Biolimus-eluting stent with biodegradable
polymer: one step forward in the fight
against stent thrombosis vulnerabilitye

Drug-eluting stents (DES) were developed to cope with the major problem of bare-metal stents: in-stent
neointimal hyperplasia, which resulted in a high rate of in-stent restenosis. DES indeed reduced target
lesion revascularization rates, but another problem arose: the problem of (very late) stent thrombosis.
These higher rates of stent thrombosis in DES are (at least partly) explained by hypersensitivity and
inflammatory reactions of the endothelium to the polymer coating of DES. This polymer coating carries
and gradually releases the drug. New devices with more biocompatible polymers, or even polymers which
are fully biodegradable, were developed. Polylactic acid is such a fully biodegradable polymer and it is
used in the biolimus-eluting stents of the BioMatrix™ family. Herein, the technology and the performance
of these new biolimus-eluting stents is reviewed, with the most up-to-date information from clinical studies.
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The coronary stent was developed to overcome
the shortcomings of coronary angioplasty: acute
vessel closure due to coronary dissections and
restenosis due to late constrictive recoil [1]. The
first coronary stent was bare-metal and self-
expanding. Although these bare-metal stents
(BMS) offered an alternative for emergency coro-
nary artery bypass graft surgery as a bailout after
complicated coronary balloon angioplasty, they
had the major limitation of subacute thrombotic
occlusion, observed in more than 10% of cases
(2.3]. Anticoagulation regimens were developed
and despite the initial concerns about increased
bleeding rates (4], both the BENESTENT and
the STRESS trials, which compared stent use
with balloon angioplasty, showed stent use was a
safe technique [5.6].

Besides the risk of subacute thrombosis,
another problem concerning stent use arose: in-
stent neointimal hyperplasia [7.8]. This growth of
scar tissue within the stent is a result of prolifera-
tion and migration of vascular smooth muscle
cells. In 1999, the Cypher® stent, which was
coated with sirolimus, a macrolide antibiotic
that also inhibits the cytokine- and growth-
factor-mediated proliferation of lymphocytes
and smooth muscle cells, was developed: the
drug-eluting stent (DES) was born [9].
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Follow-up data of the initial first-in-man
(FIM) studies on DES indeed showed reduced
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neointimal proliferation [10.11]. Subsequently,
the RAVEL and the SIRIUS trials both demon-
strated significantly lower rates of target lesion
revascularization (TLR) and major adverse
cardiovascular events (MACE) after treatment
with the Cypher sirolimus-eluting stent (SES)
compared with BMS [12-15]. Other major trials
in different clinical settings [16-26] and registries
[27.28] confirmed these results.

Almost simultaneously, the paclitaxel-
eluting stent (PES) was developed. Paclitaxel
inhibits smooth muscle cell proliferation
through stabilization of microtubules, inhib-
iting cell division. PES also showed a signifi-
cantly lower rate of late loss, angiographic
restenosis and repeat revascularizations com-
pared with BMS in subsequent trials in dif-
ferent clinical settings up to 4 years follow-
up (29-37). In addition, 2-year follow-up of an
unrestricted single-center registry that used
the PES as the default stent for all percutane-
ous coronary intervention in 576 consecutive
real-world patients, showed the same results
in suppressing neointimal growth and reduc-
tion of restenosis as in the SES registries [38].
The first PES to be approved was the TAXUS®
Express® stent. A few years later, this was fol-
lowed by the TAXUS Liberté™ stent. When
comparing Taxus PES with Cypher SES, the
pivotal SIRTAX study showed a significant
reduction in TLR, whereas no differences
in death or myocardial infarction (MI) were
noted [39.40]. These results were confirmed in
a meta-analysis of 16 randomized trials [41].
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Results from the largest meta-analysis on DES
to date, which includes more than 18,000 patients
from 38 DES trials, indicated TLR reduction of
70% with the use of SES and 58% with PES [42].
Overall, it is justified to conclude that DES had
several benefits in terms of reduced rates of
restenosis compared with BMS. However, with
the introduction of DES, there were also some
concerns being raised regarding their safety.

First of all, there were concerns that the use
of DES would increase mortality. These con-
cerns were based on four early publications: a
meta-analysis including 17 randomized trials
[42.43], the single center BASKET-LATE trial,
which compared SES with BMS in unselected
patients [44], a pooled analysis from the first
Cypher SES trials, RAVEL, SIRIUS, E-SIRIUS
and C-SIRIUS [4s] and the 3-year results of the
SCAAR registry [46]. However, several sub-
sequent patient-based meta-analyses [42.47.48] and
large registries [49], demonstrated the safety of
DES with respect to deaths and MI rates.

Besides mortality there was a second major
concern about the use of DES: stent thrombosis
(ST) [5051]. Several postmarketing surveillance
studies and trials of multivessel percutaneous
coronary intervention reported a risk for ST
within 1 year after DES implantation, ranging
from 0.2 to 0.5% [s52-54]. Although these rates
are similar to BMS, the concerns remained
and subsequent meta-analyses were performed
to further investigate this phenomenon. These
analyses demonstrated similar rates of overall ST
between DES and BMS [42,47.48,55-57]. Despite
the similar rates of early (<30 days) and late ST
(>30 days), there was a significantly higher rate
of very late ST (>1 year) seen in DES patients,
compared with BMS [42.47.48,55-57]. Furthermore,
three large registries showed that the risk of very
late ST persists at an annual rate, ranging from
0.36 to 0.6% per year up to 5 years follow-up
after DES implantation (Ficure 1) [58-61].

These higher rates of very late ST in first
generation DES could be explained by several
reasons:

* Delayed and/or incomplete endothelialization
of stent struts in DES;

* Inflammatory response to the stent polymer;

= Stent malapposition.

Delayed/incomplete endothelialization

Drugs used in DES are antiproliferative to pre-
vent neointimal hyperplasia. The same drugs, on
the other hand, could also delay and/or impair
endothelialization, resulting in thin and locally
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incomplete coverage of stent struts. As a conse-
quence, blood is exposed to thrombogenic struts,
potentially precipitating ST [50,62-65]. An opti-
cal coherence tomography (OCT) study showed
that 9 months after SES placement, 12.3% of the
struts were still uncovered [66].

Inflammatory response

To ensure controlled release according to
pharmacokinetic principles, a polymer coating,
which contains the drug to be eluted, is all but
mandatory. In the first generation DES, these
polymers remain on the stent surface after drug
elution is completed. These permanent poly-
mers can cause delayed healing, impaired stent
strut endothelialization and a hypersensitivity
reaction, which can culminate in ST [62,67-70].
Histopathological findings indicated that ST
is precipitated by induced localized vascu-
lar inflammation, hypereosinophilia, throm-
bogenic reactions and apoptosis of smooth
muscle cells [69,70].

Stent malapposition

Incomplete stent apposition (ISA) was recog-
nized to be highly prevalent in patients with
very late ST after DES implantation [71]. An
OCT study showed that ISA is associated with
delayed coverage of the stent struts [72], which
could explain why ISA is highly prevalent in
patients with very late ST.

Consequently, there was a need to develop
new DES, using polymers, which are more bio-
compatible. One of these second-generation
DES was the Endeavor® zotarolimus-eluting
stent (ZES). The ZES is coated with a phos-
phorylcholine (PC) polymer. A total of 90%
of the phospholipids in the outer membrane of
red blood cells contain a PC headgroup. As the
PC polymer of the ZES resembles the chemi-
cal structure of these PC headgroups, the poly-
mer was thought to be more biocompatible and
decreased inflammation of the struts. In animal
models, this second-generation DES had dis-
played higher re-endothelialization percentages
compared with first-generation DES [68]. OCT
studies in humans demonstrated significantly
better strut coverage in ZES than in SES or
PES [66.73].

Another second-generation DES was the
everolimus-eluting stent (EES), marketed by
Abbott Vascular as the Xience V® stent and
by Boston Scientific as the Promus™ stent. Its
6-8 pm thick polymer is composed of the bio-
compatible acrylic and fluorinated polymers,
which release about 80% of the drug within
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30 days, with almost all of the drug released
at 4 months. Randomized controlled trials
(RCT) that compared EES and PES, demon-
strated superior efficacy and safety with EES
and, importantly, a significant reduction in ST
rates [74-77]. When comparing EES with SES,
four major RCTs showed no benefit of the EES
over SES regarding death, MI, TLR or overall
definite ST [78-81].

Thus, second-generation DES offered some
benefits over first-generation DES. However,
challenges remain to further improve the DES
technology. Although restenosis rates of the
second-generation stents are low, restitution
of healthy endothelial lining is still a target of
ongoing research. Furthermore, despite the fact
that ST after treatment with second-generation
DES became a rare phenomenon, with a total
risk for very late (probable/definite) ST of 0.5%
between 1 and 3 years follow-up [82], it is still
an iatrogenic complication, with a potentially
high mortality rate. Biocompatible polymers
could be a part of the solution to overcome this
latter issue.

Introduction to the device

As mentioned above, in DES a polymer was
mandatory to carry and gradually release the
drug. After the development of more biocom-
patible polymers, the next logical step was to
design a polymer that would degrade after it
had released all of the drug. Such a design could
potentially prevent the polymer-induced inflam-
matory and/or prothrombogenic reactions. This
concept of a biodegradable polymer led to the
development of the Biolimus A9™-eluting
stents of the BioMatrix™ famlily (Biosensors
International, Morges, Switzerland).

The platform used in the BioMatrix family
of stents, is a balloon expandable intracoronary
316L stainless steel stent with Quadrature
Link™ design. The stent struts have an aver-
age thickness of 120 pm. The struts are coated
abluminally with a 50:50 matrix of polylactic
acid (PLA) and Biolimus A9™,

Biolimus A9, is a macrocylic triene lactone
sirolimus derivate with pharmacological proper-
ties specifically tailored for stent application and
localized drug delivery. It has similar immuno-
suppressant and anti-inflammatory properties
as sirolimus. Due to its high lipophilicity (ten-
times higher than sirolimus), it strongly binds
to the vessel wall and is rapidly absorbed by tis-
sue, minimizing the systemic exposure of the
drug. Similarly to sirolimus, Biolimus A9 likely
forms a complex with intracellular FKBP-12,
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Figure 1. Cumulative incidence of definite stent thrombosis.
Reproduced with permission from [131] © Elsevier (2008).

which binds to and inhibits the mTOR in T
lymphocytes and smooth muscle cells. With
the inhibition of mTOR, a signaling pathway
is blocked, resulting in blockage of a protein
kinase, which in turn is necessary for ribosomal
biosynthesis and translation of the mRNA
required for the G1 to S phase transition in the
cell cycle. Biolimus A9 has been shown to inhibit
T-cell and smooth muscle growth [83].

The polymer used in the biolimus-eluting
stents (BES) of the BioMatrix family is a PLA.
PLAs were primarily used as materials for sutures,
prosthetic implants and in vive drug delivery
systems. [n vivo, with the degradation of PLA
by hydrolysis of polymer chains, nontoxic lactic
acid is released, which is further converted into
water and carbon dioxide via the Krebs cycle.
By minimizing the polymer weight (possible
because of the high drug-carrying capacity) the
inflammation and tissue reaction to the polymer
is minimized.

The PLA/Biolimus A9 coating is applied only
to the abluminal stent surface, resulting in more
targeted drug delivery to the vessel wall, while
reducing the systemic drug release. In these
sections, PLA degrades uniformly by bulky
erosions, resulting in a simultaneous release
of drug and polymer. After 6-9 months, both
polymer degradation, as well as drug release, are
complete (FIGURE 2).
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Figure 2. Features of the BioMatrix Flex™
system. (A) The principle of abluminal
coating with the polymer coating facing to
the vessel wall, resulting in better drug
deliverance to the vessel wall, while reducing
the systemic drug release. (B) Detail of the
BioMatrix Flex stent platform design, showing
the corrogated 316LVM steel, with one link
between two bands.

Reproduced with permission from Biosensors
International.

Clinical studies & postmarketing
findings
The STEALTH I trial was a FIM, RCT designed
to investigate the safety and efficacy of the
BioMatrix stent [84]. This trial compared the
BioMatrix stent with the bare-metal S-stent in
120 patients undergoing coronary angioplasty,
who were randomly assigned in a 2:1 propor-
tion to the BioMatrix-stent group and the con-
trol S-stent group. The primary end point was
in-lesion late loss at 6 months. Secondary end
points were event-free survival (defined as absence
of MACE) and reduction in binary restenosis at
6-month follow-up. After 6 months, there was a
significant difference found in in-lesion late loss,
with a late loss of 0.14 mm in the BioMatrix group
compared with 0.40 mm in the S-stent group
(p < 0.004). There was also a difference seen in
the in-stent late loss (0.26 vs 0.74 mm; p < 0.001).
Binary restenosis rates did not differ significantly
between groups (3.9 vs 7.7%; p = 0.40). The
event-free survival was also similar for both groups
at 6 months. This FIM trial demonstrated that
the use of BES was safe and effectively reduced
neointimal proliferation and restenosis when used
to treat de novo coronary lesions.

The STEALTH PK study investigated
the pharmacokinetics of Biolimus A9 [ss].
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Twenty-seven patients treated with a BioMatrix
stent were enrolled in this study. A total of 7 days
after implantation, 44% of the patients had
Biolimus A9 concentrations below the LLOQ
of 10 pg/ml, as assessed with the validated and
highly sensitive LC-MS/MS assay. After 28 days,
this percentage was 51.8%. At 3 and 6 months,
all patients had Biolimus A9 concentrations
below the LLOQ. The mean Biolimus A9
concentration between placement and 28 days
follow-up was 151 + 114 pg/ml (mean + SD).
The amount of Biolimus A9 on the stent and
the area under the time—concentration curve
over the observation period (r = -0.15; p < 0.44;
n = 27) or maximum concentration (r = 0.25;
p < 0.21; n = 27) were not correlated. No early
or late bursts of Biolimus A9 release from the
stents were detected. These results showed that
the systemic exposure of the drug was relatively
low, when compared with other DES, which may
be explained by the abluminal coating of the stent
and the high lipophilicity of Biolimus A9.

The LEADERS study was a randomized,
multicenter, assessor-blind, noninferiority trial
performed in ten European centers, which
enrolled an all-comers, ‘real world” patient popu-
lation [86]. In total, 1707 patients aged 18 years or
older with chronic stable coronary artery disease
or acute coronary syndromes (ACS) were ran-
domized to treatment with either biodegradable
polymer biolimus-eluting (BioMatrix Flex™;
n = 857) or permanent polymer sirolimus-eluting
(Cypher Select™; n = 850) stents. The primary
end point of this trial was MACE rate, defined as
the composite of cardiac death, MI or clinically
indicated target-vessel revascularization (TVR)
within 9 months. In addition, 427 patients were
randomly allocated to angiographic follow-up,
with in-stent percentage diameter stenosis as the
principal outcome measure at 9 months (Ficure 3).
For the primary end point, the BES turned out
to be noninferior to the SES (9 vs 11%; risk
ratio [RR]: 0.88; 95% CI: 0.64—1.19; Pooninfori
oy = 00035 p_ .. = 0.39), with similar fre-
quencies of cardiac death, MI or TVR between
both groups. BES was also noninferior to SES
in in-stent percentage diameter stenosis (20.9 vs
23.3%; difference -2.2%; 95% CI: -6.0-1.6;
=0.001; Pusperioricy = 0.26). At 12 months
follow-up, BES remained noninferior compared
with SES for the primary end point (10.6 vs 12%
respectively; hazard ratio [HR]: 0.88; 95% CI:
0.66-1.17; Puperioricy = 0.37) (87]. These results sug-
gested that the BioMatrix Flex BES was a safe
and effective alternative to the reference system

of first-generation DES, the Cypher Select SES.

pnoninferiori[y
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Follow-up results at 2 years [88], 3 years [89] and
4 years [90] of LEADERS were consistent with
the 9-month follow-up results. For the primary
end point (MACE — defined as the composite of
cardiac death, MI or clinically-indicated TVR),
BES remained noninferior compared with SES
(MACE rates at 4 years: 19 vs 23% respectively;
RR: 0.81; 95% CI: 0.66-1.00; p = 0.05), while
the Kaplan—Meier event curves showed an
increasing divergence with a difference in events
rate of 1.4, 2.4, 3.3 and 4% at 1, 2, 3 and 4 years
respectively, in favor of BES (withp . . '=0.37,
0.18,0.09 and 0.05 at 1, 2, 3 and 4 years, respec-
tively). At 4-year follow-up, the rates of cardiac
death (6 vs 7%; RR: 0.88; 95% CI: 0.60-1.29;
p=0.51), MI (8 vs 9%; RR: 0.96; 95% CI: 0.69—
1.33; p = 0.80) and clinically-indicated TVR (9.4
vs 11%; RR: 0.84; 95% CI: 0.62-1.13; p = 0.25)
were numerically lower in BES compared with
SES, although no statistically significant differ-
ence was found. Most importantly however, the
rates of definite ST were 2.4% for BES and 4.0%
for SES (HR: 0.62; 95% CI: 0.35-1.08; p = 0.09)
at4-year follow-up. In the BES group, definite ST
was increased by 0.4% from 1-4 years, while in
the SES group, it was increased by 2.0% in the
same period (Ficure 4). Furthermore, a landmark
analysis (set at 1 year) indicated a significant dif-
ference between BES and SES in the development
of definite ST from 1-4 years, in favor of BES
(Ficure 5) [91]. Thus, BES appeared to reduce rates
of very late ST.

A post hoc analysis using a patient-oriented
composite end point of any death, MI or revas-
cularization, rather than the device/lesion-
oriented primary end point used in LEADERS
(composite of cardiac death, MI or clinically
indicated TVR), BES performed significantly
better than SES (16.6 vs 23.9%; HR: 0.81; 95%
ClI: 065—099, p= 0.038, FIGURE 6) [91].

In LEADERS, stratified analyses of the
primary end point were prespecified accord-
ing to the presence or absence of the following
characteristics: diabetes, ACS or de novo lesions.
Additionally, post hoc analyses were performed
stratified according to acute ST-segment eleva-
tion MI (STEMI), multivessel disease, small-
vessel disease, long lesions, bifurcation lesions
(BL) and patients who were at higher risk
(according to the SYNTAX score [SX]).

In diabetic patients, the RR for the primary
end point (MACE) at 4-year follow-up in BES
versus SES was 1.00 (95% CI: 0.70-1.44;
p = 0.88), whereas in nondiabetic patients the
RR was 0.70 (95% CI: 0.54-0.91; p = 0.007),

with a nonsignificant p-value for interaction [90].
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Figure 3. LEADERS trial design.
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DAPT: Dual antiplatelet therapy; MI: Myocardial infarction; PCl: Percutaneous
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revascularization; TVR: Target vessel revascularization.
Reproduced with permission from Biosensors International.

In patients who were treated for STEMI in the
LEADERS trial, a significant benefit was found
with respect to the primary end point of MACE
at 4 years follow-up in the BES group compared
with the SES group. RR in the STEMI group
was 0.45 (95% CI: 0.24-0.83; p = 0.009) and
the RR in patients without STEMI was 0.88
(95% CI: 0.70-1.10; p = 0.26), with p = 0.043
for interaction [90].

Since neointimal hyperplasia is usually
independent of vessel size (92,93], small vessels are
more prone to restenose [94,95] (a late lumen loss
of 0.7 mm is obviously of greater hemodynamical
importance in a small vessel with 2 mm diameter
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Figure 4. Definite stent thrombosis in the LEADERS trial.
BES: Biolimus-eluting stent; RR: Risk ratio; SES: Sirolimus-eluting stent.
Reproduced with permission from [90] © Elsevier (2011).
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Figure 5. Landmark analysis (set at 1 year) of definite stent thrombosis in
the LEADERS trial. Definite stent thrombosis are according to the ARC criteria.
p-values for interaction = 0.017.

BES: Biolimus-eluting stent; PCl: Percutaneous coronary intervention; RR: Risk ratio;
SES: Sirolimus-eluting stent.

Reproduced with permission from [90] © Elsevier (2011).

then in a larger vessel with 3.5 mm diameter). In
a LEADERS substudy, small vessels were defined
as vessels with a reference diameter of <2.75 mm.
Of the 1707 patients included in the LEADERS
trial, there were 429 patients in the BES group
and 434 patients in the SES group who were
treated for small vessels only. In this small-vessel
subgroup, there were no significant differences
seen between the BES and SES in overall MACE
rate (12.1 vs 11.8%; p = 0.89) or TLR rates (9.6

1-year HR: 2-year HR: 3-year HR:
0.86 (0.67-1.11) 0.85 (0.68-1.06) 0.81 (0.65-0.99)
o5 p = 0.25* p =0.15* p = 0.038*
23.9%
BES 19.1% A4.4%
20 |— SES 19.5%
15.4%
15+ A2,
ES
10 4 13.4%
5 —
0 T T T T T T
0 6 12 18 24 30 36
No. at risk Time (months)
BES 857 774 731 713 701 676 615
SES 850 766 711 691 675 640 578

Figure 6. Combined patient-oriented outcomes (any death/myocardial
infarction/revascularization) in the LEADERS trial.

*p-values for superiority.

Myocardial infarction defined with the electrocardiographic criteria of the
Minnesota code manual or as a measurement of creatine kinase concentrations >2x
normal with positive concentrations of CK-MB or troponin | or T.

BES: Biolimus-eluting stent; HR: Hazard ratio; SES: Sirolimus-eluting stent.
Reproduced with permission from [132].
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vs 7.4%; p = 0.26). Overall, MACE and TLR
rates were significantly different between the
small-vessel group and the large-vessel group.
This substudy showed BES was noninferior in
the treatment of small vessels compared with SES
in this ‘all-comer’ population [96].

It is widely accepted that, when compared
with BMS, DES reduce restenosis rates and the
need for repeat revascularizations [42]. However,
although superior to BMS, the first-generation
DES still have higher repeat revasculariza-
tion rates in long lesions compared with ‘short’
lesions [9798]. Of the 1707 patients included in the
LEADERS trial, 305 patients had long lesions,
defined as a lesion of >20 mm in length (153 BES
vs 151 SES patients). In this subgroup, the MACE
rate was similar between BES and SES patients
(17 vs 14.6%; p = 0.62). There was also no sig-
nificant difference found in late loss (0.32 + 0.69
vs 0.24 + 0.57; p = 0.59). On the other hand,
there was a significant difference seen in binary
in-segment restenosis, with a restenosis rate of
23.2% in the BES group compared with 13.1%
in the SES group (p = 0.042). Furthermore, there
was a trend towards higher overall TLR rate with
BES (12.4 vs 6.0%; HR: 2.06; p = 0.07) and
clinically driven TLR (10.5 vs 5.3%; HR: 1.94;
p = 0.13). In conclusion, BES and SES appeared
similar with respect to MACE in long lesions in
an ‘all-comers’ patient population. However, long
lesions had a higher rate of binary in-segment
restenosis following BES when compared with
SES treatment, at 1-year follow-up.

Another subgroup analysis was performed in
patients with BLs. In the BMS era, BLs were asso-
ciated with lower procedural success and poorer
clinical outcome [99]. The introduction of DES
has significantly decreased in-stent restenosis
and consequently lowered the repeat revascular-
ization rates [100,101]. However, safety concerns
have emerged, especially with respect to ST [102].
Of the 1707 patients included in LEADERS,
497 patients underwent treatment of at least one
BL. At 12 months, there was no difference in
the primary end point MACE (BES 12.8 vs SES
16.3%; p = 0.31). There were no differences in
definite ST after 12 months (BES 1.9 vs SES
2.5%; p = 0.77). Cardiac death (BES 2.7 vs SES
2.9%; p = 1.00) and MI (BES 8.9 vs SES 5.4%
p = 0.17) rates were not statistically significantly
different, but there was a significant difference
in clinically indicated revascularization (BES
4.3 vs SES 11.3%; p = 0.004) in this subgroup.
Of the total of 534 treated BLs in LEADERS,
232 were ‘true’ BLs (i.e., lesions involving both
main and side branch [SB]; medina score [103]
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1.1.1, 1.0.1, 0.1.1), with 131 patients treated with
BES and 102 patients with SES. The use of BES
was associated with significantly lower rates of
percutaneous revascularization (TLR and TVR)
within this true bifurcation group (p < 0.05).
In LEADERS, the treatment strategy for BLs
was not prespecified in the protocol but left to
the discretion of the operator. The most often
used strategy was the single-stent approach,
being used in over 80% of cases, with a low
crossover rate to a two-stent strategy of 5.3%
and comparable MACE rates of 14.0 and 16.7%
for one- and two-stent strategies, respectively
(104]. The clinically indicated revascularization
rate of 4.3% in the BES group was lower if com-
pared with the 5.3% of TLR rate, which was
found in two large meta-analyses, comparing
clinical outcomes in 1641 patients with BLs
between one- or two-stent technique in the DES
era [105,106].

Besides post hoc subgroup analyses on high-risk
lesions, another major substudy was performed,
focussed on high-risk patients as defined by the
SX. The SX is a comprehensive angiographic
scoring system derived from the coronary anat-
omy and lesion characteristics [107,108] initially
designed to quantify coronary lesion complexity,
which could be used as a decision-making tool
for treatment allocation. Additional analyses
have subsequently demonstrated its ability to
predict MACE, following percutaneous revascu-
larization in patients with multivessel coronary
artery disease at follow-up ranging from 1 to
5 years [109-111]. In the LEADERS substudy, SX
was collected prospectively in 1397 ‘all-comer’
patients [112]. Patients were divided according
to their SX into tertiles defined as: SX low < 8
(n = 467), SX mid 9-16 (n = 472) and SX high
>16 (n = 461). Overall, patients stratified to the
highest SX, showed increased rates of MACE
(Fieure7), cardiac death, TVR and TLR, whereas
no differences were found in M1 rates among the
different SYNTAX groups, after 2-year follow-
up. If BES was compared with SES within the
SX high group, overall MACE (again defined
as the composite of cardiac death, MI and clin-
ically-indicated TVR) rate tended to be lower
in the BES treated group (15.3 vs 21.8%; HR:
0.68;95% CI: 0.44-1.04; p = 0.08) after 2-year
follow-up. Cardiac death was significantly lower
in this SX high group if patients were treated
with BES compared with SES (4.7 vs 9.5%;
HR: 0.48; 95% CI: 0.23-0.99; p = 0.046;
Ficure 8). Moreover, both definite (2.6 vs 5.1%;
p = 0.17) as well as probable ST (2.6 vs 4.8%;
p = 0.23) were nonsignificantly lower in the SX
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SYNTAX score in leaders: MACE! rate

— i 2-year HR:
20 4 :i ;Ii%h 1.45 (1.21-1.74)
""" Sx Low p <0.001%
18.4%
12.0%
< 104 o
9.4%
0 T T T T T : . .
g 3 6 9 12 16 18 21 24
No. at risk Time (months)
Sx Low 464 444 440 437 426 409 402 399 393
Sx Mid 472 446 443 437 428 424 417 414 406
Sx High 461 419 412 398 390 382 375 373 369

Figure 7. Kaplan—Meier curves for major adverse cardiovascular events at

24 months, according to the SYNTAX tertiles.

fMajor adverse cardiovascular events defined as the composite end point of death,

myocardial infarction or clinically indicated target vessel revascularization.
*p-values for superiority.

HR: Hazard ratio; MACE: Major adverse cardiovascular events.
Reproduced with permission from [113] © Europa Edition.

high group treated with BES when compared
with the SES treated SX high group, at 2-year
fOllOW—up (FiGUre 9) [113].

Although these subgroup analyses may have
been underpowered and post hoc analyses have
to be interpreted with caution, they show a
trend towards superiority of biolimus-eluting
biodegradable-polymer stents in particularly

Cardiac death in high SYNTAX score (>16)

SES 1-year HR: 2-year HR:
T 0.40 (0.16-0.97) 0.47 (0.23-0.99)
BES p = 0.042* p = 0.046*
14 4
10 - 9.6%

0 T T T T T T T T
0 3 6 9 12 15 18 21 24
No. at risk Time (months)
BES 239 235 233 231 228 226 225 224 222
SES 222 215 213 209 205 204 201 201 199

Figure 8. Kaplan—-Meier curves for cardiac death in patients with high

SYNTAX score (>16) in the LEADERS trial.

*p-values for superiority.

BES: Biolimus-eluting stent; HR: Hazard ratio; SES: Sirolimus-eluting stent.
Reproduced with permission from [113] © Europa Edition.
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A. Definite stent thrombosis in high SYNTAX score (>16)

— SES 1-year HR: 2-year HR:
0.55 (0.20-1.50) 0.5(0.18-1.34)
BES p = 0.24* p=0.17*
8_
0,
4.6% 5-1%
r
4
2.6% 2.6%
07 T T T T T | T
0 8 9 12 15 18 21 24
Time (months)
No. at risk
BES 239 230 228 225 223 220 219 218 216
SES 222 199 196 194 192 192 188

Figure 9. Kaplan—-Meier curves for definite stent thrombosis in patients
with high SYNTAX score (>16) in the LEADERS trial.

*p-values for superiority.

BES: Biolimus-eluting stent; HR: Hazard ratio; SES: Sirolimus-eluting stent.
Reproduced with permission from [113] © Europa Edition.
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challenging lesion subsets and patients, except
in the long-lesion subgroup.

Another substudy of LEADERS evaluated
56 patients at 9-month follow-up with OCT.
Twenty patients (29 lesions, with 4592 struts)
included in this substudy were treated with BES
and 26 (35 lesions, with 6476 struts) with SES.
At 9 months, a total of 83 struts were uncov-
ered in the BES group and 407 in the SES group
(weighted difference -1.4%; 95% CI: -3.7-0.0;
p = 0.04). There remained a difference after
adjustment for preprocedure lesion length, refer-
ence vessel diameter, number of implanted study
stents and presence of overlapping stents. Three
lesions in BES and 15 in SES had >5% uncovered
struts (difference -33.1%; 95% CI: -61.7 to -10.3;
p < 0.01). In conclusion, it seems that strut cov-
erage appears to be more complete in BES after
9 months [114]. However, at 24 months follow-up,
strut coverage was improved in SES, resulting in
similar stent coverage in BES and SES [115].

The higher rate of very late ST of BES com-
pared with SES in the LEADERS trial at 4 years
follow-up (as shown with a landmark analysis set
at 1 year), could not be explained by the lower
rate of uncovered struts in BES, as shown in the
OCT study at 9 months, because at 24 months
there was a ‘catch-up’ of strut coverage observed

in Cypher Select SES.

Interv. Cardiol. (2012) 4(1)

Alternative biolimus-eluting devices
Besides the stents of the BioMatrix family, there
exist stents which are coated with PLA and use
Biolimus A9 as an antiproliferative drug (Tasce 1).
The first of these stents is the Nobori® stent
(Terumo Corporation, Tokyo, Japan), with the
S-stent™ platform (as in the BioMatrix stent).
The Nobori stent proved to be safe when com-
pared with the Taxus PES in 243 randomized
patients (153 Nobori and 90 Taxus) [116,117].
Nobori showed to have significantly lower in-
stent late loss at 9 months compared with PES
(0.11 % 0.30 vs 0.32 + 0.50 mm, respectively),
both the primary hypothesis of noninferiority
(p < 0.001) and the secondary hypothesis of
superiority (p = 0.001) reached significance [117].
There was also a significantly lower binary res-
tenosis rate in the Nobori group (0.7 vs 6.2%;
p = 0.02) and neointimal volume obstruction
as found with intravascular ultrasound (1.8 vs
5.5%; p = 0.01) 117). Although not significant,
MACE rate (4.6 vs 5.6%) and ST rate (0 vs 4.4%)
were numerically lower in the Nobori group. In
addition, 107 patients were randomized between
the Nobori stent (n = 54) and the Cypher SES
(n = 53). The primary end point — in-stent late
loss at 9 months — was equal between both
stents (Nobori 0.10 + 0.26 mm vs Cypher
0.13 + 0.44 mm; p = 0.66). There was a sig-
nificantly lower in-stent diameter stenosis found
in the Nobori group (13 + 10% vs 20 = 12%;
p = 0.002), without significant difference in
binary restenosis (Nobori 1.7% vs Cypher 6.3%;
p = 0.32) [118]. At 12 months follow-up, MACE
rate was low in both groups (Nobori 1.9% vs
Cypher 4.1%). In conclusion, the Nobori stent
was shown to be safe and effective (with respect
to angiographic end points).

Another alternative system, which uses PLA
polymer coating in combination with biolimus
drug is the CE-approved Axxess™ (Biosensors
Int., Morges, Switzerland). It is a dedicated
bifurcation stent and its platform, which is a
nickel-titanium alloy, allows the stent to self-
expand [119]. The stent has a conical-shaped
design, with a distal wide end, which has to be
positioned at the level of the carina and then
seated within the ostia of both the parent vessel
as well as the SB, providing access to these ves-
sels for additional stent placement. A registry,
which enrolled 302 patients where 299 patients
were treated with the Axxess stent, showed a
9-month MACE rate of 7.7% [120]. Intravascular
ultrasound and angiographical follow-up at
9 months showed subacute and late ST of 0.7
and 0.3%, respectively. Binary restenosis rate
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Stent Platform Study
performed

BioMatrix  S-stent

Flex® trial
(LEADERS)

Nobori® S-stent Randomized Taxus® PES
trial

Nobori S-stent Randomized Cypher SES
trial

Axxess™  Self-
bifurcation expanding
stent Ni-Ti alloy

Registry N/A

Comparator Patients

Randomized Cypher® SES

included

loss (mean =SD)

857 BioMatrix 0.13 £ 0.46 vs
vs 850 Cypher 0.19 £ 0.50 (p = 0.34)
153 Nobori 0.11 £ 0.30 vs
vs 90 Taxus 0.32 £ 0.50 (p =0.001)* (p=0.02)
54 Nobori 0.10 £ 0.26 vs
vs 53 Cypher 0.13 £ 0.44 (p = 0.66)*
302 0.20 + 0.41 (PV)
and 0.17 + 0.34 (SB)

Results (BES vs comparator)

9-month in-stent late 9-month binary MACE*
restenosis (%)

5.5vs 8.7
(p = 0.20)

0.7vs 6.2

1.7vs 6.3
(p=0.32)

Total 6.4; 3.6 in
PV, 4.3 in SB

rate (%)

5.3vs 6.1
(p = 0.45)*

46vs5.6
53vs6.3

(p =0.81)
4*

Ref.

(86]

(116,117)

[118]

[119]

"MACE definitions in LEADERS: composite of cardiac death, myocardial infarction (M) or clinically indicated target vessel revascularization (TVR), Nobori versus Taxus
trial: composite of cardiac death, MI, emergent cardiac bypass surgery or TVR,; Nobori versus Cypher trial: composite of cardiac death, MI, emergent cardiac bypass
surger or TVR; Axxess registry: any death, any Ml and ischemia-driven TVR.

*Primary end points.

BES: Biolimus-eluting stent, MACE: Major adverse cardiovascular event; Ni-Ti: Nickel-titanium, PES: Paclitaxel-eluting stent; PV: Parent vessel, SB: Side branch;

SES: Sirolimus-eluting stent.

was 6.4%), with 3.6% in the main branch and
4.3% in the SB. The SB restenosis rate was
particularly low compared with bifurcation
treatment with other nondedicated DES. Late
loss was 0.20 + 0.41 mm (parent vessel) and
0.17 + 0.34 mm (SB), whereas in the Axxess stent
segment, percentage neointimal volume obstruc-
tion was 4.3 £ 5.2%. These results suggested that
the use of this device is safe, but randomized
trials are necessary to confirm this.

How the technology fits into the
field of medical devices

The BioMatrix Flex DES is indicated for improv-
ing coronary luminal diameter and reducing
stent restenosis for the treatment of de novo
lesions in native coronary arteries with a refer-
ence diameter ranging from 2.25-4.00 mm.
Stents with length 33 and 36 mm are only avail-
able for artery diameters ranging between 2.5
and 3.5 mm. The BioMatrix Flex DES with stent
lengths up to 28 mm is also indicated for use
in patients with ACS (including ACS-STEMI,
ACS-NSTEMI and unstable angina) and diabe-
tes mellitus. The BioMatrix Flex DES is available
in the European Union, South America, Africa
and Asia Pacific (excluding China and Japan).

Conclusion

The results of the LEADERS trial showed that
the BioMatrix Flex BES is noninferior to the
Cypher Select SES regarding to the compos-
ite primary end point of cardiac death, MI or
clinically-indicated TVR. LEADERS was an
‘all-comers’ trial with an off-label use of 80%,
therefore different subgroups of interest could be
identified and analyzed, with a follow-up period
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of up to 4 years. In some of these subgroups, BES
was shown to be superior to SES with respect to
the primary and/or one of the secondary end
points. Overall, the superiority of BES over
SES in the primary composite end point in
LEADERS approached statistical significance
at 4 years follow-up, while a landmark analysis
on very late ST actually showed clear superiority
of BES over DES in the overall group.
Although these subgroup and post hoc analyses
should be interpreted with caution and ST was
only superior in BES if a landmark analysis was
performed, these results suggest that the theoreti-
cal advantage of the BioMatrix Flex stent design
with a biodegradable polymer and a highly lipo-
philic drug, could be translated also into an
advantage in real-world clinical practice. Better
strut coverage at 9 months in BES, as shown with
an OCT study [114], could only partly explain
lower rates of very late ST, because strut coverage
was equal between BES and SES at 24 months
follow-up, and therefore no conclusions could be
drawn regarding the mechanism of reduction of
the very late ST rates with BES. Whether com-
plete polymer degradation at 6—9 months indeed
decreases inflammatory and prothrombogenic
reactions, and is therefore protective for very late
ST, could not be concluded with the current evi-
dence. The clinical results at 4 years follow-up of
the LEADERS trial, however, seem to indicate a
clinical advantage of this technology.
Currently, the clinical program of the
BioMatrix family involves more than
14,000 patients, including a randomized trial
comparing BES with BMS in STEMI patients
(COMFORTABLE AMI) and the planned
Global LEADERS (>10,000 patients) trial.
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Future perspective

Although biodegradable polymer metallic devices
appear to offer advantages over first-generation
DES, there may be other solutions to prevent ST.
The reasons for ST are multifactorial. Besides
patient characteristics and environment, there
are the aforementioned device related factors,
such as delayed and/or incomplete endothelial-
ization, inflammatory response to the stent
polymer and stent malapposition.

B Delayed and/or incomplete
endothelialization

To promote endothelialization after stent place-
ment, the Genous™ endothelial progenitor cell
(EPC)-capturing stent was developed. This
stent is coated with CD34* antibodies specifi-
cally targeting the circulating EPC population.
These bone-marrow-derived EPCs are associ-
ated with arterial repair and it was hypoth-
esized that both ST and restenosis rates would
decrease by improving endothialization of stent
struts, resulting in fast coverage with healthy
endothelium. The first registry studies showed
promising results regarding ST rates (12 months
definite ST rates of 0.5 and 0.6%), where
TLR rates at 12 months were moderately high
(5.7 and 10.99%) [121,122]. A large RCT, random-
izing Genous against DES (Taxus PES, Cypher
SES, Endeavor ZES or Xience V EES, at the dis-
cretion of the operator), was stopped eatly (after
inclusion of 50% of patients), as recommended

by the data and safety monitoring board, due
to an excessive TLR rate in the Genous arm. A
new EPC-capturing stent was developed with
an abluminal coating of a sirolimus-eluting
biodegradable polymer: the Combo™ dual-
therapy stent. In the REMEDEE trial, where
the Combo stent was randomized against Taxus
PES, the Combo stent was noninferior to Taxus
regarding the primary angiographic end point
of late lumen loss at 9 months (0.39 + 0.45 mm
in the Combo stent and 0.44 + 0.56 mm in
the Taxus) [123]. Whether the combination of
the EPC-capturing technique with an ablumi-
nal sirolimus eluting, biodegradable polymer
coating could decrease restenosis and ST rates,
when compared with the currently widely used
second-generation DES, should be further
investigated.

B Inflammatory response to the stent
polymer

Currently, a stent system, which elutes bioli-
mus from a polymer-free drug-coated stent, the
BioFreedom™ (BFD), is under investigation. A
pilot study of 182 patients (60 patients treated
with BFD standard dose, 62 with BFD low
dose and 60 with Taxus Liberté) shows that the
BFD standard dose is noninferior to the Taxus
Liberté concerning the in-stent late lumen loss
at 1 year (0.17 vs 0.35 mm; p_ . .. = 0.001;
Prperior = 0.11), whereas no differences were
found between groups in MACE rates (defined

Device description: BioMatrix™ family
Platform: a balloon-expandable, corrugated 316 LVM steel-ring stent, with Quadrature Link™ design.
Polymer: polylactic acid, which is fully absorbed after 6-9 months. Polylactic acid acts as a carrier for the drug and biodegrades along
with the drug elution.
Drug: Biolimus A9™, is a semisynthetic rapamycin derivative with enhanced pharmacokinetic properties, which strongly blocks a
signaling pathway by inhibiting mTOR, with blockage of protein kinase as result, inhibiting T-cell and smooth muscle cell growth.
Abluminal coating: The PLA/Biolimus A9-coating of the stent is abluminal, resulting in more targeted tissue release and less systemic
exposure.

Safety
The LEADERS trial with biodegradable polymer showed that BioMatrix Flex was noninferior regarding major adverse cardiovascular events
(cardiac death, myocardial infarction and clinically-indicated target lesion revascularizations) at 9 months follow-up (p =0.003).
Biolimus-eluting stents (BES) remained noninferior at 4 years follow-up.

Clinical efficacy
LEADERS 4 years follow-up: BioMatrix Flex approached superiority regarding the primary composite end point (19 vs 23%; risk ratio (RR):
0.81;95% Cl: 0.66-1.00; p, . 10r, = 0.05).
A landmark analysis, set at 1 year, showed significantly less stent thrombosis in BES (probable/definite stent thrombosis between 1 and
4 years; RR: 0.20; 95% Cl: 0.06-0.067; p = 0.004).
Patients with ST-segment elevation myocardial infarction treated with BES in LEADERS were shown to have a lower rate of the composite
end point, compared with sirolimus-eluting stent (RR: 0.45; 95% Cl: 0.24-0.83; p = 0.009).
Patients with a high SYNTAX score treated with BES within the LEADERS trial showed significantly lower cardiac death rates at 2 years
follow-up compared with SES (4.7 vs 9.6%; hazard ratio: 0.48; 95% Cl: 0.23-0.99; p = 0.046).
In a LEADERS bifurcation substudy, patients in the BES group had significantly lower clinically-indicated revascularization rates at 1-year
follow-up compared with the sirolimus-eluting stent group (4.3 vs 11.3%; p = 0.004).

noninferiority

20 Interv. Cardiol. (2012) 4(1)
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as the composite of all death, Q wave MI and
non-Q wave MI, emergency coronary artery
bypass graft surgery and TLR) [124].

Although currently not commercially avail-
able, an everolimus-eluting device, with a fully
biodegradable scaffolding, could potentially
offer a definitive solution for the long-term risk
of very late ST, as the scaffold is completely
metabolized to CO, and water after 9 months
and the normal vessel architecture is restored at
3 years (i.e., the struts are completely integrated
into the vessel wall) [125]. The FIM ABSORB
trial, including 30 patients, showed a compos-
ite end point of cardiac death, MI or ischemia-
driven TLR of only 3.4% after 3 years follow-up
(126-128]. Further studies are necessary to fully
assess the performance of the fully degradable
device, especially in complex lesions. Its deploy-
ment may require lesion preparation and cer-
tainly mandates very careful device sizing, mak-
ing it at this time challenging to use for most
high volume operators.

B Stent malapposition

Lastly, a new stent system, the Stentys® self-
deploying stent, could offer a solution to the
problem of stent malapposition. In the setting
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