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Figure 6 ‘Principle of a parallel bifurcation’. Close-up view of SideB from Figure 5, with thrombus attached to stent struts at the SideB ostium,
in a three-dimensional frequency domain optical coherence tomography downstream fly-through view. Note how the MainB and SideB appear
to originate parallel to each other at their respective point of take-off. Corresponding two-dimensional optical frequency domain imaging frames

are illustrated on the left.

visualized in the longitudinal 3D reconstructions illustrated, as it
exists in a different plane to the ostia of the OM branches. For
comparison, a Nile Croco™ bifurcation stent deployed in a
phantom model of a bifurcation is illustrated (inset figure of far
right image). Note the area of malapposition with the correspond-
ing shadowing on the vessel wall in the proximal stent edge (yellow
arrow)—the corresponding 2D OFDI frames are illustrated
(Figure 7B). The remainder of the stent appeared to be relatively
well apposed; there was however evidence of under-deployment
(Figure 7A, white arrow) when compared with the phantom model.

Fly-through downstream views of the treated vessel, pre- and
post-intervention, are illustrated (Figure 7C)—within this view, no
malapposition or floating struts are evident at the bifurcation.
For comparison, corresponding 2D cross-sectional OFDI frames
post-implantation are illustrated below.

Miscellaneous

Stent under-deployment and strut malapposition

at the ostium

Severe proximal OM coronary disease was directly stented with a
2.5 x 15 mm Xience V stent up to the ostium of the vessel; no
post-dilatation was performed (Figure 8A and B).

Figure 8A demonstrates pre- and post-longitudinal 3D recon-
structions with corresponding angiograms. White double arrow
in the post-implantation longitudinal 3D reconstruction is suggest-
ive of stent under deployment (lower right image), as also seen in
the corresponding coronary angiogram lower left image. Note the
cardiac motion artefact in the post-implantation longitudinal 3D re-
construction (marked with an electrocardiographic signal), leading
to the ‘elongation’ of the struts (the mechanism is explained in

Figure 10) and the malapposed strut at the ostium, with the
shadow it casts on the vessel wall (yellow arrow, lower right
image). Changing the endoluminal point of view, for instance
with different views in the longitudinal plane (not illustrated) or
with fly-through views looking downstream (Figure 8B, upper left
image: yellow arrow) or upstream (Figure 8B, upper right image:
yellow arrow), can help visualize stent malposition, which subse-
quently can be confirmed on corresponding cross-sectional 2D
OFDI frames if necessary (lower images). The corresponding 2D
OFDI frames suggest the presence of several ‘floating’ malapposed
struts at the ostium—yellow arrows indicate the same malapposed
strut seen in the 3D reconstructions.

Assessment of the extent of plaque rupture

Diagnostic coronary angiography was performed in a patient with a
background of multiple cardiac risk factors and stable angina. Close
review of the distal left main stem on coronary angiography sug-
gested possible plaque rupture as evidenced by minor irregularity
(Figure 9, inset upper right image: yellow arrow), with no flow-
limiting lesion evident. The area of concern was not easily recog-
nizable on 2D FD-OCT imaging—with only a high index of suspi-
cion that an abnormality was present—close review of the
individual 2D cross-sectional OFDI individual frames and 2D
longitudinal views (in multiple different planes) was undertaken. If
‘real-time’ 3D FD-OCT was available, this would have potentially
immediately highlighted the area of concern and allowed immedi-
ate focused assessment with the corresponding 2D imaging. Two-
dimensional OFDI frames were subsequently highly suggestive of
plaque rupture on 2D axial and longitudinal views (lower images:
yellow arrows). Three-dimensional reconstructions demonstrated



Figure 7 (A) Nile Croco™ bifurcation stent: longitudinal
three-dimensional of the pre- and post-
intervention bifurcation are demonstrated with corresponding
two-dimensional coronary angiograms. (B) Stent Malapposition:
corresponding two-dimensional optical frequency domain
imaging frames of the stent malposition seen at the proximal
edge of the Nile Croco'" bifurcation stent on three-dimensional
frequency domain optical coherence tomography reconstruc-
tions (Figure 8A). (C) Downstream fly-through views: of the
treated vessel pre- and post-implantation with the Nile
Croco™ bifurcation stent. Corresponding optical frequency
domain imaging frames are illustrated below.

reconstructions

the visible plaque rupture in the distal left main stem—yellow
arrows in downstream fly-through (upper left image) and longitu-
dinal (upper right image) views. The patient was medically treated.

The principle of three-dimensional
reconstructions performed in a
non-diseased porcine model

Two-dimensional OFDI were undertaken in a non-diseased
porcine model implanted with a Xience V drug-eluting stent, to
allow for the assessment of the technical issues relating to under-
taking 3D FD-OCT reconstructions. The porcine study has previ-
ously been described and was approved by the Institutional Animal
Care and Use Committee;®® the study was conducted in
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accordance to the American Heart Association guidelines for pre-
clinical research and the Guide for the Care and Use of Laboratory
Animals (NIH, 1996).

Cardiac motion artefacts

During the early ejection phase, the speed of the cardiac contrac-
tion is at the most rapid and faster relative to the pull-back speed
of the OFDI probe during image acquisition. This consequently can
potentially cause a cardiac motion artefact as illustrated
(Figure 10A).

Since the heart contracts with longitudinal (along the longitudin-
al axis of the vessel) and rotational movements, this can lead to dif-
fering types of motion artefacts such as elongation, repetition, or
rotational motion artefacts as illustrated in Figure 10B. Solid
white arrow indicates an elongated strut; broken white line indi-
cates repetition of same struts due to the forward and backward
motion of the vessel over the imaging wire during imaging acquisi-
tion in the early ejection phase; white arrowheads indicates rota-
tion due to the twisting motion of the coronary artery over the
imaging wire. An example from a human study is shown in the fly-
through view (looking upstream in the LAD) of an elongation arte-
fact (Figure 10C).

The trade-off between pull-back speed, cardiac motion
artefacts, and image resolution of the three-dimensional
reconstructions

Differing pull-back speeds were used to assess image quality and
frequency of cardiac motion artefacts in the non-diseased
porcine model. Three-dimensional FD-OCT
were performed from 2D OFDI acquisitions with pull-back
speeds of 20, 30, and 40 mm/s (Figure 11). With faster pull-back
speeds (40 mm/s), the frequency of the cardiac motion artefacts
consequently reduces due to a shorter period of time during
imaging acquisition for cardiac motion to occur. This however
comes at the expense of a lower longitudinal resolution (due to
a thicker slice thickness: 0.25 mm) giving a more ‘grainy’ appear-
ance. Conversely, with slower pull-back speeds (20 mm/s), the
image resolution increases because of a greater longitudinal reso-
lution (due to a ‘thinner’ slice thickness: 0.125 mm); this is
however at the expense of an increased frequency of cardiac
motion artefacts due to a longer imaging acquisition time period.
A trade-off between image resolution (as determined by the pull-
back speeds) and the frequency of cardiac motion artefacts is
therefore necessary to ensure the ideal 3D reconstruction.

The recommendation for the Terumo OFDI system, in our ex-
perience, is a pull-back speed of 20 mm/s; this will allow optimal
imaging while limiting cardiac motion artefacts; cardiac motion
artefacts however will still occur as previously illustrated
(Figure 9C). For the LightLab C7 system, because of the poorer
resolution of the 3D reconstructions, we recommend a pull-back
speed of 10 mm/s to improve the resolution;”’ this however
comes at the expense of substantially increased frequency of
cardiac motion artefacts, with the risk of one of these artefacts

reconstructions

occurring at the region of interest. Future generations of 3D
FD-OCT systems, in our opinion, need to have much higher
frame rates (200—300 frames/s +) to allow for even rapid pull-
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Figure 8 (A) Stent under-deployment and malapposition at the coronary ostium: longitudinal three-dimensional reconstructions, pre- and
post-intervention, are illustrated with the respective coronary angiograms. (B) Malapposition at the coronary vessel ostium: three-dimensional
reconstructions with downstream (upper left) and upstream (upper right) fly-through views and corresponding two-dimensional optical fre-
quency domain imaging frames (lower images), demonstrating a single malapposed strut at the ostium (yellow arrows).

Figure 9 Plaque rupture: demonstrated on three-dimensional
longitudinal and downstream fly-through views with correspond-
ing two-dimensional optical frequency domain imaging frames and
coronary angiogram.

backs (40 mm/s +)—this will potentially lead to higher resolution
3D reconstructions with limited cardiac motion artefacts.

Potential clinical application and
opinion for the future
development of three-dimensional
frequency domain optical
coherence tomography
technology

Due to the unrivalled resolution of OCT compared with other
intravascular imaging modalities, it is the author’s opinion that
the potential clinical application of this technology, as a

complimentary tool to 2D FD-OCT s real, and if available at the
‘push-of-a-button” when 2D intravascular imaging is performed,
will provide a global perspective with subsequent targeted assess-
ment with 2D FD-OCT imaging as required. Furthermore, the 3D
reconstructions are intuitively easier to understand compared with
the 2D images, which further adds to the appeal of this emerging
technology.

The current prototypes of online 3D FD-OCT systems have the
capacity to automatically detect struts based on their specific
optical characteristics, such as the reflective properties of the me-
tallic struts.* The further requirements from industry to potentially
make 3D FD-OCT a clinical reality include the improvement in
automatic strut detection, higher framer-rate systems with rapid
pull-back speeds to improve the resolution of the 3D reconstruc-
tion and reduce the likelihood of cardiac motion artefacts, auto-
matic volume rendering of a sufficient calibre to allow for
high-resolution imaging, dedicated quantitative software for ana-
lyses,”® and a user-friendly interface to allow for full virtual naviga-
tion of the vessel. With the latter, as previously illustrated,
sometimes several views—such as longitudinal and fly-through
views—are required to best visualize the area of interest; with
the volume-rendering software utilized in the cases in this paper,
practically any view of the vessel was achievable with relative
ease. It should also be emphasized that the concept of virtual navi-
gation (fly-through) of the coronary vessel is not new, having pre-
viously been implemented for many years in the magnetic
navigation catheterization laboratory.***

The development of dedicated software, which ultimately is
what this technology is reliant upon, is of paramount importance.
Dedicated volume-rendering software to achieve consistent and
reproducible application of volume rendering—as has been
achieved with spiral computed tomography®'—and dedicated
quantitative software®® for the analyses of the 3D constructions
are both crucial to allow for comparable, reproducible 3D recon-
structions and quantitative data, which can have potential wide-
spread clinical and research applications.



3D FD-OCT: Motion Artefacts

Coronary 3D OCT

Septal movement
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Figure 10 (A) The mechanism of cardiac motion artefacts in
three-dimensional frequency domain optical coherence tomog-
raphy reconstructions: the three-dimensional reconstructions
were performed in a porcine model. (B) The different types of
cardiac motion artefacts in three-dimensional frequency domain
optical coherence tomography reconstructions: elongation,
repetition, and rotational artefacts are illustrated. (C) Elongation
artefact from a human study: an upstream fly-through three-
dimensional reconstruction of the left anterior descending
artery is illustrated.

Potential clinical applications of the 3D technology include to
allow for the global assessment of areas of possible stent
malapposition—by the presence of shadow on the vessel wall as
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Iy 4
PB Speed 20mm/s 30mm/s 40mm/s

Slice thickness 0.125mm 0.1875mm 0.25mm

Figure 11 The trade-off between pull-back speed, cardiac
motion artefacts, and image resolution of the three-dimensional
frequency domain optical coherence tomography reconstruc-
tions: as demonstrated in a porcine model. *represents cardiac
motion artefacts; (A) represents 2D (OFDI) longitudinal image;
(B—D) represents corresponding 3D reconstructions with pro-
gressively increased pullback speeds and consequential fewer
cardiac motion artefacts at the expense of a lower resolution.
PB, pullback.

seen with protruding and malapposed struts—which may
warrant subsequent closer review with 2D imaging to help ascer-
tain areas requiring further post-dilatation; conversely, if malappo-
sition is obvious on the 3D reconstruction, the operator may
simply elect to undertake further post-dilatation. To aid with this
process, automatic colour coding of apposed, protruding, or
malapposed struts may be achievable.

The application of this technology within the coronary bifurca-
tion has previously been described and is a further promising
area of the potential for this emerging technology.>* Trying to visu-
alize the complex anatomy of the bifurcation and the effects of
intervention is difficult and not always reliable with 2D
imaging?® The addition of quantitative measurements, as
previously discussed, may have a potential clinical application in
the measurement of the SideB ostial area after MainB stenting,
to allow assessment as to whether the SideB is haemodynamically
obstructed.® Angiographic assessment of pinched SideB after
MainB stenting has previously been shown to be unreliable, with
only one-quarter (27%) of SideB with angiographic residual nar-
rowing >75% being found to be functionally significant on subse-
quent pressure wire studies.>*?

Other potential clinical applications previously demonstrated
include the identification and localization of the extent of throm-
bus and need for subsequent further aspiration thrombectomy,
post-dilatation, and concomitant use of peri-procedural anticoagu-
lants—conversely, thrombus cannot be visualized by the IVUS and
if this imaging modality was used, the operator would effectively
have to make an educated guess as to whether malapposition is
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present or not; a greater understanding of stent conformability, in
particular at the coronary ostium; the identification of other intra-
vascular abnormalities such as ruptured plaque (Figure 9) and even
stent under-expansion.

Although OCT is not the intravascular imaging modality of
choice for the assessment of stent under-expansion due to the
limited penetration of OCT in intravascular tissue—whereas
IVUS would be more ideal in identifying the media-to-media
width for appropriate vessel sizing*>—the 3D reconstructions
still identified an area where stent under-expansion was clearly
evident (Figure 8) and may have guided the operator to undertake
further post-dilation, with or without IVUS guidance. Furthermore,
the introduction of quantitative measurements with 3D-OCT may
allow defining of these lengths of interest on longitudinal 3D views
that may also guide subsequent intervention.

The addition of tissue characterization within 3D FD-OCT
reconstructions are further promising areas of research in this
technology; these have previously been performed offline and
would have the potential to aid in the identification of clinically
useful areas of interest, such as lipid pools and vulnerable
plaque.™®3* Fusion imaging of 2D FD-OCT and IVUS virtual hist-
ology®® has recently been described; this may subsequently be
achievable with 3D FD-OCT. Furthermore, the development of
2D and 3D ‘microscopic’ OCT—with a resolution of 1-2 pm—
has also very recently been shown to provide remarkably clear
pictures of cellular and subcellular features, associated with athero-
genesis and thrombosis in human cadaveric coronary arteries.*®

The realization of the full potential of this emerging technology
within interventional cardiology clinical practice—as appears to be
currently the case in the field of ophthalmology with, for example,
3D visualization of the retina®’—is required from clinicians and in-
dustry in order to allow the future development and validation of
this innovative technology.
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The ABSORB Bioresorbable Vascular Scaffold:
An Evolution or Revolution in Interventional

Cardiology?

BiLL D. GOGAS, VASIM FAROOQ, YOSHINOBU ONUMA, PATRICK W. SERRUYS

Thoraxcenter, Erasmus University Medical Centre, Rotterdam, the Netherlands

he advent of plain-old balloon an-

gioplasty (POBA), first introduced

by Andreas Griintzig in 1977, rev-
olutionised the treatment of coronary ar-
tery disease. Significant coronary lesions
were shown to be potentially treatable
with balloon dilatation, leading to resto-
ration of lumen patency and vascular flow.
Although this mode of treatment was
undoubtedly a significant technological
breakthrough, multiple weaknesses be-
came evident. These either occurred post-
procedurally, leading to acute vessel clo-
sure necessitating emergency revasculari-
sation as a consequence of acute vessel re-
coil aggravated by local intimal and media
dissections, or longer term, secondary to
neointimal proliferation and constrictive
remodelling as a consequence of vascular
barotrauma.!

Several of the weaknesses associated
with POBA were eliminated with the in-
troduction of bare metal stents (BMS),
namely the resolution of the acute and
chronic recoil by caging the vessel wall
with a permanent metallic prosthesis. The
landmark BENESTENT trial®? first es-
tablished the feasibility of this therapeu-
tic approach. Although initial studies were
promising, a new entity became evident,
namely neointimal hyperplasia (NIH), to
which restenosis rates of 16-44% were at-
tributed.

Drug-eluting stents (DES) were thus
conceived as the next evolutionary step
in improving the limitations of BMS. Ini-
tial studies were highly promising, with
large-scale reductions in restenosis rates
that were reported at 0% in highly selec-
tive lesions* and up to 16% in a broader
range of patients and lesions.>® A poten-
tial complication subsequently became ev-
ident with first-generation DES, namely
that of subacute and late stent thrombo-
sis as a consequence of delayed healing
of the permanent metallic struts. Further-
more, late acquired malapposition of the
struts implanted in a thrombotic rich mi-
lieu were also demonstrated to be a po-
tential issue.””

The prospect of a temporary vascu-
lar stent, termed “scaffold” due to its be-
ing based on a temporary bioresorbable
platform, has been always a goal of the
interventional community. Such a device
could offer transient radial strength to re-
sist acute vessel recoil, and at a later stage
would be fully resorbed, leading to resto-
ration of the vessel’s biological properties.

The purpose of this review is to dem-
onstrate the progress in the development
of the ABSORB bioresorbable vascular
scaffold (BVS) (Abbott Vascular, Santa
Clara CA, USA) from the bench to clini-
cal application. The potential advantag-
es of this emerging technology, recently
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termed “vascular reparative therapy”, over the per-
manent caging of vessels with conventional metallic
DES are discussed.

The ABSORB BVS design, material and the bioresorption
process

The ABSORB everolimus-eluting scaffolds include the
first generation device evaluated in the ABSORB Co-
hort A clinical trial (ABSORB 1.0)'*!! (Figure 1A),
the second generation (ABSORB Revision 1.1) (Fig-
ure 1B), investigated in the ABSORB Cohort B trial,'?
and the third generation currently under development.
The first generation had a crossing profile of 1.4 mm,
strut thickness of 150 um and consisted of out-of-phase
zigzag hoops linked together by thin and straight bridg-
es (Figure 1A). This device had to be kept refrigerated
at -20°C to prevent physical ageing of the polymer and

B

ensure device integrity. The second generation (AB-

SORB Revision 1.1) uses the same polymer as the pre-

vious one, with modifications of both the polymer pro-

cessing and the scaffold design to give the device more
prolonged radial support (Figure 1B). Both devices
share similar characteristics:

1. A platform made of poly (L-lactide) (PLLA)
(PLLA is used in numerous clinical items, such as
resorbable sutures, soft tissue implants, orthopae-
dic implants, and dialysis media). PLLA is a semi
crystalline polymer consisting of crystal lamellae
interconnected with random polymer chains form-
ing an amorphous segment (Figure 2).

2. A 1:1 mixture of an amorphous matrix of poly-D
L-lactide (PDLLA) and 8.2 pg/mm of the antip-
roliferative drug everolimus.

3. A pair of radiopaque platinum markers at the
proximal and distal ends of the scaffold to allow

Figure 1. The first and second generations of the ABSORB bioresorbable vascular scaffold (BVS). A: The 1st generation ABSORB BVS had
astrut thickness of 150 um, a crossing profile of 1.4 mm, and consisted of circumferential out-of-phase zigzag hoops linked by thin and straight
bridges. The device had one pair of radiopaque platinum markers at each proximal and distal edge (yellow arrow). B: The 2nd generation
ABSORB BVS (revision 1.1) has a strut thickness of 150 um, consisting of in-phase zigzag hoops linked by bridges. The device is radiolucent
but has two radiopaque platinum markers at each proximal and distal edge that allow easy visualisation with angiography and other imaging

modalities (yellow arrow).
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crystal lamellae connected
by random tie chains
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Figure 2. The ABSORB bioresorbable vascular scaffold (BVS) poly-L-lactide bioresorption process up to 24 months, when the polymeric
device is expected to be fully resorbed. 1. Polymer hydration (crystalline polylactide) following implantation. Polylactides are hydrophilic,
thus water (H,O) can penetrate the implant. 2. Depolymerisation by hydrolysis, observed as a reduction in molecular weight (green line).
3. Polymer fragmentation into segments of low-weight polymer, resulting in the scission of amorphous tie chains linking the crystalline
regions with subsequent gradual loss of the radial strength (red line). 4. Assimilation or dissolution of the monomer. The soluble monomer
(e.g. L-lactate) is changed into pyruvate, which eventually enters the Krebs cycle and is further converted into carbon dioxide and water,
eliminated by the lungs and kidneys, respectively. From Onuma Y, Serruys PW: Bioresorbable scaffold: the advent of a new era in percutane-
ous coronary and peripheral revascularization? Circulation. 2011; 123: 779-797. Adapted by permission of Wolters Kluwer Health.

visualisation during coronary angiography (Fig-
ure 1 A & B).
4. The balloon delivery system.

Bioresorption process

The bioresorption process of the ABSORB BVS

PLLA undergoes four stages (Figure 2):

1. Polymer hydration (crystalline polylactide) fol-
lowing implantation. Polylactides are hydrophilic;
thus water can penetrate inside the implant.

2. Depolymerisation by hydrolysis, observed as a re-
duction in molecular weight.

3. Polymer fragmentation into segments of low-
weight polymer, resulting in scission of the amor-
phous tie chains linking the crystalline regions.

4. Assimilation or dissolution of the monomer.
Phagocytes can assimilate small particles and
lead to soluble monomeric anions. The soluble
monomer (e.g. L-lactate) is changed into pyru-
vate, which eventually enters the Krebs cycle and
is further converted into carbon dioxide and wa-
ter. These final products are eliminated by the
lungs and kidneys, respectively.

The assessment of bioresorption was recently
evaluated by our group in a porcine coronary artery
model at 28-days, 2, 3 and 4 years (Figure 3). Thir-
ty-five ABSORB BVS 3.0 x 12 mm were implanted
in the main coronary arteries of 17 pigs evaluated
with optical coherence tomography (OCT) and his-
tology following euthanasia: immediately (n=2),
at 28 days (n=2), 2 years (n=3), 3 years (n=5) or
4 years (n=>5). Immediately after implantation, all
struts had a preserved box appearance. At 28 days,
OCT showed 82% of the struts as preserved box,
and 18% as an open box appearance. At 2 years
four fifths of the struts showed a preserved box ap-
pearance and only a few struts (2.4%) demonstrat-
ed open box appearance. Histological analysis at
this time point showed the polymeric strut voids
to be replaced by proteoglycan-rich matrix, with
polylactide residues at low levels, as quantified by
chromatography (Figure 3A & B). At 4 years, OCT
showed 51.2% of the struts classified as dissolved
bright box and 48.8% as dissolved black box. The
strut remnants were hardly detectable by histology,
appearing as foci of low-cellular-density connective
tissue (Figure 3C & D).!31
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Company / Strut thickness, Absorption Late loss,
. . Polymer / Drug -
vice biol (7] time (mm)

PLLA 2 years (y) 0.48 (6m)
Mg alloy (AMS-4) / 4106 "
sirolimus months (m) )
PLLA/ everolimus 2y 0.19 (6m)
Tyrosine poly
carbonate with iodine / 2y 1.81 (6m)
sirolimus abluminal
Salicylic acid into
polymer (PLA or adipic 6m NA
acid) / sirolimus
PLLA/ novolimus 1to 2y NA

Figure 4. The family of bioresorbable devices that have undergone clinical evaluation. The platform design, strut thickness, polymer/drug
formulation, absorption time and late lumen loss are illustrated. PLLA — poly-L-Lactide. BVS - bioresorbable vascular scaffold; AMS -

absorbable magnesium stent. *Evaluated with the AMS-3 device.

OCT, and an angiographic LL of 0.27 * 0.32 mm,
similar to that reported with the Xience V everolimus
eluting stent (LL: 0.23 * 0.29 mm, as demonstrated
in the SPIRIT I trial) at the same time point. Addi-
tionally, the hierarchical MACE rate of the 101 pa-
tients (Cohort B; and B, trials) at 1 year (7.1%) was
comparable to that observed in the historical series of
the Xience V metallic EES.'*"

The ongoing ABSORB EXTEND study, a multicen-
tre single-arm study that aims to recruit approximately
1000 patients from 50 centres worldwide, will further in-

Group B, (n = 45)

vestigate the ABSORB BVS. Additionally in the pipe-
line for the near future is the pivotal non-inferiority tri-
al of the ABSORB BVS vs. the metallic EES (Xience
Prime) in approximately 500 patients in 2:1 fashion.

The potential benefits of transient bioresorbable vascular
scaffolds vs. permanent metallic stents

The advent of the bioresorbable technology in clinical
practice has several advantages compared to perma-
nent metallic devices, such as:

QCA, VH-IVUS, IVUS

OCT, CTCA Baseline

12-m 18-m 24-m 36-m

Group B, (n = 56)

Figure 5. The ABSORB Cohort B study design. The ABSORB Cohort B trial enrolled a total of 101 patients who were split into two
groups. Group B underwent invasive imaging post-procedure, at 6 months and 2 years; Group B, underwent invasive imaging post-proce-
dure at 1 year and will undergo another imaging follow up at 3 years. At 18 months all patients underwent non-invasive imaging assessment

with coronary computed tomography angiography (CCTA).
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1. The “liberation” of the treated vessel from its
“metallic cage” and the subsequent reactivation
of the physiological processes of vasomotion, vas-
cular remodelling and late lumen enlargement.

2. The potential elimination/integration into the
vessel wall of the polymeric struts from jailed
side-branches after the completion of the biore-
sorption process.

3. The superior conformability and flexibility com-
pared to conventional metallic stents, thereby lead-
ing to a less altered distribution of the tissue biome-
chanics and preservation of the vessel geometry.

4. The potential long-term beneficial edge vascular
response.

5. The elimination of the late acquired or persis-
tent malapposition, which has been implicated in
causing thrombotic events with conventional me-
tallic devices.

Vasomotion

In the ABSORB Cohort A trial, either the endotheli-
um-dependent vasoconstrictor methylergonovine ma-
leate (methergin) or the endothelium-dependent va-
soactive agent acetylcholine was administered at the
2-year follow up for the study of vasomotion. In the
methergin group there was significant vasoconstric-
tion in the scaffolded segment (before methergin: 2.64
+ (.22 mm; after methergin: 2.44 + 0.33 mm; p=0.03)
while in the acetylcholine group five patients exhibit-
ed vasodilation in the scaffolded segment.!! The res-
toration of vasomotion was also recently shown dur-
ing the 1-year follow up of the ABSORB Cohort B,,
with changes in the mean lumen diameter as assessed
by QCA in the target vessel proximal to the scaffold,
distal and within the scaffold, following the administra-
tion of either acetylcholine or methylergonovine.!”

Arterial remodelling and late lumen enlargement

Arterial remodelling is an adaptive process to com-
pensate for plaque expansion in order to preserve lu-
men dimensions (Glagov phenomenon), where the
threshold for the transition of the expansive (increase
of the external elastic membrane, EEM) to constric-
tive remodelling is highly dependent on the underly-
ing plaque burden being >40%. The implantation of
permanent metallic devices interrupts this dynamic
process. After the completion of the bioresorption
process, in vessels treated with the ABSORB BVS,
IVUS based imaging has shown late luminal enlarge-

ment of 10.9%, with a significant plaque media reduc-
tion of -12.7%, and no significant change in the vessel
area (EEM). This phenomenon of plaque regression
requires further investigation, as the interplay among
the tissue composition and the artefactual observa-
tion of the polymeric struts as dense calcium struc-
tures by the VH-IVUS modality have previously been
shown to be an issue.'®

Side branch jailing

The jailing of the side branch (SB) is a potential area
of concern during bifurcation stenting. Higher inci-
dences of MACE have been reported with bifurcation
stenting compared to conventional percutaneous in-
tervention of non-SB lesions. In post hoc analyses of
the original ABSORB studies, the SB jailing during
provisional T-stenting with the ABSORB BVS ap-
peared to have a benign behaviour compared to me-
tallic devices. Okamura et al demonstrated, at 2-year
follow up post BVS implantation, that the polymeric
struts had cleared at the side branch ostium, with evi-
dence of integration into the underlying tissue and, in
some cases, causing a membranous neocarina.' Our
group recently demonstrated the feasibility of cross-
ing the polymeric struts of the ABSORB BVS using
three-dimensional OCT and presented the first re-
port of successful post-dilation of the device’s poly-
meric struts in a jailed SB for flow restoration.?*!
Large scale studies to confirm these encouraging pre-
liminary findings are planned.

Conformability

The ABSORB BVS has been shown to be more con-
formable compared to metallic stents (Multi-link Vision
or Xience V EES), altering vessel angulation and curva-
ture to a lesser degree and consequently having a small-
er effect on flow dynamics and shear stress distribution
in the scaffolded segment and the scaffold edges.”?

Edge vascular response

The edge vascular response (EVR) was firstly de-
scribed during brachytherapy with the use of radio-
active stents® and later on with metallic platforms:
either first generation DES (SES and PES) up to 6
months, or second generation DES (Xience V EES)
up to 2 years. It became evident that the EVR is not
the result of a single precipitating factor, but rath-



er the interplay among several confounding factors:
1) device related: platform (metal or polymer) and
drug (limus-based elution or paclitaxel); 2) iatrogen-
ic: geographical miss (axial, longitudinal or both); and
3) tissue composition at the edge (necrotic core rich
plaque at the landing zone of the device) (Figure 6).
The advent of bioresorbable devices with transient
scaffolding properties prompted the re-evaluation of
the EVR, as any potential initial adverse response
might potentially regress in parallel with the biore-
sorption of the implanted device.

The proximal and distal edges following implan-
tation of the second generation ABSORB BVS were
investigated with in vivo VH-IVUS, non-serially at 6
months (Cohort B;) and 1 year (Cohort B,), and seri-
ally at 6 months and 2 years (Cohort By).

The non-serial evaluation demonstrated a dy-
namic biologic behaviour with some degree of prox-
imal edge constrictive remodelling: A vessel ar-
ea -1.80% [-3.18; 1.30] (p<0.05) at 6 months, which
tended to regress at 1 year to A vessel area -1.53%
[-7.74; 2.48] (p=0.06), and distal edge tissue compo-
sition changes, mainly with an increase of the fibro-
fatty (FF) tissue component, A FF + 43.32% [-19.90;
244.28] (p<0.05).2*

The serial evaluation up to 2 years (post-proce-
dure to 2 years) revealed a lumen loss of: A -6.68%
[-17.33; 2.08], (p=0.027) with a trend toward plaque
area increase of: A +7.55% [-4.68; 27.11], (p=0.06)
at the proximal edge and distal edge tissue composi-
tion changes with a significant increase of the fibro-
fatty tissue (FF) tissue component (from 6 months to
2 years) from 0.09 mm? [0.04; 0.22] to 0.22 mm? [0.14;

Geographical miss

Axialmiss  <{{> <{ip> Longitudinal miss
Procedure
Metal Ed cllel Limus
Compli \ValsGcuiiBn: o
OMPIANCE | platform Viaisicuiliali Drug Elution
mismatch
| D72 v
v INSSIOOTISE \4
Polymer Paclitaxel
Tissue
composition tof
Landingzone < (> p> Culprit of the
culprit
Plaque burden
atthe edge

Figure 6. The edge vascular response as a consequence of iatro-
genic, device-related and biologic factors.
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0.51] respectively, translated to a percentage increase
of: A +68.37% [17.82; 171.17], (p=0.013).

This dynamic biological behaviour of the ves-
sel wall architecture is seemingly associated with
the transient scaffolding properties of the ABSORB
BVS, and warrants further observations of the evolv-
ing biologic processes manifesting at 3 years when the
connective tissue replacing the bioresorbed polymeric
strut begins to shrink, as previously shown in preclini-
cal studies.

Incomplete stent apposition

Incomplete stent apposition (ISA) occurring with
conventional metallic stents, either immediately post-
implantation or as a late acquired phenomenon, has
been implicated in late stent thrombosis (LST).” Ad-
ditionally, the vascular healing with first generation
DES (SES or PES) remains incomplete up to 5 years
following implantation and is a potential mechanism
of LST with an annual rate of 0.65%.° A potential ad-
vantage of the bioresorbable technology over metal-
lic devices is that any visible ISA post-implantation
has the potential to resolve after the bioresorption
process has been completed; furthermore, the phe-
nomenon of incomplete healing may potentially not
be an issue, as the device is expected to have disap-
peared after the time point of 2 years. Although these
are hypothesis-generating concepts, large scale stud-
ies to confirm the probable lower incidence of device
thrombosis with the use of the bioresorbable devices
are eagerly expected and needed.

The challenges faced by the ABSORB BVS

The polymeric material as an implantation medium
potentially has numerous advantages compared to
metal, as previously discussed. The main challenges
faced by the ABSORB BVS are its limited distensi-
bility, and therefore its suitability for implantation in
appropriately sized vessels. Consequently, at present
QCA guidance is mandatory for implantation of the
device.

Although the radial strength of the ABSORB
BVS has been reported to be comparable to metallic
stents, this is provided the BVS is deployed within the
limits of its size. If the BVS is over-stretched beyond
its designed limits, it has been shown to lose some of
its radial strength and may possibly fracture. Much
effort has been invested in improving its supportive
properties, with the introduction of a new strut design
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in order to enhance the distensibility of the device
whilst maintaining its radial strength, features which
are expected in the next generation BVS.

In an anecdotal case from the ABSORB cohort A,
a 3.0 mm scaffold was over expanded with a 3.5 mm
balloon, which resulted in strut fracture as document-
ed by OCT;? additionally, Ormiston et al recently il-
lustrated the strut fracture of a post-dilated ABSORB
BVS (24 Atm) with a non-compliant balloon (3.25
mm) to correct underlying malapposition. These clini-
cal examples are proofs that although the technology
has immense potential, it needs further improvements.

Conclusion

Bioresorbable technology is an alternative and chal-
lenging therapeutic approach for the treatment of
coronary artery disease. Although the scenario of a
dynamic device that “does the job and disappears”,
leading to the restoration of vascular physiology, is
here (“vascular reparative therapy”), this innovative
and rapidly progressing technology is still in its in-
fancy.
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Agreement and Reproducibility of Gray-Scale
Intravascular Ultrasound and Optical Coherence
Tomography for the Analysis of the Bioresorbable
Vascular Scaffold

Josep Gomez-Lara,' vmp, Salvatore Brugaletta,’ mp, Roberto Diletti,’ mp,
Bill D. Gogas,' mp, Vasim Farooq,' mechB, MRcP, Yoshinobu Onuma,’ mp,
Pierre Gobbens,’ Bsc, Gerrit Anne Van Es,? php, Hector M. Garcia-Garcia,"? mp, php,
and Patrick W. Serruys,'* mp, Php

Objective: To report the agreement between gray-scale intravascular ultrasound (GS-
IVUS) and optical coherence tomography (OCT) in assessing the bioresorbable vascu-
lar scaffolds (BVS) structures and their respective reproducibility. Background: BVS are
composed of an erodible polymer. Ultrasound and light signals backscattered from
polymeric material differs from metallic stents using GS-IVUS and OCT. Methods:
Forty-five patients included in the ABSORB trial were treated with a 3.0 x 18 mm BVS
and imaged with GS-IVUS 20 MHz and OCT post-implantation. Qualitative (ISA, side-
branch struts, protrusion, and dissections) and quantitative (number of struts, lumen,
and scaffold area) measurements were d by two ir i s. The agreement
and the inter- and intraobserver reproducibility were investigated using the kappa (k)
and the interclass correlation coefficient (ICC). Results: GS-IVUS and OCT agreement
was predominantly poor at a lesion, frame, and strut level analysis (x and ICC <0.4) for
qualitative measurements. GS-IVUS demonstrated a reduced ability to detect cross-
sections with ISA (4.5% vs. 20.6%), side-branch (SB) struts (6.3% vs. 7.8%), protrusions
(3.2% vs. 9.6%), and dissections (0.2% vs. 9.0%) compared with OCT. GS-IVUS repro-
ducibility was poor-moderate (x and ICC <0.6) except for ISA and SB-struts (x and ICC
between 0.2 and 0.75). OCT showed an excellent reproducibility (x and ICC > 0.75)
except for the assessment of tissue protrusion (x and ICC between 0.47 and 0.94). GS-
IVUS reproducibility was poor-moderate (ICC < 0.5) in assessing the number of struts
but excellent with OCT (ICC > 0.85). The reproducibility to assess lumen and scaffold
areas was excellent using both techniques (ICC > 0.85). Conclusions: GS-IVUS has a
poor capacity to detect qualitative findings post-BVS implantation and its reproducibil-
ity is low compared with OCT. The use of GS-IVUS should be limited when assessing
lumen and scaffold areas. © 2011 Wiley Periodicals, Inc.

Key words: bioresorbable; agreement; reproducibility; intravascular ultrasound; optical
coherence tomography
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Fig. 1.
GS-IVUS image of a BVS; (A2) OCT image of a BVS; (B1) GS-IVUS image of a metallic stent;
(B2) OCT image of a metallic stent. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

INTRODUCTION

Bioresorbable vascular scaffolds (BVS) are a new
generation of intravascular devices constructed of poly-
meric material. The ultrasonic and light wave beams
from the gray-scale intravascular ultrasound (GS-IVUS)
and optical coherence tomography (OCT) catheters are
backscattered in different ways from the polymeric struc-
tures as compared with metallic structures. Consequently,
GS-IVUS and OCT render the BVS structures differently
compared with metallic stents [1,2]. GS-IVUS imaging,
with a 20 MHz catheter, renders the polymeric struts as
hyper-refractive boxes with an important echogenic
blooming effect that confers a double strut appearance.
The polymeric struts have an echogenic intensity similar
to calcium tissue, but without acoustic shadowing behind
the struts (Fig. 1). OCT shows the polymeric struts as a
black central core surrounded by a light-scattering frame.
The four sides of the polymeric struts are clearly visible
without the typical shadowing observed behind metallic
structures (Fig. 1).

GS-IVUS and OCT imaging of the bioresorbable scaffolds and metallic stents (A1)

The GS-IVUS and OCT agreement and their respec-
tive inter- and intraobserver reproducibility to assess
qualitative and quantitative findings immediately after
BVS implantation remain unknown. The aim of our
study is to report the agreement of GS-IVUS and OCT
in assessing qualitative and quantitative BVS findings
post-implantation and to assess their inter- and intraob-
server reproducibility.

MATERIALS AND METHODS
Population

The ABSORB Cohort B trial is a non-randomized, mul-
ticenter, single arm, efficacy-safety study. The study design
has been previously reported [3]. In brief, patients were eli-
gible when aged 18 years or older and were diagnosed with
stable, unstable, or silent ischemia. Patients with a stenosis
of the left main or ostial right coronary artery, presence of
angiographic intracoronary thrombus, heavy calcification,
excessive tortuosity, and with lesions involving a side
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Fig. 2. GS-IVUS and OCT assessment of qualitative findings. Matched images between GS-
IVUS (A) and OCT (B) of: (1) incomplete strut/scaffold apposition; (2) side-branch struts; (3)
tissue protrusion; and (4) edge dissection. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

branch >2 mm were excluded. All patients were treated
with a single size 3.0 x 18 mm BVS.

At baseline, GS-IVUS 20 MHz imaging was per-
formed in all patients. OCT imaging was performed in
selected centers as an optional additional investigation.
Both imaging techniques were performed after the last
dilatation of the BVS. The present study included only
those patients imaged simultaneously with GS-IVUS
and OCT immediately after BVS deployment.

Study Device

The BVS balloon expandable device (Abbott Vascu-
lar, Santa Clara, CA) consists of a polymer backbone
of poly-L lactide coated with a thin layer of a 1:1 mix-
ture of poly-p, L-lactide polymer, and the anti-prolifera-
tive drug everolimus. The strut thickness is 150 pm.
The implant is radiolucent, but has two platinum
markers at each end that allow easy visualization on
angiography and other imaging modalities.

GS-IVUS 20 MHz Acquisition

GS-IVUS acquisition was performed with the Eagle
Eye 20 MHz catheter (Volcano Corporation, Rancho Cor-
dova, CA). The acquisition was performed according to
standard procedures [4]. After intracoronary nitroglycerin
injection, the catheter probe was advanced distally to the
lesion. Using an automated pullback device, the transducer
was withdrawn at a continuous speed of 0.5 mm/sec. The
image data were stored on DVD for offline analysis.

OCT Acquisition

OCT imaging was performed using two different OCT
systems (M3 Time-Domain System and C7XR Fourier-
Domain System; LightLab Imaging, Westford, MA). The
M3 OCT system uses a standard intracoronary guide wire
to cross the target lesion. This conventional wire was sub-
sequently exchanged for the Light Lab Image wire using
a single or double lumen intracoronary catheter. Pullback
was performed during continuous injection of contrast
medium (1-3 ml/sec; Iodixanol 370, Visipaque, GE
Health Care, Cork, Ireland) through the guide catheter
with an injection pump. The automated pullback was per-
formed at 3 mm/sec with a frame rate of 20 images/sec.

The C7XR system uses a conventional wire to cross
the segment of interest. The OCT imaging catheter (RX
ImageWire II; LightLab Imaging, Westford, MA) was
then advanced distally to the treated region. The pullback
was performed during a continuous injection of 3 ml/sec
of contrast medium (Iodixanol 370, Visipaque, GE Health
Care, Cork, Ireland) injected at a maximum pressure of
300 psi through the guiding catheter with an injection
pump. In these cases, the automated pullback rate was 20
mm/sec and the frame rate was 100 images/sec.

GS-IVUS and OCT Definitions and Analysis
GS-IVUS and OCT analyses were performed by two
experienced analysts. Taking into account the acquisi-
tion frame rate and the pullback speed, both GS-IVUS
and OCT were analyzed at intervals of 1 mm within
the scaffold and 5 mm proximal and distal to the
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scaffold edges whenever possible. The first cross-sec-
tion of the corresponding pullbacks with struts
observed in the four quadrants of the lumen perimeter
was used as a landmark to establish the scaffold length.
Two analysts investigated the same cross-sections and
one investigator repeated the same measurements 1
month later. GS-IVUS analysis was performed using
the Q-GS-IVUS 2.0 software analysis (Medis, Leiden,
the Netherlands). OCT analysis was performed with
the proprietary software for offline analysis (LightLab
Imaging, Westford, MA). The selected cross-sections
were investigated to assess the following.

Number of struts. Using GS-IVUS, the polymeric
struts were defined as independent, hyper-echogenic,

TABLE |. Baseline Clinical and Angiographic Characteristics

(n = 45 Patients)
n (%)

Males 32 (71.1)
Age (years) 61.5 +10.3
Hypertension 28 (62.2)
Hypercholesterolemia 39 (86.7)
Diabetes mellitus 4(8.9)
Smokers 11 (24.4)
Previous myocardial infarction 13 (28.9)
Previous coronary revascularization 9 (20.0)
Clinical indication:

Stable angina 39 (86.7)

Acute coronary syndrome 6 (13.3)
Culprit vessel:

Left anterior descending 24 (53.3)

Left circumflex 9 (20.0)

Right coronary artery 12 (26.7)
Number of vessels disease:

One 39 (86.7)

Two 6 (13.3)

Three 0

and double-box shapes without echogenic shadow
behind. Using OCT, the polymeric struts were assessed
as box-shape light-scattering frames delimiting a black
central core (Fig. 1) [1].

Number of malapposed struts. ISA was defined
when the abluminal side of the polymeric strut was

TABLE Il. Qualitative Agreement Between OCT and IVUS 20
MHz (Lesion Level Analysis) (n = 46 Lesions)

OCT Accuracy of
IvVUs IVUS with respect

20 MHz No Yes Total Kappa to OCT (%)
Proximal dissection

No 30 9 39 NA Se =0

Yes 0 0 0 Sp = 100

Total 30 9 39 Eff = 77
Distal dissection

No 28 8 36 0.16 Se =11

Yes 0 1 1 Sp = 100

Total 28 9 37 Eff = 78
Dissection within BVS

No 20 25 45 0.03 Se =4

Yes 0 1 1 Sp = 100

Total 20 26 46 Eff = 46
ISA

No 6 21 27 0.15 Se = 46

Yes 1 18 19 Sp = 86

Total 7 39 46 Eff =52
SB struts

No 10 13 23 0.26 Se = 59

Yes 4 19 23 Sp =171

Total 14 32 46 Eff = 63
Tissue protrusion

No 17 22 39 0.00 Se =15

Yes 3 4 7 Sp = 85

Total 20 26 46 Eff = 46

ISA, incomplete scaffold/strut apposition; SB, side-branch; NA, not ap-
plicable; Se, sensitivity; Sp, specificity; Eff, efficiency.

TABLE lll. Interobserver Agreement Between OCT and IVUS 20 MHz (Frame and Strut Level Analysis)

IvVUS OCT Absolute difference, % (CI 95%) ICCc (CI 95%) ICCa (CI 95%)
Frame level
Frames with ISA, n 37 181 —16.05 (—21.72-—10.39) 0.27 (-0.02-0.52)  0.18 (=0.07-0.42)
% Frames with ISA per 4.5 (1.7) 20.6 (20.9)

lesion, mean (SD)
Frames with SB struts, n 57 69
% Frames with SB struts per 6.3 (8.3) 7.8 (6.4)
lesion, mean (SD)
Frames with tissue protrusion, n 10 69
% Frames with tissue protrusion 1.2 (3.2) 7.7 (9.6)
per lesion, mean (SD)
Frames with Dissection (within BVS), n 1 79

—1.48 (—4.15-1.19) 0.26 (—0.03-0.51)  0.26 (~0.02-0.51)

—6.47 (=9.29--3.66) 0.12 (=0.17-0.39)  0.09 (-0.12-0.31)

—8.87 (—12.44—-5.29) 0.06 (-0.23-0.34)  0.04 (—0.14-0.25)

% Frames with dissection per 0.2 (1.1) 9.0 (12.4)
lesion, mean (SD)
Strut level
Struts with ISA, n 74 348 —4.23 (—6.35--2.10) 0.37 (0.09-0.59) 0.31 (0.02-0.54)
% ISA struts per lesion, mean (SD) 1.3 (4.0) 55 8.1
Struts at SB, n 84 77 0.12 (—0.49-0.73) 0.18 (-0.11-0.45)  0.19 (-0.11-0.45)
% SB struts per lesion, mean (SD) 1.3 (1.9) 1.2 (1.2)

ISA, incomplete scaffold/strut apposition; SB, side-branch; ICC, inter-class correlation coefficient; CI, confidence interval.
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TABLE IV. Inter and Intra-Observer Reproducibility of IVUS 20 MHz and OCT (Lesion Level)
Observer A Observer B (observation 2)
Interobserver Intraobserver
agreement agreement
n = 46 Lesions No Yes Total (Kappa) No Yes Total (Kappa)

IVUS 20 MHz Observer B (observation 1)  Proximal dissection No 41 2 43 NA 42 1 43 NA
Yes 0 0 0 0 0 0
Total 41 2 43 42 1 43

Distal dissection No 35 3 38 0.37 38 0 38 1.00
Yes 0 1 1 0 1 1
Total 35 4 39 38 1 39

Dissection within BVS ~ No 38 7 45 —0.04 42 3 45 0.38
Yes 1 0 1 0 1 1
Total 39 7 46 42 4 46

ISA No 26 1 27 0.47 20 7 27 0.47
Yes 10 9 19 5 14 19
Total 36 10 46 25 21 46

SB struts No 20 3 23 0.48 20 3 23 0.61
Yes 9 14 23 6 17 23
Total 29 17 46 26 20 46

Tissue protrusion No 29 5 34 0.02 26 2 28 0.23
Yes 10 2 12 13 5 18
Total 39 7 46 38 7 46

OCT Observer B Proximal dissection No 32 0 32 1.00 32 0 32 1.00
(observation 1) Yes 0 9 9 0 9 9
Total 32 9 41 32 9 41

Distal dissection No 30 1 31 0.94 31 0 31 1.00
Yes 0 10 10 0 10 10
Total 30 11 41 31 10 41

Dissection within BVS ~ No 16 4 20 0.76 19 1 20 0.96
Yes 125 26 0 26 26
Total 17 29 46 19 27 46

ISA No 7 0 7 0.85 7 0 7 1.00
Yes 2 37 39 0 39 39
Total 7 37 46 7 39 46

SB struts No 12 2 14 0.89 14 0 14 1.00
Yes 0 32 32 0 32 32
Total 12 34 46 14 32 46

Tissue protrusion No 16 4 20 0.73 18 2 20 091
Yes 2 24 26 0 26 26
Total 18 28 46 18 28 46

ISA, incomplete scaffold/strut apposition; SB, side-branch; NA, not applicable.

clearly separated from the vessel wall in the absence
of a side branch [4] (Fig. 2).

Number of side-branch struts. Side-branches were
assessed longitudinally and in the immediately proxi-
mal and distal 2D cross-sections. Whenever the poly-
meric struts were not in contact with the vessel wall at
the site of the take-off of the side-branch, they were
classified as side-branch struts (Fig. 2).

Tissue protrusion. Tissue protrusion was defined as
when convex-shaped tissue protruded between the
endoluminal sides of adjacent struts and extended
within the lumen as a circular arc connecting the adja-
cent struts [5,6] (Fig. 2).

In-BVS, proximal and distal dissections. Dissec-
tions were defined when a disruption of the luminal ves-
sel surface with an overhanging flap within the lumen

was observed within the BVS segment or at 5 mm proxi-
mal or distal to the scaffold edges [6] (Fig. 2).

Lumen and scaffold area. Using GS-IVUS, the
lumen area was drawn following the endoluminal ves-
sel wall contour. GS-IVUS-derived scaffold area was
drawn following the endoluminal side of the polymeric
struts. Using OCT, in contrast, the lumen area was
defined behind the polymeric struts following the endo-
luminal vessel contour and the scaffold area was drawn
following the abluminal side of the polymeric struts.

Statistical Analysis

Discrete variables are presented as counts and per-
centages. Continuous variables are presented as means
+ SD. Because of the clustered nature of the GS-IVUS
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TABLE V. Interobserver Reproducibility of IVUS 20 MHz and OCT (Frame and Strut Level Analysis)

Margin of error
of the 95% CI of
the absolute

Observer A Observer B difference (%) ICCc (CI 95%) ICCa (CI 95%)
IVUS Frame level Frames with ISA, n 37 45 7.32 0.21 (—0.08-0.47) 0.22 (—0.08-0.48)
20 MHz (892 cross- % Frames with ISA, 4.5 (7.7) 5.2 (1.5)
sections) mean (SD)
Frames with SB struts, n 57 43 4.68 0.53 (0.28-0.71) 0.52 (0.28-0.70)
% Frames with SB 6.3 (8.3) 4.9 (7.8)
struts, mean (SD)
Frames with protrusion, n 10 54 6.28 —0.05 (—0.33-0.25) —0.05 (—0.33-0.24)
% Frames with tissue 1.2 (3.2) 6.2 (10.9)
protrusion, mean (SD)
Frames with dissection 1 7 1.24 0.15 (—0.14-0.43) 0.13 (—0.12-0.38)
(within BVS), n
% Frames with dissection, 0.2 (1.1) 0.7 (1.7)
mean (SD)
Strut level Struts with ISA, n 74 65 1.50 0.72 (0.54-0.83) 0.84 (0.71-0.91)
(6313 struts) % ISA struts, mean (SD) 1.3 (4.0) 1.0 (2.6)
Struts at SB, n 84 85 1.28 0.44 (0.18-0.65) 0.45 (0.18-0.65)
% SB struts, mean (SD) 1.3 (1.9) 1.2 (2.2)
OCT Frame level Frames with ISA, n 181 175 4.57 0.93 (0.88-0.96) 0.93 (0.88-0.96)
(888 cross- % Frames with ISA, 20.6 (20.9) 19.8 (20.4)
sections) mean (SD)
Frames with SB struts, n 69 67 1.96 0.86 (0.76-0.92) 0.86 (0.76-0.92)
% Frames with SB 7.8 (6.4) 7.6 (6.0)
struts, mean (SD)
Frames with tissue, n 69 87 6.21 0.48 (0.22-0.67) 0.47 (0.22-0.67)
% Frames with tissue 7.7 (9.6) 9.8 (10.8)
protrusion, mean (SD)
Frames with dissection 79 109 4.16 0.86 (0.76-0.92) 0.83 (0.67-0.91)
(within BVS), n
% Frames with dissection, 9.0 (12.4) 12.4 (13.9)
mean (SD)
Strut level Struts with ISA, n 348 315 1.15 0.99 (0.97-0.99) 0.98 (0.97-0.99)
(6452 struts) % ISA struts, mean (SD) 5.5 (8.1) 5.0 (7.3)
Struts at SB, n 77 82 0.15 0.78 (0.63-0.87) 0.78 (0.63-0.87)
% SB struts, mean (SD) 1.2 (1.2) 1.3 (1.1)

ISA, incomplete scaffold/strut apposition; SB, side-branch; ICC, inter-class correlation coefficient; ICCc, ICC for concordance; ICCa, ICC absolute

agreement; CI, confidence interval.

and OCT data at different levels of dependence (strut,
cross-sections, lesions, and patients) and the lack of cor-
relation between GS-IVUS and OCT cross-sections, all
qualitative measurements have been adjusted at a lesion
level dividing the number of observations by the total
amount of frames/struts in each lesion. Quantitative meas-
urements to assess the inter- and intraobserver reproduci-
bility are presented at cross-section level analysis.

The GS-IVUS and OCT agreement at lesion level
analysis were estimated by the Cohen’s k (kappa) test
for concordance [7]. According to previous publica-
tions: <0 indicates poor agreement, 0—0.20 indicates
slight agreement, 0.21-0.40 indicates fair agreement,
0.41-0.60 indicates moderate agreement, 0.61-0.80
indicates good agreement, and 0.81-1.0 indicates
excellent agreement [8]. Because of the higher repro-
ducibility and the higher resolution of OCT when com-

pared with GS-IVUS, we have estimated the sensitiv-
ity, specificity, and global efficiency of GS-IVUS 20
MHz with respect to the OCT (as reference). The GS-
IVUS and OCT agreement of qualitative measurements
at frame and strut level were estimated with the inter-
class correlation coefficient (ICC) for concordance
(ICCc) and absolute agreement (ICCa). An ICC <0.4
indicates bad agreement, an ICC between 0.4 and 0.75
indicates moderate agreement, and ICC values >0.75
indicates excellent agreement [9].

The inter- and intraobserver reproducibility of quali-
tative measurements was assessed using the kappa
value and the ICC as previously explained. The abso-
lute differences between the percentages of qualitative
findings (at lesion level) between observers/observa-
tions were estimated for each variable. Bland-Altman
plots were drawn for the percentage of malapposed
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Fig. 3. Inter-observer reproducibility of GS-IVUS (A) and OCT (a) to assess incomplete strut
apposition (ISA); Intra-observer reproducibility of GS-IVUS (B) and OCT (b) to assess ISA;
Inter-observer reproducibility of GS-IVUS (C) and OCT (c) to assess side-branch (SB) struts;
Intra-observer reproducibility of GS-IVUS (D) and OCT (d) to assess SB-struts.
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struts and SB-struts at lesion level analysis [10]. Inter-
and intraobserver reproducibility of GS-IVUS and
OCT to assess quantitative measurements (number of
struts, lumen, and scaffold area) were performed in 150
randomly selected cross-sections in 15 patients. Bland-
Altman plots were drawn for these quantitative parame-
ters at frame level analysis. Because of the lack of
matching images between GS-IVUS and OCT, the
agreement of both techniques to assess the number of
struts and lumen and scaffold areas were not per-
formed.

RESULTS

Population Characteristics

The ABSORB Cohort B trial included 102 lesions in
101 patients. A total of 48 lesions in 47 patients were
imaged with both GS-IVUS 20 MHz and OCT imme-
diately after the BVS implantation. Two cases were
excluded due to lack of complete recording of the BVS
length by OCT. Therefore, 46 lesions and 45 patients
were included in the present study. A total of 892 and
888 cross-sections and 6,313 and 6,452 struts were an-
alyzed with GS-IVUS 20 MHz and OCT, respectively.

The baseline clinical and angiographic characteristics
are shown in Table I. In general, patients were pre-
dominantly males (71%), had hypercholesterolemia
(87%), and were treated due to stable angina (87%).

OCT and GS-IVUS Agreement of Qualitative
Measurements

Agreement of qualitative measurements between GS-
IVUS and OCT at lesion level analysis are shown in
Table II. The agreement between GS-IVUS and OCT to
assess scaffolds with at least one cross-section with ISA,
tissue protrusion, and dissections were slight. Assess-
ment of at least one cross-section with SB struts showed
fair agreement between both techniques. Sensitivity and
global efficiency of GS-IVUS analysis were extremely
low in all parameters compared with OCT (as reference),
but GS-IVUS specificity was moderate to high.

Qualitative agreement of both GS-IVUS and OCT at
frame and strut level analysis are shown in Table IIL.
By OCT, a higher number of cross-sections with ISA,
SB-struts, tissue protrusions, and dissections were
detected compared with GS-IVUS. Moreover, the
agreement of both techniques to assess these parame-
ters at a frame level analysis was poor. At a strut level
analysis, the agreement of GS-IVUS and OCT was
also poor in detecting ISA and SB-struts.

GS-IVUS Reproducibility of Qualitative
Measurements

The inter- and intraobserver reproducibility of GS-
IVUS 20 MHz to assess qualitative findings at a lesion
level analysis is shown in Table IV. Interobserver
reproducibility to assess tissue protrusion and dissec-
tions within the scaffold length was poor to slight. Dis-
tal dissections demonstrated a fair reproducibility and
ISA and SB-struts had moderate agreement. Intraob-
server reproducibility was fair for tissue protrusion and
dissections within the scaffold length. Detection of
scaffolds with ISA or SB-struts had moderate and good
agreement. Intraobserver reproducibility of distal edge
dissections was excellent.

Inter- and intraobserver reproducibility of GS-IVUS
20 MHz at frame and strut level analysis are shown in
Tables V and VII. Inter- and intraobserver reproduci-
bility of GS-IVUS 20 MHz to assess cross-sections
with tissue protrusion and dissection within the BVS
were bad. Inter- and intraobserver reproducibility to
assess cross-sections with ISA or SB-struts was poor to
moderate. At strut level analysis, the inter- and intraob-
server reproducibility of GS-IVUS 20 MHz was mod-
erate to excellent. The Bland-Altman plots of GS-
IVUS inter- and intraobserver reproducibility to assess
percentage of ISA and SB struts are shown in Fig. 3.

OCT Reproducibility of Qualitative Measurements

The inter- and intraobserver reproducibility of OCT
to assess qualitative findings at lesion level analysis is
shown in Table IV. Inter- and intraobserver reproduci-
bility to assess scaffolds with at least one cross-section
with dissection, ISA, SB-struts, tissue protrusion, and
thrombus was excellent except for the interobserver
reproducibility of tissue protrusion (moderate).

Inter- and intraobserver reproducibility at a frame
and a strut level analysis are shown in Tables V and
VL. Inter- and intraobserver reproducibility of OCT
was excellent for all parameters except the interob-
server reproducibility of frames with tissue protrusion
(moderate). The Bland-Altman plots of OCT inter- and
intraobserver reproducibility to assess the percentage of
ISA and SB struts are shown in Fig. 3.

GS-IVUS and OCT Reproducibility of Quantitative
Measurements

GS-IVUS and OCT inter- and intraobserver reproduci-
bility of quantitative measures are shown in Table VIL
Assessment of number of struts per cross-section had poor
to moderate inter- and intraobserver reproducibility with
GS-IVUS-20 MHz and excellent with OCT. Lumen and
scaffold areas showed excellent reproducibility with both
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TABLE VL. Intraobserver Reproducibility of IVUS 20 MHz and OCT (Frame and Strut Level Analysis)

Observation 1

Observation 2

Margin of error
of the 95% CI
of the absolute
difference (%)

ICCc (CI 95%) ICCa (CI 95%)

IVUS 20 Frame level ~ Frames with ISA, n 37 61 513 0.59 (0.37-0.75) 0.58 (0.35-0.74)
MHz (892 cross- % Frames with ISA, 4.5 (7.7) 7.1 (11.1)
sections) mean (SD)
Frames with SB struts, n 57 36 3.17 0.71 (0.53-0.83) 0.68 (0.46-0.82)
% Frames with SB 6.3 (8.3) 4.0 (5.4)
struts, mean (SD)
Frames with protrusion, n 10 19 3.19 0.15 (-0.14-0.43) 0.13 (—0.12-0.38)
% Frames with tissue 1.2 (3.2) 2242
protrusion, mean (SD)
Frames with dissection 1 6 3.17 —0.05 (=0.33-0.24) —0.05 (—0.33-0.24)
(within BVS), n
% Frames with dissection, 0.2 (1.1) 0.66 (2.3)
mean (SD)
Strut level Struts with ISA, n 74 128 1.71 0.79 (0.65-0.88) 0.77 (0.62-0.87)
(6313 % ISA struts, mean (SD) 1.3 (4.0) 2.2 (4.8)
struts) Struts at SB, n 84 47 0.72 0.69 (0.50-0.82) 0.65 (0.39-0.80)
% SB struts, mean (SD) 1.3 (1.9) 0.70 (1.1)
OCT Frame level ~ Frames with ISA, n 181 181 0 1.00 (1.00-1.00) 1.00 (1.00-1.00)
(888 cross- % Frames with ISA, 20.6 (20.9) 20.6 (20.9)
sections) mean (SD)
Frames with SB struts, n 69 69 0 1.00 (1.00-1.00) 1.00 (1.00-1.00)
% Frames with SB struts, 7.80 (6.4) 7.80 (6.4)
mean (SD)
Frames with protrusion, n 69 73 0.95 0.94 (0.90-0.97) 0.94 (0.90-0.97)
% Frames with tissue 7.7 (9.6) 8.2 (9.1)
protrusion, mean (SD)
Frames with dissection 79 66 3.17 0.88 (0.80-0.93) 0.88 (0.79-0.93)
(within BVS), n
% Frames with dissection, 9.0 (12.4) 7.5 (9.7)
mean (SD)
Strut level Struts with ISA, n 348 340 0.36 1.00 (0.99-1.00) 1.00 (0.99-1.00)
(6452 % ISA struts, mean (SD) 5.5 (8.1) 5.4(7.8)
struts) Struts at SB, n 77 79 0.21 0.96 (0.93-0.98) 0.96 (0.93-0.98)
% SB struts, mean (SD) 1.2 (1.2) 1.2 (1.2)

Data are expressed in mean (SD).

ICC, inter-class correlation coefficient; ICCc, ICC for concordance; ICCa, ICC absolute agreement; CI, confidence interval.

GS-IVUS and OCT. Bland-Altman plots of the inter- and
intraobserver reproducibility to assess number of struts,
lumen area, and scaffold area are shown in Fig. 4.

DISCUSSION

The main results of our study are follows: (1) The
agreement of GS-IVUS and OCT to assess qualitative
scaffold parameters immediately after the BVS implan-
tation was predominantly poor at lesion, frame, and
strut level analysis; (2) OCT demonstrated a higher
ability to detect ISA, SB-struts, tissue protrusion, and
dissections compared with GS-IVUS; (3) Inter- and
intraobserver reproducibility to assess qualitative find-
ings and number of struts per cross-section was poor to
moderate with GS-IVUS and excellent with OCT; (4)
Lumen and scaffold areas had an excellent inter- and
intraobserver reproducibility with both GS-IVUS and

OCT; but GS-IVUS showed a margin of error (2 SD of
the difference between observers/observations) larger
than OCT in all measurements.

Intravascular imaging techniques are usually com-
pared according to their spatial resolution. The spatial
resolution can be defined as the ability to discriminate
small objects in the axial and lateral plans [4]. The
axial and lateral resolution of the IVUS 20 MHz sys-
tems is 80 and 200-250 um, respectively [4]. OCT
has an axial and lateral resolution of 15-20 and 20-
40 pm, respectively [11]. The larger wavelength of
the IVUS beam (35-80 pm), compared with the near-
infrared light beam of the OCT (1 pm), allows higher
tissue penetration and scan diameters but has less spa-
tial resolution [11]. This fact explains the higher accu-
racy of OCT to detect ISA, tissue protrusion and dis-
sections compared with GS-IVUS in metallic stents

[51.
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Using polymeric scaffolds, the larger echogenic
blooming effect of the polymeric struts compared with
the metallic stents challenges even more the assessment
of the BVS structures with GS-IVUS 20 MHz; espe-
cially when the vessel wall is rich in calcium tissue or
the plaque is hyperechogenic. It is uncertain if the vis-
ualization of the BVS structures with a high frequency
IVUS system (>30 MHz) would improve the assess-
ment and reproducibility of these parameters. High fre-
quency IVUS systems have previously been shown to
demonstrate a better image quality when compared
with low frequency IVUS (e.g. 20 MHz) [12]. In the
ABSORB trial, it was decided to use the IVUS 20
MHz system to add information about compositional
changes on top of the geometrical quantification pro-
vided by GS-IVUS. As of present, the IVUS 20 MHz
Eagle Eye catheter (Volcano Corporation, Rancho Cor-
dova, CA) has been the only system validated for tis-
sue characterization (virtual histology) in native coro-
nary vessels [13]. However, the use of IVUS-virtual
histology to assess temporal changes in scaffolded seg-
ments has not yet been validated and may suffer from
the same problems of saturation/high backscattering
and poor resolution as GS-IVUS images.

Although the sensitivity and efficiency of GS-IVUS
to assess qualitative findings at a frame or a strut level
analysis was low compared with OCT, the specificity
of GS-IVUS to assess qualitative findings at a lesion
level analysis was high (Table II). The good specific-
ity of GS-IVUS was probably due to the capability to
detect the more severe cases of dissections, tissue
protrusion, and ISA without false positive observa-
tions. On the other hand, the low sensitivity of GS-
IVUS was probably due to the omission of the “less
severe” cases when the lower resolution of the GS-
IVUS did not allow the visualization of these findings
(e.g. malapposed struts separated from the vessel
wall by less than 200 pm). The assessment of tissue
coverage with GS-IVUS presented similar results to
our study; GS-IVUS was less able to assess a few
degrees of neointimal coverage compared with OCT
[14,15]. On the other hand, the assessment of SB
struts is a special case in which the take-off of the
side branch is usually easily observed by GS-IVUS.
In our study, the assessment of SB struts showed bet-
ter alignment between GS-IVUS and OCT at a lesion
and a frame level analysis than the other qualitative
findings.

However, the poor to moderate inter- and intraob-
server reproducibility of GS-IVUS 20 MHz qualitative
measurements represent a clear limitation of the use of
this imaging technique. Only the ISA and SB-strut
assessment at a strut level analysis showed good repro-
ducibility. However, the comparison of the GS-IVUS

TABLE VII. Inter- and Intraobserver Variability of Quantitative Measurements of IVUS and OCT

Intra-observer variability

Interobserver variability

Absolute
difference (95% CI)

Absolute
difference (95% CI)

—1.41 (-1.92-—-0.91)

Observer

Observer

n =150
Cross-sections

IVUS No. of struts, n

ICCa

ICCc
0.50 (0.36-0.62) 0.50 (0.36-0.62)

ICCa

ICCc
0.06 (—0.11-0.23)  0.05 (—0.09-0.20)

B (2nd)
1070

B (Ist)

1097

Observer A

0.20 (—0.21-0.61)

906
6.71 (2.05) 8.13 (2.28) 7.93 (2.50)

struts x frame,

mean (SD)
Lumen area (mm?)

—0.19 (~0.24——0.13) 0.97 (0.96-0.98) 0.97 (0.93-0.98)
~0.09 (~0.14-—0.04) 0.98 (0.97-0.98) 0.98 (0.96-0.98)

—0.02 (~0.19-0.14)

0.94 (0.92-0.96)
0.88 (0.42-0.96)
0.87 (0.82-0.90)

—0.09 (~0.17 to 0.00) 0.94 (0.92-0.96)

6.15 (1.59) 6.24 (1.48) 6.42 (1.53)
6.82 (1.77) 6.24 (1.47) 6.33 (1.51)

0.94 (0.92-0.96)
0.87 (0.82-0.90)

0.58 (0.49-0.67)
0.11 (—0.10-0.32)

Scaffold area (mmz)

OCT No. of struts, n

0.92 (0.88-0.94) 0.92 (0.88-0.94)

1020 1017

7.53 (2.40) 7.56 (2.33)

1032
7.64 (2.44)

struts x frame,

mean (SD)
Lumen area (mm?)

0.99 (0.99-0.99) 0.99 (0.95-1.00)

0.17 (0.14-0.21)
~0.03 (~0.07-0.02)

0.98 (0.63-0.99)
0.98 (0.97-0.99)

—0.29 (—0.33--0.26)  0.99 (0.99-0.99)

6.86 (1.76) 7.15 (1.81) 6.98 (1.77)
747 (171) 7.62 (1.77) 7.50 (1.77)

0.99 (0.98-0.99) 0.99 (0.98-0.99)

0.99 (0.98-0.99)

0.14 (0.10-0.19)

Scaffold area (mmz)
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Fig. 4. Bland-Altman graphs of the inter- and intra-observer
reproducibility of GS-IVUS and OCT to assess the number
of struts, lumen area and scaffold area at cross-frame level.
Inter-observer reproducibility of GS-IVUS (A) and OCT (a) to
assess number of struts per cross-section; Intra-observer
reproducibility of IVUS-GS (B) and OCT (b) to assess number of

T T T T T
2 4 13 8 10

Mean scaffold area (nm2)
struts per cross-section; Inter-observer reproducibility of GS-
IVUS (C) and OCT (c) to assess the lumen area; Intra-observer
reproducibility of GS-IVUS (D) and OCT (d) to assess the lumen
area; Inter-observer reproducibility of GS-IVUS (E) and OCT (e)
to assess the scaffold area; Intra-observer-reproducibility of
GS-IVUS (F) and OCT (f) to assess the scaffold area.
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Fig. 4. Continued

20 MHz inter- and intraobserver reproducibility to
assess ISA and SB struts using the Bland-Altman
graphs at a strut level analysis showed a margin of
error 2-3 times larger than with OCT (Figs. 3 and 4).
On the other hand, OCT showed excellent reproducibil-
ity for qualitative findings and number of struts per

cross-section. These results are similar to those
reported by Gonzalo et al. using metallic stents [16].
The inter- and intraobserver reproducibility for lumen
and scaffold areas was excellent for both GS-IVUS
and OCT. These results are congruent with other stud-
ies using GS-IVUS and OCT [16,17]. However, our



study shows that the inter- and intraobserver margin of
error of those measurements was larger with GS-IVUS
than with OCT (Fig. 4).

Limitations

The main limitation of this study is the lack of
matching between GS-IVUS and OCT image cross-sec-
tions. Although we tried to assess the same number of
cross-sections per lesion measured at each 1 mm with
respect to the pullback landmark, the disparity of the
scaffold lengths between both techniques did not allow
us to ensure the same sequence of cross-sections.
Therefore, the percentages of qualitative findings
adjusted per lesion may differ and adds variability to
the agreement between the two techniques. The second
limitation of the study is the use of two different OCT
systems. The visualization of the guide-wire and its
shadowing in the OCT images obtained with the C7
system did not allow the complete analysis of the
lumen/scaffold perimeter. On the other hand, the M3
system and the IVUS 20 MHz catheter allowed the
complete visualization of the lumen/scaffold perimeter.

CONCLUSION

Qualitative assessment of BVS structures using GS-
IVUS 20 MHz should be avoided due to its poor
agreement and reproducibility when compared with
OCT. Both GS-IVUS and OCT have good reproduci-
bility to assess lumen and scaffold areas but the margin
of error with GS-IVUS is larger than with OCT.
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Proximal and Distal Maximal Luminal Diameters as a
Guide to Appropriate Deployment of the ABSORB
Everolimus-Eluting Bioresorbable Vascular Scaffold: A
Sub-Study of the ABSORB Cohort B and the On-Going
ABSORB EXTEND Single Arm Study
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Objectives: Due to the limited distensibility of the everolimus-eluting bioresorbable
vascular scaffold (ABSORB) compared to metallic platform stents, quantitative coro-
nary arteriography (QCA) is a mandatory requirement for ABSORB deployment in the
on-going ABSORB EXTEND Single-Arm Study. Visual assessment of vessel size in the
ABSORB Cohort B study often lead to under and over-sizing of the 3 mm ABSORB in
coronary vessels (recommended range of the vessel diameter >2.5 mm and <3.3 mm),
with an increased risk of spontaneous incomplete scaffold apposition post ABSORB
deployment. We report whether mandatory QCA assessment of vessel size pre-implan-
tation, utilizing the maximal luminal diameter (Dmax) and established interpolated
reference vessel diameter (RVD) measurements, has improved device/vessel sizing.
Methods: Pre-implantation post-hoc QCA analyses of all 101 patients from ABSORB
Cohort B (102 lesions) and first consecutive 101 patients (108 lesions) from ABSORB
EXTEND were undertaken by an independent core-laboratory; all patients had a 3 mm
ABSORB implanted. Comparative analyses were performed. Results: Within ABSORB
Cohort B, a greater number of over-sized vessels (>3.3 mm) were identified utilizing
the Dmax compared to the interpolated RVD (17 vessels, 16.7% vs. 3 vessels, 2.9%; P =
0.002). Comparative analyses demonstrated a greater number of appropriate vessel-size
selection (75 vessels, 69.4% vs. 48 vessels, 47.1%; P = 0.001), a trend towards a reduc-
tion in implantation in small (<2.5 mm) vessels (29 vessels, 26.9% vs. 40 vessels, 39.2%;
P = 0.057) and a significant decrease in the implantation in large (>3.3 mm) vessels
(4 vessels, 3.7% vs. 17 vessels, 16.7%; P = 0.002) in ABSORB EXTEND. Bland-Altman
plots suggested a good agreement between operator and core-laboratory calculated
Dmax measurements. Conclusions: The introduction of mandatory Dmax measurements
of vessel size prior to ABSORB implantation significantly reduced the under-sizing of the
3.0 mm scaffold in large vessels validating the use of this technique in vessel sizing prior
to ABSORB implantation.  © 2011 Wiley Periodicals, Inc.

Key words: bioresorbable scaffold; quantitative coronary angiography; maximal luminal
diameter; coronary artery disease
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INTRODUCTION

Fully bioresorbable drug-eluting vascular scaffolds
(BVS) are a novel approach to treating coronary
lesions in that they provide transient vessel support and
drug delivery to the vessel wall, without the long-term
limitations of standard metallic drug-eluting stents
(DES) such as metallic caging [1,2]. Unlike with per-
manent metallic stenting, the BVS will potentially
allow future surgical revascularization, expansive
remodeling, restoration of reactive vasomotion, and
non-invasive imaging of coronary arteries with multi-
slice computed tomography. Given their temporary
presence, the potential risk of late or very late stent
thrombosis may be reduced or even eliminated [3,4].

Although the short- and long-term clinical results of
the first generation ABSORB BVS were favorable, a
mild decrease in scaffold area by intravascular ultra-
sound (IVUS) and optical coherence tomography
(OCT) was evident at 6 months (a phenomenon dubbed
“late recoil”). Subsequent changes in the platform
design and manufacturing processes lead to significant
improvements in the mechanical support and prolonga-
tion of the mechanical properties of the device, which
were incorporated into the second generation ABSORB
(Revision 1.1). This was tested in the ABSORB Cohort
B trial, which enrolled 101 patients [3,4]. Six-month
clinical and angiographic results of the first 45 patients
demonstrated that the phenomenon of late recoil
appeared to have been almost eliminated, with 6-month
MACE rate of 4.4% and an angiographic late loss of
0.19 mm. Full results of the trial are awaited.

Because of the single size availability (3.0 mm in di-
ameter) and limited distensibility of BVS polymeric plat-
forms, the angiographic inclusion criteria of ABSORB
Cohort B were appropriately restrictive, in that the target
lesion(s) must have been located in a native coronary ar-
tery with a estimated vessel diameter of >2.5 mm and
<3.3 mm. The ABSORB Cohort B study allowed the
visual estimation of the vessel diameter to guide
ABSORB implantation. Post-hoc studies however sug-
gested that the 3.0 mm ABSORB had often been
deployed in vessels outside the recommended range of
the vessel diameter (>2.5 mm and <3.3 mm) [5,6].

With the implantation of the 3.0 mm device in small
vessels (<2.5 mm), it was demonstrated that there
were potentially no significant differences in late lumi-
nal loss, as assessed by angiographic and IVUS crite-
ria, and clinical outcomes when compared to larger
vessels (>2.5 mm) [6]. However in larger vessels
(>3.3 mm), a trend towards an increased frequency of
scaffold malappositon, as defined by >5% incomplete
stent apposition (ISA), was observed in an OCT sub-
study [5]. Although the clinical events were no differ-

ent in the larger vessels groups (>3.3 mm), there was
potential concern over implanting an ABSORB in an
oversized vessel and the consequent long-terms risks of
the presence of spontaneous ISA immediately after
deployment (Fig. 1a and b).

In order to guide angiographic deployment of the
ABSORB device further, quantification of lumen
dimensions, with either IVUS or QCA-guided
ABSORB deployment, were introduced as mandatory
requirements in the on-going ABSORB EXTEND Sin-
gle Arm Study (SAS). This is a large, international,
multicenter study, which aims to recruit over 1,000
patients from over 100 centers worldwide. We report
as to whether the introduction of mandatory QCA
assessment of vessel size prior to BVS implantation,
by the use of maximal luminal diameters (Dmax) and
interpolated reference vessel diameters (RVD), have
improved the vessel selection criteria prior to implanta-
tion with the ABSORB.

METHODS
Study Design and Population

ABSORB Cohort B. The ABSORB Cohort B Trial
is a multicenter single-arm, prospective, open-label
trial assessing the safety and performance of the
ABSORB BVS (Abbott Vascular, Santa Clara, CA).
All patients were older than 18 years, and had a diag-
nosis of stable or unstable angina, or silent ischemia.
Major exclusion criteria were patients presenting with
an acute myocardial infarction or unstable arrhythmias,
left ventricular ejection fraction less than 30%, reste-
notic lesions, lesions located in the left main coronary
artery, lesions involving a side branch more than 2 mm
in diameter, and the presence of thrombus or other
clinically significant stenoses in the target vessel. The
ethics committee at each participating institution
approved the protocol and each patient gave written
informed consent prior to inclusion.

Protocol treated lesions were a maximum of two,
de-novo lesions in separate native coronary arteries
with a 3.0 mm diameter, a length shorter than 14 mm
for the 18 mm scaffold and a percentage diameter ste-
nosis greater than 50% and less than 100%. Pre-dilata-
tion prior to ABSORB implantation was mandatory.
Post-dilatation with a balloon shorter than the
implanted scaffold was allowed at the operator’s dis-
cretion. All patients were pre-treated with aspirin and a
loading dose of at least 300 mg of clopidogrel, admin-
istered according to local hospital practice. Post-proce-
durally, all patients received aspirin >75 mg for the
study duration (5 years) and clopidogrel 75 mg daily
for a minimum of 6 months. Anticoagulation and
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(a,b) Implantation of a 3 mm BVS in a vessel with an interpolated RVD of 3.80 mm

and a proximal and distal Dmax of 4.42 and 3.92 mm, respectively (left image, a) from a
patient in ABSORB Cohort B. This leads to under-sizing of the BVS with spontaneous ISA
present at both edges of the BVS (right image, a). Six-month follow-up demonstrated incor-
poration of several struts into the vessel wall and coverage of the struts (b) [5].

glycoprotein IIb/Ila products were used in accordance
with the local hospital standard practice.

ABSORB EXTEND Single Arm Study. The
ABSORB EXTEND SAS is an on-going, prospective,
single-arm, open-labeled clinical investigation enrolling
subjects with target lesion(s) length < 28 mm with a
maximum of two de novo native coronary artery
lesions each located in different epicardial vessels. 3.0
mm x 18 mm ABSORB devices were available at the
start of enrollment. The inclusion and exclusion criteria
are almost identical to ABSORB Cohort B except for
longer lesions being permitted.

As compared to the ABSORB Cohort B study, the
procedural implantation technique differed with respect
to the requirement of mandatory proximal and distal
Dmax measurements of vessel size prior to device

deployment, with the recommendations of implanting
the device only if the vessel diameter was >2.5 and
<3.3 mm. Post-dilatation of the device was permitted
provided the predicted balloon size fell within the
range of the 3.0 mm ABSORB size specifications.
QCA analysis. In all patients, post hoc analyses of
the scaffold and peri-scaffold segments (defined by a
length of 5 mm proximal and distal to the ABSORB
edges), as well as their combination (in-segment analy-
sis), were undertaken by QCA using the Coronary An-
giography Analysis System (Pie Medical Imaging,
Maastricht, The Netherlands) by an independent core
laboratory (Cardialysis NV, Rotterdam, The Nether-
lands). The small 37-um platinum radiomarkers located
at each end of the ABSORB aided in the localization
of the non radio-opaque scaffold for QCA analyses.
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Fig. 2. Comparisons of the interpolated RVD (left) and Dmax
(right) its in vessel size pre-implanta-
tion of a 3 mm BVS. In this example, taken from the ABSORB

-

(implantation range >2.5 mm and <3.3 mm). However, with
the use of Dmax measurements, the proximal Dmax was cal-
culated as 3.63 mm and distal Dmax 3.15 mm. The proximal

Cohort B Study, the interpolated reference vessel di
was calculated to be 3.22 mm. Based on this QCA value, a 3
mm BVS would have been acceptable for implantation

Within the ABSORB EXTEND SAS, if the device was
found to have been implanted in a vessel outside the
recommended limits (>2.5 and <3.3 mm), the study
sponsor would subsequently provide appropriate feed-
back to the operator at the local participating centre
and further retraining offered if required.

QCA guidance of device implantation for the 3.0
mm ABSORB device is reliant on the angiographic
diameter function of the pre-treatment vessel segment
continually containing three non-ambiguous data
points; namely the minimal luminal diameter (MLD)
and the maximal luminal diameters (Dmax) with
respect to the MLD in the proximal (Proximal
Dmax) and distal (Distal Dmax) vessel segment of
interest. Traditionally, the interpolated RVD (Fig. 2)
has been the measurement of choice in guiding stent
implantation when QCA analysis is to be performed
[7]. An interpolated diameter line is generated from
the proximal to the distal healthy segments of the
lesion edges (usually located between a proximal and
distal side branch). The interpolated line represents a
mean average of all the vessel diameters from the
proximal to the distal vessel and provides a virtual

Dmax ement would have precluded implantation of the
BVS if this assessment had been used.

reference diameter measurement at the site of the
MLD. The theoretical main disadvantage of this
technique is that the interpolated RVD can often be
below the maximum vessel diameter as it represents
a mean value.

Conversely, the proximal and distal Dmax values are
measures of the maximal diameter of the vessel in the
intended implantation zone (Fig. 2). As the implanta-
tion site would include non-diseased vessel segments at
the proximal and distal edges, the Dmax measurements
would be the maximal vessel diameters located proxi-
mal and distal to the MLD, or in rare situations, the
maximal diameter of an aneurysmal portion of the ves-
sel. A Dmax outside the reference range of >2.5 mm
and <3.3 mm for a 3.0 mm ABSORB would therefore
imply that the device is too big or small, respectively,
for the intended vessel site to be implanted.

Study device. The ABSORB revision 1.1 is a balloon
expandable device consisting of a polymer backbone of
Poly-L lactide (PLLA) coated with a thin layer of a 1:1
mixture of an amorphous matrix of Poly-p, L lactide
(PDLLA) polymer, and 100 pg/cm? of the anti-prolifera-
tive drug everolimus. Two platinum markers located at
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TABLE I. Core Laboratory Assessed Dmax and Interpolated RVD Comparisons for All 101 Patients (102 lesions) in ABSORB
Cohort B and the First 101 Patients (108 lesions) in ABSORB EXTEND Single Arm Study

QCA measurement ABSORB Cohort B (7 = 102) EXTEND SAS (n = 108)* (n = 107)° P Value®

Pre-implantation Dmax: >2.5 to <3.3 mm (%) 48 (47.1%) 75 (69.4%) 0.001
Pre-implantation Dmax: <2.5 mm (%) 40 (39.2%) 29 (26.9%) 0.057
Pre-implantation Dmax: >3.3 mm (%) 17 (16.7%) 4 (3.7%) 0.002
Pre-implantation RVD: >2.5 to <3.3 mm (%) 58 (56.9%) 61 (57.0%) 0.983
Pre-implantation RVD: <2.5 mm (%) 41 (40.2%) 44 (41.1%) 0.892
Pre-implantation RVD: >3.3 mm (%) 3 (2.9%) 2 (1.9%) 0.612

“n = 108 lesions for Dmax assessment.

®n = 107 lesions for RVD assessment (RVD unavailable in one occluded vessel).

€2-Sided Pearson Chi-squared analysis.

each ABSORB edge allow for accurate visualization dur-
ing angiography or other imaging modalities of the
radiolucent ABSORB. The PDLLA allows for the con-
trolled release of everolimus, 80% of which is eluted
within the first 30-days. Both PLLA and PDLLA are
fully bioresorbable. The polymers are degraded via hy-
drolysis of the ester bonds in the backbone. The resulting
lactate and its oligomers eventually leave the polymer
matrix and are metabolized through the pyruvate and
Kreb energy cycles in the surrounding tissues and blood.
Small particles, less than 2 pm in diameter, are phagocy-
tosed by macrophages. According to preclinical studies,
the time for complete bioresorption of the polymer back-
bone is approximately 2 years [8].

Statistical analysis. Categorical variables are pre-
sented as counts and percentages. Continuous variables
are presented as means £ SD. Assumptions for nor-
mality distribution of the data were performed with
Kolmogorov—Smirnov test and by visual assessment.
Comparisons of paired analysis within ABSORB
EXTEND were performed with the paired 7-test. Com-
parisons of proportions were performed with 2-sided
Pearson Chi square analysis. All inference statistics
were conducted at a two-tailed o level of 0.05. Bland—
Altman plots, displaying the systematic (mean absolute
difference) and random (95% limits of agreement)
errors were used to assess the agreement between the
operator and core laboratory assessed RVD and Dmax
measurements. Statistical analyses were performed
using SPSS 18.0 (SPSS Inc., Chicago IL).

RESULTS

Pre-implantation interpolated RVD and Dmax measure-
ments were available in 102 lesions in 101 patients from
ABSORB Cohort B. In the ABSORB EXTEND SAS,
pre-implantation RVD measurements were available in
107 lesions in 101 patients, and Dmax measurements in
108 lesions in 101 patients; one vessel was occluded pre-
cluding the calculation of the interpolated RVD. Core lab-

oratory and operator assessed RVD and Dmax measure-
ments followed a Gaussian distribution for both ABSORB
Cohort B and ABSORB EXTEND SAS.

Within ABSORB Cohort B, the core laboratory
assessed mean interpolated RVD was 2.61 + 0.37 mm,
mean proximal Dmax 2.82 + 0.46 mm, and mean dis-
tal Dmax 2.72 £+ 0.42 mm. A greater number of over-
sized vessels (>3.3 mm) were identified utilizing the
Dmax compared to the interpolated RVD (17 vessels,
16.7% vs. 3 vessels, 2.9%, P = 0.002). No differences
were however found in identifying small vessels (<2.5
mm) (40 vessels, 39.2% vs. 41 vessels, 40.2%, P =
1.000) and normal size vessels (48 vessels, 47.1% vs.
58 vessels, 56.9%, P = 0.207) (Table I).

Within ABSORB EXTEND SAS, the mean core lab-
oratory assessed interpolated RVD was 2.59 + 0.33
mm; a trend towards a higher operator assessed mean
proximal (2.86 £ 0.25 mm vs. 2.81 £ 0.33 mm, P =
0.072) and distal (2.73 + 0.27 mm vs. 2.67 £ 0.33
mm, P = 0.055) Dmax measurements, compared to the
core laboratory assessed values, were observed; this
however did not reach statistical significance.

With the application of mandatory Dmax assessment in
the ABSORB EXTEND SAS, this lead to a significant
increase in appropriately sized vessels for implantation
with a 3 mm device when compared to ABSORB Cohort
B (75 vessels, 69.4% vs. 48 vessels, 47.1%, P = 0.001).
A trend towards a reduction in the implantation of the 3
mm BVS device in small vessels (<2.5 mm) was seen
(40 lesions, 39.2% vs. 29 lesions, 26.9%, P = 0.057). A
significant reduction in the implantation of the 3 mm de-
vice in vessels >3.3 mm was observed (17 lesions, 16.7%
vs. 4 lesions, 3.7%). The four cases involving Dmax >3.3
mm occurred in the first 50 patients in the Extend SAS
and involved centers who had performed ABSORB im-
plantation for the first (three cases) or second time (one
case). No significant differences were observed in the
interpolated RVD to assess vessel size between EXTEND
SAS and ABSORB Cohort B (Table I).

Figure 3 demonstrates the comparison of the inter-
polated RVD and Dmax measurements for assessing
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Fig. 3. (a,b) Comparisons of interpolated RVD and Dmax ts in ing vessel
size pre-implantation from ABSORB Cohort B (a) and ABSORB SAS (b).

vessel sizes for ABSORB Cohort B and EXTEND
SAS.

Figure 4a and 4b depict Bland—Altman plots and
demonstrate agreement for both the proximal and distal
Dmax values between core laboratory and operator cal-

culated Dmax values. The mean delta proximal and dis-
tal Dmax values (core laboratory minus operator calcu-
lated Dmax) were —0.05 mm [2 S.D. 0.56 to —0.67
mm] and —0.05 mm [2 S.D. 0.53 to —0.63 mm] for
proximal and distal Dmax measurements, respectively.
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measurements between the operator and core laboratory assessed values. Delta Dmax is the
core laboratory minus the operator Dmax calculation.

DISCUSSION

The main findings of this study are that (1) the vis-
ual assessment of the reference vessel diameter is poor
and can lead to under or over-sizing of the ABSORB
device as observed in over half the cases in ABSORB
Cohort B study; (2) that QCA, utilizing proximal and
distal Dmax measurements of the vessel size lead to a
statistically significant increase in appropriate vessel
size selection for a 3 mm BVS device; (3) that Dmax
assessments reduced the under-sizing of the 3 mm

device when compared to the interpolated RVD or vis-
ual assessment, this may reduce the risk of post-im-
plantation device malapposition; (4) and that the meas-
urements of proximal and distal Dmax are broadly in
agreement between the core laboratory and operator
assessed Dmax values.

As shown in Fig. 2, the proximal and distal Dmax
values appear to represent a refinement in assessing the
vessel size when compared to the interpolated RVD.
For example in ABSORB Cohort B, if the interpolated
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RVD had been used, only three patients (2.9%) would
have been identified as having a vessel diameter >3.3
mm; conversely with the application of the proximal
and distal Dmax values, an almost six-fold increase in
the number of patients with a vessel size >3.3 mm
were identified (17 patients, 16.7%). In keeping with
these findings, Gomez-Lara et al demonstrated in an
OCT substudy of the first 52 patients in ABSORB
Cohort B, a trend towards an increasing frequency of
>5% ISA with a greater Dmax [5].

Conversely, over-sizing of the 3.0 mm device in
small vessels (2.5 mm) has recently been shown to be
potentially not of concern based on preliminary data
from the first 52 patients in ABSORB Cohort B, as
assessed by 6-month angiographic, IVUS, and clinical
outcomes [6]. In the present study, a trend towards a
reduced frequency of the deployment of the ABSORB
device in vessels with a Dmax <2.5 mm was observed,
although this did not achieve statistical significance (40
cases (39.2%) ABSORB Cohort B vs. 29 cases
(26.9%) ABSORB EXTEND SAS, P = 0.057).

It is likely that because of the fact that the 2.5 mm
ABSORB is actually the same device as the 3.0 mm
device but crimped onto a smaller balloon, the deploy-
ment of a 3.0 mm ABSORB in small vessels (<2.5
mm) did not compromise safety. The so called “bigger
is better paradigm” [9] appears to be the most plausi-
ble explanation for the promising results of the implan-
tation of the 3 mm BVS device in small vessels [6];
effectively a larger postimplantation MLD has previ-
ously been shown to be associated with a reduced risk
of restenosis [9,10].

With metallic platform drug eluting stents (DES),
these issues of sizing are equally relevant, perhaps
more so given the permanent nature of the platform.
Most types of metallic DES consist of two or three (as
seen with the Promus Element DES) different stents
sizes with differing deploying balloon sizes to reflect
the different size vessels they are designed for [11].
High pressure deployment and/or post-dilatation are of-
ten undertaken to ensure appropriate deployment. Con-
versely with the ABSORB, because of the differing
properties of the polymeric platform making it poten-
tially less distensible compared to the metallic plat-
form, the operator is required to respect the limits of
its maximal diameter. It should however be noted that
aggressive post-dilation of a metallic platform DES has
been associated with an increased risk of stent fracture
in vivo [12], and in-vitro testing of metallic DES has
been associated with polymer cracking and even
detachment of polymer fragments when a 3.0 mm DES
was post-dilated up to 5 mm [13].

At present, the maximum diameter a 3.0 mm
ABSORB can be post-dilated to is no more than

3.5 mm; an awareness therefore of the inflation
pressure/diameter compliance charts available for post-
dilatation balloons is essential so that post-dilatation is
performed within the recommended limits of these
devices.

Current conventional PCI practice is reliant on visual
vessel size estimation based on operator experience.
However, large intra- and inter-observer variability of
visual estimation (SD up to 18%) has been a consistent
finding since the late 1970s [14-16], whereas QCA has
continually been shown to be a more objective and
highly reproducible technique for the assessment of ves-
sel size [7]. There are however potential theoretical lim-
itations of using QCA or visual guidance in stenting the
proximal coronary vasculature. The proximal vasculature
diameter can potentially rapidly taper in size and has
been suggested to be associated with stent under-deploy-
ment. Evidence however suggests the reason a vessel
tapers is predominantly related to the number of bifurca-
tions, with the size of the side-branch being related to
the amount of tapering [17]. An awareness of this phe-
nomenon, the selection of multiple angiographic reviews
to visualize the proximal vasculature, liberal use of
nitrates, lesion pre-dilatation, and QCA measurements
may all serve to limit this potential issue.

It should be noted the that evidence in support of
IVUS guided DES implantation has to date failed to
show any differences in angiographic or clinical out-
comes, despite being associated with a higher MLD in
one study [18]. OCT guided DES implantation has not
been investigated and would not allow the assessment
of the media to media distance as a guide to vessel
size. Some preliminary evidence has even suggested
that IVUS, and to a lesser degree OCT, may poten-
tially over-estimate vessel size; further study is how-
ever required to substantiate this evidence further [19].

The issue of vessel size estimation is clearly relevant
regardless of what device (metallic or polymeric plat-
form stent) is to be implanted. With the advent of bio-
resorbable scaffolds, there is a need to respect the de-
vice size limits and with metallic platform DES,
aggressive post-dilatation has been shown to be associ-
ated with stent fracture or polymer cracking as
described [12,13]. QCA assessment is likely to remain
a recommendation to allow for a more precise selection
of appropriately sized vessels and appropriate deploy-
ment of the ABSORB. The results of ABSORB
EXTEND SAS are therefore awaited.

LIMITATIONS

The main limitation of this study was the compari-
son of the Dmax values between the operator and core
laboratory assessed measurements. With the operator,



Dmax measurements are calculated at the intended
BVS implantation site, whereas the core laboratory cal-
culated the Dmax measurements on the pre-implanta-
tion coronary angiogram with a view matched to the
postimplantation coronary angiogram. Despite this,
Bland-Altman plots suggested good agreement
between operator and core laboratory assessed Dmax
values with a mean delta Dmax of —0.05 mm for prox-
imal and distal Dmax values, with most delta Dmax
values lying within 2 standard deviations (Fig. 4a and
4b). It is however likely that the wider standard devia-
tions observed for the mean delta Dmax are due to this
unavoidable limitation.
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Aims The first generation of the everolimus-eluting bioresorbable vascular scaffold (BVS 1.0) showed an angiographic late
loss higher than the metallic everolimus-eluting stent Xience V due to scaffold shrinkage. The new generation (BVS
1.1) presents a different design and manufacturing process than the BVS 1.0. This study sought to evaluate the differ-
ences in late shrinkage, neointimal response, and bioresorption process between these two scaffold generations using
optical coherence tomography (OCT).

Methods A total of 12 lesions treated with the BVS 1.0 and 12 selected lesions treated with the revised BVS 1.1 were imaged at
and results baseline and 6-month follow-up with OCT. Late shrinkage and neointimal area (NIA) were derived from OCT area
measurements. Neointimal thickness was measured in each strut. Strut appearance has been classified as previously
described. Baseline clinical, angiographic, and OCT characteristics were mainly similar in the two groups. At
6 months, absolute and relative shrinkages were significantly larger for the BVS 1.0 than for the BVS 1.1 (0.98 vs.
0.07 mm? and 13.0 vs. 1.0%, respectively; P = 0.01). Neointimal area was significantly higher in the BVS 1.0 than in
the BVS 1.1 (in-scaffold area obstruction of 23.6 vs. 12.3%; P < 0.01). Neointimal thickness was also larger in the
BVS 1.0 than in the BVS 1.1 (166.0 vs. 76.4 pm; P < 0.01). Consequently, OCT, intravascular ultrasound, and angio-
graphic luminal losses were higher with the BVS 1.0 than with the BVS 1.1. At 6 months, strut appearance was pre-
served in only 2.9% of the BVS 1.0 struts, but remained unchanged with the BVS 1.1 indicating different state of strut
microstucture and/or their reflectivit;

Conclusion

The BVS 1.1 has less late shrinkage and less neointimal growth at 6-month follow-up compared with the BVS 1.0. A
difference in polymer degradation leading to changes in microstructure and reflectivity is the most plausible expla-
nation for this finding.
Keywords Bioresorbable vascular scaffold e Shrinkage e Optical coherence tomography e Bioresorption
Background © ABSORB Cohort A study. At 6-month follow-up, this device
. showed a late shrinkage of the scaffold area of 11.8% as assessed
The first generation of the everolimus-eluting bioresorbable vascu- by intravascular ultrasound (IVUS) and rapid changes in strut
lar scaffold (BVS 1.0) was tested in 30 patients enrolled in the : appearance, documented by multiple imaging modalities.'
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At variance with metallic stents, which do not exhibit late shrink-
age,Z the reduction of the BVS 1.0 scaffold area was the main com-
ponent of late luminal loss at 6 months.

The BVS 1.1 represents a new generation of bioresorbable
devices. It utilizes a novel platform design and polymer processing
different than the previous BVS 1.0. This new generation is
designed to improve the radial force and to slow-down the loss
in mechanical integrity, without substantially affecting the biore-
sorption process.” It has been investigated in 101 patients enrolled
in the ABSORB cohort B trial. Forty-five of these patients were
scheduled for a é6-month control with conventional angiography
and multiple intravascular imaging techniques.

Optical coherence tomography (OCT) is a high resolution
imaging technique capable of an accurate assessment of the poly-
meric struts, changes in luminal and scaffold dimensions, and the
quantification of neointimal hyperplasia.*~®

Our aim is to compare the late shrinkage and neointimal
response of the two polymeric devices using OCT imaging and
to assess the qualitative changes in strut appearance as a marker
of bioresorption at 6-month follow-up.

Materials and methods

Study design and population

The ABSORB trial is a non-randomized, multicentre, single-arm, effi-
cacy—safety study. The first Cohort (A) included 30 patients treated
with the BVS 1.0; the trial design and results up to 3-year follow-up
have been already published."*” The second Cohort (B) included
101 patients with 102 lesions treated with a single size 3 x 18 mm
of the BVS 1.1 design; the study design is available at clinicaltrials.gov
(NCT00856856).

The inclusion criteria were similar in both studies: patients aged 18
years or older diagnosed with stable, unstable, or silent ischaemia, with
a de novo lesion in a native coronary artery between 50 and 99% of the
luminal diameter and a Thrombolysis In Myocardial Infarction (TIMI)
flow grade of 1 or more. Exclusions included patients with an evolving
myocardial infarction, stenosis of an unprotected left main or ostial
right coronary artery (RCA), presence of intracoronary thrombus or
heavy calcification. Excessive tortuosity and lesions involving a side
branch more than 2 mm in diameter were also exclusion criteria.
The ethics committee at each participating institution approved the
protocol and each patient gave written informed consent before
inclusion.

Four centres (Auckland, Aarhus, Krakow, and Rotterdam) partici-
pated in the Absorb Cohort A in 2006 using the BVS 1.0." In this
first-in-man  study, angiography and IVUS were mandatory investi-
gations at 6 and 24 months of follow-up. Optical coherence tomogra-
phy was an optional investigation that was only executed and
performed in Rotterdam with the available system at that time (M2
Light Lab). Subsequently, the Rotterdam group performed OCT
follow-up of their patients at 6 and 24 months. As a result, 13 patients
in Cohort A had sequential OCT investigation at baseline and 6
months.* The Cohort B study was started during 2009 using the
BVS 1.1. In this study, 7 of the 12 participating centres performed
OCT at baseline and follow-up and three of them (Rotterdam =9,
Melbourne = 2, and Bern = 1) used the most advanced system (C7
Light Lab). As a result, 12 patients in Cohort B have been imaged
with the OCT C7 system. This limited but almost equal number of
patients represents a unique opportunity to analyse, with the high

resolution of OCT, the mechanical behaviour of the first and second
generation of everolimus-eluting BVS at baseline and at 6é-month
follow-up.

Devices

The BVS 1.0 (Abbott Vascular, Santa Clara, CA, USA) is a balloon
expandable built on a semi-crystalline
poly-L-lactide (PLLA) polymer. The polymer consists of crystalline
and amorphous domains. The balance between the crystalline and
amorphous fractions and the molecular orientation state of these
phases depends on their thermal and deformation history. The plat-
form is coated with the poly-p,L-lactide (PDLLA) copolymer that con-
tains and controls the release of the antiproliferative everolimus
(Novartis, Switzerland). Both PLLA and PDLLA are fully bioresorbable.
The strut thickness is 150 wm and the struts are distributed as circum-
ferential out-of-phase zigzag hoops linked together by three longitudi-
nal bridges between each hoop. The BVS 1.0 design is shown in
Figure 1.

The manufacturing process the BVS 1.1 (Abbott Vascular, Santa
Clara, CA, USA) has been modified to enhance the mechanical
strength and mechanical durability of the struts. Moreover, the new
design has in-phase zigzag hoops linked by bridges that allow for a
more uniform strut distribution, reduce maximum circular unsup-
ported surface area, and provide more uniform vessel wall support
and drug transfer.> The polymer mass, coating content, amount of
drug, and the strut thickness remain the same. The BVS 1.1 design is
also shown in Figure 1.

device backbone of

Figure | Design of the different bioresorbable vascular scaffold
(BVS). (A) BVS 1.0 design. The struts are distributed as circumfer-
ential out-of-phase zigzag hoops linked together by three longi-
tudinal bridges between each hoop. The maximal circular
unsupported surface area is drawn as a red circle. (B) BVS 1.1
design. The struts are arranged as in-phase zigzag hoops linked
together by three longitudinal bridges. The strut distribution is
more uniform and allows the maximal circular unsupported
surface area (red circle) to be smaller than in the BVS 1.0.



Treatment procedure

All procedures were performed electively. Lesions were treated with
routine interventional techniques that included mandatory pre-
dilatation. The study protocol forbade the use of pre-dilatation bal-
loons longer than the pre-specified length of the device (18 mm),
and recommended using balloons 0.5 mm smaller in diameter than
the reference vessel diameter (RVD). The BVS had to be implanted
at a pressure not exceeding the rated burst pressure (16 atmos-
pheres). Post-dilation was allowed at the operator’s discretion with
shorter balloons than the BVS length and inflated at diameters that
fit within the boundaries of the scaffold. Bail-out stenting was also
allowed at operator’s discretion.

Quantitative angiography analysis

The 2D angiograms were stored in DICOM format and analysed offline by
the core lab (Cardialysis, Rotterdam, The Netherlands) using the CASS I
analysis system (Pie Medical BV, Maastricht, The Netherlands). In each
patient, the treated region and the peri-treated regions (defined by a
length of 5 mm proximal and distal to the device edge) were analysed.
The following quantitative coronary angiography (QCA) analysis par-
ameters were measured: computer-defined minimal luminal diameter
(MLD),RVD obtained by an interpolated method, and percentage of diam-
eter stenosis (DS). Late loss was defined as the difference between MLD
post-procedure and MLD at follow»upAs

Optical coherence tomography acquisition

In the ABSORB Cohort A, baseline and follow-up OCT acquisition was
executed with an M2 Time-Domain System (LightLab Imaging, West-
ford, MA, USA) using the balloon occlusion method. The occlusion
balloon Helios (Goodman, Japan) was advanced distal to the treated
region over a conventional angioplasty guidewire of 0.014”. Then,
the conventional guidewire was replaced by the OCT ImageWire
(LightLab Imaging, Westford, MA, USA) and the occlusion balloon
catheter was positioned proximal to the segment of interest. Pullback
of the ImageWire was performed with automated pullback at 1 mm/s
and 15.6 frames/s during the occlusion of the artery by the balloon at
low pressure (0.5-0.7 atm), and during simultaneous flushing of the
vessel distal to the occlusion with lactated Ringer’s solution at 37°C
(flow rate 0.8 mL/s).

In ABSORB Cohort B, the baseline and follow-up OCT acquisitions
were performed with the C7 XR Fourier-Domain System (LightLab
Imaging, Westford, MA, USA) without occluding the coronary artery.
In these cases, a conventional wire was placed distal to the segment
of interest. Then the OCT imaging catheter (RX ImageWire II; LightLab
Imaging, Westford, MA, USA) was advanced distally to the treated
region. Removal of the conventional wire was left to the operator’s
discretion. The pullback was performed during a continuous injection
of 3 ml/s of contrast medium (lodixanol 370, Visipaque, GE Health
Care, Cork, Ireland) injected at a maximum pressure of 300 psi
through the guiding catheter using an injection pump. In this case,
the automated pullback rate was 20 mm/s and the frame rate was
100 images/s.

The resolution of both OCT systems is exactly the same
(1520 pm of lateral resolution and 15-20 um of axial resolution).”

Optical coherence tomography analysis

The OCT measurements were performed with proprietary software
for offline analysis (LightLab Imaging, Westford, MA, USA). Adjusting
for the pullback speed, the analysis of contiguous cross-sections was
performed at each 1mm longitudinal intervals within the treated
segment.
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The monochromatic peak wavelength of the OCT is differently
reflected, refracted, and absorbed by the polymeric or metallic
struts. A great deal of the OCT light energy is transmitted through
the polymeric struts, such that only part of it is reflected at the endo-
luminal and abluminal sides of the struts generating a visible optical
frame border; the core of the polymeric struts is imaged as a black
square at baseline. As a consequence, the vessel wall is easily imaged
through the struts without any major signs of shadowing (Figure 2).
Thus, OCT analysis of the BVS has several advantages over that of
metallic stents. First, at baseline, the vessel wall/lumen and its luminal
area can be readily measured behind the polymeric struts. At
follow-up, most of the struts are fully covered and embedded in the
vessel wall and the luminal area can be drawn with an automated
detection algorithm available in the Light Lab proprietary software;
manual corrections are performed if necessary. Second, since poly-
meric struts are accurately imaged at baseline, the device area can
be obtained manually by joining the middle point of each consecutive
strut around the circumference. In frames with only a few struts, the
BVS area was adjusted to follow the lumen area in the regions
where its contour was outside the lumen area. At follow-up, the
BVS area was also measured by joining the middle point of the
struts (Figure 3).

Device shrinkage is defined as the decrease over time of the device
area with respect to the area measured immediately after the deploy-
ment.'*"" Absolute late shrinkage has been measured as the difference
between the mean BVS area at baseline minus the mean BVS area at
follow-up. Relative late shrinkage has been measured as: [(absolute
late shrinkage)/baseline mean BVS area] x 100 (Figure 3).

In case of incomplete scaffold/strut apposition (ISA), the area
between the backside of the struts and the vessel wall has been
measured as ISA area. The neointimal area (NIA) has been measured
at follow-up as: BVS area — (Lumen Area — ISA area). The neointimal
thickness (NIT) has been measured at follow-up with the ‘thickness
ruler’ tool from the endoluminal border of the black strut core to
the lumen.

Moreover, a qualitative assessment of the appearance of polymeric
struts has been obtained at follow-up. Basically, the struts were classi-
fied as preserved box, open box, dissolved bright box, and dissolved
black box in order of decreasing reflectivity (Figure 4)." The kappa
index to detect the four types of strut appearance was 0.58.'> Strut
tissue coverage was assessed qualitatively when clear neointimal
tissue covered the polymeric strut.

Intra-vascular ultrasound acquisition

and analysis

The scaffolded segments were examined with phased array IVUS cath-
eters (EagleEye; Volcano Corporation, Rancho Cordova, CA, USA)
with an automated pullback at 0.5 mm/s. Lumen area was measured
with a validated computer-based contour detection programme
(CURAD BV, Wijk bij Duurstede, The Netherlands) that allows for
semi-automatic detection of lumen."

Statistical analysis

Normality distribution of continuous variables was explored with the
Kolmogorov—Smirnov test. All continuous variables had normal distri-
bution and have been expressed as means and 1 standard deviation
(SD). Categorical variables are presented as counts (%). Paired compari-
sons of continuous variables within groups between the different time
points were done by the Wilcoxon’s signed rank test. Comparison of
continuous variables between Cohorts A and B has been made using
the U-Mann—Whitney test. Comparisons of absolute differences
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Figure 2 Optical coherence tomography (OCT) imaging of the bioresorbable scaffolds and metallic platform stents. (A) Bioresorbable vas-
cular scaffold imaged with OCT. The strut appearance is translucent and allows a perfect imaging of the vessel wall. (B) Metallic platform stent
imaged with OCT. The metallic struts are opaque to the OCT light and produce the typical shadow into the vessel wall.

between baseline and follow-up have also been made with the U-Mann—
Whitney test. Comparisons of categorical variables between groups
have been made using the Chi-square test or the Fisher test when
one of the cells had less than five events. A two-sided P-value < 0.05
was considered statistically significant. All the statistics have been per-
formed with the SPSS 15.0 version for Windows (IL, US).

Results

Study population

A total of 13 lesions in 13 patients had baseline and follow-up OCT
imaging in the ABSORB Cohort A study." One of these patients
underwent a non-ischaemia driven target lesion revascularization
treated with a metallic platform stent at Day 42. The OCT
imaging at that time showed strut discontinuation with attached
thrombi probably due to overstretching of the BVS during implan-
tation.” This patient has not been included in the present study. In
the ABSORB Cohort B study, 28 patients with scheduled imaging
control at 6-month follow-up were studied with OCT at baseline.

Two of them were excluded due to the sub-optimal quality of the
imaging, and of the remaining 26 patients, 13 were imaged with the
M3 OCT system and 13 were imaged with the OCT C7. None of
the 13 patients imaged with the M3 system needed an unscheduled
angiography and all of them were studied with OCT at 6 months.
One patient imaged with the C7 system presented with a sympto-
matic peri-procedural myocardial infarction at the index procedure
secondary to an occlusion of a small diagonal after the implantation
of the BVS in the left anterior descending. This patient refused
invasive imaging at 6-month follow-up. Finally, 24 patients were
included in the present study: 12 were treated with the BVS 1.0
and 12 were treated with the BVS 1.1. None of those patients
had BVS fractures at baseline or é6-month follow-up.

The baseline clinical characteristics are shown in Table 1. Both
groups were similar in gender and age. There was a trend
toward lower percentage of hypercholesterolaemia (72.7 vs.
100.0%; P = 0.06) and prior acute myocardial infarction (8.3 vs.
41.7%; P = 0.06) in the BVS 1.0 than in the BVS 1.1 group, respect-
ively. There was a significant difference in the smoking status
favouring the BVS 1.1 group (33 vs. 0%, respectively; P = 0.03).
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BVS 1.0 BVS 1.1

= 8.71 mm?
8.05 mm?

Baseline

6 month

Figure 3 Late shrinkage assessment. Optical coherence tomography (OCT) imaging of the BVS 1.0 and 1.1. At baseline, the scaffold area (SA;
blue line) is usually drawn into the luminal area (LA; green line). At follow-up, the neointima covers the polymeric struts and then, the scaffold
area usually is drawn outside of the luminal area. The absolute late shrinkage for the BVS 1.0 is 2.06 mm? (relative shrinkage of 25.6%) and for
the BVS 1.1 is 0.12 mm? (relative shrinkage of 1.5%).

Figure 4 Strut appearance of the bioresorbable vascular scaffold at follow-up. (A) Preserved box appearance: sharp defined, bright reflection
borders with preserved box-shaped appearance; strut body shows low reflection; (B) open box: luminal and abluminal long-axis borders
thickened bright reflection; short-axis borders not visible; (C) dissolved bright box: partially visible bright spot, contours poorly defined; no
box-shaped appearance; (D) dissolved black box: black spot, contours poorly defined, often confluent; no box-shaped appearance.

A total of 11 patients in ABSORB Cohort A were treated with a  :  Quantitative coronary angiography
BVS 1.0 of 3 x 12mm and 1 was treated with a BVS 1.0 of 3 x '  pagylts
18 mm. All patients of the ABSORB Cohort B were treated with -

2BVS 11 of 3 x 18 mm. Baseline and follow-up angiographic parameters are shown in

Table 2. Both groups had similar angiographic characteristics at
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Table | Baseline clinical and angiographic
characteristics

BVS 1.0 BVS 1.1 P-value
(n=12) (n=12)
Male 8 (66.7) 9 (75.0) 0.65
Age (years + SD) 59.5 +83 612+ 96 0.76
Hypertension 6 (50.0) 7 (58.3) 0.68
Hypercholesterolaemia 8(727) 12 (100.0) 0.06
Diabetes mellitus 1(83) 1(83) 1.00
Smoke 4(333) 0 0.03
Prior Ml 1(83) 5(41.7) 0.06
Prior PCI 2 (16.7) 3(25.0) 0.62
Clinical indication 027
Stable or silent angina 11 (91.7) 9 (75.0)
Unstable angina 1(83) 3(25.0)
Number of vessel 0.14
disease
One 12 (100.0)
Two 0

Culprit vessel

LAD 4(333) 6 (500)
Lex 6 (500) 2 (167)
RCA
BVS size <001
3% 12mm 11(917) 0
3 x 18 mm 1(83) 12 (100.0)

Values are expressed as count (%), except for age.

MI, myocardial infarction; PCI, percutaneous coronary intervention; LAD, left
anterior descending; LCX, left circumflex; RCA, right coronary artery; BVS,
bioresorbable vascular scaffold.

pre-implantation. Patients treated with the BVS 1.0 tended to have
a larger RVD than patients treated with the BVS 1.1 (2.95 vs.
2.69 mm; P = 0.14).

At 6-month follow-up, patients treated with the BVS 1.0 had a
significant decrease in MLD (angiographic late loss) of 0.43 mm
(P =0.01), whereas a non-significant 0.08 mm decrease was seen
in those treated with the BVS 1.1. The difference in late loss
between the BVS 1.0 and 1.1, although numerically appreciable,
failed to reach statistical significance at 6 months (P = 0.07). The
serial individual changes in MLD between baseline and follow-up
are shown in Figure 5.

Optical coherence tomography results

Baseline and follow-up quantitative OCT and IVUS findings are
shown in Table 3. Both groups had similar OCT findings at baseline
after the deployment of the BVS. At 6 months, the BVS 1.0 had a
significantly higher late shrinkage than the BVS 1.1 (absolute shrink-
age of 0.98 vs. 0.07 mm? and relative shrinkage of 13.0 vs. 1.0%,
respectively; P=0.01). Neointimal area was significantly higher
with the BVS 1.0 when compared with the BVS 1.1 (1.44 vs.
0.87 mm?, respectively; P < 0.01). NIH was also larger in the

BVS 1.0 than in the BVS 1.1 (166.0 vs. 76.4 pm; P < 0.01). These
findings at 6 months caused a significantly higher reduction in
mean lumen area (relative difference of 35.1 vs. 16.1%; P < 0.01)
and in minimal luminal area (47.0 vs. 20.7%; P < 0.01) with the
BVS 1.0 than with the BVS 1.1 as assessed by OCT. Serial individual
changes of the BVS area and of the minimal lumen area as assessed
by OCT are shown in Figure 5. The ISA area of the BVS 1.0 at
6 months increased significantly with respect to the baseline
(0.10 mm?% Cl 95%: from —0.02 to 021 mm?% P = 0.04), while
the ISA area of the BVS 1.1 remained unchanged (0.02 mm?
—0.18 to 022 mm?% P = 0.26).

A total of 662 struts of the BVS 1.0 and 1575 of the BVS 1.1
were detected at baseline. After deployment, all struts appear as
preserved box in both BVS devices. At follow-up, 620 struts and
1639 struts were analysed. The strut appearance of the BVS 1.0
showed substantial changes in appearance: at 6 months struts
had changed from 100% preserved black box to 29.7% open
box, 51.4% dissolved bright box, 16.0% dissolved black box, and
only 2.9% were preserved black box. For the BVS 1.1, all struts
maintained a preserved black box appearance at 6 months (P <
0.01). Uncovered struts were less frequent in the BVS 1.0 (1.1%)
than in the BVS 1.1 (5.3%) (P = 0.01).

Intravascular-ultrasound results

IVUS results are shown in Table 3. The reduction in mean lumen
area was larger with the BVS 1.0 than with the BVS 1.1 (12.71
vs. 6.93%), but this difference was not statistically significant (P =
0.17). The reduction in minimal lumen area was significantly
larger with the BVS 1.0 than with the BVS 1.1 (22.83 vs. 4.81%;
P <001).

Reproducibility of optical coherence
tomography measurements

The scaffold area reproducibility using our method has been
assessed specifically for our study. Two independent analysts
measured the scaffold area in 100 images at follow-up. After 1
week, one of the analysts re-analysed the same frames. The inter-
observer R? for repeated measures was 0.88 and the intraobserver
R* was 0.98.

Discussion

The main findings of our study are: (i) the BVS 1.1 does not show
late shrinkage at 6 months with respect to the baseline scaffold
area; (i) the BVS 1.0 has higher neointimal response and higher
in-scaffold area obstruction than the BVS 1.1; (iii) these changes
resulted in a higher OCT and IVUS luminal losses and angiographic
late loss in the BVS 1.0 than in the BVS 1.1; (iv) the overall
strut appearance at 6-month follow-up is dramatically different
between the two generations of BVS, which may reflect differences
in the polymer’s interaction with light, arising from differences in
microstructure and its degradation.

A pre-clinical animal study involving histological samples at
differing time points divided the evolution process of the BVS
into two parts:'? first, the BVS resorption process, which consists
of the disappearance of the polymeric PLA and the subsequent
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Table 2 Quantitative coronary angiography findings at baseline and 6-month follow-up

BVS Pre-deploy Post-deploy 6-month FU  Difference post P-value* Difference P-value** P-valuel
—pre (Cl 95%) post — 6m
FU (CI 95%)
QCA
Lesion length (mm)*
BVS 1.0 9.86 (3.46) 10.34 (1.70) 10.17 (2.20) —0.48 (—2.90 0.18 0.18 (—0.26 0.64 093
to 1.94) to 0.61)
BVS 1.1 899 (2.89) 17.08 (1.12) 16.08 (1.48) —8.09 (—9.82 <0.01 1.00 (—0.16 0.13
to —6.35) to 2.16)
RVD (mm)
BVS 10 2.95 (0.38) 3.03 (0.39) 287 (041) 008 (—0.10 031 0.16 (0.01 0.04 024
to 0.26) t0 0.31)
BVS 1.1 2.69 (0.35) 264 (0.23) 253(022)  —005 (—021 0.70 0.11 (0.02 003
to 0.11) t0 0.20)
MLD (mm)
BVS 1.0 1.13(0.30) 246 (0.38) 2.03 (0.30) 1.32 (1.03 <0.01 043 (0.13 0.01 0.07
to 1.62) to 0.73)
BVS 1.1 1.23 (0.44) 2.26 (0.28) 2.18 (0.25) 1.03 (0.69 <0.01 0.08 (—0.14 024
to 137) t0 0.30)
DS (%)
BVS 1.0 60.8 (13.4) 18.6 (9.4) 278 (160)  —423 (=508 <0.01 —93(—187 007 024
to —33.7) 10 0.2)
BVS 1.1 57.6 (13.1) 14.7 (7.5) 15.7 (9.3) —429 (—509 <0.01 —1.0 (=55 0.66
to —35.0) to 3.5)

Data are expressed as mean (SD).

QCA, quantitative coronary angiography; BVS, bioresorbable vascular scaffold; FU, follow-up; RVD, reference vessel diameter; MLD, minimal lumen diameter; DS, diameter

stenosis.

?Lesion length at post-procedure and at follow-up has been measured between the platinum markers of the BVS.

*Paired comparison between pre- and post-deployment within each group.
*+Paired comparison between post-deployment and follow-up within each group.

TCompanson of the difference post-deployment—follow-up between the two groups. Comparison between groups at pre-deployment and post-deployment were

non-significant (P > 0.10).

filling of the strut voids with proteoglycan material; second, the
BVS integration process, which consists of the formation of orga-
nized tissue with connective cells and connective extracellular
matrices replacing the polymeric and the proteoglycan material.
In the same study, the strut appearance as assessed by OCT
was compared with matched histological sections.'” At 24
months, all the struts were discernible by OCT and 80.4% of
them were classified as having the preserved box appearance
(similar to the BVS 1.1 at 6 months). At that point of time,
matched histological samples showed that almost all the strut
footprints were occupied by proteoglycans and the analysis
with gel permeation chromatography did not find traces of the
polymeric material. This demonstrated that the polymer was
already resorbed at that time, and therefore OCT imaging was
not able to assess the resorption process. At
3- and 4-year follow-up, almost all the struts were not discernible
and the few observed struts were classified as a dissolved bright
or dissolved black box (similar to the BVS 1.0 at 6 months). There
was poor correlation of these types of OCT strut appearance
with the particular patterns observed on histology. But, the indis-
cernible struts and the dissolved black box appearance as
assessed by OCT were observed as circumscribed regions of
dense connective tissue with low cellularity on histology.

Therefore, as assessed by OCT, the most advanced resorption/
integration states were characterized as: (i) observation of
other types of strut appearance rather than the preserved box;
and (i) the reduction of discernible struts over time jointly with
the observation of a dissolved black box strut appearance.'?

In our study, the number of discernible struts of the BVS 1.1 was
slightly lower at baseline than at follow-up (1575 vs. 1639, respect-
ively; P = 0.06). At 6 months, the strut appearance was ‘preserved’
in all the patients. In contrast, the number of discernible struts of
the BVS 1.0 was higher at baseline than at follow-up (662 vs. 620,
respectively; P = 0.05) and at 6 months, only 2.9% of the discern-
ible struts had a preserved box appearance. The correlation of our
findings with the animal study shows that the BVS 1.0 had a more
advanced resorption/integration state than the BVS 1.1 at 6
months. Our hypothesis is that this faster resorption/integration
state is the main cause of the higher late shrinkage and greater
neointimal response of the BVS 1.0 compared with the BVS 1.1.

Late shrinkage is a phenomenon resulting from the loss of struc-
tural integrity of the polymeric scaffold in conjunction with fatigue
and constrictive remodelling of the vessel in the first months follow-
ing the vesselinjury. Loss of structural integrity is an inevitable part of
the resorption process of these polymeric devices. The poly-L-lactic
acid (PLLA) polymer has a lifecycle which can be divided in five
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Figure 5 Serial changes in angiographic late lumen loss, BVS area (late shrinkage) and minimal lumen area as assessed by optical coherence

tomography.

phases."* First, immediately after the deployment, the polymer
absorbs water from blood and surrounding tissues. Second, the
long chains of PLLA degrade by hydrolysis into smaller chains
without affecting the device’s structure. Third, the hydrolysis
process continues and causes a loss in integrity, with fragmentation
of the struts and loss of radial strength. Fourth, soluble monomeric
anions dissolve into the intercellular fluid and microparticles of less
than 2 um may be phagocyted by the macrophages; manifesting in
mass loss and bioresorption. Finally, the soluble L-lactate is con-
verted into pyruvate, which enters the Krebs cycle, being eventually
converted into carbon dioxide and water. The initial degradation
process of the PLLA semi-crystalline polymer depends on the
length of the polymers chain (molecular weight), the hydrophilicity,
and the degree of crystallinitiy. In BVS 1.1, initial degradation rate (i.e.

losses in molecular weight leading to structural degradation) has
been reduced through changes in the manufacturing process. This
slower degradation allows for maintenance of the radial strength
over months following the implantation.

The second cause of late shrinkage is the constrictive remodel-
ling of the treated vessel in the first few months after implantation.
In the era of balloon angioplasty, more than 70% of the restenotic
process was attributed to negative remodelling of the vessel in the
treated segment, and less than 30% was done to neointimal
growth.15 In the metallic stent era, late lumen loss within the
stent correlated strongly with tissue growth (r = 0.975), eliminat-
ing negative remodelling as the common cause of restenosis.'®"’
Thus, the key question for intracoronary bioresorbable scaffolds
is for how long radial strength (i.e. scaffolding) must be maintained
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Table 3 Quantitative optical coherence tomography and intravascular ultrasound findings at baseline and 6-month

follow-up
BVS (n =12 vs. 12) Baseline 6-month Absolute difference Relative difference P-value* P-value**
(post-deployment) FU between BL and FU between BL and
(C195%) FU (%)
OCT

Mean luminal area (mm?)
1.0 BVS 7.63 (0.79) 4.94 (1.10) 269 (1.99-3.39) 35.07 (13.31) <0.01 <0.01
1.1 BVS 7.67 (0.94) 6.44 (0.93) 1.23 (0.89-1.57) 16.09 (6.48) 0.01

Minimal luminal area (mm?)
1.0 BVS 5.99 (0.57) 3.19 (1.28) 2.81(2.03-3.59) 46.97 (19.67) <0.01 <0.01
1.1 BVS 6.32 (0.96) 5.01(0.97) 1.32 (0.83-1.80) 20.65 (10.94) <0.01

Mean BVS area (mm?)
1.0 BVS 7.18 (0.73) 6.20 (0.64) 0.98 (0.42-1.54) 12.95 (11.70) 0.01 0.01
1.1 BVS 7.21 (0.82) 7.14 (0.84) 0.07 (—0.10 to 0.24) 0.97 (3.73) 037

Minimal BVS area (mm?)
1.0 BVS 5.82 (0.60) 4.75 (0.83) 1.07 (0.49-1.66) 17.90 (14.26) <0.01 0.01
1.1 BVS 621 (0.98) 6.00 (0.85) 0.21 (—0.14 to 0.56) 2.81(8.11) 029

ISA area (mm?)
1.0 BVS 0.14 (0.25) 0.22 (0.31) —0.10 (—0.21 to 0.02) —36.36 (10.33) 0.04 0.88
1.1 BVS 0.15 (0.30) 0.17 (.18) —0.02 (—0.22 t0 0.18) —11.76 (15.35) 0.26

NIA (mm?)
1.0 BVS NA 1.44 (0.32) NA NA NA <0.01*
1.1 BVS NA 0.87 (0.22) NA NA NA

NIT (mm)
1.0 BVS NA 0.17 (0.04) NA NA NA <0.01*
1.1 BVS NA 0.08 (0.02) NA NA NA

In-device area obstruction (%)
1.0 BVS NA 23.62 (6.55) NA NA NA <0.01*
1.1 BVS NA 12.28 (3.38) NA NA NA

IVUS

Mean luminal area (mm?)
1.0 BVS 6.84 (0.74) 5.94 (0.67) 0.90 (0.43-1.37) 12.71 (9.89) <0.01 0.17
1.1 BVS 6.69 (0.81) 6.20 (0.76) 0.47 (0.24-0.69) 6.93 (4.68) <0.01

Minimal luminal area (mm?)
1.0 BVS 5.75 (0.52) 4.41 (0.70) 1.34 (0.83-1.84) 22.83 (12.73) <0.01 <0.01
1.1 BVS 5.51(0.78) 5.15 (0.73) 0.28 (—0.01 to 0.57) 4.81 (7.20) 0.09

Data are expressed in mean (SD).

OCT, optical coherence tomography; IVUS, intravascular ultrasound; ISA, incomplete scaffold/strut apposition; NIA, neointimal area; NIT, neointimal thickness; NA, not

applicable.

Comparison of the OCT and IVUS findings at baseline between groups showed no significant differences.
*Comparison of the neointimal hyperplasia (NIA and NIT) and in-device area obstruction at follow-up between groups.

*P-value between baseline and follow-up within groups.
*P-value comparing the absolute differences between groups.

to avoid constrictive remodelling. In a cohort of patients consecu-
tively re-catheterizated at 1, 2, 3, and 4 months, Serruys et al.'®
demonstrated that the restenotic process after balloon angioplasty
ceases to progress after 4 months. It is possible that after this time,
scaffolding is no longer needed, and the structural degradation and
bioresorption processes can commence.

It is uncertain whether the constrictive remodelling is more
focused in the regions of the vessel with more plaque burden or
is equally distributed. This can affect the results of our study due

to the differences in the BVS lengths according to the lesion
length. The lesion length prior to the implantation was similar in
both groups (around 9—10 mm), but the device length as assessed
by QCA at post-deployment was significantly higher in the BVS 1.1
than in the BVS 1.0 (17.08 vs. 10.34 mm; P < 0.01). This difference
resulted from the fact that all patients treated in the ABSORB
Cohort B study received a single size device (3 x 18 mm), while
in the ABSORB Cohort A there were two different sizes (3 x
12 and 3 x 18 mm). A sub-analysis of the 12 central millimetre
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of the scaffold imaged by OCT (that part of the scaffold is more
likely to be located at the nadir of the narrowing) in the patients
treated with a 3 x 18 mm showed that the mean scaffold area at
baseline and at 6-month follow-up was 7.18 and 6.19 mm? with
the BVS 1.0 (relative shrinkage of 13.09%) and 7.14 and
7.10 mm? with the BVS 1.1 (relative shrinkage of 0.50%); P = 0.01.

Until now, four different fully bioresorbable scaffolds have been
tested in The polymeric PLLA non-drug-eluting
Igaki-Tamai device was the first fully bioresorbable scaffold used
in humans. The IVUS analysis did not show bioresorption of the
polymeric struts at 6 months and this absence of ultrasonic
changes in struts was parallel to the absence of scaffold shrinkage.
This device presented a target vessel revascularization of 6.7% at 6
months and a low rate of major cardiac events at 10 years.'*2°
Conversely, the PROGRESS-AMS platform
non-drug-eluting bioresorbable scaffold had a rapid resorption
which was complete at 4-month follow-up. This swift resorption
produced an important reduction of the lumen (60% of the late
lumen loss) and a high incidence of restenosis (47.5% assessed
by QCA).2" The REVA device is a poly (iodinated desaminotyrosyl-
tyrosine ethyl ester) carbonate non-drug-eluting scaffold. The
closed design and the lifecycle of the carbonate provide enough
radial strength during the first 3 months following the implantation
without appreciable shrinkage. However, focal mechanical failures
driven by polymer embrittlement led to a high rate of TLR (66.7%)
between 4- and 6-month follow-up.?? Finally, the IDEAL™ Poly
(Anhydride Ester) Salicylic acid sirolimus-eluting device has been
tested in only 11 patients.??

The shrinkage phenomenon observed in the BVS 1.0 was linked
to a significant increase of the ISA area with respect to baseline and
with higher neointimal response with respect to the BVS 1.1. The
increasing of the ISA area with the BVS 1.0 can be explained by the
scaffold shrinkage itself. At baseline, 95% of the struts were
apposed or aligned, while in the follow-up only 93% of the struts
were apposed to the vessel wall. Moreover, less than 10% of the
malapposed struts at baseline were resolved at follow-up." The
NIA measured in this population was significantly different
between the two generations of BVS (1.44 mm? for the BVS 1.0
vs. 0.87 mm? for the BVS 1.1). In-scaffold area obstruction was
also different between BVS 1.0 and 1.1 (23.6 vs. 12.3%, respect-
ively). The significantly lower neointimal response of the BVS 1.1
with respect to the BVS 1.0 has no clear explanation. Both gener-
ations of BVS are built with the same polymer mass, strut thick-
ness, drug, and coating elution and the same amount of drug.
One hypothesis is that the loss in scaffold area leads to a decreased
efficiency in drug transfer to the vessel wall and thus, a reduction in
antiproliferative efficacy. Another hypothesis is that the more
accelerated resorption/integration process of the BVS 1.0 com-
pared with the BVS 1.1 could generate a larger neointimal
response. Unfortunately, this cannot be assessed by OCT due to
the lack of correlation between the different types of strut appear-
ance and the histological findings based on animal studies.'> An
exploratory analysis of the patients treated with the BVS 1.0 in
our study relating the NIT measured above the preserved box
appearance (0.15 £ 0.04 wm) with the NIT measured above the
other types of strut appearance (0.18 + 0.06) failed to be signifi-
cant (P=0.27). The same patients treated with the BVS 1.0

humans.

magnesium

studied with OCT at 2 years showed few discernible struts with
no measurable neointima. Nevertheless, the mean lumen area
increased up to 19% from 6-month to 2-year follow-up.* This
fact may be a sign of vessel remodelling at the neointimal level
but the low number of patients are a clear limitation to this con-
clusion. This hypothesis will be examined further when the strut
appearance of patients treated with the BVS 1.1 changes in
future scheduled imaging controls.

The OCT performance of the BVS 1.1 can be compared with
some drug-eluting stents (DES). The NIT observed in the BVS 1.1
(0.08 mm) is similar to that seen with the sirolimus-DES (from
0.05 to 0.12 mm) at 6-month follow-up.>*** Paclitaxel-DES and
zotarolimus-DES showed an NIT of 0.20 and 0.33 mm, respect-
ively.>* The late shrinkage of metallic DES has not been yet explored
with OCT. Using IVUS, the everolimus-DES showed a relative differ-
ence in mean stent area of 0.3% at 6-month follow-up.?® This value is
similar to the 1.0% found in our study with the BVS 1.1. Based on this
information, the BVS 1.1 presents a similar profile as the metallic DES
as assessed by OCT.

In summary, our study represents the first comparison of two
generations of bioresorbable devices in terms of late shrinkage,
neointimal response, and bioresorption state using the most so-
phisticated intravascular imaging technique (OCT) and the same
methodology for both devices. The OCT findings at 6 months
show the improvement of the new generation of BVS with
respect to the previous generation. The slower bioresorption
process of the BVS 1.1, compared with the BVS 1.0, is the most
plausible explanation for the near elimination of the late shrinkage
and for the higher inhibition of the neointimal response. Further
investigations will be required to assess the preservation of these
results after 6-month follow-up for the BVS 1.1. A more advanced
bioresorption state can contribute to a very late shrinkage of the
device or later neointimal responses.

Limitations
The result of the present analysis must be interpreted with caution
as a major limitation of our study is the small number of patients
who have been enrolled in a non-randomized comparison.
Figure 5 shows that there is a homogeneous trend of higher late
shrinkage and higher loss in minimal lumen area in the BVS 1.0
than in the BVS 1.1. The histogram distribution of the NIA in the
two populations also shows this trend of higher neointimal
growth in the BVS 1.0 than in the BVS 1.1 (data not shown).
This trend, however, is not observed with the angiographic late
lumen loss in which one outlier can be influencing the higher
late lumen loss in the BVS 1.0. Moreover, two eligible patients
imaged at baseline and scheduled for an invasive follow-up at 6
months did not undergo repeat invasive imaging. It is uncertain
how this lack of serial imaging in those patients affects the global
results of our study. Although the small number of patients, we
have used the maximal number of ‘historical’ cases performed
with the BVS 1.0 and imaged with the best available OCT
system M2 at that time and compared with the same number of
patients of the BVS 1.1 imaged with the best available system
nowadays (OCT C7 system).

These differences in OCT systems are inherent to the fact that
the ABSORB Cohort A trial was conducted in 2006, when a



balloon occlusive technique was needed due to the lower frame/
rate and acquisition speed of the available systems at that time.
One in vitro study showed less accuracy in the lumen area measure-
ment with lower frame rate and acquisition speed than with higher
frame/rate and speed.”” An in vivo study, comparing the non-
occlusive and the occlusive technique in the same non-scaffolded
native coronary artery, showed systematically smaller mean and
minimal lumen areas with the occlusive technique than with the
non-occlusive technique (relative differences of 13.2 and 28.2%,
respectively).”® These differences were probably produced by
the lack of physiological pressurization of the vessel during the
occlusive technique imaging and/or the over-pressurization of the
vessel during the contrast infusion of the non-occlusive tech-
nique.?® These differences represent an important limitation of
our study because the two different devices were imaged with
different OCT techniques (occlusive for the BVS 1.0 and non-
occlusive for the BVS 1.1). However, in our study, the baseline
and follow-up acquisition were performed using the same
imaging technique in each cohort of patients and also, the analysed
region is scaffolded by the BVS. The scaffolded region is probably
less susceptible to changes in volumetric parameters according to
the intravascular pressure. Unfortunately, there is no current infor-
mation comparing the changes in lumen areas within the scaffolded
regions with the two different OCT techniques.

The method of analysis used in our study is slightly different
from the current method of OCT measurement of polymeric scaf-
fold. The strut appearance of the BVS 1.0 at 6 months (and prob-
ably the appearance of the BVS 1.1 in later controls) does not
permit the delineation of the strut contour at the front or backside
of the strut. Using the central part of the strut as landmark for
measurement is the most reliable method to assess the scaffold
area. However, it must be recognized that the neointima area as
such determined is an arbitrary entity resulting from the difference
between the luminal area and the scaffold area, and does not
depict accurately the neointimal tissue that has grown between,
on the top and behind the struts either biologically altered in
the case of the BVS 1.0 or almost intact in the case of the BVS 1.1.

Finally, the differences in device lengths in the two groups may
be favourable to the BVS 1.1 due to a better anchoring in the
healthy part of the vessel that can be subjected to a less constric-
tive modelling of the vessel.

Conclusion

The two generations of the everolimus-eluting bioresorbable vas-
cular scaffold have different OCT findings at 6-month follow-up.
The BVS 1.1 has less late shrinkage and less neointimal growth
at 6-month follow-up compared with the BVS 1.0. Consequently,
less angiographic late loss and less OCT and IVUS luminal losses
were observed with the BVS 1.1. A difference in polymer degra-
dation leading to changes in microstructure and reflectivity is the
most plausible explanation for this finding.
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SUMMARY AND CONCLUSIONS

Despite the enormous progress made in reducing the incidence of restenosis with first
and second generation drug-eluting stents (DES) the incidence of in-stent restenosis
requiring target vessel revascularization is estimated 5-10%. The utilization of biore-
sorbable scaffolds for coronary revacularization has shown comparable in-scaffold
restenosis rates with DES; however these devices need to prove their safety, efficacy
and performance in larger randomized trials and broader clinical subsets. This thesis
provides important data regarding the long-term in-segment vascular responses evalu-
ated with intracoronary imaging modalities and pathology following implantation of
either metallic stents or bioresorbable scaffolds.

VASCULAR RESPONSES IN THE ERA OF METALLIC AND BIORESORBABLE
DEVICES

Angiographic evaluation of the device/tissue interaction utilizing bare-metal stents
(BMS) or drug-eluting metallic stents has shown either focal or diffuse distribution of
the restenotic response with multiple subtypes within each group. More specific the
pattern of restenosis seen with DES is usually focal and more in particular aggregated
at the proximal stent edge. Chapters 2-3, describe the underlying mechanisms of DES
restenosis which can be broadly divided in 4 main causes, namely implantation, arterial,
stent and biological factors. Edge vascular responses (EVR) share similar precipitating
factors: 1. latrogenic or implantation factors, related to the peri-procedural geographic
miss which can be either axial or longitudinal, 2. Device factors, associated with the
material properties of the implanted platform (metal or bioresorbable alloy), the device
induced edge dissections and the type/release kinetics of the antiproliferative agents
and 3. Biologic factors, associated with the remaining plaque burden at the proximal
and distal edges. Chapter 4, provides evidence of the edge vascular responses (EVR)
assessed either angiographically or by IVUS-based imaging modalities up to 2-year
following implantation of either metallic stents or bioresorbable scaffolds. The chapter
describes a target lesion revascularization rate (TLR) of ~3% up to 2-year following
implantation of a fully bioresorbable device attributed mainly to proximal restenosis.
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IN VIVO ASSESSMENT OF VASCULAR RESPONSES UTILIZING INTRAVASCULAR
ULTRASOUND (IVUS) AND IVUS-BASED IMAGING MODALITIES

Gray-scale IVUS (GS-IVUS) has been the gold standard for in vivo imaging of coronary
vessel wall and an important invasive diagnostic tool for quantitative assessment of
interventional therapies and atherosclerosis progression/regression. Meanwhile gray-
scale representation of plaque morphology associated with the limited resolution of
current IVUS catheters (~45MHz) makes it challenging, if not impossible, to identify
qualitatively (e.g. visually) plaque morphology similar to histopathology, the gold stan-
dard for tissue characterization. Meanwhile, this limitation has been partially overcome
by novel IVUS-based post-processing modalities such as: virtual histology IVUS (VH-
IVUS). The principles of each IVUS-based imaging modality with insights in the process
of tissue characterization as fibrous, fibro-fatty, necrotic core and dense calcium are
provided in Chapter 6.

In the ABSORB Cohort B trial 101 patients (Group B,=45, Group B,=56) were treated
with the second generation fully resorbable scaffold, ABSORB BVS. The adjacent (5-
mm) proximal and distal to the implanted device segments were investigated at either
6-months (Group B,) or 1-year (Group B,) with GS-IVUS and VH-IVUS imaging. Twenty-
three proximal and 18 distal edge segments were available for analysis at 6-months,
while 25 proximal and 30 distal edge segments were available at 1-year. At the 5-mm
proximal edge, the only significant change was modest constrictive remodeling at 6-
months (A vessel cross-sectional area: -1.80% [-3.18; 1.30], p < 0.05), with a tendency
to regress at 1- year (A vessel cross-sectional area: -1.53% [-7.74; 2.48], p=0.06). The
relative changes of fibrotic and fibro-fatty tissue components at this segment were not
significant at either time point. At the 5-mm distal edge, a significant increase in the
fibro-fatty tissue of 43.32% [19.90; 244.28], (p < 0.05) 1-year post-implantation became
evident. (Chapter 7) The vascular response up to 1-year after implantation of the AB-
SORB BVS demonstrated some degree of proximal edge constrictive remodeling and
distal edge increase in FF tissue resulting in non-significant plaque progression with
adaptive expansive remodeling. This morphological and tissue composition behavior
did not significantly differ from the behavior of metallic drug-eluting stents at the same
observational time points.
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The comparison of the long-term vascular responses at the proximal and distal edges
of 2 different everolimus-eluting platforms, the metallic Xience V and the bioresorbable
ABSORB BVS were explored for the first time in a longitudinal fashion from the SPIRIT Il
(n=113) and ABSORB Cohort B, (n=45) trials respectively. (Chapter 8) The 5-mm proximal
and distal segments adjacent to the implanted devices were investigated with GS-IVUS
and VH-IVUS post-procedure, at 6-months and 2-year following implantation of the
bioresorbable device while similar analysis was performed with GS-IVUS following
implantation of the metallic stent.

Twenty-two proximal and 24 distal edge segments were available for analysis in the
ABSORB Cohort B1 trial. In the SPIRIT Il trial, thirty-three proximal and forty-six distal
edge segments were analyzed. At the 5-mm proximal edge, the vessels treated with an
Absorb BVS at 2-year demonstrated a lumen loss (LL) of 6.68% (- 17.33; 2.08) (p=0.027)
with a trend toward plaque area increase of 7.55% (- 4.68; 27.11) (p=0.06). At the 5-mm
distal edge no major changes were evident at either time point. At the 5-mm proximal
edge the vessels treated with a XIENCE V EES at 2-years did not show any signs of LL,
only plaque area decrease of 6.90% (-17.86; 4.23) (p=0.035). At the distal edge no major
changes were evident with regard to either lumen area or vessel remodelling at the
same time point. The IVUS-based serial evaluation of the EVR up to 2-year following
implantation of a bioresorbable everolimus-eluting scaffold shows a statistically signifi-
cant proximal edge LL. The upcoming imaging follow-up of the Absorb BVS at 3-year
is anticipated to provide further information regarding the vessel wall behavior at the
scaffold edges.

In Chapter 9, IVUS palpography was used to evaluate changes of vascular compliance
in the scaffolded segments and the adjacent proximal and distal edges as the biore-
sorbable scaffold resorbs over time. IVUS palpography is a technique that allows for the
assessment of local mechanical tissue properties. A total of 83 patients from the ABSORB
Cohort A and B trials underwent palpography investigations (30 and 53 patients from
ABSORB Cohort A and Cohort B, respectively). A significant decrease in compliance in the
scaffolded segment post-implantation was evident. At the various follow-up time points,
no mismatch in compliance was found either in Cohort A (6-months=proximal edge
0.29 [0.18-0.35] vs. scaffold segment 0.10 [0.06-0.22] vs. distal edge 0.16 [0.05-0.24];
p=0.146; 24-months proximal edge 0.20 [0.09-0.30] vs. scaffold segment 0.24 [0.17-
0.29] vs. distal edge 0.11 [0.05-0.24]; p=0.052) or Cohort B (6 months=proximal edge
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0.28 [0.16-0.46] vs. scaffold segment 0.23 [0.14-0.29] vs. distal edge 0.11 [0.05-0.17]; p=
0.449; 12 months=proximal edge 0.18 [0.10-0.36] vs. scaffold segment 0.16 [0.08-0.26]
vs. distal edge 0.11 [0.02-0.20]; p=0.618). Although the Absorb BVS induced changes
in vascular compliance at the site of scaffold implantation, the observed compliance
mismatch was transient and normalized over time following scaffold resorption which
potentially influences local hemodynamic and rheologic conditions.

In Chapter 10, we used finite element methods and advanced computational fluid
dynamics (CFD) simulations to visualize the hemodynamic implications following virtual
deployment of a bioresorbable scaffold with similar design like Absorb BVS in idealized
straight and curved geometries. WSS was calculated at the inflow, endoluminal, and the
outflow of each strut surface post-procedure (stage I) and at a time point when 33% of
scaffold resorption had been achieved (stage II).

The average WSS at stage | over the inflow and outflow surfaces were 3.2 and 3.1
dynes/ cm? respectively and 87.5 dynes/cm? over endoluminal strut surface in the
straight vessel. From stage | to stage Il, WSS increased by 101% and 145% over the
inflow and outflow surfaces, respectively, and decreased by 27% over the endolumi-
nal strut surface. In a curved vessel, WSS change became more evident in the inner
curvature with an increase of 60.3% and 63.0% over the inflow and outflow strut
surfaces. Similar analysis at the proximal and distal edges demonstrated a dramatic
increase of 486.4% at the lateral outflow surface of the proximal scaffold edge. The
implementation of CFD simulations over virtually deployed bioresorbable scaffolds
demonstrate the transient nature of device/flow interactions as the bioresorption
process progresses over time. Such hemodynamic device modeling is expected to
guide future bioresorbable scaffold design.

IN VIVO ASSESSMENT OF VASCULAR RESPONSES UTILIZING OPTICAL
COHERENCE TOMOGRAPHY

OCT permits high resolution imaging with a near-histologic resolution of ~15um which
makes this modality ideal for studying the device/vessel interaction. Histomorphometry
has been crucial in the evaluation of the performance of new devices and the subse-
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quent vascular responses. As histology is limited to animal and human post-mortem
studies in-vivo assessment of the vascular responses using OCT is highly desirable.

In Chapter 11 we assessed morphometric parameters of strut remnants with OCT and
histology at 2-year following implantation of 22 polymeric BVS in 11 healthy porcine
coronary arteries. We evaluated the area and thickness of strut voids previously occu-
pied by polymeric struts and the neointimal hyperplasia area covering the endoluminal
surface of strut voids as well as the neointimal hyperplasia area occupying the space
between strut voids. Our study indicated that in vivo OCT of the BVS provides correlated
measurements of the same order of magnitude as histomorphometry, and is reproduc-
ible for the evaluation of certain vascular and device-related characteristics. However,
histology systematically gives larger values for all the measured structures compared to
OCT, at 2-year post implantation.

In Chapter 12, OCT and histology were used to assess and compare the vascular re-
sponses following either overlapping Absorb BVS or Xience V (XV) metallic stents at 28-
and 90-days in a porcine coronary artery model. At 28-days in the overlap, OCT analyses
indicated 80.1% of Absorb struts and 99.4% of XV struts to be covered (p< 0.0001),
corresponding to histological observations of struts with cellular coverage of 75.4% and
99.6%, respectively (p< 0.001).

Uncovered struts were almost exclusively related to the presence of “stacked” Absorb
struts, that is, with a direct overlay configuration. At 90 days, overlapping Absorb and
overlapping XV struts demonstrated >99% strut coverage by OCT and histology. In
porcine coronary arteries implanted with overlapping Absorb or overlapping XV struts,
strut coverage is delayed at 28-days in overlapping Absorb scaffolds, while at 90-days
both devices have comparable strut coverage which implies the impact of strut thick-
ness in the observed vascular responses.

In Chapters 13-14, OCT was used to evaluate the edge vascular responses following
edge dissections induced by metallic stents. Although IVUS and IVUS-based modalities
with tissue characterization properties were the sole intravascular imaging techniques
for the evaluation of the transition zones (edges), OCT with its ultra-high spatial resolu-
tion and the faster pull-back speed of 20-40 mm/sec provides more precise identification
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of the proximal and distal edges. Chapter 13, illustrates for the first time the assessment
with two-dimensional and three-dimensional post-processed OCT of distal edge effect
(angiographic diameter stenosis > 50%) caused by angiographically silent distal edge
dissection at 6-months following stenting. OCT-detected edge dissections constitute a
relatively frequent finding after DES implantation. In the majority of cases angiographi-
cally silent edge dissections are not associated with target lesion revascularization or
stent thrombosis at mid-term (1-year), thus mechanical treatment should be carefully
evaluated. (Chapter 14)

In Chapter 15, for the first time OCT cross-sections were used as the backbone upon
which three-dimensional reconstructions of strut-level wall shear stresses were applied
(local micro-environment) using computation fluid dynamics modelling techniques.
Furthermore velocity profiles with reconstructed velocity streamlines were simulated
over the polymeric struts pre- and post- Absorb BVS implantation. This study showed
that such biomechanical assessment in a three-dimensional pattern is feasible and will
potentially provide critical mechanistic insights following implantation of bioresorbable
scaffolds.

STENT IMPLANTATION ASSESSMENT UTILIZING POST-PROCESSED THREE-
DIMENSIONAL OPTICAL COHERENCE TOMOGRAPHY

Two-dimensional optical coherence tomographic imaging has enhanced our under-
standing of coronary atherosclerotic disease and is increasingly being used in conven-
tional percutaneous coronary intervention to elucidate mechanisms of disease and
improve our understanding of complex anatomy. In Chapters 16-19 we provide the
complementary value of post-processed three-dimensional OCT to two-dimensional
OCT imaging in the 1. assessment of flow divider and high resolution visualization of
the spatial distribution of the stent struts after main-branch stenting, 2. assessment of
pre/peri-procedural thrombus formation in the setting of acute coronary syndromes
and 3. evaluation of the stent strut apposition/malapposition following stenting. Real
time high resolution three-dimensional optical coherence tomography with the addi-
tion of quantitative and possible tissue characterization properties are required from
industry to validate and apply this technology in conventional percutaneous coronary
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interventional practise. This may aid the decision making process during interventional
procedures which will potentially influence future clinical outcomes.

IN VIVO ASSESSEMENT OF THE ABSORB BIORESORBABLE VASCULAR
SCAFFOLD UTILIZING INTRACORONARY ULTRASOUND AND OPTICAL
COHERENCE TOMOGRAPHY

The Absorb everolimus-eluting scaffolds include the first generation device evaluated
in the ABSORB Cohort A clinical trial (ABSORB 1.0) and the second generation (ABSORB
Revision 1.1) investigated in the ABSORB Cohort B trial. Insights from multiple imaging
modalities showed that: 1. The introduction of mandatory Dmax measurements of ves-
sel size prior to ABSORB implantation significantly reduced the undersizing of the 3.0
mm scaffold in large vessels and 2. The second generation scaffold performed better
compared to the first generation with lesser degree of scaffold shrinkage (1% vs. 13%
respectively, p=0.01) and less in-scaffold neointimal area obstruction (Chapters 21-23)

Conclusion

The present thesis has encompassed work undertaken during a very exciting period for
Interventional Cardiovascular Medicine as a discipline with the introduction of biore-
sorbable technologies for percutaneous coronary interventions. The use of a plethora of
intravascular imaging modalities either sound- or light-based during the acute phase or
at follow-up have facilitated the understanding of vascular responses following stent/
scaffold implantation in conventional interventional practise. The “edge effect” firstly in-
troduced during the era of vascular brachytherapy has been replaced by the term “edge
vascular response” with the use of newer generation metallic stents or bioresorbable
scaffolds. Further improvements in the design of bioresorbable scaffolds are expected
to reduce the incidence of proximal edge vascular response which despite is non-flow
limiting is still visible at long-term with both sound- and light-based imaging modalities.
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SAMENVATTING EN CONCLUSIES

Ondanks de enorme vooruitgang die men heeft geboekt bij het verminderen van
het percentage restenose bij gebruik van geneesmiddelafgevende stents (DES) van
de eerste en tweede generatie, wordt het percentage restenose binnen de stent dat
revascularisatie van het gestente bloedvat geschat op 5-10%. De toepassing van bio-
resorbeerbare scaffolds voor coronaire revascularisatie heeft een percentage restenose
in de scaffold aangetoond dat vergelijkbaar is met DES; de veiligheid, doeltreffendheid
en prestaties van deze hulpmiddelen moeten echter worden aangetoond in grotere
gerandomiseerde onderzoeken en bredere klinische subsets. In de onderhavige thesis
worden belangrijke gegevens gepresenteerd over de vasculaire respons op de lange
termijn in de segmenten; deze respons werd beoordeeld met intracoronaire beeldvor-
mingsmethoden en histologische analyse na implantatie van metaalhoudende stents of
bioresorbeerbare scaffolds.

VASCULAIRE RESPONS IN HET TUDPERK VAN METAALHOUDENDE EN
BIORESORBEERBARE HULPMIDDELEN

Uit angiografische evaluatie van de interactie tussen hulpmiddel en weefsel bij gebruik
van niet-gecoate metalen stents (BMS = Bare-Metal Stents) of geneesmiddelafgevende,
metaalhoudende stents bleek hetzij focale hetzij diffuse verdeling van de restenoseres-
pons met meerdere subtypes binnen elke groep. Vooral bij DES is het restenosepatroon
gewoonlijk focaal en, meer in het bijzonder, geaggregeerd aan de proximale rand van
de stent. Hoofdstuk 2 en 3 beschrijven het onderliggende mechanisme van restenose
van de DES dat grofweg kan worden toegeschreven aan 4 hoofdoorzaken, namelijk
implantatie-, arteriéle, stent- en biologische factoren. De vasculaire respons aan de rand
(EVR) is te wijten aan gelijkaardige factoren: 1. iatrogene of implantatiefactoren i.v.m.
onjuiste geografische plaatsing tijdens de ingreep (axiaal dan wel longitudinaal), 2. fac-
toren i.v.m. het hulpmiddel, zoals de materiaaleigenschappen van het geimplanteerde
platform (metaal of een bioresorbeerbare legering), de door het hulpmiddel veroor-
zaakte dissecties aan de rand en het soort en de afgiftekinetica van de antiproliferatieve
medicatie en 3. biologische factoren in verband met de resterende hoeveelheid plaque
aan de proximale en distale randen. Hoofdstuk 4 legt bewijzen voor over de vasculaire
respons aan de rand (EVR) die 6f angiografisch 6f met op IVUS gebaseerde beeldvor-
mingsmethoden wordt beoordeeld tot 2 jaar na de implantatie van metaalhoudende
stents of bioresorbeerbare scaffolds. In dit hoofdstuk wordt een revascularisatiepercen-
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tage van de gestente laesie (TLR) beschreven van ~3% tot 2 jaar na implantatie van
een volledig bioresorbeerbaar hulpmiddel wat hoofdzakelijk werd toegeschreven aan
proximale restenose.

IN VIVO BEOORDELING VAN DE VASCULAIRE RESPONS MET GEBRUIKMAKING
VAN INTRAVASCULAIR ULTRAGELUID (IVUS) EN OP IVUS GEBASEERDE
BEELDVORMINGSMETHODEN

Grijsschaal-IVUS (GS-IVUS) is het middel bij uitstek voor de in vivo beeldvorming van de
coronaire vaatwand en vormt een belangrijk invasief diagnosemiddel voor de kwanti-
tatieve beoordeling van chirurgische behandelingen en de ontwikkeling/regressie van
atherosclerose. Desondanks maakt de grijsschaalvoorstelling van de plague-morfologie
het door de beperkte resolutie van de huidige IVUS-katheters (~45MHz) moeilijk, zo
niet onmogelijk, om kwalitatief (bijv. visueel) de morfologie van plaque vast te stel-
len zoals bij histopathologie, wat de methode bij uitstek is voor weefselanalyse. Deze
beperking heeft men echter gedeeltelijk overwonnen met nieuwe, op IVUS gebaseerde
nabewerkingsmethoden als virtuele histologie-IVUS (VH-IVUS). De beginselen van de
afzonderlijke, op IVUS gebaseerde beeldvormingsmethoden worden beschreven in
hoofdstuk 6 en geven inzicht in het proces van weefselanalyse waarbij wordt bepaald
of er sprake is van vezelig weefsel, vetweefsel, of weefsel met een necrotische kern oof
dichte verkalking.

In het onderzoek ABSORB Cohort Bwerden 101 patiénten (Group B1=45, Group B2=56)
behandeld met de volledig resorbeerbare scaffold van de tweede generatie, nl. ABSORB
BVS. De segmenten die proximaal en distaal aan het geimplanteerde hulpmiddel waren
gelegen (op 5 mm) werden na 6 maanden (Groep B1) of 1 jaar (Groep B2) onderzocht
met GS-IVUS en VH-IVUS-beeldvorming. Er waren 23 proximale en 18 distale segmenten
aan de distale rand beschikbaar voor analyse na 6 maanden, terwijl er 25 proximale en
30 distale randsegmenten beschikbaar waren na 1 jaar. Aan de proximale rand op 5
mm bestond de enige belangrijke verandering uit geringe constrictieve remodellering
na 6 maanden (A dwarsdoorsnede bloedvat: -1,80% [-3,18; 1,30], p < 0,05), met een
neiging tot regressie na 1 jaar (A dwarsdoorsnede bloedvat: -1,53% [-7,74; 2,48], p=0,06).
De relatieve veranderingen van de vezelige en vetweefselcomponenten in dit segment
waren op beide tijdstippen niet significant. Bij de distale rand op 5 mm werd 1 jaar na
de implantatie een significante toename van het vetweefsel van 43,32% duidelijk [19,90;
244,28], (p < 0,005). (Hoofdstuk 7) Tot 1 jaar na implantatie van ABSORB BVS liet de vas-
culaire respons een zekere mate van constrictieve remodellering zien aan de proximale
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rand en een toename van vezelig vetweefsel aan de distale rand dat een niet significante
progressie van de plaque met adaptieve expansieve remodellering tot gevolg had. Het
morfologische gedrag en de weefselsamenstelling verschilden niet wezenlijk van het
gedrag van metaalhoudende medicinale stents op dezelfde waarnemingspunten in de
tijd.

De vasculaire respons op de lange termijn aan de proximale en distale randen van
2 verschillende everolimus-afgevende platformen, nl. de metaalhoudende Xience V en
de bioresorbeertbare ABSORB BVS, werd voor het eerst op longitudinale wijze verge-
leken aan de hand van het onderzoek SPIRIT Il (n=113) en ABSORB Cohort B, (n=45).
(Hoofdstuk 8) De proximale en distale segmenten op 5 mm van de geimplanteerde
hulpmiddelen gelegen werden na de procedure, na 6 maanden en 2 jaar na implantatie
van het bioresorbeerbare hulpmiddel onderzocht met GS-IVUS en VH-IVUS, terwijl een
soortgelijke analyse met GS-IVUS werd uitgevoerd na implantatie van de metaalhou-
dende stent.

Bij het ABSORB-onderzoek Cohort B1 waren er 22 proximale en 24 distale randseg-
menten beschikbaar voor analyse. Bij het onderzoek SPIRIT Il werden drieéndertig
proximale en zesenveertig distale randsegmenten geanalyseerd. Aan de proximale
rand op 5 mm vertoonden de met Absorb BVS behandelde bloedvaten na 2 jaar een
lumenverlies (LL) van 6,68% (- 17,33; 2,08) (p=0,027) in aanwezigheid van een tendens
tot toename van het plaque-oppervlak van 7,55% (- 4,68; 27,11) (p=0,06). Bij de distale
rand op 5 mm waren op geen van beide tijdstippen grote veranderingen duidelijk. Aan
de proximale rand op 5 mm toonden de met XIENCE V EES behandelde bloedvaten na 2
jaar geen tekenen van LL, doch slechts een afname van het plaque-oppervlak van 6,90%
(-17,86; 4,23) (p=0,035). Aan de distale rand was er op hetzelfde tijdstip geen bewijs van
belangrijke wijzigingen m.b.t. het lumengebied of vasculaire remodellering. Tot 2 jaar na
implantatie van de bioresorbeerbare everolimus-afgevende scaffold toont de op IVUS
gebaseerde seriéle evaluatie van de EVR een statistisch significante LL aan de proximale
rand. Het komende vervolgonderzoek voor beeldvorming van de Absorb BVS 3 jaar na
implantatie zal naar verwachting meer informatie verstrekken over het gedrag van de
vaatwand aan de randen van de scaffold.

In hoofdstuk 9 zijn de veranderingen in vasculaire compliantie in de scaffold-segmen-
ten en de aanliggende proximale en distale randen geévalueerd met VUS-palpografie,
omdat de bioresorbeerbare scaffold na verloop van tijd wordt geresorbeerd. IVUS-pal-
pografie is een techniek waarmee de plaatselijke mechanische weefseleigenschappen
kunnen worden bepaald. In totaal zijn 83 patiénten uit Cohort A en B van de ABSORB-
studies onderzocht met palpografie (30 en respectievelijk 53 patiénten van ABSORB
Cohort A en Cohort B). Een belangrijke afname in compliantie in het scaffold-segment
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was duidelijk na de implantatie. Op de verschillende tijdstippen tijdens de follow-up
werd er geen verkeerde compliantie gevonden in Cohort A (6 maanden=proximale
rand 0,29 [0,18-0,35] t.o.v. scaffold-segment 0,10 [0,06-0,22] t.o.v. distale rand 0,16
[0,05-0,24]; p=0,146; proximale rand na 24 maanden 0,20 [0,09-0,30] t.o.v. scaffold- seg-
ment 0,24 [0,17-0,29] t.o.v. distale rand 0,11 [0,05-0,24]; p=0,052) noch in Cohort B (6
maanden=proximale rand 0,28 [0,16-0,46] t.o.v. scaffold-segment 0,23 [0,14-0,29] t.o.v.
distalerand 0,11 [0,05-0,17]; p=0,449; 12 maanden=proximale rand 0,18 [0,10-0,36] t.0.v.
scaffold-segment 0,16 [0,08-0,26] t.o.v. distale rand 0,11 [0,02-0,20]; p=0,618). Hoewel de
Absorb BVS veranderingen in vasculaire compliantie veroorzaakte op de plek waar de
scaffold was geimplanteerd, was de waargenomen verkeerde compliantie van voorbij-
gaande aard en werd na verloop van tijd weer normaal na resorptie van de scaffold, wat
mogelijk van invloed is op de plaatselijke hemodynamische en reologische toestand.

In hoofdstuk 10 hebben we methoden gebruikt met eindige elementen en ge-
avanceerde computersimulatie van stroomdynamica (CFD = Computational Fluid
Dynamics) waarmee de hemodynamische gevolgen van de virtuele toepassing van een
bioresorbeerbare scaffold met een met de Absorb BVS vergelijkbaar ontwerp kunnen
worden gevisualiseerd met rechte en kromme ideale vormen. De WSS (wall shear stress
= schuifspanning aan de vaatwand) werd berekend bij de instroom, endoluminaal en
bij de uitstroom van elk stutoppervlak na de procedure (stadium I) en op het tijdstip dat
33% van de scaffold geresorbeerd was (stadium II).

De gemiddelde WSS op de in- en uitstroomoppervlakken in stadium | bedroeg 3,2
respectievelijk 3,1 dyne/ cm? en 87,5 dyne/cm? op het endoluminale stutoppervlak in
het rechte bloedvat. Van stadium | tot stadium Il nam de WSS op de in- en uitstroomop-
pervlakken toe met 101% respectievelijk 145% en daalde met 27% op het endoluminale
stutoppervlak. In een krom bloedvat kwam de WSS-verandering meer tot uiting in de
binnenkromming met een toename van 60,3% en 63,0% van de WSS op de stutop-
pervlakken aan de instroom en uitstroom. Een gelijksoortige analyse aan de proximale
en distale randen toonde een dramatische toename van 486,4% aan het laterale uit-
stroomoppervlak van de proximale scaffold-rand. Het uitvoeren van CFD-simulaties
over virtueel ingezette bioresorbeerbare scaffolds duidt op de voorbijgaande aard van
de interacties tussen hulpmiddel en doorstroming naarmate het bioresorptieproces in
de loop van de tijd vordert. Zulke modellering voor een hemodynamisch hulpmiddel zal
naar verwachting in de toekomst leiden tot een nieuw ontwerp voor bioresorbeerbare
scaffolds.
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IN VIVO BEOORDELING VAN DE VASCULAIRE RESPONS MET GEBRUIKMAKING
VAN OPTISCHE COHERENTIETOMOGRAFIE (OCT)

OCT maakt hoge-resolutiebeeldvorming mogelijk met een nagenoeg histologische
resolutie van ~15um, waardoor deze methode ideaal is voor het bestuderen van de
interactie tussen hulpmiddel en bloedvat. Histomorfometrie is van belang voor het
evalueren van de werking van nieuwe hulpmiddelen en de vasculaire respons daarop.
Omdat histologische analyse op dieren en mensen beperkt is tot postmortaal onderzoek
is in-vivo beoordeling van de vasculaire respons met behulp van OCT uiterst welkom.

In hoofdstuk 1 1hebben we 2 jaar na de implantatie van 22 polymere BVS-hulpmidde-
len in 11 gezonde kransslagaderen bij varkens de morfometrische parameters van de
stentresten beoordeeld met OCT en histologische analyse. Wij hebben het opperviak en
de dikte van de leemten die eerder gevuld waren met polymeerstutten geévalueerd als-
mede het gebied met neointimale hyperplasie dat het endoluminale oppervlak van de
stutleemten bedekte en het gebied met neointimale hyperplasie tussen de stutleemten.
Ons onderzoek gaf aan dat in vivo OCT van de BVS gecorreleerde metingen van dezelfde
ordegrootte oplevert als histomorfometrie en dat deze methode reproduceerbaar is
voor de evaluatie van bepaalde vasculaire en met het hulpmiddel samenhangende
eigenschappen. Vergeleken bij OCT levert histologische analyse 2 jaar na de implantatie
echter systematisch hogere waarden op voor alle gemeten structuren.

In hoofdstuk 12 wordt met OCT en histologie de vasculaire respons beoordeeld en ver-
geleken nadat hetzij overlappende Absorb BVS- hetzij Xience V (XV)-metaalhoudende
stents na 28 en respectievelijk 90 dagen in een model van kransslagaderen bij varkens.
Na 28 dagen in de overlappende structuur gaf de OCT-analyse aan dat 80,1% van de
Absorb-stutten en 99,4% van de XV-stutten bedekt was (p< 0,0001), wat overeenkomt
met histologische waarnemingen voor met cellen bedekte stutten van 75,4% respectie-
velijk 99,6% (p< 0,001).

Onbedekte stutten werden bijna uitsluitend in verband gebracht met de aanwezig-
heid van “op elkaar gestapelde” Absorb-stutten, d.w.z. met een directe bedekkings-
structuur. Na 90 dagen bleek uit OCT en histologische analyse dat de overlappende
Absorb-stutten en overlappende XV-stutten >99% bedekt waren. In kransslagaderen
van varkens die met overlappende Absorb-stutten of overlappende XV-stutten waren
geimplanteerd, was de bedekking van de stutten vertraagd na 28 dagen met overlap-
pende Absorb-scaffolds, terwijl na 90 dagen beide hulpmiddelen vergelijkbare bedek-
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king van de stutten vertoonden, wat de invloed van de dikte van de stut aangeeft in de

waargenomen vasculaire respons.

In hoofdstuk 13 en 14 werd de vasculaire respons aan de rand geévalueerd met OCT
na door metaalhoudende stents veroorzaakte randdissecties. Hoewel IVUS en op IVUS
gebaseerde methoden met weefselanalyse-eigenschappen de enige intravasculaire
beeldvormingstechnieken waren voor de evaluatie van de overgangsgebieden (randen),
levert OCT met zijn uiterst hoge ruimtelijke resolutie en grotere terugtreksnelheid van
20-40 mm/sec een accuratere identificatie van de proximale en distale randen. In hoofd-
stuk 13 wordt voor het eerst de beoordeling met tweedimensionale en driedimensionale
nabewerkte OCT van het distale randeffect (angiografische diameter stenose > 50%)
geillustreerd zoals veroorzaakt door angiografisch stille dissectie van de distale rand 6
maanden na plaatsing van de stent. Tijdens OCT gedetecteerde randdissecties worden
relatief frequent aangetroffen na DES-implantatie. In de meerderheid van de gevallen
houden de angiografisch stille randdissecties geen verband met de revascularisatie van
de gestente laesie of trombose van de stent op de middellange termijn (1 jaar), zodat
de mechanische behandeling zorgvuldig geévalueerd dient te worden. (Hoofdstuk 14)

In hoofdstuk 15 zijn OCT-dwarsdoorsneden voor het eerst gebruikt als basis waarop
driedimensionale reconstructies van de WSS ter hoogte van de stut werden uitge-
oefend (plaatselijk micro-milieu) met gebruikmaking van CFD-simulatietechnieken.
Verder werden er véér en na implantatie van de Absorb BVS op de polymeer-stutten
snelheidsprofielen met zogenaamde “reconstructed velocity streamlines” gesimuleerd.
Uit dit onderzoek bleek dat een dergelijk biomechanische beoordeling in een driedi-
mensionaal patroon mogelijk is en mogelijk kritieke mechanistische inzichten inzake
bioresorbeerbare scaffolds na implantatie kan opleveren.

BEOORDELING IMPLANTATIE STENT MET BEHULP VAN NABEWERKTE
DRIEDIMENSIONALE OPTISCHE COHERENTIETOMOGRAFIE (OCT)

Tweedimensionale beeldvorming met optische coherentietomografie heeft onze ken-
nis over coronaire artherosclerose uitgebreid en deze methode wordt steeds meer
toegepast bij traditionele percutane coronaire ingrepen om de ziektemechanismen
te verduidelijken en ons inzicht in complexe anatomische structuren te verbeteren. In
hoofdstuk 16 tot 19 wordt de waarde toegelicht van nabewerkte driedimensionale OCT
als aanvulling op tweedimensionale beeldvorming bij de 1. beoordeling van bifurcaties
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en hoge-resolutievisualisatie van de ruimtelijke verdeling van de stentstutten na plaat-
sing van een stent in de hoofdvertakking, 2. beoordeling van trombosevorming véér en
tijdens de ingreep in een omgeving met acute coronaire syndromen en 3. beoordeling
van de juiste/verkeerde appositie van de stentstutten na plaatsing van de stent. Aan
de fabrikanten van medische hulpmiddelen moet worden gevraagd driedimensionale
optische coherentietomografie te produceren met een hoge resolutie in real-time plus
kwantitatieve en mogelijke weefselanalyse-eigenschappen, zodat deze technologie in
de traditionele praktijk voor percutane coronaire ingrepen kan worden gevalideerd en
toegepast.

Dit kan behulpzaam zijn bij het besluitvormingsproces tijdens chirurgische ingrepen en
dit kan weer van invloed zijn op toekomstige klinische resultaten.

IN VIVO BEOORDELING VAN DE BIORESORBEERBARE VASCULAIRE SCAFFOLD
ABSORB MET BEHULP VAN INTRACORONAIR ULTRAGELUID EN OPTISCHE
COHERENTIETOMOGRAFIE

De everolimus-afgevende ABSORB-scaffolds bestaan uit het hulpmiddel van de eerste
generatie dat werd geévalueerd bij het klinisch onderzoek ABSORB Cohort A (ABSORB
1.0) en het hulpmiddel van de tweede generatie (ABSORB herziening 1.1) dat tijdens
het onderzoek ABSORB Cohort B werd bestudeerd. Inzichten uit verschillende beeld-
vormingsmethoden hebben aangetoond dat 1. de introductie van verplichte Dmax-
metingen van de grootte van het bloedvat véér implantatie van ABSORB het te klein
inschatten van de scaffold van 3,0 mm in grote bloedvaten aanzienlijk heeft beperkt en
2. de scaffold van de tweede generatie beter werkte vergeleken bij de hulpmiddelen
van de eerste generatie met minder inkrimpen van de scaffolds (1% vergeleken bij 13%
respectievelijk, p=0,01) en minder obstructie van het neointimaal gebied in de scaffold
(hoofdstuk 21 tot 23).

Conclusie

De onderhavige thesis is het resultaat van werk dat tijdens een voor het specialisme
interventionele cardiovasculaire geneeskunde zeer spannende periode werd verricht
omdat dit een vakgebied is waar bioresorbeerbare technologieén voor percutane
coronaire ingrepen zijn geintroduceerd. Het gebruik van een breed gamma aan op ul-
trageluid of licht gebaseerde intravasculaire beeldvormingsmethoden tijdens de acute
fase of bij de follow-upcontrole hebben de interpretatie van de vasculaire respons na
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implantatie van een stent of scaffold bij de traditionele chirurgische praktijk vereenvou-
digd. Het “randeffect” dat voor het eerst werd geintroduceerd in de tijd dat vasculaire
brachytherapie werd toegepast is vervangen door de term “vasculaire respons aan de
rand” sinds er een nieuwe generatie van metaalhoudende stents of bioresorbeerbare
scaffolds wordt toegepast. Naar verwachting zal door verdere verbeteringen aan het
ontwerp van de bioresorbeerbare scaffolds het percentage vasculaire respons aan de
proximale rand dalen; ondanks het feit dat de doorstroming niet wordt belemmerd,
blijft deze vasculaire respons zichtbaar op de lange termijn bij zowel op ultrageluid als
op licht gebaseerde beeldvormingsmethoden.



Acknowledgements






Chapter 24

ACKNOWLEDGEMENTS

The choice to embark on a career in Interventional Cardiology was taken during the
last year of medical school straight after the advice of Prof. loannis Gkogkas, currently
Professor Emeritus of Surgery in Athens University. The years during Cardiology training
were fascinating, more in particular the time spent in the catheterization laboratory
convinced me that the decision to pursue a career in this field was the right one; fur-
thermore the last 2-years of my clinical training | had the unique privilege to work with
the Professor of Cardiothoracic Surgery at Imperial College, Sir. Magdi H. Yacoub who
defined later on my career path.

The 2" Department of Cardiology of the Athens University would start a joined
program as part of the Harefield Recovery Protocol Study for Patients with Refractory
Heart Failure (HARPS) related to the impact of Left Ventricular Assist Devices (LVAD) in
patients with end stage Heart Failure headed by Prof. M. Yacoub. | was further assigned
as the cardiology fellow in charge of this program. The collaboration turned out as a
unique opportunity by gaining a lot of experience related to the management of such
patients and observing a world renowed clinician and scientist in the management of
challenging situations. However my passion was Interventional Cardiology. One day
following successful LVAD implantation and fast patient recovery we were both sitting
in the ICU and Prof. M. Yacoub was asking for my future plans following training comple-
tion. | replied: “Professor, my goal now is clinical research in Interventional Cardiology”
further requesting for his advice and guidance. He said, | will give you 2 advices that
will potentially guide you successfully through your research aspirations: you must be,
1. focused like a laser beam and 2. modest and humble following your endeavors. Ad-
ditionally, If you want to pursue a career in Interventional Cardiology research the best
place in Europe is with Prof. Patrick W. J. C. Serruys in Rotterdam, the Netherlands. | have
heard that he has novel projects with bioresorbable stents for treating coronary artery
disease.”

The following months consisted of numerous emails back and forth, finally setting
the date for visiting Rotterdam. | remember that | was at the Thoraxcenter 2-hours in
advance of the scheduled meeting with Professor Patrick W. J. C. Serruys, exploring this
world-class institution. | finally met with the Professor for the first time at his office, the
5t floor of the Thoraxcenter. His door was wide open and he was reading a Circulation

393



394

Chapter 24

article. | remember him saying that here we publish about 5-10 of such papers/year in
this journal, further asking me how many papers | had already published. | was very
proud of showing 4 color printed case reports, 2 of them in a prominent position in my
envelope (Prof. Magdi Yacoub was in the authorship); however from his body language |
realized that it might be smarter to reply: | have no publications.

The following discussions were in a more relaxed pace with personal questions related
to future career plans. Professor’s last statement was that at the Thoraxcenter there is
huge competition and only a minority of those who travel to Rotterdam for interviews
are finally accepted. | left Professor’s office with mixed emotions, however soon there-
after realized that it would be a huge opportunity to learn beside this world-renowned
Teacher. Three years later, | have to admit: “Whatever little | have achieved Professor, is
because of you. You took my hand, opened my mind, touched my heart. | will always
be grateful to you Sir.” An enormous thank you must also go out to Dr. Hector M. Garcia-
Garcia who has been a strong foundation throughout this thesis as a co-promotor. “Hec-
tor, without your advice and guidance on the how to do..., this thesis would not be possible”.
A big thank you must also go to the committee members for their presence at this thesis:
“It is indeed an honor for me”.

The course of my fellowship was also enriched by numerous friends who were crucial
in the completion of this thesis, all charismatic Interventional Cardiologists with passion
for innovation. Maria Radu, Vasim Farooq, Takashi Muramatsu, Salvatore Brugaletta,
Josep Gomez-Lara, Yoshinobu Onuma, Jung Ho-Heo, II-Soo Lee, Roberto Diletti, Christos
Bourantas, Yao-Jun Zhang just to name a few. How can | also forget the wonderful Marie-
Angele Morell: “Marie-Angele, hope you remember my digital moments with Queen Maxima
of the Netherlands” A big thank must go out to Hanny Boutkan who have been so sup-
portive, especially once | left Rotterdam and moved to the United States of America and
had additional requests for revised forms from the administration office of the Erasmus
University. Finally another thank to the pillars behind Eurolntervention, Paul Cummins
and Sylvie Lhoste; without their help the Absorb BVS Compendiums would not be ready
on time.

One cannot achieve and develop as an individual without the support and commit-
ment of those close to them. My Parents, Dimitrios and Maria-Angelliki who created a
wonderful middle class family worked hard and gave me opportunities that they never



Chapter 24

had. On this journey through life, their principles were my compass as well as a map and
these fantastic parents were my heroes. Finally my wife Katerina had been always there
for me, encouraged me to embark on this challenging path and sacrificed so much of
herself for us. She will be carrying our son Dimitrios soon, and I'm sure she will be telling
him endless “oranje” stories.

I would like to finish the Acknowledgement section of this Thesis by remembering
the two most inspiring pieces which strengthened my 25-min bike ride to Cardialysis
every morning in an average winter temperature of -2°C (28°F). The first was a section
from the poem of C. P. Cavafy, Ithaka: “Keep Ithaka always in your mind...But do not hurry
the journey at all. Better if it lasts for years, so you are old by the time you reach the island,
wealthy with all you have gained on the way, not expecting Ithaka to make you rich.

Ithaka gave you the marvelous journey. Without her you would not have set out. She has
nothing left to give you now. And if you find her poor, Ithaka won't have fooled you. Wise as
you will have become, so full of experience, you will have understood by then what these
Ithakas mean.

The second was one of Prof. Serruys quotes:
“A Dream always comes true, It’s just a matter of Time”.

395






Chapter 24 | 397

Curriculum Vitae

List of Publications







Chapter 24

CURRICULUM VITAE

Bill D. Gogas, M.D., F.A.C.C.

(a.k.a. Vasileios D. Gkogkas)

Date of Birth: January 17,1978

Place of Birth/ Nationality: Athens, Greece/ Greek

Professional Address: Andreas Gruentzig Cardiovascular Center of Emory University,
Emory University School of Medicine, Department of Medicine, Division of Cardiology,
Suite D403A, 1364 Clifton Rd, NE, Atlanta, GA

E-mail: bgogas@gmail.com (primary) & vasileios.gkogkas@emory.edu (secondary)

Education & Appointments

1995-2002: M.D.,

University of Athens Medical School, Athens, Greece

2003-2005: Resident, Internal Medicine,

University of Athens Medical School, University Hospital “ATTIKON", Athens, Greece
2005-2009: Clinical Fellow, Cardiology,

University of Athens Medical School, University Hospital “ATTIKON’, Athens, Greece
2007-2009: Interventional Cardiology Fellow,

University of Athens Medical School, University Hospital “ATTIKON’, Athens, Greece
2009-2012: Doctoral (Ph.D.) Candidate, Interventional Cardiology,

Erasmus University, Rotterdam, the Netherlands (Supervisor: Prof. Dr. P. W. J. C. Serruys)
2012-2013: Post Doctoral Fellow, Interventional Cardiology,

Andreas Gruentzig Cardiovascular Center of Emory University, Emory University School
of Medicine,

Department of Medicine, Division of Cardiology, Atlanta, Georgia (American College of
Cardiology

Foundation Scholar)

2013-2015: Senior Post Doctoral Fellow, Interventional Cardiology,

Andreas Gruentzig Cardiovascular Center of Emory University, Emory University School
of Medicine,

Department of Medicine, Division of Cardiology, Atlanta, Georgia

399



400

Chapter 24

Medical Licensure

2009: Medical Practitioner Board of Athens, Greece- Full Registration
2002: General Medical Council (GMC), United Kingdom- Full Registration

Society Memberships

2014: Fellow of the American College of Cardiology Foundation
2012: Member, European Association of Percutaneous Coronary Interventions
2011: Member, Hellenic Cardiology Society



Chapter 24

LIST OF PUBLICATIONS

Peer Reviewed Journals

1. Biomechanical Assessment of Fully Bioresorbable Devices
Gogas B.D., King S.B. Ill, Timmins L.H., et al.
JACC Cardiovasc Interv. 2013, Jul;6(7):760-1

2.Edge Vascular Response after Percutaneous Coronary Intervention: An Intracoro-
nary Ultrasound and Optical Coherence Tomography Appraisal: From Radioactive
Platforms to First- and Second- Generation Drug-Eluting Stents and Bioresorbable
Scaffolds.

Gogas B.D., Garcia-Garcia H.M., OnumaY., et al.

JACC Cardiovasc Interv. 2013 Mar; 6(3): 211-21.

3. Does Flow During Rest and Relaxation Suffice?

Samady H., Gogas B.D.
J Am Coll Cardiol. 2013 Apr 2; 61(13): 1436-9.

4. Intracoronary Optical Coherence Tomography and Histology of Overlapping
Everolimus-Eluting Bioresorbable Vascular Scaffolds in a Porcine Coronary Artery
Model: The Potential Implications for Clinical Practice.

Farooq V., Serruys PW., Heo JH., Gogas B.D., et al.

JACC Cardiovasc Interv. 2013 May; 6(5): 523-32

5. Vascular Response of the Segments Adjacent to the Proximal and Distal Edges
of the ABSORB Everolimus-Eluting Bioresorbable Vascular Scaffold: 6-month and
1-year Follow-up Assessment: A Virtual Histology Intravascular Ultrasound Study
from the First-In-Man ABSORB Cohort B trial.

Gogas B.D., Serruys P.W.,, Diletti R., et al.

JACC Cardiovasc Interv. 2012 Jun; 5(6): 656-65

401



402

Chapter 24

6. In Vivo Three Dimensional Optical Coherence Tomography. A Novel Imaging
Modality to Visualize the Edge Vascular Response.

Gogas B.D., Muramatsu T., Garcia-Garcia H.M., et al.

Int J Cardiol. 2013 Apr 15; 164(3): e35-7.

7. The Edge Vascular Response Following Implantation of the Absorb Everolimus-
Eluting Bioresorbable Vascular Scaffold and the XIENCE V Metallic Everolimus-
Eluting Stent. First Serial Follow-Up Assessment at six months and two years:
Insights from the First-In-Man ABSORB Cohort B and SPIRIT Il trials.

Gogas B.D., Bourantas C.V., Garcia-Garcia H.M., et al.

Eurolntervention. 2013 Oct 22; 9(6): 709-20. (doi: 10.4244)

8. Natural history of optical coherence tomography-detected non-flow-limiting
edge dissections following drug-eluting stent implantation.

Radu MD, Réber L, Heo J, Gogas B.D., et al.

Eurolntervention. 2013 Aug 26. (doi:pii: 20120926-04)

9. Evaluation With In Vivo Optical Coherence Tomography and Histology of the
Vascular Effects of the Everolimus-Eluting Bioresorbable Vascular Scaffold at Two
Years Following Implantation in a Healthy Porcine Coronary Artery Model: Implica-
tions of Pilot Results for Future Pre-Clinical Studies.

Gogas B.D., Radu M., OnumaYY. et al.

Int J Cardiovasc Imaging. 2012 Mar; 28(3): 499-511

10. Three-Dimensional Coronary Tomographic Reconstructions Using In Vivo Intra-
coronary Optical Frequency Domain Imaging in the Setting of Acute Myocardial
Infarction: The Clinical Perspective.

Gogas B.D., Farooq V., Serruys PW.

Hellenic J Cardiol. 2012 Mar; 53(2): 148-51.



Chapter 24 | 403

11. Three-Dimensional Reconstruction of the Post-Dilated ABSORB Everolimus-
Eluting Bioresorbable Vascular Scaffold in a True Bifurcation Lesion for Flow
Restoration.

Gogas B.D., van Geuns R.J., Farooq V., et al.

JACC Cardiovasc Interv. 2011 Oct; 4(10): 1149-50

12. Assessment of Coronary Atherosclerosis by IVUS and IVUS-based Imaging
Modalities: Progression and Regression Studies, Tissue Composition and Beyond.
Gogas B.D., Farooq V., Serruys PW. et al.

Int J Cardiovasc Imaging. 2011 Feb; 27(2): 225-37

13. Acute Coronary Occlusion Following TAVI.
Gogas B.D., Zacharoulis A.A., Antoniadis A.G.
Catheter Cardiovasc Interv. 2011 Feb 15; 77(3): 435-8

14. Severe Anaemia and Subcapital Femur Fracture in a Patient with Left Ventricu-
lar Assist

Device Heart Mate II: The Cardiologist’'s Management of This Rare Patient.

Gogas B.D., Parissis J.T., Filippatos G.S. et al.

Eur J Heart Fail. 2009 Aug; 11(8): 806-8

15. 3-Dimensional Optical Frequency Domain Imaging For the Evaluation of Pri-
mary

Percutaneous Coronary Intervention in ST-segment Elevation Myocardial Infarc-
tion.

Gogas B.D., Farooq V., OnumaY. et al.

Int J Cardiol. 2011 Aug 18; 151(1): 103-5.

16. Progress in Treatment by Percutaneous Coronary Intervention: The Stent of the
Future.

Muramatsu T, Onuma Y, Zhang YJ, Bourantas CV, et al.

Rev Esp Cardiol. 2013 Jun; 66(6): 483-96



404

Chapter 24

17. Assessment of Plaque Evolution in Coronary Bifurcations Located Beyond
Everolimus Eluting Scaffolds: Serial Intravascular Ultrasound Virtual Histology
Study.

Lee IS, Bourantas CV, Muramatsu T, Gogas B.D., et al.

Cardiovasc Ultrasound. 2013 Jul 20;11:25

18. Vascular Compliance Changes of the Coronary Vessel Wall after Bioresorbable
Vascular Scaffold Implantation in the Treated and Adjacent Segments.

Brugaletta S, Gogas B.D., Garcia-Garcia HM, Farooq V, et al.

Circ J.2012; 76(7): 1616-23

19. Proximal and Distal Maximal Luminal Diameters as a Guide to Appropriate
Deployment of the ABSORB Everolimus-Eluting Bioresorbable Vascular Scaffold: A
sub-study of the ABSORB Cohort B and the on-going ABSORB EXTEND Single Arm
Study.

Farooq V, Gomez-Lara J, Brugaletta S, Gogas B.D., et al.

Catheter Cardiovasc Interv. 2012 May 1; 79(6): 880-8

20. Optical Coherence Tomography (OCT) of Overlapping Bioresorbable Scaffolds:
from benchwork to clinical application.

FarooqV, OnumaY, Radu M, OkamuraT, et al.

Eurolntervention. 2011 Jul; 7(3): 386-99

21.Restenosis: Delineating the Numerous Causes of Drug-Eluting Stent Restenosis.
FarooqV, Gogas B.D., Serruys PW.
Circ Cardiovasc Interv. 2011 Apr 1; 4(2):195-205.

22, 3-Dimensional Reconstruction of a Bifurcation Lesion with Double Wire after
Implantation of a second generation everolimus-eluting bioresorbable vascular
scaffold.

van Geuns RJ, Gogas B.D., FarooqV, et al.

Int J Cardiol. 2011 Dec 1; 153(2):e43-5



Chapter 24

23. A comparative assessment by optical coherence tomography of the perfor-
mance of the first and second generation of the everolimus-eluting bioresorbable
vascular scaffolds.

Gomez-Lara J, Brugaletta S, Diletti R, et al.

Eur Heart J. 2011 Feb; 32(3): 294-304

24, Agreement and Reproducibility of Gray-Scale Intravascular Ultrasound and
Optical Coherence Tomography for the Analysis of the Bioresorbable Vascular
Scaffold.

GOmez-Lara J, Brugaletta S, Diletti R, Gogas B.D., et al.

Catheter Cardiovasc Interv. 2012 May 1;79(6): 890-902

25, Serial 2- and 3-dimensional visualization of side branch jailing after metallic
stent implantation: to kiss or not to kiss...?

Diletti R, Farooq V, Muramatsu T, Gogas B.D., et al.

JACC Cardiovasc Interv. 2012 Oct; 5(10): 1089-90

405



406

Chapter 24

KEY ABSTRACT PRESENTATIONS

1. The Dynamic Vascular Response at the Proximal and Distal Edges Following
Implantation of the ABSORB Everolimus-Eluting Bioresorbable Vascular Scaffold
and the Xience V Everolimus-Eluting Stent

Bill D. Gogas, Patrick W. Serruys, Vasim Farooq, et al.

Presented orally at the State-of-the-Art session of the ESC 2012

2. The Dynamic Vascular Response at the Proximal and Distal Edges Following
Implantation of the ABSORB Everolimus-Eluting Bioresorbable Vascular Scaffold
as Assessed With Virtual Histology Intravascular Ultrasound. A 2-year Follow-up
Assessement From the First In Man, ABSORB Cohort B Trial

Bill D. Gogas, Patrick W. Serruys, Vasim Farooq, et al.

Presented orally at the EuroPCR 2012

3. Vascular Responses at the Segments Adjacent to the Proximal and Distal Edges
of the ABSORB Second Generation Everolimus Eluting Bioresorbable Vascular Scaf-
fold. 6 Months and 1 Year Follow-up Assessment. A Virtual Histology Intravascular
Ultrasound Study from the ABSORB Cohort B Trial

Bill D. Gogas, Patrick W. Serruys, Roberto Diletti, et al.

Presented orally at the ACC 2012

4, Evaluation with In Vivo Optical Coherence Tomography and Histology of the
Vascular Effects of the Everolimus-Eluting Bioresorbable Vascular Scaffold at two
Years Following Implantation in a Healthy Porcine Coronary Artery Model.

Bill D. Gogas, Maria Radu, Yoshinobu Onuma, et al.

Presented orally at the ACC 2011



Chapter 24 | 407

5. Intracoronary Optical Coherence Tomography and Histology of Overlapping
Everolimus-Eluting Bioresorbable Vascular Scaffolds in a Porcine Coronary Artery
Model: The Potential Implications for Clinical Practice

Vasim Farooq, Patrick W. Serruys, Jung Heo, Bill D. Gogas, et al.

TCT 2012

6. Comparison of Coronary Artery Endothelial Function after Nobori and Xience V
Stent Implantation

Arihiro Sumida, Hiroyuki Nagai, Bill D. Gogas, Jinsheng Li, et al.

ACC with TCT 2012

7. Neointimal Tissue Classification Using Optical Coherence Tomography After
Paclitaxel-Coating Balloon Treatmetn in Pig In-Stent Stenosis Model

Arihiro Sumida, Hiroyuki Nagai, Bill D. Gogas, Jinsheng Li, et al.

ACC with TCT 2012






