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Abstract

Aims: To evaluate the implications of an Absorb bioresorbable vascular scaffold (Absorb BVS) on the mor-
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Methods and results: Forty-six patients who underwent Absorb BVS implantation and 20 patients
implanted with bare metal stents (BMS) who had serial optical coherence tomographic examination at base-
line and follow-up were included in this analysis. The thin-capped fibroatheromas (TCFA) were identified
in the device implantation regions and in the adjacent native coronary segments. Within all regions, circum-
ferential locations of TCFA and calcific tissues were identified, and the neointimal thickness was measured
at follow-up. At six to 12-month follow-up, only 8% of the TCFA detected at baseline were still present in
the Absorb BVS and 27% in the BMS implantation segment (p=0.231). Sixty percent of the TCFA in native
segments did not change their phenotype at follow-up. At short-term follow-up, significant reduction in the
lumen area of the BMS was noted, which was higher compared to that reported in the Absorb BVS group
(-2.11£1.97 mm? vs. —1.34+0.99 mm?, p=0.026). In Absorb BVS, neointima tissue continued to develop at
midterm follow-up (2.17+0.48 mm? vs. 1.38+0.52 mm?, p<0.0001) and covered the underlying tissues with-
out compromising the luminal dimensions (5.93£1.49 mm? vs. 6.14+1.49 mm?, p=0.571) as it was accommo-
dated by the expanded scaffold (8.28+1.74 mm? vs. 7.67+1.28 mm?, p<0.0001).

Conclusions: Neointimal tissue develops following either Absorb BVS or BMS implantation and shields
lipid tissues. The neointimal response in the BMS causes a higher reduction of luminal dimensions compared
to the Absorb BVS. Thus, Absorb BVS may have a value in the invasive re-capping of high-risk plaques.
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Introduction

Bioresorbable vascular scaffolds (BVS) are a novel technology
that introduces a unique potential in the treatment of coronary ath-
erosclerosis as they provide transient scaffolding which temporarily
safeguards the patency of the vessel and, once resorbed, they allow
the vessel to restore its physiological integrity'. The mechanisms
involved in BVS degradation depend on the composition of the scaf-
fold. In the case of the Absorb BVS, degradation implies hydrolysis of
the two polymers (poly-L-lactide and poly-D,L-lactide) which, along
with the end-stage phagocytosis of crystals, ultimately form lactic
acid molecules that can be fully catabolised. In the first year after
implantation, degradation progresses steadily without the appearance
of mass loss. The protruded struts of the scaffold create a neointima-
promoting haemodynamic environment that triggers neointimal pro-
liferation*. The final outcome of these processes is the development
of neointima, which consists of connective tissue and smooth muscle
cells, that covers the underlying plaque®. The neointima that develops
post Absorb BVS implantation has features that have been shown to
be potentially associated with plaque stability, and has been hypoth-
esised to be able to shield high-risk plaques®.

The aim of the current analysis was to examine the implications
of the Absorb BVS on the phenotype of the plaque and compare
the changes in plaque morphology with those occurring after bare
metal stent (BMS) implantation. For this purpose, we analysed serial
optical coherence tomographic (OCT) data obtained from patients
implanted with an Absorb BVS or a BMS and we used spread-out
vessel plots to portray the spatial distribution of the different plaque
types and to measure the thickness of the neointima at follow-up.

Methods

INCLUDED PATIENTS AND STUDY DESIGN

This study is an observational post hoc analysis of the data acquired in
the ABSORB cohort B trial (A Clinical Evaluation of the Everolimus
Eluting Bioresorbable Vascular Scaffold System in the Treatment of
Patients with de Novo Native Coronary Artery Lesions), the Svelte
Coronary Stent Integrated Delivery System (IDS) first-in-man trial
and the vShield Evaluated at Cardiac hospital in Rotterdam for
Investigation and Treatment of thin-cap fibroatheromas (SECRITT)
study. The design and results of each study have been described in
detail elsewhere’. In brief, the ABSORB cohort B study was a pro-
spective multicentre single-arm trial which examined for the first time
the safety and efficacy of the second-generation Absorb BVS (Abbott
Vascular, Santa Clara, CA, USA) (dimensions: 3.0x18 mm) in 101
patients with a single or two-vessel de novo lesions®. The Svelte
Coronary Stent IDS first-in-man trial was a multicentre, prospective,
single-arm study designed to assess the safety and short-term per-
formance of the Svelte Coronary IDS stent (a balloon-expandable,
cobalt-chromium, thin-strut fixed wire BMS) in 47 patients with de
novo coronary lesions, whereas the SECRITT study was a pilot pro-
spective single-centre randomised control trial that aimed to assess
the feasibility and safety of shielding non-obstructive high-risk
plaques with a self-expanding thin-strut vascular shield (vProtect™
system; Prescient Medical, Inc., Doylestown, PA, USA)".

Plaque passivation with BVS

The patients recruited in the ABSORB cohort B study were
divided into two groups (cohort B1 and cohort B2). Cohort Bl
underwent coronary angiography, greyscale intravascular ultra-
sound (IVUS), IVUS virtual histology (IVUS-VH) and OCT evalu-
ation at baseline (post-procedure), and at six-month and two-year
follow-up. Cohort B2 underwent the same investigations at base-
line, one-year and three-year follow-up. OCT examination was
an optional study and thus some patients did not have this inves-
tigation. The patients recruited in the Svelte Coronary Stent IDS
first-in-man trial and the SECRITT study had OCT examination at
baseline and repeat invasive assessment and OCT re-evaluation at
six-month follow-up. All the patients recruited in our analysis had
serial OCT evaluation at baseline (post scaffold or BMS implanta-
tion), and any follow-up time point. The ABSORB cohort B study
was sponsored and financially supported by Abbott Vascular. The
protocol of the three studies was approved by the human research
committee of the institutions that participated. Informed consent
was obtained from all patients.

QUANTITATIVE CORONARY ANGIOGRAPHY

Quantitative coronary angiography (QCA) was performed in cor-
responding end-diastolic angiographic images acquired pre and
post device deployment and at follow-up using dedicated software
(CAAS 1I; Pie Medical Imaging BV, Maastricht, The Netherlands,
or QCA-CMS; Medis, Leiden, The Netherlands). For each treated
lesion the following metrics were obtained: reference vessel diam-
eter (RVD), estimated using an interpolated approach, minimum
lumen diameter (MLD), diameter stenosis (DS), and late lumen loss
(LLL), defined as the difference between the MLD post-procedure
and the MLD at follow-up.

OPTICAL COHERENCE TOMOGRAPHY
OCT images were acquired using either an M3 time-domain, or
a C7-XR Fourier-domain system (LightLab Imaging Inc., Westford,
MA, USA). Pullback in all systems was performed with the use of
an automated pullback device at a speed of 3 mm/s for the M3,
and 20 mm/s for the C7-XR system, while the frame rates were
20 frames/s and 100 frames/s, respectively. The OCT data acquired
post scaffold implantation and at follow-up were analysed by two
operators (Cardialysis BV, Rotterdam, The Netherlands) blinded to
the examination time and patients’ procedural and clinical charac-
teristics, using dedicated off-line software (St. Jude Medical Inc.,
St. Paul, MN, USA). In the segments implanted with an Absorb
BVS or a BMS the two operators selected the frames portraying the
scaffolded/stented segment (defined by the most distal and most
proximal frames that showed at least one strut of the devices) and
analysed one frame every three frames (0.43 mm interval) in the
sequences acquired with the M3 system, and one frame every two
frames (0.4 mm interval) in the sequences obtained by the C7-XR
system!?.

Lumen and scaffold border detection was performed using the
methodology described by Serruys et al®. In brief, at baseline the
lumen area was delineated by the endoluminal border of the vessel
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wall and the abluminal side of the scaffold struts if these were
embedded or well apposed in the vessel wall. In case of malap-
posed struts, the lumen border was defined by the endoluminal con-
tour of the vessel wall behind the malapposed struts. At follow-up,
the lumen was delineated by the endoluminal border of the neoin-
tima tissue. At all time points, the scaffold borders were defined by
the abluminal side of the scaffold’s struts. In the segments treated
with a BMS, the lumen border was defined by the endoluminal bor-
der of the vessel wall and the stent border by a curve connecting
the hyperintense signal of the metallic struts. The detected borders
were used to calculate the lumen area, the scaffold/stent area and
the neointima area (given as: scaffold/stent area - lumen area).

In the selected cross-sections, the operators identified vessel wall
discontinuities post-procedure and assessed the composition of the
plaque (Online Appendix, Online Figure 1-Online Figure 5). These
data were then used to construct spread-out scaffold/stent plots
which allowed comprehensive visualisation and quantification of
the composition of the superficial plaque as well as estimation of
the mean and minimum thickness of the neointima over different
tissues (Online Appendix, Online Figure 1-Online Figure 5).

In addition, the two observers reviewed the OCT images, acquired
post scaffold implantation, and identified thin-cap fibroathero-
mas (TCFA) in the native segments located proximal and distal to
the scaffold (Online Appendix, Online Figure 1-Online Figure 5).
Anatomical landmarks proximal and distal to the TCFA (i.e., the
origin of a side branch or the proximal or distal end of the scaf-
fold) were used to define the segment of interest and to identify cor-
respondence between baseline and follow-up examinations. These
segments were used as control segments to examine the natural
evolution of the TCFA in patients implanted with an Absorb BVS.

STATISTICAL ANALYSIS

Continuous variables are reported as mean and standard deviation
whereas categorical values are presented as absolute values and per-
centages. Comparison between continuous variables at different time
points was performed using the Wilcoxon signed-rank test while the
Mann-Whitney U test was used for independent two-sample com-
parisons of the continuous variables. Comparison between categori-
cal variables was performed using the Fisher’s exact test. To control
for patient effect, mixed models with random intercept were used to
estimate the overall association between thickness, stent type, plaque
type and follow-up time. A p-value <0.05 was considered statistically
significant. Data analysis was performed using the Statistical Package
for Social Sciences (SPSS) version 16.0 (SPSS Inc., Chicago, IL,
USA) and SAS version 9.2 (SAS Institute Inc., Cary, NC, USA).

Results

PATIENT CHARACTERISTICS

Data from 47 segments (46 patients) implanted with an Absorb BVS
and 20 segments (20 patients) treated with a BMS (12 with a single
Svelte Coronary IDS stent, seven with a single and one with two
vProtect™ devices) were included in the current analysis. At base-
line in the patients implanted with an Absorb BVS, 10 TCFAs were

detected in nine native coronary segments (six located proximally to
the scaffolded segment and three distally): three of these segments
had follow-up imaging at short-term (six- to 12-month) follow-up
and six at midterm (24- to 36-month) follow-up. There were no dif-
ferences in age and sex between the Absorb BVS and the BMS group;
however, the patients implanted with a BMS were more likely to be
diabetics and to have a history of coronary artery disease (Table 1).

QUANTITATIVE CORONARY ANGIOGRAPHY ANALYSIS

Segments treated with a BMS had a larger RVD compared to those
implanted with an Absorb BVS (Tahle 2). At post-procedure, the
MLD was smaller in the segments treated with an Absorb BVS but
there were no differences in the DS between the two groups. There
were no statistically significant differences in the QCA measure-
ments between the two groups at short-term follow-up, although the
LLL was numerically higher and had a broader standard deviation
in the BMS arm. At midterm follow-up, there was a small but statis-
tically significant reduction in the MLD in the Absorb BVS group.

OPTICAL COHERENCE TOMOGRAPHIC ANALYSIS

The total number of analysed frames was 9,007, of which 6,586
portrayed scaffolded segments, 1,714 stented segments and 697
native segments (Online Table 1). All the scaffolded segments had

Table 1. Baseline characteristics of the studied population.

Patients | Patients

with TCFA | implanted | .

. . . implanted
in native | with an with 2 BMS
segments |Absorh BVS

Patients

Baseline characteristics
Age (years) 57+8 61+10 60+10 0.499

Male 7(78%) | 34(73.9%) | 14 (70%) | 0.770
Hypertension 6(67%) | 28(60.9%) | 17 (85%) | 0.084
Hypercholesterolaemia 7(78%) | 39(84.8%) | 17 (85%) | 1.000
Diabetes mellitus 0(0%) 3(6.5%) 6(30%) | 0.018
Prior PCI 1(11%) | 9(19.6%) | 10(50%) | 0.018
Prior myocardial infarction 2(22%) | 14(31.1%) | 14 (70%) | 0.006
Stable angina 9(100%) | 36(78.3%) | 12(60%) | 0.144
Unstable angina 0(0%) 5(10.9%) | 3(15%) | 0.690
Myocardial infarction 0(0%) 0(0%) 5(25%) | 0.002

Treated vessel ‘ (n=9) ‘ (n=47) ‘ (n=20) ‘

Left anterior descending artery 4(44%) | 25(53.2%) | 5(25%) | 0.059
Left circumflex artery 2(22%) | 7(14.9%) | 4(20%) | 0.721
Right coronary artery 3(33%) | 14(29.8%) | 11(55%) | 0.060
Ramus intermedius 0(0%) 1(2.1%) 0(0%) 1.000
s =9 0=40) | =20
B-blockers 4(44%) | 30(65%) | 16(80%) | 0.262
RAAS inhibitors 5(56%) | 22 (48%) | 14(70%) | 0.114
Statins 9(100%) | 42 (91%) | 19(95%) | 1.000

PCI: percutaneous coronary intervention; RAAS: renin-angiotensin-aldosterone system; p by
Fisher's exact test for binary variables and Mann-Whitney U test for continuous variables
denotes the significance of difference between the Absorb BVS and the BMS group.




Plaque passivation with BVS

Table 2. QCA measurements at pre procedure, post-procedure, short-term and midterm follow-up in patients implanted with an Absorb

BVS or a BMS.

Pre procedure

Post-procedure

Short-term follow-up Midterm follow-up

Absorb BVS Absorb BVS Absorb BVS Absorb BVS
(n=46) (n=47) (n=47) (n=44)
Reference vessel diameter (mm) | 2.59+0.34 | 2.89+0.43 | 0.010 | 2.66+0.30 | 3.02+0.41 | 0.001 | 2.55+0.30 | 2.77+0.45 0.105 2.53+0.35 | 0.375
Minimum lumen diameter (mm) | 1.08+0.26 | 1.37+0.70 | 0.192 | 2.27+0.27 | 2.52+0.41 | 0.013 | 2.06+0.30 | 2.04+0.74 0.949 1.96+0.40 | 0.044
Diameter stenosis (%) 57.62+10.52(53.29+22.90| 0.933 | 14.26+5.19 | 16.41+7.68 | 0.233 | 19.14+8.33 |26.82+22.21| 0423 |22.64+12.90| 0.110
Late lumen loss (mm) 0.21£0.24 | 0.47+0.74 0.440 0.31+£0.34 | 0.077

p,: the significance of difference of the QCA measurements in the scaffolded and the stented segments at baseline before device implantation; p,: the significance of difference for the QCA
measurements between the scaffolded and the stented segments immediately after device deployment; p,: the significance of difference between the QCA estimations in the Absorb BVS and
BMS at short-term follow-up; p,: the significance of difference of the QCA estimations in the scaffolded segments at short-term and midterm follow-up.

OCT imaging at short-term follow-up while at midterm follow-up
42 scaffolded segments underwent OCT examination.

The mean length of the scaffolded segments was 19.38+1.18 mm
at baseline, 19.31+£1.09 mm at short-term and 19.12+1.09 mm at
midterm follow-up, (p=0.390); the length of the segments implanted
with a Svelte Coronary IDS stent was 17.49+0.94 mm at baseline
and 17.83+1.54 mm at short-term follow-up (p=0.594); the length
of the segments treated with a vProtect stent was 16.80+4.16 mm
and 16.43£3.25 mm, respectively (p=0.500); while the length of
the studied native segments was 15.33+3.44 mm at baseline and
15.73+3.77 mm at follow-up (p=0.352).

The mean lumen area decreased in the scaffolded and stented seg-
ments between baseline and short-term follow-up, while the scaffold/
stent area remained unchanged. The reduction of the lumen area in
the scaffolded segments was considerably smaller than that observed
in the stented segments (—1.34+0.99 mm? vs. —2.11+1.97 mm?,
p=0.026), a finding that was attributed to the increased neointima

in the BMS group (Table 3). At midterm follow-up the scaffold
expanded (7.67+1.28 mm? vs. 8.28+1.74 mm?, p<0.001) and accom-
modated the increased neointima (1.38+0.52 mm? vs. 2.17+0.48 mm?,
p<0.001) so that the lumen area remained unchanged. No evidence of
neoatherosclerosis was seen in the scaffolded and stented segments. In
the native segments there were no differences in the luminal dimen-
sions between baseline and follow-up.

At baseline, 12 TCFA were detected in the scaffolded segments,
11 in the stented segments (three TCFA in patients implanted with
a Svelte Coronary IDS stent and eight in patients implanted with
a vProtect stent), and 10 TCFA in the nine native segments. There
was no difference in the minimum cap thickness in TCFA iden-
tified at baseline in the scaffolded, stented and native segments
(50£12 pum vs. 53£11 pm vs. 47+11 um, p=0.595). At short-term
follow-up, only one TCFA in the scaffolded and three TCFA in the
stented segments were still present (p=0.231). At midterm follow-
up, all TCFA detected at baseline in the scaffolded segment were

Table 3. OCT analysis at post-procedure, short-term and midterm follow-up in patients implanted with an Absorb BVS or a BMS.

Post-procedure

Absorh BVS
(n=47)

Short-term follow-up Midterm follow-up

Absorh BVS Absorh BVS
(n=47) (n=42)

Lumen area in the scaffolded/stented segment (mm?) | 7.49+1.26 | 8.12+2.59 | 0.551 | 6.14+1.49 | <0.001 | 6.00+3.06 | <0.001 | 0.384 | 593+1.49 | 0.571
Scaffold/stent area (mm?) 7.59+1.12 | 8.08+2.58 | 0.706 | 7.67+1.28 | 0.708 | 8.44+2.81 | 0.756 | 0.225 | 8.28+1.74 |<0.001
Neointima area (mm?) 1.38+0.52 2.29+1.39 0.002 | 2.17+0.48 |<0.001
TCFA

TCFA per patient in the scaffolded/stented segments | 0.26+0.44 | 0.55+0.51 | 0.022 | 0.02+0.15 0.001 | 0.15+0.37 | 0.008 | 0.045 0 1.000

LPBI in scaffolded/stented segments (%) 4.90+£10.12 |15.38+19.70

0.010 | 4.40+10.16 | 0.519 |15.90«19.45| 0.638 | 0.007 | 4.62+11.23 | 0.700

Minimum thickness of the neointima tissue (um) - -

- 23+28 = 85118 = 0.324 85+72 0.016

Mean thickness of the neointima tissue (um) - -

= 11664 = 227+140 = 0.034 | 233+78 | 0.005

Calcific spots

Spots per patient in the scaffolded/stented segments | 3.19+2.20 | 3.15+2.37 | 0917 | 3.17x2.32 0.944 | 2.45+258 | 0.105 | 0.125 | 3.38+2.14 | 0.518
CPBI in the scaffolded/stented segments (%) 523+4.90 | 4.15+333 | 0442 | 412+4.12 | 0.017 | 2.85+4.26 | 0.100 | 0.066 | 4.51+4.44 | 0.349
Minimum thickness of the neointima tissue (um) - - - 101+94 - 195+132 - <0.001*| 168+90 |<0.001*
Mean thickness of the neointima tissue (um) - - - 180+301 - 281+195 - 0.045* | 220+87 0.110*

fibroatheromas

p,: the significance of difference between the OCT measurements in the scaffolded and stented segments at baseline post device implantation; p* the significance of difference for the OCT
measurements in the scaffolded segment between baseline and short-term follow-up; p”: the significance of difference for the OCT measurements in the BMS between baseline and short-term
follow-up; p,: the significance of difference between the Absorb BVS and BMS at short-term follow-up; p™ the significance of difference between the OCT estimations in the Absorb BVS at
short-term and midterm follow-up. * Calculated by mixed model considering several plaques per patient. CPBI: calcific plaque burden index; LPBI: lipid plaque burden index; TCFA: thin-cap
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fully covered. In native segments, six TCFA were still present after
a follow-up period of 24+12 months. The minimum thickness of
the tissue covering the TCFA in native segments increased com-
pared to baseline but in all cases it was <150 pm (79427 pum vs.
47411 pm, p=0.013). The neointima thickness that developed over
TCFA and calcific spots was higher in the segments implanted with
a BMS at short-term follow-up compared to the neointima thick-
ness measured in the Absorb BVS at the same time point. At mid-
term follow-up neointima continued to develop in the Absorb BVS.
When we compared the mean neointima thickness over TCFA and
calcific spots in the Absorb BVS at midterm follow-up, and in the
BMS at six-month follow-up, there were no significant differences
(p=0.948 and p=0.109, respectively). The lipid plaque burden index
(LPBI) did not change at follow-up in the scaffolded, stented and
native segments (Table 3, Table 4, Figure 1-Figure 3).

One hundred and fifty calcific spots were detected post-proce-
dure in the Absorb BVS, 63 in the BMS group and 10 in the native
segments. Although there were no differences in the calcific spots
detected at baseline and follow-up, there was a significant reduction
in the calcific plaque burden index (CPBI) in both devices at short-
term follow-up (Figure 4), while in native segments the CPBI was
significantly increased at follow-up (Table 3, Table 4).

The full mixed model, including the underlying tissue, follow-up
time and stent type, for the mean neointima thickness showed a sig-
nificant effect for follow-up time (lower at short-term, p=0.040) and
stent type (lower in Absorb BVS, p=0.006) but not for the plaque
type. A more restricted mixed model conducted using only the short-
term data showed only a significant effect of the stent type for the
mean thickness (p=0.023). When the mixed model was conducted
using the short-term data from the BMS group and the midterm

Angle (degrees) Angle (degrees)

Angle (degrees)

(bistance fromgdistal end (mﬁl)

Figure 1. Spread-out plots of a scaffolded coronary segment at baseline and at 12 and 36-month follow-up. The X axis represents the distance

from the distal end of the scaffold, while the Y axis represents the circumferential segment (angle) where the different plaque components are

located. The axial position of the metallic, non-translucent to light markers seen at the borders of the scaffold is shown with orange markers. The
red colour corresponds to TCFA, the white to calcific, and the green to fibrous tissue. A mixed lipid/calcific plaque is detected at baseline (Ai) and
at 12-month follow-up (Bi) at the distal end of the scaffold, and the calcific tissue is portrayed in a semi-transparent fashion. The calcific spots are
Sfully covered by neointima at 12-month follow-up but not the TCFA detected at baseline. At three-year follow-up (Ci) the neointima has covered
both lipid and calcific tissue. The measured minimum thickness is provided. The blue dashed lines indicate the location of the frames portrayed in

panels Aii, Bii and Cii. The yellow spot in panels Aii, Bii and Cii denotes the 0 degree location in the spread-out scaffold plot, while the yellow

arrow denotes the anticlockwise direction followed to evaluate the circumferential location of the detected tissues. The white arrows correspond

to the lateral extremities of the lipid tissue and the grey to the lateral extremities of the calcific tissue. Panels Bii and Cii illustrate the frame with

the minimum thickness of the neointima developed over the TCFA. The segments defined by the parallelograms with the dashed orange contour

are portrayed in panels Aiii, Biii and Ciii. The minimum thickness of the cap in panel Aiii was measured as 60 yum using Sheehy s method.

As is shown in panel Biii, there is vessel wall disruption and strut protrusion at 12 months and thus the TCFA detected at baseline is uncovered.

At 36 months, the minimum neointimal thickness over the TCFA detected at baseline was estimated at 140 um (panel Ciii).



Table 4. Luminal dimensions, amount of the lipid cores and
calcific spots and thickness of the overlaying tissue in native
segments (n=9) with a TCFA phenotype.

‘ LENA ‘ Follow-up ‘ p

Lumen area native segment (mm?) 7.09+1.84 7.24+1.96 0.594

TCFA
TCFA per patient in the native segments | 1.11+0.33 0.67+0.70 0.296
LPBI in native segment (%) 28.47+20.87 | 28.12+22.00 | 0.767

Spots per patient in the native segments | 1.44+2.60 1.44+1.70 0.705
4.43+9.51 6.84+12.89 | 0.043

CPBI in the native segment (%)

data from the Absorb BVS group, neither the stent type nor the tis-
sue type had an effect on the mean thickness (p=0.090 and p=0.080,
respectively).

LESION-RELATED CARDIOVASCULAR EVENTS

Within the studied follow-up period, three lesion-related events
were reported in the Absorb BVS group (two non-Q-wave myocar-
dial infarctions occurred at short-term follow-up, of which one was

Plaque passivation with BVS

periprocedural, and one target lesion revascularisation occurred at
midterm follow-up). In the BMS arm, two target lesion revasculari-
sations were reported at short-term follow-up.

Discussion

In this analysis we introduced a novel approach, the spread-out ves-
sel plots, to visualise and assess changes in the composition of the
superficial plaque in native segments and in segments implanted
with Absorb BVS or BMS. We found that: 1) in contrast to native
coronary segments where the morphology of most of the plaques
remained unchanged, the neointima that developed in treated seg-
ments altered the phenotype of the plaque by covering the calcific
spots and TCFA with neointima, thus transforming the TCFA to
thick-cap fibroatheromas; 2) the increased neointima reported in
BMS caused a significantly higher reduction in the luminal dimen-
sions; 3) in Absorb BVS neointima continued to develop after
the short-term follow-up and sealed the underlying plaques with-
out compromising the luminal dimensions, since the scaffold was
shown to expand: and 4) the type of the underlying tissue did not
appear to affect neointimal formation with either the BMS or the
Absorb BVS.
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300
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Figure 2. Spread-out plot of a stented segment at baseline and at six-month follow-up. The blue dashed lines indicate the location of the
frames portrayed in panels Aii and Bii, while the purple dashed line indicates the frame portrayed in panel Biv. The yellow spot in panels Aii,

Bii and Biv denotes the 0 degree location in the spread-out scaffold plot, while the yellow arrow denotes the anticlockwise direction followed
to evaluate the circumferential location of the detected tissues. A TCFA is detected at baseline (Aii). Panel Bii illustrates the frame with the
minimum thickness of the neointima developed over the TCFA. The segments defined by the parallelograms with the dashed orange contour

are portrayed in panels Aiii and Biii. The minimum thickness of the cap in panel Aiii was measured at 60 um. As is shown in panel Biii,

the minimum thickness of the neointima that has covered the TCFA was estimated at 270 um (panel Ciii). The excessive neointima resulted

in a significant reduction of the lumen area and did not allow visualisation of the calcific tissue in some OCT frames at follow-up.
The minimum lumen area at follow-up was measured 1.86 mm? (Biv) while the CPBI was reduced from 12.00% to 5.35%.
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Figure 3. Spread-out plots of a native coronary segment at baseline and at 12-month follow-up. The X axis represents the distance from the

distal end of the segment of interest, while the Y axis represents the circumferential segment (angle) where the different plaque components
are located. At baseline (4i) and follow-up examination (Bi) a TCFA is detected at the distal end of the segment of interest. The blue dashed
lines indicate the location of the minimum thickness of the fibrous cap, and the corresponding frames are portrayed in panels Aii and Bii.

The yellow spot in panels Aii and Bii denotes the 0 degree location in the spread-out scaffold plot, while the yellow arrow denotes the

anticlockwise direction followed to evaluate the circumferential location of the detected tissues. The white arrows denote the lateral

extremities of the lipid tissue. The minimum thickness of the cap in panel Aii-was 60 um (Aiii) and was unchanged at follow-up (Biii).

SPREAD-OUT VESSEL PLOTS FOR THE QUANTIFICATION OF
THE COMPOSITION OF THE PLAQUE

IVUS and IVUS-VH cannot be used to detect changes in the com-
position of the superficial plaque following an Absorb BVS implan-
tation, since the polymeric struts appear as bright hyperechogenic
shadows with acoustic fingerprints, similar to calcific tissue, lead-
ing to false estimations'"!?. Since OCT has a substantially higher
resolution compared to IVUS; it can overcome these limitations and
permit a more accurate characterisation of the superficial plaque,
and assessment of neointima thickness over different tissues. The
low intra- and inter-observer variability for the characterisation of
different tissues, the circumferential location and the extent of the
detected lipid and calcific tissue indicates that the use of spread-
out vessel plots allows not only for a comprehensive and reproduc-
ible visualisation of the superficial plaque, but also for an accurate
quantification of each plaque component (Online Table 2)'3'4,

STENT TYPE AND NEOINTIMAL PROLIFERATION

We found that, in both the Absorb BVS and BMS groups, at short-
term follow-up the developed neointima covered most of the TCFA
and calcific spots. The neointima was increased in the BMS arm
(although this group included non-flow-limiting plaques that were
treated with a self-expanding stent, something which is antici-
pated to cause less vessel wall trauma) compared to the Absorb
BVS group, and it reduced considerably the luminal dimensions
at follow-up. The difference in the neointima burden is likely to

be attributed to the antiproliferative properties of everolimus in
the Absorb BVS, which controlled the vessel wall healing process.
Moreover, in contrast to BMS where it has been shown that the
neointima formation is completed within the first six months post
device implantation, in Absorb BVS the neointima continues to
develop beyond 12 months'®,

In contrast to the metallic stents in Absorb BVS, the delayed
neointima proliferation did not compromise luminal dimensions,
as the loss of the scaffold’s structural integrity allowed the device
to expand and accommodate the developed tissue that re-capped
the underlying high-risk plaques™'>!¢. This unique ability of the
Absorb BVS, in combination with the fact that it disappears at
long-term follow-up and thus allows for the restoration of vessel
wall physiologic function, renders the Absorb BVS a potentially
useful tool for the invasive treatment of high-risk, i.e., prone to
rupture, plaques®. Of note, there is no evidence to support the
use of any endovascular device for this purpose, and it is too
premature to advocate an invasive sealing of vulnerable plaques
based on the findings of this analysis. Although intravascular
imaging studies have allowed us to identify plaque characteris-
tics associated with increased vulnerability, and provided unique
insights into atherosclerotic evolution, robust evidence from
randomised control trials and further research are required in
order to identify more accurately future culprit lesions and the
timing of the event before advocating the use of BVS to re-cap
vulnerable plaques!’.
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Figure 4. Spread-out plot of a scaffolded segment at baseline and at 12 and 36-month follow-up. The orange markers, shown on the spread-
out plots at baseline (4ii) and follow-up (Bii, Cii), correspond to the axial position of the metallic non-translucent to light markers. The

proximal markers are shown in panels Ai, Bi, Ci, and the distal markers in panels Av, Bv, and Cv. The blue dashed lines indicate the location of

the frames portrayed in panels Aiii, Biii and Ciii. The yellow spot in panels Aiii, Biii, and Ciii denotes the (0 degree location in the spread-out

scaffold plots, while the yellow arrow denotes the anticlockwise direction followed to evaluate the circumferential location of the detected

tissues. The white arrows correspond to the lateral extremities of the detected calcific tissue. As is shown in panels Aiii, Aiv, Biii, Biv, Ciii and

Civ, the neointima (minimum thickness: 110 um at six-month and 210 um at 24-month follow-up) developed after scaffold implantation sealed

the calcific tissue at follow-up.

COMPOSITION OF THE PLAQUE AND NEOINTIMAL
PROLIFERATION

Plaque composition is likely to influence vessel wall response
after scaffold or stent implantation, as neointima formation is
based on pathophysiological mechanisms (e.g., local inflamma-
tion, migration and proliferation of smooth muscle cells, etc.)
which involve the underlying vessel wall'®2!. In a recent report,
Kubo et al found no association between the amount of the lipid
core component at baseline and the neointimal formation in BMS
and drug-eluting stents at follow-up, while Shimada et al showed
that calcific-rich plaques were associated with less neointimal
proliferation in BMS but did not affect the healing process in
drug-eluting stents?>%.

We found a similar distribution of the neointimal tissue over
TCFA and calcific spots in both the Absorb BVS and the BMS
groups. The discrepancy between our findings and the results
reported by Shimada et al in BMS may be attributed to the different
imaging modality used to measure neointimal thickness (Shimada
et al used greyscale IVUS and not OCT), as well as to the fact that
the BMS group included two different types of stent with a different
mechanical behaviour (a balloon-expandable and a self-expandable
stent which was implanted in non-obstructive lesions). The smaller
minimum neointimal thickness reported over TCFA compared to
the one measured in the calcific spots in both the Absorb BVS and
the BMS groups may be attributed to the larger surface of the TCFA

(in the Absorb BVS group each TCFA occupied 17.22+13.82%
while each calcific spot occupied 1.33+0.95% of the spread-out at
short-term follow-up, whereas in the BMS group each TCFA occu-
pied 28.91+17.47% and each calcific spot occupied 1.25+1.07%,
p<0.001).

In contrast to the native segments where the calcific plaque bur-
den index (CPBI) appears to increase at follow-up, in the scaf-
folded/stented segments the CPBI decreased. The reduction of
the CPBI in the treated segments (which is not in agreement with
computed tomographic calcium screening studies that showed an
increase in calcium burden over time) should be attributed to the
developed neointima which masked deeply embedded calcific
spots that were visible in the baseline OCT examination, resulting
in the false impression that the calcific tissue is reduced at follow-
up. On the other hand, there were no differences in the LPBI as this
referred to lipid tissue which was located in the superficial plaque.

Limitations

A significant limitation of the current analysis is the fact that the char-
acterisation of the superficial plaque was performed in the scaffolded
and stented segments post device implantation. To minimise errone-
ous estimations, we identified vessel wall discontinuities and we did
not measure the thickness of the cap in these segments. It is plausible
that micro-disruptions which could not be identified by the naked eye
may have led to erroneous assessments of plaque morphology.
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Another limitation of this study is that the quantification of the
composition of the superficial plaque depended on the expertise of
the two observers. OCT may often fail to discriminate lipid from
macrophages or calcific tissue, especially when the lipid/calcific
tissue is deeply embedded in the vessel wall**. However, since the
reproducibility and the agreement of the observers were high, we
believe that these erroneous estimations did not affect our findings.

Moreover, although it is evident that the neointima develops in
BMS within the first six months post device implantation and thus
we did not expect to have different findings in the BMS arm at mid-
term follow-up, there was a lack of midterm follow-up data in the
BMS group which would have allowed a direct comparison of the
neointima and luminal dimensions between the Absorb BVS and
the BMS at this time point®. The lack of a drug-eluting stent group
can be considered as another limitation of this analysis. Neointima
formation appears to be reduced in drug-eluting stents at short-term
follow-up, and thus the changes in the luminal dimensions and the
phenotype of the underlying plaque are anticipated to be small at this
time point®®. However, at midterm follow-up the tissue response in
drug-eluting stents is similar to the BMS, as the neointima tissue con-
tinues to develop and compromises the luminal dimensions?’.

Finally, the difference in the demographics and clinical presenta-
tion of the patients implanted with an Absorb BVS and those treated
with a BMS is another limitation of this study.

Conclusions

The implementation of spread-out vessel plots allowed us to evalu-
ate changes in the composition of the superficial plaque in segments
implanted with an Absorb BVS or a BMS and to compare these
changes with the alterations noted in native segments that were used
as a control group. We found that, in contrast to the native segments, in
the scaffolded and stented segments a thick layer of tissue developed
over both lipid and calcific tissues that modifies the morphology of the
plaque to more stable phenotypes. The neointima tissue in BMS con-
siderably compromised the luminal dimensions, whereas in the Absorb
BVS the neointima developed slowly and was accommodated by the
expanded device. This unique ability of the Absorb BVS renders it
more appropriate than a BMS for the re-capping of high-risk plaques.

Impact on daily practice

A novel methodology is presented for the processing of serial
optical coherence tomographic data and the assessment of the
changes in the morphology of the superficial plaque following
bioresorbable scaffold or bare metal stent implantation. In both
devices, the developed neointima re-caps the underlying plaque,
covers tissues with high-risk characteristics, and modifies the
plaque morphology to more stable phenotypes. In contrast
to bare metal stents, in bioresorbable scaffolds the developed
neointima does not compromise the luminal dimensions as it is
accommodated by the expanded device. Therefore bioresorba-
ble scaffolds may have a value in the future for the invasive seal-
ing of high-risk, prone to rupture plaques.
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VESSEL WALL DISCONTINUITIES

Discontinuities of the vessel wall in the scaffolded and stented
segments were defined as disruption of the vessel wall and were
classified into four categories: flaps, cavities, double lumen and fis-
sures, according to the classification proposed by Radu et al (Online
Figure 1)*.

The two observers identified vessel wall discontinuities in 677
(30%) out of the 2,282 frames that portrayed scaffolded segments at
baseline. Flaps were detected in 368 (16%) frames, cavities in 126
(6%), double lumen in 35 (2%), and fissures in 221 (10%) frames.

In the segments treated with a BMS, vessel wall discontinui-
ties were detected in 236 (27%) out of the 864 frames. Flaps were
detected in 135 (16%) frames, cavities in 37 (4%), double lumen in
12 (1%), and fissures in 87 (10%) frames. As would be expected,
the incidence of vessel wall discontinuities was lower in the non-
obstructive lesions that were implanted with the self-expanding
device than in the stenotic lesions treated with a balloon-expand-
able metallic stent (13% vs. 36%, p<0.001). There were no differ-
ences in the incidence of vessel wall discontinuities in segments
treated with a BMS compared with those implanted with an Absorb
BVS (p=0.272).

CHARACTERISATION OF THE COMPOSITION OF THE
SUPERFICIAL PLAQUE

In the analysed cross-sections, the operators identified the super-
ficial lipid (shown as a signal-poor region with poorly delineated
borders, a fast signal drop-off and little or no signal backscatter-
ing) and calcific tissue (appearing as a signal-poor heterogeneous
region with sharp borders) and marked their location®. In particu-
lar, two markers were placed at the two lateral extremities of the
lipid/calcific tissue. Then, their circumferential position was deter-
mined with respect to the gravitational centre of the lumen area,
and expressed as an angle taking the position at 3 o’clock as the 0°
reference (Online Figure 2). Any disagreement between observers
was resolved by consensus.

In the segments where there was no disruption, the observers meas-
ured the thickness of the fibrous cap over lipid tissue. All the frames
portraying lipid tissue that was covered by a thin cap (thickness <70
pum — as this was measured with the use of the St. Jude Medical Inc.
software which allows calculation of the cap thickness with a reso-
lution of 10 pm) were further processed using the methodology of
Sheehy et al to identify more accurately thin-capped fibroatheromas
(TCFA)?'. This approach has been implemented for the in vivo eval-
uation of the thickness of the struts in the Absorb BVS. In brief, the
location of the minimum thickness of the fibrous cap was identified
by the two observers and then a line was drawn vertical to the lumen
border (Online Figure 3). The intensities of the backscatter OCT
signal, along that line, were plotted, and two Gaussian curves were
drawn to approximate the plotted intensities at the two sides of the

Plaque passivation with BVS

Online Figure 1. Different types of vessel wall discontinuities seen
after Absorb bioresorbable scaffold implantation. (4i) flap,

(Bi) cavity, (Ci) false lumen, and (Di) fissure. The location of the
discontinuity is indicated with an asterisk. As is shown in the

corresponding frames (panels Aii, Bii, Cii, and Dii) acquired at
midterm follow-up, the developed neointima has covered the vessel
wall disruptions detected at baseline.
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Online Figure 2. Determination of the circumferential distribution
of a calcific tissue. After the detection of the luminal border; the two

observers identified the lateral extremities of the calcific tissue.
Following the anticlockwise direction the circumferential location
of the closest and most remote extremities of the calcific tissue is
expressed as the angle defined by each extremity, the gravitational
centre of the lumen and a reference horizontal axis at 3 o clock.
The angle difference between the two extremities defines the
circumferential extent of the calcific tissue. The yellow arrow
indicates the minimum thickness of the neointimal tissue developed
over the calcific tissue which was estimated as 200 pm.

cap (luminal and lipid). The Gaussian fit was determined separately
for each side through symmetry of a one-tailed Gaussian fit, with the
first peak defining the peak of the Gaussian function. The boundary
of the edge of the cap was identified as the half-max of the curve.
The width of the cap was determined as the distance from the half-
max of one curve to the half-max of the other curve. This approach
was restricted to thin fibrous caps, as only in these cases were the
optics of the area of interest represented by a Gaussian fit. Deeply
embedded lipid tissues exhibited more heterogeneity of signal at the
interface and a less clear optical pathway, while the calcium had
a heterogeneous appearance and thus the distal interface of the over-
laying tissue to the calcific tissue could not be approximated by
a Gaussian curve (Online Figure 3). At follow-up examinations the
observers estimated the minimum thickness of the neointimal tis-
sue over calcific and lipid tissues that corresponded to the detected
TCFA at baseline.

In addition, the two observers reviewed the baseline OCT exami-
nations of the patients implanted with an Absorb BVS and identi-
fied the TCFA that were located in native segments proximal and
distal to the implanted device. Anatomical landmarks located dis-
tally and proximally to the TCFA (i.e., the origin of side branches
or the proximal or distal end of the scaffold) were used to define the

segment of interest and identify correspondence between baseline

and follow-up examinations. The lumen borders were detected in
these segments and the circumferential extent of the calcific and
lipid tissue was marked as before.

SPREAD-OUT VESSEL PLOTS

The spatial distribution of the TFCA and calcific tissues along the
scaffolded/stented and native segments of interest was depicted in
spread-out vessel plots*>3. These graphs were created by plotting
the lateral extremities of the tissue with respect to the angle, which
defines their circumferential location, and the longitudinal distance
of the analysed frame from the distal end of the studied segment.
Extremities with similar circumferential location detected in con-
secutive frames that delineate the same plaque component (e.g.,
lipid or calcific tissue) were assumed to define the same plaque
type and connected with a Bézier curve. A colour-coded map was
used to differentiate plaque components with the red corresponding
to TCFA, the white to calcific spots, and the green colour to fibrous
tissue. In case of a mixed TCFA-calcific plaque, there was super-
imposition of the red and white colours. Therefore, to demonstrate
mixed plaques, we portrayed the calcific tissue in a semi-trans-
parent fashion (Figure 1). The dimensions of the spread-out plots
depended on the length of the scaffolded or native segments (scale
in the X axis: 1 mm=200 pixels and in the Y axis: 30°=100 pixels).

We estimated the minimum thickness of the neointimal tissue
over TCFA or calcific spots, defined as the minimum thickness of
the neointimal tissue amongst all the frames portraying the spe-
cific tissue, while the mean thickness over TCFA or calcific spots
was defined as the mean value of the minimum thickness meas-
ured in all frames portraying the specific tissue. TCFA were defined
as necrotic cores with a minimum cap thickness of <65 pm?*-¢, In
order to have comparable mean and minimum thickness estima-
tions in the Absorb BVS and BMS groups, the stent borders in the
BMS group were extruded towards the outer vessel wall at a dis-
tance equal to the thickness of the stent struts (81 pm in the Svelte
Coronary IDS stent and 56 pum in the vProtect system) and then the
thickness of the neointima developed over the different tissues was
estimated as the minimum distance between the extruded stent bor-
der and the luminal border (Online Figure 4).

The TCFA burden in each segment was assessed using the lipid
plaque burden index (LPBI), defined as the percentage of the num-
ber of pixels that corresponded to TFCA/covered TCFA vs. the
number of pixels of each spread-out vessel plot. Similarly, the cal-
cific plaque burden index (CPBI) was defined as the percentage
of the number of pixels portraying calcific spots vs. the number of
pixels of each spread-out vessel plot. Pixels corresponding to mixed
plaques were taken into consideration during the computation of
both the LPBI and the CPBI.

ASSESSMENT OF OBSERVER VARIABILITY

The reproducibility of the two observers in identifying and classifying
the presence of vessel wall discontinuities in the scaffolded segment
was examined in 153 frames (three OCT examinations) acquired

at baseline. The two observers identified and classified separately
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Online Figure 3. Plot of the intensities of the backscatter OCT signals in calcific tissue (Ai, Aii), in lipid tissue covered by a thin fibrous cap
(Bi, Bii), and in lipid tissue covered by a thick cap (Ci, Cii). The calcific tissue has a heterogeneous appearance; therefore, there is an
increased scatter at the distal interface of the overlaying tissue to the calcific tissue which cannot be approximated by a Gaussian curve (Aiii).
On the other hand, the lipid tissue appears as a signal-poor region resulting in a fast signal drop-off after the signal-rich fibrous cap. Thus,

in case of a thin fibrous cap, two Gaussian curves can be fitted over the plotted intensities of the OCT backscatter signal (Biii), the first at the
luminal and the second at the lipid border of the cap. The distance between the half-max of the two curves defines the thickness of the fibrous
cap, and in the portrayed case this is 58 yum. As is shown in panel Ciii, in thick caps there is signal heterogeneity at the border of the cap with
the lipid tissue and a less clear optical pathway which does not allow computation of cap thickness.
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Online Figure 4. Implementation of methodology to measure the thickness of the neointima developed over the calcific tissue identified in

a segment treated with a bare metal stent (A). After the delineation of the luminal (white curve) and the stent (dark red curve) border (B),

the neointima is computed (indicated with a white semi-transparent colour in panel C). To calculate the thickness of the neointimal tissue

developed over the calcific tissue we extrude the stent border towards the external elastic lamina border at a distance that is equal to the

thickness of the stent struts (light red curve). Then we measure the minimum distance (blue arrow) between the lumen and the expanded stent

border in the arc defined by the lateral extremities (white arrows) of the detected calcific plaque. This distance (which in this frame was

150 um) indicates the minimum neointima thickness for the identified calcific tissue at this frame.

vessel wall discontinuities twice within a one-month period. The
K test of concordance was used to assess observer agreement?’.
The inter- and intra-observer variability of the two observers
in characterising the type of plaque was evaluated in 147 frames
portraying scaffolded segments (47 frames post scaffold implanta-
tion, 100 at follow-up). In these frames, each observer identified
the presence of lipid and calcific tissue twice and measured in the
follow-up frames the minimum thickness of the neointima overlay-
ing the TCFA detected at baseline or the calcific spots. The « test
of concordance was used to assess observer agreement. To exam-
ine the inter- and intra-observer variability in the estimations of the
circumferential distribution of the detected lipid/calcific tissue, we
calculated the mean and the standard deviation of the differences
between the angles that defined the lateral extremities of the tis-
sue (Online Figure 5). In addition, we computed the mean and the
standard deviation of the differences between the two estimations
of each observer, and the first estimations of the two observers for

the minimum thickness of the neointima tissue that covered the
detected lipid and calcific tissue. Finally, we calculated the percent-
age error difference between the two estimations of each observer
and the first estimations of the two observers for the circumferential
extent (expressed in degrees) of the lipid/calcific tissue.

Results

INTER- AND INTRA-OBSERVER VARIABILITY

A good overall agreement was noted in the detection of the pres-
ence of vessel wall discontinuity (k=0.81), whereas the reproduc-
ibility of the two observers in identifying the type of discontinuity
was moderate (k=0.71). The intra-observer variability for the lipid
and calcific tissue was k=0.84 and «=0.80 for the first observer and
«k=0.82 and «=0.92 for the second observer, respectively, while the
inter-observer variability was k=0.75 and k=0.71, respectively. The
results with regard to the other metrics used to evaluate observer
variability are shown in Online Table 2.

Online Figure 5. Assessment of observer agreement for the lipid tissue. The estimations of the first observer are denoted with blue and of the

second with yellow colour. The green arc indicates the extent of the detected external elastic membrane. It is obvious that there is a good

agreement between the two observers.
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Online Table 1. Number of frames (total number: 9,007) analysed in segments implanted with a bioresorhable vascular scaffold (Absorb
BVS), a bare metal stent (BMS), and in native segments portraying a thin-cap fibroatheroma at baseline, short-term (6 to 12-month) and
midterm (24 to 36-month) follow-up.
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Number of analysed frames | Total number of frames| Absorb BVS Native segment
Baseline 3,477 2,283 514 331 349
Short-term follow-up 3,256 2,280 544 325 107
Midterm follow-up 2,274 2,033 - - 241

Online Table 2. Intra- and inter-observer variahility for the thickness of the neointima tissue over lipid and calcific tissue and the
circumferential location and extent of the lipid and the calcific tissue.

Mean angle difference | Mean difference for the | Mean difference for the

for the lateral extremities thickness of the circumferential extent of
of the detected tissue neointima tissue the detected tissue
Lipid tissue (n=55) 1st observer variability 6.8+9.1° 20+21 pm 9.9+9.2%
2nd observer variability 3.9+4.2° 10£14 pm 5.8+6.3%
Inter-observer variability 6.1+7.1° 9+14 pm 8.3x11%
Calcific tissue (n=60) 1st observer variability 2.3+3.2° 1617 pm 6.5+£8.7%
2nd observer variability 2.8+1.9° 9422 um 8.2+6.9%
Inter-observer variability 3.2+4.3° 9422 pym 8.1+8.9%




