsorbable drug-eluting stent: the BVS poly-L-lactic acid everoli-
mus-eluting coronary stent. Cathet Cardiovasc Interv 2007;69:128-31.
Serruys PW. Biodegradable polymer stent and Everolimus. Presented at
EuroPCR. 19 May 2006.

Dudek D. The ABSORB trial. Nine month clinical results from the first-
in-man evaluation of a fully absorbable everolimus-eluting coronary
stent. Presented at EuroPCR, 22 May 2007.

Strandberg E, Zeltinger J, Schulz DG et al. Late positive remodeling and
late lumen gain contribute to vascular restoration by a non-drug eluting
bioresorbable scaffold. a four-year intravascular ultrasound study in nor-
mal porcine coronary arteries. Circ Cardiovasc Interven 2012;5:39-46.
Gogas BD, Farooq V, Onuma Y et al. The ABSORB bioresorbable vascu-
lar scaffold: an evolution or revolution in interventional cardiology.
Hellenic | Cardiol 2012;53:301-9.






