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Background: Device underexpansion is associated with late adverse outcomes after bioresorbable vascu-
lar scaffold (BVS) implantation. This study, representing official IVUS results of the ABSORB Japan trial,
aimed to characterize IVUS findings, focusing specifically on acute device expansion, and to investigate
its impact on late lumen loss (LLL) with Absorb-BVS compared with cobalt-chromium everolimus-
eluting stents (CoCr-EES).
Methods: ABSORB Japan enrolled 148 patients (2:1 randomization) in the IVUS cohort. Serial IVUS was
prescheduled at post-procedure and 3 years. Acute device expansion was evaluated with respect to the
degree and uniformity of the implanted device.
Results: Overall, Absorb-BVS showed smaller and more nonuniform device expansion at post-procedure,
compared with CoCr-EES, which was particularly prominent in small-vessel lesions. In serial analysis,
Absorb-BVS showed unique associations of smaller device expansion (r = 0.40, p = 0.001) and more
nonuniformity (r = 0.29, p = 0.007) at post-procedure with greater LLL at 3 years, primarily attributable
to greater negative remodeling (r = 0.39, p = 0.006). In contrast, acute device expansion showed no rela-
tion with subsequent lumen change in CoCr-EES. In Absorb-BVS, ischemic-driven target lesion or vessel
revascularization (ID-TLR or ID-TVR) at 3 years occurred more frequently in small- versus large-vessel
lesions (12.5% vs. 0%, p = 0.04 for ID-TLR and 15.6% vs. 2.3%, p = 0.08 for ID-TVR). Conversely, Absorb
BVS had no target lesion nor vessel failure, even in small-vessel lesions, when adequate device expansion
was achieved at post-procedure.
Conclusions: Unlike CoCr-EES, underexpansion was associated with greater negative remodeling and LLL
in Absorb-BVS. This may in part account for the poorer outcomes of Absorb-BVS than CoCr-EES when
under-expanded.

� 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Pooled individual data from the ABSORB clinical trials support
the concept of transient vessel scaffolding of bioresorbable vascu-
lar scaffold (BVS) and showed equivalent safety and efficacy out-
comes at one year between everolimus-eluting BVS (Absorb BVS)
and cobalt-chromium everolimus-eluting stent (CoCr-EES) [1–4].
Conversely, subsequent data from the randomized controlled trials
and meta-analyses with long-term follow-up revealed continued
higher rates of target lesion failure, including scaffold thrombosis,
with Absorb BVS compared with CoCr-EES [5–10]. Although the
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concept of full scaffold resorption remains extremely attractive,
these safety concerns eventually led to the market withdrawal of
Absorb BVS in 2017.

In general, it is hard to make improvements in anything without
first understanding in detail its shortcomings [11]. Also, the devel-
opment of polymeric scaffold is still at an early stage, and further
studies are required for a control of its unique mechanical perfor-
mance, especially the resorption process. To date, suboptimal
device expansion appears to be a key target to improve clinical out-
comes after BVS implantation [12,13]. However, little is known
about the possible mechanisms of the association between acute
device expansion and the additional complications of BVS. This
article describes the official serial intravascular ultrasound (IVUS)
report of the ABSORB Japan trial [1] and aimed to characterize IVUS
findings, focusing specifically on acute device expansion, and to
investigate its impact on long-term arterial responses after
Absorb-BVS versus CoCr-EES implantation.

2. Methods

2.1. Study design and population

The design of the ABSORB Japan trial has been described previ-
ously [1]. In brief, the ABSORB Japan trial was a prospective, mul-
ticenter, randomized, single-blind, active-controlled clinical trial
where 400 patients undergoing percutaneous coronary interven-
tion from 38 investigational sites in Japan were randomized in a
2:1 ratio to treatment with Absorb BVS or the XIENCE CoCr-EES
(both Abbott Vascular, Santa Clara, CA). Among the study cohorts,
150 patients were scheduled in the IVUS subgroup.

Patients were eligible for enrollment if they were �20 years old
and had evidence of myocardial ischemia (stable angina, unstable
angina, or silent ischemia). Patients with left ventricular ejection
fraction <30%, estimated glomerular filtration rate <30 mL/min/1.
73 m2, recent myocardial infarction, and those at high bleeding risk
were excluded. Key angiographic inclusion criteria were lesions
with no more than 24 mm in length, reference lumen diameter
(RLD) of �2.5 to �3.75 mm, and diameter stenosis (DS) of �50 to
<100% on visual assessment. Key angiographic exclusion criteria
were left main or ostial location; excessive vessel tortuosity and/
or heavy calcification proximal to or within the target lesion on
visual estimation on sites; restenotic lesion; and bifurcation lesion
with side branch �2 mm in diameter, requiring protection guide-
wire or dilation.

The details of study procedure were previously described [1].
Pre-dilation of the target lesion was mandatory. The target lesion
had to be treated with a single study device and planned overlap-
ping was not allowed. Post-dilatation of Absorb BVS was not
mandatory but was allowed, using a low-profile, high-pressure,
noncompliant balloon with diameter �0.5 mm larger than the
nominal size. Post-dilatation of CoCr-EES was per standard of care.

The Institutional Review Board at each investigational site
approved the clinical trial protocol. All patients provided written
informed consent before enrollment.

2.2. Quantitative coronary angiography

Quantitative coronary angiography (QCA) was performed at an
independent angiographic core laboratory (Beth Israel Deaconess
Medical Center, Boston, USA). Standard QCA variables were
obtained with QAngio XA 7.3 (Medis medical imaging systems, Lei-
den, the Netherlands); the current analysis used in-segment mini-
mum lumen diameter (MLD), DS, and late lumen loss (LLL) defined
as absolute changes in MLD from post-procedure to 3 years. To rep-
resent more detailed lesion characteristics, calcification, tortuosity
and eccentricity were also assessed. Moderate and severe calcifica-
tion were defined as ‘‘densities noted only during the cardiac cycle
prior to contrast injection” and ‘‘radio-opacities noted without car-
diac motion prior to contrast injection generally involving both
sides of the arterial wall”, respectively. Moderate and severe tortu-
osity were defined as ‘‘2 bends with >75 degrees or one bend with
>90 degrees to reach the target lesion” and ‘‘2 bends with >90
degrees to reach target lesion”. Eccentric lesion was defined as a
stenosis that had one of its luminal edges in the outer one-
quarter of the apparent normal lumen.

2.3. Intravascular ultrasound

IVUS was performed in a standard manner using automated
transducer pullback at 0.5 mm/sec with a commercially available
imaging system. IVUS-guided PCI was not recommended by the
study protocol, but operators were allowed to use IVUS informa-
tion to optimize device deployment. Final IVUS images obtained
at the end of procedure were submitted for independent IVUS anal-
ysis at Stanford Cardiovascular Core Analysis Laboratory, blinded
to clinical and angiographic information. Using a validated quanti-
tative IVUS analysis system (echoPlaque 4. Indec Systems, Santa
Clara, CA), vessel, lumen, device (scaffold/stent), plaque (vessel
minus lumen) and neointima (device minus lumen) areas were
manually traced at 1-mm intervals from proximal to distal 5-mm
reference-segments throughout the target segment with auto-
mated interpolated measurements of the remaining frames. Each
volume calculated using Simpson’s method was standardized as
volume index (volume / analyzed length, mm3/mm). As previously
described [14], 1) Percent device expansion [a ratio of device vol-
ume index (percent volume expansion) or minimum device area
(percent area expansion) to reference lumen volume index (aver-
age of proximal and distal references)]; 2) Uniformity index of
device expansion (minimum / maximum device areas) and coeffi-
cient of variation (CV) of device cross-sectional areas (standard
deviation of device area/mean device area); 3) Device sizing (nom-
inal device diameter minus mean RLD); and 4) Small-vessel lesions
(mean RLD <2.75 mm) and tapered-type lesions [tapering index
(proximal/distal RLD) �1.2] were evaluated. As long-term arterial
response analysis, LLL was defined as a decrease in lumen volume
index from post-procedure to 3-year follow-up; vessel remodeling
and plaque/neointimal proliferation were assessed as a change in
vessel and plaque volume indexes, respectively. Neointimal vol-
ume at 3 years after Absorb BVS implantation could not be mea-
sured precisely due to the resorption of bioresorbable scaffolds;
therefore, the present study used plaque volume (i.e., peri-device
plaque plus in-device neointimal volume) for comparative analysis
of tissue proliferation between the 2 devices. Incomplete strut
apposition (ISA) was defined as separation of at least one strut
from the intimal surface, with evidence of blood flow behind the
strut(s) in a vessel segment not associated with any side branches.
ISA was classified as persistent, resolved, or late-acquired ISA [6].
Strut fracture was evaluated as longitudinal strut discontinuity.
Any residual scaffold/stent edge dissection detected as a fissure
or separation within intima or plaque was also counted [15].

2.4. Clinical endpoints

Patients were followed for up to 3 years post-procedure. Cardiac
death, target-vessel myocardial infarction (MI), ischemic-driven
target lesion revascularization (ID-TLR), ischemic-driven target
vessel revascularization (ID-TVR), stent thrombosis (ST) and scaf-
fold thrombosis (ScT), and binary restenosis (DS � 50% on angio-
gram) were adjudicated by an independent blinded clinical
events committee (Harvard Clinical Research Institute, Boston).
Independent study monitors verified all case report forms
on-site. A Data Safety Monitoring Board monitored patient safety.



Table 1
Patient, lesion and procedural characteristics.

Variables Absorb BVS
arm

CoCr-EES
arm

p value

Patient characteristics
Number of patients 94 47
Age (years) 68 ± 9 66 ± 9 0.08
Male 74 (78.7) 36 (76.6) 0.77
Body mass index (kg/mm2) 23.5 ± 3.0 24.2 ± 2.9 0.21
Current smoker 18 (19.2) 10 (21.3) 0.77
Hypertension 72 (76.6) 36 (76.6) 1.00
Dyslipidemia 76 (80.9) 40 (85.1) 0.53
Diabetes mellitus 27 (28.7) 13 (27.7) 0.89
Treated with insulin 13 (13.8) 5 (10.6) 0.59

Prior intervention to target vessel 3 (3.2) 2 (4.3) 0.75
Prior myocardial infarction 13 (14.0) 12 (25.5) 0.10
Family history of premature CAD 5 (5.3) 4 (8.5) 0.47
Current evidence of ischemia 94 (100) 47 (100) –
Stable angina 54 (57.4) 32 (68.1)
Unstable angina 11 (11.7) 7 (14.9) 0.19
Silent ischemia 29 (30.9) 8 (17.0)

Number of target lesions
One 90 (95.7) 46 (97.9) 0.50
Two 4 (4.3) 1 (2.1)

Lesion characteristics
Total number of target lesions 98 48
Target vessel
Left anterior descending artery 45 (45.9) 18 (37.5) 0.52
Left circumflex/ramus artery 23 (23.5) 11 (22.9)
Right coronary artery 30 (30.6) 19 (39.6)

Lesion location
Proximal 33 (33.7) 14 (29.2) 0.35
Mid 52 (53.1) 23 (47.9)
Distal 13 (13.3) 11 (22.9)

Calcification (moderate/severe) 33 (33.7) 15 (31.3) 0.77
Tortuosity (moderate/severe) 10 (10.2) 5 (10.4) 0.97
Eccentric lesion 77 (78.6) 41 (85.4) 0.31
ACC/AHA lesion classification
A/B1 28 (28.6) 13 (27.1) 0.85
B2/C 70 (71.4) 35 (72.9)

Procedural characteristics
Pre-dilation (per lesion)
Pre-dilation performed 98 (100) 48 (100) –
Nominal balloon diameter
(mm)

2.83 ± 0.40 2.82 ± 0.37 0.85

Pre-dilation balloon pressure
(atm)

11.3 ± 3.7 11.1 ± 3.2 0.97

Pre-dilation balloon type
Semi-compliant balloon 49 (50.0) 25 (52.1) 0.74
Scoring or cutting balloon 17 (17.3) 6 (12.5)
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Definitions of ST/ScT and other endpoints were based on the Aca-
demic Research Consortium criteria [1]. Primary clinical endpoint
was target lesion failure (TLF: a composite of cardiac death,
target-vessel MI, or ID-TLR) as reported in previous study [1]. Tar-
get vessel failure (TVF: a composite of cardiac death, target-vessel
MI, ID-TLR or ID-TVR), ST/ScT and binary restenosis were also eval-
uated as secondary clinical endpoints.

2.5. Statistical analysis

Sample size calculation for the IVUS cohort of ABSORB Japan
was performed to assess the in-device mean lumen area change
from post-procedure to 3 years as the secondary powered endpoint
of the trial. Statistical calculations were performed with JMP Pro�

12 software (SAS Institute Inc., Cary, NC). Data are expressed as fre-
quencies and percentages for categorical variables and as
mean ± SD for continuous variables. Categorical comparisons were
performed using chi-square test or Fisher’s exact test. Continuous
values were compared using unpaired or paired Student t test, Wil-
coxon rank-sum test, nonparametric Mann-Whitney U test, or one-
way analysis of variance, as appropriate. A two-way repeated mea-
sures analysis of variance was used to test for group and time
effects and their interactions. Correlations between continuous
variables were investigated using linear regression analysis. Logis-
tic regression analysis was performed to find the relationship of
the presence of ISA to IVUS indexes. Clinical outcomes between
the 2 device arms were compared using the log-rank test. A
p-value <0.05 was considered statistically significant.

3. Results

3.1. Baseline characteristics

Between April 2013 and January 2014, 153 lesions from 148
patients were enrolled in this analysis of the IVUS cohort of the
ABSORB Japan trial (detailed patient flow is shown in Fig. 1).
Patient, lesion and procedural characteristics with post-
procedural IVUS were comparable between the 2 device arms,
except for a lower prevalence of prior MI in the Absorb BVS arm
(Table 1). Pre-dilation was performed using slightly undersized
balloons with moderate pressure in both arms. Total device length
was similar between the arms. Post-dilation was performed in a
similar proportion.
Fig. 1. Patient disposition. P is for patient number, and L is for lesion number.
IVUS = intravascular ultrasound. Other abbreviations as in Table 1.

Non-compliant balloon 32 (32.7) 17 (35.4)
Device deployment (per device)
Nominal device diameter (mm) 3.06 ± 0.38 3.16 ± 0.41 0.13
Total device length (mm) 20.0 ± 6.0 19.0 ± 5.8 0.25

Post-dilation (per lesion)
Post-dilation performed 85 (86.7) 38 (79.2) 0.25
Nominal balloon diameter
(mm)

3.21 ± 0.45 3.31 ± 0.57 0.47

Balloon pressure (atm) 15.2 ± 4.3 16.1 ± 3.9 0.21
Post-dilation balloon type
Semi-compliant balloon 1 (1.2) 1 (2.6)
Balloon of device delivery
system

16 (18.8) 13 (34.2) 0.15

Non-compliant balloon 68 (80.0) 24 (63.2)

Values are number (%) or mean ± SD. p values for Absorb BVS arm vs. CoCr-EES arm.
ACC/AHA = American College of Cardiology/American Heart Association,
BVS = bioresorbable vascular scaffold, CAD = coronary artery disease, CoCr-
EES = cobalt-chromium everolimus-eluting stent. p values for Absorb BVS arm vs.
CoCr-EES arm. Categorical comparisons were performed using chi-square test.
Continuous values were compared using unpaired Student t test for body mass
index and Wilcoxon rank-sum test for age.
3.2. Primary IVUS results

Quantitative and qualitative IVUS results are summarized in
Tables 2 and 3. At reference segments, mean vessel, lumen and pla-



Table 2
IVUS results at reference segments.

Variables Absorb BVS arm CoCr-EES arm p value

Distal reference segment
Number of segments analyzed
Post-procedure 89 46
3 years 76 42

Mean lumen diameter (mm)
Post-procedure 2.79 ± 0.53 2.90 ± 0.63 0.41
3 years 2.70 ± 0.57 2.77 ± 0.52 0.44

Vessel volume index (mm3/mm)
Post-procedure 11.2 ± 4.8 12.4 ± 5.0 0.18
3 years 10.8 ± 4.6 12.4 ± 4.6 0.04

Lumen volume index (mm3/mm)
Post-procedure 6.3 ± 2.6 6.9 ± 3.1 0.40
3 years 6.0 ± 2.6 6.2 ± 2.4 0.44

Plaque volume index (mm3/mm)
Post-procedure 4.9 ± 3.0 5.5 ± 2.8 0.21
3 years 4.9 ± 2.5 6.2 ± 2.9 0.02

Percent plaque volume (%)
Post-procedure 41.7 ± 12.6 43.2 ± 13.2 0.51
3 years 44.4 ± 11.1 48.5 ± 11.7 0.07

Dissection
Post-procedure 0 (0) 0 (0) –
3 years 0 (0) 0 (0) –

Proximal reference segment
Number of segments analyzed
Post-procedure 82 42
3 years 73 38

Mean lumen diameter (mm)
Post-procedure 3.09 ± 0.51 3.19 ± 0.60 0.46
3 years 3.02 ± 0.56 3.08 ± 0.59 0.70

Vessel volume index (mm3/mm)
Post-procedure 15.0 ± 5.0 15.8 ± 6.0 0.63
3 years 14.6 ± 5.2 15.8 ± 5.9 0.28

Lumen volume index (mm3/mm)
Post-procedure 7.7 ± 2.6 8.2 ± 3.1 0.47
3 years 7.4 ± 2.8 7.7 ± 3.0 0.71

Plaque volume index (mm3/mm)
Post-procedure 7.3 ± 3.3 7.6 ± 3.4 0.73
3 years 7.2 ± 3.1 8.1 ± 3.6 0.22

Percent plaque volume (%)
Post-procedure 47.9 ± 10.8 47.1 ± 9.1 0.72
3 years 49.1 ± 9.8 50.5 ± 9.4 0.46

Dissection
Post-procedure 0 (0) 0 (0) –
3 years 0 (0) 0 (0) –

Average of both reference segments
Number of segments analyzed
Post-procedure 75 42
3 years 64 38
Mean lumen diameter (mm)
Post-procedure 2.94 ± 0.50 3.05 ± 0.55 0.25
3 years 2.87 ± 0.57 2.94 ± 0.50 0.52
Vessel volume index (mm3/mm)
Post-procedure 13.3 ± 4.7 14.2 ± 5.2 0.40
3 years 12.8 ± 4.8 14.3 ± 4.9 0.14
Lumen volume index (mm3/mm)
Post-procedure 7.0 ± 2.5 7.6 ± 2.8 0.26
3 years 6.7 ± 2.7 7.0 ± 2.4 0.49
Plaque volume index (mm3/mm)
Post-procedure 6.3 ± 2.9 6.6 ± 2.9 0.54
3 years 6.2 ± 2.5 7.3 ± 3.0 0.09

Lesion classification at post-procedure
Number of segments analyzed 75 42
Small vessel lesions 32 (42.7) 14 (33.3) 0.32
Tapering index 1.12 ± 0.15 1.12 ± 0.19 0.90
Tapered-type lesions 19 (25.3) 10 (23.8) 0.85

Values are number (%) or mean ± SD. *p value for Absorb BVS arm vs. CoCr-EES arm, yp value for post-procedure vs. 3 years. Categorical comparisons were performed using
chi-square test. Continuous values were compared using unpaired Student t test for percent plaque volume at 3 years at the distal reference segment, mean lumen diameter
at post-procedure and percent plaque volume both at post-procedure and at 3 years at the proximal reference segment, and mean vessel diameter of average of both proximal
and distal references and tapering index at post-procedure and Wilcoxon rank-sum test for the other variables.
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que volumes were comparable between the 2 device arms at both
post-procedure and 3 years. At in-device segments, each device
arm showed identical values between lumen and device volume
indexes due to similar rates of prolapse and ISA at post-



Table 3
QCA and IVUS results at in-device segments.

Variables Absorb BVS arm CoCr-EES arm p value

QCA analysis
Number of segments analyzed
Post-procedure 98 48
3 years 88 45

Mean RLD (mm)
Post-procedure 2.75 ± 0.45 2.86 ± 0.42 0.13
3 years 2.73 ± 0.46 2.84 ± 0.43 0.17

In-segment MLD (mm)
Post-procedure 2.18 ± 0.39 2.31 ± 0.40 0.07
3 years 2.03 ± 0.49 2.12 ± 0.46 0.31

In-segment DS (%)
Post-procedure 20.7 ± 6.8 19.4 ± 6.4 0.31
3 years 25.8 ± 11.7 25.0 ± 12.9 0.31

Quantitative IVUS analysis
Number of segments analyzed
Post-procedure 97 47
3 years 86 43

Device length analyzed (mm) 20.3 ± 5.9 19.6 ± 6.0 0.89
Post-procedure 20.0 ± 5.7 19.2 ± 5.8 0.98
3 years 20.0 ± 5.9 19.7 ± 6.1 0.50

Vessel volume index (mm3/mm)
Post-procedure 13.7 ± 4.5 14.6 ± 5.0 0.36
3 years 13.4 ± 4.5 14.9 ± 5.0 0.09

Lumen volume index (mm3/mm)
Post-procedure 6.5 ± 2.0 7.3 ± 2.1 0.02
3 years 6.1 ± 2.4 6.8 ± 2.3 0.08

Device volume index (mm3/mm)
Post-procedure 6.5 ± 2.0 7.3 ± 2.1 0.02
3 years – 7.7 ± 2.4 –

Plaque volume index (mm3/mm)
Post-procedure 7.3 ± 2.7 7.3 ± 3.1 0.91
3 years 7.5 ± 2.3 8.1 ± 3.1 0.35

Neointimal volume index (mm3/mm)
Post-procedure – – –
3 years – 0.9 ± 0.9 –

Percent neointimal area (%)
Post-procedure – – –
3 years – 11.5 ± 9.0 –

MLA (mm2)
Post-procedure 5.4 ± 1.8 6.3 ± 2.0 0.009
3 years 4.6 ± 2.1 5.2 ± 2.1 0.05

Minimum device area (mm2)
Post-procedure 5.4 ± 1.8 6.3 ± 2.0 0.009
3 years – 6.5 ± 2.2 –

Uniform expansion at post-procedure
Number of segments analyzed 97 47
Uniformity index of device expansion 0.70 ± 0.10 0.76 ± 0.12 0.0003
CV of device cross-sectional areas 0.10 ± 0.05 0.08 ± 0.05 0.0005

Device expansion at post-procedure
Number of segments analyzed 75 42
%volume expansion (�100) 0.96 ± 0.14 1.01 ± 0.16 0.08
%area expansion (�100) 0.79 ± 0.15 0.87 ± 0.16 0.02
%area expansion (�100) < 0.80 39 (52.0) 12 (28.6) 0.01

Device sizing at post-procedure
Number of segments analyzed 75 42
Oversized 30 (40.0) 18 (42.9) 0.34
Properly sized 37 (49.3) 16 (38.1)
Undersized 8 (10.7) 8 (19.0)

Qualitative IVUS analysis
Number of segments analyzed
Post-procedure 98 48
3 years 86 43

Prolapse
Post-procedure 12 (12.2) 13 (27.1) 0.03
3 years 0 (0) 0 (0) –

ISA
Post-procedure 9 (9.2) 9 (18.8) 0.11
3 years 6 (7.0) 3 (7.0) 1.00

Strut discontinuity
Post-procedure 0 (0) 0 (0) –

(continued on next page)
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Table 3 (continued)

Variables Absorb BVS arm CoCr-EES arm p value

3 years 2 (2.3) 0 (0) 0.55
ISA changes during 3 years
Number of segments analyzed 84 43
Resolved ISA 3 (3.6) 6 (14.0)
Persistent ISA 2 (2.4) 3 (7.0) 0.04
Late acquired ISA 4 (4.8) 0 (0)

Values are number (%) or mean ± SD. *p value for Absorb BVS arm vs. CoCr-EES arm, yp value for post-procedure vs. 3 years. Device sizing was classified by Ddiameter
(nominal device - mean reference lumen): oversized (>0.25 mm), properly sized (�0.25 to 0.25 mm) and undersized (<-0.25 mm). CV = coefficient of variation (standard
deviation of device area / mean device area), ISA = incomplete strut apposition, MLA = minimum lumen area. Other abbreviations as in Table 1. Categorical comparisons were
performed using Fisher’s exact test for ISA and strut discontinuity at 3 years and ISA changes during 3 years, and chi-square test for the other variables. Continuous values
were compared using unpaired Student t test for percent volume and area expansion at post-procedure and Wilcoxon rank-sum test for the other variables.

Fig. 2. Representative cases of non-uniform expansion. Longitudinal IVUS images with the corresponding figures of volumetric analyses. X-axis represents the pullback
length; Y-axis represents area. Despite the comparable profile of the reference segments, Absorb BVS showed more nonuniform expansion (i.e. smaller uniformity index, and
greater CV of device areas and lumen eccentricity*), as well as smaller mean and minimum device areas, compared with CoCr-EES. *calculated as (maximum device area –
minimum device area)/maximum device area.
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procedure. On the other hand, significantly smaller lumen and
device volumes, as well as smaller minimum lumen and device
areas, and more nonuniform expansion (i.e. smaller uniformity
index and greater CV of device areas) were seen in the Absorb
BVS arm than in the CoCr-EES arm at post-procedure (Table 3
and Fig. 2). At 3 years, the initial difference in lumen volume
between the 2 device arms became non-significant, although a
trend towards smaller lumen volume in the Absorb BVS arm
persisted.

Percent device expansion in relation to the reference segment
dimension at post-procedure was analyzed in 117 lesions because
neither proximal nor distal reference was available due to the
involvement of major branches in 27 lesions. As previously
reported [14], percent device expansion tended to be smaller in
the Absorb BVS arm compared with the CoCr-EES arm, which
was particularly prominent in small-vessel lesions (Fig. 3) as well
as tapered-type lesions. With respect to procedure techniques,
small-vessel lesions were treated more frequently with noncom-
pliant balloons at post-dilatation (83.3% vs. 53.8%, p = 0.06) but
using significantly lower pressure (16.3 ± 3.6 vs. 19.7 ± 2.1 mmHg,
p = 0.02) in the Absorb BVS arm compared with the CoCr-EES arm.
In contrast, tapered-type lesions were post-dilated at equivalent
pressure (17.1 ± 4.1 vs. 17.9 ± 2.4 mm, p = 0.57), but with signifi-
cantly smaller balloons (3.03 ± 0.36 vs. 3.50 ± 0.65 mm,
p = 0.047) in the Absorb BVS arm than in the CoCr-EES arm, par-
tially contributing to smaller device expansion at post-procedure
in the Absorb BVS arm in these complex lesions [14].

3.3. Serial changes of IVUS variables

Overall, both device arms showed no significant vessel volume
change during 3 years, while plaque volume increased significantly
from post-procedure to 3-year follow-up: as a result, lumen vol-
ume decreased significantly in both device arms (with no interac-
tion) (Fig. 4). In the Absorb BVS arm, while LLL significantly
correlated with both negative vessel remodeling and plaque pro-
gression, correlation coefficient was higher with negative vessel
remodeling (r = 0.76, p < 0.0001) than with plaque progression
(r = �0.34, p = 0.005). In the CoCr-EES arm, LLL strongly correlated
with neointimal area at 3 years (r = �0.87, p < 0.0001) as expected.

At 3-year, all lesions treated with Absorb BVS showed partial
struts remaining unresorbed within vessel wall and/or lumen,
although the strut visibility was insufficient for quantitative device
analysis (Fig. 5). In the CoCr-EES arm, there was no significant
chronic stent recoil (device volume decrease �10%).

3.4. Acute device expansion and long-term arterial responses

In the Absorb BVS arm, both smaller device expansion and more
nonuniform expansion at post-procedure significantly correlated



Fig. 4. Serial changes in volumetric IVUS indexes at in-device segment. Analysis includes only lesions which had both post-procedure and 3-year quantitative IVUS
measurements (n = 125). *p value is for Absorb BVS arm vs. CoCr-EES arm. yp < 0.001 for post-procedure vs. 3 years. Abbreviations as in Table 1. In both arms, there was no
significant vessel volume change during 3 years, whereas significant plaque increase and lumen decrease during the follow-up were observed. Initial difference in lumen
volume between the arms became non-significant at 3 years.

Fig. 3. Acute device expansion. Abbreviations as in Table 1. Smaller device expansion seen in the Absorb BVS arm compared with the CoCr-EES arm was more prominent in
small-vessel lesions.

K. Okada et al. / IJC Heart & Vasculature 31 (2020) 100623 7
with greater decrease in lumen volume during 3 years. While no
relationship was observed between the acute device expansion
and plaque volume change, both the degree and uniformity of ini-
tial device expansion significantly correlated with vessel volume
change (Figs. 6 and 7, and Table 4), indicating negative vessel
remodeling as the predominant mechanism of the larger lumen
loss in lesions with suboptimal scaffold expansion. In contrast,
the CoCr-EES arm showed no significant correlations between the
acute device expansion and any arterial responses assessed as IVUS
volume changes. These results were confirmed by analyzing corre-
lation between the acute device expansion and LLL by QCA (Fig. 8)
in a larger population. Minimum device area at post-procedure did
not correlate with any arterial responses in the Absorb BVS nor
CoCr-EES arm (Table 4).
3.5. Incomplete strut apposition

Post-procedural ISA tended to be less frequent in the Absorb
BVS arm compared with the CoCr-EES arm (Table 3). In both arms,
about two-thirds of acute ISA had been resolved during 3 years,
while there were 4 cases of late-acquired ISA (LISA) (including 2
late strut discontinuity), all of which were seen in the Absorb
BVS arm: 2 within scaffold body and 2 at scaffold distal edge.
Accordingly, the incidence of ISA at 3 years was comparable
between the 2 device arms.

Representative ISA cases of Absorb BVS are shown in Fig. 5. All
resolved ISA struts were accompanied by complete strut resorp-
tion, neointimal tissue coverage or their combination at 3 years,
whereas persistent ISA struts were associated with inadequate



Fig. 5. Representative ISA cases of Absorb BVS. A. Resolved and persistent ISA Cases 1–5. Red arrows represent ISA struts. White dashed arrows represent absorbed ISA struts;
green dashed arrows represent covered ISA struts. All resolved ISA struts were accompanied by strut resorption, neointimal tissue coverage, or their combination, whereas
persistent ISA cases showed no or inadequate resorption and neointimal coverage, and appeared to have greater ISA areas, compared with resolved ISA cases. B. late-acquired
ISA and late strut discontinuity Cases 6–9. Red arrows represent LISA struts; blue arrows represent strut discontinuity. Various arterial responses during 3-year follow-up
were observed in the sites with late scaffold ISA and discontinuity. Case 9 showed LISA and strut discontinuity at the site with plaque rupture at 3 years, which corresponds to
the site with attenuated-signal plaque at post-procedure.

Fig. 6. Correlations between acute device expansion and long-term arterial responses. Abbreviations as in Table 1. In the Absorb BVS arm, smaller percent volume and area
expansion at post-procedure were significantly associated with greater lumen and vessel volume decreases during 3 years, while no relationship was observed between acute
device expansion and plaque volume change. The CoCr-EES arm showed no correlation between acute device expansion and any IVUS volume change.
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Fig. 7. Representative case of scaffold underexpansion with late lumen loss at 3 years. Late lumen loss at the scaffold segment was predominantly due to negative remodeling
(�1.4 mm3/mm), rather than plaque/neointimal proliferation (+0.5 mm3/mm).

Table 4
Correlations with long-term arterial responses.

Variables Absorb BRS arm (L = 83) CoCr-EES arm (L = 42)

Uniformity index of device expansion r p r p

Absolute change in lumen volume (mm) 0.29 0.007 �0.02 0.92
Absolute change in vessel volume (mm) 0.32 0.01 �0.25 0.15
Absolute change in plaque volume (mm) 0.02 0.87 �0.30 0.08

CV of device cross-sectional areas r p r p

Absolute change in lumen volume (mm) �0.29 0.009 0.01 0.96
Absolute change in vessel volume (mm) �0.29 0.02 0.23 0.18
Absolute change in plaque volume (mm) �0.04 0.74 0.29 0.09

Minimum device area
Absolute change in lumen volume (mm) 0.11 0.34 �0.11 0.48
Absolute change in vessel volume (mm) 0.10 0.42 �0.14 0.42
Absolute change in plaque volume (mm) �0.17 0.18 �0.09 0.62

Abbreviations as in Table 1.
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strut resorption or lack of IVUS-detectable gross tissue coverage at
3 years. With respect to LISA, various arterial responses, including
negative or positive vessel remodeling with plaque proliferation or
reduction, were observed at 3 years. Plaque rupture (suggestive of
neoatherosclerosis) was also found at 3 years in one case of LISA
with strut discontinuity, where significant attenuated-signal pla-
que (ASP) was observed at post-procedure, suggesting possible
interaction between underlying plaque and bioresorption process
(Fig. 5).

Higher tapering index (p = 0.01) was significantly associated
with post-procedural ISA as previously reported [14], while device
sizing (p = 0.009) and large-vessels (p = 0.02) were associated with
ISA at 3 years after Absorb BVS implantation in the multivariate
analysis. Of note, in the Absorb BVS arm, no ISA was seen at



Fig. 8. Correlations of acute device expansion with late lumen loss as assessed by QCA. Only Absorb BVS showed significant associations between smaller percent volume and
area expansion at post-procedure and late lumen loss during 3 years as assessed by QCA.
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post-procedure nor at 3 years in lesions with use of over-sized
device (>0.25 mm than mean RLD) or adequate device expansion
(volume expansion �1.1).
3.6. Clinical outcomes

During 3-year follow-up period, the IVUS cohort had 12 (8.2%)
TLF, 15 (10.3%) TVF and 2 (1.4%) ScT (Table 5). The cumulative inci-
dence of TLF or TVF was numerically higher without statistical sig-
nificance in the Absorb BVS arm compared with the CoCr-EES arm:
this difference appeared to be primarily due to higher event rates
(especially, ID-TLR or ID-TVR) in small-vessel or tapered-type
lesions treated with Absorb BVS. Indeed, ID-TLR (12.5% vs. 0%,
p = 0.04) and ID-TVR (15.6% vs. 2.3%, p = 0.08) were or tended to
be more frequently seen in small- versus large-vessel lesions (both
for Log-rank) in the Absorb BVS arm. ID-TVR also tended to be
more frequent in tapered- versus non-tapered-type lesions
(21.1% vs. 3.6%, p = 0.056 for Log-rank) in the Absorb BVS arm.
When the analyses were limited to small-vessel lesions, a tendency
toward smaller scaffold expansion (% area expansion) was seen in
TLF versus non-TLF lesions (0.72 ± 0.14 vs. 0.82 ± 0.15, p = 0.16) as
well as in TVF versus non-TVF lesions (0.72 ± 0.13 vs. 0.83 ± 0.15,
p = 0.12) in the Absorb BVS arm (Table 6). Conversely, Absorb BVS
had no TLF nor TVF, even in small-vessel lesions, when adequate
device expansion (volume expansion �1.1) was achieved.

A tendency toward higher TLF rates during 3 years was also
seen in lesions with versus without post-procedural ISA (22.2%
vs. 7.9%, p = 0.097 for Log-rank) in the Absorb BVS arm, but not
in the CoCr-EES arm (p = 0.26). There were 2 ScT only in the Absorb
BVS arm, both of which occurred in lesions without post-
procedural ISA. In both ScT cases, scaffold expansion in relation
to reference lumen area appeared to be acceptable, while signifi-
cant residual plaque burden with ASP, and nonuniform scaffold
expansion were seen within target segments (Fig. 9).
4. Discussion

4.1. Inadequate scaffold expansion and late lumen loss

LLL after metallic stent implantation is primarily attributable to
neointimal proliferation [16]. The present study expands this and
demonstrated that negative vessel remodeling, in addition to
plaque/neointimal proliferation, was another important and stron-
ger determinant of LLL after polymeric scaffold implantation. The
present study also revealed the significant association between
suboptimal (i.e., smaller and more nonuniform) device expansion



Table 6
Acute device performance in small-vessel lesions: TLF versus non-TLF and TVF versus
non-TVF.

Variables TLF (L = 5) Non-TLF (L = 27) p value

Device volume index (mm3/mm) 4.8 ± 1.2 4.9 ± 0.8 0.84
Minimum device area (mm2) 3.6 ± 1.2 4.1 ± 0.8 0.38
%area expansion 0.72 ± 0.14 0.82 ± 0.15 0.16
%volume expansion 0.96 ± 0.10 0.99 ± 0.15 0.68
%area expansion �0.8 2 (40.0) 16 (59.3) 0.43
%volume expansion �1.1 0 (0) 6 (22.2) 0.13

Variables TVF (L = 6) Non-TVF (L = 26) p value

Device volume index (mm3/mm) 4.7 ± 1.1 4.9 ± 0.8 0.79
Minimum device area (mm2) 3.6 ± 1.1 4.1 ± 0.8 0.32
%area expansion 0.72 ± 0.13 0.83 ± 0.15 0.12
%volume expansion 0.94 ± 0.11 1.00 ± 0.15 0.34
%area expansion �0.8 2 (33.3) 16 (61.5) 0.21
%volume expansion �1.1 0 (0) 6 (23.1) 0.09

Values are mean ± SD and number (%). Abbreviations as in Tables 1 and 5. Cate-
gorical comparisons were performed using chi-square test. Continuous values were
compared using unpaired Student t test for percent volume and area expansion at
post-procedure and Wilcoxon rank-sum test for the other variables.

Table 5
Clinical outcomes during 3 years.

Absorb BRS arm CoCr-EES arm p value

Overall L = 98 L = 48

TLF 9 (9.2) 3 (6.3) 0.58
TVF 11 (11.2) 4 (8.3) 0.29
Cardiac death 0 (0) 0 (0) –
Target vessel MI 5 (5.1) 0 (0) 0.11
ID-TLR 4 (4.1) 3 (6.3) 0.50
ID-TVR 6 (6.1) 4 (8.3) 0.61

Scaffold/stent thrombosis 2 (2.0) 0 (0) 0.31
Binary restenosis 1 (1.0) 0 (0) 0.47

Small-vessel lesions* L = 32 L = 14

TLF 5 (15.6) 1 (7.1) 0.59
TVF 6 (18.8) 1 (7.1) 0.43
Cardiac death 0 (0) 0 (0) –
Target vessel MI 1 (3.1) 0 (0) 0.51
ID-TLR 4 (12.5) 1 (7.1) 0.78
ID-TVR 5 (15.6) 1 (7.1) 0.56

Scaffold/stent thrombosis 0 (0) 0 (0) –
Binary restenosis 1 (3.1) 0 (0) 0.48

Tapered-type lesions* L = 19 L = 10

TLF 3 (15.8) 1 (10.0) 0.92
TVF 5 (26.3) 1 (10.0) 0.42
Cardiac death 0 (0) 0 (0) –
Target vessel MI 1 (3.1) 0 (0) 0.47
ID-TLR 2 (10.5) 1 (10.0) 0.71
ID-TVR 4 (21.1) 1 (10.0) 0.59

Scaffold/stent thrombosis 0 (0) 0 (0) –
Binary restenosis 1 (5.3) 0 (0) 0.45

Values are number (%). Abbreviations as in Table 1. p value for Log-rank test. TLF
was defined as a composite of cardiac death, target-vessel MI or ischemic-driven
target lesion revascularization (ID-TLR) within 3 years. TVF was defined as a com-
posite of cardiac death, target-vessel MI, ID-TLR or ischemic-driven target vessel
revascularization (ID-TVR). *Subgroup analysis was performed only in lesions with
both proximal and distal reference measurements at post-procedure because of the
definitions of small-/large-vessel lesions and tapered-/non-tapered-type lesions.
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at post-procedure and greater LLL at 3 years, which was uniquely
observed in the Absorb BVS arm alone. In metallic stents, although
suboptimal expansion has been consistently reported as the strong
risk factor for instent restenosis, it is essentially because initial
stent underexpansion can result in clinically significant lumen
compromise even with minimal neointimal proliferation. To the
best of our knowledge, no stent study has shown that initial under-
expansion could directly increase LLL or affect arterial response
after device implantation.
Although exact mechanisms for this observation would need
further studies, the difference in the primary cause of LLL between
metallic stents and bioresorbable scaffolds appears to play a key
role. Indeed, the detailed serial IVUS analysis in the current study
demonstrated that the larger lumen loss in lesions with suboptimal
scaffold expansion was predominantly attributable to greater neg-
ative vessel remodeling, rather than neointimal proliferation seen
as the primary mechanism for LLL in metallic stents. Several possi-
ble explanations could be hypothesized for this finding, based on
material and design differences as well as unique long-term behav-
ior of polymeric struts. First of all, the Absorb BVS is made of a lac-
tic acid-based polymer with intrinsic differences in mechanical
properties from metallic stents, which may possibly be augmented
in a state of underexpansion. Technically, stents/scaffolds are
designed to achieve the nominal radial strength in a fully expanded
state measured in bench models. Indeed, despite the similar radial
strength reported in bench testing, several in vivo studies have
demonstrated that the Absorb BVS can show greater acute recoil
than metallic stents, particularly in complex lesions where smaller
device expansion was prominent in the Absorb BVS than in the
CoCr-EES [14,17,18]. Another investigation of polymeric scaffold
demonstrated the inverse trend between acute recoil and scaffold
expansion, supporting the results of previous and current studies
[19].

Relatively thick and wide struts of the first-generation BVS may
also contribute to acute and chronic recoil by inducing constrictive
vessel remodeling, especially at the segments with underexpan-
sion. Scaffold underexpansion leads to the crowding of multiple
thick struts with the larger footprint relative to vessel surface,
potentially resulting in laminar-flow disturbance with low wall
shear stress (WSS) between the struts [9,11,20,21]. The flow distur-
bance with lowWSS attenuates the endothelial release of vasodila-
tors, such as nitric oxide, prostacyclin I2, and tissue plasminogen
activator, and in turn increases release of vasoconstrictors (partic-
ularly, endhotelin-1), thereby favoring constrictive vessel remodel-
ing with LLL [22–24].

Other potentially relevant factors may include non-uniform
biodegradation process that could occur in a setting of suboptimal
scaffold expansion. A study using bench test and in vivo implanta-
tion models demonstrated that strut degradation speed and loca-
tion were closely related to the stress concentration on the
scaffold after the implantation [25]. The non-uniform strut degra-
dation may lead to chronic scaffold deformation and abnormal
strut disintegration, which may further accentuate insufficient
radial force and/or laminar-flow disturbance with resultant con-
strictive remodeling as mentioned earlier. At this point, it remains
to be elucidated whether this unique association between initial
device expansion and subsequent lumen loss is specific to the
first-generation Absorb BVS or inherently seen in other biore-
sorbable scaffolds as well.

4.2. Incomplete strut apposition

Multiple studies of Absorb BVS have repeatedly identified that
ISA was associated with an increased risk of scaffold thrombosis
[12,20,26,27]. The present study was not powered to investigate
the direct association of ISA with this infrequent event. However,
despite no significant relationship between scaffold underexpan-
sion and ISA at post-procedure, higher TLF rates tended to be seen
in lesions with versus without post-procedural ISA in the Absorb
BVS arm, suggesting that, unlike metallic platforms, isolated
post-procedural ISA itself may have an impact on clinical outcomes
after BVS implantation. One plausible explanation is that signifi-
cantly thicker struts of Absorb BVS may disrupt the lamina flow
and create eddies with areas of reversal of the flow behind the
non-apposed struts, resulting in an heterogeneous WSS pattern



Fig. 9. Post-procedural images of scaffold thrombosis cases. In both cases, percent volume and area expansion were relatively preserved; however, non-uniform scaffold
expansion and residual plaque burden with signal-attenuation within the target segment were observed at post-procedure.
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and leading to the increased risks of both thrombosis and plaque/-
neointimal proliferation [20,21].

Recent investigations suggest late scaffold discontinuity, fol-
lowed by late scaffold ISA and neoatherosclerosis, as the leading
cause of very late scaffold thrombosis (VLST) [11,20]. Theoretically,
late scaffold discontinuity is a programmed (benign) phenomenon
in bioresorption process of BVS. Indeed, previous and current stud-
ies have repeatedly reported discontinuous struts embedded in
neointima without any clinical repercussion [11,20]. Conversely,
uncovered struts not immobilized by neointima can protrude into
the lumen, thus exposing the highly thrombogeneic remnant scaf-
fold material to the blood flow (i.e., intraluminal scaffold disman-
tling), with subsequent activation of the coagulation cascade
[20]. Especially, due to the larger strut thickness/width and ablu-
minal surface area, BVS exert a lower penetrating pressure at the
time of implantation, which might result in less embedment of
struts in the vessel wall, leading to impaired neointimal encapsu-
lation. The present study supports this and suggests that complete
and functional neointimal coverage may be particularly important
for avoiding the abnormal findings of resorption-related ISA and
discontinuity, and ultimately preventing subsequent device-
related thrombosis [11,20]. The present study also suggested that
adequate device sizing (oversized device selection) with uniform
expansion appeared to be important in reducing the occurrence
of late ISA as a possible precursor of VLST.
5. Limitations

First, the sample size of the IVUS cohort of the ABSORB Japan
trial was predetermined to test the secondary powered endpoint
of the original trial (i.e. serial lumen area change from post-
procedure to 3 years); therefore, the IVUS cohort was underpow-
ered to perform detailed analyses of specific lesion subsets; clinical
impact of our findings needs to be determined in larger studies
with predefined endpoints. Second, since the ABSORB Japan trial
enrolled a selected patient population with primarily stable coro-
nary artery disease and single, de novo, relatively simple target
lesions, the study results may not be generalized. Third, because
pre-interventional IVUS was not mandated by the protocol, influ-
ence of underlying plaque types on scaffold expansion and arterial
remodeling following Absorb BVS could not be evaluated in detail.
Fourth, exact pathological mechanism for the association between
suboptimal device expansion and negative vessel remodeling and
its impact on long-term clinical outcomes remain to be investi-
gated. Fifth, the resolution of IVUS is limited to evaluate ISA and
residual edge dissection in detail, although our results were in line
with those in the optical coherence tomography cohort [6]. Lastly,
detailed analyses for the possible impacts of procedural techniques
on post-procedural device under-expansion and subsequent long-
term arterial responses require further studies.

6. Conclusions

Unlike CoCr-EES, under- and nonuniform device expansion
were associated with greater negative remodeling and late lumen
loss in Absorb BVS; this may in part account for the poorer out-
comes after Absorb BVS implantation compared with CoCr-EES
implantation in the lesions with suboptimal device expansion. Fur-
ther studies are warranted to investigate appropriate deployment
and optimization strategies, possibly different between polymer
andmetallic devices, and possible benefits of intravascular imaging
guidance to improve long-term outcomes of scaffold implantation.
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