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Interventional Cardiovascular Medicine has witnessed tremendous progress since 
September 16, 1977 when Andreas Roland Gruentzig performed the first balloon angio-
plasty. Although this mode of treatment was undoubtedly a significant breakthrough 
it was plagued by several drawbacks including intimal and media dissections, acute 
vessel recoil or subacute closure, late constrictive remodeling, and a diffuse proliferative 
neointimal response implicated for increased rates of in-segment restenosis. Since then, 
further technological advances such as the utilization of metallic and bioresorbable 
devices proved to be a successful strategy in the field, replacing balloon angioplasty 
as the preferred method for percutaneous coronary interventions. Meanwhile, the un-
favourable vascular responses presenting as in-segment restenosis or stent thrombosis 
(ST) remain the cautionary tale of these technologies.1,2

The pattern of vascular responses following device implantation manifests as in-stent 
vascular response (focal or diffuse), or edge vascular response (EVR) at the transition 
zones (focal) and each of these patterns have been previously associated with important 
prognostic implications. Pathologic reports since the era of endovascular brachytherapy 
have demonstrated that the predominating tissue at the transition zones in the case of 
an abnormal EVR consists of smooth muscle cells in disarray and abundant extracellular 
matrix. 3 In the drug-eluting stent (DES) era, the pattern of vascular responses appeared 
to have focal distribution, aggregating at the proximal stent edge.4 

Intravascular imaging either sound- or light-based has become pivotal at delineating 
the in-segment vascular responses following coronary interventions with metallic and 
bioresorbable devices. These, have been longitudinally assessed with sound-and light-
based imaging such as intravascular ultrasound (IVUS), virtual histology IVUS (VH-IVUS) 
and optical coherence tomography (OCT) following implantation of metallic devices: 
bare-metal stents, radioactive plarforms, 1st and 2nd generation DES.5 The majority of 
these studies demonstrated clinically significant proximal edge lumen loss implicated 
for restenotic rates of ~6% in real world practise. Distal edge was primarily associated 
with tissue composition changes of fibro-fatty and dense calcium tissue components. 

The aim of this thesis was to assess in vivo the long-term (~ 2-years) vascular responses 
following implantation of newer generation devices such as DES and bioresorbable 
scaffolds with the aforementioned imaging modalities. The global overview of the in-
segment vascular responses utilizing bare-metal stents, radioactive platforms, 1st and 2nd 
generation DES, and bioresorbable scaffolds are discussed in Part 1.

In Part 2, we focus on the sound-based assessment of the device / tissue interaction. 
Chapters 5 & 6 embrace the principles of this imaging modality and give an insight into 
where IVUS is placed compared to other sound-based imaging techniques.   Chapter 7 is 
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a landmark piece of work and draws upon our first observations of the tissue responses 
at the transition zones utilizing commercially approved bioresorbable devices. 

Chapter 8 compares the induced vascular responses of a metallic stent vs. a polymeric 
device at the proximal and distal edges at short-, mid-, and long-term follow-up utilizing 
in-vivo IVUS and VH-IVUS imaging. It is important to note that implantation of either 
a metallic or polymeric device affects vascular compliance at the stented/scaffolded 
segments inducing compliance mismatch with subsequent alterations of flow dynamics 
adjacent to the implanted device. Chapters 9 & 10 demonstrate the transient nature of 
compliance mismatch and altered flow patterns over the scaffolded segments and the 
scaffold edges utilizing IVUS-palpography and virtual numerical modelling. 

The use of OCT in evaluating vascular responses following implantation of metallic 
and bioresorbable devices is an important angle of this thesis which is explored in Part 3. 
OCT is a relatively novel imaging modality with ultra high spatial resolution used for the 
in vivo quantification of vascular anatomy and qualitative tissue characterization.6,7 In 
Chapter 11, we describe the feasibility of this imaging technique to quantitatively assess 
the vascular reactions following implantation of bioresorbable scaffolds at long-term, 
applying further comparisons with pathology for reproducibility evaluation. Chapter 12 
explores the use of OCT in overlapping bioresorbable scaffolds compared with over-
lapping newer generation metallic stents, identifying  the influence of cell design on 
strut coverage. Chapters 13 & 14 focus on the significant advantages of this modality 
in precisely evaluating stent edges providing additional clinical implications. Although 
sound-based imaging was until recently the sole intravascular imaging modality for 
edge assessment, this technique compared to OCT appears to have technical limita-
tions. Despite the low penetration depth of OCT which limits the precise assessment 
of vessel remodeling, the sharply defined stent edges makes this imaging tool a more 
accurate modality to evaluate the vessel responses at the transition zones. Chapter 15 
describes for the first time the use of 3-Dimensional (3D) OCT for biomechanical analysis 
of bioresorbable devices  which may yield important insights into potential advantages 
of bioresorbable technologies over metal stents by these methods.

Part 4 evaluated the potential applications of post-processed three-dimensional OCT 
in conventional interventional procedures for various clinical settings following implan-
tation of  metallic and bioresorbable vascular scaffolds. The final section of this thesis 
(Part 5) deals with the newly developed Absorb bioresorbable vascular scaffold and its 
evaluation with intravascular imaging. In conclusion the aim of this thesis was therefore: 
1. To assess in-vivo with sound-based imaging the long-term vascular responses follow-
ing implantation of metallic stents and bioresorbable scaffolds, used for the treatment 
of coronary atherosclerosis; 2. To validate and explore the importance of intracoronary 
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light-based imaging in the assessment of the device/tissue interaction; 3. To explore the 
potential importance of three-dimensional post-processed light-based imaging in the 
clinical setting.
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INTRODUCTION

In the last decade, tremendous progress has been made in reduc-
ing the incidence of restenosis with the advent of the drug-elut-
ing stent (DES). With “plain old balloon angioplasty” (POBA), 
rates of acute and chronic vessel restenosis were unacceptably 
high at approximately 30-60%, secondary to acute and chronic 
recoil and constrictive remodelling [1-3]. The advent of bare 
metal stents (BMS) appeared to eliminate the issue of acute and 
chronic recoil but introduced a new entity – neointimal hyper-
plasia (NIH) with classical manuscripts unequivocally demon-
strating a strong and linear relationship between NIH forma-
tion and late lumen loss (LLL) [4]. The restenosis rates with 
BMS were reported to be between 16-44% with higher rates 
of stenosis attributable to several risk factors, in particular long 
lesion length and small vessel calibre [3,5-7]. 

Consequently, attempts were made to limit the neointimal 
response after stent implantation with vascular brachyther-

apy. This involved the use of radioactive stents and initially 
appeared feasible in partially eliminating the NIH response. 
However, this technology resulted in a significant “edge 
effect” or “candy-wrapper” phenomenon at the stent edges 
- secondary to the radioactive dose fall-off at the stent edges 
and low-level vessel injury - thus precluding its widespread 
clinical use [8-10]. 

DES were thus conceived as the next step in tackling this 
iatrogenic entity of NIH, with large-scale reductions in reste-
nosis rates reported at 0% in highly selective lesions and up 
to 16% in a broader range of patients and lesions with first-
generation DES [3,6,11].

 In contrast to POBA [12] and BMS [13],where an almost 
classical Gaussian (normal) distribution of late loss is broadly 
seen post-procedurally, the distribution of LLL after DES 
implantation has been shown to follow a bimodal pattern of 
distribution with both paclitaxel- (PES) and sirolimus- (SES) 
eluting stents (  Figure 1) [14]. 

F I G U R E  1
The bimodal distribution of late lumen loss (LLL) (A, B) and percentage diameter stenosis (C, D) after Cypher (left) and Taxus (right) implantation. 
LLL indicates late lumen loss. Reproduced with permission from Byrne et al. [14] In each panel the observed frequency distribution curve (thin solid 
line), two subpopulations’ normal distribution curves (dashed lines) and the composite distribution curve (thick solid line) are displayed; the vertical 
dashed line denotes the intersection point between the two subpopulation distribution curves.

A

C

B

D
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Despite the significant advances in the technology to reduce 
restenosis, conservative estimates would, however, still sug-
gest the incidence of ISR requiring repeat revascularisation, 
so-called “DES failure,” to be approximately 5-10%, with 
one estimate suggesting approximately 200,000 repeat revas-
cularisations in the United States alone [15].

CLASSIFICATION SYSTEM OF IN-STENT 
RESTENOSIS
In 1999, Mehran et al [16] first described a classification sys-
tem for the patterns of restenosis seen with coronary stents. 
Two broad categories were described, namely focal and dif-
fuse restenosis, with multiple subtypes within each group. 
The pattern of restenosis seen with DES is usually focal, in 
contrast to BMS which is primarily diffuse. In one series, over 
60% of in-stent restenosis (ISR) cases with both PES and SES 
were focal, with the most common location for focal reste-
nosis appearing to be at the proximal DES edge [17]. Despite 
this, over one fifth of cases of ISR remains diffuse and approx-
imately 10-20% of cases are even occlusive (  Figure 2).

RISK FACTORS ASSOCIATED WITH IN-STENT 
RESTENOSIS
In 2004, there was the first reported description of the risk 
factors associated with DES restenosis in patients with the 

F I G U R E  2
The patterns of restenosis in SES and PES
The predominant pattern of restenosis is a focal pattern of restenosis, 
although diffuse and proliferative restenosis are still seen with DES. 
*P-value calculated for the overall observed difference in the pattern 
of restenosis in PES and SES groups. SES indicates sirolimus- elut-
ing stent; PES: paclitaxel-eluting stent; DES: drug-eluting stent. 
Reproduced with permission from Corbett et al [17].

p = 0.006*
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unrestricted use of SES since approval of its CE mark [18,19].
Despite the apparent differences in the distribution of LLL 
between BMS and DES as previously described, the main 
message of these and subsequent findings was that the usual 
patient characteristics, lesion types and procedural factors 
incriminated with restenosis in BMS were equally responsi-
ble with DES, with diabetes mellitus being implicated as one 
of the strongest risk factors for the development of restenosis 
[17-21]. It should, however, be emphasised that the distribu-
tion of restenosis with DES appears more attenuated com-
pared with BMS, especially in long lesions and small vessels, 
highlighting the importance of drug elution in potentially 
diminishing the NIH response. 

HISTOPATHOLOGICAL BASIS OF IN-STENT 
RESTENOSIS
The inflammatory reaction which occurs after arterial injury 
is a critical factor that influences the extent of neointimal 
response, with the persistence of this inflammatory response 
beyond 90 days being strongly associated with an increased 
level of neointimal thickness and consequent restenosis 
[3,22,23]. In keeping with these findings, it has been demon-
strated that restenotic lesions have a higher number of chronic 
inflammatory cells compared to non-restenotic lesions [22]. 
Histopathological analyses of ISR, involving samples taken 
by directional atherectomy at the time of reintervention, 
have been shown to be remarkably similar between BMS and 
DES. This is almost exclusively composed of proteoglycan-
rich smooth muscle cells (SMC) and fibrolipidic areas rich 
in collagen and reticular fibres. A more “immature” resten-
otic process, as evidenced by differences in SMC phenotypes, 
however, has been shown potentially to exist with certain 
types of DES compared with BMS [24,25]. Fibrinoid tissue, 
indicative of a persistent inflammatory and incomplete heal-
ing response, has also been reported with DES [26-30] and 
implicated in the subsequent risk of late stent thrombosis 
(LST) [28]. 

IN-STENT RESTENOSIS: A BENIGN ENTITY?
ISR has traditionally been suggested as being potentially 
less benign with the recurrence of anginal symptoms alone. 
Emerging evidence now suggests that between 30-60% of 
ISR cases perhaps present with an acute coronary syndrome 
(ACS), with unstable angina being the most common presen-
tation (  Figure 3) [31-41], and up to 5% of patients even 
being reported as presenting with an ST-elevation myocardial 
infarction (STEMI) [36,38-41].

Furthermore, as to whether a total vessel occlusion pre-
senting with acute ischaemia is related to a stent thrombo-
sis or a subtotal restenosis is often difficult to differentiate 
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factors from the perspective of the interventional cardiologist 
intending to implant a DES.

BIOLOGICAL FACTORS

Resistance to antiproliferative drugs
The underlying mechanisms of action and causes of resist-
ance to paclitaxel or sirolimus are well documented in the 
cancer literature and can either be present in genetically pre-
determined individuals or be acquired, following cytotoxic 
exposure to the drug [45,46]. 

The so-called “drug resistance gene expression pro-
gramme,” described for paclitaxel resistance from the cancer 
literature, best exemplifies the complex pathways involved 
in the aetiology of drug resistance [45]. Essentially, the cel-
lular context determines the genes that are expressed which 
contribute to drug resistance either in genetically predeter-
mined cells or primed for expression following the cytotoxic 
insult after exposure to the drug. These genes may operate 
in conventional pathways that are well known (drug deliv-
ery and metabolism, apoptosis regulation, DNA repair), but 
the temporal (i.e., pro- and anti-apoptotic gene activity) and 
spatial regulation (i.e., cell survival signalling pathways) of 
these gene products after exposure to the drug also appear 
to be important.

As examples, polymorphisms in the genes that encode 
mTOR or proteins involved in paclitaxel or sirolimus metab-
olism have been shown to confer drug resistance both in 
vitro and in vivo [10,11] : decreased binding of sirolimus to 

solely based on the clinical presentation and the angiographic 
findings. The consideration of the angiographic appear-
ances, the behaviour of the lesion during balloon inflation 
and the patient history (such as the type of stent previously 
implanted) can potentially aid in identifying the aetiology of 
the ischaemic event. Intravascular imaging can serve as an 
additional supportive diagnostic tool, although the differen-
tiation between thrombus and neointimal tissue is not always 
readily possible with currently available intravascular imag-
ing techniques (intravascular ultrasound [IVUS] and optical 
coherence tomography [OCT]). This rapidly evolving concept 
is discussed in the Late restenosis section of Arterial factors. 

OVERVIEW OF CHAPTER

The treatment of ISR and the determinant factors involved 
in the development of late stent thrombosis (LST) are well 
described elsewhere and are outside the scope of this chap-
ter [42-44]. The underlying mechanisms of restenosis with 
DES can broadly be divided into 4 main causes (  Table 1), 
namely biological, arterial, stent and implantation factors, 
accepting that this classification is somewhat arbitrary with 
mechanisms of restenosis being attributable to more than one 
factor. In this chapter we explore these 4 main mechanisms 
and identify the potentially controllable and non-controllable 

F I G U R E  3
The presence of intraluminal material (white arrow), most probably 
thrombus, visualised in a restenotic segment. The OCT images were 
obtained from a patient referred for coronary angiography for unstable 
angina. Reproduced with permission from Gonzalo et al [229].

F O C U S  B O X  1

 • Drug-eluting stents (DES) were conceived as the next step 
- after balloon angioplasty and bare metal stents (BMS) - in 
tackling the iatrogenic entity of neointimal hyperplasia

 • The distribution of late lumen loss (LLL) after drug-eluting 
stent implantation has been shown to follow a bimodal 
pattern of distribution with both paclitaxel  (PES) and 
sirolimus (SES) eluting stents

 • “DES failure” equates to approximately 5-10% of cases, 
with one estimate suggesting approximately 200,000 repeat 
revascularisations in the US alone [15]

 • The pattern of restenosis seen with DES is usually focal. By 
contrast, the pattern of restenosis with BMS is primarily 
diffuse

 • Persistence of the inflammatory response beyond 90 days 
after arterial injury is strongly associated with an increased 
level of neointimal thickness and consequent restenosis

 • In-stent restenosis (ISR) may not be as “benign” as once 
originally thought with 30-60% of ISR cases presenting with 
an acute coronary syndrome (ACS)
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mTOR due to mutations in FK-B12 and mTOR and muta-
tions of downstream effector molecules of mTOR may all 
cause resistance to sirolimus [11]. 

Potentially overcoming drug resistance through the 
delivery of higher doses of antiproliferative agent to the 
implantation site
Given the possibility that drug resistance is one poten-
tial mechanism of restenosis, attempts have been made to 
give much higher doses of oral sirolimus to patients with 
refractory ISR in the theoretical attempt of overcoming 
drug resistance and delivering increased amounts of drug 
to the implantation site. The OSIRIS study [47] investi-
gated the administration of higher doses of oral sirolimus 
to patients with refractory ISR and demonstrated a sig-
nificant correlation between the level of sirolimus concen-
tration in the bloodstream and rates of further late lumen 
loss (  Figure 4). Given that the patients received a short 

TA B L E  1
The underlying mechanisms of restenosis with DES

BIOLOGICAL FACTORS ARTERIAL FACTORS STENT FACTORS IMPLANTATION FACTORS

Resistance to Antiproliferative 
drugs
Hypersensitivity reaction (polymer) 
Hypersensitivity reaction (metallic 
stent platform) 
Inflammatory biomarkers
Genetics

Wall shear stress
“Thromborestenosis” 
Vessel remodelling
Small vessels 
Late restenosis
- Decreasing drug dose
- Chronic inflammatory reactions                 
- and persistent fibrin deposition
- Neoatherosclerosis

Polymer drug release kinetics
Type of DES? Type of drug?
Stent gap, Non-uniform strut 
distribution and drug deposition
Stent strut thickness 
“On” and “off” label use of DES 
Polymer disruption, peeling and 
cracking
Stent fractures

Incomplete stent expansion
Geographical miss
Edge effect
Barotrauma to Unstented 
Segments
Incomplete lesion coverage
Deployment of DES in a clot-laden 
arterial segment

F I G U R E  4
The patterns of restenosis in SES and PES
The association of sirolimus blood concentrations at the time of repeat 
intervention and the angiographic late lumen loss at 6-month angio-
graphic follow-up from the OSIRIS study. Higher serum levels of siroli-
mus were found to correlate with the degree of 6-month angiographic 
late lumen loss. Reproduced with permission from Hausleiter et al [47].
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duration of oral sirolimus (7 days), it was unclear if these 
findings would be maintained at longer-term follow-up. 
It has been anecdotally reported that courses of sirolimus 
given for 30 days after POBA to the restenotic lesion, in 
the theoretical attempt to cover the injury period following 
POBA, can reduce restenosis in refractory restenosis cases 
[48]. Larger-scale studies are required to establish if this is 
feasible or practical. 

Furthermore, evidence has suggested that the concomitant 
administration of steroids to patients implanted with BMS, 
particularly in patients with a persistent inflammatory state, 
as indicated by elevated C-reactive protein, may reduce the 
incidence of ISR [49-53]. Further trials are needed, how-
ever, to assess the clinical utility of steroid therapy for the 
treatment of ISR after prior DES implantation.

Hypersensitivity reactions (the polymer)
Polymer layers in DES are used as both drug reservoirs 
and non-drug-coated external films to allow optimal drug 
release kinetics, as described in Stent Factors. As exam-
ples with the first-generation DES, the Cypher® (SES) 
stent (Cordis Corporation, Johnson & Johnson, Warren, 
NJ, USA) consists of a stainless steel platform covered 
with a basecoat formulation (67%) consisting of the poly-
mers PEVA (polyethylene vinyl acetate) and PBMA (poly 
n-butyl methacrylate) mixed with sirolimus (33%); a drug-
free PBMA topcoat is also applied over the polymer drug 
mixture to control drug release kinetics. The Taxus® (PES) 
stent (Boston Scientific, Natick, MA, USA) consists of a 
stainless steel platform with Translute™ (poly [styrene-b-
isobutylene-b-styrene]) polymer combined with paclitaxel 
without a primer or topcoat layer.

The inflammatory reaction that occurs after arterial injury 
is a critical factor which influences the extent of neointimal 
response, with the persistence of this inflammatory response 
beyond 90 days being strongly associated with delayed heal-
ing and implicated in an increased risk of LST and restenosis 
long term [13,14].
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The inflammatory and potential hypersensitivity 
response
Both PES and SES have been demonstrated to provoke dis-
tinctive inflammatory responses in animal models beyond 90 
days, with SES triggering giant cell infiltrations and PES caus-
ing eosinophilic reactions around stent struts [26-30]. The 
inflammatory responses associated with SES have been shown 
to persist beyond 180 days and up to 2 years (  Figure 5). 
This phenomenon has also been shown to be potentially fur-
ther exacerbated at sites of overlapping DES [28]. This is in 
contrast to BMS and the second-generation everolimus-eluting 
stent (EES; Xience V; Abbott Vascular, Santa Clara, CA, USA) 

with a more biocompatible polymer, where the inflammatory 
responses have been demonstrated to be limited to a period of 
90 days and 12 months, respectively (  Figure 5) [54].

Evidence of persistent inflammatory responses in humans 
have also been reported both in autopsy cases, with one case 
reported to involve up to one third of struts in first-gener-
ation DES at 3 months, and demonstrating signs of persis-
tent inflammation characterised by granuloma formation 
and extensive eosinophilic infiltration as seen in the animal 
models. Furthermore, evidence of persistent inflammation has 
been demonstrated from thrombus aspirates taken at the time 
of emergency PCI in patients presenting with very LST [55].

F I G U R E  5
The persistent inflammatory response to Cypher stents for a period of up to 2 years
The panels below show the persistent granulomatous inflammatory response to Cypher stents in sections at low and high power at various time 
points. Reproduced with permission from Nakazawa et al [54].
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Further details related to this “late restenosis” phenom-
enon are described in Arterial factors.

Hypersensitivity reactions (metallic stent platform) 
Koster et al [56] first reported an apparent association 
between the risk of restenosis and metal allergy, namely 
nickel and molybdenum, with BMS. This study has been con-
troversial, however, and the research methodology subjected 
to criticism, in particular the methodology of identifying 
nickel allergy [57-59]. Small-scale, predominantly retrospec-
tive studies have failed to show an association between metal 
allergy in BMS and restenosis [60,61]. Saito et al [62] did, 
however, report nickel allergy as being an independent pre-
dictor for refractory ISR in BMS (odds ratio 5.1, p=0.0033), 
with almost one fifth of patients with refractory ISR having 
a documented true allergy to nickel (24 of 128 patients). Of 
note is the fact that the nickel allergy assessment was per-
formed by an independent dermatologist blinded to the study 
results. Conversely, Lijima et al [63] suggested an associa-
tion between nickel allergy by patch test and the recurrence 
of ISR, in patients treated with POBA for ISR after BMS 
implantation. Within their study no association was found 
with BMS implantation and first presentation of ISR. 

The issue of ISR has also been linked to gold-coated stents, 
where several studies have associated these with contact 
allergy and a considerable increase in the risk of ISR [64-68].
Consequently, the use of gold in coronary stents has been 
abandoned. 

Whether the issue of nickel hypersensitivity is a potential 
issue with DES is both speculative and theoretical. To date, 
only one small study (Nakazawa et al [69]) has examined this 
issue and found no association between the risk of ISR and 
SES implantation. 

Inflammatory biomarkers and genetics

Inflammatory biomarkers
The inflammatory status, as assessed by C-reactive protein 
levels, has consistently failed to demonstrate any association 
with ISR after DES implantation, despite being associated 
with ISR after BMS implantation; C-reactive protein levels 
have, however, been implicated in the risk of stent thrombo-
sis [70,71].

Circulating matrix metalloproteinases (MMP) have been 
shown to be potentially useful in identifying patients at a 
greater risk of developing ISR following DES implantation 
[72]. It is well established that both MMP-2 and MMP-9 play 
fundamental roles in the migration of vascular SMCs and 
matrix remodelling during wound healing and are produced 

by vascular SMCs, endothelial cells, macrophages, lympho-
cytes and mast cells in response to mechanical injury [73-75]. 
Significant elevations in MMP-9 levels at baseline and 24 
hours post PCI, and MMP-2 levels 24 hours post PCI, have 
all proven to be strongly associated with the development 
of ISR following DES implantation [72].Conversely, in the 
same study, low and near-normal MMP-2 and MMP-9 levels 
were strongly associated with a lack of a significant restenotic 
response.

Furthermore, other inflammatory biomarkers such as 
serum levels of PAI-1 [76] and complement components (C3a 
and C5a) [77] have also been implicated with ISR after DES 
implantation.

Genetics
It would also appear that the effects of ISR are perhaps not 
immune from genetics. As to whether this is due to the resist-
ance (predetermined or acquired) to the drug as previously 
described, or due to biological mechanisms, in particular the 
inflammatory response of the restenosis process itself, is pres-
ently unclear. Inflammatory gene polymorphisms in 4 differ-
ing genes have been previously demonstrated to be associated 
with ISR [78]. For example, homozygosity of the 16/glycine 
variant in the beta2-adrenergic receptor (ADRB2), a medi-
ator of nitrous oxide synthetase, has been associated with 
ADRB2 receptor down-regulation and an increased risk of 
restenosis [78].Vogiatzi et al [79] have previously described 
a powerful association, by a factor of over 15-fold, between 
two functional polymorphisms of interleukin-8 (a strong 
mediator of inflammation) and the subsequent risk of reste-
nosis. These latter gene polymorphisms were relatively rare, 
which subsequently limited any clinical application. Other 
gene mutations have also previously been described as being 
associated with restenosis [80,81]. Conversely, genetic mark-
ers such as angiotensin-converting enzyme (ACE), despite 
showing initial promise, have failed to demonstrate a clinical 
role – perhaps due to the multifactorial nature of ISR [82]. 

Potential clinical application
The prospect of potentially being able to identify patients 
with a greater propensity to develop ISR after DES implanta-
tion may perhaps allow a more “personalised revascularisa-
tion” with, for example, DES which deliver higher drug con-
centrations to the vessel or even the prospect of considering 
surgical revascularisation in this cohort of patients. This indi-
vidualised approach to revascularisation based on individual 
genetic risk factor profiling is still in its infancy and extensive 
preclinical and clinical investigations are required before this 
can even be considered to enter conventional clinical practice. 
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ARTERIAL FACTORS

Wall shear stress 
Wall shear stress refers to the principle that fluid dynamics 
and vessel geometry may play a potential role in the cause 
of focal plaque or neointimal formation [83]. The concept 
of wall shear stress is that fluid (i.e., blood) does not move 
at the same velocity at every point within the vessel, with 
blood flowing fastest in the vessel centre (i.e., a high shear 
stress area) and slowest when closest to the vessel wall (i.e., 
a low shear stress area) due to frictional forces exerted by 
the vessel endothelium. For example, in coronary bifurca-
tions this phenomenon becomes more notable with a lower 
shear stress occurring at the ostium of a side branch [83-85]. 
This may subsequently lead to the accumulation of growth 
factors, mitogenic cytokines and platelets, which may pro-
mote either atherosclerosis or neointimal formation if the side 
branch undergoes “vessel injury,” such as after angioplasty or 
stenting [83,85-89]. Conversely, the carina of the side branch 
is a high shear stress area and atherosclerosis or restenosis 
rarely occurs here: indeed, animal models have shown that 
high shear stress areas can potentially directly inhibit SMC 
proliferation [90]. Other examples include differences in the 
shear stress in the inner and outer curvatures of a stented ves-
sel (  Figure 6) [89].

Clinical implications of wall shear stress
In a novel experiment in an animal model, Carlier et al [91] 
demonstrated that, through the implantation of a “flow 
divider” into the centre of a stent implanted in the iliac arter-
ies, they were able to modulate the local wall shear stress and 
the subsequent growth of NIH. The flow divider significantly 
increased the local wall shear stress and was consequently 
found to lead to a local reduction in inflammation and injury, 
with reduced NIH growth and subsequent late lumen loss. The 
closest human model of this example has been the use of the 
principle of simultaneous V-stenting (so-called “shotgun stent-
ing”) with the formation of a metallic neo-carina in the left 
main stem or other suitably sized vessels [92,93].Kim et al [92] 
demonstrated that in 36 consecutive patients (29 with left main 
stem interventions) using this technique with SES implantation, 
a 14% (5 patients) restenosis rate occurred over an average 
follow-up period of over 2 years. Interestingly, a “membra-
nous diaphragm” at the carina was identified in 14 patients 
(47%) with restenosis occurring in just one of these patients. 
Conversely, Stinis et al [94] showed that, in 74 consecutive 
patients with predominantly left anterior descending-diagonal 
lesions, the target lesion revascularisation rate was more than 
twice as high in the simultaneous V-stenting group (14 patients, 
40%), compared with the crush group (5 patients, 12.8%) at 

F I G U R E  6
Two-dimensional axial cross-section of a slightly curved stented coro-
nary segment (B). The results of a computation of velocity and shear 
stress distribution in this segment at follow-up show regions with low 
shear stress (A) that coincide with the shallow pits in (B). Along the 
inner curve, the region with lower shear stress, the pits are virtually 
absent and shear stress distribution is much more homogeneous (C). In 
some of the pits along the outside curve, flow reversal can be observed 
(inset and D). The areas containing negative axial velocity are indicated 
by the shaded boxed regions in (B). Reproduced (Figure and Figure leg-
end) with permission from Gijsen et al [89].
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F O C U S  B O X  2

 • Biological factors related to in-stent restenosis (ISR) can 
be secondary to resistance to antiproliferative drugs, 
hypersensitivity reactions to the polymer or metallic stent 
platform, and inflammatory biomarkers and genetics

 • ISR secondary to antiproliferative drugs can either be 
present in genetically predetermined individuals or be 
acquired following cytotoxic exposure to the drug. Limited 
evidence exists for using oral sirolimus to overcome drug 
resistance – further trials are required to establish if this is 
feasible or practical

 • Hypersensitivity to the polymer is well documented and has 
been associated with late restenosis (see Arterial factors) 
and stent thrombosis

 • Hypersensitivity to the metallic platform of drug-eluting 
stents remains hypothetical and unproven with nickel. 
Gold-coated stents have a proven association with contact 
allergy and have been linked to restenosis: consequently, 
coronary stents are no longer manufactured from gold

 • The identification of biomarkers (e.g., MMP) and genes 
associated with ISR is in its infancy – at the time of writing 
the clinical application is awaiting to be defined
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a follow-up of >3 years. Whether lesion location played a role 
in the disparity of these results remains unclear. Robust, ran-
domised controlled trials are therefore required to evaluate the 
feasibility of this technique. 

The issue as to whether the actual presence of the stent in the 
vessel wall negatively alters the wall shear stress sufficiently to 
promote restenosis has proven to be controversial, with con-
flicting evidence existing in the literature. In a more recent, 
larger, well-designed trial, Papafaklis et al [95] demonstrated 
the presence of significant numbers of “pockets” of low shear 
stress within stented segments, secondary to local geometric 
factors such as angulation or curvature, and showed that these 
pockets were significantly associated with NIH formation at 
6-month follow-up with BMS and PES. Interestingly, this was 
not seen with SES, suggesting that sirolimus significantly atten-
uated the neointimal response to low shear stress. Paclitaxel 
was unable to do this, perhaps because of its differing pharma-
cological mode of action or even its shorter drug-release kinet-
ics as discussed in Stent factors [3].

 “Thromborestenosis” phenomenon
“Thromborestenosis” is a term first described by Oikawa et 
al [96] to describe a novel theory in which chronic thrombus 
formation may play an integral part in the development of 
ISR following DES implantation. The uniqueness of this study 
was the combined use of intravascular ultrasound (IVUS), 
coronary angioscopy and histopathological analyses (taken by 
direct coronary atherectomy) in all patients who had presented 
with ISR following SES implantation. The major findings of 
this study were that, in patients presenting with ISR, the inci-
dence of thrombus and fibrin deposition were substantially 
more frequently observed within ISR lesions associated with 
SES implantation (12 of 13 cases), as compared to BMS (2 of 
8 cases), and that the thrombus seen was not only located at 
uncovered stent strut sites (if present) but also, more impor-
tantly, on covered stent strut sites (  Figure 7). A theory to 
explain the presence of neointimal thrombus put forward by 
the authors was that the neointima covering a SES strut site 
was potentially more thrombogenic. 

 Joner et al [26] have previously described evidence to sup-
port the concept of “thromborestenosis.” In 2 of 14 autopsy 
cases of patients who died of LST, evidence of ISR with super-
imposed thrombus was seen [26]. Further support comes from, 
Cook et al [55] who demonstrated evidence of the widespread 
presence of chronic thrombi, as evidenced by the presence of 
a chronic inflammatory response, within all thrombus aspi-
rates taken at the time of emergency percutaneous coronary 
intervention (PCI) in patients presenting with very LST. This 
was in addition to the acute thrombus seen in all samples 
and “hypereosinophilia” (likely to be secondary to polymeric 

 
hypersensitivity) observed in a proportion of aspirates [55]. 

Conversely, Rittersma et al [97] also showed evidence of 
chronic thrombi which was days to weeks old in at least 50% of 
211 consecutive STEMI patients who had thrombus aspirates 
taken within 6 hours of onset of symptoms. Only 4 patients 
(2%) within the study group had prior PCI to the infarct-
related artery, with the theory for the presence of older thrombi 
being speculated to be related to “clinically silent non-occlusive 
atherothrombotic events” in the preceding days to weeks prior 
to the clinical presentation of occlusive thrombosis.

As to whether “clinically silent non-occlusive atherothrom-
botic events” is also an explanation for the presence of chronic 
thrombi seen with ISR, or if this is related to “thromboresteno-
sis”, is presently unclear. 

Vessel remodelling 
Implantation of DES in vessels that have previously under-
gone positive remodelling (the “Glagov” phenomenon [98]) 
secondary to a large plaque burden have been shown to be 
a significant predictor of restenosis (  Figure 8) [98-100]. 
Theoretically, the level of NIH formation would be the same 
between a non-remodelled and a remodelled vessel following 
stent implantation; however, the phenomenon of where the 
NIH would potentially grow post stent implantation would 
be significantly different between the two vessels. In vessels 
without positive remodelling, the NIH can be partially accom-
modated between the stent and the external elastic membrane 
(EEM), thereby limiting neointimal growth within the vessel 
lumen. Conversely, in a fully remodelled vessel, this process 
cannot occur to the same extent, and the bulk of the NIH 
growth would therefore preferentially occur within the stented 
lumen with a subsequent greater likelihood of restenosis.

Small vessels
This is discussed in Stent factors with strut thickness.

F O C U S  B O X  3

 •Wall shear stress refers to the principle that blood flow is 
fastest (high shear stress) in the vessel centre and slowest 
(low shear stress) when closest to the vessel wall due to 
frictional forces exerted by the vessel endothelium. Low 
shear stress areas lead to the local accumulation of growth 
factors, mitogenic cytokines and platelets which may 
promote either atherosclerosis or neointimal formation 
after vessel injury

 • SES, but not PES, are able to effectively inhibit the 
neointimal response in low shear stress areas

 • “Thromborestenosis” describes the theory in which chronic 
thrombus formation may play an integral part in the 
development of ISR
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Late restenosis
Whereas parallel neointimal proliferation and healing with 
BMS have been shown to be complete after 3 to 6 months 
[101], potentially followed by a late lumen enlargement 
beyond one year, a different pattern of healing has emerged 
with early-generation DES. This has been characterised by 
delayed healing with an ongoing neointimal growth beyond 
30 days in experimental studies [102] as previously described 
(  Figure 5), and beyond 6 months in clinical studies [103]. 
Different mechanisms have been identified in the mechanisms 
of delayed neointimal growth and these are elaborated in the 
following paragraphs.

Decreasing drug dose
The antiproliferative drug concentration diminishes over 
time according to the individual elution profile of the differ-
ent DES (see Stent factors): with decreasing drug dose, the 
antiproliferative inhibitive effect progressively declines. If the 
arterial healing is not terminated at the point in time when 
the drug elution has ceased, neointimal growth may continue 
to accrue (  Figure 9). 

Chronic inflammation
Chronic inflammation is a trigger for late neointimal growth. 
Animal studies have suggested that the inflammatory response 
among different DES is clearly distinct in terms of the pro-

F I G U R E  7
Evidence of the “Thromborestenosis” theory?
Upper image: in a patient with a diffuse long ISR in the mid circumflex (A-B), IVUS shows homogeneous isoechoic restenotic lesions (upper right 
images) and coronary angioscopy reveals flapping white thrombus attached to the restenotic segment (middle right images: yellow arrows). 
Lower image: histopathology of restenotic tissue taken by direct atherectomy from the restenotic site reveals (from left to right), homogeneous tis-
sue and collagen matrix (seen on haematoxylin and eosin stain), smooth muscle cells in collagen matrix (black arrows) ( -SMA stain), few proteo-
glycans (versican and decorin stain) and rich fibrin corresponding to the homogeneous tissue. Reproduced with permission from Oikawa et al [96].
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F I G U R E  9
The different time courses of the neointimal growth (indicated by late lumen loss) for BMS, early and newer-generation DES are shown over a 
five-year period. Different mechanisms contributing to the late neointimal growth in DES are presented. In addition, a case example of a sirolimus-
eluting stent showing delayed neointimal growth is depicted. SMC M: smooth muscle cell migration into neointima. D and E: D and E domains of 
fibrinogen. Arrow in histological cross-section depicts peri-strut inflammatory cell infiltrates. Reproduced (Figure and Figure legend) with permis-
sion from Räber et al [231].
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F I G U R E  8
The phenomenon of the increased likelihood of restenosis occurring in positively remodelled vessels. Red arrow indicates position where NIH can 
potentially grow since the NIH cannot be accommodated between the stent and the external elastic membrane (EEM). Adapted and reproduced with 
permission from Spanos et al. [230].
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Neoatherosclerosis
Neoatherosclerosis is defined as the presence of atheroscle-
rotic disease within the neointima of a stented segment, 
ranging from pathological intimal thickening with presence 
of intercellular lipid accumulations to ruptured/unruptured 
thin-cap fibroatheroma. It has been speculated that the 
presence of neoatherosclerosis, namely ruptured thin-cap 
fibroatheromas, may be responsible for the acute clinical 
presentation of patients suffering from late restenosis.

Nakazawa et al described in a pathology registry the inci-
dence of neoatherosclerosis within 142 BMS, 81 SES and 76 
PES post-mortem specimens [108]. The incidence of neoathero-
sclerosis was higher in DES (31%) as compared to BMS (16%, 
p<0.001), whereas no meaningful differences were observed 
between the two early-generation DES. An important differ-
ence between BMS and early-generation DES was that the first 
occurrence of neoatherosclerosis occurred earlier with first-
generation DES compared to BMS. Vulnerable plaques, namely 
thin-cap fibroatheroma (TCFA), were found in 1-4% of lesions 
without differences among stent types, but with a delayed 
occurrence in BMS as compared to early-generation DES.

The underlying reason for the difference in the occurrence of 
neoatherosclerosis is currently speculative. The mechanisms 
of neoatherosclerosis in DES are likely to be different from 
the ones observed in BMS. DES have been associated with 
impaired re-endothelialisation and with a disturbed func-
tionality of the neoendothelium. This potentially leads to the 
initialisation of the atherosclerotic cascade commencing with 
monocyte adhesion and migration into the neointima and 
an increased permeability of the endothelium for circulatory 
lipid migrating into the subendothelial matrix. Conversely, 
re-endothelialisation is faster and the endothelium exhibits 
a preserved functionality in BMS-treated segments, suggest-
ing different mechanisms involved in the genesis of neoath-
erosclerosis. Nakazawa et al [108] speculated whether shear 
stress may be a major contributing explanatory factor, as evi-
denced by some differences in the longitudinal distribution 
of neoatherosclerosis, in particular an increased occurrence 
in the proximal part of BMS-treated segments.

Illustrative examples of histological cross-sections depict-
ing neoatherosclerosis are provided in  Figure 10 and two 
examples of OCT cross-sections displaying neoatheroscle-
rotic lesions are shown in  Figure 11.

To date, two in vivo studies have corroborated the afore-
mentioned histopathological findings. Takano et al compared 
the appearances of neointimal tissue in BMS-treated lesions at 
6 months and separate BMS-treated lesions more than 5 years 
previously [109]. Whereas neoatherosclerosis was absent in 
the early group, a transformation of the neointima during 
long-term follow-up was noted with lipid-rich intima (68%), 

portion of giant cells, granulomas, eosinophils, lymphocytes 
and fibrin deposition as previously described [26-30]. Carter 
et al compared SES and BMS in a porcine coronary artery 
model and found late neointimal formation between 30 
and 90 days, which resulted in a similar amount of neointi-
mal area at 90 days between SES and BMS, thus mitigating 
the initial suppression achieved with SES at 30 days [102]. 
Histological data documented a progressive increase in 
injury and inflammation scores between 30 and 180 days, 
probably representative of a chronic inflammatory response 
with a predominantly lymphocytic reaction with giant cells.

The presence of inflammatory reactions during the long-
term time course following SES implantation was further 
corroborated by Virmani et al [104]. Histological evaluation 
of stented porcine coronary arteries demonstrated an intense 
circumferential granulomatous, eosinophil-rich inflamma-
tory response during long-term follow-up (90 and 180 days) 
in SES, and to a lesser extent PES; conversely, inflammation 
was absent with BMS. PES as opposed to SES was further 
characterised by an increase in fibrin deposition. The pres-
ence of fibrin - which has been described in the vicinity of 
stent struts in experimental [104] and autopsy studies [105] 
is an initiator of smooth muscle cell migration and prolif-
eration [106]. Porcine coronary models have demonstrated 
an increasing amount of fibrin in the long-term course (90 
days), [104] which is analogous to delayed wound healing 
and excessive scarring. Delayed fibrinolysis is a stimulus to 
smooth muscle cell proliferation and excessive collagenous 
matrix deposition, leading to late restenosis.

The most likely culprits for the prolonged inflammatory 
reactions of the vessel wall are hypersensitivity reactions to 
the durable polymer. Durable polymers serve as a standard 
component of early-generation DES and are of importance 
as they facilitate drug delivery over a certain time (see Stent 
factors) [107]. Animal data have demonstrated that a peak 
in hypersensitivity reactions occurs only after the complete 
release of the drug (>60 days), supporting the notion that the 
durable polymer may be the more important cause [28]. 

Taken together, early-generation SES and PES showed distinct 
long-term vessel responses, which have not been described in 
BMS. Whereas SES may cause a granulomatous and eosinophilic 
reaction, PES is mainly characterised by fibrin deposition. Both 
of these inflammatory reactions may trigger a continued neoin-
timal proliferation and thereby potentially cause late restenosis 
(  Figure 9). Inflammatory reactions are most likely caused by 
the durable polymers which have made them the consequent 
targets for improving stent designs. Whether the strategy of 
more biocompatible polymers or biodegradable polymers will 
result in a lower inflammatory response and consequent lower 
late neointimal proliferation has yet to be demonstrated. 
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calcifications (10%), intimal disruptions (38%), thrombi, 
and neovascularisation (52%). These results were confirmed 
in another OCT study by Habara et al who evaluated the 
neointimal composition in BMS-treated patients presenting 
with early (<1 year) versus late (>1 year) clinical restenosis 
[110]. Whilst the neointima appeared to be relatively nor-
mal in the early restenosis group, a significant proportion of 
late restenosis lesions presented with atherosclerotic changes, 
thrombi or neointimal tears. An extension of these findings 
to DES was obtained by Kang et al [111] in 50 patients pre-
senting with clinical restenosis who underwent optical coher-

F I G U R E  1 0
(A) Foamy macrophage clusters in the peri-strut region of sirolimus-eluting stents (SES) implanted for 13 months ante mortem are seen. (B) 
Fibroatheroma with foamy macrophage-rich lesion and early necrotic core formation in SES of 13 months’ duration. (C) Fibroatheroma with peri-
strut early necrotic core, cholesterol clefts, surface foamy macrophages, and early calcification (arrows) in SES at 13 months. (D) Peri-strut late 
necrotic core in the neointima characterised by large aggregates of cholesterol cleft in SES at 17 months. (E) Fibroatheroma with calcification in the 
necrotic core in SES of 10 months’ duration. (F) A peri-strut calcification (arrows) with fibrin in SES of 7 months’ duration. (G and H) A low-power 
magnification image (H) of a severely narrowed bare metal stent (BMS) implanted 61 months with a thin-cap fibroatheroma. Note macrophage 
infiltration and a discontinuous thin fibrous cap in a high-power magnification image (G). (I) A low-power magnification image shows a plaque 
rupture with an acute thrombus that has totally occluded the lumen in BMS implanted for 61 months ante mortem. (J) A high-power magnification 
image shows a discontinuous thin-cap with occlusive luminal thrombus. Reproduced (Figure and Figure legend) with permission from Nakazawa 
et al [232].
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ence tomography (OCT), intravascular ultrasound (IVUS) 
and IVUS-VH (IVUS-virtual histology) after a mean duration 
of 32 months post DES implantation. The main finding was 
that 90% of all patients exhibited a lipid-rich intima, indi-
cating that atherosclerotic transformation was indeed highly 
predominant in delayed restenotic lesions. Whilst a majority 
of patients with stable angina presented with a structurally 
intact intima, more than 50% of patients presenting with 
unstable clinical symptoms showed evidence of a ruptured 
and thrombosed thin-cap fibroatheroma.
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Taken together, the evidence derived from histology and in 
vivo imaging studies suggests that neoatherosclerosis occurs 
during the long-term time course after both BMS and DES 
implantation and can contribute to late restenosis.

Furthermore, neoatherosclerosis seems to be more prevalent 
in lesions causing symptomatic restenosis. The neoatheroscle-
rotic transformation of the neointima potentially leads to the 
formation of (neo) thin-cap fibroatheromas, which can rupture 
and trigger an unstable clinical presentation. Therefore, in-
stent neoatherosclerosis should also be considered as a differ-
ential diagnosis in patients presenting with stent thrombosis.

TA B L E  2

Serial intravascular ultrasound (IVUS) assessment of neointimal volume in patients treated with BMS or DES during long-term follow-up

TRIAL 
OR FIRST 
AUTHOR

STENT TYPE PATIENT 
NUMBER

4-6 MONTHS 
(MM3)

1 YEAR
(MM3)

2 YEARS
(MM3)

4 YEARS
(MM3) P-VALUE

TAXUS II [216] BMS 77 28.7±33.2 na 23.9±25.1 na 0.02

Aoki et al [217] SES 23 2.1±1.7 3.8±3.3 7.0±6.7 8.4±5.8 <0.0001

TAXUS II [216] PES-SR 43 9.4±12.1 na 13.6±11.3 na 0.018

TAXUS II [216] PES-MR 41 10.7±15.8 na 16.9±17.3 na 0.013

Collet et al [218] SES 12 na 2.5±3.7 na 7.7±6.7 na

Collet et al [218] BES 13 1.2±2.0 na na 1.2±4.9 na

BMS: bare metal stent; SES: sirolimus-eluting stent; PES-SR: paclitaxel-eluting stent slow release; PES-MR: paclitaxel-eluting stent moderate release;
BES: biolimus-eluting stent using biodegradable polymer; na=not applicable.

F I G U R E  1 1
This figure depicts 2 OCT cross-sections obtained 5 years following 
implantation of a sirolimus-eluting stent (Panel A) and a paclitaxel-
eluting stent (Panel B). In Panel A, a signal-poor region between 4 and 
1 o’clock is noted, suggestive of a lipid pool/necrotic core that is cov-
ered by a thick fibrous cap with a high signal intensity (100 microns 
at the location indicated by arrows). Due to the high attenuation of the 
lipid pool/necrotic core (*), the underlying stent struts are displaying an 
unusual low signal without shadowing (S). Taken together, the image 
suggests the presence of a thick-cap fibroatheroma within neointimal 
tissue. Note the artefact (A) at 2 o’clock.
In Panel B, the stent struts are displaying a much more intense signal 
with a typical shadowing. Between three and 6 o’clock, a sharply deline-
ated region with low backscattering and low attenuation is noted, sug-
gesting a calcific pool within the neointimal tissue. 
Note that, in both images, there is no significant narrowing of the 
lumen, which refers to the fact that neoatherosclerosis does not neces-
sarily lead to late restenosis. Image courtesy of Dr Lorenz Räber and 
Professor S. Windecker, Bern, Switzerland.

A B

Angiographic and intravascular imaging data on late 
neointimal growth and restenosis in humans
Longitudinal angiographic and angioscopic follow-up series 
in patients implanted with BMS have observed late improve-
ments in lumen diameter and an increased transparency 
(defined according to the visibility of the majority of the stent) 
respectively at three years of follow-up, suggesting late lumen 
remodelling on the basis of fibrotic maturation and regression 
of the neointima. Kimura et al reported a significant improve-
ment in MLD from 1.94±0.48mm at 6 months to 2.09±0.48 
(p 0.001) at 3 years [112]. A longitudinal angioscopic evalu-
ation in 12 patients following BMS implantation exhibited a 
change in neointimal appearance from 6 months to 3 years 
characterised by an increase in transparency [113]. A prolon-
gation of the angiographic follow-up of the above-mentioned 
study by Kimura et al demonstrated late re-narrowing beyond 
4 years, [114] suggesting a triphasic pattern following BMS 
implantation: 1) pronounced neointimal proliferation within 
the first 6 months, followed by 2) a lumen enlargement with 
maturation of the neointima, and finally 3) leading to a re-
narrowing, probably paralleled by an atherosclerotic trans-
formation as previously described (  Figure 9). 

In contrast to BMS, angiographic and IVUS studies of 
early-generation DES documented a continued increase in 
neointimal formation beyond the time point at which neoin-
timal proliferation is halted in BMS.  Table 2 provides 
an overview of IVUS studies that assessed serial changes in 
neointimal volumes among different stent types. Whereas 
in BMS no increase in neointimal volume was observed, 
early-generation DES have been associated with an on-going 
growth up to 4 years. Notably, all of these studies have only 
provided a snapshot within the first year after implantation, 
and at a single time point beyond one year (e.g., at 2, 3, or 
4 years). In view of this methodological limitation, there is 
no definite answer in respect to the exact dynamics of late 
neointimal growth, and presently it remains unclear whether 
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the continued growth is halted at 2, 3, or 4 years, or whether 
it continues beyond 4 years. Furthermore, serial IVUS data 
on newer-generation DES are, to date, scarce. 

 Angiographic data
 Table 3 provides an overview of angiographic long-term 

studies investigating delayed late loss, namely the difference 
in late loss between 6-12 months and at long-term follow-up 
beyond one year. 

In SIRTAX LATE, 293 patients underwent serial angi-
ography at baseline, 8 months and 5 years (SES=142, 
PES=151) [103]. Overall, an ongoing reduction of the 
minimal lumen diameter was noted between 8 months and 
5 years, resulting in a late loss of 0.33±0.66 mm. Whilst 
SES was superior in terms of late loss at 8 months, differ-
ences between PES and SES were balanced at five years. 
This was explained by a late catch-up observed with SES, 
namely a numerically higher delayed late loss with SES (SES 
0.37±0.73 mm, PES 0.29\0.59 mm, p=ns). In keeping with 
the findings from SIRTAX LATE, Byrne et al demonstrated 

in a large, unpaired angiographic patient cohort that the 
late loss at 6-8 months further accrued with first-generation 
DES (PES and SES) [115]. A numerically higher increase of 
late loss was consistently shown with SES (0.17±0.50 mm) 
compared to PES (0.13±0.50 mm). As the absolute increase 
in late loss from 8 months to 2 years observed by Byrne et 
al was numerically lower than the increase from 8 months 
to 5 years in SIRTAX LATE, one may speculate that neointi-
mal growth continued beyond 2 years. Interestingly, a third 
group in the study of Byrne et al, composed of polymer-
free DES, exhibited only a minimal delayed late loss of 
0.01±0.42 mm, suggesting that polymer-free stents may be 
less affected.

Newer-generation drug-eluting stents
Histological data comparing the long-term inflammatory 
responses of newer-generation DES using durable polymer 
are to date scarce. As they relate to devices using biodegrad-
able polymer technology for drug delivery, it will be of inter-
est to investigate how the bio-absorption process, which is 

TA B L E  3
Serial angiographic assessment of late loss following BMS or DES implantation during long-term follow-up

FIRST AUTHOR STENT TYPE NUMBER OF 
LESIONS

LATE LOSS SHORT 
TERM (BL-FUP1) 

(MM)

LATE LOSS LONG 
TERM (BL-FUP 2) 

(MM)

DELAYED LATE 
LOSS/GAIN (MM)

Asakura et al [113] BMS 12
6 mo

0.74 ± 0.32 

3 yrs

0.51 ± 0.26
gain : 0.23

Kimura et al [112] BMS 72
6 mo

0.61

3 yrs

0.46
gain : 0.15

Byrne et al [115] PF- RES
SES
PES

375
704
501

6-8 mo
0.46 ± 0.57
0.25 ± 0.50
0.46 ± 0.59

2 yrs
0.47 ± 0.59
0.37 ± 0.60
0.55 ± 0.66

loss : 0.01 ± 0.42
loss : 0.17 ± 0.50
loss : 0.13 ± 0.50

Räber et al [219] SES
PES

179
203

8 mo
0.09 ± 0.18
0.13 ± 0.22

5 yrs
0.45 ± 0.73
0.42 ± 0.62

loss : 0.37 ± 0.73
loss : 0.29 ± 0.59

Kyung Woo Park et al [220]
SES
PES

24
23

6-9 mo*
0.24
0.55

2 yrs*
0.50
0.65

loss : 0.26
loss : 0.10

Duk-Woo Park et al [221] BMS
LD-PES
HD-PES

17
18
20

6 mo*
0.80
0.50
0.30

2 yrs*
2 yrs*
0.70
0.90

gain : 0.40
loss : 0.20
loss : 0.60

Sousa et al [222]
FR-SES
SR-SES

13
13

1 yr
0.08 ± 0.31
0.08 ± 0.23

4 yrs
0.41 ± 0.49
0.09 ± 0.23

loss : 0.33
loss : 0.01

PF: polymer free; SES: sirolimus-eluting stent; PES: paclitaxel-eluting stent;  BMS: bare metal stent; LD: low dose;
HD: high dose; FR: fast release; SR: slow release; mo: months; yrs: years ; where SD is missing, values have been calculated using MLD.
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a known trigger for at least a transient inflammation, may 
enhance neointimal proliferation during the long-term fol-
low-up [116]. With polymer-free DES, few animal studies 
have reported a decrease in both inflammatory reactions and 
fibrin deposition up to 180 days, with a subsequent lower 
extent of angiographically defined delayed late loss [115].

Clinical significance of late catch-up
The most relevant question emerging from the angiographic 
and intravascular imaging data is whether delayed neointimal 
proliferation translates into a clinically meaningful need for 
target lesion revascularisation (TLR) during long-term follow-
up, reducing the early efficacy benefit of DES. Long-term results 
from randomised controlled trials of early and newer-genera-

tion DES consistently show a yearly TLR rate of less than 2% 
beyond one year, without meaningful differences compared 
to BMS (  Table 4). After subtraction of stent-thrombosis-
related TLR - which are at least in part not related to resteno-
sis - the annual TLR rate is as low as 1–1.5%. This relatively 
low frequency of late TLR is explainable by the magnitude of 
the delayed late loss (between 1 and 5 years = 0.30-0.40 mm), 
which is below the threshold that usually causes clinically sig-
nificant restenosis. Against this backdrop it is reasonable to 
conclude that early-generation DES delay neointimal forma-
tion and healing during the long-term course, but without sig-
nificantly compromising the early benefit in efficacy. Prolonged 
neointimal proliferation, however, may be a useful marker to 
assess the delay in healing. The presence of delayed healing 

TA B L E  4

Target lesion and stent thrombosis rates beyond one year in BMS, early and newer-generation DES

TRIAL ACRONYM

STENT 
TYPE AND 

NUMBER OF 
PATIENTS

CLINICAL 
SETTING

FOLLOW-UP 
PERIOD 
(YEARS)

 INCIDENCE 
OF TLR UP 
TO LATEST 

FOLLOW-UP 
(%)

INCIDENCE 
OF TLR 

BETWEEN 
1-5 YEARS 

(%)

ANNUAL 
TLR RATE 

BETWEEN 1 
YEAR AND 
MAXIMUM 

FOLLOW-UP 
(%)

ARC 
DEFINITION 
VLST UP TO 
MAXIMUM 

FOLLOW-UP 
(%)

ANNUAL 
VLST 

INCIDENCE 
(%) 

EARLY-GENERATION DES (RCTS WITH 5-YEAR FOLLOW-UP)

RAVEL [223] SES (n=120)
vs.

BMS (n=118)
Stable CAD 5 10.3 vs. 1.7*† 2.6 vs. 0.4*

0.8 vs. 0.8
p=1.0 0.2 vs. 0.2*

SIRIUS [224] SES (n=533)
vs.

BMS (n=525
Stable CAD 5

9.4 vs. 24.2 
p<0.001

4.5 vs. 4.0
p=0.76 1.1 vs. 1.0*

0.8 vs. 0.4 
p=0.56 0.2 vs. 0.1*

TAXUS IV-SR [225] PES (n=651)
vs.

BMS (n=643)

Stable and 
unstable 

CAD

5 16.4 vs. 4.3
p<0.001

6.0 vs. 8.0* 1.5 vs. 2.0
p=0.26

0.8 vs. 0.4* 0.2 vs. 0.1
p=0.49

SIRTAX LATE [103] SES (n=503)
vs.

PES (n=509)

Allcomers 5 13.1 vs. 15.1
p=0.29

7.4 vs. 4.9
p=0.16

2.0 vs. 1.4
p=0.17

2.6 vs. 2.4
p=0.83

0.7 vs. 0.6
p=0.85

NEWER-GENERATION DES (RCTS WITH AT LEAST 3 YEARS OF FOLLOW-UP)

LEADERS
{Wykrzykowska, 2011
 #30}

BES (n=857)
vs.

SES (n=850)

Allcomers 3 7.6 vs. 8.8
p=0.38

2.7 vs. 3.4
p=0.41

1.3 vs. 1.7
p=0.56

0.3 vs. 0.9
p=0.09

0.1 vs. 0.4
p=0.12

ENDEAVOR pooled 
[226]

ZES 
(n=2,132)

Stable and 
unstable 

CAD

3 6.7 1.3 0.65* 0.8‡ 0.4‡

SPIRIT II, III pooled 
[227]

EES (n=892) 
vs. PES 
(n=410)

Stable CAD 3 5.4 vs. 9.1 2.5 vs. 3.7
p=0.27

1.3 vs. 1.9* 0.2 vs. 0.5
p=0.59

01. vs. 0.3*

TLR is ischaemia-driven if available. *Unpublished data that was calculated using outcomes at 1 year and at the time point of the maximal follow-
up, therefore no p-values  † TLR between 9 months and 5 years. ‡ARC definite or probable stent thrombosis.
BMS: bare metal stent; SES: sirolimus-eluting stent; PES: paclitaxel-eluting stent; ZES: zotarolimus-eluting stent; na: not applicable; VLST: very 
late stent thrombosis; TLR: target lesion revascularisation; ENDEAVOR: randomised controlled trials of the Medtronic Endeavor drug-eluting 
coronary stent system. LEADERS: limus eluted from a durable versus erodible stent coating. RAVEL: a randomised comparison of a sirolimus-
eluting stent with a standard stent for coronary revascularisation. SIRIUS: sirolimus-eluting stent in de novo native coronary lesions. TAXUS II-SR: 
treatment of de novo coronary disease using a single paclitaxel-eluting slow release stent. SPIRIT: a clinical evaluation of the XIENCE V everolimus-
eluting coronary stent system in the treatment of patients with de novo native coronary artery lesions. SIRTAX LATE: sirolimus versus paclitaxel-
eluting stent for coronary revascularisation LATE trial.
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may contribute to a mechanistic explanation of the ongoing 
risk of very late stent thrombosis as it has been identified as the 
principal pathological finding in an autopsy study distinguish-
ing late thrombosed from patent early-generation DES [117]. 

Newer-generation DES, such as an everolimus-eluting 
stent, have shown superior clinical safety and efficacy out-
comes when compared to PES up to 2 years [118,119]. The 
annual incidence of late (>1 year) TLR in patients included 
in SPIRIT IV amounted to 2.1% in EES and 2.9% in PES. 
Patients included in the allcomers study COMPARE showed 
0.9% late TLR in the EES and 1.5% in the PES-treated 
patient group, respectively. Although there was no significant 
statistical difference in late TLR in both studies, it is impor-
tant to note the continued separation of the TLR curves 
beyond 1 year. This continued separation suggests a potential 
decrease in late TLR with the use of newer-generation DES 
as compared to the early-generation PES, potentially due to a 
less extensive inflammatory reaction.

Functional stent coverage by endothelium and vasomotor 
response 
As a consequence of stent implantation, there is a substantial 
reduction in the integrity of the vessel endothelium within the 
treated vessel segment. Furthermore, histological studies have 
confirmed that recovery of the endothelial cellular layer is sig-
nificantly delayed following DES compared to BMS implanta-
tion [120]. It is commonly accepted that the delay in the recov-
ery of the endothelial cellular layer following DES implantation 
is a consequence of the applied antiproliferative drug, which 
non-selectively inhibits mitosis of smooth muscle cells, fibro-
blasts and endothelial cells. The endothelial cell layer of the 
vessel wall has, however, a vital role in mediating vasomotion 
of the vessel wall by the excretion of nitric oxide (NO).

Notably, several studies have associated a lower vasore-
activity in the vessel segments adjacent to implanted early-
generation DES compared to BMS [121-123]. Within these 
studies different methodologies have been used to induce vas-
omotion of the vessel segment edges, namely physical stress 
(e.g., bicycle stress test), rapid atrial pacing, and high dose 
acetylcholine infusion. Newer-generation DES, integrating 
features such as reduced strut thickness, lower drug dose and 
a more biocompatible polymer, have allowed for less trau-
matic delivery and improved biocompatibility of the stent. 
These features may be the reasons why further studies have 
shown an improvement in the vasoreactivity of the adjacent 
vessel segments in implanted newer-generation DES, com-
pared to earlier-generation DES [124,125].

To date, the magnitude of the correlation between endothe-
lial restoration within the stented segment of DES and the vaso-
motor response in the adjacent vessel segment remains unclear. 

The introduction of intravascular optical coherence tomogra-
phy (OCT) technology has permitted the assessment of vessel 
stent strut coverage, as an indicator of endothelial integrity. 
Fuji et al [126] assessed strut coverage 3 months after zotaroli-
mus-eluting stent implantation and demonstrated a correla-
tion between the degree of stent coverage and the vasomotor 
response assessed by acetylcholine infusion. Furthermore, an 
inverse correlation of the rate of uncovered struts with the 
vasomotor capacity of the vessel wall was shown, thus sup-
porting the hypothesis of a relationship between restoration of 
the stent vessel endothelialisation and vasomotor response fol-
lowing DES implantation.

F O C U S  B O X  4

 • Three principal factors may be responsible for the 
formation of late restenosis: 1) decreasing drug dose; 
2) chronic inflammatory reactions and persistent fibrin 
deposition; 3) neoatherosclerosis

 • Early-generation SES and PES, but not BMS, have been 
associated with chronic inflammation and fibrin deposition 
during the long-term time course

 • Neoatherosclerosis occurs earlier and more frequently in 
DES compared to BMS

 • Incomplete re-endothelialisation and impaired 
functionality of the endothelium may be the source of 
neoatherosclerosis in DES, whereas shear stress has been 
suggested to be a relevant contributor in BMS

 • Lipidic transformation of the neointima can lead to 
the formation of thin-cap fibroatheroma, which can be 
responsible for unstable presentations of restenosis

 • Early-generation SES and PES have been associated 
with a delayed late loss of 0.3-0.4 mm between 1-5 years 
in angiographic long-term studies without significant 
differences between the two devices. Data on newer-
generation DES are scarce

 • The small magnitude of delayed late loss observed with 
early-generation DES does not translate into clinically 
significant late TLR rates (incidence <1.5% per annum) and 
does not compromise the early benefit in efficacy achieved 
with the introduction of DES

 • Angiographic and clinical data suggest that some of the 
newer-generation DES (e.g., polymer-free DES) may be 
less vulnerable to late restenosis

STENT FACTORS

Polymer release kinetics
Polymer release kinetics play a key and fundamental role in 
the prevention of restenosis with the suggestion that it is not 
necessarily the total dosage of the antiproliferative drug deliv-
ered to the vessel wall that is important but more the kinetics 
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of the release of the drug. The PISCES trial [127] was the first 
human study to demonstrate this principle involving the use 
of the Conor stent and six different polymer-drug release for-
mulations. The main finding of the trial was that the duration 
of the drug release had a far greater impact on the inhibition 
of NIH than the dose of the drug delivered (  Figure 12).

The polymer-free biolimus A9-eluting stent, with 2 differ-
ing doses of biolimus, has been investigated in animal models 
[128] and the first-in-human BIOFREEDOM study [129]. 
Initial studies in animals indicated that the lower (112 µg/per 
14 mm of stent length) and higher dose (225 µg/per 14 mm 
of stent length) biolimus A9-eluting stents have equivalent 
effects on the NIH response and both have a superior late 
reduction in NIH as compared to SES at 180 days [128]. 
In the subsequent BIOFREEDOM study [129] in humans, 
powered to test for non-inferiority, statistical equivalency 
was achieved in all 3 groups with an in-stent late lumen loss 
reported as 0.17 mm (“standard-dose biolimus” group - 15.6 
µg/per mm of stent length), 0.22 mm (“low-dose biolimus” 
group - 7.8 µg/per mm of stent length) and 0.35 mm for the 

Taxus stent with no differences in MACE or reported cases 
of stent thrombosis in all 3 groups. 

It would therefore appear that a certain threshold of drug 
needs to be delivered to the vessel wall over a sustained, pro-
longed period of time, during the process of endothelialisa-
tion of the DES, in order to “dampen” down the inflamma-
tory response and limit NIH formation. This is supported by 
molecular biology studies which have suggested that genes 
responsible for the proliferative response potentially remain 
active for a period of up to 21 days after vessel injury [130]. 
Achieving the fine balance between the drug type, dosage and 
delivery over the appropriate time are therefore crucial fac-
tors in DES design. 

In addition, an early peak in drug release may theoreti-
cally be of importance to inhibit the early inflammatory reac-
tion of the vessel wall caused by the traumatic vessel wall 
injury following stent implantation. The early suppression of 
injury-induced inflammation may result in an antithrombotic 
effect, which may explain the decreased risk of acute stent 
thrombosis observed in a recent study comparing the newer-

F I G U R E  1 2
The PISCES trial involving the use of the Conor stent and six different polymer-drug-release formulations in humans
In this example, 10 mcg of paclitaxel released over 10 days (D3) following DES implantation appeared to have little effect on NIH production, whereas 
the same dosage of the drug released over a 30-day (D5) period led to a profound reduction in NIH, with a more than halving (57% reduction) of the 
rate of LLL. Interestingly, 30 mcg of the same drug released over a 10-day period (D4) was also less effective. Corresponding tables and graphs of 
the drug release kinetics are shown. The design of the Conor stent is also illustrated (lower right image).
Adapted and reproduced with permission from Serruys et al [127].
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generation everolimus-eluting stent with a bare metal stent 
for primary PCI [131]. 

Type of DES? Type of drug?
Differences relating to first-generation DES are discussed in 
the Late restenosis section of Arterial factors. Data from the 
SCAAR registry, involving >35,000 patients implanted with 
four different types of DES (ZES, SES, Taxus® Express® 
[Boston Scientific] and Liberté® [Boston Scientific]) in real-
world practice at 2-year follow-up, showed that the rates of 
restenosis with DES implantation were significantly higher 
in diabetics and that important differences existed in the effi-
cacy of differing brands of DES to reduce restenosis [21]. In 
particular, the restenosis rates with Endeavor® (Medtronic, 
Inc., Minneapolis, MN, USA) were twice as high in diabet-
ics as compared to other DES types. Higher restenosis rates 
were also evident in diabetics with Endeavor (RR: 1.77, 
95% CI: 1.29 to 2.43) and SES (RR: 1.25, 95% CI: 1.04 
to 1.51) when compared to non-diabetics. Five-year unpub-
lished follow-up data from the SCAAR registry continued 
to demonstrate differences in the efficacy of the first and 
second-generation DES in reducing rates of stenosis, with a 
trend for better outcomes seen after nearly 2 years’ use of the 
everolimus-eluting stent.

The EES releases 80% of the drug within 30 days and nearly 
all the drug within 4 months. In the Spirit I, II, and III trials, 
a LLL of 0.10, 0.16, and 0.33 mm and TVR rates of 3.8%, 
3.4%, and 4.6% were observed at 6, 12, and 24 months, 
respectively [43]. Conversely, the Endeavor reported a LLL 
of 0.60 mm and 0.67 mm and TVR of 6.3% and 4.5%, 
respectively, in the Endeavor III and IV trials at 12 months. 
The Endeavor, however, elutes 95% of its drug very rapidly 
(within 14 days): this is highly likely to be the main reason 
for the poorer results seen. 

The next-generation Endeavor® Resolute stent (Medtronic, 
Inc.), consisting of the same cobalt chromium metallic plat-
form (Driver BMS; Medtronic, Inc.) and the same drug 
(zotarolimus) as the Endeavor stent, but incorporating the 
BioLinx™ polymer - an enhanced triple polymer combining a 
hydrophobic coating covering the stent, a hydrophilic, more 
biocompatible polymer on the abluminal surface with a third 
polymer binding the previous two polymers – allowed for 
substantially longer polymer drug release kinetics (180 days), 
compared to 14 days with the Endeavor stent. The Endeavor 
Resolute stent reported an in-stent LLL of 0.12, 0.22, and 
0.27 mm at 4, 9, and 13 months, respectively, with angio-
graphic equivalency (LLL 0.19 mm) in terms of meeting the 
criteria for non-inferiority being met when compared with 
EES. Equivalency in the 12-month primary endpoint of tar-
get lesion failure (a composite of cardiac death, target vessel 

MI, and clinically driven target lesion revascularisation [8.2% 
versus 8.3%]) and a slight increase in the rate of definite stent 
thrombosis (1.2% versus 0.3%, p=0.01) were also seen [132].

Type of drug
Based on the vast experimental and clinical evidence associ-
ating inflammation with restenosis as previously discussed, 
multiple immunosuppressive and antiproliferative drugs 
– such as dexamethasone, actinomycin D, cytochalasin D, 
17-beta-estradiol, mycophenolic acid, and angiopeptin – 
have been investigated for their effect in inhibiting the path-
way of NIH [133,134]. As an example, methylprednisolone, 
although shown to be promising in a porcine model [135], 
demonstrated a restenosis (>50% diameter stenosis at fol-
low-up) rate of 13.3% and a LLL of 0.45 mm at follow-up 
in the STRIDE (Study of antirestenosis with BiodivYsio dex-
amethasone-eluting stent) European Study [136]. The very 
short release profile of the drug – almost completely eluted in 
the first 24 hours after deployment – no doubt had a strong 
influence on the clinical effect of the drug. 

The drugs that have been demonstrated to have superior 
performance in a consistent and reproducible fashion both 
in preclinical investigations and in clinical trials are siroli-
mus (rapamycin) and paclitaxel in first-generation stents, 
and the limus family of drugs (which includes sirolimus) in 
second-generation DES [133,134]. Although polymer release 
kinetics are crucial to the antiproliferative effects of these 
drugs as previously described, because of the differing and 
potentially more potent mechanisms of action of the limus 
family of drugs compared to paclitaxel, the limus family of 
drugs are thought to deliver a more sustained antiprolifera-
tive NIH effect [133,134]. Furthermore, in the randomised 
PAINT trial, Lemos et al. [137] conducted a head-to-head 
comparison of 2 DES with the same metallic stent platform 
and biodegradable-polymer carrier but releasing either siroli-
mus or paclitaxel, and a BMS of the same metallic platform. 
Nine-month in-stent late loss was significantly more favour-
able towards sirolimus (paclitaxel: 0.54-0.44 mm, sirolimus: 
0.32-0.43 mm, vs. BMS: 0.90-0.45 mm, respectively, p< 
0.01) in the 274 patients studied. 

New-generation DES, such as the everolimus-eluting stent 
(XIENCE; Abbott Vascular) has shown superiority compared 
to the Taxus PES and shown itself to be a powerful inde-
pendent predictor of 2-year freedom from ischaemia-driven 
target lesion revascularisation (hazard ratio: 0.59 [95% CI: 
0.47–0.74], p=0.0001), ischaemia-driven target vessel revas-
cularisation (0.70 [0.58,0.84]; p=0.0002), myocardial infarc-
tion (hazard ratio: 0.54 [95% CI: 0.41–0.71]; p=0.0001) and 
MACE (hazard ratio: 0.64 [0.54, 0.77]; p<0.0001) [138]. 
Furthermore, the biolimus-eluting stent with a biodegrad-
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able polymer has demonstrated non-inferiority to the SES 
(Cypher) at up to 4 years follow-up [139,140]. It is likely that 
a combination of favourable polymer release kinetics and the 
limus-based drug are reasons for the more advantageous clin-
ical effects seen. Conversely, the Endeavor DES, eluting the 
limus-based zotarolimus drug, led to unfavourable clinical 
outcomes due to the very short polymer release kinetics (14 
days) as previously discussed.

Stent gap, non-uniform strut distribution and drug 
deposition
Takebayashi et al [141] classically described the number and 
distribution of DES struts, as identified by IVUS, as being 
independent significant risk factors (fewer struts and non-
uniform stent strut distribution) for NIH formation and the 
subsequent risk of restenosis. Non-uniform DES strut distri-
bution has been suggested as being attributable to features 
such as stent design (e.g., open versus closed cell), stent gap, 
vessel curvature, coronary bifurcations, ostial lesions, stent 
underexpansion or overexpansion, polymer peeling, and 
stent fracture.

Small vessels and strut thickness
Small coronary artery disease is a recognised challenging sub-
set within the field of coronary artery intervention with sig-
nificant and unacceptable risks of restenosis seen with both 
POBA and BMS [142-145]. A meta-analysis [146] of the use 
of DES in small vessel disease demonstrated that both late 

loss and binary restenosis were largely dependent on the type 
of DES implanted (  Figure 13). 

Mechanisms suggested to explain the poorer outcomes 
associated with small vessels include: (1) a high degree of 
vessel stretch and injury, (2) a smaller post-procedural lumen 
area, and (3) a higher metal density [147]. The overstretch 
theory is, however, controversial, with evidence suggesting a 
possible adverse effect with increased NIH [119,120], no sig-
nificant effect [148], or even potential benefit [142,148]. The 
latter beneficial effects have been proposed to be related to a 
higher balloon-to-artery ratio, the so-called bigger is better 
paradigm (see Implantation factors), leading to appropriate 
apposition of the stent to the vessel wall.

Thicker stent struts have been linked to an increased risk of 
restenosis with BMS [149] and small vessels [147,150,151]. 
The underlying rationale is that a thinner stent strut would 
have less of a “footprint” on the vessel wall with a conse-
quential reduced inflammatory response. With DES, however, 
a complex relationship exists between the strut material and 
characteristics, stent design, polymer type, and drug release 
kinetics. Both Cypher and XIENCE appear to have the low-
est risk of binary restenosis in small vessels, despite a large 
disparity in stent strut thicknesses (approximately 150 µm 
versus 90 µm); moreover, Endeavor had the worst outcomes 
despite its strut thickness being approximately 10 microns 
more than the XIENCE V® [146]. A fairer comparison per-
haps would be between the Taxus Liberté and Express as 
both contain identical metallic platform materials, polymer 
coatings and drug concentrations (1 µg/mm2 of paclitaxel), 
except that the Taxus Liberté contains thinner struts, more 
flexible cell geometry, and uniform cell distribution. In the 
SCAAR registry, the Taxus Express was shown to have a mild 
but significantly higher adjusted risk of restenosis compared 
to Taxus Liberté (RR: 1.32, 95% CI: 1.10-1.60).21

“On” and “off” label use of DES
The Strategic Transcatheter Evaluation of New Therapies 
(STENT) Group is the largest, multicentre, prospective regis-
try involving >15,000 patients to have evaluated the late out-
comes associated with DES implantation in the United States 
[152]. This compared on-label (short de novo lesions in coro-
nary arteries measuring >2.5 mm and <3.5 mm for SES or 
<3.75 mm PES) and off-label (ostial, left main stem, chronic 
total occlusion, saphenous vein graft, small or large vessels/
multivessel, STEMI, ISR lesions) indications for DES implan-
tation. A near doubling in the TVR rate was seen in the off-
label group at 9 months (5.7% versus 3.2%, p<0.0001) and 
2 years (11.8% versus 6.5%, p<0.0001) [153]. 

Data from the Synergy between Percutaneous Coronary 
Intervention with TAXUS and Cardiac Surgery (SYNTAX) 

F I G U R E  1 3
The modelling of the impact of different late losses on follow-up binary 
angiographic restenosis after PCI in coronary segments with small 
(<2.75 mm), medium (2.75–3.25 mm), and large (>3.25 mm) reference 
vessel diameter. Reproduced (Figure and Figure legend) with permis-
sion from Biondi-Zoccai et al [146].
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F I G U R E  1 4
Polymer defects in first-generation DES
Polymer void and bridging on a Taxus Express stent and polymer void and peeling on a Cypher DES. Adapted and reproduced with permission from 
Otsuka et al [159].

Polymer void

Polymer void

Polymer brindging

Polymer peeling

study, reflecting a population of patients with highly com-
plex off-label use of DES in 3-vessel or left main stem dis-
ease, have reported even higher rates of TVR at 1, 2, 3 and 4 
years at 11.6%, 17.4%, 19.7% and 23%, respectively [154]. 
Furthermore, recent evidence has suggested that one of the 
main determinants of future clinical events, including revas-
cularisation, is the clinical risk profile of the patient. High 
EuroSCORE patients from the SYNTAX trial - in particu-
lar in the 3VD population - have been associated with more 
adverse clinical outcomes [155,156]. Registries have also sug-
gested these observations in patients with left main disease 
[157,158]. Further study is required to validate these findings.

Polymer disruption, peeling and cracking
Polymer disruption, peeling and cracking have been demon-
strated to occur in bench studies involving both first [159] 
(  Figure 14) and second (  Figure 15) generation DES, 
[160,161] using light or scanning electron microscopy. 

Although there is no direct evidence to suggest that the 
integrity of the polymer coating is a direct cause of resteno-
sis, there are sufficient theoretical concerns to warrant con-
cern through non-uniform local drug distribution or the dis-
rupted polymer potentially acting as a nidus for an ongoing 
inflammatory response with the subsequent risk of restenosis 
[27-29,54].

Other concerns with regard to the potential for polymer 
disruption involve the percutaneous coronary intervention 
procedure itself. Wiemer et al. [162,163] demonstrated that, 
in DES that had failed to be delivered to the intended implan-
tation site in tortuous calcified lesions, significant damage 
and cracking of the polymer had occurred to varying extents 
with multiple types of second-generation DES. Scanning 
electron microscopy revealed many cases of deep damage to 
the polymer with exposure of the bare metal: in particular, 
the Endeavor RX stents showed up to 20% damage to the 

surface area (  Figure 16). With polymer-free DES, a large 
proportion of the surface area was shown to be without any 
layer of drug (  Figure 16).

Bifurcation stenting, especially if very complex, has been 
hypothesised as possibly leading to polymer disruption, peel-
ing or even polymer void [159], with the consequent risk of 
non-uniform drug distribution and focal stenosis. In bench 
work utilising scanning electron microscopy of the polymer 
integrity of 5 different types of DES (Cypher, Cypher Select, 
Endeavor, Taxus Express, and Taxus Liberté) after undergo-
ing kissing balloon post-dilatation, Guerin et al. [164] dem-
onstrated significantly greater coating damage to the ostial 
struts, especially along the overstretched segments, with 
cracking of the polymer seen in all cases and even exposure 
of bare metal. Of note is that the Endeavor stent showed 
a subtotal destruction of its coating on the luminal surface 
in all segments, whereas the other DES demonstrated more 
focal localised abnormalities.

Stent fractures
Stent fracture related to DES implantation in coronary arteries 
was first reported in 2004 (  Figure 17) [165]. Subsequent 
retrospective and prospective registries have quoted restenosis 
rates ranging from 15% to 100% in patients identified as hav-
ing stent fractures [166]. In the only randomised controlled 
trial reporting the incidence of stent fracture and outcomes 
after DES implantation and subsequent mandatory angio-
graphic follow-up (LONG-DES-II study), a 14% incidence of 
restenosis was observed [167].

The pattern of restenosis associated with DES fractures 
appears to be focal, reflecting the local trauma sustained by 
the vessel at the fracture site once this has occurred. Due to the 
underlying mechanism of DES fracture (as explained below), 
restenosis tends to occur fairly late, and invariably after 
most if not all of the antiproliferative drug has been eluted.  
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F I G U R E  1 5
Polymer defects seen in second-generation DES
Adapted and reproduced with permission from Basalus et al [160].
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The subsequent healing response therefore occurs without 
any drug to suppress the NIH response, which in itself is 
exacerbated by further exposure of the vessel to the disrupted 
polymer. The aetiology of the DES fractures also appears to 
be relatively well understood and is related to two principal 
factors.

The first is the location of the implantation site of the DES. 
Mechanical fatigue of the metallic stent can occur due to 
excessive movement during cardiac contraction, especially at 
a “hinge point” where the potential for 2 opposing forces 
may occur at the same site [168]. In these situations, excessive 
movements can occur to the DES implanted in one part of a 
vessel during cardiac contraction, in particular in the right 
coronary artery or a saphenous vein graft, because of their 
greater propensity for angulation and tortuosity [166,168].

Secondly, the design of the DES itself has been strongly 
incriminated with causing DES fracture. A closed-cell design, 

such as occurs with SES, is less likely to be able to withstand 
the pressures related to excessive movements compared with 
the open-cell design of a PES. In a recent meta-analysis, [166] 
the incidence of stent fracture was reported to be less than 
0.1% with the open-cell PES and approximately 2.3% with 
the closed-cell SES.

Long stents, overlapping stents, tight lesions that have been 
“vigorously post-dilated and expanded,” [167] myocardial 
bridge sites, areas of significant curvature (due to the lack 
of conformability of certain DES, especially of closed-cell 
design) are all other factors which may predispose to DES 
fracture [165-173].

Newer-generation DES have consequently aimed to main-
tain the open-cell design and have thinner struts by using new 
metallic alloys. Although the radial strength has been pre-
served with next-generation DES - recent case reports have 
suggested that, with certain types of next-generation DES, 

F I G U R E  1 6
Polymer defects in second-generation DES that could not be delivered through calcified, tortuous vessels. Adapted and reproduced with permission 
from Wiemer et al [163].
A: unexpanded Janus Carbostent Flex (Sorin, Milan, Italy): small polymer irritations (black arrows) at the fringe (magnification x 200.
B: unexpanded Yukon Choice Stent (Translumina GmbH, Hechingen, Germany): very thin, irregular drug layer covering stent and balloon. A large 
area of the surface of the stent was found to be without drug coverage (black arrows) (magnification ? (x100)).
C: unexpanded Axxion (Biosensors International, Singapore): large continuous areas and spots without any drug coverage (white arrows) (magni-
fication (x80).
D: unexpanded XIENCE V®: typical wrinkling and cracking of polymer with bare metal exposure at loop region (black arrows) after failed attempt to 
pass the DES through a calcified vessel (magnification x 150.
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the longitudinal strength of the device may potentially be 
affected, increasing the likelihood for stent deformation (lon-
gitudinal elongation or compression) requiring post-dilation 
or further stent placement - episodes of late stent thrombo-
sis have also been reported [174-176]. Higher incidences of 
restenosis have, at the time of writing, not yet been reported. 

IMPLANTATION FACTORS 

Incomplete stent expansion
A smaller post-procedural minimal lumen diameter (MLD) 
and a greater residual stenosis (  Figure 17) have been 
associated with long-term DES patency and clinical out-
comes [177-187]. Evidence of stent underexpansion has been 
reported in 20-40% of cases when assessed by quantitative 
coronary angiography (QCA) and 38-70% of cases when 
assessed by IVUS [182-184]. However, what proportion of 
these cases with stent underexpansion are clinically relevant 
in causing restenosis remains unclear. Serial IVUS analyses 
from the SIRIUS trial [185] and other studies [186,187] 
investigating SES use, have demonstrated a cut-off of a post-

procedural MSA of between 5.0-5.5 mm2 as being the opti-
mal area to reduce the likelihood of restenosis.

In an important meta-analysis, Casella et al [188] com-
pared IVUS against angiographic-guided BMS implantation 
(n=2,972 patients) and demonstrated that, at 6 months fol-
low-up, there was reduced TVR (OR 0.62; 95% CI: 0.49-
0.78; p=0.00003), binary restenosis (OR 0.75; 95% CI: 
0.60-0.94; p=0.01) and MACE (OR 0.79; 95% CI: 0.64-
0.98; p=0.03) when an IVUS approach to BMS implantation 
was used. Since then, the only new published randomised 
controlled trials of IVUS versus angiographic-guided stent 
implantation were the AVID trial [189] for BMS and a small 
trial (Jakabcin et al [190]) for DES.

The AVID trial was published 10 years after the data collec-
tion and had mixed results, with no benefit in the incidence 
of 12-month TLR, a larger minimum stent area post BMS 
implantation and, on subgroup analysis, a lower 12-month 
TLR rate for vessels 2.5 mm or vessels with a high-grade 
pre-stent stenosis. With DES, Jakabcin et al failed to show 
any differences in the clinical endpoints of MACE (death, 
myocardial infarction and reintervention) at 18 months. 

F I G U R E  1 7
The first reported DES fracture in the literature made by our group in 2004
The initial RCA result (A) following implantation of 3 overlapping 3 mm Cypher DES (post-dilated with a 3.5 mm balloon). 5 months later the patient 
re-presented with unstable angina – 4 very focal lesions, giving the vessel a beaded appearance, were demonstrated on both coronary angiography 
(B-C) and IVUS C), indicative of DES fracture. Reproduced with permission from Sianos et al [165].

A B C
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tation would be more likely to be of significance in leading 
to a flow-limiting lesion. Conversely, if the MSA was larger, 
then the growth of the same amount of NIH would be clini-
cally less relevant in causing binary restenosis [193]. Other 
suggestions of DES underexpansion as a cause of ISR have 
been related to possible asymmetrical stent expansion, which 
may affect the pattern of neointimal growth through possible 
uneven drug delivery [194,195]. Numerous factors, includ-
ing “off-label” indications for DES implantation, as previ-

Furthermore, the initial results of the AVIO (Angiographic 
Versus IVUS Optimisation) randomised, multicentre trial assess-
ing IVUS-guided DES implantation were presented in 2010 
[191,192]. In 142 patients with complex lesions implanted 
with IVUS-guided DES, no clinical benefit was demonstrated 
compared to controls, with comparable clinical outcomes in 
the combined endpoint of MI, target lesion revascularisation 
(TLR), TVR or cardiac death at 30 days and 9 months (85.9% 
vs. 83.1%, p=0.47). The primary endpoint of a higher MLD 
was seen in the IVUS-guided DES implantation group (2.70 mm 
vs. 2.51 mm, p=0.0002). As only 39% of patients had QCA 
at 9 months, no comments could be made as to whether this 
approach would potentially lead to a reduction in restenosis 
rates. Until large-scale trials unequivocally demonstrate the 
clinical efficacy of an IVUS-guided DES implantation approach, 
IVUS will remain to be used at the operator’s discretion.

The most plausible and the strongest theory to explain 
the underlying mechanism relating stent underexpansion to 
restenosis is the so-called “bigger-is-better” paradigm [193]. 
Effectively, if the minimum stent area (MSA) is smaller at 
baseline, then the expected NIH formation post DES implan-

TA B L E  5
Factors associated with an increased risk of suboptimal stent 
deployment [228]

LIST OF CONDITIONS ASSOCIATED WITH AN INCREASED RISK 
OF SUBOPTIMAL STENT DEPLOYMENT 

Low-pressure stent deployment (<12 atm)
Lesions with heavy calcification
Lesions with large plaque burden (severe stenosis)
Lesions with a mismatch of proximal and distal reference size
Ostial lesions
Bifurcation lesions treated with stenting of side branch
Long lesions requiring multiple stents 
Small vessel treatment 
Treatment of diffuse in-stent restenosis 

F O C U S  B O X  5

 • Polymer release kinetics – namely antiproliferative drug 
dose and time course of delivery – play a crucial role in the 
prevention of restenosis

 • The genes responsible for the proliferative response 
potentially remain active for a period of up to 21 days after 
vessel injury – a critical time period for antiproliferative 
drug delivery from DES

 • DES with shorter drug release kinetics, such as Endeavor 
(14 days), lead to greater restenosis compared to DES with 
longer drug release kinetics

 • Newer-generation DES with thinner struts, longer drug 
release kinetics, more biocompatible polymers have led to 
more effective neointima inhibition

 • Off-label use of DES, such as in ostial, left main stem, 
chronic total occlusion, saphenous vein graft, small 
or large vessels/multivessel, STEMI, ISR lesions, are 
associated with higher restenosis and revascularisation 
rates

 • Polymer disruption, peeling and cracking, either on the 
DES at baseline or induced by delivery or by interventional 
procedure, have been demonstrated with first and second-
generation DES. As to whether this is implicated in 
restenosis is theoretical

 • Stent fractures are more likely to occur with the closed-cell 
design of first-generation DES and in sites where there is 
greater angulation or tortuosity (i.e., hinge points). They 
tend to occur late, when there is little or no antiproliferative 
drug to cover the vessel injury

ously described, are involved in increasing the risk of subop-
timal stent deployment (  Table 5). 

Geographical miss/barotrauma to unstented segments
Geographical miss (  Figure 18), as the name suggests, is 
essentially a failure to cover appropriately an injured vessel or 
atherosclerotic plaque. This may be a consequence of lesion 
predilatation, balloon-associated vessel barotrauma and the 
subsequent failure to cover the entire injured site with a DES, 
incomplete coverage of the diseased segment of the vessel with 
significant plaque remaining at the stent margins, or failure 
adequately to overlap DES in long segments of disease. 

Geographical miss has more accurately been described 
as longitudinal geographical miss (LGM: injured or dis-
eased stenotic segment not fully covered by DES) or axial 
geographical miss (AGM: balloon-artery size ratio <0.9 or 
>1.3 mismatch) (  Figure 19) [196]. Geographical miss, 
associated with the implantation of SES, was investigated in 
the STLLR study [196]. As a whole, geographical miss was 
observed in nearly two thirds of the study group (66.5%), 
with almost half the patients experiencing LGM (47.6%), 
over one third AGM (35.2%), and 16.5% a combination of 
the two. At 1-year follow-up, there was more than a 2-fold 
increase in TVR (5.1% vs. 2.5%; p=0.025) and a 3-fold 
increase in MI (2.4% vs. 0.8%; p=0.04) in patients with 
geographical miss. Subgroup analyses indicated that these 
findings were almost exclusively related to LGM (6.1% vs. 
2.6%; p=0.001), with two thirds of cases being second-
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F I G U R E  1 9
Geographical miss
Illustration of the mechanism of longitudinal (LGM) and axial geographical miss (AGM). Reproduced and adapted with permission from Costa et 
al [196].

F I G U R E  1 8
The potential benefit of IVUS-guided stent implantation
Comparison of angiographic and IVUS findings before and after high-pressure stent post-dilatation. Reproduced with permission from Romagnoli 
et al. [228]
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ary to balloon injury outside the stent margins, and AGM 
not seeming to be an important factor (4.2% vs. 4.3%; p 
non-significant). This latter finding has been corroborated, 
where it was shown that the balloon-to-artery ratio [148] 
or the occurrence of edge dissections (potentially associ-
ated with AGM) [197] did not have a significant impact 
on the risk of restenosis: this does perhaps argue against 
the practice of IVUS-guided DES implantation. The occur-
rence of edge dissections has, however, been linked to an 
increased periprocedural and 1-month MACE rate, driven 
primarily by an elevated risk of stent thrombosis and sub-
sequent TVR [198].

More recently, a substudy of the STLLR study demon-
strated that the clinical effects of balloon injury secondary to 
LGM were more pronounced in diabetics [199]. More than 
a four-fold increase (8%) in the need for target lesion revas-

cularisation in diabetics, and almost a two-fold increase in 
non-diabetics (3.8%), in the presence of LGM were reported 
compared to no LGM being present. 

The vascular response at the stent edges has been evalu-
ated with first-generation DES. It appears to be dependent 
on the implanted device and the periprocedural-induced 
vascular trauma, as a consequence of the geographical miss 
phenomenon, as described. [196] Within the IVUS substud-
ies of the E-SIRIUS and SIRIUS trials, both AGM and LGM 
were shown to be potentially reduced when periprocedural 
implantation parameters such as conservative pre-dilatation, 
less forceful stent implantation (~16 atm) and selective post-
dilatation with balloons shorter than the stent were under-
taken [200]. 

The landing zone of the implanted device may be a poten-
tial mechanism for restenosis. Failure to cover fully a sten-
otic lipid-core lesion due to LGM as described has poten-
tially been shown to increase the likelihood of DES failure 
due to plaque progression at the DES edge and subsequent 
edge restenosis (  Figure 20) [17,170,196,201,202]. Further 
studies are required to assess if the use of intracoronary imag-
ing to ensure full lesion/plaque coverage is undertaken and to 
assess whether this leads to improved clinical outcomes. 

Deployment of a DES in a clot-laden arterial segment 
Deployment of a DES in a clot-laden arterial segment 
has been shown in an ex vivo model to lead to signifi-
cant variability in arterial drug distribution [203] which 
may potentially affect clinical outcomes (  Figure 21). 
Essentially in this study it was shown that thrombus 
between the stent strut and vessel wall lead to a reduc-
tion in drug penetration into the vessel wall by a factor 
of up to 10-fold. Despite these theoretical concerns, mul-
tiple studies [204-212] and a meta-analysis of 13 trials 
(n=7,244) [213] have shown the significant short-term 
benefits of DES over BMS. Specifically in the meta-anal-
ysis by Piscione et al, [213] a reduction of TVR (5.11% 
versus 11.19%, p<0.00001) and recurrent MI (3.03% 
versus 3.70%, p=0.02) in patients with STEMI were dem-
onstrated up to 1 year. The widespread use of glycopro-
tein-IIb/IIIa inhibitors and aspiration thrombectomy may 
be the reasons why these concerns have not materialised 
in clinical trials in the short term. 

Concerns over the long-term safety of DES in STEMI do 
persist, however, because of the potential risk of late-acquired 
stent malapposition and consequent LST [214,215]. The con-
cerns about reduced absorption of the drug from DES should 
be borne in mind in a thrombus-laden vessel, especially when 
there has been inadequate resolution of thrombus and DES 
implantation is to be considered.

F I G U R E  2 0
Late drug-eluting stent (DES) failure
This report illustrates a case of incomplete stent coverage of a necrotic-
core plaque mass, despite adequate coverage of the angiographic ste-
nosis. Incomplete coverage of the lipid-core lesion with the DES at 
the index procedure (A, C) appeared to be associated with plaque pro-
gression leading to stent failure due to angiographic edge restenosis 
at 15 months (B, D). Corresponding 2D OCT images (not illustrated) 
demonstrated the mechanism of restenosis to be progression of the 
necrotic core rather than neointimal hyperplasia. Red colour indicates 
artery wall; green, macrophages; yellow, lipid core; blue, stent; white, 
calcium; purple, thrombus; grey, guidewire. White arrow denotes side 
branch in (C) and (D). *Guidewire shadow. Reproduced with permission 
from Waxman et al [201].

A

B

C

D
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PERSONAL PERSPECTIVE – PATRICK W. SERRUYS

F I G U R E  2 1
Deployment of a DES in a clot-laden arterial segment
This can potentially lead to variability in arterial drug distribution in ex 
vivo models, potentially affecting clinical outcomes. The concepts of 
drug diffusivities in clot (Dclot) and tissue (Dtiss), drug capacity of clot 
relative to solution (Kclot:sol), drug capacity of arterial tissue relative 
to clot (Ktiss:clot), drug capacity of arterial tissue relative to solution 
(Ktiss:sol) and drug convective velocities (V), as illustrated, demonstrate 
the complexity of stenting in acute myocardial infarction. Reproduced 
with permission from Hwang et al [203].

Despite the low incidence of DES restenosis, the burden of ISR in absolute numbers will probably continue to grow 
with the increasing uptake of second-generation DES in conventional percutaneous coronary intervention practice. 
Moreover, it is probable that these cases will select themselves as more resistant cases which may make treatment 
subsequently more challenging. Large-scale clinical trials and registries are required to translate these restenotic mecha-
nisms best into either enhanced DES design or further effective treatment options. For example, the pooled data of 
the randomised controlled trials investigating EES comprise almost 15,000 patients and, apart from mortality, would 
potentially be of sufficient power to detect rare events such as stent thrombosis. 
Although the treatment of ISR is beyond the scope of this review, an understanding of the mechanisms involved in 
DES restenosis and the controllable and non-controllable factors can give the practising interventional cardiologist 
further useful clinical information to reduce DES restenosis in his/her own practice. Apart from biological factors, 
there are potentially controllable factors within arterial and stent factors. However, it should be acknowledged that in 
the treatment of ISR the evidence for using a DES with a different drug remains unproven [44]. Ultimately, the implan-
tation factors are the most important controllable factors from the perspective of the interventional cardiologist.

F O C U S  B O X  6

 • Implantation factors are the most controllable factors for 
potentially reducing restenosis

 • A smaller post-procedural minimal lumen diameter 
(MLD) and a greater residual stenosis have been strongly 
associated with long-term DES patency and clinical 
outcomes

 • IVUS-guided BMS implantation has been associated 
with a reduced TVR and binary restenosis in classical 
meta-analyses

 • To date, no randomised controlled trial has demonstrated 
the clinical superiority of IVUS-guided DES implantation 
despite being associated with a post-procedural higher MLD

 • Longitudinal geographical miss has been associated with 
greater TVR and MI, an effect that may be pronounced in 
diabetics

 • Reductions in TVR and MI have been associated with DES 
implanted after STEMI at up to 1 year, despite theoretical 
concerns that thrombus may interfere with local drug 
absorption. Concerns over the long-term safety of DES in 
STEMI do persist
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Restenosis
Delineating the Numerous Causes of Drug-Eluting Stent Restenosis

Vasim Farooq, MBChB, MRCP; Bill D. Gogas, MD; Patrick W. Serruys, MD, PhD

In the past decade, tremendous progress has been made in
reducing the incidence of restenosis with the advent of the

drug-eluting stent (DES). With “plain old balloon angio-
plasty,” rates of acute and chronic vessel occlusion were
unacceptably high at �30% to 60%, secondary to acute and
chronic recoil and constrictive remodeling. The advent of
bare-metal stents (BMS) appeared to eliminate the issue of
acute and chronic recoil but introduced a new entity, neoin-
timal hyperplasia (NIH), with classical papers unequivocally
demonstrating a strong and linear relationship between NIH
formation and late lumen loss (LLL). The restenosis rates
with BMS were reported to be between 16% and 44%, with
higher rates of stenosis attributable to several risk factors, in
particular, long lesion length and small vessel caliber.1

DES were thus conceived as the next step in tackling this
iatrogenic entity of NIH, with large-scale reductions in
restenosis rates reported at 0% in highly selective lesions and
up to 16% in a broader range of patients and lesions with
first-generation DES.1 In contrast to plain old balloon angio-
plasty and BMS, in which an almost classical gaussian
distribution of LLL is seen postprocedurally, the LLL after
DES implantation appears to follow a bimodal pattern of
distribution (Figure 1).2

Despite the significant advances in the technology to
reduce DES restenosis, conservative estimates still suggest
that the incidence of in-stent restenosis (ISR) requiring target
vessel revascularization (TVR), so-called DES failure, to be
�5% to 10%, with one estimate suggesting �200 000 repeat
revascularizations in the United States alone.3

Whereas the pattern of restenosis in BMS has been shown
to be primarily diffuse, with DES it has been demonstrated to
be usually focal (Figure 2) and most commonly located at the
proximal DES edge, as demonstrated in �60% of ISR with
either paclitaxel-eluting stent (PES) or sirolimus-eluting stent
(SES) implantation. However, over one-fifth of ISR cases
remain diffuse, and 10% to 20% are even occlusive.4

In 2004, the first report of risk factors associated with DES
restenosis in patients with the unrestricted use of SES since
approval of its CE mark was made by our group. Despite the
apparent differences in the distribution of LLL between BMS
and DES as previously described, the main message of these
and subsequent findings was that the usual patient character-

istics, lesion types, and procedural factors incriminated with
restenosis in BMS were equally responsible with DES, with
diabetes mellitus implicated as one of the strongest risk
factors. It should however be emphasized that the “slope” of
the distribution of restenosis with DES appears to be much
flatter compared with BMS, especially in long lesions and
small vessels, highlighting the importance of drug elution in
potentially attenuating the NIH response.3

Histopathologic analyses of in-stent neointima taken by
directional atherectomy at the time of reintervention also
have been shown to be remarkably similar between BMS and
DES. This is almost exclusively composed of proteoglycan-
rich smooth muscle cells (SMCs) and fibrolipidic areas rich
in collagen and reticular fibers. A more “immature” restenotic
process, as evidenced by differences in SMC phenotypes,
however, has been shown to potentially exist with certain
types of DES compared with BMS.5,6

ISR traditionally has been suggested as being potentially less
benign with the recurrence of anginal symptoms alone. How-
ever, emerging evidence now suggests that between 30% and
60% of ISR cases present with an acute coronary syndrome with
unstable angina being the most common presentation and up to
5% of patients even reported to present with ST-elevation
myocardial infarction (STEMI).7,8 However, one series has
suggested no differences in the incidence of acute coronary
syndrome associated with either BMS or DES restenosis.7

The treatment of ISR and the determinant factors involved in
the development of late stent thrombosis (LST) are well de-
scribed elsewhere and are outside the scope of this review.3,9 The
underlying mechanisms of restenosis with DES can broadly be
divided into 4 main causes (Table), namely, biological, arterial,
stent, and implantation factors, accepting that this classification
is somewhat arbitrary and that mechanisms of restenosis may be
attributable to more than one factor. In this review we explore
these 4 main mechanisms and identify the potentially controlla-
ble and noncontrollable factors from the perspective of the
interventional cardiologist intending to implant a DES.

Biological Factors
Resistance to Antiproliferative Drugs
The underlying mechanisms of action and causes of resis-
tance to paclitaxel or sirolimus are well documented in the
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cancer literature and either can be present in genetically
predetermined individuals or be acquired following cytotoxic
exposure to the drug.10,11

The so-called drug resistance gene expression program,
described for paclitaxel resistance, best exemplifies the com-
plex pathways involved in the etiology of drug resistance.10

Essentially, the cellular context determines the expression of
the genes that contribute to drug resistance, either in geneti-
cally predetermined cells or primed for expression following
the cytotoxic insult after drug exposure. These genes may
operate in conventional pathways that are well known (drug
delivery and metabolism, apoptosis regulation, DNA repair),
but the temporal (ie, pro- and antiapoptotic gene activity) and
spatial regulation (ie, cell survival signaling pathways) of
these gene products after drug exposure also appears to be
important.

As examples, polymorphisms in the genes that encode
mTOR or proteins involved in paclitaxel or sirolimus metab-
olism have been shown to confer drug resistance both in vitro
and in vivo10,11; decreased binding of sirolimus to mTOR
because of mutations in FK-B12 and mTOR and mutations of
downstream effector molecules of mTOR may all cause
resistance to sirolimus.11

The OSIRIS study investigated the administration of
higher doses of oral sirolimus to patients with refractory ISR
in the theoretical attempt of overcoming drug resistance and
delivering increased amounts of drug to the implantation
site.12 A significant correlation was demonstrated between the
level of sirolimus concentration in the bloodstream and rates
of further LLL (Figure 3). However, given that the patients
received a short duration of oral sirolimus (7 days), it was
unclear whether these findings would be maintained at
longer-term follow-up.

Hypersensitivity Reactions (the Polymer)
The inflammatory reaction that occurs after arterial injury is
a critical factor that influences the extent of neointimal
response, with the persistence of this inflammatory response
beyond 90 days being strongly associated with delayed
healing and implicated in an increased risk of LST and
restenosis long term.13,14

PES and SES have each been demonstrated to provoke
distinctive inflammatory responses in animal models beyond
90 days: SES triggering giant cell infiltrations and PES
eosinophilic reactions around stent struts. The inflammatory
responses associated with SES have been shown to persist
beyond 180 days and up to 2 years (Figure 4); this phenom-
enon may also be further exacerbated at sites of overlapping
DES. This is in contrast to BMS and the second-generation
everolimus-eluting stent (EES-Xience V) with a more bio-
compatible polymer, in which the inflammatory responses
have been demonstrated to be limited to a period of 90 days
and 12 months, respectively (Figure 4).13,14

Evidence of persistent inflammatory responses in humans
also has been reported in both autopsy cases, with one case

Figure 1. The bimodal distribution of
LLL (A, B) and percentage diameter ste-
nosis (C, D) after Cypher (left) and Taxus
(right) implantation. LLL indicates late
lumen loss. Reproduced with permission
from Byrne et al.2

Figure 2. The patterns of restenosis in SES and PES. The pre-
dominant pattern of ISR is focal, although diffuse and prolifera-
tive restenosis is still seen with DES. SES indicates sirolimus-
eluting stent; PES, paclitaxel-eluting stent; DES, drug-eluting
stent. Reproduced with permission from Corbett et al.4
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involving up to one third of struts in first-generation DES at
3 months,1,14 and from thrombus aspirates taken at the time of
emergency percutaneous coronary intervention in patients
presenting with very LST.15

The timing of restenosis associated with DES implantation,
therefore, appears complex and may potentially be related to
this persistent inflammatory response not usually associated
with BMS, with some evidence to suggest a “catch-up” in
LLL with SES as discussed in Stent Factors.

Hypersensitivity Reactions (Metallic
Stent Platform)
Despite retrospective studies suggesting an association be-
tween nickel hypersensitivity and ISR, to date, no prospective
studies have confirmed such an association. A few small
prospective studies, however, have suggested a possible
association between nickel hypersensitivity and recurrent ISR
with BMS that previously had been treated with plain old
balloon angioplasty; this, however, was found not to be
associated with the initial BMS implantation.16 Whether the
issue of nickel hypersensitivity is a potential issue with DES
is both speculative and theoretical. Only one small study
(Nakazawa et al17) has examined this issue and found no
association with SES implantation.

Serum Matrix Metalloproteinase (MMP) Activity
and Genetics
Circulating MMPs recently have been demonstrated to be
potentially useful in identifying patients at greater risk of
developing ISR following DES implantation.18 MMP-2 and
MMP-9 are well known to play fundamental roles in the
migration of vascular SMCs and matrix remodeling during
wound healing and are produced by vascular SMCs, endo-
thelial cells, macrophages, lymphocytes, and mast cells in
response to mechanical injury. Significant elevations in
MMP-9 levels at baseline and MMP-2 and MMP-9 levels 24
hours post-percutaneous coronary intervention have proven
to be strongly associated with the development of ISR
following DES implantation. Conversely low and near-
normal MMP-2 and MMP-9 levels were associated with a
lack of a significant restenotic response.18

Gene polymorphisms linked with the inflammatory re-
sponse have been found to be associated with ISR.19 As
examples, homozygosity of the 16/glycine variant in the
�2-adrenergic receptor (a mediator of nitrous oxide synthe-
tase) has been associated with �2-adrenergic receptor down-
regulation and an increased risk of restenosis19; Vogiatizi et
al20 described a 15-fold increase in the risk of restenosis
associated with 2 functional polymorphisms of interleukin-8
(a strong mediator of inflammation). However, the reported
gene polymorphisms are relatively rare, thus limiting any
clinical applicability.

Arterial Factors
Wall Shear Stress
Wall shear stress refers to the principle that fluid dynamics
and vessel geometry may play a potential role in the cause of
focal plaque or neointimal formation. The concept of wall
shear stress is that blood does not move at the same velocity
at every point within the vessel, with blood flowing fastest in
the vessel center or, for example, at the carina of a bifurcation
(ie, a high-shear stress area) and slowest when closest to the
vessel wall or, using the same example, at the ostium of a
bifurcation (ie, a low-shear stress area), because of frictional
forces exerted by the vessel endothelium. Low shear stress
consequently may lead to the accumulation of growth factors,
mitogenic cytokines, and platelets, which may promote ath-
erosclerosis or neointimal formation after vessel injury.

Table. The Underlying Mechanisms of Restenosis With Drug-Eluting Stent

Biological Factors Arterial Factors Stent Factors Implantation Factors

Resistance to antiproliferative drugs Wall shear stress Polymer drug release kinetics Incomplete stent expansion

Hypersensitivity reaction (polymer) Progression of atherosclerosis
within a stented segment

Type of DES? Type of drug? Geographical miss

Hypersensitivity reaction (metallic stent
platform)

“Thromborestenosis” Stent gap, nonuniform strut distribution,
and drug deposition

Barotrauma to unstented segments

Serum matrix metalloproteinases Vessel remodeling Stent strut thickness Deployment of DES in a clot-laden arterial
segment

Genetics Small vessels “On- and off-label” use of DES

Polymer disruption, peeling, and
cracking

Stent fractures

Figure 3. The association of sirolimus blood concentrations at
the time of repeat intervention and LLL at 6-month angiographic
follow-up from the OSIRIS study. LLL indicates late lumen loss.
Reproduced with permission from Hausleiter et al.12
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Conversely, high shear stress can potentially directly inhibit
SMC proliferation and therefore limit atherosclerosis or
restenosis unless it progresses from a low-shear stress
area.1,21,22

In a novel experiment in an animal model, Carlier et al23

demonstrated that through the implantation of a “flow di-
vider” into the center of a stent implanted in the iliac arteries,
they were able to modulate and increase the local wall shear
stress with a consequential reduction in local inflammation
and neointima formation.

The most similar human model of this example has been
with so-called “shotgun stenting,” in which simultaneous
V-stenting is performed with the formation of a “new” carina
in the left main stem or other suitably sized vessels.24–26 Kim
et al24 showed that in 36 consecutive patients (29 with left
main stem interventions) using SES, a 14% (5 patients)
restenosis rate occurred over an average follow-up period of
�2 years. Interestingly, a “membranous diaphragm” at the
carina was identified in nearly half the patients, with reste-
nosis occurring in just one of these patients.

Conversely, Stinis et al26 showed that in 74 consecutive
patients with predominantly left anterior descending-diagonal
lesions, that the target lesion revascularization rate was more
than twice as high in the simultaneous V-stenting group (14
patients, 40%), compared with the crush group (5 patients,
12.8%) at a follow-up of �3 years. Whether lesion location
played a role in the disparity of these results remains unclear.

Robust, well-designed trials are required to evaluate the
feasibility of this technique further.

The issue as to whether the actual presence of the stent in
the vessel wall negatively alters the wall shear stress suffi-
ciently to promote restenosis has proven to be controversial,
with conflicting evidence existing in the literature. In a
recent, larger, well-designed trial, Papafaklis et al27 demon-
strated the presence of significant numbers of “pockets” of
low shear stress within stented segments, secondary to local
geometric factors such as angulation or curvature, and that
these pockets were significantly associated with NIH forma-
tion at 6-month follow-up with BMS and PES. Interestingly,
this was not seen with SES, suggesting that sirolimus signif-
icantly attenuated the neointimal response to low shear stress.
Paclitaxel was unable to do this, perhaps because of its
differing pharmacological mode of action or even its shorter
drug-release kinetics, which will be discussed later.1,3,27

Progression of Atherosclerosis Within a
Stented Segment
Plaque progression and rupture leading to myocardial infarc-
tion (MI) have been reported in rare case reports involving
BMS28,29 and more recently DES.30 The underlying patholog-
ical mechanisms are one of necrotic core plaque progression
and rupture either within the stent with BMS or at the stent
edge in incompletely covered lipid-core plaque with DES
(see Implantation Factors).30

Figure 4. The persistent granulomatous
inflammatory response to Cypher stents
for a period of up to 2 years in a porcine
model. Reproduced from Expert Rev
Cardiovasc Ther. 2008;6:1379–1391,
with permission of Expert Reviews Ltd.13
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In the Moderate Vein Graft Lesion Stenting With the
Taxus Stent and Intravascular Ultrasound (VELETI) pilot
trial,31 it was potentially shown that PES implantation to
cover moderately diseased, flow-limiting lesions in old sa-
phenous vein grafts lead to apparent “plaque sealing.” A
reduced rate of saphenous vein graft disease progression, as
evidenced by a lower 12-month minimum lumen area on
intravascular ultrasound (IVUS) assessment and a trend
toward a lower incidence of major adverse cardiovascular
events at 1-year follow-up was found, compared with medical
treatment alone. Conversely, Jensen et al32 showed in a serial
IVUS study of 74 patients with diabetes post-DES implanta-
tion that, at 8-month follow-up, PES led to a significant, but
mild, increase in the rate of plaque progression compared
with SES.

“Thromborestenosis” Phenomenon
“Thromborestenosis” is a term first described by Oikawa et
al33 to describe an intriguing theory in which chronic throm-
bus formation may play an integral part in the development of
ISR. Within their study, the incidences of thrombus and fibrin
deposition were more frequently observed with ISR lesions
associated with SES implantation (12 of 13 cases) compared
with BMS (2 of 8 cases). In support of this theory is the fact
that plaque rupture with nonocclusive thrombus is a well-
recognized mechanism of progression of disease in de novo
atherosclerotic lesions.34 Furthermore in a study of patients
who died of LST, 2 of 14 autopsy cases revealed evidence of
ISR with superimposed thrombus.35

Conversely, Rittersma et al36 also showed evidence of
chronic thrombi that were days to weeks old in at least 50%
of 211 consecutive STEMI patients with de novo lesions who
had thrombus aspirates taken within 6 hours of the onset of
their symptoms. Hypothetically the presence of older thrombi
was speculated to be related to clinically silent nonocclusive
athero-thrombotic events in the preceding days to weeks
before the clinical presentation of occlusive thrombosis.
Whether this latter theory is also an explanation for the
presence of thrombi seen with ISR is presently unclear.

Vessel Remodeling
The implantation of DES in vessels that previously have
undergone positive remodeling secondary to a large plaque
burden, the “Glagov” phenomenon, also has been shown to
be a significant predictor of restenosis (Figure 5).37

Small Vessels
This is discussed in Stent Factors with strut thickness.

Stent Factors

Polymer Release Kinetics
Polymer release kinetics plays a key and fundamental role in the
prevention of restenosis. The Paclitaxel In-Stent Controlled
Elution Study (PISCES) trial38 was the first human study to
demonstrate this principle involving the use of the Conor stent
with 6 different polymer-drug release formulations. The main
finding of this trial was that the duration of the drug release had
a far greater impact on the inhibition of NIH than the dose of
drug delivered. For example, 10 �g of paclitaxel released over
10 days following DES implantation appeared to have little
effect on NIH formation, whereas the same dosage of drug
released over a 30-day period led to a profound reduction in
NIH, with a more than halving (57% reduction) of the LLL.
Interestingly, 30 �g of the same drug released over a 10-day
period also was less effective.

The polymer-free biolimus A9-eluting stent, with two
different doses of biolimus, demonstrated noninferiority com-
pared to PES in the first-in-human BIOFREEDOM study.39

An in-stent LLL of 0.17 mm (standard-dose biolimus group:
15.6 �g/mm stent length), 0.22 mm (low-dose biolimus
group: 7.8 �g/mm stent length) and 0.35 mm (PES) were
reported, with no significant differences in major adverse
cardiovascular events or cases of stent thrombosis observed.

Molecular biology studies have suggested that the genes
responsible for the proliferative response potentially remain
active for a period of up to 21 days after vessel injury.40 These
clinical findings therefore support the concept of a certain
threshold of drug, delivered over a sustained prolonged

Figure 5. The phenomenon of the increased likelihood of restenosis occurring in positively remodeled vessels. Red arrow indicates position
where NIH can potentially grow in nonremodeled (between the stent and EEM) (left image) and remodeled vessels (right image). Because the
NIH cannot be accommodated between the stent and the EEM in remodeled vessels, this results in luminal compromise. NIH indicates neo-
intimal hyperplasia; EEM, external elastic membrane. Adapted and reproduced with permission from Spanos et al.37
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period of time, being required to “dampen” down the inflam-
matory and subsequent NIH response.

Type of DES? Type of Drug?
Schomig et al,41 in a meta-analysis of 16 trials comparing
SES with PES, suggested the benefit of SES over PES over a
median 2-year follow-up, with a significant reduction in TVR
(hazard ratio 0.74, 95% [confidence interval] CI 0.63 to 0.87,
P�0.001) and stent thrombosis (hazard ratio 0.66, 95% CI
0.46 to 0.94, P�0.02) without a mortality benefit. The
reasons for this apparent benefit are complex but have been
suggested to be related to the slower polymer release kinetics
of SES compared with PES. However, data from the
Sirolimus-Eluting Stent Compared with Paclitaxel-Eluting
Stent for Coronary Revascularization (SIRTAX) trial have
suggested a possible “catch-up” in LLL with SES over a
5-year follow-up, with no significant differences in LLL
observed between the 2 groups.3

Data from the Swedish Coronary Angiography and Angio-
plasty Registry (SCAAR), registry involving �35 000 pa-
tients implanted with 4 different types of DES (Endeavor,
SES, Taxus Express, and Liberte) in real-world practice at
2-year follow-up showed that the rates of restenosis with DES
implantation were significantly higher in patients with diabe-
tes mellitus and that important differences in the efficacy of
differing types of DES existed.42 In particular, the restenosis
rates with Endeavor were twice as high in diabetic patients
compared with other DES types. Higher restenosis rates were
also evident in diabetic patients with Endeavor (relative risk
1.77, 95% CI 1.29 to 2.43) and SES (relative risk 1.25, 95%
CI 1.04 to 1.51) when compared with nondiabetic patients.
Five-year unpublished follow-up data from the SCAAR
registry43 continued to demonstrate differences in the efficacy
of the first- and second-generation DES in reducing the rates
of restenosis, with a trend toward better outcomes seen after
nearly 2 years of EES use.

The EES releases 80% of the drug within 30 days and
nearly all the drug within 4 months. In the Spirit I, II, and III
trials, a LLL of 0.10, 0.16, and 0.33 mm and TVR rates of
3.8%, 3.4%, and 4.6% were observed at 6, 12, and 24 months,
respectively.3

Conversely, the Endeavor reported a LLL of 0.60 mm and
0.67 mm and TVR of 6.3% and 4.5%, respectively, in the
Endeavor III and IV trials at 12 months. The Endeavor,
however, elutes 95% of its drug very rapidly (within 14 days);
this is highly likely to be the main reason for the poorer
results seen. The next-generation Endeavor Resolute stent,
consisting of the same cobalt chromium metallic platform
(Driver BMS) and the drug (zotarolimus) as the Endeavor
stent, but with substantially longer polymer drug release
kinetics (180 days), reported an in-stent LLL of 0.12, 0.22,
and 0.27 mm at 4, 9, and 13 months respectively, with
angiographic equivalency (LLL 0.19 mm) in terms of meet-
ing the criteria for noninferiority (P�0.08), being met when
compared with EES. Equivalency in the 12-month primary
end point of target lesion failure (a composite of cardiac
death, target vessel MI, and clinically driven target lesion
revascularization (8.2% versus 8.3%) and a slight increase in

the rate of definite stent thrombosis (1.2% versus 0.3%,
P�0.01) were also seen.44

Stent Gap, Nonuniform Strut Distribution and
Drug Deposition
Takebayashi et al45 classically described the number and
distribution of DES struts, as indentified by IVUS, as being
independent significant risk factors (fewer struts and nonuni-
form stent strut distribution) for NIH formation and the
subsequent risk of restenosis. Nonuniform DES strut distri-
bution has been suggested to be attributable to features such
as stent design (eg, open versus closed cell), stent gap, vessel
curvature, coronary bifurcations, ostial lesions, stent under or
overexpansion, polymer peeling, and stent fracture.

Small Vessels and Strut Thickness
Small-vessel disease is a recognized challenging lesion subset
with significant risks of restenosis seen with plain old balloon
angioplasty and BMS.1 A recent meta-analysis of the use of
DES in small-vessel disease demonstrated that both LLL and
binary restenosis were largely dependent on the type of DES
implanted.46 In particular, Xience and Cypher led to resteno-
sis rates of 10% to 15% (5% to 10% and 0% to 5% in medium
and large vessels, respectively), compared with 20% to 25%
with Taxus (10% to 20% and 2.5% to 7.5% in medium and
large vessels, respectively) and 30% to 35% with Endeavor
(20% to 30% and 5 to 12.5% in medium and large vessels,
respectively).

Mechanisms suggested to explain the poorer outcomes
associated with small vessels include: (1) a high degree of
vessel stretch and injury, (2) a smaller postprocedural lumen
area, and (3) a higher metal density.47 The overstretch theory,
however, is controversial with evidence suggesting a possible
adverse effect with increased NIH,47 no significant effect,48 or
even potential benefit.49 The latter beneficial effects have
been proposed to be related to a higher balloon-to-artery ratio,
the so-called bigger is better paradigm (see Implantation
Factors) leading to appropriate apposition of the stent to the
vessel wall.

Thicker stent struts have been linked to an increased risk of
restenosis with BMS and small vessels.47 The underlying
rationale is that a thinner stent strut would have less of a
“footprint” on the vessel wall with a consequential reduced
inflammatory response. With DES, however, a complex
relationship exists between the strut material and character-
istics, stent design, polymer type, and drug release kinetics,
with Cypher and Xience appearing to have the lowest risk of
binary restenosis in small vessels, despite a large disparity in
stent strut thicknesses (�150 �m versus 90 �m). A fairer
comparison perhaps would be between the Taxus Liberte and
Express because both are identical except the Taxus Liberte
contains thinner struts, more flexible cell geometry, and
uniform cell distribution. In the SCAAR registry,42 the Taxus
Express was shown to have a mild but significantly higher
adjusted risk of restenosis compared to Taxus Liberte.

“On- and Off-Label” Use of DES
The Strategic Transcatheter Evaluation of New Therapies
(STENT) Group, is the largest, multicenter, prospective
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registry involving �15 000 patients, evaluated the late out-
comes associated with DES implantation in the United
States.50 This compared on-label (short de novo lesions in
coronary arteries measuring �2.5 mm and �3.5 mm for SES
or �3.75 mm PES) and off-label (ostial, left main stem,
chronic total occlusion, saphenous vein graft, small or large
vessels/multivessel, STEMI, ISR lesions) indications for DES
implantation. An almost doubling in the TVR rate was seen in
the off-label group at 9 months (5.7% versus 3.2%,
P�0.0001) and 2 years (11.8% versus 6.5%, P�0.0001).

Data from the Synergy between Percutaneous Coronary
Intervention with TAXUS and Cardiac Surgery (SYNTAX)
study, reflecting a population of patients with highly complex
off-label use of DES in 3-vessel or left main stem disease,
have reported even higher rates of TVR at 1, 2, and 3 years
at 11.6%, 17.4%, and 19.7%, respectively.51

Polymer Disruption, Peeling, and Cracking
Polymer disruption, peeling, and cracking, and subsequent
exposure of bare-metal areas have been demonstrated to
occur in bench studies involving both first- and second-
generation DES (Figure 6) using light or scanning electron
microscopy.52,53 Although there is no direct evidence to
suggest that the integrity of the polymer coating is a direct
cause of restenosis, there are sufficient theoretical concerns to

warrant concern through nonuniform local drug distribution
or the disrupted polymer potentially acting as a nidus for an
ongoing inflammatory response.14

Other concerns with regard to the potential for polymer
disruption involve the percutaneous coronary intervention
procedure itself. Wiemer et al54 demonstrated that in DES that
had failed to be delivered to the intended implantation site in
tortuous calcified lesions, significant damage and cracking of
the polymer had occurred to varying extents with multiple
types of second-generation DES. Scanning electron micros-
copy revealed many cases of deep damage to the polymer
with exposure of the bare metal, in particular, the Endeavor
RX stents showed up to 20% damage to the surface area.
With polymer-free DES, a large proportion of the surface area
was shown to be without any layer of drug (Figure 6).

In bench work utilizing scanning electron microscopy of
the polymer integrity of 5 different types of DES (Cypher,
Cypher Select, Endeavor, Taxus Express, and Taxus Liberte)
after undergoing kissing balloon postdilatation, Guerin et al55

demonstrated significantly greater coating damage to the
ostial struts, especially along the overstretched segments,
with cracking of the polymer seen in all cases and even
exposure of bare metal. Of note is that the Endeavor stent
showed a subtotal destruction of its coating on the luminal
surface in all segments, whereas the other DES demonstrated
more focal localized abnormalities.

Figure 6. Polymer defects seen in second-generation DES. DES indicates drug-eluting stent. A, Taxus Liberte: thinning (top), webbing
with (middle), and without (bottom) bare-metal exposure of the polymer coating. B, Xience V: apparent bare-metal area (top), crater-
shaped irregularity without bare-metal exposure (middle), and “wrinkles” in the polymer coating (bottom). C, Endeavor Resolute: crater
irregularity with an apparent central bare-metal area (top), cracks in the polymer coating (middle); C, Endeavor Sprint: polymer peeling
with exposure of significant bare-metal areas (bottom). Iatrogenic polymer defects: D, No drug coverage was seen in up to 40% of the
surface area of the unexpanded Yukon Choice S (black arrows) and Axxion (white arrows); D, Xience V: wrinkling and cracking of poly-
mer with bare metal exposure (black arrows). A–C, Adapted and reproduced from Basalus et al, EuroIntervention. 2009;5:160, Copy-
right (2009), with permission from Europa Edition.53 D, Adapted and reproduced with permission from Wiemer et al.54
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Stent Fractures
Stent fracture related to DES implantation in coronary arter-
ies was first reported by our group in 2004. Subsequent
retrospective and prospective registries have quoted resteno-
sis rates ranging from 15% to 100% in patients identified to
have stent fractures.56 In the only randomized controlled trial
reporting the incidence of stent fracture and outcomes after
DES implantation and subsequent mandatory angiographic
follow-up (LONG-DES-II study), a 14% incidence of reste-
nosis was observed.57

The restenosis associated with DES fractures tends to occur
fairly late and focally, reflecting the local trauma sustained by
the vessel at the fracture site. Consequently, the subsequent
healing response occurs without any drug to suppress the NIH
response, which in itself may be further exacerbated by exposure
of the vessel to the disrupted polymer.

The etiology of the DES fractures appears to be related to 2
principle factors. First, mechanical fatigue of the metallic stent
can occur because of excessive movements during cardiac
contraction, especially at a hinge-point where the potential for 2
opposing forces may occur at the same site. In particular, this
may occur in the right coronary artery or a saphenous vein graft,
because of their greater propensity for angulation and tortuosity.
Second, a closed-cell design, such as occurs with SES, is less
likely to be able to withstand the pressures related to excessive
movements compared with the open-cell design of a PES. The
incidence of stent fracture is reported at less than 0.1% with the
PES and approximately 2.3% with SES.56

Long stents, overlapping stents, tight lesions that have been
vigorously postdilated and expanded, myocardial bridge sites,
and areas of significant curvature are all factors that may
predispose patients to DES fracture.56

Implantation Factors
Incomplete Stent Expansion
A smaller postprocedural minimal lumen diameter and a
greater residual stenosis have been shown to be significant

predictors of long-term patency and clinical outcomes. Evi-
dence of stent underexpansion, as assessed by IVUS and
despite apparently successful angiographic results, has been
reported to be as high as 24% and 28% with SES and PES,
respectively.58,59 However, what proportion of these cases is
clinically relevant remains unclear.

In a classical meta-analysis (n�2972 patients) investigat-
ing IVUS versus angiographic-guided BMS implantation,
Casella et al60 demonstrated at 6-month follow-up a reduction
in TVR (OR 0.62; 95% CI 0.49 to 0.78; P�0.00003), binary
restenosis (OR 0.75; 95% CI 0.60 to 0.94; P�0.01), and
major adverse cardiovascular events (OR 0.79; 95% CI 0.64
to 0.98; P�0.03). Of note is that only one small, single-center
randomized controlled trial on IVUS-guided DES implanta-
tion has been published; this failed to show any differences in
the clinical end points of major adverse cardiovascular events
(death, MI, and reintervention) at 18 months.61

The initial results of the important Angiographic versus
IVUS Optimization (AVIVO) randomized, multicenter trial,
however, have recently been presented.62 IVUS versus
angiographic-guided DES implantation in complex lesions
was investigated, with 142 patients in each study arm. At 30
days and 9 months, no significant differences were seen in the
combined end point of MI, target lesion revascularization,
TVR, or cardiac death (85.9% versus 83.1%, P�0.47). The
primary end point of a higher minimal lumen diameter,
however, was seen in the IVUS-guided DES implantation
group (2.70 mm versus 2.51 mm, P�0.0002). Because only
39% of patients had quantitative coronary angiography at 9
months, no comments could be made regarding whether this
approach would potentially lead to a reduction in restenosis
rates.

The most plausible and strongest theory to explain the
underlying mechanism relating stent underexpansion to reste-
nosis is the so-called bigger-is-better paradigm. Effectively, if
the minimum stent area is smaller at baseline, then the
expected NIH formation post-DES implantation would be

Figure 7. Illustration of the mechanisms
of longitudinal (LGM) and axial geo-
graphical miss (AGM). Adapted and
reproduced with permission from Costa
et al.64
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more likely to be of significance, whereas if the minimum
stent area was larger, then the same amount of NIH would be
clinically less relevant in causing binary restenosis.63 Other
theories postulated have included possible asymmetrical stent
expansion affecting the subsequent pattern of neointimal
growth through uneven drug delivery.1

Geographical Miss/Barotrauma to
Unstented Segments
Geographical miss (GM) is essentially a failure to appropri-
ately cover an injured vessel, such as occurs after balloon-
associated vessel barotrauma, or incomplete coverage of
atherosclerotic plaque. GM associated with SES implantation
was investigated in the prospective evaluation of the impact
of Stent deployment Techniques on cLinicaL outcomes of
patients treated with the cypheR stent (STLLR) study.64 GM
was observed in nearly two-thirds (66.5%) of the study group
with almost half (47.6%) of the patients experiencing longi-
tudinal GM, over one-third (35.2%) axial GM, and 16.5% a
combination of the two. Longitudinal GM was defined as
injured or diseased stenotic segment not fully covered by
DES, and axial GM was defined as potentially undersizing or
oversizing the balloon (Figure 7).

At 1-year follow-up, there was more than a 2-fold increase
in TVR (5.1% versus 2.5%; P�0.025) and a 3-fold increase
in MI (2.4% versus 0.8%; P�0.04) in patients with GM.
These findings were almost exclusively related to longitudi-
nal GM (6.1% versus 2.6%; P�0.001) with two-thirds of
cases being secondary to balloon injury outside the stent
margins. The lack of effect of axial GM (4.2% versus 4.3%;
p non significant) recently has been corroborated, in which it
was shown that the balloon-to-artery ratio or the occurrence
of edge dissections (potentially associated with axial GM) did
not have a significant impact on the risk of restenosis48,65 and
does perhaps argue against the IVUS optimization of DES
deployment.

Deployment of a DES in a Clot-Laden
Arterial Segment
The deployment of a DES in a clot-laden arterial segment has
been shown in an ex vivo model to lead to a 10-fold reduction
in drug penetration into the vessel wall,66 which may poten-
tially affect clinical outcomes (Figure 8). Despite these
theoretical concerns, a recent meta-analysis of 13 trials
(n�7244) has shown the significant benefits of DES over
BMS in primarily reducing TVR (5.11% versus 11.19%,
P�0.00001) and recurrent MI (3.03% versus 3.70%,
P�0.02) in patients with STEMI at up to 1 year.67

The widespread use of glycoprotein-IIb/IIIa inhibitors and
aspiration thrombectomy devices may be the reasons why
these concerns may have not materialized in clinical trials in
the short term. Concerns over the long-term safety of DES in
STEMI do persist, however, because of the potential risk of
late-acquired stent malapposition and consequent LST.3 The
concerns about reduced absorption of the drug from DES
should be borne in mind in a thrombus-laden vessel, espe-
cially when there has been inadequate resolution of thrombus
and DES implantation is to be considered.

Conclusion
Despite the low incidence of DES restenosis, the burden of
ISR in absolute numbers probably will continue to grow with
the increasing uptake of second-generation DES in conven-
tional percutaneous coronary intervention practice. Large-
scale clinical trials and registries, therefore, are required to
best translate these restenotic mechanisms into either en-
hanced DES design or further effective treatment options. For
example, the pooled data of the RCTs investigating EES
comprises almost 15 000 patients and, apart from mortality,
would potentially be of sufficient power to detect rare events
such as stent thrombosis.68

Apart from biological factors, there are potentially control-
lable factors within arterial and stent factors. However, it
should be acknowledged that in the treatment of in-stent-
restenosis, the evidence for using a DES with a different drug
remains unproven.9 Ultimately, the implantation factors are
the most important controllable factors from the perspective
of the interventional cardiologist.
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Edge Vascular Response After Percutaneous
Coronary Intervention
An Intracoronary Ultrasound and Optical Coherence Tomography Appraisal:
From Radioactive Platforms to First- and Second-Generation Drug-Eluting Stents
and Bioresorbable Scaffolds

Bill D. Gogas, MD,*† Hector M. Garcia-Garcia, MD, MSC, PHD,* Yoshinobu Onuma, MD,*
Takashi Muramatsu, MD, PHD,* Vasim Farooq, MBCHB,* Christos V. Bourantas, MD, PHD,*
Patrick W. Serruys, MD, PHD*

Rotterdam, the Netherlands; and Atlanta, Georgia

The concept of edge vascular response (EVR) was first introduced with bare-metal stents and later with

radioactive stents of various activity levels. Although radioactive stents reduced intra-stent neointimal

hyperplasia and thereby the incidence of in-stent restenosis in a dose-dependent manner, tissue prolif-

eration at the non-irradiated proximal and distal stent edges resulted in the failure of this invasive

treatment. The advent of first- and second-generation drug-eluting stents (DES) reduced in-stent reste-

nosis to approximately 5% to 10%, depending on the lesion subset and DES type. When in-segment

restenosis (stent and 5-mm proximal and distal margins) occurred, it was most commonly focal and

located at the proximal edge. In addition, stent thrombosis, the other main contributing factor for DES

failure, seemed in part to be associated with residual plaque presence and underlying tissue composi-

tion at the landing zone of the implanted device, particularly if landed in a necrotic core rich milieu.

More recently, the introduction of bioresorbable scaffolds for the treatment of coronary artery disease

has prompted the re-evaluation of the EVR. This has recently been assessed up to 2-years after implan-

tation of the Absorb bioresorbable vascular scaffold (Abbott Vascular, Santa Clara, California). In gen-

eral, the EVR consists of a focal but significant proximal lumen loss that in a few instances necessitates

target lesion revascularization of a flow-limiting edge stenosis. Herein, we provide an overview of the

in vivo evaluation of the EVR with intravascular ultrasound, virtual histology intravascular ultrasound,

and the more recently developed optical coherence tomography. Our objective is to highlight the clin-

ical importance of the EVR as a predisposing and contributing factor to device failure with either bare-

metal stents, DES, or bioresorbable scaffolds. (J Am Coll Cardiol Intv 2013;6:211–21) © 2013 by the

American College of Cardiology Foundation

The use of metallic or bioresorbable devices for the
treatment of significant coronary artery disease

(CAD) has been proven to be a successful strategy
in the field of interventional cardiology; however,
the exuberant vascular responses resulting in either
in-segment restenosis or stent thrombosis (ST)
remain the cautionary tale of these technologies, as
previously reported by preclinical studies (1,2). The
pattern of vascular response after device implantation
manifests either as in-stent vascular response (focal or
diffuse) or as edge vascular response (EVR) at the
transition zones (focal)—each of which have impor-
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tant prognostic implications (3). A significant response at the
proximal or distal edge can manifest as edge restenosis that
requires repeat revascularization or even vessel occlusion.

Previous pathological reports from the era of radioactive
stents have shown that the predominant tissue found at the
edges in the setting of an abnormal EVR consists of smooth
muscle cells in disarray and abundant extracellular matrix (4).

The EVR can be assessed clinically with quantitative
coronary angiography, intravascular ultrasound, or optical
coherence tomography (OCT). In this review, we focus on
the in vivo assessment with sound-based imaging modalities
after implantation of metallic or bioresorbable devices and

further explore the feasibility to
assess the EVR with optical
technology (Fig. 1). Further-
more, the clinical implications of
the EVR are reported.

EVR in the Era of
Bare-Metal Stents and
Radioactive Platforms

Although balloon angioplasty was
undoubtedly a significant break-
through in the invasive treatment of
CAD, this mode of treatment was
plagued by several drawbacks, in-
cluding intimal and media dissec-
tions, acute vessel recoil or subacute
closure, late constrictive remodeling,
and a diffuse proliferative neointi-
mal response because of vascular
barotrauma (5). The advent of bare-
metal stents (BMS) and the land-
mark BENESTENT (BElgian-
NEtherlands STENT Study) (6)
and STRESS (STent REStenosis
Study) (7) trials were a significant
leap forward in CAD treatment, as
permanent metallic cages elimi-
nated the previously observed acute
vessel recoil/closure and scaffolded

the post-procedural dissection flaps observed with angio-
plasty. The EVR after BMS implantation was mainly
attributed to plaque and media increase becoming more
evident at the region adjacent (1 to 2 mm) to the proximal
and distal stent edges. At further distances (3 to 10 mm),
lumen loss (LL) was primarily due to constrictive remodel-
ing (reduction of external elastic membrane [EEM]) rather
than to plaque and media increase (8). Furthermore, late
malapposition at BMS edges was evident in 4% to 5%,
because of expansive remodeling without increase in intimal
hyperplasia (9). Although some degree of EVR was ob-
served with BMS, isolated margin re-narrowing, particu-

larly involving only the proximal and distal stent edges, was
an uncommon cause of stent failure in the BMS era (10).

Experimental endovascular delivery—either catheter-
based or through irradiation-emitting metallic stent plat-
forms—of beta and gamma radiation initially proved to be
a feasible and efficacious method to inhibit neointimal cell
proliferation with significant reductions in restenosis rates
in animal models (11–14).

The clinical validation of the catheter-based endovascular
radiation delivery proved to be safe and feasible in the
first-in-man studies (15–17).

Irradiation-emitting stent platforms (with various activity
levels) were conceived as a more practical way to overcome
the problem of neointimal hyperplasia associated with
BMS. The Milan Dose-Response Study proved the feasi-
bility of the 32P radioactive beta-emitting stent (3.0 and 12
�Ci) in completely inhibiting in-stent neointimal hyperpla-
sia (�3 �Ci). Despite these promising findings, the tech-
nology was offset by an increased late LL and restenosis
adjacent to the proximal and distal edges of the implanted
device, dubbed the edge effect or “candy-wrapper” phenom-
enon (18). The edge effect was defined angiographically at
follow-up (FU) as a diameter stenosis at the proximal and
distal stent edges of �50%. Bench studies investigating the
pathogenesis of this effect incriminated the combination of
radioactive dose fall-off at the transition zones (stent edges)
in association with the peri-procedural geographic miss
(GM) phenomenon (11). The GM (axial or longitudinal) is
essentially the failure of the device to appropriately scaffold
a balloon-injured vessel (e.g., under-expansion of stent/axial
GM) or to completely cover the vessel wall (diseased or not)
that had been previously baro-traumatized by balloon pre-
dilation, which can result from an overhanging balloon
during stent deployment or by balloon post-dilation (longi-
tudinal GM) (19,20). Although various modifications of the
existing technologies were proposed to overcome the limi-
tation of EVR (21)—such as the square-shouldered balloon,
the hybrid radioactive stent, the self-expanding radioactive
stent, the cold-end stent, the hot-end stent—radioactive plat-
forms failed as an interventional technique and were replaced
by the next endeavor in interventional cardiology, the DES.

EVR With Drug-Eluting Metallic Platforms

First-generation DES. SIROLIMUS-ELUTING METALLIC PLAT-

FORM. The RAVEL trial (RAndomized study with the
sirolimus-eluting VElocity balloon-expandable stent in the
treatment of patients with de novo native coronary artery
Lesions) was the first randomized double-blind study to
establish the angiographic superiority of DES (sirolimus-
eluting Bx Velocity balloon expandable stent [SES] [Cordis,
Johnson and Johnson, Miami, Florida] over a BMS (Bx.
Velocity balloon expandable stent). The EVR at 6 months
revealed no significant LL at the proximal or distal SES

Abbreviations
and Acronyms

BMS � bare-metal stent(s)

CAD � coronary artery
disease

DES � drug-eluting stent(s)

EEM � external elastic
membrane

EVR � edge vascular
response

FU � follow-up

GM � geographic miss

IVUS � intravascular
ultrasound

LL � lumen loss

OCT � optical coherence
tomography

PES � paclitaxel-eluting
stent(s)

SES � sirolimus-eluting
stent(s)

ST � stent thrombosis

TLR � target lesion
revascularization

VH-IVUS � virtual histology
intravascular ultrasound

ZES � zotarolimus-eluting
stent(s)
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edges; however, a nonsignificant lumen gain at the distal
edge of 0.09 � 0.30 mm was present (22–24). Notably, the
RAVEL trial was performed in noncomplex coronary le-
sions with an average stent length/lesion length ratio of
approximately 2, and a nonaggressive implantation strategy
was undertaken that involved pre-dilation of the stent
landing zone located in angiographically normal segments.
These favorable but artificial circumstances of implantation
did not represent the real-world practice and might poten-
tially explain the neutral EVR after SES implantation in
this first pivotal trial.

Subsequently, the SIRIUS trials (multicenter, random-
ized, double-blind trial of the SIRolImUS-coated Bx-
Velocity stent in the treatment of patients with de novo
coronary artery lesions) (SIRIUS-US and E-SIRIUS) com-
pared SES versus BMS in more complex lesions (long
lesions, small vessels).

The SIRIUS-US trial showed a rate of angiographic
in-segment restenosis of 8.9%, which was a result of
excessive neointimal tissue growth primarily at the proximal
edge (approximately 5.8%), and the E-SIRIUS trial re-
ported an in-segment restenosis rate of 5.9% with an almost
equal contribution of both stent edges (approximately
2.5%). The IVUS substudy of the E-SIRIUS trial aimed to
evaluate the EVR with a less-traumatizing implantation
technique (direct stenting and only selective post-dilation)
and demonstrated at 8 months no edge LL or vessel
remodeling at either SES edge. The findings of this study
highlighted the significant role of peri-procedural implan-
tation factors of GM (axial or longitudinal) in the occur-
rence of the EVR (25–27).

The clinical importance of GM was further shown with
the STLLR study (Impact of Stent deployment Techniques
on cLinicaL outcomes of patients treated with the cypheR
stent), a multicenter prospective study that included patients
with native CAD treated with an SES. Target vessel
revascularization rates at 1 year were 59% higher in the GM
group compared with the non-GM group, mostly due to
longitudinal GM visible with a focal pattern of restenosis
mainly located at the proximal and distal SES edges (20)
(Table 1).
PACLITAXEL-ELUTING METALLIC PLATFORM. The ASPECT
trial (ASian Paclitaxel-Eluting Stent Clinical Trial) ran-
domized 81 patients to a BMS (n � 25), a low-dose
polymer-free paclitaxel-eluting stent (PES) (n � 28), or a
high-dose polymer-free PES (n � 28). Results indicated
that there was no notable LL at 6 months at either stent
edge; however, no formal report was disclosed (28).

In the first-in-man TAXUS I trial (Comparison Among
a Paclitaxel Eluting Stent Versus an Uncoated Bare Metal
Stent), no edge effect was demonstrated with the slow
release polymer formulation of the PES. Conversely, in the
TAXUS II trial the slow release and moderate release
polymer formulations of the PES (Boston Scientific Cor-
poration, Natick, Massachusetts) resulted in a proximal edge
LL of 0.54 � 2.1 mm2 and 0.88 � 1.9 mm2, respectively, at
6-month FU, whereas the moderate release paclitaxel-
eluting platform demonstrated an LL of only 0.19 � 1.7
mm2 at the distal edge (29,30). Although the plaque
increased significantly at the edges of both devices, there
were no compensative changes in the external elastic lamina.

Figure 1. EVR Assessment Through Evolution of PCI

The edge vascular response assessment through the evolution of Percutaneous Coronary Intervention. EVR � edge vascular response; IVUS � intravascular ultra-
sound; OCT � optical coherence tomography; PCI � percutaneous coronary intervention; VH � virtual histology.
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The TAXUS IV, V, and VI trials were prospective
randomized studies comparing the outcomes of PES
(TAXUS Express) versus BMS (Express) over a 9-month
imaging FU. In the TAXUS group, a decrease of the plaque
area comparable to the BMS was documented at the
proximal edge, whereas a combination of plaque progression
with constrictive remodeling led to significant LL, notably
in the 4- to 5-mm distal subsegments, at the distal edge
(31). Finally, in the BETAX (Beside TAXus) trial, which

used the Taxus Express DES, significant tissue composi-
tional changes were observed—which was largely a result of
an increase in the fibrofatty tissue component leading to
expansive remodeling at both stent edges after plaque area
increase (32) (Table 1).

In general, the TAXUS trials documented LL at the stent
edges, but the mechanistic interpretation of the different
investigators was not consistent. Additionally, the use of

Table 1. Edge Vascular Response With 1st- and 2nd-Generation Drug-Eluting Stents and Bioresorbable Vascular Scaffolds

IVUS-Based Assessment Proximal Edge Distal Edge

Methodology to Assess the Stent,
Scaffold Edge/TLR (%)

Sirolimus-
Eluting Platform Trial Follow-Up

First Author
(Ref. #s)

Vessel Area
(mm2)

Lumen Area
(mm2)

Vessel
Area

Lumen
Area

CYPHER ®

RAVEL Post to 6m Morice/Serruys
(22,23)

- - - - QCA/0% (22) IVUS: 5-mm adjacent,
�360, SB/(�) (23)

SIRIUS Post to 8m Moses/Popma
(10,25)

- 2 - - QCA & IVUS: 5-mm adjacent/5.8%,
proximal edge & 3.1%, distal edge

E-SIRIUS Post to 8m Hoffmann (27) - - - - IVUS: 5-mm adjacent/�2.5% proximal &
distal edges

DIABETES Post to 9m Jiménez-
Quevedo
(34)

1 1 1 - IVUS: 5-mm adjacent/(�)

Paclitaxel-eluting
platform

TAXUS I Post to 6m Grube (29) - - - - IVUS: 5-mm adjacent/0%

TAXUS ®

TAXUS II Post to 6m Serruys (30) - 2 - 2 IVUS: five 1-mm adjacent, �360,
SB/� 3% proximal edge

TAXUS IV, V,
VI

Post to 9m Weissman (31) 2 2 - 2 IVUS: five 1-mm adjacent/(�)

BETAX Post to 6m Garcia-Garcia
(32)

1 - 1 - IVUS: five 1-mm adjacent, �360, SB/(�)

Everolimus-
eluting
platform

SPIRIT II Post to 6m/post
to 2y

Gogas (54,55) -/2 - 1/2 - IVUS: 5-mm adjacent, �360,
SB/2% distal edge

XIENCE V ®

SPIRIT III
JAPAN

Post to 8m Shimohama
(41)

2 2 1 2 IVUS: 5-mm adjacent/(�)

Zotarolimus-
eluting
platform

ENDEAVOR II Post to 8m Sakurai (44) No edge effect No edge effect IVUS: 5 1-mm adjacent/(�)

ENDEAVOR  ®

ENDEAVOR III Post to 8m Miyazawa (44) No edge effect No edge effect IVUS: 5-mm adjacent/(�)

ENDEAVOR IV Post to 8m Waseda (45) 2 2 2 - IVUS: 5-mm adjacent/(�)

Everolimus-
eluting
platform

ABSORB B1/
ABSORB B2

Post to 6m &
post to 1y

Gogas (53) 2/- -/- -/- -/- IVUS: 5-mm adjacent, �360,
SB/3% proximal edge

Absorb BVS®

ABSORB B1 Post to 2y Gogas (54,55) - 2 - - IVUS: 5-mm adjacent, �360,
SB/3% proximal edge

The methodology to assess the stent/scaffold edge and the target lesion revascularization (TLR) rates are also demonstrated. The position of the arrows demonstrate either significant increase or decrease. The

outgrowth of a side branch (SB) with an opening of �90° (1 quadrant)/cross-section was an exclusion criterion for the analysis of the stent edge.

�360° � the stent edge was defined with this methodology; IVUS: intravascular ultrasound; m � month; post � post-procedure; QCA � quantitative coronary angiography.
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platforms with different drug release kinetics potentially
explains the diverse vascular response with PES.

EVR With First-Generation DES in Clinical Subsets

Diabetes mellitus. The initial report of risk factors associ-
ated with DES restenosis in patients treated during the first
unrestricted use of SES since its CE mark approval was
made by our group. In particular, diabetes mellitus was
implicated as one of the strongest risk factors (33).

The DIABETES (Diabetes and Sirolimus Eluting Stent)
trial was the first to investigate the EVR after implantation
of an SES in diabetic patients at 9-month FU. At the
proximal edge, significant expansive remodeling was seen (�
EEM volume: �8.6 � 19 mm3, p � 0.04) to compensate
for a mild degree of plaque volume increase with an increase
of lumen volume. At the distal edge a similar response was
observed, with plaque progression compensated by expan-
sive remodeling: � EEM: �5.1 � 12 mm3, (p � 0.04) (34).

The DiabeDES trial (Diabetes and Drug-Eluting Stent
intravascular ultrasound trial) randomized 74 diabetic pa-
tients to either an SES or PES. At 8 months, the SES arm
demonstrated different tissue reactions compared with pre-
vious observations in the DIABETES trial. Notably, the
EEM remained unchanged at both stent edges. A lumen area
increase of 0.4 � 1.22 mm2 (p � 0.032) was observed only at
the distal edge, which was due to a trend toward significant
decrease of the plaque area from 5.8 to 5.6 mm2 (35).

Diabetic patients have an aggressive form of atheroscle-
rosis compared with non-diabetic persons with a higher risk
of target lesion revascularization (TLR) due to angiographic
restenosis. Although the DIABETES and DiabeDES trials
investigated the EVR after implantation of the same plat-
form/drug at similar time points, the vascular response was
not consistent, as plaque progression (DIABETES) or
regression (DiabeDES) was documented.

This constitutes another example of discordance between
investigations. Obviously, restenosis—in particular edge
restenosis—is a multifactorial phenomenon, with multiple
and overlapping precipitating factors (Fig. 2). However, in
the present case, differences in platform, drug, and time
point of investigation can reasonably be excluded as con-
founding factors. In the absence of a detailed methodolog-
ical description, differences in assessment might be a sus-
pected cause of discordance in the results (36–38).
Acute myocardial infarction. Two studies have previously
investigated EVR in the setting of acute myocardial infarc-
tion. These studies were the Leiden MISSION and the
HORIZONS AMI trials (Harmonizing Outcomes with
Revascularization and Stents in Acute Myocardial Infarc-
tion). The Leiden MISSION trial compared the EVR in 40
patients undergoing implantation of either a Cypher stent
(n � 20) or a BMS (n � 20) up to 8 months FU. The
vessels treated with a Cypher DES demonstrated a signif-

icant reduction in lumen area at the proximal edge from 8.6
to 7.9 mm2, whereas at the distal edge a nonsignificant
lumen gain from 6.5 to 6.7 mm2 was evident (39).

In the IVUS substudy of the HORIZONS AMI trial,
464 patients were randomized in a 3:1 manner to either the
TAXUS EXPRESS PES or the EXPRESS BMS. At
13-month FU, the proximal edge segment of the vessels
treated with a PES demonstrated an LL of 0.7 mm2,
because of plaque/media increase, whereas at the distal edge
a lesser degree of LL of 0.2 mm2 was observed after modest
plaque/media increase (40). In the clinical setting of acute
myocardial infarction a similar proximal EVR with some
degree of LL was evident that was, however, not translated
to a definite edge effect.

Second-Generation DES

Everolimus-eluting metallic platform. The EVR with the
Xience V everolimus-eluting stent (Abbott Vascular, Santa
Clara, California) was evaluated serially up to 8 months in
the SPIRIT III JAPAN registry (n � 73) and the SPIRIT
III US (n � 110) randomized trial (41). The SPIRIT III
JAPAN registry demonstrated a significant increase in the
EEM volume index (expansive remodeling) from 9.9 � 4.2
to 10.3 � 4.5 mm3/mm (p � 0.04) at the distal edge
without any significant changes in the lumen or plaque
volumes. In the SPIRIT III US trial, at the same time point,
a significant reduction of the lumen volume index from 7.3 � 2.4

Figure 2. Global Overview of Precipitating Factors Responsible for EVR

The clinical consequences are stent failure, either stent restenosis or stent
thrombosis. EVR � edge vascular response; m-TOR � mammalian target of
rapamycin.
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mm3/mm to 6.9 � 2.4 mm3/mm at the proximal edge was
evident (41).

The first serial assessment of the EVR after implantation
of the Xience V everolimus-eluting stent at 6-month and
2-year FU has recently been reported in the IVUS substudy
of the SPIRIT II trial (42). At the distal edge a significant
increase of the EEM (expansive remodeling) area was
evident (� EEM: �0.62 mm2 [�0.22 to 1.27 mm2]) at 6
months, similar to the prior observation of the SPIRIT III
JAPAN registry; however, from 6 months to 2 years, a
different biological behavior became apparent as significant
constrictive remodeling (� EEM: �0.50 [�1.19 to 0.14]
mm2) was observed within this segment. From 6 months to
2 years, a significant reduction of the EEM area was also
detected at the proximal edge, without significant lumen or
plaque changes.

It has been speculated that this constrictive remodeling is
potentially related to chronic alterations of the vascular
compliance at the transition zones between the scaffolded
and unscaffolded segments (43).
Zotarolimus-eluting metallic platform. The EVR with the
Endeavor zotarolimus-eluting stent (ZES) (Medtronic
Vascular, Santa Rosa, California) was reported in the
ENDEAVOR II (Randomized Controlled Trial to Eval-
uate the Safety and Efficacy of the Medtronic AVE
ABT-578 Eluting Driver Coronary Stent in De Novo
Native Coronary Artery Lesions) and III trials (A Ran-
domized Controlled Trial of the Medtronic Endeavor
Drug (ABT-578) Eluting Coronary Stent System Versus
the Cypher Sirolimus-Eluting Coronary Stent System in
De Novo Native Coronary Artery Lesions). These studies
compared serially up to 8-month FU the Endeavor ZES,
the Driver BMS, and the first-generation Cypher SES.
No edge effect was shown with the ZES either in the
ENDEAVOR II or ENDEAVOR III trials (44).

In the ENDEAVOR IV trial (Randomized Comparison of
Zotarolimus- and Paclitaxel-Eluting Stents in Patients with
Coronary Artery Disease) the EVR was investigated serially up
to 8 months with IVUS imaging. At the proximal edge, a
significant decrease of the lumen volume index of � � 0.4 � 1.0
mm3/mm was evident, without signs of vessel remodeling.
At the distal edge, the lumen volume index was reduced
(� �0.5 � 1.1 mm3/mm) after an almost significant
increase of the plaque volume (� �0.2 � 0.6 mm3/mm)
(45) (Table 1).

Although the ENDEAVOR studies evaluated the same
device platform with similar drug release kinetics at corre-
sponding imaging FU time points, the EVR was not
consistent. Excluding the device-related factors as precipi-
tating components of the edge LL, we can only speculate
that precipitating biological factors in association with
methological inconsistencies explain this finding, because
the latter information was not provided.

Lessons Learned From an IVUS-Based Assessment
of the EVR With First-Generation DES

The EVR, with first-generation DES in simple lesions,
complex populations, and specific clinical subsets, demon-
strated in most studies proximal edge LL that caused
clinical restenosis (TLR) or edge effect (diameter stenosis
�50%) in only a small percentage of cases. Proximal edge
LL, however, was not shown with all studies. The explana-
tions for this variance in the vascular responses at the edges
are: 1) the mechanism of the EVR with its multifactorial
etiology; and 2) potential methodological inconsistencies
related to technical guidelines.

Three major implicated factors predispose to an abnormal
EVR: 1) iatrogenic factors, related to the periprocedural
GM, axial or longitudinal; 2) device factors, associated with
the type of the implanted device (metallic or polymeric),
device-induced edge dissections, type/release kinetics of the
anti-proliferative drug (mammalian target of rapamycin
inhibitor or paclitaxel or actinomycin), and phenomenon of
drug resistance; and 3) biological factors mainly linked to
the remaining plaque burden and necrotic core tissue at the
edges when the “normal to normal” landing of the device
has not been achieved.

Specific technical guidelines implemented by our group
(Cardialysis BV, Rotterdam, the Netherlands) have been
implemented by our group for the analysis of the EVR with
first- and second-generation DES and bioresorbable devices
(46). In particular, stent edge is defined as the first cross-
section exhibiting visible struts in a circumference of �360°.
The first and last cross-sections with visible struts in a
circumference of 360° are defined as the stented segment
(Fig. 3, Table 1). The rationale for this methodological
approach is based on prior observations showing that the
motorized IVUS pullback (0.5 mm/s) is highly affected by
cardiac motion (systole/diastole) causing a longitudinal
displacement of the IVUS transducer between systole and
diastole of 1.5 � 0.80 mm (range from 0.5 to 5.5 mm). This
phenomenon known as the “scrambling effect” makes it difficult to
sharply define the exact location of the stent edge (47). Although
electrocardiogram-gated IVUS acquisition by selecting near-
end diastolic frames can reduce motion-induced artefacts,
this does not fully prevent the imaging of stent struts over
the transition zones (48 –50).

These technical limitations are potential confounding
factors that alter the precise EVR assessment with IVUS-
based imaging. Novel imaging modalities with higher spa-
tial resolution and lesser motion-induced artefacts, such as
OCT, have recently been investigated to assess the EVR.

OCT-Based Assessment of the EVR

Although sound-based imaging was until recently the sole
intravascular imaging modality for the EVR assessment, this
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technique seems to have some limitations. Thus, our group
has explored the EVR evaluation with light-based imaging,
such as OCT. Despite the low penetration depth of this
imaging technique—which limits the precise assessment of
the EEM (vessel area) making it difficult to assess vessel
remodeling—the sharply defined stent edges makes this
imaging tool an alternative modality to evaluate the changes
in lumen area and superficial plaque composition with a
near-histological spatial resolution (51,52).

The methodology to assess the OCT-derived stent edge
is similar to the previously IVUS-derived definition; how-
ever, the fast pullback speed of 20 to 40 mm/s compared
with the 0.5 mm/s of IVUS detects the demarcation of the
stent/scaffold edges more categorically.

The first OCT-based EVR assessment was performed in
the ABSORB Cohort B [NCT00856856] trial (n � 101).
The ABSORB Cohort B1 (n � 45) underwent intracoronary
multi-imaging assessment at post-procedure, 6 months, and 2
years, whereas the ABSORB Cohort B2 (n � 56) underwent
OCT assessment at post-procedure 1 year and is currently
undergoing a 3-year imaging assessment. In Cohort B1, 16
proximal and 18 distal edge segments were available for a serial
analysis with OCT. There was no LL at either the proximal or
distal scaffold edges. However, in Cohort B2 where 20 proxi-

mal and distal edge segments were serially assessed post-
procedure and at 1 year, an LL of 0.50 � 1.79 mm2 (p �
0.012) was observed at the proximal scaffold edge (Online
Table 1).

The TROFI trial [NCT01271361] is the second OCT-
based study in which the EVR was assessed in the setting of
acute myocardial infarction after implantation of the Nobori
(Terumo, Europe NV, Leuven, Belgium) metallic stent at
6-month FU.

Thirty-five proximal and 46 distal edge segments were
analyzed serially, post-procedure, and at 6-month FU. At
both edges a significant LL became evident. In particular,
an LL of 0.52 � 1.19 mm2 (p � 0.001) was measured at the
proximal edge, whereas at the distal edge a lesser degree of
LL was shown (0.40 � 1.17 mm2, p � 0.015) (Online
Table 1). The OCT-based assessment of the EVR in these
pilot studies shows proximal edge LL; however, larger
cohorts are needed to validate these preliminary results.

EVR With Bioresorbable Scaffolds

EVR with the Absorb bioresorbable vascular scaffold. The
Absorb bioresorbable vascular scaffold (Absorb BVS) (Ab-
bott Vascular) has been evaluated within the ABSORB

Figure 3. IVUS-Based and OCT-Based Assessment of EVR

(A) Demonstrates the last frame with visible struts in a circumference of 360° with both imaging modalities. (B to F) Demonstrate the difference between IVUS
(presence of the scrambling effect) and OCT (absence of scrambling effect). In contrast to IVUS, OCT demarcates the edge sharply with the sudden disappear-
ance of the struts in the cross-section defined as stent edge. Dist � distal; PB � pullback; Prox � proximal; other abbreviations as in Figure 1.
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Cohort A trial (A Clinical Evaluation of the Bioabsorbable
Vascular Solutions Everolimus Eluting Coronary Stent
System in the Treatment of Patients With Single de Novo
Native Coronary Artery Lesions) up to 5 years and the
ABSORB Cohort B trial up to 2 years. In total, 101 patients
were enrolled, which were further divided to 2 subgroups—
Cohort B1 (n � 45), and Cohort B2 (n � 56)—according to
the predefined study design [NCT00300131]. The non-
serial IVUS-based evaluation of the EVR at 6 months in
Cohort B1 demonstrated some degree of constrictive re-
modeling at the proximal edge: � EEM �1.80% [�3.18%
to 1.30%], p � 0.05, which was similar to that previously
seen with metallic stents at the same time point; however,
this response was less evident in Cohort B2 at 1 year: �
EEM: 1.53% [�7.74% to 2.48%], p � 0.06 (53).

The serial evaluation of Cohort B1 at 2 years (from
post-procedure to 2 years) revealed a significant LL of 0.53
(�1.22 to 0.18) mm2 with a trend toward plaque area
increase of 0.48 (�0.25 to 1.03) mm2 (p � 0.06) at the
proximal edge. In addition, distal edge changes in tissue
composition became evident with a significant increase of
the fibrofatty tissue component from 0.09 (0.04 to 0.22)
mm2 to 0.22 (0.14 to 0.51) mm2 and a percentile increase of
� �68.37% (17.82% to 171.17%) (p � 0.013) (54,55).

Although the ischemia-driven TLR rate in the ABSORB
Cohort B trial at 1 year was as low as 4%, 2 of the TLR cases
were attributed to a proximal edge effect related to iatro-
genic factors and more in particular to longitudinal GM. At
2 years, the ischemia-driven TLR rate remained low (6%)
without new episodes of exuberant EVR.

The 2-year imaging FU with the Absorb BVS for the
assessment of the EVR is the longest available in the
published data. Similar studies using the upcoming biore-
sorbable scaffold technologies at the same time point—such
as the drug-eluting absorbable metal scaffold (DREAMS)
(Biotronik, Bülach, Switzerland); the ReZolve Sirolimus-
Eluting Bioresorbable Coronary Scaffold (REVA Medical,
San Diego, California); and the Ideal Biostent (Xenogenics
Corporation, Philadelphia, Pennsylvania) (the second-
generation BTI stent [BTI, Menlo Park, California]), made
of magnesium, tyrosine polycarbonate, and salicylic acid,
respectively—are expected to establish the potential dy-
namic behavior of the transient scaffolds at the edges,
compared with the permanent metallic stents.

The EVR up to 2 years with a fully bioresorbable device
demonstrates LL at the proximal edge that results in clinical
restenosis or edge effect in �6% of cases and tissue com-
position changes at the distal edge.

Clinical Implications of EVR

The EVR pathophysiology has been scrutinized and shown
to be of multifactorial origin rather than a single etiology. It
is the interplay among several factors: 1) peri-procedural; 2)

device-related; and 3) biological factors resulting in either
device restenosis or ST (Fig. 2). The EVR in the current
interventional practice with second-generation DES and in
the future with bioresorbable devices will further reduce the
incidence of edge effect and the subsequent need for TLR.

The implantation of metallic devices has been previously
shown to cause alterations in 3-dimensional vessel geometry
and induce compliance mismatch between the stented part
of the artery and its upstream and downstream segments as
assessed in preclinical models and human arteries (56,57).
Additionally, diameter mismatch after stent implantation
between the stented segment and the native artery (axial
GM/over-dilation) might cause step-up regions at the
transition zones with subsequent disturbance of the laminar
flow and induction of flow separation and retrograde axial
velocities (58). These effects induce local wall shear stress
alterations at the stented segments and the transition zones,
resulting in tissue growth and potentially restenosis. How-
ever, 2 fundamental technical aspects of deployment have
been appreciated by the interventional community: 1) the
optimal device deployment: avoidance of overstretching
during the culprit lesion preparation, and the use of balloons
shorter than the implanted device during pre- or post-
dilation; and 2) the importance of the healthy “landing
zone” (normal to normal) of the device during stenting.

Recent studies using VH-IVUS imaging have shown that
the site of the plaque rupture is more likely to be located at
the proximal edge of the plaque (43.7%) rather than the site
of the minimum lumen area (25.6%), and the longitudinal
distribution of the largest necrotic core is more often at the
proximal edge of the plaque rather than at the minimum lumen
area (59,60). In the European Collaborative Project on Inflam-
mation and Vascular Wall Remodeling in Atherosclerosis -
Intravascular Ultrasound Study (AtheroRemoIVUS) trial it
was demonstrated that the landing of a device in a VH-IVUS–
defined thin cap fibroatheroma (vulnerable plaque) reaches the
rate of approximately 11% (61), whereas in the BETAX study
necrotic core rich areas were left un-stented: proximal edge
17% (13.5%), and distal edge 18.5% (16.5%), with no reported
episodes of ST during the 6-month FU (32).

It is important that these necrotic core rich lesions at the
stent edges are covered with a small neointimal layer; the
latter has been assessed in 80 patients where the long-term
native artery vascular responses (median � 10 months) after
76 DES implantations compared with 32 BMS were
evaluated by VH-IVUS. The incidence of necrotic core
abutting the lumen within the adjacent reference segments
decreased in the BMS-treated lesions (proximal 23% to 0%;
distal 21% to 0%) but not in the DES-treated lesions (proximal
22% to 17%; distal 23% to 21%) (62). As a consequence, the
normal to normal coverage of the culprit lesion is a mandatory
approach for the interventionalist to avoid potential definite,
probable, or possible ST (according to the Academic Research
Consortium definition) (32,33,63,64).
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Vasomotor dysfunction at the proximal and distal stent
edges after implantation of first-generation DES has been
reported to be associated with delayed vascular healing and
impaired endothelialization, potentially caused by polymer-
induced inflammation, drug toxicity, and hypersensitivity
reactions with eosinophilic infiltrations. These pathological
findings have been associated with increased risk of late and
very late ST (1,65–69). Meanwhile, the advent of new
devices with either bioresorbable polymers or bioresorbable
platforms have shown restoration of vasomotor function at
the device edges and might potentially eliminate the risk of
ST arising from the transition zones (70,71).

Edge dissections after implantation of metallic devices have
been previously associated with events of early ST. The
incidence of OCT-detected edge dissections has been reported
to be as high as 34%, compared with 19.3% of IVUS-detected
dissections. Most dissection flaps heal with only a minority of
patients experiencing clinical adverse events (72,73).

An exuberant EVR in the setting of a post-procedural
dissection has been shown to be associated with the flap length.
We have recently demonstrated the first OCT-based assess-
ment of such an exuberant EVR implantation of a metallic
device attributed to a large post-procedural dissection flap
originating deep in the media, causing edge restenosis (74).
The incidence of dissections at the transition zones of biore-
sorbable devices has not been investigated yet; meanwhile, this
is expected to be rather low, because most of the treated lesions
in the first-in-man studies were Type A.

Finally, the development of in-stent neoatherosclerosis with
BMS and first-generation DES has been proposed as another
rare contributing factor for episodes of ST (75). Lee et al. (76)
demonstrated by IVUS that BMS implantation was associated
with events of very late ST, because of disease progression and
neoatherosclerotic plaque rupture, in contrast to DES where
ST appeared earlier and was mainly associated with stent
malapposition. More recently, similar findings were shown
from thrombectomy specimens extracted from patients who
presented with definite ST after BMS implantation. Disrup-
tion of de novo atherosclerotic plaques in stented segments and
the proximal and distal edges were attributed as the main
mechanism for the acute event (77,78).

Since the era of vascular brachytherapy, the ABSORB
Cohort B and BETAX studies were the only studies that
investigated tissue composition changes at the edges with
VH-IVUS imaging. Although different drug-eluting plat-
forms were used at various time points, both studies
demonstrated an increase of the fibrofatty tissue component
at 6-month FU. Adaptive expansive remodeling of the
vessel treated with the TAXUS Express (from 6.2 to 7.7
mm2) was observed as well as nonsignificant adaptive
expansion of the vessel treated with the Absorb BVS
(3.45%). Fibrofatty tissue is a surrogate marker of extracel-
lular matrix production, consisting of proteoglycans, hyalu-

ronan, and collagen (Type I and III) implicated for neoin-
timal growth and remodeling (79).

Drug-eluting bioresorbable scaffolds with properties that
allow for the repair of the treated vessel rather than
permanent caging (vascular reparative therapy) have shown,
both with IVUS and OCT, proximal edge LL at the transition
zones up to 2 years. The upcoming 3-year imaging FU of the
scaffold edges will help to unravel the ultimate state of EVR.
At this time the polymer will have been replaced by connective
tissue integrated with the vessel wall and will potentially help
clarify the dynamic nature of the initially observed vascular
response at the scaffold edges (80).

Conclusions

Edge vascular response has been observed with BMS,
radioactive stenting, DES, and bioresorbable devices, dem-
onstrating—in most studies—proximal edge LL that causes
clinical restenosis or edge effect in a minority of cases. The
advent of light-based imaging with its ultra-high spatial
resolution is expected to improve the in vivo assessment of
the EVR especially in those cases in which ST due to edge
disease has devastating consequences.
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Abstract Cardiovascular disease remains the lead-

ing cause of mortality, morbidity and disability in the

developed world, predominantly affecting the adult

population. In the early 1990s coronary heart disease

(CHD) was established as affecting one in two men

and one in three women by the age of forty. Despite

the dramatic progress in the field of cardiovascular

medicine in terms of diagnosis and treatment of heart

disease, modest improvements have only been

achieved when the reduction of cardiovascular mor-

tality and morbidity indices are assessed. To better

understand coronary atherosclerosis, new imaging

modalities have been introduced. These novel imag-

ing modalities have been used in two ways: (1) for

the characterization of plaque types; (2) for the

assessment of the progression and regression of tissue

types. These two aspects will be discussed in this

review.

Keywords Intravascular ultrasound �
Tissue characterization � Atherosclerosis

Introduction

Atherogenesis is a chronic and evolving inflamma-

tory process. Many theories have been proposed to

explain the initiation and progression of the athero-

matous plaque from the asymptomatic ‘‘raised fatty

streak or intimal xanthoma’’ and proatheroma (types

II and III lesions respectively_AHA classification) to

the formation of the symptomatic and obstructive

complicated fibroatheroma (type VI lesion_AHA

classification). During the formation of these plaques,

a critical primary step is the accumulation and

oxidation of low-density lipoprotein (LDL) particles.

Oxidized-LDL favours leukocyte recruitment and

activation as well as cell death, which leads to the

generation of complex atherosclerotic plaques [2].

These high-risk atherosclerotic plaques have a par-

ticular phenotype that is characterized by a high

content of necrotic core, a thin inflamed fibrous cap

(due to intense accumulation of macrophages) and

the scarce presence of smooth muscle cells. Within

the necrotic core, underlying the thin fibrous cap,

hemorrhage, calcification and intraplaque vasa vaso-

rum are frequently found [3, 4].

IVUS and IVUS-based imaging modalities have

the potential to be able to provide useful insights

into the different phases of the development of the

plaque, as well as the different key players in this

process (i.e. components of the plaque such as

necrotic core). In this review, we will discuss the

capabilities and limitations of IVUS-based tissue
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characterization imaging modalities in providing this

information.

Plaque type characterization

Detection of calcification

On IVUS, calcium appears as bright echoes with

acoustic shadowing. Dense calcium obstructs the

penetration of ultrasound Fig. 1. As a consequence,

IVUS detects only the leading edge of calcium and

therefore cannot determine its thickness. Calcification

on IVUS is usually described by its circumferential

angle (arc), longitudinal length and depth. Calcifica-

tion can be located deeper in the arterial wall or at the

surface of the plaque, in close contact with the lumen

wall interface, and can produce reverberations or

repeated reflections at reproducible distances. IVUS

has shown a significantly higher sensitivity than

fluoroscopy in the detection of coronary calcification.

[5] As compared to histology, virtual histology has a

predictive accuracy of 96.7% in the detection of

dense calcium [6] (Fig. 1).

Arterial remodeling and plaque composition

Arterial remodeling refers to a continuous process

involving changes in vessel size as measured by the

EEM cross-sectional area; this is also known as the

vessel cross-sectional area—CSA. ‘‘Positive remod-

eling’’ occurs when there is an outward increase in

EEM and ‘‘negative remodeling’’ occurs when the

EEM decreases in size (i.e. shrinkage of the vessel)

[7]. The magnitude and direction of remodeling can

be expressed by following index: EEM cross-sectional

area at the plaque site divided by EEM CSA at the

reference ‘‘non-diseased’’ vessel site. Positive remod-

eling demonstrates an index [1.05 whilst negative

remodelling has an index\0.95. Direct evidence of

remodeling can only be demonstrated in serial studies

showing changes in the EEM CSA over time, since

remodeling may also occur at the ‘‘normal-appearing’’

reference coronary segment [7]. The limitations of

coronary angiography in determining disease burden

and stenosis severity are largely due to the effects of

vessel remodeling. Pathological studies have also

suggested a potential relationship between positive

vessel remodeling and plaque vulnerability. Vessels

Fig. 1 Cross sections of IVUS and corresponding VH-IVUS

frames characterizing a calcified plaque. Grey scale IVUS has

both a high sensitivity and specificity in the detection of

calcium. Calcium usually obstructs the penetration of

ultrasound and consequently obscures the imaging of the

underlying vascular wall; this phenomenon is known as

acoustic shadowing (thin white arrows in the top panel). The

corresponding IVUS virtual histology frames are shown at the

bottom of the figure with the dense calcium being shown in

white. The greyscale image is reconstructed from the

amplitude of the signal whereas with virtual histology, the

underlying radiofrequency data is used for tissue character-

ization as illustrated

226 Int J Cardiovasc Imaging (2011) 27:225–237

123



115Chapter 5

with positive remodeling have shown an increase in

inflammatory marker concentrations, larger lipid

cores, paucity of smooth muscle cells and medial

thinning [8–10]. Several IVUS studies have linked

positive vessel remodelling with culprit [11] and

ruptured coronary plaques [12, 13]. Positive remod-

elling has also been observed more often in patients

with acute coronary syndromes than in those with

stable coronary artery disease [14, 15], and has been

identified as an independent predictor of major

adverse cardiac events in patients with unstable

angina [16]. Plaques exhibiting positive remodelling

also more often have evidence of thrombus and signs

of rupture [17]. The patterns of remodelling have also

been correlated with plaque composition; soft plaques

are associated with positive remodelling whilst fibro-

calcific plaques are more often associated with

negative or constrictive remodelling [18]. Similar

findings have been observed in studies utilizing IVUS

virtual histology analyses, a technique developed

specifically for tissue characterization; positive

remodelling was found to directly correlate with the

presence and size of necrotic core, and was inversely

associated with the presence of fibrotic tissue [19].

Vulnerable plaque and thrombi

Acute coronary syndromes are often the first mani-

festation of coronary atherosclerosis, making the

identification of plaques at high-risk of complications

an important component of strategies to reduce

casualties associated with atherosclerosis. Our current

understanding of plaque biology suggests that *60%

of clinically evident plaque rupture originates within

an inflamed thin-capped fibroatheroma [20, 21].

Pathological studies have demonstrated that ruptured

plaques are mainly located in the proximal portions

of the LAD and LCX and are more disperse within

the RCA [22]. This tendency of advanced plaques to

preferentially develop in these locations has been

explained by the low shear stress conditions gener-

ated in areas with tortuosity or many branches. Low

shear stress may induce the migration of lipid and

monocytes into the vessel wall, which may lead to

further progression of the lesion towards a plaque

with high risk of rupture [23].

The definition of an IVUS-derived TCFA is a

lesion fulfilling the following criteria in at least 3

frames: (1) plaque burden C40%; (2) confluent

necrotic core C10% in direct contact with the lumen

(i.e. no visible overlying tissue) [24]. By using this

definition of IVUS-derived TCFA, in patients with

ACS who underwent IVUS of all three epicardial

coronaries, on average 2 IVUS-derived thin cap

fibroatheromas were found per patient with half of

these patients showing evidence of outward remod-

elling. [24].

Hong et al. [25] reported the frequency and

distribution of TCFA identified by virtual histology

intravascular ultrasound in acute coronary syndrome

(ACS = 105 pts) and stable angina pectoris

(SAP = 107 pts) in a 3-vessel IVUS-VH study. The

findings showed that there were 2.5 ± 1.5 TCFAs per

patient with ACS and 1.7 ± 1.1 TCFAs per patient

with SAP, P\ 0.001. The presentation of ACS was

the only independent predictor for multiple ID-TCFA

(P = 0.011). 83% of ID-TCFAs were located within

40 mm of the proximal coronary artery.

The potential value of these VH IVUS-derived

plaque types to predict adverse coronary events was

evaluated in an international multicentre prospective

study, the Providing Regional Observations to Study

Predictors of Events in the Coronary Tree study

(PROSPECT study) [26].

The PROSPECT trial was a multi-center, natural

history study of acute coronary syndrome patients.

All patients underwent PCI to their culprit lesion at

baseline, followed by an angiogram and IVUS virtual

histology of all three major coronary arteries. One of

the main findings was that a TCFA, with a minimum

lumen area of B4 mm2, and a large plaque burden

(C70%), had a 17.2% likelihood of causing a future

event within three years [26]. Interestingly, the

anticipated higher frequency of acute thrombotic

cardiovascular events did not occur, with only a 1%

rate of myocardial infarction and no deaths directly

attributable to non-culprit vessels over a period of

3 years follow-up. These results suggest that non-

culprit obstructive coronary plaques were more likely

to be associated with increasing anginal symptoms

rather than thrombotic acute events, with 8.5% of

patients presenting with worsening angina and 3.3%

with unstable angina.

Plaque ruptures occur at sites of significant plaque

accumulation, but are often not highly stenotic, as

defined by coronary angiography due to positive

vascular remodeling [12, 13, 27]. The transition to

Int J Cardiovasc Imaging (2011) 27:225–237 227
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plaque rupture has been characterized by the presence

of active inflammation (monocyte and macrophage

infiltration), thinning of the fibrous cap (\65 lm),

development of a large lipid necrotic core, endothe-

lial denudation with superficial platelet aggregation

and intraplaque hemorrhage [28]. The remaining

plaques that can cause ACS contain calcium nodules

(*10%) or have none of the pathological features

described above (*20%). Superficial plaque erosion

can explain at least a portion of the latter events,

particularly in women and diabetics [29]. The lack of

a cellular or anatomical signature of plaque erosion

can make it difficult for existing imaging methods to

have a high accuracy in predicting future ACS events.

In addition, most plaque ruptures are frequently

clinically silent; the occurrence of repetitive healed

plaque ruptures may contribute to the progression of

stable coronary disease into obstructive disease [30].

Ruptured plaques may have a variable appearance

on IVUS. Most commonly, IVUS may reveal an

‘‘axial’’, abrupt ulceration depicted as an echolucent

‘‘void’’ or cavity beginning at the luminal-intimal

border. These features should be distinguished from a

longitudinal tear of the intima and media associated

with spontaneous or iatrogenic dissection. The tear of

the rupture in the fibrous cap can be identified in

approximately 60% of the cases and occurs more

often at the shoulder of the plaque than in the centre

[12, 31, 32]. Due to its relatively poor resolution,

IVUS is unsuitable to detect a thin fibrous cap.

However, IVUS often reveals other features of

ruptured plaques which are large in volume, eccen-

tric, have mixed or soft composition and irregular

surface, and are associated with expansive remodel-

ling [12, 13, 33, 34]. Ruptured plaques have been

shown to have quantitatively less calcium, especially

superficial calcium, but a larger number of small

(\908 arc) calcium deposits, particularly deep cal-

cium deposits [35]. IVUS can also reveal blood

speckles passing through intra-plaque channels cre-

ated by the rupture. These usually produce a typical

hazy, complex with non stenotic angiographic

appearances of the ruptured plaques.

Several IVUS studies have reported the frequency

and distribution of plaque ruptures during investiga-

tion of the three coronary epicardial vessels. Rioufol

et al. studied 24 patients (72 arteries) with ACS and

found a mean prevalence of two ruptured plaques per

patient. Interestingly, 12.5% of these patients had

ruptured plaques in the three major coronary arteries.

Only 37.5% of the ruptured plaques were located at

the culprit lesion, and 79% of the patients also had a

ruptured plaque located somewhere other than at the

culprit lesion [36]. In a similar study in 45 patients

with acute myocardial infarction (AMI), plaque

rupture was observed in 21 patients (47%) at the

culprit site and 17 additional plaque ruptures were

found at remote sites in 11 patients (24%) [37]. Hong

et al., evaluated the incidence of plaque rupture

depending on the clinical presentation. They per-

formed 3-vessel IVUS examination in 235 patients

(122 AMI and 113 stable angina pectoris—SAP).

Plaque rupture of infarct-related or target lesions

occurred in 66% of AMI patients and in 27% of SAP

patients. Non-infarct-related or non-target artery

plaque ruptures occurred in 17% of AMI patients

and 5% of SAP patients. Multiple plaque ruptures

were observed in 20% of AMI and 6% of SAP

patients [38]. The same authors evaluated the distri-

bution of plaque rupture in native coronary arteries in

392 patients (231 ACS and 161 SAP). Three-vessel

IVUS imaging showed that plaque ruptures occurred

mainly in the proximal segments of the LAD (83% of

LAD ruptured plaques), the proximal and distal

segments of the RCA (48 and 32% of RCA ruptured

plaques, respectively), and the entire LCX [39].

These results are in line with another study that

included 104 patients and studied 160 ruptured

plaques in the LAD, the majority of plaque ruptures

were located within the proximal 30 mm of the artery

[40].

A study aimed at characterizing plaque ruptures in

the left main coronary artery (LMCA) found 16

plaque ruptures in 17 patients (2 AMI, 13 unstable

angina and 1 SAP). The ruptures were located in the

distal portion and/or bifurcation of the LMCA, often

did not compromise the lumen, and had an angio-

graphic complex appearance. When ruptured plaques

involved the bifurcation LAD-LCX, they often

occurred opposite to the flow divider [41]. This is

in line with findings made by our group; lesions

involving the bifurcation LAD-LCX were predomi-

nantly located in the outer wall of the carina, and

such locations were often associated with a larger

necrotic core content [42].

Ruptured atherosclerotic plaques in native coro-

nary arteries are well described with intravascular

ultrasound; they are however, not well described in

228 Int J Cardiovasc Imaging (2011) 27:225–237
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saphenous vein grafts (SVGs). In 791 pre-interven-

tion IVUS SVG studies, 95 ruptured plaques in 76

SVGs (73 patients) were identified (prevalence of

9.7%). These ruptured plaques were found to be

associated with complex angiographic characteristics

and expansive remodelling [43, 44]. Likewise, in an

analysis of 300 ruptured plaques in SVGs in 254

patients, Maehara et al., demonstrated that ruptured

plaques, as detected by IVUS, strongly correlated

with a complex angiographic lesion morphology:

ulceration in 81%, intimal flap in 40%, thrombus in

7%, and aneurysm in 7% [12].

IVUS has also been used to assess the natural

evolution of ruptured plaques. IVUS studies have

suggested that up to 50% of the ruptured plaques

detected in a first ACS event heals with medical

therapy, without a significant change in plaque size

[45]. One study revealed complete healing of plaque

rupture in 29% of patients treated with statins and

incomplete healing in untreated patients [46].

The ruptured plaque profile in 40 patients referred

for cardiac catheterization has previously been

described [47]. In total, there were 13 patients with

stable angina, 12 with unstable angina, and 15 with

acute myocardial infarction. Ruptured plaque was

identified in 26 patients and, as expected, was more

frequent in patients with acute myocardial infarction

and unstable angina. Patients with ruptured plaques

were found to have a larger body mass index, were

more likely to be smokers and had more diffuse

calcification and necrotic core areas when compared

to those patients without plaque rupture. Of note, is

that the location of plaque ruptures in this study

mirrored the pathological findings [48]. In a study

performed by our group, the proximal left anterior

descending coronary artery was the most common

site of plaque rupture. In a pathological series of 79

ruptures, Burke et al. [48] found 74% of the plaque

ruptures occurred in the proximal left anterior

descending artery.

Similarly, in a report by Hong et al., the frequency

and distribution of ruptured plaques identified by

IVUS-VH in acute coronary syndrome (ACS = 105

pts) and stable angina pectoris (SAP = 107 pts) in a

3-vessel IVUS-VH study were reported. [25] 76

ruptured plaques (55 in ACS and 21 in SAP) were

described with the presentation of ACS being the

only independent predictor for multiple plaque rup-

tures (P = 0.013).

Although plaque characteristics do not yet influ-

ence current therapeutic guidelines, the available

clinical imaging modalities, IVUS and IVUS-based

tissue characterization techniques such as virtual

histology, integrated basckscattered IVUS and iMap,

have the ability to identify some of the pathological

atheroma features described above (Fig. 2).

Thrombus represents the ultimate pathological fea-

ture leading toACS. Thrombus is usually recognized as

FT
PIT

FC

CaTCFACa FA TCFAFA

IMT

Fig. 2 Examples of VH-IVUS images classified by a two-

dimensional lesion analysis. (IMT) intimal medial thickening;

(PIT) pathological intimal thickening; (FT) fibrotic plaque;

(FC) fibrocalcific plaque; (FA) fibroatheroma and (caFA)

calcified fibroatheroma; (VH-TCFA) Virtual Histology-thin

cap fibroatheroma and (VH-caTCFA) Virtual Histology-

calcified thin cap fibroatheroma. Reprinted from EuroInter-

vention Vol 5, number 2, Garcia-GArcia HM et al. Tissue

characterisation using intravascular radiofrequency data anal-

ysis: recommendations for acquisition, analysis, interpretation

and reporting. Pages 186. Copyright (2009), with permission

from Europa Edition
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an echolucent intraluminalmass, oftenwith a layered or

pedunculated appearance by IVUS [7]. Fresh or acute

thrombus may appear as an echodense intraluminal

tissue, which does not follow the circular appearance of

the vessel wall, whilst older, more organized thrombus

has a darker ultrasound appearance. However, none of

these IVUS features are a hallmark for thrombus, and

one should consider slow flow (fresh thrombus), air,

stagnant contrast or black hole, an echolucent neoin-

timal tissue observed after DES and radiation therapy,

as differential diagnoses [7].

None of the IVUS-based imaging modalities

available can reliably identify thrombus.

Assessment of progression/regression of coronary

atherosclerosis

Quantification of atheroma or plaque area in cross-

sectional IVUS images is performed by subtracting

the lumen area from the EEL area. Hence, IVUS

defined atheroma area is a combination of plaque plus

media area. The atheroma area can be calculated in

each frame (cross-sectional image), and total ather-

oma volume (TAV) can be calculated based on

pullback speed during imaging acquisition. Atheroma

volume can be reported as the percent of the volume

of the external elastic membrane occupied by ather-

oma namely percent atheroma volume (PAV).

Parameters commonly used to report the extent of

the coronary atherosclerosis are shown in (Fig. 3).

Measurements are performed between the inner

lumen border and the media, delineated by the IEL,

which corresponds to the ‘‘true’’ histological area of

the atheroma. Intravascular imaging has played an

important role in the understanding of atherosclerosis

disease in humans and translation of novel therapies

to the clinical arena.

Drug effects on atherosclerosis

The initial observations about a expansive continuous

relationship between coronary heart disease risk and

blood cholesterol levels led to the conduction of a

number of IVUS-based studies to evaluate the effec-

tiveness of differing lipid lowering drugs on atheroma

size. Changes in plaque characteristics may be a more

relevant endpoint to predict the risk of vascular

thrombosis than plaque progression or regression of

mild to moderate disease. Imaging tools to accurately

evaluate plaque characteristics were not available

until recently. Other limitations of using conventional

grayscale IVUS to assess the natural history of

atherosclerosis should be enumerated: (1) Catheteri-

zation, which is an invasive procedure, is required for

serial imaging; (2) only a segment of the coronary tree

can be studied; (3) plaque composition is not

obtained; (4) there is no direct evidence linking

changes in coronary plaques and clinical events.

The efficacy of lowering LDL-C with inhibitors

of hydroxymethylglutaryl coenzyme A reductase

(statins) is unequivocal; however the change in

atheroma size by statins is not constant across all

IVUS studies. There are many potential explanations

for these discrepancies in IVUS studies, such as

drug properties, dose, and duration of treatment.

Other medications have been studied with IVUS

greyscale and IVUS derived imaging modalities

(Table 1).

Nevertheless, no single report has been described

showing a clear and direct association between

reduction in plaque size, composition and/or plaque

type with the reduction in clinical events. This is in

part due to the fact that clinical outcome studies are

expensive, since they have to include a large

population (that should be imaged in at least at 2

different time points) that have to be followed up for

a prolonged period of time in order to ensure the

required number of events have occurred (which are

becoming scarce due to the improvements in stan-

dards of care) in order to best assess the treatment

effect.

Volumetric quantification of the extent of atherosclerosis in coronary arteries

TAV = Σ (EEMCSA−LUMENCSA)

EEMCSA−LUMENCSA

number of analyzed frames per patient
TAVnorm = Σ X

mean/median no. 
of analyzed frames 

in the population

TAV (follow-up) − (baseline)

TAV (baseline)
% change in TAV = X 100

Σ (EEMCSA−LUMENCSA)

Σ EEMCSA

PAV = X 100

Fig. 3 Parameters commonly used to report the extent of the

coronary atherosclerosis are total atheroma volume (TAV) and

percent atheroma volume (PAV). EEM, external elastic

membrane; CSA, cross-sectional area
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Abstract Gray-scale intravascular ultrasound

(IVUS) is the modality that has been established as

the golden standard for in vivo imaging of the vessel

wall of the coronary arteries. The use of IVUS in

clinical practice is an important diagnostic tool used

for quantitative assessment of coronary artery dis-

ease. This has made IVUS the de-facto invasive

imaging method to evaluate new interventional

therapies such as new stent designs and for athero-

sclerosis progression-regression studies. However,

the gray-scale representation of the coronary vessel

wall and plaque morphology in combination with the

limited resolution of the current IVUS catheters

makes it difficult, if not impossible, to identify

qualitatively (e.g. visually) the plaque morphology

similar as that of histopathology, the golden standard

to characterize and quantify coronary plaque tissue

components. Meanwhile, this limitation has been

partially overcome by new innovative IVUS-based

post-processing methods such as: virtual histology

IVUS (VH-IVUS, Volcano Therapeutics, Rancho

Cordova, CA, USA), iMAP-IVUS (Bostoc Scientific,

Santa Clara, CA, USA), Integrated Backscatter IVUS

(IB-IVUS) and Automated Differential Echogenicity

(ADE).

Keywords Intravascular ultrasound �
Radiofrequency data analysis � Atherosclerosis �
Tissue characterization

Introduction

Atherogenesis is the leading cause of cardiovascular

mortality and morbidity in the developed world. The

imaging of coronary atherosclerosis and more in

particular the high risk atheromatous plaque has

made an explosive progress the last decade with the

advent of innovative techniques that focus on the

high-resolution visualization of the coronary vascular

wall. Gray-scale intravascular ultrasound (IVUS) is

the modality that has been established as the golden

standard for in vivo imaging of the vessel wall of the

coronary arteries [1, 2]. The use of IVUS is an

important diagnostic tool used for quantitative

assessment of coronary artery disease. This has made

IVUS the de-facto invasive imaging method of choice

to evaluate new interventional therapies such as new

stent designs [3–5] and for atherosclerosis progres-

sion-regression studies [6–14]. However, the gray-

scale representation of the coronary vessel wall and

plaque morphology in combination with the limited
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resolution of the current IVUS catheters makes it

difficult, if not impossible, to identify qualitatively

(e.g. visually) the plaque morphology similar as that

of histopathology, the golden standard to characterize

and quantify coronary plaque tissue components.

Meanwhile, this limitation has been partially over-

come by new innovative IVUS-based post-processing

methods such as: virtual histology IVUS [15, 16]

(VH-IVUS, Volcano Therapeutics, Rancho Cordova,

CA, USA), iMAP-IVUS [17] (Bostoc Scientific,

Santa Clara, CA, USA), Integrated Backscatter IVUS

[18] (IB-IVUS) and Automated Differential Echog-

enicity [19] (ADE).

Intravascular ultrasound (IVUS) principles

The size of current IVUS catheters are ranging from

2.6 to 3.5 French (0.87–1.17 mm) and are inserted

into the coronary arteries through 6-French guiding

catheters. The principle of IVUS imaging is based on

the oscillatory movement (expansion and contraction)

of a piezoelectric transducer (crystal) in order to

produce sound waves when electrically excited.

There are two major different transducer designs

[2]: (1) the mechanical single element rotating device

and (2) the electronic phased array. The mechanical

rotating element device uses a single piezoelectric

transducer that rotates with 1,800 rotations per

minute, while the electronic phased array device uses

multiple stationary placed piezoelectric transducers

which are sequentially activated. The generated

sound waves by the transducers propagates through

the different tissues and is reflected according to the

acoustic properties of the tissue it travels through

[20].

Gray-scale IVUS based atheromatous plaque clas-

sification is limited due to its low spatial resolution

and for the usual IVUS transducers (20 and 40 MHz)

for which the axial resolution is 200 lm and the

lateral 200–250 lm. Based on their visual appeare-

ance, not necessarily histological composition, ath-

eromas have been classified in four categories by

gray-scale IVUS: (1) soft plaque (lesion echogenicity

less than the surrounding adventitia), (2) fibrous

plaque (intermediate echogenicity between soft

(echolucent) atheromas and highly echogenic calci-

fied plaques), (3) calcified plaque (echogenicity

higher than the adventitia with acoustic shadowing),

and (4) mixed plaques (no single acoustical subtype

represents[80% of the plaques) [2].

IVUS based imaging modalities for

tissue characterization

To overcome the limitations of qualitative visual

interpretation of the IVUS images and to describe the

coronary plaque morphology, several post-processing

methods for computer-assisted quantification have

been developed during the recent years. There are

two basic different approaches: (1) Signal-based

analysis (the so called raw radiofrequency analysis

or RF-analysis) and (2) Image-based analysis. The

different methods will be described below:

Tissue characterization using virtual histology

IVUS (VH-IVUS)

The first commercial available RF-signal based tissue

composition analysis tool was the so-called virtual

histology (VH-IVUS, Volcano Therapeutics) soft-

ware. It uses in-depth analysis of the backscattered

RF-signal in order to provide a more detailed

description of the atheromatous plaque composition

and is performed with either a 20 MHz, 2.9F phased-

array transducer catheter (Eagle EyeTM Gold, Vol-

cano Therapeutics) or 45 MHz 3.2F rotational cath-

eter (Revolution�, Volcano Therapeutics) that

acquires IVUS data electrocardiogram gated [21].

The main principle of this technique is that it uses not

only the envelope amplitude of the reflected RF-

signals (as gray-scale IVUS does), but uses also the

underlying frequency content to analyze the tissue

components present in coronary plaques. This com-

bined information is processed using autoregressive

models and thereafter in a classification tree that

determines four basic plaque tissue components [15]:

(1) Fibrous tissue (dark green), (2) Fibrofatty tissue

(light green), (3) Necrotic core (red) and (4) dense

calcium (white). The current software version

assumes the presence of a media layer, which is

artificially added, positioned just at the inside of the

outer vessel contour. This technique has been com-

pared in several studies against histology in humas

and other species, see Table 1 for further details.
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Tissue characterization using i-MAP-IVUS

Recently, another RF-based processing method has

become commercially available for coronary plaque

tissue characterization which is called iMAP-IVUS

(Boston Scientific) [17]. In principle this software is

comparable, from methodological point of view, in

brief IVUS-RF parameters are processed using auto-

regressive models and matched to a database of

known RF-signal profiles containing the characteris-

tics of four tissue types. The colour-coded images

contain the different colors overlaying the gray-scale

IVUS images. However, there are differences, to start

with the applied colour scheme: (1) Fibrous tissue

(light green), (2) Lipid tissue (yellow), (3) Necrotic

core (pink) and (4) Calcium (blue) [17]. Furthermore,

the applied IVUS catheter is a 40 MHz rotating single

element catheter. Ex vivo validation demonstrated

accuracies at the highest level of confidence as: 97%,

98%, 95%, and 98% for necrotic, lipidic, fibrotic and

calcified regions respectively (Table 2) [17].

Tissue characterization by integrated backscatter

IVUS analysis (IB-IVUS)

IB-IVUS analysis is an alternative approach, as

compared to the 2 previous ones, using the RF-signals

of the IVUS catheters to characterize coronary plaque

tissue components. IB-IVUS analyses the RF-signals

generated by the 40 MHz mechanically rotating IVUS

catheters by applying a fast Fourier transformation of

the frequency components of the backscattered signals

calculating the intensity of the signal measured in

decibels (dB). Different tissue components reflect the

RF-signals at different power levels, which, according

to the developers, could be used to differentiate various

tissue components. Analogue to the other methods it

also applies a colour coded overlay onto the gray-scale

IVUS images. It comprises the following different

tissue components: (1) Calcification, (2) Fibrous

tissue, and (3) Lipidic [18, 22, 23].

Tissue characterization using, automated

differential echogenicity (ADE)

Automated differential echogenicity is a post-pro-

cessing imaging analysis method that uses IVUST
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images to characterize atheromatous coronary plaque

components [19]. At variance with the previous

described RF-signal analysis methods, it makes use

of the differences in gray-value intensities within

the gray-scale IVUS images which are caused by the

different acoustic properties (e.g. echogenicity) of the

different tissue components. It is known that adven-

titia tissue contains mostly fibrotic tissue compo-

nents. Using the relative gray-value of the adventitia

layer surrounding the external elastic membrane

(EEM), which within quantitative IVUS analysis is

detected and defined as the outer vessel wall, tissue

components can be differentiated as hypo- (lower

gray-values than the adventitia) or hyperechogenic

(higher gray-values than the adventitia). Bright

structures (very high gray-levels) combined with

acoustic shadowing can be identified as calcium. The

method classifies structures within these acoustic

shadowed areas as unknown as the ultrasound signal

is mostly completely reflected by thick layers of

calcium and is not able to penetrate it (Figs. 1 and 2).

The method has not been developed, such as the other

methods, to generate colour-coded IVUS images that

try to mimic as close as possible images as generated

by histopathology, but to quantify differences over

time to evaluate possible changes of the plaque

components induced by new therapeutic treatments.

It is of outmost importance, in order to better define

the images, to follow a certain algorithm that

includes: (1) accurate plaque identification (e.g.

quantitative IVUS), (2) tunica adventitia definition

and grey-level intensity determination (3) normal

distribution of the gray-level intensity histogram of

the adventitia tissue (image quality control), (4)

acoustic shadowing and calcification identification

[19]. The advantages of this method are that it can be

performed retrospectively on already acquired IVUS

data and it is independent of the applied IVUS

systems and/or catheters. However, it is recom-

mended to apply within a longitudinal study the

same console type and catheter during baseline and

follow-up examinations not only within this method

but also with respect to the other methods.

Discussion

As above described, IVUS has become over the past

20 years an important clinical intracoronary imaging

tool. It not only facilitates clinical practice but it is

also a reference method of which its quantitative

parameters are often used as endpoints in first-in-man

studies and larger clinical trials. However, the limited

resolution, as compared to histology, and gray-scale

(256 shades of gray are used when the image is

optimal) representation, for which we humans have

only limited capabilities with our eyes to make a

distinction between them (on average we can only

discriminate 8–12 different gray-levels) combined

with the large amount of images acquired during a

pullback examination (in an IVUS study of 4 cm

there are 2,400 individual cross-sections acquired),

requires another representation of the information we

are looking for. Of course quantification is mandatory

for research purposes and thus automated or semi-

automated computer-assisted methods are necessary.

In addition, humans can interpret colour-information

much better than gray-scale information alone and

Table 2 Similarities and differences of IVUS and IVUS-based imaging modalities

Gray-scale IVUS VH i-MAP Integrated

backscatter

Echogenicity

Type of device Mecanical and

electrical

Mechanical and

electrical

Mechanical Mechanical As IVUS

Transducer frequency 20–40 MHz 20–45 MHz 40 MHz 40 MHz As IVUS

Colour code Gray-scale Fibrous: green Fibrous: light green Fibrous: green Gray-scale

Necrotic core: red Necrotic core: pink Necrotic core: blue

Callcium: white Calcium: blue Calcium: red

Fibrofatty: light

green

Fibrofatty: yellow Fibrofatty: yellow

Backscatter radiofrequency

signal analysis

Amplitude (dB) Autoregressive

model

Fast Fourier

trannformation

Fast Fourier

transformation

Computer

analysis
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therefore the plaque compositional tools as described

in this overview are valuable additions to the use of

standard IVUS gray-scale imaging alone. Until

recently, there was only one tool (e.g. VH IVUS)

commercially and thus widespreadly available. This

has changed, now more methods are available which

could potentially lead to different outcomes as they

are using different mathematical methods and soft-

ware algorithms. Certainly, in the near future the

different methods will possibly be applied side-by-

side in multi-center studies and it is yet unknown if

this could result in possible different study outcomes,

this needs to be explored in future research.

The name giving of virtual histology IVUS (VH-

IVUS) could possibly lead to expectations that the

results derived by this method are one-to-one com-

parable to histology, which is unfortunately not the

case. The development of the RF-signal based

methods have been performed empirically, in brief:

explanted vessels are imaged by IVUS, the pathol-

ogist performs histology and the histology results are

cross-correlated to the IVUS images. The derived and

correlated RF-signal patterns have been used to build

the signal pattern databases which are later used to

identify the plaque tissue components in vivo. The

crux in this development process is the cross-

correlation between histology and IVUS, which due

to the large differences in image resolution is difficult

(by example the lateral resolution of IVUS is

200–250 lm while that for histology is 5 lm).

Although histology is considered the golden standard

it is also not free from possible artifacts, by example

during the fixation and staining process. Interpreta-

tion of the images by different pathologists could also

result in interobserver related-biases. It is therefore

not realistic to expect similar results from the IVUS

derived tissue compositional tools as from quantita-

tive histology. However, if appropriately used, and

with justified expectations, these quantitative plaque

tissue compositional tools, with all of their limita-

tions, can be of great additional value to investigate

plaque compositional changes which cannot be

performed with any other imaging method. Great

care must thus be taken when trying to prove a

hypothesis using these methods which could be out of

range of the capabilities of the methods and the basic

method, e.g. IVUS itself. An example of expectations

which could lead to disappointing results when the

RF-based methods are applied is within metallic

stented segments. The RF-based methods do not have

the signal profile of metallic stent struts in their tissue

signal profile databases and this will thus result in an

Quantitative 
Signal 

processing

Quantitative 
Image 

processing

RF-Data

Image data

*

C

A     B     

Fibrotic

Lipidic

Necrotic

Calcified

-

Fibrous

Fibro fatty

Necrotic core

Dense calcium

Fibrosis

Dense fib.

Lipid

Calcified

Hyper

Hypo

Calcified

Unknown

D E F G

Fig. 1 A shows how an intravascular ultrasound signal is

obtained from the vessel wall within an histology image. The

greyscale IVUS image, as can be appreciated in C, is formed

by the envelope (amplitude) (B0) of the radiofrequency signal,

which is illustrated in B. By greyscale atherosclerotic plaque

can be classified into 3 categories: hypoechogenic, hyperecho-

genic and calcified. A 4th category is defined as unknown,

which is tissue that is acoustically showed (G). C shows a

cross-sectional view of a grayscale image. The blue lines limit

the actual atheroma. The frequency and power of the signal

commonly differ between tissues, regardless of similarities in

the amplitude. From the backscatter radiofrequency data

(identified by B00 in B) different types of tissue information

can be retrieved: virtual histology (D), integrated backscattered

(IB) IVUS (E) and iMAP (F). Virtual histology is able to detect
four tissue types: necrotic core, fibrous, fibro-fatty and dense

calcium. The tissues characterized by integrated backscattered

(IB) IVUS are lipidic, fibrous and calcified; and iMAP detects

fibrotic, lipidic, necrotic and calcified
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artificial identification (in some research papers this

is identified as misuse). This could later lead to

unpredictable results and thus care must be taken

applying these methods for research for which they

are not designed.

However, encouraging results have been achieved

applying the tissue composition methods to detect

and to quantify as a surrogate the absorption of the

recently introduced bioabsorbable BVS stent (BVS,

Abbott Vascular, Santa Clara,CA, USA). This infor-

mation could help to explore into more detail the

overall performance of this new stent platform.

A major limitation of the RF-based methods, as

compared to the image-based echogenicity method, is

that they do not take into account acoustic shadowed

areas. They divide every individual RF-beam into

CA

AS

CA

A

CB

Fig. 2 One of the main limitations of processing the RAW

radiofrequency data only, not taking into account other

information available, such as visible acoustic shadowing, is

that these signal processing methods identify tissue compo-

nents in these acoustic shadowed regions while IVUS does not

return any information about it. The ultrasound waves are

reflected at the calcium interface as can be appreciated in this

figure. A presents a histology sample of an explanted human

coronary artery of which in B the OCT image is presented and

in C the IVUS equivalent. It can be appreciated that OCT

presents the calcium very well between 6 and almost 12

o’clock. Also within the IVUS image it can be appreciated that

between 6 and 12 o’clock there is a calcium layer present due

to the white and bright interface but everything behind it is

shadowed and thus IVUS does not contain any information

deeper than this interface. When using IVUS as the only source

to estimate the plaque composition tissue within these

shadowed areas should therefore be classified as unknown

tissue
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small regions of interest and compare the found

signal profiles to their databases of known tissue

profiles without taking into account what signal is

found in front or behind that window (e.g. the larger

picture is missing). This results in detection of tissue

behind calcified areas, even if on the gray-scale IVUS

image there is only shadow visible, thus the RF-

signal will most likely contain noise (thick layers of

calcium will reflect all acoustic energy back to the

transducer causing the typical bright white appear-

ance on gray-scale IVUS images) (Fig. 2). This could

lead to two potential biases: (1) an observer related

bias as the outer vessel boundaries are shadowed and

thus the outer vessel contour must be interpolated by

the observer and (2) a software related bias as the

signal processing tools are not taking into account

these shadowed areas and will assign the pixels in

these regions to any of the tissue components within

their database based on the ‘‘noise’’ of the ultrasound

waves related to that area. In contrast, the image-

based method of echogenicity at first examines every

cross-sectional IVUS image if it contains acoustic

shadowed areas and classifies tissue within these

areas as unknown preventing possible software

related deviations.

Although IVUS is proven to be safe and is a well-

established method widely available, there are other

promising imaging methods, such as optical coher-

ence tomography, but for the time being they are not

capable identifying quantitatively tissue components

comparable to the described methods in this paper.

In-depth post-hoc analysis of IVUS data can be

applied to quantify coronary plaque composition and

possible changes of this composition over time which

can be aplied to evaluate new therapeutic treatment

methods. However, there is still a large scientific

debate how these different analysis methods exactly

relate to each other and to that of the golden standard

of histopathology. If these methods are also capable

of identifying possible vulnerable segments is still

under investigation.
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Objectives This study sought to investigate in vivo the vascular response at the proximal and distal
edges of the second-generation ABSORB everolimus-eluting bioresorbable vascular scaffold (BVS).

Background The edge vascular response after implantation of the BVS has not been previously in-
vestigated.

Methods The ABSORB Cohort B trial enrolled 101 patients and was divided into B1 (n � 45) and
B2 (n � 56) subgroups. The adjacent (5-mm) proximal and distal vessel segments to the implanted
ABSORB BVS were investigated at either 6 months (B1) or 1 year (B2) with virtual histology intravas-
cular ultrasound (VH-IVUS) imaging.

Results At the 5-mm proximal edge, the only significant change was modest constrictive remodeling at
6 months (∆ vessel cross-sectional area: �1.80% [�3.18; 1.30], p � 0.05), with a tendency to regress at
1 year (∆ vessel cross-sectional area: �1.53% [�7.74; 2.48], p � 0.06). The relative change of the fibrotic
and fibrofatty (FF) tissue areas at this segment were not statistically significant at either time point. At
the 5-mm distal edge, a significant increase in the FF tissue of 43.32% [�19.90; 244.28], (p � 0.05) 1-year
post-implantation was evident. The changes in dense calcium need to be interpreted with caution since the
polymeric struts are detected as “pseudo” dense calcium structures with the VH-IVUS imaging modality.

Conclusions The vascular response up to 1 year after implantation of the ABSORB BVS demonstrated
some degree of proximal edge constrictive remodeling and distal edge increase in FF tissue resulting in
nonsignificant plaque progression with adaptive expansive remodeling. This morphological and tissue
composition behavior appears to not significantly differ from the behavior of metallic drug-eluting stents
at the same observational time points. (J Am Coll Cardiol Intv 2012;5:656–65) © 2012 by the American
College of Cardiology Foundation
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The vascular response at the stent edges has been evaluated
with first-generation drug-eluting stents and appears to be
dependent on the implanted device and the periprocedural
induced vascular trauma because of the geographic miss
(GM) phenomenon (1). The initial trial with the sirolimus-
eluting stent—RAVEL (RAndomized study with the
sirolimus-eluting VElocity balloon-expandable stent in the
treatment of patients with de novo native coronary artery
Lesions)—demonstrated no significant edge effect, presum-
ably due to the exceptional stent/lesion ratio of 2:1, due to
the sole availability of stent length (18 mm). A significant
proximal edge lumen loss was, however, observed in the
SIRIUS (Sirolimus-Coated Bx Velocity Balloon-
Expandable Stent in the Treatment of De Novo Native
Coronary Artery Lesions) trial, which evaluated the same
stent platform as in RAVEL, but with several stent lengths
and diameters of the device in a more complex population.
In the first-in-man TAXUS I trial, no edge effect was
demonstrated with the use of the slow-release polymer
formulation of the paclitaxel-eluting stent; conversely, in the
TAXUS II trial, the slow-release and moderate-release
polymer formulations of the paclitaxel-eluting stent resulted
in an edge lumen area loss (�0.54 � 2.1 mm2 and �0.88 �
1.9 mm2, respectively) at both the proximal and distal stent
edges (2,3). In the BETAX (BEside TAXus) trial, using the
Taxus Express drug-eluting stent, significant tissue composi-
tional changes were observed, mainly due to an increase in
the fibrofatty (FF) tissue component causing expansive
remodeling at both stent edges (4).

Pre-clinical research has demonstrated that the tissue re-
sponse after stent implantation is exclusively composed of

proteoglycan-rich smooth muscle cells and fibrolipidic areas
rich in collagen and reticular fibers (5). This iatrogenic entity of
neointimal hyperplasia has been demonstrated to be usually
focal and most commonly located at the proximal stent edge
(6). The advent of scaffolds with bioresorbable properties and
differing biological behavior compared with the currently used
metallic devices, has prompted the re-evaluation of the edge
vascular response using sound-based imaging modalities with
tissue characterization properties. Such a modality is the virtual
histology intravascular ultrasound (VH-IVUS), which allows
for the evaluation of the vascular geometric changes and
assessment of the atheromatous plaque progression/regression.

The purpose of this study is to investigate the edge effect
after the implantation of the ABSORB bioresorbable vas-
cular scaffold (BVS) in the assessment of the geometric and
compositional changes of the segments adjacent to the
5-mm proximal and distal edges of the scaffolded vessel, in
a population investigated at either 6 months or 1 year post
scaffold implantation.

Methods

Study design and population.
The ABSORB Cohort B trial is
a multicenter, ongoing, single-
arm prospective, open-label trial
assessing the safety and perfor-
mance of the second-generation
ABSORB BVS in the treatment
of patients with a maximum of 2
de novo native coronary artery
lesions. In total, 101 patients
were enrolled and subdivided into
2 subgroups—Cohort B1 (n � 45) and Cohort B2 (n �
56)—according to the predefined study design. Both groups
underwent invasive follow-up, Cohort B1 at 6 months and
Cohort B2 at 1 year. Cohort B1 is currently undergoing a
second VH-IVUS imaging of the scaffold edges at 2 -years and
Cohort B2 will undergo the final VH-IVUS imaging evalua-
tion at 3 years (Fig. 1).

In the present study, patients over the age of 18 years, who
had either stable or unstable angina pectoris or silent ischemia,
were suitable for inclusion. All treated lesions were de novo
lesions in a native coronary artery with a maximum diameter of
3.0 mm, a length of �14 mm, a percent diameter stenosis
�50% and �100%, and a Thrombolysis In Myocardial In-
farction (TIMI) flow grade of �1. Major exclusion criteria
were patients presenting with an acute myocardial infarction or
unstable arrhythmias, or patients who had a left ventricular
ejection fraction �30%, restenotic lesions, lesions located in
the left main coronary artery, lesions involving an epicardial
side branch �2 mm in diameter by visual assessment, and
the presence of thrombus or another clinically significant
stenosis in the target vessel.
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CSA � cross-sectional area
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GM � geographic miss

NC � necrotic core

VH-IVUS � virtual histology
intravascular ultrasound

WSS � wall shear stress

J A C C : C A R D I O V A S C U L A R I N T E R V E N T I O N S , V O L . 5 , N O . 6 , 2 0 1 2 Gogas et al.

J U N E 2 0 1 2 : 6 5 6 – 6 5 Vascular Response of the ABSORB BVS Edges

657



145Chapter 7

The ethics committee at each participating institution
approved the protocol, and each patient gave written in-
formed consent before inclusion.
Treatment device. The ABSORB BVS (Abbott Vascular,
Santa Clara, California) is a balloon-expandable device con-

sisting of a polymer backbone of poly-L-lactide coated with a
thin layer of a 1:1 mixture of poly-D,L-lactide. The polymer
controls the release of the antiproliferative drug everolimus,
and forms an amorphous drug-eluting coating matrix that
contains 100 �g of everolimus/cm2 of scaffold. According to

Figure 1. ABSORB Cohort B Study Design

The study design of the ABSORB Cohort B trial with the respective biological behavior of the ABSORB bioresorbable vascular scaffold, at the different time
frames that virtual histology intravascular ultrasound (VH-IVUS) imaging was performed (yellow points). OCT � optical coherence tomography; QCA � quantita-
tive coronary angiography.

Table 1. Baseline Clinical and Lesion Characteristics

6 Months 1 Year

Proximal Edge
(n � 23)

Distal Edge
(n � 18)

Proximal Edge
(n � 24)

Distal Edge
(n � 29)

Age, yrs 62.41 � 9.86 64.70 � 9.83 59.21 � 7.72 60.20 � 7.72

Male 14 (61%) 12 (67%) 15 (63%) 20 (69.0%)

Current smoking 3 (13.0%) 1 (6%) 5 (21%) 2 (7%)

Diabetes 5 (22%) 3 (17%) 7 (29%) 6 (21%)

Hypertension 16 (70%) 13 (72%) 17 (74%) 19 (68%)

Hypercholesterolemia 22 (96%) 18 (100%) 18 (75%) 22 (76%)

Prior myocardial infarction 8 (35%) 7 (39%) 5 (21%) 3 (11%)

Unstable angina 3 (13%) 3 (17%) 4 (17%) 6 (21%)

Stable angina 16 (70%) 14 (78%) 14 (58%) 17 (59%)

Treated vessel

Right coronary artery 9 (39%) 7 (39%) 9 (36%) 8 (27%)

Left anterior descending artery 6 (26%) 6 (33%) 10 (40%) 16 (53%)

Left circumflex artery 7 (30%) 4 (22%) 6 (24%) 6 (20%)

ACC/AHA lesion class:

Type A 1 (4%) 1 (5%) 0 (0%) 0 (0%)

Type B1 10 (44%) 9 (50%) 17 (71%) 22 (73%)

Type B2 11 (48%) 8 (44%) 6 (25%) 7 (23%)

Type C 1 (4%) 0 (0%) 1 (4%) 1 (3%)

RVD before intervention, mm 2.56 � 0.43 2.78 � 0.45 2.61 � 0.33 2.50 � 0.28

Values are mean � SD or n (%).

ACC/AHA � American College of Cardiology/American Heart Association; RVD � reference vessel diameter.
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bench studies, the ABSORB BVS device has shown a dynamic
biological behavior at 6 months, 1 year, and 2 years, at which
time the complete bioresorption of the polymer backbone is
expected (7).

At 6 months, a gradual and steep loss of the device radial
strength in parallel to the continuous decrease of the device

molecular weight is observed because of the depolymeriza-
tion and hydrolysis after implantation. The molecular
weight of the polymeric platform continues to decrease until
1 year, when the radial strength is completely eliminated,
and the device represents a passive structure without any
supportive vascular properties. At 2 years, the ABSORB

Table 3. Summary of the Proximal and Distal Edge Changes at 6 Months and 1 Year After Implantation of the ABSORB BVS

Time After the Imaging Procedure

Vessel CSA (mm2) Lumen CSA (mm2) Plaque CSA (mm2) Vessel CSA (mm2) Lumen CSA (mm2) Plaque CSA (mm2)

Proximal Edge 6 Months (n � 23) 1 Year (n � 25)

Baseline 13.2 [10.81; 15.90] 7.15 [5.80; 8.65] 5.88 [4.22; 7.08] 13.89 [12.55; 17.24] 7.25 [6.44; 8.40] 7.02 [5.52; 7.80]

Follow-up 13.38 [10.26; 15.39] 7.15 [5.60; 8.41] 5.49 [3.86; 7.25] 13.71 [12.22; 16.11] 7 [6.14; 8.30] 7.08 [5.36; 8.38]

Median absolute difference �0.25 [�0.54; 0.18] �0.27 [�0.78; 0.67] �0.25 [�0.63; 0.60] �0.19 [�1.06; 0.33] �0.35 [�0.77; 0.25] �0.15 [�0.59; 0.37]

p value <0.05 NS NS NS NS NS

Distal Edge 6 Months (n � 18) 1 Year (n � 30)

Baseline 12.79 [10.17; 16.38] 7.27 [5.62; 7.90] 7.02 [4.15; 7.89] 10.28 [9.13; 13.46] 6.7 [5.63; 7.80] 4.47 [2.29; 5.61]

Follow-up 13.87 [10.42; 16.15] 6.85 [6.11; 8.44] 6.07 [4.90; 8.40] 10.49 [9.88; 13.33] 6.76 [5.56; 7.78] 4.46 [3.20; 6.61]

Median absolute difference �0.07 [�0.51; 1.00] �0.03 [�0.55; 0.58] 0.35 [�0.82; 0.97] 0.4 [�0.26; 0.63] 0.09 [�0.49; 0.43] 0.27 [�0.27; 0.97]

p value NS NS NS NS NS NS

Values are medians (interquartile ranges). Analysis was performed at the lesion level.

Abbreviations as in Table 2.

Table 2. Summary of the % Changes of the Entire 5-mm Segment, at the Proximal and Distal Edges, Regarding Geometric and
Plaque Composition Parameters 6 Months and 1 Year Following Implantation of the ABSORB BVS

Vessel CSA (mm2) Lumen CSA (mm2) Plaque CSA (mm2)

Proximal edge segment, (%) change

6 months (n � 23) �1.8 [�3.18; 1.30] �4.1 [�11.61; 8.79] �4.04 [�10.65; 11.05]

p value <0.05 NS NS

1 year (n � 25) �1.53 [�7.74; 2.48] �5.32 [�12.36; 4.24] �2.03 [�8.39; 7.76]

p value NS NS NS

Distal edge segment, (%) change

6 months (n � 18) �0.59 [�3.74; 7.09] �0.32 [�7.71; 7.20] 7 [�11.97; 18.36]

p value NS NS NS

1 year (n � 30) 3.45 [�2.08; 6.91] 0.95 [�7.56; 7.48] 5.73 [�6.49; 25.47]

p value NS NS NS

Dense Calcium (mm2) Fibrous (mm2) Fibrofatty (mm2) Necrotic Core (mm2)

Proximal edge segment, (%) change

6 months (n � 23) 12.02 [�31.62; 47.50] 4.44 [�16.83; 67.23] 10.3 [�46.38; 134.69] 24.14 [�22.32; 76.76]

p value NS NS NS NS

1 year (n � 25) �7.91 [�42.19; 17.26] �2.58 [�20.03; 11.86] �9 [�36.77; 87.41] �4.35 [�31.23; 30.40]

p value NS NS NS NS

Distal edge segment, (%) change

6 months (n � 18) 44.09 [22.81; 159.23] 4.07 [�18.83; 107.39] 8.21 [�37.77; 91.48] 23.59 [�19.89; 74.33]

p value <0.05 NS NS NS

1 year (n � 30) �20.57 [�50.22; 54.11] 18.87 [�11.14; 108.93] 43.32 [�19.90; 244.28] �6.25 [�44.20; 81.94]

p value NS NS <0.05 NS

p values in bold are statistically significant.

BVS � bioresorbable vascular scaffold; CSA � cross-sectional area; NS � not significant.
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BVS is considered fully resorbed, having been metabolized
into CO2 and H2O through the Krebs cycle (Fig. 1). This
dynamic behavior of the polymeric device at the above-
mentioned time points prompts the in vivo evaluation of the
vascular response at the scaffold edges with VH-IVUS
imaging in parallel to its evolving biological behavior (8).
Treatment procedure. Lesions were treated with routine
interventional techniques that included mandatory pre-
dilation with a balloon shorter and 0.5 mm smaller in
diameter than the study device. The ABSORB BVS was
implanted at a pressure not exceeding the rated burst
pressure (16 atm). Post-dilation with a balloon shorter than
the implanted device was allowed at the discretion of the
operator, as was bailout treatment.
Quantitative IVUS and VH-IVUS analysis. Geometric param-
eters in the complete 5-mm proximal and distal segments
derived from the grayscale IVUS and VH-IVUS acquisition
were analyzed in each separate frame—that is, vessel area,
lumen area, plaque area, and tissue composition parame-
ters—as absolute values. Furthermore, percentages were
assessed for each cross section in the same region of interest.
Both the proximal and distal vessel segments were further
divided into 1-mm subsegments, numbered from 1 (adja-
cent to the scaffold) to 5, and underwent similar imaging
evaluation as for the complete segment.

The tissue compositional analysis was obtained with a
phased-array 20-MHz intravascular ultrasound catheter
(Eagle Eye, Volcano Corporation, Rancho Cordova, Cali-
fornia) after intracoronary administration of 100 to 200 �g
of nitroglycerin, using automated pullback at 0.5 mm/
second (30 frames/s). The raw radiofrequency data were
capture gated to the R-wave. The main principle of the
VH-IVUS imaging technique is that both the envelope
amplitude of the reflected radiofrequency signals, as under-
taken with standard grayscale IVUS analyses, and the
underlying frequency content is used to analyze the tissue
components present in coronary plaques. The combined
information is subsequently processed using autoregressive

models and thereafter categorized into a classification tree
that determines the 4 basic plaque tissue components: 1)
fibrous tissue—dark green; 2) FF—light green; 3) necrotic
core (NC)—red; and 4) dense calcium (DC)—white (9). All
VH-IVUS analyses were performed offline using the pcVH
2.1 software (Volcano Corporation) by an independent
clinical research organization (Cardialysis, Rotterdam, the
Netherlands). At 6 months (Cohort B1, n � 45), 23
proximal and 18 distal edge segments were suitable for
analysis with grayscale IVUS and VH-IVUS imaging. At 1
year (Cohort B2, n � 56), 25 proximal and 30 distal edge
segments were analyzable. The reasons for the reduced
number of our final tested samples were: 1) the dropout of
patients at follow-up (the attrition rate of the ABSORB
Cohort B trial was �20%) and exclusion of the unpaired
samples from our final data; and 2) exclusion of cases,
according to the standard operational procedure of the
independent core laboratory (Cardialysis), with side-branch
outgrowth of �90° at the side of the scaffold edge that did
not allow the analysis of the complete 5-mm segment and
vessel wall out of the field of the view.
Statistical analysis. Discrete variables are presented as
counts and percentages. Continuous variables are pre-
sented as medians and interquartile ranges. Comparison
between baseline and follow-up was performed using the
Wilcoxon signed rank test. Changes (differences) for each
measurement were calculated as follow-up minus post-
procedure values. Percent changes (differences) for each
variable were calculated as follow-up post-procedure/
post-procedure �100%. A p value �0.05 was considered
statistically significant. Data analyses were performed
with SAS version 9.1 software (SAS Institute, Cary,
North Carolina).

Results

The baseline clinical and lesion characteristics of the pa-
tients are demonstrated in Table 1. The percent (%) changes

Table 4. Summary of the Tissue Composition Changes at the Proximal and Distal Edges, 1 Year After Implantation of the ABSORB BVS

Dense Calcium (mm2) Dense Calcium (%) Fibrous (mm2)

Proximal edge segment (n � 25)

Baseline 0.48 [0.24; 0.76] 12.55 [7.02; 20.20] 1.95 [1.01; 2.69]

1-year follow-up 0.33 [0.24; 0.54] 11.97 [8.31; 17.94] 2.02 [1.37; 2.41]

Median absolute difference �0.02 [�0.20; 0.09] �0.72 [�3.70; 4.65] �0.04 [�0.33; 0.20]

p value NS NS NS

Distal edge segment (n � 30)

Baseline 0.18 [0.08; 0.57] 15.87 [10.17; 35.30] 0.91 [0.08; 1.61]

1-year follow-up 0.19 [0.08; 0.31] 10.5 [6.93; 17.07] 0.9 [0.28; 1.52]

Median absolute difference �0.02 [�0.20; 0.07] �4.22 [�12.18; 1.35] 0.09 [�0.07; 0.22]

p value NS <0.05 NS

p values in bold are statistically significant.

Abbreviations as in Table 3.
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(median [interquartile range]) of the vessel cross-sectional
area (CSA), lumen CSA, and plaque CSA at the 5-mm
proximal edge segment were at 6 months: �1.80% [�3.18;
1.30], (p � 0.05), �4.10% [�11.61; 8.79], (p � 0.22), and
�4.04% [�10.65; 11.05] (p � 0.55); and at 1 year: �1.53%
[�7.74; 2.48], (p � 0.06), �5.32% [�12.36; 4.24], (p �
0.07), and �2.03% [�8.39; 7.76], (p � 0.72), respectively.
The % changes of the vessel CSA, lumen CSA, and plaque
CSA at the 5-mm distal edge segment were at 6 months:
�0.59% [�3.74; 7.09], (p � 0.71), �0.32% [�7.71; 7.20],

(p � 0.97), and 7.0% [�11.97; 18.36], (p � 0.50); and at 1
year: 3.45% [�2.08; 6.91], (p � 0.07), 0.95% [�7.56; 7.48],
(p � 0.77), and 5.73% [�6.49; 25.47], (p � 0.09), respec-
tively (Table 2). The absolute geometric and tissue compo-
sition changes and the subsegmental analysis at 1 year are
tabulated in (Tables 3 and 4) and illustrated in Figs. 2, 3, and 4.

The absolute tissue compositional changes at 6 months
at both edges and the subsegmental analysis at the same
time point are tabulated and illustrated in the Online
Appendix.

Table 4. Continued

Fibrous (%) Fibrofatty (mm2) Fibrofatty (%) Necrotic Core (mm2) Necrotic Core (%)

55.08 [46.10; 63.52] 0.26 [0.11; 0.45] 7.34 [4.99; 10.36] 0.85 [0.40; 1.28] 19.63 [17.16; 29.81]

53.62 [48.56; 59.95] 0.28 [0.09; 0.38] 8 [4.46; 11.39] 0.64 [0.42; 1.01] 20.49 [15.11; 29.02]

�0.1 [�4.67; 5.71] �0.01 [�0.10; 0.19] 0.03 [�3.08; 3.42] �0.06 [�0.32; 0.23] �2.05 [�5.58; 5.65]

NS NS NS NS NS

54.72 [35.05; 62.19] 0.06 [0.01; 0.17] 4.7 [2.49; 7.87] 0.4 [0.04; 0.72] 21.96 [17.58; 28.00]

57.75 [51.27; 62.42] 0.1 [0.03; 0.28] 8.1 [4.23; 12.54] 0.3 [0.09; 0.64] 18.75 [14.65; 24.88]

1.83 [�4.36; 14.58] 0.02 [0.00; 0.09] 2.24 [0.48; 8.69] �0.01 [�0.33; 0.09] �2.82 [�7.26; 4.22]

NS <0.05 <0.05 NS NS

Figure 2. Grayscale IVUS and Corresponding VH-IVUS Still Frames at 1-Year After Implantation of the ABSORB BVS

(A) Distal edge segment. At this segment a significant increase of the fibrofatty (FF) tissue was observed. VH-IVUS demonstrates at this frame a change in FF tis-
sue area from 0.07 to 0.14 mm2. Dense calcium (DC) and necrotic core tissue components changed from 2.39 mm2 and 3.7 mm2 to 2.07 mm2 and 1.8 mm2,
respectively, as a consequence of the bioresorption process. (B) Scaffolded segment. The polymeric struts of the ABSORB BVS are detected as “pseudo” DC sur-
rounded by a red, halo. (C) Proximal edge segment. At this segment some degree of proximal edge constrictive vascular remodeling was observed. Grayscale
IVUS shows for this frame a change in the lumen area from 9.4 mm2 to 8.4 mm2 (The external elastic membrane has been extrapolated at the side of the side
branch, [yellow asterisk]).
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Discussion

The main findings of this study at the time point of 1-year
post-implantation of the ABSORB BVS are as follows.
Constrictive vascular remodeling at the proximal edge was
evident without significant changes in tissue composition
parameters. At the distal edge, tissue composition changes
were evident with a significant increase in the FF tissue
resulting in nonsignificant plaque progression and adaptive
expansive remodeling (Fig. 2).

The edge effects following the implantation of either a
metallic or a polymeric device have common etiological mech-
anisms, namely: 1) periprocedural or iatrogenic technical issues
affecting predominantly geometric parameters (1–11); 2) tissue
composition characteristics of the lesion (12); and 3) local wall
shear stress (WSS) conditions (13–15).

The GM phenomenon, associated with sirolimus-eluting
stent implantation, was investigated in the STLLR (Stent
Deployment Techniques on Clinical Outcomes of Patients
Treated With the Cypher Stent) study and was reported to
occur in nearly two-thirds (66.5%) of the study group;
almost one-half of the patients (47.6%) experienced longi-
tudinal GM, over one-third (35.2%) axial GM, and 16.5%,
a combination of the 2 (1,10). Hoffmann et al. (10)
demonstrated within the E-SIRIUS (European, multi-
center, randomized, double blind trial of the
SIRolImUS-coated Bx-Velocity stent in the treatment of
patients with de novo coronary artery lesions)-IVUS

substudy versus the SIRIUS-US (US, multicenter, ran-
domized, double blind trial of the SIRolImUS-coated
Bx-Velocity stent in the treatment of patients with de
novo coronary artery lesions) trial, that both axial and
longitudinal GM were reduced (from 5.9% to 2.1%)
when periprocedural implantation parameters were taken
into account, such as conservative pre-dilation, less force-
ful stent implantation (�16 atm), and selective post-
dilation with balloons shorter than the stent.

Despite multiple technical guidelines regarding the ABSORB
BVS delivery system to minimize the axial (burst pressure:
16 atm) and longitudinal (balloon shorter and 0.5 mm
smaller than the implanted device) GM phenomena, a
significant proximal edge constrictive response was demon-
strated at 6 months, whereas at 1 year, the constrictive
remodeling was only observed in the following proximal
subsegments, starting from the scaffold edge (subsegment 1: �
�0.96 mm2, (p � 0.05); subsegment 2: � �0.71 mm2, (p �
0.05); and subsegment 4: � �0.57(p � 0.05) (Figs. 3 and 4).

The changes in WSS distribution adjacent to the stent
edges post device implantation appear to follow alterations
in vessel curvature and angulation, and have been reported
to result in step-up regions of low shear stress, prone to
neointimal growth (13–15).

Metallic devices have a more accentuated effect on vessel
curvature and angulation compared to the ABSORB BVS;
however, despite the clinical benefits associated with better

Figure 3. Subsegmental Analysis of the Geometric Changes at the Proximal and Distal Edges After Implantation of the ABSORB BVS

The analysis, per mm of the subsegments, was performed at 1-year follow-up. BVS � bioresorbable vascular scaffold.
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conformability (16) of the ABSORB BVS device, proximal
constrictive remodeling was observed at 1-year after
implantation, and further investigations are required to
evaluate the changes of WSS at the scaffold edges or the
in-scaffold area. Moreover, any of the initial flow–tissue
interaction effects caused by the implantation of this
bioresorbable device are expected to potentially subside
after a 2-year period when the bioresorption process is
expected to be complete and the polymeric platform is
fully transformed to CO2 and H2O, with no consequent
remaining compliance mismatch (8,16). Samady et al.
(17) recently demonstrated, in a cohort of 20 patients,
that coronary segments with low WSS (step-up regions)
are segments that develop constrictive remodeling, in
contrast to the high-WSS segments that present exces-
sive expansive remodeling with tissue composition
changes, mainly due to an increase in DC and NC tissue
components. These reported observations are in parallel
with the present findings in this study regarding vessel
geometry and tissue composition.

The distal edge segment adjacent to the scaffold appeared
to have major tissue composition changes with some degree
of plaque progression, which caused a subsequent nonsig-
nificant expansive remodeling. The VH-IVUS–derived tis-
sue type that correlates with extracellular matrix is the FF
tissue, which happens to be the one that increased the most
(18). The DC tissue component appeared to have a biphasic
response at this segment after the ABSORB BVS implan-

tation with a significant increase at 6 months and a trend
toward a decrease at 1-year follow-up; conversely, the NC
tissue changed nonsignificantly following sequential modi-
fications of DC tissue.

The changes in DC and NC tissue components at
follow-up should be interpreted with caution since the
ABSORB BVS is made of bioresorbable polymeric material
recognized as “pseudo” DC and NC, parameters that have
previously been reported as surrogate markers of the biore-
sorption process (19,20). In addition, the edges of the
polymeric scaffold are not sharply demarcated since the
vessel surrounding the imaging device are affected by the “to
and fro” motion of the cardiac contraction, causing a
“pseudoaxial” displacement of the IVUS catheter related to
the arterial wall.

Indeed, the cardiac cycle can cause a mean axial displace-
ment of the IVUS transducer of 1.5 mm with a maximum
distortion up to 6.5 mm; however, the use of electrocardio-
gram gating during IVUS data acquisition reduces the
axial movement to a maximum of 0.8 mm (21–23) but
does not fully prevent the imaging of the polymeric struts
as “pseudo” DC in the adjacent edge of the implanted
device. In keeping with the standard operational proce-
dure of an independent core laboratory (Cardialysis), the
quantification of the scaffold edges was initiated at the
point where the visualization of the scaffold arc at each
frame was �360°, implying that the scaffold edge to some
extent may include polymeric struts.

Figure 4. Subsegmental Analysis of the Tissue Composition Changes at the Proximal and Distal Edges After Implantation of the ABSORB BVS

The analysis, per mm of the subsegments, was performed at 1-year follow-up. BVS � bioresorbable vascular scaffold.
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The apparent increase in DC at 6 months, followed by a
trend toward a reduction at 1 year, accompanied by the
parallel behavior of the NC, are attributed to the introduc-
tion of the bioresorbable device during the procedure and
subsequent bioresorption process long term. Other possible
factors that may have influenced the NC tissue component
are the locally eluted drug everolimus and the systemic use
of HMG-CoA inhibitors. Verheye et al. (24) recently
demonstrated that everolimus—an inhibitor of the mam-
malian target of rapamycin (m-TOR)—has autophagic
capabilities on macrophages, with a subsequent effect of
diminishing NC formation, inflammation, and thrombosis.
Hong et al. (25) reported a significant 13% relative reduc-
tion in plaque necrotic core volume, and a significant 27%
relative increase in plaque FF content with the administra-
tion of HMG-CoA inhibitors, assessed with VH-IVUS at
1-year follow-up.

Coronary endothelial dysfunction has been previously
associated with underlying plaque composition, in particular
high content of DC and NC. Lavi et al. (26) have
demonstrated impaired endothelial-dependent vasomotion
in vessel segments with underlying NC-rich plaques. Our
group has recently demonstrated that the restored normal
vasodilatory response to acetylcholine in coronary segments
that have previously undergone implantation with an AB-
SORB BVS, is associated with a reduction of NC (27),
implying the potential restoration of the vasomotor function
of the treated vessel with reductions of specific tissue
components. Whether the present findings are due to the
combined effects of locally eliminated m-TOR inhibitor
everolimus, with the systemic use of the HMG-CoA
inhibitors, or the natural history of the bioresorbable
process of the implanted device, remains to be elucidated
in future studies, where a potential restoration of the
vasomotor function at the scaffold edges would be highly
expected with the sustained tissue composition changes
observed at 1-year follow-up. Furthermore, the combi-
nation of continuous polymer degradation and elabora-
tion of the treated vessel from its foreign material beyond
1 year, with the restoration of vessel biological behavior
(vasomotor function) and the interplay with pharmaco-
logical intervention may potentially eliminate the risk of
late stent thrombosis.

The clinical outcome of the ABSORB Cohort B trial at
1-year post implantation of the ABSORB BVS revealed a
hierarchical major adverse cardiac event rate of 6.9%, with
no episodes of scaffold thrombosis (according to the proto-
col or Academic Research Consortium definitions). Pre-
scaffolding VH-IVUS analysis can give an insight into the
extent of plaque and NC within and beyond the intended
scaffolded segment. This latter point is potentially impor-
tant, since full coverage of the lesion by the implanted
device is the desired goal of the interventionalist, as incom-
plete coronary plaque coverage has been reported to effect

long-term clinical events, especially in the presence of
NC-containing plaques (11).
Study limitations. The main limitation of our study is the
small number of the investigated scaffold edges. The complete
cohort (B1�B2) at the different time points without splitting
the population would potentially have increased the sample
size; this, however, was a predefined design of the study.

Conclusions

The edge vascular response, with the use of the ABSORB
BVS device at 1-year post implantation, demonstrates a
degree of proximal edge constrictive remodeling and distal
edge plaque compositional changes, a biological behavior
similar to that observed with the metallic devices. Full
bioresorption of the device, expected to occur in approxi-
mately 2 years, will potentially allow for the evaluation and
comparison of the exact biological composition of the
treated vessel at the scaffold edges, utilizing the VH-IVUS
imaging modality.

Reprint requests and correspondence: Prof. P. W. Serruys,
Thoraxcenter, Bd583a, Dr. Molewaterplein 40, 3015-GD Rotterdam,
the Netherlands. E-mail: p.w.j.c.serruys@erasmusmc.nl.
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Abstract
Aims: To assess serially the edge vascular response (EVR) of a bioresorbable vascular scaffold (BVS) com-
pared to a metallic everolimus-eluting stent (EES).

Methods and results: Non-serial evaluations of the Absorb BVS at one year have previously demonstrated proxi-
mal edge constrictive remodelling and distal edge changes in plaque composition with increase of the percent fibro-
fatty (FF) tissue component. The 5 mm proximal and distal segments adjacent to the implanted devices were 
investigated serially with intravascular ultrasound (IVUS), post procedure, at six months and at two years, from the 
ABSORB Cohort B1 (n=45) and the SPIRIT II (n=113) trials. Twenty-two proximal and twenty-four distal edge seg-
ments were available for analysis in the ABSORB Cohort B1 trial. In the SPIRIT II trial, thirty-three proximal and 
forty-six distal edge segments were analysed. At the 5-mm proximal edge, the vessels treated with an Absorb BVS 
from post procedure to two years demonstrated a lumen loss (LL) of 6.68% (–17.33; 2.08) (p=0.027) with a trend 
toward plaque area increase of 7.55% (– 4.68; 27.11) (p=0.06). At the 5-mm distal edge no major changes were evi-
dent at either time point. At the 5-mm proximal edge the vessels treated with a XIENCE V EES from post procedure 
to two years did not show any signs of LL, only plaque area decrease of 6.90% (-17.86; 4.23) (p=0.035). At the distal 
edge no major changes were evident with regard to either lumen area or vessel remodelling at the same time point.

Conclusions: The IVUS-based serial evaluation of the EVR up to two years following implantation of a biore-
sorbable everolimus-eluting scaffold shows a statistically significant proximal edge LL; however, this finding did 
not seem to have any clinical implications in the serial assessment. The upcoming imaging follow-up of the Absorb 
BVS at three years is anticipated to provide further information regarding the vessel wall behaviour at the edges.
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Abbreviations
BVS bioresorbable vascular scaffold
DES drug-eluting stent
EEM external elastic membrane
EES everolimus-eluting stent
EVR edge vascular response
FU follow-up
GM geographic miss
IVUS intravascular ultrasound
LL lumen loss
PCI percutaneous coronary intervention
PES paclitaxel-eluting stent
SES sirolimus-eluting stent
VBT vascular brachytherapy

Introduction
Although the initial use of radioactive devices in the era of vascular 
brachytherapy (VBT) and later the utilisation of first-generation 
drug-eluting stents (DES) partially eliminated the iatrogenic entity of 
neointimal hyperplasia1,2, the vascular response at the stent-to-artery 
transitions, presenting as a late lumen loss (LL) at the margins of the 
treated segments, remains one of the pitfalls of percutaneous coro-
nary intervention (PCI)3. The term “edge effect” – defining a flow-
limiting lesion at the stent edges – is meant to describe one of the 
major drawbacks of VBT induced by a combination of factors: the 
radioactive dose fall-off at the transition zones in association with 
either the axial geographic miss (GM) (injured or diseased segment 
not covered by the device), or longitudinal GM phenomena (balloon-
artery ratio <0.9 or >1.3)4-7. DES failure as a consequence of LL has 
been shown to present with a focal pattern, affecting particularly the 
proximal stent edge, as was demonstrated in >60% of in-stent reste-
nosis cases with either paclitaxel-eluting stents (PES) or sirolimus-
eluting stents (SES)8.

In the SIRIUS trial (a multicentre study of the SIRolImUS-
eluting Bx-Velocity stent in the treatment of patients with de novo 
coronary artery lesions) a significant proximal edge LL was 
observed and was attributed to the vascular “trauma” at the stent 
margins caused by pre/post balloon dilatation (100%/70%, respec-
tively). Therefore, less traumatic stent implantation (e.g., direct 
stenting without high-pressure post-dilatation) was proposed which 
partially eliminated the procedure-related complication of proximal 
restenosis as shown in the intravascular ultrasound (IVUS) sub-
study of the E-SIRIUS trial9.

In the TAXUS II trial, the slow release and moderate release poly-
mer formulations of the PES resulted in proximal LL of 0.54±2.1 mm2 
and 0.88±1.9 mm2, respectively, while in the BETAX trial, utilising 
the Taxus™ Express™ DES (Boston Scientific, Natick, MA, USA), 
significant plaque changes in tissue composition were observed, 
mainly due to an increase in the fibro-fatty (FF) tissue component 
causing adaptive expansive remodelling at both stent edges10.

In the ABSORB Cohort B trial the second-generation Absorb™ 
BVS (Abbott Vascular, Santa Clara, CA, USA) has recently been 
evaluated non-serially at six-month and one-year follow-up (FU) 

demonstrating some degree of proximal edge constrictive remodel-

that tended numerically to regress at one year and distal edge 
changes in plaque phenotype with an absolute increase of the FF 
tissue component from 0.06 mm2 (0.01; 0.17) to 0.10 mm2 (0.03; 

244.28) (p<0.05) that caused non-significant plaque progression 
with signs of adaptive expansion at this segment11.

The advent of next-generation devices with either metallic or biore-
sorbable platforms has prompted the in vivo re-evaluation of the edge 
vascular response (EVR) with state-of-the-art sound-based imaging 
modalities like intravascular ultrasound (IVUS). The purpose of this 
study is to investigate the EVR following implantation of two different 
platforms which have the same everolimus drug elution: the second-
generation bioresorbable Absorb BVS and the second-generation 
metallic XIENCE V® EES (Abbott Vascular, Santa Clara, CA, USA). 
We analysed greyscale IVUS data acquired serially post procedure, at 
six months and at two years, from patients who were included in the 
ABSORB Cohort B and the SPIRIT II trials to report for the first time 
the early and late vascular responses at the edges.

Methodology
ABSORB COHORT B TRIAL
STUDY DESIGN AND POPULATION
The ABSORB Cohort B trial (NCT00856856) is an ongoing multi-
centre single-arm prospective, open-label trial assessing the safety 
and performance of the second-generation Absorb BVS in the treat-
ment of patients with a maximum of two de novo native coronary 
artery lesions. In total, 101 patients were enrolled, divided into two 
subgroups – Cohort B1 (n=45) and Cohort B2 (n=56) – according to 
the predefined study design. Both groups underwent invasive FU at 
different time points: Cohort B1 at six months and two years, and 
Cohort B2 at one year. Additionally, a three-year invasive imaging 
evaluation of Cohort B2 is expected.
TREATMENT DEVICE
The Absorb BVS (Abbott Vascular) is a balloon-expandable scaf-
fold consisting of a polymer backbone of Poly-L-lactide (PLLA) 
coated with a thin layer of a 1:1 mixture of Poly-D, L-lactide 
(PDLLA). The polymer controls the release of the antiproliferative 
drug everolimus, and forms an amorphous drug-eluting coating 
matrix that contains 100 micrograms of everolimus/cm2 of scaffold. 
According to non-human studies, the Absorb BVS has shown 
a dynamic biologic behaviour at six months, one year and two 
years, beyond which almost complete bioresorption of the poly-
meric backbone is expected12,13.
TREATMENT PROCEDURE
Lesions were treated with routine interventional techniques that 
included mandatory predilatation with a balloon shorter, and 0.5 mm 
smaller in diameter, than the study device. The Absorb BVS was 
implanted at a pressure not exceeding the rated burst pressure (16 atm) 
(avoidance of axial GM). Post-dilation with a balloon shorter than the 
implanted device (avoidance of longitudinal GM) was allowed at the 
discretion of the operator to optimise device expansion.
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SPIRIT II TRIAL
STUDY DESIGN AND POPULATION
The SPIRIT II study (NCT00180310) was a prospective, two-arm 
trial that randomised 300 patients in a 3:1 ratio to either a XIENCE V 
EES (n=223) or a TAXUS PES (n=77) in the treatment of coronary 
artery disease. Serial intravascular imaging was performed in a sub-
set of 152 patients (EES: n=113, and PES: n=39). Thirty-two 
patients were included in the serial evaluation of the proximal edge 
and 14 (42%) received at least one 3.0×18 mm device. At the distal 
edge 41 patients were included with 20 (43%) having undergone 
implantation of a 3.0×18 mm device.
TREATMENT DEVICE
The XIENCE V everolimus-eluting stent system (Abbott Vascular) 
is a balloon-expandable device which consists of serpentine rings 
connected by links fabricated from a single piece of medical grade 
L-605 cobalt-chromium alloy. Everolimus is blended in a non-
erodable polymer coated over another non-erodable polymer primer 
layer. The coating consists of acrylic and fluoro polymers, both 
approved for use in blood-contacting applications. This layer of 
everolimus-polymer matrix with a thickness of 5-6 microns is 
applied to the surface of the stent and is loaded with 100 micro-
grams of everolimus/cm2 of stent surface area with no topcoat poly-
mer layer. The stent is designed to release approximately 80% of 
the drug within 30 days after implantation.
TREATMENT PROCEDURE
Lesions were treated using standard interventional techniques that 
included mandatory predilatation and stent implantation at a pres-
sure not exceeding the burst pressure. Post-dilatation was left to the 
discretion of the physician; however, if performed, it was only to be 
done with balloons sized to fit within the boundaries of the stent.

QUANTITATIVE IVUS ANALYSIS
ABSORB COHORT B AND SPIRIT II TRIALS
Scaffolded segments, including the 5-mm proximal and distal parts, 
underwent imaging evaluation post procedure, at six-month and 
two-year FU with a phased array 20 MHz IVUS catheter (Eagle 
Eye®; Volcano Corporation, Rancho Cordova, CA, USA, and Atlan-
tis™; Boston Scientific, Natick, MA, USA) after intracoronary 
administration of 100-200 µg nitroglycerine, using automated pull-
back at 0.5 mm/sec (30 frames/sec). Geometrical parameters in the 
5-mm proximal and distal edge segments derived from the grey-
scale IVUS acquisition14,15 were analysed in each separate frame, 
i.e., vessel area, lumen area, plaque area as absolute values and 
percentages by an independent clinical research organisation (Car-
dialysis BV, Rotterdam, The Netherlands).
STATISTICAL ANALYSIS
Continuous variables are presented as medians and interquartile 
ranges. Discrete variables are presented as counts and percentages. 
Paired comparisons between continuous variables within groups at 
different time points were estimated with the Wilcoxon signed-
rank test, while the Mann-Whitney U test was used for independ-
ent two-sample comparisons. Changes (differences) for each 
measurement were calculated as: follow-up minus post procedure 

values. Percent changes (differences) for each variable were cal-
culated as: follow-up – post procedure/post procedure ×100%. 
A p-value <0.05 was considered statistically significant. Data anal-
yses were performed with SAS version 9.1 software (SAS Institute 
Inc., Cary, NC, USA).
RESULTS
Twenty-two lesions from the ABSORB Cohort B1 and 33 from the 
SPIRIT II trial had IVUS imaging at the proximal edge in all time 
points and were included in the proximal edge analysis, while 24 
from the ABSORB Cohort B1 and 46 from the SPIRIT II trial had 
serial IVUS assessment of the distal edge. None of the patients 
included in the serial analysis of the ABSORB Cohort B1 under-
went TLR due to restenosis at the scaffold edges. However, two 
patients from the complete (non-serial) ABSORB Cohort B1 had 
a target lesion revascularisation (TLR), due to proximal edge reste-
nosis16. The first patient returned on day 358 with progressive 
angina, and coronary angiography revealed proximal edge resteno-
sis adjacent to the implanted Absorb BVS. The patient was revascu-
larised with a XIENCE V EES. The second patient returned on day 
168 with progressive angina, and repeat angiography also revealed 
proximal edge restenosis associated with operator-related mechani-
cal trauma. These two patients were excluded from the final analy-
sis as they did not have truly serial IVUS acquisitions at all time 
points. With regard to the SPIRIT II trial, two patients who had 
distal edge restenoses at days 175 and 731 were also excluded from 
the final analysis (similar to the ABSORB Cohort B) as they lacked 
truly serial IVUS imaging (Figure 1). However, the calculations 
including the IVUS results of the patients who underwent IVUS 
prior to the TLR were imputed at the two-year results stage (Table 2, 
Table 3, Table 4, and Online Appendix).

The baseline clinical, lesion and procedural characteristics of the 
studied populations are reported (Table 1A and Table 1B). There 
were no significant statistical differences between the patients 
treated with an Absorb BVS and a XIENCE V EES in the proximal 
edge analysis. At this segment, a higher lesion length and reference 
vessel diameter in the XIENCE V group was noted. The baseline 
characteristics between the two subgroups included in the distal 
edge analysis were similar; however, the Absorb BVS patients were 
more likely to suffer from hypercholesterolaemia and less likely to 
smoke. At this segment, a higher incidence of Type C lesions and 
a higher lesion length in the XIENCE V vs. the Absorb BVS treated 
vessels became evident (Table 1). With regard to the post procedure 
IVUS measurements there were no significant statistical differ-
ences of the lumen areas between the two groups; however, in the 
SPIRIT II population an increased plaque burden and vessel area 
were noted at the proximal edge.

ABSORB BVS
PROXIMAL EDGE
At the 5-mm segment, no major absolute or relative changes were 
shown in terms of vessel, lumen and plaque areas in the short term 
(post procedure to six months). In the long term (post procedure to 
two years), a LL of 6.68% (–17.33; 2.08) (p=0.027) was observed 
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Table 1. Baseline clinical, lesion and procedural characteristics of the ABSORB Cohort B1 and SPIRIT II trials.

Proximal edge
ABSORB B1 

(n=22)
SPIRIT II 
(n=32)

p-value

Age, yrs 62.8±9.68 58.68±8.80 0.169

Male, n (%) 15 (68.0%) 27 (84%) 0.188

Current smoking, n (%) 4 (18%) 14 (44%) 0.082

Diabetes, n (%) 4 (18%) 6 (19%) 1.000

Hypertension, n (%) 13 (59%) 19 (59%) 1.000

Hypercholesterolaemia, n (%) 21 (95%) 24 (77%) 0.067

Prior myocardial infarction, n (%) 9 (40.9%) 14 (44%) 1.000

Unstable angina, n (%) 3 (14%) 12 (38%) 0.074

Stable angina, n (%) 16 (73%) 17 (53%) 0.258

Treated vessel

Right coronary artery, n (%) 8 (36%) 14 (42%) 0.592

Left anterior descending artery,  
n (%) 7 (32%) 16 (48%) 0.282

Left circumflex artery, n (%) 6 (27%) 3 (9%) 0.133

ACC/AHA lesion class
ABSORB B1 

(n=22)
SPIRIT II 
(n=33)

p-value

Type A, n (%) 1 (5%) 1 (3%) 1.000

Type B1, n (%) 11 (50%) 7 (24%) 0.076

Type B2, n (%) 9 (41%) 19 (66%) 0.092

Type C, n (%) 1 (5%) 1 (7%) 1.000

Pre-procedure QCA 
characteristics

ABSORB B1 
(n=22)

SPIRIT II 
(n=33)

p-value

Lesion length (mm) 9.63 [7.77, 12.81] 13.90 [9.60, 16.70] 0.041

Reference vessel diameter (mm) 2.38 [2.19, 2.73] 2.90 [2.76, 3.14] 0.001

Minimum lumen diameter (mm) 0.92 [0.81, 1.30] 1.18 [0.74, 1.39] 0.680

Diameter stenosis (%) 61.42 [53.50, 66.00] 57.43 [53.11, 71.20] 0.542

Values are mean±SD or median [IQR] or n (%). ACC/AHA: American College of Cardiology/
American Heart Association. *The balloon to artery ratio was derived from quantitative 
coronary angiography as the fraction of the largest balloon/reference vessel diameter. NS: 
non-significant

Distal edge
ABSORB B1 

(n=24)
SPIRIT II 
(n=41)

p-value

Age, yrs 63.36±9.24 59.98±10.11 0.222

Male, n (%) 18 (75%) 35 (85%) 0.329

Current smoking, n (%) 3 (12.5%) 18 (44%) 0.014

Diabetes, n (%) 4 (17%) 8 (19.5%) 1.000

Hypertension, n (%) 16 (67%) 26 (63%) 1.000

Hypercholesterolaemia, n (%) 24 (100%) 31 (77.5% ) 0.009

Prior myocardial infarction, n (%) 9 (37.5%) 19 (46%) 0.611

Unstable angina, n (%) 5 (21%) 13 (32%) 0.566

Stable angina, n (%) 18 (75%) 21 (51%) 0.115

Treated vessel

Right coronary artery, n (%) 8 (33%) 13 (28%) 0.791

Left anterior descending artery, n (%) 10 (42%) 23 (50%) 0.621

Left circumflex artery, n (%) 5 (21%) 10 (22%) 1.000

with a trend towards a plaque area increase of 7.55% (–4.68; 27.11) 
(p=0.06) (Figure 2, Figure 4 and Table 2).
DISTAL EDGE
At the distal edge no major changes were demonstrated either in the 
short or in the long term (Figure 3, Figure 4 and Table 2).

XIENCE V
PROXIMAL EDGE
At the 5-mm segment no major absolute or relative changes were 
shown in terms of vessel, lumen and plaque areas in the short 
term. In the long term the plaque area decreased by 6.90% 
(–17.86; 4.23) (p=0.035) while the lumen area remained 
unchanged indicating adaptive constrictive remodelling (Fig-
ure 2, Figure 5 and Table 3).
DISTAL EDGE
At the distal edge, a dynamic vascular response was evident: a com-

ACC/AHA lesion class
ABSORB B1 

(n=24)
SPIRIT II 
(n=46)

p-value

Type A, n (%) 1 (4%) 1 (2.4%) 1.000

Type B1, n (%) 13 (54%) 7 (17%) 0.002

Type B2, n (%) 10 (42%) 26 (62%) 0.126

Type C, n (%) 0 (0.0%) 8 (19%) 0.043

Pre-procedure QCA 
characteristics

ABSORB B1 
(n=24)

SPIRIT II 
(n=46)

p-value

Lesion length (mm) 10.13 [7.25, 13.43] 14.95 [9.60, 19.10] 0.007

Reference vessel diameter (mm) 2.60 [2.23, 3.00] 2.80 [2.50, 3.09] 0.244

Minimum lumen diameter (mm) 0.92 [0.75, 1.38] 1.06 [0.84, 1.30] 0.814

Diameter stenosis (%) 62.00 [48.50, 68.50] 57.81 [53.18, 68.50] 0.743

Values are mean±SD or median [IQR] or n (%). ACC/AHA: American College of 
Cardiology/American Heart Association. * The balloon to artery ratio was derived from 
quantitative coronary angiography as the fraction of the largest balloon/reference 
vessel diameter

Proximal edge

Post-procedure IVUS 
characteristics

ABSORB B1 
(n=22)

SPIRIT II (n=33) p-value

Vessel area (mm2) 12.64 [10.81, 15.90]16.27 [14.27, 18.46] 0.004

Lumen area (mm2) 7.02 [5.80, 8.63] 7.97 [6.89, 9.77] NS

Plaque area (mm2) 5.51 [3.91, 7.51] 8.24 [6.62, 9.28] 0.002

Maximum balloon to artery ratio* 1.30 [1.24, 1.42] 1.21 [1.11, 1.26] 0.01 

Distal edge

Post-procedure IVUS 
characteristics 

ABSORB B1 
(n=24)

SPIRIT II 
(n=46)

p-value

Vessel area (mm2) 11.91 [8.47, 15.45] 10.97 [9.39, 14.82] NS

Lumen area (mm2) 6.40 [5.65, 7.72] 6.91 [5.46, 7.81] NS

Plaque area (mm2) 5.03 [2.04, 7.38] 5.28 [3.20, 6.95] NS

Maximum balloon to artery ratio* 1.25 [1.07, 1.36] 1.21 [1.11, 1.28] NS
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Edge Vascular Response (EVR)

Serial in vivo evaluation with intravascular ultrasound (IVUS)
short-term (6 m) and long-term (2 years)

3 patients underwent TLR.
In total 2 proximal edge

restenoses**

ABSORB* Cohort B1
n=45

SPIRIT II* (IVUS group)
n=152

Patients 
Proximal: n=22
Distal: n=24

Patients
Proximal: n=32
Distal: n=41

Lesions
Proximal: n=22
Distal: n= 24

Lesions
Proximal: n=33
Distal: n=46

**The cases that underwent target lesion revascularisation (TLR) due to edge restenoses were excluded
from the EVR evaluation as they lacked a serial lVUS imaging at each time point

39 patients were in the
TAXUS group

6 patients underwent TLR.
In total 2 distal

edge restenoses**

Figure 1. Flow chart of patient/lesion selection for the assessment of the edge vascular response after implantation of either an Absorb 
bioresorbable vascular scaffold or a metallic XIENCE V everolimus-eluting stent.

Table 2. Summary of the serial proximal and distal edge absolute/% changes following implantation of the Absorb BVS. 

Proximal edge, Absorb BVS 

(n=22) post-
procedure

6 months 
(6 mo)

24 months 
(24 mo)

Absolute/% ∆ 
post-6 mo

Absolute/% ∆ 
6 mo-24 mo

Absolute/% ∆ 
post-24 mo

p-value, 
post-6 mo

p-value, 
6 mo-24 mo

p-value, 
post-24 mo

Vessel area (mm2) 12.64
[10.81, 15.90]

12.22
[10.26, 15.39]

13.66
[10.11, 15.91]

–0.19
[–0.51, 0.22]

0.17
[–0.63, 0.59]

–0.01
[–0.93, 0.76]

NS NS NS
–1.35%

[–3.18, 2.27]
1.05%

[–3.33, 5.37]
–0.14%

[–5.69, 6.58]

Lumen area (mm2) 7.02
[5.80, 8.63]

7.02
[5.60, 8.41]

6.11
[5.02, 8.83]

–0.25
[–0.78, 0.73]

–0.19
[–1.00, 0.36]

–0.53
[–1.22, 0.18]

NS NS 0.027
–3.44%

[–12.56, 11.02]
–2.32%

[–13.99, 4.99]
–6.68%

[–17.33, 2.08]

Plaque area (mm2) 5.51
[3.91, 7.51]

5.07
[3.86, 7.25]

6.09
[3.97, 8.04]

 –0.25
[–0.97, 0.55]

0.33
[–0.04, 1.15]

0.48
[–0.25, 1.03]

NS NS NS
–4.16%

[–12.76, 16.75]
6.02%

[–0.67, 19.17]
7.55%

[–4.68, 27.11]

Distal edge, Absorb BVS 

(n=24) post-
procedure

6 months 
(6 mo)

24 months 
(24 mo)

Absolute/% ∆ 
post-6 mo

Absolute/% ∆ 
6 mo-24 mo

Absolute/% ∆ 
post-24 mo

p-value, 
post-6 mo

p-value, 
6 mo-24 mo

p-value, 
post-24 mo

Vessel area (mm2) 11.91
[8.47, 15.45]

11.74
[8.92, 15.71]

12.05
[8.79, 14.71]

0.08
[–0.51, 1.05]

–0.03
[–0.59, 0.71]

0.20
[–0.49, 0.91]

NS NS NS
0.57%

[–3.67, 9.92]
–0.34%

[–4.39, 4.32]
1.83%

[–4.02, 9.27]

Lumen area (mm2) 6.40
[5.65, 7.72]

6.42
[5.26, 7.64]

6.09
[5.34, 7.80]

–0.08
[–0.59, 0.64]

–0.13
[–0.89, 0.43]

–0.08
[–0.82, 0.69]

NS NS NS
–0.85%

[–9.46, 10.71]
–2.43%

[–11.02, 6.72]
–1.23%

[–10.58, 7.82]

Plaque area (mm2) 5.03
[2.04, 7.38]

4.90
[2.44, 7.63]

5.12
[2.59, 6.97]

0.22
[–0.59, 0.84]

0.02
[–0.34, 0.49]

0.24
[–0.45, 0.62]

NS NS NS
7.58%

[–9.54, 17.03]
0.45%

[–8.13, 8.77]
3.00%

[–6.47, 35.79]

Data are expressed as medians [interquartile ranges]. Analysis was performed at lesion level. NS: non-significant; ∆: delta
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Table 4. Comparison of the changes (deltas) between the groups 
treated with either a bioresorbable or a metallic platform at the 
proximal and distal edges (NS: non-significant).

Proximal edge

p-value
Device 
type

post to 
6 months

6 months 
to 2 years

post to 
2 years

∆ Vessel area (mm2)
BVS

NS 0.029 NS
MP

∆ Lumen area (mm2)
BVS

NS NS NS
MP

∆ Plaque area (mm2) BVS NS 0.002 0.006

Distal edge

p-value
Device 
type

post to 
6 months

6 months 
to 2 years

post to 
2 years

∆ Vessel area (mm2)
BVS

NS NS NS
MP

∆ Lumen area (mm2)
BVS

NS NS NS
MP

∆ Plaque area (mm2)
BVS

NS NS NS
MP

Table 3. Summary of the serial proximal and distal edge absolute/% changes following implantation of a XIENCE V everolimus–eluting 
metallic stent (XIENCE V). 

Proximal edge, XIENCE V

(n=33)
post-

procedure
6 months 

(6 mo)
24 months 

(24 mo)
Absolute/% ∆ 

post-6 mo
Absolute/% ∆ 
6 mo-24 mo

Absolute/% ∆ 
post-24 mo

p-value, 
post-6 mo

p-value, 
6 mo-24 mo

p-value, 
post-24 mo

Vessel area (mm2) 16.27
[14.27, 18.46]

16.30
[13.11, 18.92]

15.68
[12.57, 18.90]

–0.17
[–1.42, 0.67]

–0.73
[–1.19, 0.16]

–0.37
[–2.37, 0.68]

NS 0.022 NS
–1.03%

[–8.83, 4.87]
–4.71%

[–8.78, 0.92]
–2.63%

[–13.80, 3.75]

Lumen area (mm2) 7.97
[6.89, 9.77]

7.49
[6.59, 10.29]

7.40
[5.70, 10.87]

–0.16
[–0.68, 0.60]

–0.22
[–0.89, 0.55]

–0.25
[–1.26, 1.22]

NS NS NS
–1.70%

[–9.77, 6.90]
–2.98%

[–11.91, 8.19]
–3.61%

[–14.92, 14.43]

Plaque area (mm2) 8.24
[6.62, 9.28]

7.63
[6.49, 9.28]

7.05
[5.75, 8.64]

–0.07
[–0.96, 0.49]

–0.58
[–1.25, 0.35]

–0.61
[–1.48, 0.28]

NS NS 0.035
–1.06%

[–9.90, 6.53]
–6.42%

[–15.49, 6.92]
–6.90%

[–17.86, 4.23]

Distal edge, XIENCE V

(n=46)
post-

procedure
6 months 

(6 mo)
24 months 

(24 mo)
Absolute/% ∆ 

post-6 mo
Absolute/% ∆ 
6 mo-24 mo

Absolute/% ∆ 
post-24 mo

p-value, 
post-6 mo

p-value, 
6 mo-24 mo

p-value, 
post-24 mo

Vessel area (mm2) 10.97
[9.39, 14.82]

11.94
[9.85, 15.48]

11.95
[9.30, 14.29]

0.62
[–0.22, 1.27]

–0.50
[–1.19, 0.14]

–0.09
[–0.89, 0.91]

0.002 0.0046 NS
5.12%

[–2.64, 12.34]
–3.93%

[–8.26, 1.39]
–1.00%

[–7.15, 7.84]

Lumen area (mm2) 6.91
[5.46, 7.81]

7.08
[5.81, 8.22]

6.77
[5.96, 8.08]

0.31
[–0.64, 1.25]

–0.25
[–0.91, 0.28]

–0.06
[–0.66, 0.72]

NS NS NS
4.31%

[–8.32, 18.84]
–3.59%

[–12.64, 3.61]
–1.12%

[–11.19, 11.86]

Plaque area (mm2) 5.28
[3.20, 6.95]

5.10
[3.56, 7.23]

5.11
[3.18, 7.04]

0.17
[–0.15, 0.65]

–0.12
[–0.42, 0.32]

–0.04
[–0.56, 0.75]

NS NS NS
5.77%

[–3.59, 12.66]
–2.82%

[–9.40, 6.26]
–1.02%

[–9.44, 15.66]

Data are expressed as medians [interquartile ranges]. Analysis was performed at lesion level. NS: non–significant; ∆: delta

(p=0.002) at six months that tended to regress at two years losing its 
statistical significance (Figure 3, Figure 5 and Table 3).

Discussion
The main findings of this study are:
–  Short term: i) the vessels treated with an Absorb BVS did not show 

any signs of remodelling or LL either at the proximal or at the distal 
edges; ii) the vessels treated with a XIENCE V did not show any 
signs of remodelling or LL at the proximal edge; however, compen-
sative expansive remodelling at the distal edge was observed.

–  Long term: i) the vessels treated with the Absorb BVS showed 
evidence of proximal edge LL (this finding is consistent with the 
previously reported reduction in the minimum lumen diameter 
assessed angiographically at the proximal edge - from post proce-
dure: 2.39±0.50 mm, to two years: 2.31±0.42 [p=0.04])17; ii) the 
vessels treated with a XIENCE V did not show any signs of LL at 
either the proximal or the distal stent edges. At the proximal edge, 
a significant plaque decrease became evident with a trend towards 
adaptive constrictive remodelling.
The current analysis used serial IVUS data to evaluate for the 

first time the short-term and long-term EVR after Absorb BVS and 
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Figure 3. Absolute values of the vessel and plaque areas related to lumen area at the distal edges of the Absorb BVS (A) and XIENCE V (B)
devices.

Figure 2. Absolute values of the vessel and plaque areas related to lumen area at the proximal edges of the Absorb BVS (A) and XIENCE V (B) 
devices.
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Figure 5. The vascular response at the proximal edge following implantation of a bioresorbable vascular scaffold. Greyscale IVUS cross-sections 
post procedure, at 6 months and 2 years demonstrating the gradual lumen loss. At the 5-mm proximal segment of this patient the mean lumen 
area decreased from 6.88 mm2 (post procedure) to 5.02 mm2 (2 years).

Figure 4. A) The changes (deltas) in vessel, lumen and plaque areas at the proximal and distal edges following implantation of the Absorb BVS 
post procedure, at 6 months and 2 years (significant changes are demonstrated with the p-value). B) The changes (deltas) in vessel, lumen and 
plaque areas at the proximal and distal edges following implantation of the XIENCE V EES, post procedure, at 6 months and 2 years 
(significant changes are demonstrated with the p-value).
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XIENCE V EES implantation. Although both devices share the 

same release kinetics and dose density of everolimus, we found 

a different vascular response at the proximal and distal edges, 

potentially attributed to the different mechanical properties of the 

investigated platforms.

The implantation of a device either metallic or polymeric induces 

local arterial stiffness of the stented/scaffolded segment, abrogating 

the physiologic cyclic strain and its vascular compliance and further 

creating compliance mismatch with the adjacent proximal and distal 

edges18. It has recently been confirmed that bioresorbable scaffolds 

can also transiently reduce the arterial compliance resulting in com-

pliance mismatch between the scaffolded and the adjacent segments, 

an observation that tended to disappear at short and mid term (one 

year) following implantation of the Absorb BVS19. Additionally, the 

changes in three-dimensional vessel geometry and vessel curvature 

following implantation of either a polymeric or a metallic device 

alter the flow velocities at the transition zones (proximal and distal 

edges) creating regions of disturbed laminar flow, flow separation 

with retrograde axial velocities (low endothelial shear stress [ESS] 

regions) known to be proatherogenic and to alter cell mechanotrans-

duction19,20-22. These changes may potentially cause adaptive remod-

elling of the extracellular matrix through alterations of the 

physiological local mechanical loading conditions with various pat-

terns of compensation (from poor to overcompensation)23.

This concept became evident with the XIENCE V metallic EES in 

regard to vascular remodelling and matrix production that appeared 

to have a dynamic response at the distal edge. In particular, in the 

short term, a compensatory expansive remodelling of 5.12% (–2.64; 

12.34) (p=0.002) was evident to counterbalance a trend towards 

plaque increase of 5.77% (–3.59; 12.66) (p=0.083) (low ESS region) 

that was further converted into constrictive remodelling between six 

months and two years resulting in a neutral net effect from post pro-

cedure to two years.

PROXIMAL EDGE
At this segment, the vessels treated with an Absorb BVS did not 

show any major changes at short-term FU; however, at long-term 

FU a slight but statistically significant LL was observed, attributed 

to plaque area increase. LL at the proximal edge has previously 

been reported with bare metal stents and DES; however, the reduc-

tion in lumen area with the Absorb BVS commenced at a later time 

point (after six months), suggesting that different mechanisms are 

involved in this process. The recently reported plaque/media and 

neointima increase from six months to two years in the scaffolded 

segment has been attributed to the vessel wall/scaffold interaction 

during the bioresorption process that affects the vessel wall physi-

ology and alters the plaque’s components18,24,25. We surmise that the 

LL and plaque increase noted in the proximal edge are due to the 

potentially insufficient suppression of the EVR by the antiprolifera-

tive drug. On the contrary, the vessels treated with a XIENCE V 

stent did not show any signs of LL at both FU points. At late FU, 

a reduction in the plaque and vessel area became evident indicating 

an adaptive constrictive remodelling. This effect could be attributed 

to the mechanical injury following stent implantation which trig-

gers a pathophysiological process that leads to constrictive remod-

elling26. This process appears to be initiated immediately after 

device implantation; however, the changes in plaque and vessel 

wall dimensions become significant at two years. In contrast to the 

bare metal stents and SES, the vessel response at the proximal edge 

of a XIENCE V EES did not affect the lumen area9. This observa-

tion could be attributed to the smaller strut thickness of the 

presence of the antiproliferative drug everolimus that can poten-

tially delay and attenuate the vascular tissue response27,28.

DISTAL EDGE
In contrast to the proximal edge, at the distal edge the vessels treated 

with an Absorb BVS did not show any major changes either at short-

term or at long-term FU. This difference in the EVR can potentially 

be explained by the sufficient concentration of the everolimus elution 

at the downstream vessel which can inhibit atherosclerosis and 

reduce local inflammation. Everolimus has been shown to inhibit 

strongly the development of progressive atherosclerotic lesions in 

animal models: 1) by delaying the transition from early macrophage-

enriched lesions to advanced atherosclerotic plaques in LDL receptor 

–/– (knockout) mice; and 2) by selective clearance of macrophages 

through autophagy in atherosclerotic plaques29-31.

Our findings in the XIENCE V EES are in agreement with those pre-

viously reported, as there were no significant differences in the lumen 

and plaque area at short-term FU32-34. An increase in the vessel area was 

noted at six months which, however, appeared to be temporal as it 

decreased at two years. Of note, these observations were not accompa-

nied by statistically significant changes in the lumen and plaque.

Expansive remodelling has previously been reported at the distal 

edge of other metallic DES and has been attributed to endothelial 

dysfunction. A dysfunctional endothelium can promote expansive 

remodelling and plaque progression especially in an unfavourable 

haemodynamic environment created by the modified vessel geome-

try and the compliance mismatch demonstrated in experimental set-

ting at the distal edge35-37. Endothelial dysfunction at the edges of 

a DES can be present up to one year following device implanta-

tion38,39. Unfortunately, long-term FU results which would allow us to 

estimate the duration of the endothelial dysfunction and the effect of 

a functional/dysfunctional endothelium on the progression/regres-

sion of atherosclerosis at the edges of these stents are not available.

Conclusion
The fully bioresorbable device (Absorb BVS) and the metallic plat-

form (XIENCE V) demonstrated a different EVR at six months and 

two years which is likely to be associated with the distinct properties of 

each device. The serial assessment of the XIENCE V EES did not 

show any LL at both FU points, while the observed significant proxi-

mal edge LL induced by the Absorb BVS at two years did not have any 

clinical implications. The upcoming imaging FU of the ABSORB 

Cohort B2 trial at three years is anticipated to provide additional infor-

mation about the EVR after Absorb BVS implantation.
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Limitations
The major limitation of the present analysis is the small number of 

investigated proximal and distal edges (patient/lesion level). Thus 

the present study may be underpowered to evaluate the exact 

changes at the stent/scaffold edges during follow-up and the p-val-

ues should be considered exploratory and interpreted with caution. 

However, these cohorts of patients represent the only available data 

on the serial assessment of the edge vascular response utilising 

a metallic and a bioresorbable device at three different imaging 

time points. The approximate final tested samples of the Cohort B1 

and SPIRIT II studies were <50%. The reasons for this were: 1) the 

dropout of patients at follow-up and exclusion of the unpaired sam-

ples from our final analysis; 2) the exclusion of cases according to 

the standard operational procedure of the independent core labora-

tory (Cardialysis, Rotterdam, The Netherlands) with: i) side-branch 

outgrowth of >90 degrees at the side of the scaffold edge that did 

not allow the analysis of the complete 5-mm segment; ii) vessel 

wall out of the field of the vessel; and 3) the exclusion of cases 

adjudicated as target lesion revascularisation – some of them attrib-

uted to edge restenosis – where serial assessment was not possible.

Although the SPIRIT II trial had more complex lesions compared 

to the ABSORB Cohort B, this was an exploratory study that investi-

gated for the first time a second generation of devices with different 

platforms (metal vs. polymer) in a follow-up spanning two years. 

Future studies are expected to validate these preliminary results.
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serial follow-up assessment at six months and two years.
Online Table 1. QCA analysis of all available patients in the Absorb 
Cohort B1 trial.

Online Table 2. Summary of the proximal and distal edge abso-
lute/% changes following implantation of the Absorb BVS includ-
ing imputation of data from TLR patients.
Online Table 3. Summary of the proximal and distal edge abso-
lute/% changes following implantation of a XIENCE V everolimus-
eluting metallic stent (XIENCE V) including imputation of data 
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Online Table 4. Comparison of the changes (deltas) between the 
groups treated with either a bioresorbable or a metallic platform at 
the proximal and distal edges including imputation of data from 
TLR patients.
Online Table 5. Summary of the serial proximal edge absolute/% 
changes regarding tissue area/percentage composition following 
implantation of the Absorb BVS.
Online Table 6. Summary of the serial distal edge absolute/% 
changes regarding tissue area/percentage composition following 
implantation of the Absorb BVS.
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changes regarding tissue composition from post intervention to 
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Online Figure 2. Serial proximal and distal edge per mm changes 
regarding tissue composition from 6 months to 2 years following 
implantation of the Absorb BVS.
Online Figure 3. Serial changes of the lumen (A), plaque (B) and 
vessel (C) areas at the proximal edge of the Absorb BVS on a per 
lesion basis.
Online Figure 4. Serial changes of the lumen (A), plaque (B) and 
vessel (C) areas on a per lesion basis at the proximal edge of the 
XIENCE V stent.
Online Figure 5. Serial changes of the lumen (A), plaque (B) and ves-
sel (C) areas on a per lesion basis at the distal edge of the Absorb BVS.
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vessel (C) areas on a per lesion basis at the distal edge of the 
XIENCE V stent.
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Online data supplement
The edge vascular response following implantation of the Absorb 
everolimus-eluting bioresorbable vascular scaffold and the 
XIENCE V metallic everolimus-eluting stent. First serial follow-up 
assessment at 6 months and 2 years.

Online Table 1. QCA analysis of all available patients in the ABSORB Cohort B1 trial.

Post-procedure 
(N=45)
(L=45) 

6-month 
(N=45)
(L=45) 

2-year
(N=45)
(L=45) 

Proximal reference vessel diameter 
(mm)

Mean±SD (n)
Median
[Q1, Q3]

2.86±0.39 (45)
2.81

[2.61, 3.13]

2.72±0.36 (42)
2.73

[2.42, 2.99]

2.67±0.36 (38)
2.65

[2.42, 2.90]

Distal reference vessel diameter 
(mm)

Mean±SD (n)
Median
[Q1, Q3]

2.63±0.35 (44)
2.63

[2.38, 2.85]

2.55±0.37 (41)
2.55

[2.29, 2.77]

2.45±0.32 (37)
2.43

[2.27, 2.66]

Proximal minimal luminal 
diameter (mm)

Mean±SD (n)
Median
[Q1, Q3]

2.45±0.51 (45)
2.41

[2.12, 2.77]

2.39±0.49 (42)
2.39

[2.10, 2.65]

2.25±0.54 (38)
2.21

[2.04, 2.55]

Distal minimal luminal diameter 
(mm)

Mean±SD (n)
Median
[Q1, Q3]

2.23±0.43 (44)
2.12

[1.91, 2.54]

2.16±0.36 (41)
2.07

[1.93, 2.48]

2.11±0.35 (37)
2.01

[1.84, 2.37]

Proximal percent diameter stenosis 
(%)

Mean±SD (n)
Median
[Q1, Q3]

14.54±10.51 (45)
12.33

[6.00, 22.00]

12.52±11.48 (42)
11.00

[7.50, 16.50]

15.86±14.25 (38)
13.42

[6.33, 21.00]

Distal percent diameter stenosis 
(%)

Mean±SD (n)
Median
[Q1, Q3]

15.25±9.64 (44)
13.08

[8.50, 21.00]

14.86±9.50 (41)
14.50

[8.00, 21.00]

13.85±7.18 (37)
14.00

[8.00, 18.00]

Proximal late loss (mm) Mean±SD (n)
Median
[Q1, Q3]

0.07±0.28 (42)
0.08

[–0.06, 0.20]

0.12±0.36 (38)
0.09

[–0.06, 0.29]

Distal late loss (mm) Mean±SD (n)
Median
[Q1, Q3]

0.06±0.29 (41)
0.07

[–0.18, 0.23]

0.04±0.25 (37)
0.07

[–0.13, 0.24]

Proximal binary restenosis [95% Confidence Interval] 2.4% (1/42) 
[0.06%, 12.57%]

5.3% (2/38) 
[0.64%, 17.75%]

Distal binary restenosis [95% Confidence Interval] 0.0% (0/41) 
[0.00%, 8.60%]

0.0% (0/37) 
[0.00%, 9.49%]
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Online table 2. Summary of the proximal and distal edge absolute/% changes following implantation of the Absorb BVS including 
imputation of data from TLR patients.

Proximal edge, Absorb BVS 

(n=23) post-
procedure

6 months 
(6 mo)

24 months 
(24 mo)

Absolute/% ∆ 
post-6 mo

Absolute/% ∆ 
6 mo-24 mo

Absolute/% ∆ 
post-24 mo

p-value, 
post-6 mo

p-value, 
6 mo-24 mo

p-value, 
post-24 mo

Vessel area (mm2) 12.88
[10.81, 16.87]

12.47
[10.26, 15.79]

13.77
[10.11, 17.36]

–0.16
[–0.51, 0.31]

0.12
[–0.63, 0.59]

0.01
[–0.93, 0.90]

NS NS NS
–1.08%

[–3.18, 2.70]
0.95%

[–3.33, 5.37]
0.07%

[–5.69, 6.74]

Lumen area (mm2) 7.15
[5.80, 8.65]

7.15
[5.60, 8.49]

6.15
[5.02, 8.86]

–0.24
[–0.78, 0.73]

–0.14
[–1.00, 0.36]

–0.50
[–1.22, 0.18]

NS NS 0.020
–2.77%

[–12.56, 11.02]]
–2.26%

[–13.99, 4.99]
–6.60%

[–17.33, 2.08]

Plaque area (mm2) 5.13
[3.91, 7.51]

5.13
[3.86, 7.42]

6.09
[3.97; 8.04]

–0.25
[–0.97, 0.88]

0.22
[–0.04, 1.15]

0.56
[–0.25, 1.06]

NS NS 0.032
–4.04%

[–12.76, 21.20]
4.93%

[–0.67, 19.17]
8.29%

[–4.68, 40.87]

Distal edge, Absorb BVS 

(n=24) post-
procedure

6 months 
(6 mo)

24 months 
(24 mo)

Absolute/% ∆ 
post-6 mo

Absolute/% ∆ 
6 mo-24 mo

Absolute/% ∆ 
post-24 mo

p-value, 
post-6 mo

p-value, 
6 mo-24 mo

p-value, 
post-24 mo

Vessel area (mm2) 11.91
[8.47, 15.45]

11.74
[8.92, 15.71]

12.05
[8.79, 14.71]

0.08
[–0.51, 1.05]

–0.03
[–0.59, 0.71]

0.20
[–0.49, 0.91]

NS NS NS
0.57%

[–3.67, 9.92]
–0.34%

[–4.39, 4.32]
1.83%

[–4.02,9.27]

Lumen area (mm2) 6.40
[5.65, 7.72]

6.42
[5.26, 7.64]

6.09
[5.34, 7.80]

–0.08
[–0.59, 0.64]

–0.13
[–0.89, 0.43]

–0.08
[–0.82, 0.69]

NS NS NS
–0.85%

[–9.46, 10.71]
–2.43%

[–11.02, 6.72]
–1.23%

[–10.58, 7.82]

Plaque area (mm2) 5.03
[2.04, 7.38]

4.90
[2.44, 7.63]

5.12
[2.59, 6.97]

0.22
[–0.59, 0.84]

0.02
[–0.34, 0.49]

0.24
[–0.45, 0.62]

NS NS NS
7.58%

[–9.54, 17.03]
0.45%

[–8.13, 8.77]
3.00%

[–6.47, 35. 79]

Data are expressed as medians [interquartile ranges].
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Online table 3. Summary of the proximal and distal edge absolute/% changes following implantation of a XIENCE V everolimus-eluting 
metallic stent (XIENCE V) including imputation of data from TLR patients.

Proximal edge, XIENCE V

(n=34)
post-

procedure
6 months 

(6 mo)
24 months 

(24 mo)
Absolute/% ∆ 

post-6 mo
Absolute/% ∆ 
6 mo-24 mo

Absolute/% ∆ 
post-24 mo

p-value, 
post-6 mo

p-value, 
6 mo-24 mo

p-value, 
post-24 mo

Vessel area (mm2) 16.19
[14.27, 18.46]

15.96
[13.11, 18.92]

15.65
[12.57, 18.90]

–0.20
[–1.42, 0.67]

–0.71
[–1.19, 0.16]

–0.35
[–2.37, 0.68]

NS 0.022 NS
–1.24%

[–8.83, 4.87]
–4.68%

[–8.78, 0.92]
–2.57%

[–13.80, 3.75]

Lumen area (mm2) 7.91
[6.89, 9.77]

7.48
[6.59, 10.29]

7.29
[5.70, 10.87]

–0.17
[–0.76, 0.60]

–0.19
[–0.89, 0.55]

–0.28
[–1.26, 1.22]

NS NS NS
–1.85%

[–9.97, 6.90]
–2.88%

[–11.91, 8.19]
–3.76%

[–14.92, 14.43]

Plaque area (mm2) 8.22
[6.62, 9.28]

7.97
[6.49, 9.28]

7.13
[5.75, 8.76]

0.04
[–0.96, 0.59]

–0.50
[–1.25, 0.35]

–0.51
[–1.48, 0.29]

NS 0.057 0.047
0.33%

[–9.90, 6.67]
–5.21%

[–15.49, 6.92]
–6.30%

[–17.86, 4.45]

Distal edge, XIENCE V

(n=47)
post-

procedure
6 months 

(6 mo)
24 months 

(24 mo)
Absolute/% ∆ 

post-6 mo
Absolute/% ∆ 
6 mo-24 mo

Absolute/% ∆ 
post-24 mo

p-value, 
post-6 mo

p-value, 
6 mo-24 mo

p-value, 
post-24 mo

Vessel area (mm2) 11.01
[9.39, 14.83]

12.14
[9.85, 15.48]

11.98
[9.30, 14.29]

0.62
[–0.47, 1.27]

–0.48
[–1.19, 0.14]

–0.13
[–0.95, 0.91]

0.006 0.0046 NS
4.64%

[–2.80, 12.34]
–3.84%

[–8.26, 1.39]
–1.38%

[–7.41, 7.84]

Lumen area (mm2) 6.93
[5.46, 7.83]

6.95
[5.71, 8.22]

6.74
[5.61, 8.08]

0.25
[–0.65, 1.25]

–0.25
[–0.91, 0.28]

–0.12
[–0.81, 0.72]

NS NS NS
3.19%

[–8.43, 18.84]
–3.17%

[–12.64, 3.61]
–2.00%

[–11.49, 11.86]

Plaque area (mm2) 5.38
[3.20, 7.02]

5.26
[3.56, 7.51]

5.12
[3.18, 7.18]

0.19
[–0.15, 0.74]

–0.11
[–042, 0.32]

–0.02
[–0.56, 0.75]

0.053 NS NS
5.90%

[–3.59, 13.75]
–2.73%

[–9.40, 6.26]
–1.01%

[–9.44, 16.36]

Data are expressed as medians [interquartile ranges].  NS: non–significant

Online table 4. Comparison of the changes (deltas) between the 
groups treated with either a bioresorbable or a metallic platform 
at the proximal and distal edges (NS: non-significant).

Proximal edge

p-value
Device 
type

post to 
6 months

6 months 
to 2 years

post to 
2 years

∆ Vessel area (mm2)
BVS

NS 0.029 NS
MP

∆ Lumen area (mm2)
BVS

NS NS NS
MP

∆ Plaque area (mm2) BVS NS 0.009 0.005

Distal edge

p-value
Device 
type

post to 
6 months

6 months 
to 2 years

post to 
2 years

∆ Vessel area (mm2)
BVS

NS NS NS
MP

∆ Lumen area (mm2)
BVS

NS NS NS
MP

∆ Plaque area (mm2)
BVS

NS NS NS
MP
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Online table 5. Summary of the serial proximal edge absolute/% changes regarding tissue area/percentage composition following 
implantation of the Absorb BVS.

Proximal edge, Absorb BVS

(n=16 )
post- 

procedure
6 months 

(6 mo)
24 months 

(24 mo)
Absolute/% ∆ 

post-6 mo
Absolute/% ∆  
6 mo-24 mo

Absolute/% ∆ 
post-24 mo

p-value, 
post-6 mo

p-value, 
6 mo-24 mo

p-value, 
post-24 mo

Dense calcium
(mm2)

0.25
[0.09; 0.60]

0.23
[0.12; 0.76]

0.23
[0.14; 0.93]

0.05
[–0.09; 0.19]

0.01
[–0.11; 0.15]

0.06
[–0.15; 0.15]

NS NS NS
Dense calcium
(%)

12.28
[7.22; 29.12]

16.82
[8.42; 30.54]

16.52
[12.86; 21.20]

5.43%
[–25.32; 83.89]

3.43%
[–28.30; 55.65]

2.28%
[–14.30; 31.22]

Fibrous
(mm2)

1.16
[0.57; 1.71]

1.14
[0.59; 1.65]

1.24
[0.58; 2.35]

–0.01
[–0.22; 0.13]

0.31
[–0.24; 0.65]

0.23
[–0.27; 0.61]

NS NS NS
Fibrous
(%)

48.27
[36.41; 64.37]

52.82
[32.69; 63.00]

50.93
[43.33; 62.34]

–4.13%
[–15.42; 15.24]

3.27%
[–11.30; 30.30]

2.28%
[–14.30; 31.22]

Fibro-fatty
(mm2)

0.14
[0.04; 0.20]

0.09
[0.05; 0.32]

0.17
[0.06; 0.43]

–0.00
[–0.04; 0.10]

0.01
[–0.07; 0.24]

0.02
[–0.06; 0.22]

NS NS NS
Fibro-fatty
(%)

4.25
[2.62; 9.36]

4.61
[2.17; 11.91]

8.06
[5.46; 10.05]

–6.20%
[–39.13; 129.96]

94.81%
[–45.74; 183.65]

40.80%
[–62.63; 277.37]

Necrotic core
(mm2)

0.40
[0.08; 1.33]

0.35
[0.20; 0.97]

0.51
[0.18; 1.23]

0.05
[–0.24; 0.26]

0.02
[–0.13; 0.29]

0.04
[–0.32; 0.31]

NS NS NS
Necrotic core
(%)

23.08
[13.86; 33.67]

23.31
[14.41; 33.46]

22.23
[17.58; 28.18]

4.43%
[14.42; 35.54]

–4.56%
[–24.35; 54.20]

–5.25%
[–26.98; 61.44]

Online table 6. Summary of the serial distal edge absolute/% changes regarding tissue area/percentage composition following 
implantation of the Absorb BVS.

Distal edge, Absorb BVS

(n=14 )
post- 

procedure
6 months 

(6 mo)
24 months 

(24 mo)
Absolute/% ∆ 

post-6 mo
Absolute/% ∆  
6 mo-24 mo

Absolute/% ∆ 
post-24 mo

p-value, 
post-6 mo

p-value, 
6 mo-24 mo

p-value, 
post-24 mo

Dense calcium
(mm2)

0.30 
[0.13, 0.96]

0.62
[0.24, 1.27]

0.46
[0.21, 1.00]

0.20
[0.06, 0.42]

–0.10
[–0.22, 0.02]

0.08
[–0.02, 0.22] 0.0024

NS NS
Dense calcium
(%)

15.19 
[9.50, 20.87]

19.90 
[14.98, 27.54]

19.02 
[7.47, 23.11]

41.72% 
[9.77, 77.38]

–12.48% 
[–33.13, –0.40]

49.54% 
[–3.93, 59.71] 0.0012

Fibrous
(mm2)

1.73 
[0.93, 2.32]

1.64
[0.75, 2.30]

1.80
[0.56, 3.02]

0.02
[–0.29, 0.28]

0.12
[–0.35, 0.23]

0.16
[–0.26, 0.41] NS

NS NS
Fibrous
(%)

49.99
[44.84, 63.27]

46.84
[42.29, 58.35]

50.31 
[44.67, 60.59]

–9.82%
[–20.51, –1.11]

7.48%
[–4.14, 22.30]

1.11%
[–14.96, 4.70] 0.017

Fibro-fatty
(mm2)

0.12
[0.05, 0.35]

0.09
[0.04, 0.22]

0.22
[0.14, 0.51]

–0.01
[–0.07, 0.03]

0.07
[–0.00, 0.19]

0.09
[–0.01, 0.18] NS 0.07

NS
Fibro-fatty
(%)

5.37
[2.87, 11.14]

3.61
[2.21, 5.96]

6.40
[4.41, 10.17]

–31.10%
[–48.25, –13.46]

68.37%
[17.82, 171.17]

37.16%
[–38.93, 99.10] 0.013 0.013

Necrotic core
(mm2)

0.56
[0.16, 1.26]

0.93
[0.39, 1.10]

0.66
[0.32, 1.16]

0.23
[–0.15, 0.44]

–0.18
[–0.23, 0.07]

0.04
[–0.43, 0.35]

NS NS NS
Necrotic core
(%)

21.60
[14.68, 29.29]

25.99
[19.19, 30.72]

23.93
[15.69, 26.88]

22.93%
[3.34, 53.46]

–9.91%
[–16.88, 2.38]

7.92%
[–29.45, 57.14]
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Figure 1. Serial proximal and distal edge per mm absolute changes regarding tissue composition from post intervention to 6 months following 

+0.29 mm2 2 [0.02, 0.26] (p<0.001).

Figure 2. Serial proximal and distal edge per mm changes regarding tissue composition from 6 months to 2 years following implantation of the 
2 [–0.81, 

2 [–0.39, –0.03] (p=0.02) 
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Figure 4.  Serial changes of the lumen (A), plaque (B) and vessel (C) 
areas on a per lesion basis at the proximal edge of the XIENCE V 
stent.
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Figure 3. Serial changes of the lumen (A), plaque (B) and vessel (C) 
areas at the proximal edge of the Absorb BVS on a per lesion basis.
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Figure 5. Serial changes of the lumen (A), plaque (B) and vessel (C) 
areas on a per lesion basis at the distal edge of the Absorb BVS.
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Figure 6. Serial changes of the lumen (A), plaque (B) and vessel (C) 
areas on a per lesion basis at the distal edge of the XIENCE V stent.





Chapter 9

Vascular Compliance Changes of the Coronary 
Vessel wall after bioresorbable Vascular scaffold 
Implantation in the Treated and adjacent segments.

Salvatore Brugaletta, bill D. Gogas, Hector M. Garcia-Garcia, Vasim Farooq, 
Chrysafios Girasis, Jung Ho Heo, Robert Jan van Geuns, Bernard de Bruyne, Dariuz 
Dudek, Jacques Koolen, Pieter Smits, Susan Veldhof, Richard Rapoza, Yoshinobu 
Onuma, John Ormiston, Patrick W. Serruys
Circulation Journal. 2012. Jun 25; 76(7): 1616-23 [IF: 3.58]





179Chapter 9

Circulation Journal
O�cial Journal of the Japanese Circulation Society
http://www.j-circ.or.jp

ver the past 20 years percutaneous implantation of me-
tallic prostheses has increasingly been used to allevi-
ate �ow-limiting lesions by overstretching the plaque 

and underlying vessel wall.1 From a mechanical perspective 
this treatment may locally stiffen the artery, reducing its com-
pliance and creating a mismatch in compliance with respect to 
the segments contiguous to the implanted device.2 This mis-
match may eventually provoke �ow disturbances and wall shear 
stress alterations with subsequent blood stasis3 (Figure 1). 
The wall shear stress distribution in a stented artery has been 

reported as a determinant factor for cellular growth and the 
occurrence of thrombus formation.4

The ABSORB everolimus-eluting bioresorbable vascular 
scaffold system (ABSORB BVS) theoretically has many ad-
vantages over rigid metallic stents. In particular, because the 
scaffold is completely made of poly-lactide, it does not have 
the same stiffness as metal, thereby having the potential to 
overcome in part the problems related to local stiffening of 
the artery and compliance mismatch associated with metallic 
platform stents. In addition, the mismatch in compliance after 

O
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scaffold implantation may potentially disappear in the long-
term once the scaffold is completely bioresorbed.

The aim of the present analysis was to investigate the vas-
cular compliance of the coronary segments treated with the 
bioresorbable scaffold and the adjacent proximal and distal 
edges, by measuring: (1) the changes in compliance immedi-
ately after ABSORB BVS implantation and at 6-, 12- and 
24-month follow-up; and (2) the compliance mismatch be-
tween these 3 segments at the various time points.

Methods
Study Population
The ABSORB trial includes the ABSORB Cohorts A and B 
trials. In brief, the ABSORB Cohort A trial (NCT00300131) 
enrolled 30 patients with a diagnosis of stable or unstable an-
gina or silent ischemia. All treated lesions were single and de 
novo in a native coronary artery of 3.0 mm diameter, shorter 
than 8 mm for the 12-mm scaffold and shorter than 14 mm for 
the 18-mm scaffold, with a diameter stenosis ≥50% and <100%, 
and with a Thrombolysis in Myocardial Infarction �ow grade 
≥1. Major exclusion criteria were acute myocardial infarction, 
unstable arrhythmias or left ventricular ejection fraction <30%, 
restenotic lesions, lesions located in the left main coronary 
artery, lesions involving an epicardial side branch ≥2 mm in 
diameter by visual assessment, and the presence of thrombus 
or other clinically signi�cant stenosis in the target vessel. All 

lesions were treated by implantation of ABSORB BVS �rst-
generation scaffold (Generation 1.0) and invasively imaged at 
6- and 24-month follow-up. The ABSORB Cohort B trial 
(NCT00856856) enrolled 101 patients with the same clinical 
pro�le and lesion type, divided into 2 groups according to the 
timeline of invasive follow-up: ABSORB Cohort B1 with in-
vasive imaging at 6 and 24 months; ABSORB Cohort B2 with 
the same invasive imaging at 12 and 36 months. The 12-month 
follow-up has been reported.5 All lesions were treated by im-
plantation of an ABSORB BVS second generation scaffold 
(Generation 1.1) (3.0×18 mm).6 The ethics committee at each 
participating institution approved the protocol and each patient 
gave written informed consent before inclusion.

Study Device
The ABSORB BVS scaffold (Abbott Vascular, Santa Clara, 
CA, USA) consists of a polymer backbone of poly-L lactide 
(PLLA) coated with a thin layer of a 1:1 mixture of poly-D, 
L-lactide (PDLLA) polymer, and the antiproliferative drug, 
everolimus, to form an amorphous drug-eluting coating matrix 
containing 100 μg of everolimus/cm2 of scaffold. The details 
of the device have been previously described.7–11 The AB-
SORB Cohort A and Cohort B trials evaluated the ABSORB 
BVS scaffold generations 1.0 and 1.1, respectively.12,13 The 
ABSORB BVS scaffold 1.1 has a smaller maximum circular 
unsupported surface area compared to 1.0, with the struts ar-
ranged as in-phase zigzag hoops linked together by 3 longitu-

Figure 1.  Compliance mismatch after scaffold implantation with alteration in the flow. In this diagram the mismatch in compliance 
created by the scaffold (red dotted line) is indicated as a “bump” in the vessel wall compared to the proximal and distal segments. 
Instantaneous vortices fields calculated by a mathematical model are also shown, indicating presence of turbulence at the 
proximal and distal edges. Instantaneous vorticity fields reconstructed according to Tortoriello et al.
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dinal links, similar to the XIENCE V design.8,14 No differences 
in polymeric material, drug dose, drug release kinetics or strut 
thickness exist between the 2 generations. Of note is that 
changes implemented in the manufacture of ABSORB BVS 
1.1 resulted in more prolonged luminal support post-implanta-
tion.6,15,16

Study Procedure and Intravascular Ultrasound (IVUS) 
Acquisition/Analysis
Target lesions were treated using standard interventional tech-
niques with mandatory pre-dilation. Post-dilation with a bal-
loon that was shorter than the implanted scaffold was allowed 
at the operator’s discretion up to the prescribed maximal post-
dilation diameter.

IVUS palpography analyses were performed using the 
Eagle Eye 20 MHz catheter (Volcano Corp, Rancho Cordova, 
CA, USA) with an automated continuous pullback (0.5 mm/s, 
30 frames/s) at the level of the scaffolded and adjacent seg-
ments, with simultaneous recordings of the electrocardiogram 
and aortic pressure, at various follow-up time points.

IVUS Palpography Acquisition and Analysis
IVUS palpography is a technique that allows for the assess-

ment of local mechanical tissue properties. The underlying 
principle is that at de�ned pressure differences soft tissue (eg, 
lipid-rich) components deform more than hard tissue compo-
nents (eg, �brous-calci�ed).17–19 In coronary arteries the tissue 
of interest is the vessel wall, whereas blood pressure, with its 
physiological changes during the heart cycle, is used as the 
excitation force. Radiofrequency data obtained at different pres-
sure levels are compared to determine the local tissue defor-
mation. The strain value is normalized to a pressure difference 
of 2.5 mmHg per frame: this allows the construction of a 
“strain” image in which hard (low strain/compliance) and soft 
(high strain/compliance) values range between 0% and 2%.17 
In postmortem coronary arteries the sensitivity and speci�city 
of palpography to detect high strain values have previously 
been reported as 88% and 89%, respectively.18

Digital radiofrequency data were acquired using a custom-
designed workstation and subsequently stored on a DVD for 
sending to the imaging core laboratory for of�ine analyses 
(Cardialysis, Rotterdam, The Netherlands). Both the scaffold-
ed and the 5-mm proximal and distal segments were ana-
lyzed.20 Local strain was calculated from the gated radiofre-
quency traces using cross-correlation analyses, displayed and 
color-coded from blue (for 0% strain) to yellow (for 2% strain) 

Table 1.
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via red as previously described.19

Strain values were assigned a Rotterdam classi�cation (ROC) 
score ranging from I to IV (ROC I, 0–0.5%; ROC II, 0.6–
<0.9%; ROC III, 0.9–1.2%; ROC IV, >1.2%).21 A region was 
de�ned as high strain when it had ROC III–IV that spanned an 
arc of at least 12° at the surface of a plaque (identi�ed on the 
IVUS recording), as previously reported. The highest value of 
strain in the cross-section was taken as the strain level of the 
site.21 The compliance of each segment was calculated per 
segment (proximal edge, scaffold segment and distal edge) and 
de�ned as the mean of the maximum strain values per cross-
section in ROC I/II/III/IV sites, expressed as ROC/mm.22,23

Ideally, the absence of a mismatch is the absence of differ-
ence in compliance along the vessel wall. For the purpose of 
the present analysis, mismatch was de�ned as statistically 
signi�cant differences in compliance between the 3 segments 
analyzed on a paired basis, using a statistical test for trend 
(Figure 1).

Statistical Analysis
Categorical variables are presented using frequencies and per-
centages. Continuous variables are presented with mean and 
standard deviations or median and interquartile ranges, accord-
ing to their distribution. Analyses of normality of the continu-
ous variables were performed with the Kolmogorov-Smirnov 
test. Changes in compliance between various time points were 
evaluated by means of paired Wilcoxon signed rank test. Dif-
ferences in compliance between the 3 segments analyzed 

(scaffold, proximal and distal edges) at each time point were 
evaluated by the paired Friedman test. Comparison between 2 
groups was performed with the Mann-Whitney test. A 2-sided 
P-value <0.05 indicated statistical signi�cance. Statistical anal-
yses were performed with SPSS 18.0 software (SPSS, Chicago, 
IL, USA).

Results
Baseline Clinical Characteristics (Table 1)
A total of 83 patients from the ABSORB Cohort A and B trials 
underwent palpography investigations (30 and 53 patients from 
ABSORB Cohort A and Cohort B, respectively). Speci�cally, 
palpography analyses were performed in 27 patients pre-scaf-
fold implantation (13 and 14 from ABSORB Cohort A and 
Cohort B), 71 patients post-scaffold implantation (27 and 44 
from ABSORB Cohort A and Cohort B), 42 patients at 6 
months (27 and 15 from ABSORB Cohort A and Cohort B), 
26 patients at 12 months and in 21 patients at 24 months.

Palpography analyses were completed for all 3 segments 
(scaffold, proximal and distal segments) in 14 patients at pre-
scaffold implantation (5 and 9 from ABSORB Cohort A and 
Cohort B), 35 patients post-implantation (14 and 11 from AB-
SORB Cohort A and Cohort B), 27 patients at 6 months (16 
and 11 from ABSORB Cohort A and ABSORB Cohort B), 11 
patients at 12 months and 14 patients at 24 months.

Figure 2.  Sequential changes in compliance, as assessed by palpography. Pre-implantation shows the presence of high compli-
ance (red) in either the proximal/distal or scaffolded segment. After scaffold (ABSORB BVS 1.1 Generation) implantation, the 
scaffolded segment exhibits low compliance (blue) with an evident mismatch compared to the proximal and distal edges, still 
exhibiting some spots of high compliance. At 12-month follow-up, the scaffolded segment still shows low compliance, with the 
mismatch in compliance in the adjacent segments disappearing. For each time point the palpograms with the corresponding IVUS 
images, matched by anatomical landmarks, are shown. IVUS: intravascular ultrasound.
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Modi�cation in Vascular Compliance From Pre- to Post-
Scaffold Implantation (Figure 2)
After scaffold implantation a signi�cant decrease in compli-
ance in the scaffolded segment was evident with no modi�ca-
tion in the proximal/distal edges compliance. Of note, a trend 
towards a reduction in compliance was evident in the distal 
edge (Figure 3). The modi�cations in compliance after scaf-
fold implantation did not signi�cantly differ between ABSORB 
Cohort A and Cohort B in the 3 segments (scaffolded segment 
P=0.820; proximal edge P=0.310; distal edge P=0.606).

A mismatch in compliance tended to be present immedi-
ately after scaffold implantation (Figure 4).

Modi�cation in Vascular Compliance During Follow-up 
(Tables 2,3)
In ABSORB Cohort A there was a signi�cant increase in the 
compliance of the scaffolded segment at 6 and 24 months 
compared to post-implantation. Conversely, in ABSORB Co-
hort B no changes in compliance of the scaffolded segment 
were evident at either 6 (P<0.001 as compared to ABSORB 
Cohort A) or 12 months, compared to post-implantation. No 
other signi�cant changes were found at the proximal/distal 
edges in either ABSORB Cohort A or B at the various time 
points.

At the various follow-up time points, no mismatch in com-
pliance was found either in Cohort A (6 months=proximal 
edge 0.29 [0.18–0.35] vs. scaffold segment 0.10 [0.06–0.22] 
vs. distal edge 0.16 [0.05–0.24]; P=0.146; 24 months proxi-
mal edge 0.20 [0.09–0.30] vs. scaffold segment 0.24 [0.17–
0.29] vs. distal edge 0.11 [0.05–0.24]; P=0.052) or Cohort B 

(6 months=proximal edge 0.28 [0.16–0.46] vs. scaffold seg-
ment 0.23 [0.14–0.29] vs. distal edge 0.11 [0.05–0.17]; P= 
0.449; 12 months=proximal edge 0.18 [0.10–0.36] vs. scaffold 
segment 0.16 [0.08–0.26] vs. distal edge 0.11 [0.02–0.20]; 
P=0.618).

Discussion
The major �ndings of the present analysis are: (1) scaffolding 
of a diseased vessel wall by an ABSORB BVS signi�cantly 
reduces its compliance, with the compliance of the segment 
immediately distal to the device tending also to be reduced; 
(2) the mismatch in compliance that is present immediately 
after scaffold implantation disappears in the short- to mid-
term; (3) the prolonged duration of mechanical support of the 
ABSORB BVS generation 1.1, compared to BVS 1.0, is re-
sponsible for the differing changes in vascular compliance in 
the scaffold segment between the 2 devices at 6 months.

Compliance and Pulsatility of the Scaffolded Segment
Palpography is a technique of assessing the elastic properties 
of the coronary vessel wall; in particular, it analyzes the abil-
ity of the artery to be distended, providing a measurement of 
its compliance.17,19,24 Deployment of a stiff metallic stent over 
coronary plaque may mechanically reduce the local compli-
ance of the coronary vessel wall.25 This reduction may be fur-
ther explained by the fact that the foreign scaffold material 
may partially interfere with the palpography measurements 
due to the artifactual acoustic properties of the stent struts 
themselves.25

Figure 3.  Changes in compliance 
after scaffolding with an ABSORB 
BVS device. Strain value (ROC/mm) 
pre- and post-ABSORB scaffold  
implantation in paired patients for 
proximal edge (n=20 patients), scaf-
fold segment (n=20 patients) and 
distal edge (n=14 patients). ROC: 
Rotterdam Classification.
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Implantation of an ABSORB BVS, made of polymeric ma-
terial, reduces the local compliance of the scaffolded segment 
and possibly the acute vulnerability of the treated coronary 
plaque.19,25 Nevertheless, with the �rst ABSORB Revision 1.0 
at long term, an increase in compliance was observed in paral-
lel with bioresorption of the scaffold.9,25 It is noteworthy that 
with the progressive disappearance of the polymeric scaffold, 
the vessel wall can recover a normal response to physiologic 
pulsatile cyclic strain and to shear stress; this positive inter-
play between cyclical strain and shear stress can be translated 
into chemical signals by cells with upregulation of the e-NOS 
gene, prostacyclin and metalloproteinases production, expres-
sion of anti-in�ammatory genes, low permeability and low 
oxidative stress in the endothelial cells and in the smooth 
muscle cells.26–29 The presence of endothelial-dependent vaso-

motion in the vascular segment scaffolded by an ABSORB 
BVS device suggests that all these biological processes work 
appropriately.5,13 Conversely, cell signaling is altered in metal-
lic scaffolded segments, where the vessel’s distensibility is 
eliminated by metallic caging and it is exposed to static and 
non-pulsatile strain.30–32

It should be also noted that the vessel wall compliance over 
time may be modulated differently according to the type of 
polymeric device implanted. The 2 generations of ABSORB 
BVS were compared at post-implantation and at 6-month fol-
low-up. No differences in their ability to reduce vascular com-
pliance immediately after implantation were found, con�rm-
ing the absence of differences in acute mechanical properties, 
such as acute recoil, between the 2 BVS generations.33 Never-
theless, at 6 months the compliance of the scaffolded segment 

Figure 4.  Compliance mismatch between 
the scaffold segment and the proximal/distal 
edges. Whereas there was not a compliance 
mismatch before scaffold implantation, it 
tended to be present after scaffold implanta-
tion, mainly due to the reduction in compli-
ance in the scaffold segment. Each panel 
shows the patients with the analysis in all 3 
segments available. Note that patients are 
not paired between the 2 graphs.
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increased after ABSORB 1.0 implantation, whereas it tended 
to further decrease after ABSORB 1.1 implantation. These �nd-
ings are in line with expectations: smaller maximum circular 
unsupported surface area and a slower rate of degradation of 
the generation 1.1 compared to 1.0 aim to improve and pro-
long the duration of lumen scaffolding and to avoid the “late 
recoil” phenomenon (scaffold area reduction over time), like-
ly explaining the differing changes over time in compliance of 
the scaffolded segment between the 2 generations.5,6,14–16

Compliance Mismatch Between the Scaffolded and 
Contiguous Segments
Local stiffness due to metallic stent implantation, in contrast 
to the compliance of the contiguous vascular segments, gener-
ates a compliance mismatch (Figures 1,2). Vernhet et al previ-
ously showed that metallic stent implantation within the normal 
rabbit abdominal aorta causes a persistent increase in upstream 
compliance, while simultaneously abolishing compliance in 
the stented segment, creating a compliance mismatch.34 Simi-
lar �ndings have been demonstrated in human carotid arteries 
after stenting.35 It has also been shown that ring vortices with 
in-�ow stagnation points and rapid variations of wall shear 
stress can form at the edges of the prosthesis.3,26,36 All of these 
�ndings, in particular the increase in upstream compliance, 
have been related to the observation that late plaque rupture 
after stenting in human coronary arteries is more likely to 
occur at the stent in�ow compared to elsewhere.20

At variance with these metallic stent observations, ABSORB 
BVS implantation did not increase the compliance in the in-
�ow segment, but conversely tended to decrease it in the 
out�ow segment (Figure 3). Normally, there is propagation of 
pressure waves along the vessel wall (the so-called Windkes-
sel effect) and at sites where this process is interrupted (eg, 
side branches, stent/scaffold) there is a re�ection of pressure 
waves with prevention of their propagation.37 This may even-
tually reduce wall motion and compliance distally, explaining 
the changes observed in the present analysis in the segment 

distal to the scaffold.38,39

Although a compliance mismatch between the scaffolded 
and adjacent segments was demonstrated immediately after 
polymeric scaffold implantation, it disappeared at 6 months in 
contrast to metallic stents (Figure 2). The abolition of a step-
up compliance at the scaffold edges can theoretically lead to 
laminar �ow, exposing the endothelial cells to a homogeneous 
shear stress, which can eventually result in atheroprotective 
and anti-restenosis effects.20,26,39,40 Long-term data from the 
ABSORB B trial up to 3 years are awaited to con�rm these 
�ndings.

Study Limitations
The major limitation of the present analysis is the small group 
of patients with paired palpography analysis at the various 
time points. This cohort of patients does, however, currently 
represent the sole set of available data on polymeric scaffold 
and vascular compliance. The lack of a control group testing 
a metallic stent is another limitation to fully interpreting the 
present �ndings; other investigators have, however, previ-
ously studied the phenomenon of mismatch compliance in 
vessel scaffolded with metal.34,35

Conclusions
Scaffold implantation with an ABSORB BVS device tran-
siently reduces the vascular distensibility of a treated coronary 
segment. In contrast to metallic stents, the created mismatch 
in compliance with the proximal and distal segments disap-
peared at mid-term due to the bioresorption and disappearance 
of the scaffold. Potential clinical bene�ts of these �ndings, 
related to restoration of vessel wall pulsatility and absence of 
mismatch, will require longer term clinical follow-up in a 
larger population.
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Abstract+

Background:+ Threeddimensional$ design$ simulations$ of$ coronary$ metallic$ stents$ utilizing$

mathematical$and$computational$algorithms$have$emerged$as$an$important$tool$for$understanding$

biomechanical$stent$properties,$predicting$the$interaction$of$the$implanted$platform$with$adjacent$

tissue,$ and$ informing$ stent$ design$ enhancements.$ Herein,$ we$ demonstrate$ the$ hemodynamic$

implications$following$virtual$implantation$of$bioresorbable$scaffolds$using$finite$element$methods$

and$advanced$computational$fluid$dynamics$(CFD)$simulations$to$visualize$devicedflow$interaction$

immediately$after$implantation$and$following$scaffold$resorption$over$time.$

Methods+&+Results:+CFD$ simulations$with$ time$ averaged$wall$ shear$ stress$ (WSS)$ quantification$

following$ virtual$ bioresorbable$ scaffold$ deployment$ in$ idealized$ straight$ and$ curved$ geometries$

were$performed.$WSS$was$calculated$at$the$inflow,$endoluminal$surface$(top$surface$of$the$strut),$

and$outflow$of$each$strut$surface$postdprocedure$(stage$I)$and$at$a$time$point$when$33%$of$scaffold$

resorption$has$occurred$(stage$II).$The$average$WSS$at$stage$I$over$the$inflow$and$outflow$surfaces$

were$3.2$and$3.1$dynes/cm2$respectively$and$87.5$dynes/cm2$over$endoluminal$strut$surface$in$the$

straight$ vessel.$ From$ stage$ I$ to$ stage$ II,$WSS$ increased$ by$ 100%$ and$ 142%$over$ the$ inflow$ and$

outflow$ surfaces,$ respectively,$ and$ decreased$ by$ 27%$ over$ the$ endoluminal$ strut$ surface.$ In$ a$

curved$vessel,$WSS$change$became$more$evident$ in$ the$ inner$ curvature$with$an$ increase$of$63%$

over$the$inflow$and$66%$over$the$outflow$strut$surfaces.$Similar$analysis$at$the$proximal$and$distal$

edges$demonstrated$a$large$increase$of$486%$at$the$lateral$outflow$surface$of$the$proximal$scaffold$

edge.$
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Abbreviations:+

CAD=$coronary$artery$disease$

CFD=$computational$fluid$dynamics$

m=$month$

WSS=$wall$shear$stress$
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Conclusions:+ The$ implementation$ of$ CFD$ simulations$ over$ virtually$ deployed$ bioresorbable$

scaffolds$ demonstrates$ the$ transient$ nature$ of$ device/flow$ interactions$ as$ the$ bioresorption$

process$ progresses$ over$ time.$ Such$ hemodynamic$ device$ modeling$ is$ expected$ to$ guide$ future$

bioresorbable$scaffold$design.$$
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Introduction:+

Despite$tremendous$innovations$in$platform$design$such$as$$strut$thickness$reductions,$use$of$novel$

antiproliferative$ agents,$ coating$ with$ bioresorbable$ polymers$ or$ abluminal$ drug$ coating$ 1,$ the$

utilization$of$a$permanent$metallic$prosthesis$remains$a$precipitating$factor$for$sustained$vascular$

inflammation,$ neoatherosclerosis$ and$ impaired$ vasomotor$ function.2$ Therefore,$ the$ concept$ of$ a$

drugdeluting$bioresorbable$scaffold$with$properties$that$allow$for$shortdterm$temporary$scaffolding$

and$longdterm$restoration$of$vascular$physiology$and$anatomy$when$the$device$is$fully$resorbed$is$

appealing.$ Several$drugdeluting$bioresorbable$devices,$ such$as$ the$Absorb$bioresorbable$ vascular$

scaffold$(Abbott$Vascular,$SC,$Calif.),$the$DESolve$bioresorbable$scaffold,$(Elixir$Medical,$Sunnyvale,$

Calif.),$and$the$Drug$Eluting$Absorbable$Metal$Scaffold$(DREAMS)$(Biotronik,$Bülach,$Switzerland)$

have$ been$ clinically$ tested$ in$ firstdindman$ studies$ utilizing$ multi$ modality$ imaging$ techniques$

showing$encouraging$clinical$results$up$to$3dyears.$These$endeavors$have$led$the$development$of$a$

novel$concept$in$interventional$cardiology,$that$of$vascular$restoration$therapy.3$

Recent$data$suggest$that$variations$ in$the$ local$hemodynamic$environment$post$stenting$result$ in$

wall$shear$stress$(WSS)$regional$alterations$that$can$invoke$a$differential$vascular$healing$response$

around$the$stent$struts.4$The$vessel$geometry$after$stenting$is$determined$by$several$factors$which$

influence$vascular$angulation$and$curvature$including$material$properties$of$the$implanted$device,$

strut$thickness$and$underlying$plaque$composition.$By$design,$bioresorbable$devices$have$thicker$

struts$ in$ order$ to$ retain$ the$ necessary$ scaffolding;$ meanwhile$ strut$ resorption$ associated$ with$

vascular$ healing$ over$ time$ balances$ the$ hemodynamic$ impairment$ observed$ during$ the$ postd

implantation$stage.$Furthermore$bioresorbable$devices$offer$a$more$compliant$platform$that$limits$

vascular$straightening$and$thus$reduces$disturbed$flow$patterns$at$the$proximal$and$distal$edges.$$$
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Although,$ critical$ to$ understanding$ healing$ and$ long$ term$performance$ of$ stents,$ these$ $ dynamic$

WSS$alterations$are$difficult$to$measure$in$vivo$as$it$would$require$detailed$invasive$measurements$

at$different$time$points.$

The$ utilization$ of$ computational$ modeling$ techniques$ to$ assess$ the$ performance$ of$ isolated$ or$

virtually$ deployed$ coronary$ stents$ has$ been$ proven$ to$ be$ an$ important$ tool$ to$ predict$ their$

mechanical$ behavior$ over$ time.$ These$ numerical$ simulations$ provide$ a$ preliminary$ “proofdofd

concept”$for$new$technologies$to$further$qualify$from$bench$to$clinical$application.$5$

Herein,$ we$ provide$ a$ series$ of$ threeddimensional$ simulations$ to$ test$ the$ hypothesis$ that$ local$

hemodynamic$conditions$derived$ from$advanced$CFD$simulations$change,$as$ the$virtually$applied$

bioresorption$ process$ progresses$ over$ time.$ This$ translates$ in$ improved$ flow$ patterns$ over$ the$

scaffolded$segments$or$the$scaffold$edges$which$potentially$affect$local$tissue$responses.+(Figures+

173)+
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Methodology+

Computational+Fluid+Dynamics+

Blood$was$ approximated$ to$ behave$ as$ a$Newtonian$ fluid$with$ a$ density$ of$ 1$ g/cm3$ and$ constant$

viscosity$of$0.04$g/cm/sec$for$CFD$simulations.$$Flow$velocity$and$pressure$in$the$coronary$artery$

were$ computed$ by$ numerically$ solving$ the$ unsteady$ NavierdStokes$ equations,$ which$ represent$

conservation$ of$ mass$ and$ balance$ of$ momentum.$ The$ spatial$ discretization$ of$ the$ NavierdStokes$

equations$ was$ based$ on$ the$ Galerkin$ FEM.$ In$ particular,$ a$ piecewise$ linear$ approximation$ was$

adopted$for$pressure$and$piecewise$quadratic$for$velocity.$Time$discretization$was$achieved$with$a$

semidimplicit$ backward$ Euler$ method$ with$ a$ time$ step$ of$ 5xed4$ s.$ CFD$ simulations$ and$ post$

processing$were$carried$out$based$on$LifeV$(EPFL,$Switcherland;$Politecnico$di$Milano,$Italy;$INRIA,$

France;$ and$ Emory$University,$ USA),$ for$ numerical$ solution$ of$ partial$ differential$ equations.$ The$

CFD$ model$ consisted$ of$ the:$ 1.$ geometric$ construction$ of$ the$ scaffolded$ vessel;$ 2.$ meshing$ of$

geometry;$ 3.$ imposition$ of$ proper$ boundary$ conditions$ and$ quantities$ of$ interest.$ In$ brief$ the$

boundary$ conditions$ are$ applied$ at$ the$ inlet$ (proximal)$ and$ outlet$ (distal)$ surfaces$ of$ the$ CFD$

domain$(the$region$where$the$blood$is$flowing).$(Fig+1:+Panels+A,+B,+C+&+Fig+2:+Panels+A,+B,+C)$

Geometric+reconstruction+of+the+scaffolded+vessel+

The$geometry$of$the$deployed$scaffold$was$constructed$based$on$the$structurey$of$an$actual$3.0$x$

18mm$ Absorb$ BVS$ (Abbott$ Vascular,$ SC,$ Calif.)$ utilizing$ the$ validated$ software$ Rhino$ 5.0.$

(www.rhino3D.com)$ for$ solid$ modeling.$ We$ modeled$ 19$ horizontal$ rings$ interconnected$ by$ 3$

vertical$bridges.$We$performed$simulations$in$two$idealized$vessel$geometries,$a$straight$vessel$and$

a$ curved$ vessel$with$ a$ 900$ angle.$ We$ examined$ 2$ sequential$ stages$ in$ each$ vessel$model$ Stage$ I:$

postdimplantation,$where$the$strut$thickness$is$0.015$cm$(150μm);$the$distance$between$each$strut$

0.1cm,$ the$ degree$ of$ embedding$ in$ the$ vessel$ wall$ 50%$ simulating$ halfdembedded$ struts,$ (the$
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distance$ between$ the$ endoluminal$ and$ abluminal$ strut$ surface:$ 0.0075cm)$ and$ the$ radius$ of$ the$

vessel$ lumen$ 0.15$ cm$ and$ stage$ II:$ followdup,$ where$ the$ strut$ thickness$ is$ reduced$ to$ 0.010cm$

(67%)$ reflecting$ a$ 33%$ strut$ bioresorption$ and$ the$ radius$ of$ the$ lumen$ reduced$ to$ 0.14975$ cm$

simulating$ some$ degree$ of$ bioresorption$ and$ neointimal$ hyperplasia$ (NIH),$ respectively.$

(electronic+supplement)$

Meshing+of+geometry+

The$ geometry$ volume$ was$ discretized$ as$ an$ unstructured$ mesh$ of$ tetrahedral$ elements$ using$

Netgen$(Linz,$Australia)$and$Gmsh$(http://geuz.org/gmsh/).$Since$the$region$of$interest$is$close$to$

the$boundaries$(wall$and$struts),$we$computed$a$mesh$featuring$more$refined$elements$(resulting$

in$a$more$accurate$numerical$solution)$in$these$regions.$In$view$of$the$complexity$of$the$geometry$

induced$ by$ the$ stent$ the$ meshing$ process$ is$ split$ in$ two$ steps$ where$ the$ boundary$ layer$ with$

thickness$0.025cm$and$mesh$size$of$$0.004cm$are$computed$with$NetGen$and$the$lumen$is$filled$by$

GMsh.$Both$packages$offer$implementation$of$cuttingdedge$mesh$optimization$algorithms.$

Imposition+of+Boundary+Conditions+and+Quantities+of+Interest+

We$prescribed$a$constant$and$maximum$inflow$rate$of$2.7$cm3/sec,$under$normal$conditions.$The$

vessel$ wall$ was$ assumed$ as$ rigid$ for$ the$ sake$ of$ computational$ time;$ however$ extension$ to$ the$

deformable$case$is$feasible$as$well.$The$quantities$of$interest$were$the$velocity$(cm/sec),$pressure$

(dynes)$and$wall$shear$stress$(dynes/cm2)$in$the$CFD$domain.$Flow$rate$was$prescribed$by$means$

of$a$parabolic$velocity$profile$properly$adjusted$to$the$desired$boundary$condition.$$

$

$

!

!

$ 9$

Statistical+Analysis:+

Variables$are$presented$as$average$values.$Change$(difference)$for$each$variable$was$estimated$as:$

followdup$minus$postdprocedure$(or$stage$IIdstage$I).$Percent$change$was$calculated$as$:$followdupd

postdprocedure/$postdprocedure$x$100%$(or$stage$ IId$ stage$ I/$stage$ I$x$100%).$Data$analysis$was$

performed$with$SPSS$19$for$Mac$(SPPSS,$Chicago,$IL).$

$

Results:++

In7scaffold,+straight+vessel:$

The$average$WSS$values$following$virtual$scaffold$deployment$(stage$I)$over$the$inflow$and$outflow$

strut$ surfaces$ were$ 3.2$ and$ 3.1$ dynes/cm2,$ respectively$ and$ 87.5$ dynes/cm2$ at$ the$ endoluminal$

strut$surface.$The$percent$(%)$WSS$increased$from$stage$I$to$stage$II$by$100%$and$142%$over$the$

inflow$ and$ outflow$ surfaces$ respectively,$ and$ decreased$ by$ 27%$ over$ the$ endoluminal$ surface.$

(Table+2)+

In7scaffold,+curved+vessel:+

The$average$WSS$of$the$inner$curvature$at$stage$I$over$the$inflow$and$outflow$strut$surfaces$were$

4.3$ and$ 2.9$ dynes/cm2,$ respectively,$ and$ at$ the$ endoluminal$ strut$ surface$ was$ 88.6$ dynes/cm2.$

Similar$analysis$of$the$outer$curvature$demonstrated$WSS$values$of$similar$magnitude:$5.8,$3.9$and$

118.1$dynes/cm2$respectively.$The$WSS$from$stage$I$to$stage$II$at$the$inner$curvature$increased$by$

63%$in$the$inflow$and$by$66%$in$the$outflow$surface$and$decreased$by$20%$over$the$endoluminal$

surface.$ Similarly,$ at$ outer$ curvature$ the$ %WSS$ increased$ at$ the$ inflow$ and$ outflow$ surfaces$ by$

29%$and$56%,$respectively,$and$decreased$over$the$endoluminal$surface$by$28%.$(Table+1)+
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4.3$ and$ 2.9$ dynes/cm2,$ respectively,$ and$ at$ the$ endoluminal$ strut$ surface$ was$ 88.6$ dynes/cm2.$

Similar$analysis$of$the$outer$curvature$demonstrated$WSS$values$of$similar$magnitude:$5.8,$3.9$and$

118.1$dynes/cm2$respectively.$The$WSS$from$stage$I$to$stage$II$at$the$inner$curvature$increased$by$

63%$in$the$inflow$and$by$66%$in$the$outflow$surface$and$decreased$by$20%$over$the$endoluminal$

surface.$ Similarly,$ at$ outer$ curvature$ the$ %WSS$ increased$ at$ the$ inflow$ and$ outflow$ surfaces$ by$

29%$and$56%,$respectively,$and$decreased$over$the$endoluminal$surface$by$28%.$(Table+1)+
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Edge,+straight+vessel:+

The$ average$WSS$ following$ virtual$ scaffold$ implantation$ over$ the$ inflow$ surface$ of$ the$ proximal$

edge$did$not$change$significantly,$however$over$the$outflow$surface$of$the$proximal$edge$changed$

significantly:$ from$ 2.2$ to$ 12.9$ dynes/$ cm2,$ a$ percentile$ increase$ of$ 486%.$ At$ the$ distal$ edge$

percentile$WSS$increased$by$59%$at$the$inflow$and$by$79%$over$the$outflow$surface.$(Table+2)+

Edge,+curved+vessel:+

In$curved$vessels,$the$average$WSS$change$of$the$inflow$and$outflow$strut$surfaces$of$the$proximal$

edge$ at$ the$ inner$ curvature$ increased$ by$ 79%$ and$ 66%$ respectively.$ At$ the$ distal$ edge$ similar$

analysis$showed$decrease$by$67%$and$3%$respectively.$$

$

Discussion:+

Computational$fluid$dynamic$simulations$performed$in$this$study$demonstrate$that:$1)$immediately$

post$scaffold$deployment$WSS$is$high$at$the$endoluminal$strut$surface$and$very$ low$at$the$ lateral$

inflow$ and$ lateral$ outflow$ region$ of$ each$ strut;$ 2)$ at$ a$ time$ point$ when$ 33%$ of$ the$ scaffold$

bioresorption$occurs,$the$WSS$reduces$by$approximately$30%$at$the$endoluminal$strut$surface$and$

increases$by$over$100%$at$the$inflow$and$outflow$regions$of$each$strut$resulting$in$a$more$uniform$

distribution$ of$ WSS$ across$ the$ endoluminal$ and$ strut$ surface;$ 3)$ these$ findings$ were$ more$

pronounced$at$the$inner$curvature$than$the$outer$curvature$of$curved$vessels;$and$4)$WSS$is$very$

low$at$the$scaffold$edges$immediately$after$scaffold$deployment,$variably$changes$at$follow$up$but$

remains$low$enough$to$incite$an$edge$neodintimal$response.$$
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$

Dynamic+endoluminal+WSS+and+neointimal+formation+with+bioresorbable+scaffolds+

It$is$known$that$low$WSS$such$as$created$at$the$lateral$inflow$and$outflow$strut$surfaces,$promotes$

activation,$ migration,$ and$ phenotype$ shift$ of$ smooth$ muscle$ cells$ from$ a$ contractile$ to$ a$ more$

synthetic$phenotype$with$production$of$extracellular$matrix$ through$updregulation$of$ the$smooth$

muscle$cell$differentiation$repressors:$plateletdderived$growth$factor$and$KLFd4.$4,6$These$biologic$

responses$ initiate$a$neointima$that$ fills$ in$between$the$struts$of$ the$scaffold$thereby$reducing$the$

effective$ thickness$ of$ the$ struts$ and$ increasing$ the$ value$ of$WSS$ at$ the$ strut$ inflow$ and$ outflow.$

Simultaneously,$bulk$resorption$of$the$strut$results$in$a$smaller$and$thinner$effective$strut$thereby$

lowering$ the$ magnitude$ of$ the$ high$ WSS$ at$ the$ endoluminal$ strut$ surface.$ The$ net$ effect$ of$ this$

sequence$of$ events$ is$ that$ the$ large$ variability$ of$WSS$ around$bioresosrbable$ struts$ immediately$

after$deployment$(stage$I)$smoothens$out$when$33%$of$the$struts$are$resorbed$(stage$II).$Although$

no$ absolute$ WSS$ cutoff$ value$ after$ stent$ deployment$ has$ been$ definitively$ shown$ to$ predict$ an$

intense$ neointimal$ response,$ WSS$ values$ <0.5$ Pa$ (5$ dynes/cm2)$ maybe$ a$ ongoing$ stimulus$ for$

neointimal$hyperplasia$precipitating$indsegment$restenosis.$7d9$$

In$ our$ models$ simulating$ a$ bioresorbable$ scaffold$ with$ strut$ thickness$ of$ 150μm$ and$

rectangular$strut$geometry,$WSS$was$frequently$noted$to$be$<0.5$Pa$in$the$lateral$strut$surfaces$and$

always$significantly$≥0.5$Pa$at$the$endoluminal$strut$surface$immediately$after$scaffold$deployment.$

We$ found$ that$ following$ 33%$bioresorption,$WSS$ in$ lateral$ strut$ surfaces$ significantly$ increased$

and$WSS$at$the$endoluminal$strut$surface$significantly$decreased.$These$observations$may$reflect$a$

biphasic$ tissue$ response$ with$ accelerated$ tissue$ proliferation$ in$ the$ low$ WSS$ segments$ in$ the$

lateral$strut$surfaces$early$postdimplantation$that$subsequently$plateaus$when$WSS$rises$above$the$

threshold$that$promotes$hyperplasia.$Although$we$didn’t$model$more$advanced$time$points$in$the$
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and$WSS$at$the$endoluminal$strut$surface$significantly$decreased.$These$observations$may$reflect$a$

biphasic$ tissue$ response$ with$ accelerated$ tissue$ proliferation$ in$ the$ low$ WSS$ segments$ in$ the$
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resorption$ process,$ the$ peak$ and$ trough$ values$ of$WSS$ in$ the$ endoluminal$ strut$ surface$ and$ the$

lateral$ strut$ surfaces$with$ongoing$scaffold$resorption$continue$ to$approximate$one$another$until$

such$ time$ as$ the$ scaffold$ is$ fully$ degraded$ and$ the$ ongoing$ low$ WSS$ stimulus$ for$ neointimal$

hyperplasia$ between$ the$ struts$ is$ extinguished.$ This$ smooth$ surface$ and$ laminar$ hemodynamic$

environment$is$likely$atheroprotective$and$conducive$to$a$clinically$stable$vessel$with$appropriate$

medical$ therapy$ and$ risk$ factor$ modification.$ $ $ One$ can$ speculate$ that$ such$ a$ smooth$ surface$

created$ by$ a$ well$ healed$ bioresorbable$ scaffold$ can$ be$ applied$ towards$ plaque$ sealing$ and$

shielding.$Clinical$data$supporting$this$notion$are$provided$from$a$recent$study$of$58$patients$who$

underwent$ Absorb$ BVS$ implantation$ for$ stable$ ischemic$ heart$ disease$ and$ acute$ coronary$

syndromes$ with$ optical$ coherence$ tomography$ imaging$ at$ 12$ months$ demonstrating$ a$ robust$

neointimal$layer$that$provides$a$thick$fibrous$cap$overlying$residual$plaques.10$$

The$ feasibility$ of$ 3dD$ WSS$ reconstructions$ derived$ from$ twoddimensional$ OCT$ acquisitions$

following$ implantation$ of$ bioresorbable$ scaffolds$ has$ been$ recently$ described.$ 11$ (Figure+ 4)+The$

further$association$of$ local$3dD$WSS$alterations$with$underlying$neointimal$proliferation$utilizing$

advanced$lightdbased$imaging$remains$to$be$elucidated$in$realdworld$randomized$human$data.$$

Clearly$ scaffold$ design,$ strut$ thickness,$ strut$ shape$ (rectangular,$ circular,$ elliptical$ or$ tearddrop$

shape)$$and$the$scaffold$resorption$rate$will$significantly$impact$the$near$walldflow$patterns$(microd

environment),$ vascular$ hemodynamic$ milieu$ (macrodenvironment)$ and$ resulting$ time$ frame$ of$

vascular$ response.$ In$ contrast$ to$ this$ complex$dynamic$environment$with$ transient$ scaffolds,$ the$

design$of$metallic$stents$has$a$sustained$impact$over$the$regional$hemodynamic$microd$and$macrod

environments.$Indeed,$rigid$metallic$stents$have$been$shown$to$increase$vascular$angulation$in$the$

proximal$stent$edge$by$121%$and$the$distal$edge$by$100%,$ inducing$regions$of$ low$WSS$at$ these$

edges$which$were$associated$with$a$robust$neodintimal$response.$ 12d13$We$have$hypothesized$that$

more$compliant$metallic$stents$and$to$a$greater$extent$bioresorbable$scaffolds$deployed$in$curved$

!
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and$ angulated$ vessels$ will$ have$ less$ straightening$ effect$ at$ device$ edges$ and$ in$ the$ case$ of$

bioresorbable$ scaffolds$ will$ restore$ vessel$ geometry$ after$ the$ completion$ of$ bioresorption$

process.14d15$

Edge+WSS+and+neointimal+formation+

Edge$ restenosis$ accounts$ for$ approximately$ 6%$ of$ target$ lesion$ revascularization$ rates$ and$

manifests$with$both$metallic$and$bioresorbable$devices.$16d17$The$magnitude$of$proximal$and$distal$

edge$ vascular$ responses$ has$ been$ previously$ shown$ to$ be$ associated$ with$ the$ stent$ or$ scaffold$

design$ and$ strut$ thickness,$ axial$ and$ longitudinal$ geographical$ miss,$ 18$ underlying$ tissue$

composition$at$the$landing$zone$19,$and$variable$straightening$of$the$stented$segment$at$the$edges.$

12,20$ The$ magnitude$ of$ altered$ flow$ patterns$ which$ influence$ local$ WSS$ distributions$ and$

subsequently$ influence$ tissue$ proliferation$ have$ been$ numerically$ demonstrated$ in$ our$ model$

providing$ additional$ evidence$ for$ the$ association$ of$ flowdmediated$ tissue$ responses$ at$ the$

transition$zones.$

$

Conclusions:+

The$ present$ study$ applied$ computational$ fluid$ dynamics$ to$ simulate$ the$ biologic$ behavior$ of$

virtually$ deployed$ bioresorbable$ scaffolds.$ This$ is$ the$ first$ proofdofdconcept$ which$ potentially$

applies$clinical$translations$for$further$development$of$bioresorbable$platforms.$

$

$

$

+
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Legends+to+the+Figures:+

Figure+1:++

Numerical+ modeling+ of+ the+ virtually+ deployed+ bioresorbable+ scaffold+ in+ an+ idealized+ straight+

geometry.+(post7procedure+or+stage+I)++

CFD$ simulations$ visualizing$ the$ velocity$ streamlines$ and$ WSS$ magnitude$ on$ the$ endoluminal$ and$ lateral$

outflow$ surfaces$ of$ the$ struts$ following$ virtual$ scaffold$ deployment.$ Plot$ of$ the$ quantified$ WSS$ vs.$ axial$

distance$on$the$endoluminal$and$both$strut$sides$at$stage$I.$

Panels$A,$B,$C:$Velocity$magnitude,$pressure$and$wall$shear$stress$distribution$over$the$CFD$domain$

$

Figure+2:++

Numerical+modeling+of+the+virtually+applied+bioresorption+in+an+idealized+straight+geometry.+(follow7

up+or+stage+II)+

CFD$ simulations$ visualizing$ the$ velocity$ streamlines$ and$ WSS$ magnitude$ on$ the$ endoluminal$ and$ lateral$

outflow$surfaces$of$ the$struts$ following$virtually$applied$bioresorption.$Plot$of$ the$quantified$WSS$vs.$ axial$

distance$on$the$endoluminal$and$both$strut$sides$at$stage$II.$

Panels$A,$B,$C:$Velocity$magnitude,$pressure$and$wall$shear$stress$distribution$over$the$CFD$domain$

$

Figure+3:++

Numerical+ modeling+ of+ the+ simulated+ stage+ I+ (post7procedure)+ and+ stage+ II+ (virtually+ applied+

bioresorption)+at+the+distal+edge+in+an+idealized+straight+geometry.+

Panels+A&+A’:$CFD$simulations$of$the$velocity$profiles,$pressure$and$WSS.$at$strut$$#$19$(distal$edge)$Panels+

B,+ B’:+ CFD$ simulations$ of$ the$ velocity$ magnitudes$ visualizing$ the$ altered$ flow$ patterns$ over$ the$ virtually$

deployed$struts$

$

$

$



205Chapter 10

!

!

$ 14$

References:$

1.$ Grube$ E,$ Schofer$ J,$ Hauptmann$ KE,$ et$ al.$ A$ novel$ paclitaxeldeluting$ stent$ with$ an$ ultrathin$ abluminal$
biodegradable$polymer$9dmonth$outcomes$with$the$JACTAX$HD$stent.$JACC$Cardiovasc$Interv.$2010$Apr;3(4):431d8.$
2.$ Park$SJ,$Kang$SJ,$Virmani$R,$et$al.$Indstent$neoatherosclerosis:$a$final$common$pathway$of$late$stent$failure.$J$Am$
Coll$Cardiol.$2012$Jun$5;59(23):2051d7.$
3.$ Wykrzykowska$ JJ,$Onuma$Y,$Serruys$PW.$Vascular$restoration$ therapy:$ the$ fourth$revolution$ in$ interventional$
cardiology$and$the$ultimate$"rosy"$prophecy.$EuroIntervention.$2009$Dec$15;5$Suppl$F:F7d8.$
4.$ Koskinas$ KC,$ Chatzizisis$ YS,$ Antoniadis$ AP,$ et$ al.$ Role$ of$ endothelial$ shear$ stress$ in$ stent$ restenosis$ and$
thrombosis:$ pathophysiologic$ mechanisms$ and$ implications$ for$ clinical$ translation.$ J$ Am$ Coll$ Cardiol.$ 2012$ Apr$
10;59(15):1337d49.$
5.$ Formaggia$L,$Quarteroni$A,$Veneziani$A.$CardiovascularMathematics,$Springer,$Milan,$2009$
6.$ Chatzizisis$ YS,$ Coskun$ AU,$ Jonas$ M,$ et$ al.$ Role$ of$ endothelial$ shear$ stress$ in$ the$ natural$ history$ of$ coronary$
atherosclerosis$ and$ vascular$ remodeling:$ molecular,$ cellular,$ and$ vascular$ behavior.$ J$ Am$ Coll$ Cardiol.$ 2007$ Jun$
26;49(25):2379d93.$
7.$ Liu$SQ,$Goldman$J.$Role$of$blood$shear$stress$ in$the$regulation$of$vascular$smooth$muscle$cell$migration.$ IEEE$
Trans$Biomed$Eng.$2001$Apr;48(4):474d83.$
8.$ Nerem$RM.$Hemodynamics$and$the$vascular$endothelium.$J$Biomech$Eng.$1993$Nov;115(4B):510d4.$
9.$ Van$der$Heiden$K,$Gijsen$FJ,$Narracott$A,$et$al.$The$effects$of$stenting$on$shear$stress:$relevance$to$endothelial$
injury$and$repair.$Cardiovasc$Res.$2013$Jul$15;99(2):269d75.$
10.$ Brugaletta$S,$Radu$MD,$GarciadGarcia$HM,$et$al.$Circumferential$evaluation$of$the$neointima$by$optical$coherence$
tomography$after$ABSORB$bioresorbable$vascular$scaffold$implantation:$can$the$scaffold$cap$the$plaque?$Atherosclerosis.$
2012$Mar;221(1):106d12.$
11.$ Gogas$ BD,$ King$ SB,$ 3rd,$ Timmins$ LH,$ et$ al.$ Biomechanical$ assessment$ of$ fully$ bioresorbable$ devices.$ JACC$
Cardiovasc$Interv.$2013$Jul;6(7):760d1.$
12.$ Wentzel$JJ,$Whelan$DM,$van$der$Giessen$WJ,$et$al.$Coronary$stent$implantation$changes$3dD$vessel$geometry$and$
3dD$shear$stress$distribution.$J$Biomech.$2000$Oct;33(10):1287d95.$
13.$ Thury$A,$Wentzel$JJ,$Vinke$RV,$et$al.$Images$in$cardiovascular$medicine.$Focal$indstent$restenosis$near$stepdup:$
roles$of$low$and$oscillating$shear$stress?$Circulation.$2002$Jun$11;105(23):e185d7.$
14.$ GomezdLara$ J,$ GarciadGarcia$ HM,$ Onuma$ Y,$ et$ al.$ A$ comparison$ of$ the$ conformability$ of$ everolimusdeluting$
bioresorbable$vascular$scaffolds$to$metal$platform$coronary$stents.$JACC$Cardiovasc$Interv.$2010$Nov;3(11):1190d8.$
15.$ Serruys$ PW,$ GarciadGarcia$HM,$Onuma$Y.$ From$metallic$ cages$ to$ transient$ bioresorbable$ scaffolds:$ change$ in$
paradigm$of$coronary$revascularization$in$the$upcoming$decade?$Eur$Heart$J.$2012$Jan;33(1):16d25b.$
16.$ Gogas$BD,$GarciadGarcia$HM,$Onuma$Y,$et$al.$Edge$vascular$response$after$percutaneous$coronary$intervention:$
an$ intracoronary$ ultrasound$ and$ optical$ coherence$ tomography$ appraisal:$ from$ radioactive$ platforms$ to$ firstd$ and$
seconddgeneration$drugdeluting$stents$and$bioresorbable$scaffolds.$JACC$Cardiovasc$Interv.$2013$Mar;6(3):211d21.$
17.$ Gogas$ BD,$ Bourantas$ CV,$ GarciadGarcia$ HM,$ et$ al.$ The$ edge$ vascular$ response$ following$ implantation$ of$ the$
Absorb$ everolimusdeluting$ bioresorbable$ vascular$ scaffold$ and$ the$ XIENCE$ V$ metallic$ everolimusdeluting$ stent.$ First$
serial$followdup$assessment$at$six$months$and$two$years:$insights$from$the$firstdindman$ABSORB$Cohort$B$and$SPIRIT$II$
trials.$EuroIntervention.$2013$Oct$22;9(6):709d20.$
18.$ Costa$ MA,$ Angiolillo$ DJ,$ Tannenbaum$ M,$ et$ al.$ Impact$ of$ stent$ deployment$ procedural$ factors$ on$ longdterm$
effectiveness$and$safety$of$sirolimusdeluting$stents$(final$results$of$the$multicenter$prospective$STLLR$trial).$Am$J$Cardiol.$
2008$Jun$15;101(12):1704d11.$
19.$ Waxman$ S,$ Freilich$ MI,$ Suter$ MJ,$ et$ al.$ A$ case$ of$ lipid$ core$ plaque$ progression$ and$ rupture$ at$ the$ edge$ of$ a$
coronary$stent:$elucidating$the$mechanisms$of$drugdeluting$stent$failure.$Circ$Cardiovasc$Interv.$2010$Apr;3(2):193d6.$
20.$ McDaniel$MC,$ Samady$H.$ The$ sheer$ stress$ of$ straightening$ the$ curves:$ biomechanics$ of$ bioabsorbable$ stents.$
JACC$Cardiovasc$Interv.$2011$Jul;4(7):800d2.$
$
$

$

!

!

$ 15$

Legends+to+the+Figures:+

Figure+1:++

Numerical+ modeling+ of+ the+ virtually+ deployed+ bioresorbable+ scaffold+ in+ an+ idealized+ straight+

geometry.+(post7procedure+or+stage+I)++

CFD$ simulations$ visualizing$ the$ velocity$ streamlines$ and$ WSS$ magnitude$ on$ the$ endoluminal$ and$ lateral$

outflow$ surfaces$ of$ the$ struts$ following$ virtual$ scaffold$ deployment.$ Plot$ of$ the$ quantified$ WSS$ vs.$ axial$

distance$on$the$endoluminal$and$both$strut$sides$at$stage$I.$

Panels$A,$B,$C:$Velocity$magnitude,$pressure$and$wall$shear$stress$distribution$over$the$CFD$domain$

$

Figure+2:++

Numerical+modeling+of+the+virtually+applied+bioresorption+in+an+idealized+straight+geometry.+(follow7

up+or+stage+II)+

CFD$ simulations$ visualizing$ the$ velocity$ streamlines$ and$ WSS$ magnitude$ on$ the$ endoluminal$ and$ lateral$

outflow$surfaces$of$ the$struts$ following$virtually$applied$bioresorption.$Plot$of$ the$quantified$WSS$vs.$ axial$

distance$on$the$endoluminal$and$both$strut$sides$at$stage$II.$

Panels$A,$B,$C:$Velocity$magnitude,$pressure$and$wall$shear$stress$distribution$over$the$CFD$domain$

$

Figure+3:++

Numerical+ modeling+ of+ the+ simulated+ stage+ I+ (post7procedure)+ and+ stage+ II+ (virtually+ applied+

bioresorption)+at+the+distal+edge+in+an+idealized+straight+geometry.+

Panels+A&+A’:$CFD$simulations$of$the$velocity$profiles,$pressure$and$WSS.$at$strut$$#$19$(distal$edge)$Panels+

B,+ B’:+ CFD$ simulations$ of$ the$ velocity$ magnitudes$ visualizing$ the$ altered$ flow$ patterns$ over$ the$ virtually$

deployed$struts$

$

$

$
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Figure+4:+

Computational+Fluid+Dynamic+Simulations+derived+from+optical+coherence+tomographic+imaging+

(reproduced+by+permission)+

(A,$A’)$Twoddimensional$(2dD)$angiographic$views$of$the$significant$proximal$left$circumflex$artery$lesion$(A)$

and$the$scaffolded$segment$after$implantation$of$a$3.0$18dmm$Absorb$bioresorbable$vascular$scaffold$(BVS)$

(B,$B’)$Threeddimensional$ (3dD)$angiographic$views$before$(B)$and$after$ (B’)$ scaffold$ implantation.$ (C)$The$

Absorb$BVS.$(D,$D’)$Timedaveraged$wall$shear$stress$(TAWSS)$magnitude$distribution$from$angiographically$

derived$ 3dD$ geometries$ before$ (D)$ and$ after$ (D’)$ scaffold$ deployment.$ Velocity$ profiles$ pred$ and$ postd

implantation$ of$ the$ Absorb$ BVS$ are$ superimposed.$ (E)$ 2dD$ OCT$ cross$ section$ with$ embedded$ polymeric$

struts$demonstrating$in$a$3dD$pattern$the$distribution$of$TAWSS$between$the$polymeric$struts.$The$quantified$

color$ coding$demonstrates$ low$WSS$ regions$ (blue$ color).$The$matched$OCT$cross$ section$ is$ superimposed.$

(E’)$Reconstructed$streamlines$of$the$velocity$field$at$the$systolic$peak$demonstrating$altered$flow$patterns$in$

the$proximity$of$the$arterial$wall$induced$by$the$polymeric$struts.$CFD=$computational$fluid$dynamics;$GWS=$

guidewire$shadow.$

+

+

Legends+to+the+Tables:+

Table+1:++

WSS$quantification$over$the$simulated$struts$at$stages$I$and$II$

Table+2:++

WSS$quantification$over$the$simulated$proximal$and$distal$edges$in$stages$I$and$II
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Electronic'Supplement'

Anatomic'model'of'virtually'embedded'polymeric'struts'in'idealized'straight'vessel'at'stages'I'and'II.!

Detailed!view!of!strut!geometry!and!strut!surface!where!WSS!quantification!was!applied:! !

Stage'I:''

a:!lateral!inflow!strut!surface=0.015!cm!(150μm)!,!b:!endoluminal!strut!surface,!c:!distance!from!vessel!wall=0.0075!cm!(half!

embedded!strut),!d:!distance!between!struts=0.10cm,!d:!lateral!outflow!surface!

Stage'II:'

a’=!0.010!cm!(100μm),!the!grey!lane!presents!the!generation!of!neointimal!tissue!

!

!
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Table'1:'WSS'quantification'over'the'simulated'struts'at'stages'I'(postA)'and'II'(followAup)'

'
'

'
Straight'Vessel'

'

'

Average'WSS,'dynes/cm2'

'

'
PostA'

'
FollowAup'

'
Relative''

Change'(%)'
'

Inflow''
!
!

3.2!

!
!

6.4!
!

!
!

100!

'
Endoluminal'surface''

'

!
!

87.5!
!

!
!

64.3!
!

!
!

-27!

'
Outflow'

!
!

3.1!
!

!
!

7.5!
!

!
!

142!

!

'
'

'
Curved'Vessel:'Inner'

'

'

Average'WSS,'dynes/cm2'
'

'
PostA'

'
FollowAup'

'
Relative''

Change'(%)'
'

Inflow'
!
!

4.3!
!

!
!

7.0!
!

!
!
63!

'
Endoluminal'surface''

'

!
!

88.6!
!

!
!

71.3!
!

!
!

-20!

'
Outflow'

'

!
!

2.9!

!
!

4.8!
!

!
!
66!

!

Table(s)

!

!

! 22!

!

!

!

!

!

!

!

!

!

!

!

!

!

'
'

'
Curved'Vessel:'Outer'

'

'

Average'WSS,'(dynes/cm2)'
'

'
PostA'

'
FollowAup'

'
Relative''

Change'(%)'
'

Inflow'
!
!

5.8!
!

!
!

7.5!
!

!
!
29!

'
Endoluminal'surface''

'

!
!

118.1!
!

!
!

84.9!
!
!

!
!

-28!

'
Outflow'

'

!
!

3.9!
!

!
!

6.1!
!

!
!
56!

!
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Table'2:'WSS'quantification'over'the'simulated'proximal'and'distal'transition'zones'in'stages'I'(postA)'and'II'(followAup)'

!

'

Straight'
Vessel,'

Average'WSS'

(dynes/cm2)'

'

Proximal'edge''

'

Distal'edge''

'
PostA'

'
FollowA

Up'

'
Relative'Change''

(%)'

'
PostA'

'
FollowAUp'

'
Relative'Change''

(%)'
'

'
Inflow''

'

!
6.2!

!
4.6!

!
!-26!

!
2.7!

!
4.3!

!
59!

'
Endoluminal'

surface''
'

!
100.5!

!
66.6!

!
-34!

!
87.2!

!
63.7!

!
-27!

'
Outflow'

'

!
2.2!

!
12.9!

!
486!

!
2.8!

!
5.0!

!
79!

'
!

'

Curved'Vessel'

Average'WSS'

(dynes/cm2)'

'

Inner'Curvature:'Proximal'edge''

'

Inner'Curvature:'Distal'edge''

'
PostA'

'
FollowA

Up'

'
Relative'Change''

(%)'

'
PostA'

'
FollowAUp'

'
Relative'Change''

(%)'
'

'
Inflow''

'

!
7.7!

!
13.8!

!
79!

!
9.0!

!
3.0!

!
-67!

'
Endoluminal'

surface''
'

!
126.1!

!
87!

!
-31!

!
68.5!

!
58!

!
-15!

'
Outflow''

'

!
5.6!

!
9.3!

!
66!

!
7.9!

!
7.7!

!
-3!

!

!

!

! 24!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

'

Curved'Vessel'

Average'WSS'

(dynes/cm2)'

'

Outer'Curvature:'Proximal'edge'

'

Outer'Curvature:'Distal'edge'

'
PostA'

'
FollowA

Up'

'
Relative'Change''

(%)'

'
PostA'

'
FollowAUp'

'
Relative'Change''

(%)'
'

'
Inflow''

'

!
6.8!

!
5.2!

!
-24!

!
9.3!

!
3.4!

!
-63!

'
Endoluminal'

surface''
'

!
85.8!

!
53.5!

!
-38!

!
170!

!
117.8!

!
-31!

'
Outflow''

'

!
2.0!

!
3.9!

!
95!

!
2.4!

!
4.9!

!
104!

!
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Abstract To quantify with in vivo OCT and histol-

ogy, the device/vessel interaction after implantation of

the bioresorbable vascular scaffold (BVS). We eval-

uated the area and thickness of the strut voids

previously occupied by the polymeric struts, and the

neointimal hyperplasia (NIH) area covering the end-

oluminal surface of the strut voids (NIHEV), as well as

the NIH area occupying the space between the strut

voids (NIHBV), in healthy porcine coronary arteries at

2, 3 and 4 years after implantation of the device.

Twenty-two polymeric BVS were implanted in the

coronary arteries of 11 healthy Yucatan minipigs that

underwent OCT at 2, 3 and 4 years after implantation,

immediately followed by euthanasia. The areas and

thicknesses of 60 corresponding strut voids previously

occupied by the polymeric struts and the size of 60

corresponding NIHEV and 49 NIHBV were evaluated

with both OCT and histology by 2 independent

observers, using a single quantitative analysis software

for both techniques. At 3 and 4 years after implanta-

tion, the strut voids were no longer detectable by OCT

or histology due to complete polymer resorption.

However, analysis performed at 2 years still provided

clear delineation of these structures, by both tech-

niques. The median [ranges] areas of these strut voids

were 0.04 [0.03–0.16] and 0.02 [0.01–0.07] mm2 by

histology and OCT, respectively. The mean (±SD)

thickness by histology and OCT was 220 ± 40 and

120 ± 20 lm, respectively. The median [ranges]

NIHEV by histology and OCT was 0.07 [0.04–0.20]

and 0.03 [0.01–0.08] mm2, while the mean (±SD)

NIHBV by histology and OCT was 0.13 ± 0.07 and

0.10 ± 0.06 mm2. Our study indicates that in vivo

OCT of the BVS provides correlated measurements of

the same order of magnitude as histomorphometry,

and is reproducible for the evaluation of certain

vascular and device-related characteristics. However,

histology systematically gives larger values for all the

measured structures compared to OCT, at 2 years post

implantation.
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manuscript.
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Introduction

Bioresorbable coronary scaffolds are a novel

approach to the percutaneous treatment of coronary

artery disease. Recently, the everolimus-eluting bior-

esorbable vascular scaffold (BVS) (Abbott Vascular,

Santa Clara, Santa Clara, USA) has been studied in

the first-in-man ABSORB cohort A trial, which

demonstrated the feasibility and safety of this device,

with a rate of major adverse cardiac events of 3.4%

up to 3 years [1–3]. The BVS is composed of a

backbone of poly-L-lactide (PLLA), covered with the

polymer poly-D, L-lactide (PDLLA), containing and

controlling the release of the drug, everolimus

(Novartis, Basel, Switzerland). PLLA and PDLLA

degrade to lactic acid which is metabolized via the

Krebs’ cycle during the bioresorption process. The

radiolucent device is visualized on angiography by

radio-opaque platinum markers located at each end

[4]. The introduction of these new devices prompts us

to refine our methods of evaluation, using state-of-

the-art imaging modalities, such as optical coherence

tomography (OCT). This imaging technique has a

near-histological resolution (*15 lm), which makes

it ideal for studying the device/vessel interaction in

detail [5]. As the polymeric struts are translucent,

light-based imaging modalities are particularly suit-

able for this purpose. Up to now, histological

morphometry has been crucial in the evaluation of

the performance of new devices [6]. As histology is

limited to animal and human post-mortem studies, in

vivo assessment using OCT is highly desirable. This

porcine study was set up in 2006 with the goal to

evaluate the device/vessel interaction after implanta-

tion of the BVS at 2, 3 and 4 years, using OCT and

histology. The qualitative strut-related characteristics

with regards to the process of biodegradation were

published recently [7]. In this part of the study, we

sought to evaluate whether mimicking the histolog-

ical morphometric approach using OCT is feasible

and reproducible for the evaluation of the vascular

healing following implantation with the BVS.

Specifically, we sought to compare a number of

quantitative parameters assessed by ex vivo/‘‘post

processed’’ histology and in vivo/‘‘non-processed’’

OCT, in order to assess the agreement between these

techniques. These parameters include: the number

and size of the structures resembling struts, and

quantification of the tissue growth covering the

endoluminal surface and the tissue growth between

these structures.

Methods

Study sample and OCT imaging

Twenty two polymeric devices, BVS revision 1.0

(3 9 12 mm) were implanted in 11 healthy Yucatan

minipig coronary arteries, with a balloon: artery ratio

of 1.2:1. The BVS revision 1.0 has three main

components: the polymeric backbone, the polymeric

drug reservoir, and the antiproliferative drug, everol-

imus. The polymeric scaffold is balloon-expandable,

and is composed of a high molecular weight PLLA

with serpentine rings interconnected by links. The

scaffold body design is coated with a matrix of

PDLLA and everolimus in a 1:1 ratio. The device is

laser cut from an extruded tube and has two radio-

opaque platinum markers at both ends [8]. Since OCT

at 3 and 4 years following implantation displayed no

signal at the site where struts were expected to have

been previously implanted, we evaluated only the

devices available at 2 years follow-up. At this time

point, the PLLA backbone is almost completely

resorbed, as evidenced by gel permeation chroma-

tography, and histology shows accumulations of

proteoglycans (stained positively with Alcian blue)

at corresponding sites. By OCT, however, these

‘‘strut voids’’ appear as well delineated hyporeflective

foci. Since it is known that by OCT, immediately

after implantation, BVS polymeric struts appear as

black boxes with bright borders [1], these findings

indicate that OCT does not distinguish between the

BVS strut polymeric material and the provisional

matrix that replaces the strut after full bioresorption

[7]. Throughout the entire length of this manuscript,

we will use the term ‘‘strut void’’ to describe these

strut-like structures, previously occupied by the

polymeric material.

OCT was performed in vivo using the M2 CV

imaging system (LightLab Imaging, Westford, MA,

USA). In brief, the low-pressure HeliosTM occlusion
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balloon catheter was advanced distally to the region

of interest over a conventional 0.014 inch angioplasty

wire, which was then exchanged with the OCT

ImageWireTM. After calibration of the image wire by

correction of the Z-offset [9], the occlusion balloon

catheter was withdrawn proximally to the region of

interest, and inflated to 0.5–0.7 atmospheres. During

image acquisition, blood clearance was achieved by

manual continuous flushing with lactated Ringer’s

solution. Cross-sectional images were acquired at

15.6 frames/s, with an automatic pullback speed of

1 mm/s. Images were stored digitally for off-line

analysis.

Processing for histology and selection

of corresponding OCT and histology images

Animal sacrifice was performed immediately after

OCT imaging by intravenous sodium pentobarbital

infusion. The heart was explanted from the thoracic

cavity, the aorta clamped, and the coronary arteries

were pressure perfused at 100–120 mm Hg: first with

0.9% saline, followed by 10% neutral buffered

formalin for approximately 30 min. Hearts were then

immersed in formalin for complete fixation. Follow-

ing this, arteries were carefully dissected off the

heart. The location of the scaffolds was confirmed by

high-contrast film-based radiographs (Faxitron X-ray

Corp., Lincolnshire, IL, USA) and the specimens

were dehydrated in a graded series of ethanol. The

scaffolded segments were then embedded in methyl

methacrylate (MMA) for polymerization [4]. The

MMA block was sawed into three 4 mm segments,

and three cross-sections were cut using a rotary

microtome with a tungsten carbide blade: one at the

proximal scaffold segment, 2 mm distal to the

proximal metallic marker; one at the middle segment,

6 mm distal to the proximal marker; and one at the

distal scaffold segment, 2 mm proximal to the distal

marker. Finally, the samples were mounted and

stained with hematoxylin and eosin (HE) and/or

elastic Van Gieson (EVG).

Corresponding OCT cross-sections were selected

by one observer (YO), using the distances from the

platinum markers and anatomical landmarks, such as

side branches, as references. Two observers (BG,

MR) identified the corresponding structures of inter-

est. The quantitative analysis was performed with the

observers blinded to each other’s results, as well as to

the correspondence between the OCT and histology

images. We assumed that the sharp boundary of the

strut voids by histology corresponded to the sharply

delineated bright borders of the ‘‘black boxes’’ by

OCT.

Quantitative analysis of OCT and histology

images

OCT and histology images were analyzed with the

QCU-CMS software version 4.64 (Laboratory of

Clinical and Experimental Image processing, Leiden,

The Netherlands), which has previously been shown

to provide correlated quantitative measurements as

compared to the LightLab software [20]. Once images

were uploaded, calibration was performed: for OCT,

the diameter (0.36 mm) of the image wire was used,

whilst histology images were calibrated using the

scale bar provided by the pathologist. After calibra-

tion of the images, the following parameters were

quantified: (1) the number of strut voids previously

occupied by the polymeric struts (2) the lumen area

and the area encompassing the abluminal surfaces of

these strut voids; (3) the area and thickness of these

strut voids and (4) the neointimal hyperplasia (NIH)

area covering the endoluminal surface (NIHEV) and

the NIH area between the strut voids (NIHBV)

(Fig. 1). To be more specific, the measurements were

performed in the following way (Figs. 1 and 2): 1.

‘‘Scaffold’’ area: after manual localization of the strut

voids by setting a green circle at the mid point of their

abluminal surfaces, these points were connected

automatically by a trace line placed by the software.

In addition, the center of gravity of the scaffold area

was determined automatically by the software. 2.

Lumen area: the lumen contour was automatically

traced by the software; 3. The area of the strut void:

this was manually demarcated by following the

contour of these structures; 4. NIHBV: in order to

demarcate the NIH areas laterally, we used the angle

tool of the software, which takes the center of gravity

of the scaffold as reference.

The rays of the angle tool were placed as help

lines, at the edges of every strut void creating an area

between these which was limited axially by the

scaffold line and the lumen contour and laterally by

the help lines (Fig. 1 and 2); 5. NIHEV: was defined

as the area limited by the ‘‘help lines’’ placed at the

edges of the strut voids, their endoluminal surfaces,
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and the lumen area contour; 6. Neointimal thickness:

this was measured from the mid point of the

endoluminal surface of the strut voids to the lumen

contour, along a line projected through the center of

gravity of the scaffold; 7: Strut void thickness: this

was assessed by measuring the distance between the

mid points of the endoluminal and abluminal surfaces

of the strut voids.

Statistical analysis

Statistical analyses were performed with SPSS,

version 16 (SPSS Inc.,Chicago, IL, USA). Discrete

variables are presented as counts and percentages,

and continuous variables as mean ± standard

deviations, or medians and interquartile ranges or

ranges (minimum–maximum). The Pearson’s corre-

lation coefficient (r2) was computed to compare OCT

and histological measurements. Bland–Altman plots,

displaying the systematic (mean absolute difference)

and random (95% limits of agreement) errors, and the

interclass correlation coefficient for absolute agree-

ment (ICCa) and consistency (ICCc) were used to

assess the agreement between techniques. Inter-

observer variability was assessed using the correla-

tion coefficient (r2). A two-sided p-value B 0.05 was

considered significant.

Results

A total of six corresponding cross-sections were

available for the purpose of this study (Fig. 3).

Histology displayed 75 strut voids previously occu-

pied by the polymeric struts whilst OCT showed only

60. Fifteen of these strut voids by histology could not

be identified in the OCT images due to non-uniform

rotational distortion, marginalization of the image

wire into a side branch and a long distance to the

image wire, together with a low light incidence angle

resulting in a high light attenuation (Fig. 4). Thus, a

total of 60 corresponding strut voids were included in

the analysis. In only 1 of 6 frames were all

corresponding strut remnants visualised by both

OCT and histology with the consequence that the

lumen and scaffold area was only accurately assessed

in this frame (OCT: 2.78 and 5.14 mm2; histology:

1.02 and 4.40 mm2, for lumen and scaffold area,

respectively). The ratio between the lumen area and

stent area for the OCT was 0.54 while for histology

was 0.23 and the % area obstruction of the scaffold

for OCT was 45% while for histology 76%. Apart

from the strut voids that were not adequately

visualized, all images were successfully analysed

using the histomorphometrical methodology with the

dedicated off-line software. Table 1 and Fig. 5 show

the descriptive statistics and Bland–Altman plots for

the different parameters measured with OCT and

histology. The average difference and 95% limits of

agreement were: for the strut area: 0.03 [0.07;

-0.01], for the strut thickness: 0.10 [0.18; 0.02], for

the NIHEV: 0.04 [0.10; -0.02] and for the NIHBV:

0.03 [0.21; 0.15]. In general, histomorphometry

provided larger values for all parameters compared

Fig. 1 Schematic representation of the quantitative analysis.

Panel a The thick red line represents the vessel wall; the black
continuous line, the lumen contour; black squares strut voids

previously occupied by the polymeric struts; and the blue
dotted line the abluminal ‘‘scaffold’’ area. The red cross
indicates the center of gravity of the remnants of the scaffold,

which was provided automatically by the software after manual

indication of the mid point of the abluminal surfaces of the

strut-like structures. The center of gravity point was used to

place ‘‘the help lines’’ (black dotted lines) for the measurement

of the neointimal hyperplasia area covering the endoluminal

surface of these structures (red area), and the neointimal

hyperplasia area between these structures (green area). The
neointimal thickness (red arrow) was measured from the

endoluminal surface of the strut voids to the lumen contour,

along a line projected through the center of gravity of the

scaffold and the mid point of the abluminal surface of these

structures. The strut void thickness (white arrow) was

measured in a similar way
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to OCT. Interobserver variability was evaluated for

all variables assessed with histology and OCT

(Fig. 6). The mean (SD) differences between observ-

ers were negligible for the parameters measured in

the histological sections (area and thickness of strut

voids 0.00 (0.00) mm2 and 0 (30) lm, repcetively;

NIHEV 0.00 (0.00) mm2, and NIH BV 0.00 (0.01)

mm2), as well as for those assessed in the OCT cross-

sections (for area and thickness of strut voids: 0.00

(0.00) mm2 and 0 [10] lm, respectively; for NIHEV

0.00 (0.01) mm2, and NIHBV -0.03 (0.01) mm2).

The Lin’s correlation coefficient interpreted by the

ICCc and ICCa for the area of strut voids were: 0.34

[95% confidence interval (CI): 0.10–0.55], P\ 0.004

and 0.18 [95% CI: -0.08 to 0.43], P\ 0.004; for the

thickness of these structures: 0.08 [95% CI: -0.18 to

0.33], P = 0.271 and 0.01 [95% CI: -0.03 to 0.07],

P = 0.271; for NIHEV: 0.39 [95% CI: 0.15–0.59],

P\ 0.001 and 0.19 [95% CI: -0.09 to 0.46], P\
0.001; and for NIHBS: -0.03 [95% CI: -0.29 to

0.29], P = 0.50 and -0.03 [95% CI: -0.27 to 0.28],

P = 0.50.

The Pearson’s correlation coefficient (r2) for the

interobserver variability for the histology assessment

was: for the thickness and area of the strut voids

thickness: r2 = 0.89 and r2 = 0.78, respectively; for

NIHEV: r2 = 0.87; and for NIHBV: r2 = 0.86 (P\
0.001 for all analyses). Corresponding results for the

OCT measurements were: for thickness and area of

strut voids: r2 = 0.70 and r2 = 0.57, respectively; for

NIHEV: r2 = 0.67; and for NIHBV: r2 = 0.66 (P\
0.001 for all analyses).

Fig. 2 Demonstration of quantitative measurements by histol-

ogy and OCT. Panels A and B show the inverted grey scale and
color histology images, respectively, with superimposed

quantitative measurements (green lines in A), and panels

C and D, the corresponding grey scale and sepia OCT, with the

respective measurements (only C). The red lines are provided

by the software, and are projected from the center of gravity of

the scaffold through the mid points of the abluminal surfaces of

the struts
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Fig. 3 Cross-sections of corresponding OCT and histology of the left anterior descending artery (A/G, B/H, C/I), and the right

coronary artery (D/J, E/K, F/L). Histology specimens are stained with elastic Van Gieson

Fig. 4 Factors precluding identification of some of the strut

voids in corresponding OCT and histology images. Panels A–
C demonstrate how non-uniform rotational distortion (A),
marginalisation of the image wire into a side branch (B), and a

long distance between the image wire and black boxes preclude
visualisation of these strut voids by OCT, as compared to

corresponding histology (D–F). Due to the lack of visualization

of these structures, abluminal scaffold areas could not be

accurately assessed. In order to obtain reproducible measure-

ments, it was before the analysis decided to trace the scaffold

area only at the sites of black boxes that are visualized, with the
consequence of an underestimation of the ‘‘true’’ OCT scaffold

area
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Discussion

In the present study, we performed a quantitative

analysis of in vivo OCT images of the remnants of

bioresorbable vascular scaffolds at 2 years following

implantation, using a methodology similar to the

morphometric approach used with histology. The

main findings of this pilot study are: 1. Histology

appears to systematically give larger values, when

compared with OCT; 2. the approach similar to

histomorphometry for quantitative analysis of OCT

images is feasible and reproducible for the evaluation

Table 1 Descriptive statistics of all parameters measured by

OCT and histology

OCT Histology

Area of the strut voids,

mm2
0.02 (0.01–0.07) 0.04 (0.03–0.16)

Thickness of the strut

voids

120 (70–180) 220 (120–350)

NIHBV, mm2 0.03 (0.01–0.08) 0.07 (0.04–0.20)

NIHEV, mm2 0.09 (0.01–0.27) 0.13 (0.01–0.31)

NIH neointimal hyperplasia, BV between the voids, EV
endoluminal surfaces of the voids, values are median (range)

Fig. 5 Bland-Altman plots depicting the agreement between

techniques for the evaluation of the area (panel A) and

thickness (panel B) of the strut voids previously occupied by

the polymeric struts, the neointimal hyperplasia area covering

the endoluminal surface of these voids (panel C), and the

neointimal hyperplasia area between the voids (panel D), with
histology and OCT
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at follow up after implantation of the BVS; and 3.

despite the use of anatomical landmarks and intra-

scaffold radiopaque markers to identify correspond-

ing cross-sections, higher numbers of strut voids were

visualized by histology than by OCT.

Differences in quantitative measurements

between OCT and histology

The observation that quantitative measurements by

histology and OCT may differ is not new, as previous

studies have suggested that histological processing

may induce a certain degree of artifacts related to

formalin fixation and dehydration [10]. Surprisingly

however, our study showed that all morphological

characteristics analyzed were systematically larger by

histology as compared to OCT. More specifically, the

strut void area, strut void thickness, NIHEV and

NIHBV were 100%, 83%, 130% and 44% larger by

histology compared to OCT, respectively. Several

factors may have contributed to this difference. The

first involves the calibration of the OCT image wire

by adjustment of the Z-offset before image acquisi-

tion, as well as calibration of the scaling of OCT and

histology images before analysis, which are crucial

for any quantitative measurement. In the present

study, these were all performed according to current

standards [9]. Secondly, differences can potentially

be related to the application of different analysis

softwares for different techniques. We tried to

circumvent this by utilizing the same software, as

well as by using semi-automatic approaches, for all

analyses, which was evidenced in the good interob-

server reproducibility seen. Nevertheless, the quanti-

tative results by histology were systematically larger

than by OCT, as compared to previous studies, even

if these applied different softwares for the different

techniques [11, 12]. Other interfering factors are

therefore likely to be involved. For the NIH areas, our

results resemble those reported by Murata et al. and

Templin et al., who found that histology estimated

the NIH areas covering metallic stents slightly higher

than OCT, at 28 and 90 days, and at 10, 14 and

28 days, respectively [13, 14]. However, in our study,

the overestimation by histology was greater. This

may be related to the combined differences in: the

mechanical constraints imparted on the tissue

between the bioresorbable vascular scaffold as

compared to metallic stents; in the tissue composition

at time point of examination (2 years), which

includes a higher proportion of collagen and smooth

muscle cells as compared to time points less than

90 days [15]; and in the composition of the strut

voids which, as shown by Onuma et al., are replaced

by highly water-containing acid mucopolysacharides

material, which stains positively with Alcian Blue, at

this time point [7]. Further, previous studies have

indicated that formaldehyde, which we used for tissue

fixation, can cause dimensional changes that are

dependent on the composition of the tissue (for

example causing swelling in liver tissue and shrink-

age in muscle tissue), the pH of the tissue, and the

temperature and concentration of the fixative [10]. In

addition to tissue fixation, dehydration with ethanol,

embedding and polymerization in MMA, and sub-

sequent deplastization likely further impacted the

tissue dimensions obtained histologically. Consider-

ing the contrasting nature of the tissues at late follow-

up of the BVS, namely the proteoglycan-rich tissue

replacing pre-existing struts compared to the sur-

rounding smooth muscle cell and collagen-dense

tissue of the arterial wall, these tissue-specific

dimensional changes are especially notable at fol-

low-up after implantation of the BVS. This is

supported by the qualitative results regarding the

histological appearance of the strut-like structures at

2 and 3 years. At 2 years, the strut voids appear more

spherical, having a highly water-containing proteo-

glycan, while they are contracted and almost com-

pletely coalesced into the arterial wall at 3 years

(Fig. 6) [7]. Considering this, it is likely that the

proteoglycan-based nature of strut foci at 2 years

resulted in their swelling as an artifact of histological

processing.

The fact that OCT was performed in vivo, when

the vessel has a tonus and is naturally pressurized,

may also explain some of the discrepancies, although

efforts were made to pressurize vessels during

histology preparation. However, the most plausible

explanation involves the attempt to correspond OCT

and histology cross-sections, which depends on the

orientation of the OCT image wire relative to the

vessel curvature and relative to the location in the

vessel lumen, which in turn influence how the OCT

‘‘biotome’’ cross-sects the tissue and the scaffold.

The difficulty finding completely corresponding

cross-sections may be further affected by the
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differences in slice thicknesses of the samples

provided by the different techniques. For histology,

the minimum slice thickness possible to obtain, is in

the range of 4–5 lm with a sampling interval of

100 lm [16], and depends on the microtome, while

the minimum frame thickness available with the OCT

system used in the present study is 60 lm and

depends on the longitudinal sampling distance, which

is in turn related to the frame rate (15.6 frames/s) and

the pullback speed (1 mm/s). Nevertheless, it should

be stressed that wherever possible, efforts were made

to secure corresponding cross-sections by histology

and OCT using the scaffold platinum markers and

anatomical structures, as landmarks. Thus, our report

highlights some of the difficulties that may be

encountered in this type of study, which are important

to acknowledge (Fig. 7).

Consideration of technical aspects with OCT

imaging

Although efforts were made to obtain matched cross-

sections between OCT and histology using land-

marks, we found a higher density of strut voids by

histology than by OCT. In addition to the factors

mentioned above, we noticed that the intrinsic

properties of the OCT technology related to the use

of light also influenced our analysis. By marginali-

zation of the light source, causing an acute incidence

angle of the light on the vessel wall, as well as by the

relatively low scan diameter of the employed time

domain-OCT system (7 mm) compared to newer

generation frequency domain (FD)-OCT systems

(10 mm), visualisation of the strut voids along the

entire 360 degree vessel circumference was hindered

Fig. 6 Linear regression analysis plots depicting the interob-

server variability for the evaluation of the area and thickness of

the strut voids, the neointimal hyperplasia area covering the

endoluminal surface of these voids, and the neointimal

hyperplasia area between the voids, with histology (panels

A–D) and OCT (panels E–H), respectively
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(Fig. 3B, C), which prevented the identification of

these structures and the accurate delineation of the

abluminal scaffold area, as well as delineation of the

lumen area. Nevertheless, the only available accurate

corresponding lumen and scaffold areas by OCT and

histomorphometry showed that measurements by

OCT were larger than those by histology, which is

in line with previous studies [11–13]. Despite the

potential advantages of in vivo ‘‘non-processed’’

OCT, the presence of non-uniform rotational distor-

tion, which is related to vessel tortuosity, as well as

the presence of artefacts due to heart motion in

systole and diastole, further complicated the selec-

tion of perfectly corresponding frames. The new

generation FD-OCT which has a much higher frame

rate, allowing a higher pullback-speed without sig-

nificant loss in longitudinal sampling density [14, 17,

18], promises to overcome some of these issues,

together with recent advances allowing retrospective

reconstruction of gated OCT acquisitions [19]. How-

ever, these technologies were not available at the

time of data acquisition.

Histomorphometry-like analysis with OCT

Onuma et al. recently described a qualitative analysis

of OCT images of the polymeric struts of the BVS.

As opposed to that analysis, our study focused on the

evaluation of the quantitative tissue response around

the strut voids previously occupied by the polymeric

struts in terms of neointimal hyperplasia between and

on the endoluminal surface of these, which we found

to be feasible and reproducible, with a good interob-

server reproducibility. Despite the mentioned issues

regarding comparison between OCT and histology,

OCT represents at present the in vivo imaging

modality with the highest resolution, which enables

Fig. 6 continued
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us to evaluate fine details in the assessment of the

device/vessel interaction.

Study limitations

Our initial goal was to assess the morphometric

parameters of the remnants of the device implanted

with OCT at 2, 3, and 4 years following implanta-

tion. As part of the degradation process, the number

of bioresorbable struts identified by OCT decreased

with time. We now know that the polymeric struts

are completely resorbed and replaced by proteogly-

cans by 2 years. However, this respective time point

could not be foreseen at the time of planning of the

study. For the comparison of different measurements

by OCT and histology, it was necessary to select a

time point where strut-like structures (strut voids) are

fully visible with OCT. Consequently, specimens at

3 and 4 years could not be included in this study,

wherefore the sample size was relatively small. We

cannot dismiss the possibility that the low sample

size could, to some extent, explain the relatively

large distribution of individual parameters. Never-

theless, we believe that the findings of this pilot

study are interesting as they represent our initial

quantitative experience with the novel bioresorbable

technology, and may serve as a guide to the planning

of future trials with corresponding OCT and histo-

morphometry to evaluate bioresorbable vascular

scaffolds.

Fig. 7 Histological examples of the appearance of strut voids

at 2 and 3 years following implantation of the bioresorbable

vascular scaffold. Panels A–D show strut voids at 2 and 3 years

follow-up, respectively. At 2 years, the proteoglycan-rich

matrix appears to collapse in the middle of the void upon

histological preparation, giving a spherical appearance, while

the matrix at 3 years is coalesced with the neointima of the

vessel wall, giving the impression that the borders of the

contents of the void are better held together with the neointima.

Panels A and C are stained with hematoxylin and eosin, while

panels B and D are stained with Alcian blue. Reproduced from

Onuma et al. Circulation 2010
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Conclusion

The present pilot study showed that an approach for

quantitative analysis of OCT images akin to histo-

morphometry is feasible and reproducible for the

evaluation of the vascular healing at follow up after

implantation of the BVS and that corresponding OCT

and histomorphometry provide results of the same

order of magnitude. Despite the use of landmarks to

identify corresponding cross-sections, histology sys-

tematically provided larger measurements for all

studied parameters. Whether this is related to factors

influencing acquisition and processing of images, or

the bioresorbable nature of the device, requires

further investigation, for example using the new-

generation FD-OCT, and a larger sample analysed

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

Vasim Farooq, MB CHB,* Patrick W. Serruys, MD, PHD,* Jung Ho Heo, MD,*
Bill D. Gogas, MD,* Yoshinobu Onuma, MD,* Laura E. Perkins, DVM, DACVP,†
Roberto Diletti, MD,* Maria D. Radu, MD,* Lorenz Räber, MD,*
Christos V. Bourantas, MD, PHD,* Yaojun Zhang, MD,* Eric van Remortel, BSC,‡
Ravindra Pawar, BSC,‡ Richard J. Rapoza, PHD,† Jennifer C. Powers, BS,†
Heleen M. M. van Beusekom, PHD,* Hector M. Garcìa-Garcìa, MD, MSC, PHD,*
Renu Virmani, MD, PHD§

Rotterdam, the Netherlands; Santa Clara, California; and Gaithersburg, Maryland

Objectives This study sought to assess the vascular response of overlapping Absorb stents com-
pared with overlapping newer-generation everolimus-eluting metallic platform stents (Xience V [XV])
in a porcine coronary artery model.

Background The everolimus-eluting bioresorbable vascular scaffold (Absorb) is a novel approach to
treating coronary lesions. A persistent inflammatory response, fibrin deposition, and delayed endo-
thelialization have been reported with overlapping first-generation drug-eluting stents.

Methods Forty-one overlapping Absorb and overlapping Xience V (XV) devices (3.0 � 12 mm) were
implanted in the main coronary arteries of 17 nonatherosclerotic pigs with 10% overstretch. Im-
planted coronary arteries were evaluated by optical coherence tomography (OCT) at 28 days (Ab-
sorb n � 11, XV n � 7) and 90 days (Absorb n � 11, XV n � 8), with immediate histological evalua-
tion following euthanasia at the same time points. One animal from each time point was evaluated
with scanning electron microscopy alone. A total of 1,407 cross sections were analyzed by OCT and
148 cross sections analyzed histologically.

Results At 28 days in the overlap, OCT analyses indicated 80.1% of Absorb struts and 99.4% of XV
struts to be covered (p � 0.0001), corresponding to histological observations of struts with cellular cover-
age of 75.4% and 99.6%, respectively (p � 0.001). Uncovered struts were almost exclusively related to
the presence of “stacked” Absorb struts, that is, with a direct overlay configuration. At 90 days, overlap-
ping Absorb and overlapping XV struts demonstrated �99% strut coverage by OCT and histology, with
no evidence of a significant inflammatory process, and comparable % volume obstructions.

Conclusions In porcine coronary arteries implanted with overlapping Absorb or overlapping XV struts,
strut coverage is delayed at 28 days in overlapping Absorb, dependent on the overlay configuration of
the thicker Absorb struts. At 90 days, both overlapping Absorb and overlapping XV have comparable
strut coverage. The implications of increased strut thickness may have important clinical and design con-
siderations for bioresorbable platforms. (J Am Coll Cardiol Intv 2013;6:523–32) © 2013 by the American
College of Cardiology Foundation

From the *Erasmus University Medical Centre, Rotterdam, the Netherlands; †Abbott Vascular, Santa Clara, California;
‡Cardialysis BV, Rotterdam, the Netherlands; and the §CVPath Institute, Gaithersburg, Maryland. The porcine study was
supported by Abbott Vascular (Santa Clara, California). Drs. Perkins, Rapoza, and Powers are employees of Abbott Vascular. Dr.
Virmani has received research support from Medtronic AVE, Abbott Vascular, Atrium Medical, OrbusNeich Medical, Terumo
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Everolimus-eluting bioresorbable vascular scaffolds (Ab-
sorb, Abbott Vascular, Santa Clara, California) are a novel
approach to treating coronary lesions, in that they provide
transient vessel support and drug delivery to the vessel wall,
without the long-term limitations of standard metallic
drug-eluting stents (DES), such as metallic caging. Unlike
with permanent metallic stenting, the Absorb will potentially
allow for future surgical revascularization, expansive remodel-
ing, restoration of reactive vasomotion, and reliable noninva-
sive imaging of coronary arteries with multislice computed
tomography (1–4). Given the temporary presence of the
Absorb, the small, but potentially fatal, risk of late or very late
stent thrombosis associated with conventional metallic plat-
form DES, may be reduced or even eliminated (5,6).

First-generation DES, namely overlapping sirolimus-
eluting and paclitaxel-eluting stents, have previously been
demonstrated in pre-clinical models to show evidence of a
persistent inflammatory response, fibrin deposition, and
delayed endothelialization (7,8). The purpose of this study

is to assess the vascular response
of overlapping Absorb compared
to the overlapping newer gener-
ation everolimus-eluting metal-
lic platform stents (Xience V
[XV], Abbott Vascular) in a por-
cine coronary artery model.

Methods

Experimental studies received
protocol approval from the insti-
tutional animal care and use
committee and were conducted
in accordance with American
Heart Association guidelines for

pre-clinical research and the Guide for the Care and Use of
Laboratory Animals (National Institutes of Health, 2010).
Seventeen healthy, nonatherosclerotic Yorkshire-Landrace
swine were implanted via femoral access according to
standard procedures (9). Each animal was implanted with
overlapping 3.0 � 12.0-mm Absorb or XV stents in up to
3 of the main coronary vessels according to a pre-
determined matrix of randomization. A maximum of 2
overlapping Absorb and 1 overlapping XV were permitted
per animal. The Absorb and XV sizes were matched to the
vessel size at a target balloon-to-artery ratio of 1.1 to 1.0
(10% overstretch). In total, 17 animals (41 vessels) were

implanted with overlapping Absorb or overlapping XV.
Eight and 9 pigs underwent follow-up at 28 days (Absorb
n � 12, XV n � 8), and 90 days (Absorb n � 12, XV n �
9), respectively (Online Appendix). These time points have
been reported to be representative of peak neointimal
growth in humans at 6 months (28 days) and 18 months (90
days) (10). Coronary angiography and OCT analyses were
performed at baseline and at both time points. One animal
from each of the 28 and 90 day time points was excluded
from OCT and histological analyses, and implanted arteries
evaluated with scanning electron microscopy (SEM) alone.
All pigs were humanely euthanized at follow-up immedi-
ately after angiography (SEM) or OCT (all others).
OCT analyses. OCT evaluation of the Absorb and XV
overlap were performed at a pullback speed of 1.0 mm/s at
baseline and at follow-up, utilizing a commercially available
time-domain OCT system (M3 System, LightLab Imag-
ing, Westford, Massachusetts). The image wire was passed
distal to the treated vessel without the conventional support
of the balloon occlusion catheter to minimize the risk of
disrupting the endothelial coverage in the treated vessel.
Bolus doses of Ringer’s lactate were used to clear blood
distal to the inflated occlusion balloon in the proximal
vessel, and OCT pullbacks were initiated. Quantitative and
qualitative analyses were performed with proprietary soft-
ware for off-line analysis (LightLab Imaging). With adjust-
ment for pullback speed, analyses of continuous cross
sections were performed at 1-mm longitudinal intervals
consistent with previously validated methodologies (Online
Appendix) (1,11,12). OCT analyses were performed by a
team of physicians and analysts of an independent core
laboratory (Cardialysis BV, the Netherlands). Specifically
for the overlapping Absorb, struts were defined by their
overlay configuration, namely “stacked inner,” “stacked
outer,” and “other” (i.e., without a clear direct overlay
configuration) (Fig. 1) (13). The threshold for coverage of
the Absorb strut is 30 �m, corresponding to the average
interobserver measurement (difference in 300 struts ana-
lyzed 2 times, 35 � 6 �m) of the endoluminal light
backscattering strut boundary (14). To allow full visualization
of the spatial distribution of strut coverage struts in the
overlapping devices, “spread-out-vessel graphs”—a visual rep-
resentation of the vessel as if it had been cut along the reference
angle (0°) and spread out on a flat surface—were created based
upon previously described methodologies (11).
Histological analyses and SEM. Histological analyses are de-
scribed in the Online Appendix. SEM was performed with a
Hitachi Model 3600N scanning electron microscope (Hitachi,
Tokyo, Japan). Sections were stained with hematoxylin and
eosin and elastic van Gieson or Movat pentachrome.
Statistical analyses. Continuous variables are reported as
mean � SD, categorical variables as counts (%). Compari-
sons were made with the Student t test/Mann-Whitney U
test and chi-square/Fisher exact test as appropriate. Tissue
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for Medtronic AVE, Abbott Vascular, W.L. Gore, Atrium Medical, Arsenal
Medical, and Lutonix. All other authors have reported that they have no relationships
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Abbreviations
and Acronyms

DES � drug-eluting stent(s)

EEL � external elastic
lamina

IQR � interquartile range

OCT � optical coherence
tomography

SA ratio � scaffold/stent to
artery ratio

SEM � scanning electron
microscopy

XV � Xience V stent(s)
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coverage was estimated through the proportion of uncov-
ered struts (dichotomous variable), distribution curves, and
areas (continuous variable). Strut-level data were analyzed
(dichotomous or continuous variables) using multilevel lo-
gistic regression models with random effects at 4 different
levels: 1) treatment arm; 2) animal; 3) vessel; and 4) strut.
All statistical tests were 2 tailed, and a value of p � 0.05 was
considered statistically significant. Analyses were conducted

using SAS System Software version 9.2 (SAS Institute,
Cary, North Carolina).

Results

All overlapping devices were successfully deployed under
angiographic guidance, and all 17 animals remained healthy
for the duration of the experiment. The mean overlap length

Figure 1. Examples of Absorb Struts According to Their Overlay Configuration in the Overlap

“Stacked inner,” “stacked outer,” and “other” struts are illustrated on optical coherence tomography (OCT) (left) and scanning electron microscopy (right). White and
gray arrows indicate “stacked inner” struts with corresponding “stacked outer” struts located abluminally—defined as struts with a direct overlay configuration with
each other or lying within 1 strut width of each other. Blue arrows indicate “other struts,” i.e., struts in the overlap without a clear direct overlay configuration. The
Gray arrow indicates a strut attached to a platinum marker used to visualize the Absorb during implantation. The broken white lines illustrate selected examples of
Absorb struts where the neointimal coverage is measured from (mid part of the luminal side of “black core” area of the Absorb strut) to the lumen boundary.

Table 1. Results of the OCT Analysis at 28 and 90 Days (2 Separate Animal Groups) in the Overlap Porcine Study �

Absorb* XV†

Overlap
p Value‡Overlap Nonoverlap p Value Overlap Nonoverlap p Value

28 days

Coverage, categorical 1,215 (80.1%) 908 (98.2%) �0.0001 833 (99.4%) 984 (99.8%) 0.33 �0.0001

Neointimal area, mm2 2.80 � 0.51 2.29 � 0.49 0.028 2.14 � 0.39 1.74 � 0.23 0.037 �0.01

Mean lumen area, mm2 5.44 � 0.76 5.11 � 0.68 0.31 4.87 � 1.01 4.80 � 1.08 0.90 0.19

Mean scaffold area, mm2 8.80 � 0.75 7.68 � 0.75 0.002 7.01 � 0.96 6.54 � 1.08 0.27 0.001

% Volume obstruction 31.30 � 5.47 29.85 � 5.66 0.55 31.01 � 7.47 27.62 � 4.92 0.34 0.93

90 days

Coverage, categorical 1,304 (99.5%) 838 (99.8%) 0.26 932 (100.0%) 923 (100.0%) N/A N/A

Neointimal area, mm2 3.84 � 0.74 2.43 � 1.02 �0.001 2.73 � 0.81 2.14 � 0.66 0.13 0.005

Mean lumen area, mm2 4.28 � 1.36 4.62 � 1.22 0.54 4.52 � 1.79 4.66 � 1.52 0.87 0.73

Mean scaffold area, mm2 9.01 � 0.56 7.32 � 1.96 0.056 7.26 � 1.19 6.80 � 1.08 0.44 0.006

% Volume obstruction 42.12 � 8.02 28.91 � 13.09 0.013 39.40 � 15.57 33.27 � 13.58 0.42 0.64

Values are n (%) or mean � SD. Comparisons between overlap and nonoverlap territories for the Absorb and XV individually are shown, with further comparisons between devices. *Absorb threshold for

coverage is 30 �m. †XV threshold for coverage is 0 �m. ‡p Value comparing overlapping Absorb versus overlapping XV.

N/A � not applicable; XV � Xience V.
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at 28 days (Absorb 5.16 � 1.34 mm, XV 5.42 � 2.44 mm,
p � 0.76) and 90 days (Absorb 4.82 � 1.77 mm, XV 5.45 �
1.73 mm, p � 0.43) did not significantly differ between
devices. Median scaffold/stent to artery ratio (SA ratio) for the
proximal (Absorb SA ratio 1.13 [interquartile range (IQR):
1.06 to 1.18]; XV SA ratio 1.19 [IQR: 1.15 to 1.23], p � 0.19)
and distal (Absorb SA ratio 1.09 [IQR: 1.02 to 1.13]; XV SA
ratio 1.14 [IQR: 1.12 to 1.18], p � 0.052) overlapping Absorb
or overlapping XV did not significantly differ.
OCT findings. In total, 15,026 struts in 1,407 cross sections
were analyzed. All overlapping devices were fully interro-
gated with OCT and were of adequate image quality. Table 1
indicates the OCT findings. Representative OCT images
(Fig. 2) and spread-out-vessel graphs (Fig. 3) are illustrated.
At 28 days, strut coverage in the overlapping versus non-
overlapping Absorb segments was significantly delayed
(80.1% vs. 98.2%, p � 0.0001) and to the overlapping XV
segment (99.4%, p � 0.0001). At 90 days, both overlapping

Absorb and overlapping XV devices demonstrated �99%
strut coverage.
Arterial (neointimal) response. Figure 4 illustrates the neo-
intimal distribution curves for the overlapping devices at 28
and 90 days. Table 2 indicates the heterogeneity in the
neointimal coverage dependent on the overlay configuration
of the Absorb struts. At 28 days, neointimal responses
indicated a significantly greater neointimal area in the
overlap of both devices compared with the nonoverlap
segments (Table 1). This despite the Absorb having reduced
binary strut coverage at the overlap. A bimodal neointimal
response, secondary to a separate neointimal response for the
“stacked inner” and “stacked outer” struts (neointimal coverage:
“stacked inner” struts 76 � 68 �m vs. “stacked outer” struts
240 � 71 �m, p � 0.0001), was evident (Fig. 4), with “stacked
inner” Absorb struts primarily responsible for noncovered
struts. The mean scaffold area of the overlapping Absorb
was significantly greater compared with the nonoverlap-

Figure 2. Representative Appearances of Overlapping Absorb and Overlapping XV Devices by OCT at 28 and 90 Days

Note the uncovered “stacked inner” struts of the Absorb at 28 days, which was not evident at 90 days. OCT � optical coherence tomography; XV � Xience V.
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ping Absorb and to the overlapping XV, which translated
into comparable % volume obstructions for vessels im-
planted with either overlapping device (p � 0.93).

At 90 days, a significantly greater neointimal area (p �
0.001) and % volume obstruction (p � 0.013) was seen in
the Absorb overlap compared with the Absorb nonoverlap
(Table 1). As evident at 28 days, the mean scaffold area was
greater in the Absorb overlap compared with the nonover-
lap, which translated into a comparable % volume obstruc-
tion at the overlap between the Absorb or XV (p � 0.64).
Histological and SEM findings. In total, 148 histology cross
sections were analyzed. Representative histology cross
sections (Fig. 5) and SEM (Figs. 6 and 7) at 28 and 90
days for each overlapping device are shown. At all time points,
the injury scores were comparable between the overlap and
nonoverlap and between devices. The Online Appendix pro-
vides the full histomorphometric and qualitative histomorpho-
logic findings in the overlap and nonoverlap.

Histology indicated reduced cellular strut coverage of the
Absorb at 28 days (75.4 � 16.4%), and broadly corroborated
the OCT findings of coverage (80.1%). The internal and
external (EEL) elastic lamina areas were significantly
greater in the Absorb overlap compared with the Absorb
nonoverlap at 28 days (EEL overlap 9.89 � 1.02 mm2 vs.
EEL nonoverlap 8.95 � 0.77 mm2, p � 0.004) and 90
days (EEL overlap 10.60 � 2.01 mm2 vs. EEL nonover-
lap 9.29 � 1.48 mm2, p � 0.005). At 90 days, the %
volume obstruction did not significantly differ between the
overlapping Absorb and overlapping XV (47.90 � 14.37%
vs. 37.78 � 16.97%, p � 0.18).

Discussion

The main findings of this study are that: 1) in a porcine
coronary artery model, the neointimal coverage of overlap-
ping Absorb struts is delayed at 28 days, and resolves at 90

Figure 3. “Spread-Out-Vessel Graphs” Representing the Spatial Distribution of the Noncovered Struts Along Each Overlapping Absorb or
Overlapping XV Device at 28 and 90 Days

The longitudinal distance from the distal edge of the overlapping devices to the strut (horizontal axis per overlapping device) is correlated to the angle where
the struts are located in the circular cross-section with respect to the center of gravity of the vessel (vertical axis per overlapping device). The spatial distribution
of noncovered struts and its clustering at the 4 considered levels (treatment arm, animal, vessel, and strut) are illustrated. Red dots represent uncovered struts.
Horizontal axis (per overlap device) indicates the distance from the distal edge of the implanted devices to the struts in the overlapping and nonoverlapping
regions. Vertical axis (per overlap device) indicates the angle where the strut is located in the circular cross-section with respect to the center of gravity of the
vessel (0° to 360°). XV � Xience V.
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days; 2) there was a bimodal neointimal response in the
overlapping Absorb at 28 days (and not 90 days), with
Absorb struts with a direct overlay configuration to each
other (i.e., ‘stacked’ struts), almost exclusively responsible
for the reduced cellular coverage; 3) despite the neointimal

response being greater with the Absorb, this did not
translate into a significant difference in % volume obstruc-
tion for either overlapping device by OCT, at both time
points; and 4) the increased strut thickness of the Absorb
(156 �m) is likely to be the main mechanism for the

Figure 4. Distribution of Neointimal Coverage for the Overlapping Absorb and Overlapping XV at 28 Days and 90 Days

Distribution curves for the Absorb at 28 days indicated 2 distribution curves, “stacked inner” (broken red line) and “stacked outer” (broken green line), indica-
tive of a bimodal neointimal response. XV � Xience V.
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reduced binary coverage of overlapping Absorb struts at 28
days, compared with the thinner XV struts (88.6 �m).
Strut thickness. Given the similarities between the Absorb
and XV, both with biocompatible coatings (bioresorbable or
biostable polymers) and low/comparable inflammatory re-
sponses, similar vessel injury scores and everolimus release
kinetics—essential to the prevention of restenosis after
vessel injury (15,16)—it is likely that the increased strut
thickness (156 �m) of the Absorb lead to a greater neoin-
timal response compared with the thinner-strut (88.6 �m)
XV. This is supported by historical findings of increased
strut thickness of bare-metal stents being associated with
greater angiographic and clinical restenosis (17,18). Within
the DES era, the clinical implications of strut thickness have
been more variable, due to the complex relationship be-
tween the strut material and characteristics, stent design,
polymer type and antiproliferative drug release kinetics
(16,19). The findings from SCAAR (the Swedish Coronary
Angiography and Angioplasty Registry) (20) (n � 35,000)
have provided clarity to this issue, with the thinner-strut
(117 �m) Taxus Liberté (Boston Scientific, Natick, Mas-
sachusetts) shown to have a mild, but significantly, reduced
adjusted risk of restenosis compared with the thicker-strut
(154 �m) Taxus Express. Notably, both devices had an
identical polymer matrix, the same drug release kinetics, and
similar metallic platforms. It is therefore not inconceivable

Table 2. Neointimal Strut Coverage (Categorical) by Type of Absorb Strut

Overlap* Nonoverlap* p Value

28 days

Coverage, categorical

All vs. all 1,215 (80.1%) 908 (98.2%) �0.0001

Stacked inner vs. all 286 (54.1%) — �0.0001

Stacked outer vs. all 521 (99.4%) — 0.036

Other vs. all 408 (88.1%) — �0.0001

Coverage, �m

All vs. all 155 � 104 150 � 73 0.028

Stacked inner vs. all 76 � 68 — �0.0001

Stacked outer vs. all 240 � 71 — �0.0001

Other vs. all 148 � 93 — 0.76

90 days

Coverage, categorical

All vs. all 1,304 (99.5%) 838 (99.8%) 0.26

Stacked inner vs. all 397 (99.3%) — 0.15

Stacked outer vs. all 446 (99.6%) — 0.48

Other vs. all 461 (99.6%) — 0.61

Coverage, �m

All vs. all 314 � 143 211 � 98 �0.0001

Stacked inner vs. all 257 � 124 — �0.0001

Stacked outer vs. all 402 � 124 — �0.0001

Other vs. all 280 � 136 — �0.0001

Values are n (%) or mean � SD. *Absorb threshold for coverage is 30 �m.

Figure 5. Representative Histology Appearances

Representative appearances of overlapping Absorb and Xience V devices by histology at the time points of 28 (elastic van Gieson stain) and 90 (Movat pentach-
rome stain) days.
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that the increased strut thickness of first-generation DES
may have contributed to the delayed strut coverage reported
in previous animal studies, in addition to the prolonged
inflammatory process (7,21).

The mechanism of thicker struts leading to a greater
neointimal response, particularly with the “stacked” Absorb
struts (approximately 300 �m), is probably related to the
role of wall shear stress in modulating the neointimal
response. Thicker, rectangular (non-streamlined) struts,
characteristic of the Absorb, may theoretically increase the
device area exposed to low endothelial oscillatory shear stress
areas, leading to the local accumulation of growth factors,
mitogenic cytokines, and platelets, which promote neointimal
formation until a smooth lumen surface is achieved (22,23).
The process of having to fully cover 300 �m of overlapping

Absorb struts is therefore the likely primary reason for the
delayed coverage at 28 days, despite the increased neointima
associated with the thicker struts. At 90 days, this process is
complete. Within the first month, the Absorb elutes 80% of
the antiproliferative (everolimus) drug (24) and would substan-
tially suppress the neointimal process. Thereafter, a smaller
amount of drug is eluted, leading to a more attenuated effect
(compared with the first month) on the synthetic phenotype of
neointimal smooth muscle cells (SMC), and thereby its
matrix-producing capacity.
Comparison of overlapping Absorb and XV devices. Despite
comparable injury scores in vessels treated with either
device, the overlapping Absorb exhibited a greater neointi-
mal response in absolute terms compared to the nonover-
lapping Absorb segments. This, however, did not trans-

Figure 6. SEM of Overlapping Absorb and Overlapping XV at 28 Days and 90 Days

At 28 days, the Absorb was partially covered by a thin layer of neointima, with many uncovered struts in the overlapping mid-region (A and C represent both
halves of the vessel); the Xience V (XV) overlap appeared completely covered with a mildly thickened neointima (B and D represent both halves of the vessel).
At 90 days, based on these single cases of overlapping Absorb (E, single half of vessel) and overlapping XV (F, single half of vessel), re-endothelialization
appeared to be fully complete. SEM � scanning electron microscopy.
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late into a significantly greater relative % volume
obstruction between either device on OCT analyses, due
to a greater vessel/scaffold area associated with the
Absorb overlap. The latter allowed for the accommoda-
tion of the increased neointima area associated with the
overlapping Absorb.

As to why the overlapping Absorb had a greater
scaffold/EEL area, it is likely that the addition of
overlapping Absorb struts on either side of the deploying
device balloon increased the vessel size by 4 layers of
Absorb struts (�600 �m thickness), without rupturing
the internal elastic lamina and vessel media. In addition,
the more conformable, thicker Absorb struts (compared
with metal) (25) may have reduced its “cutting effect”
when embedded in the vessel media, without any resul-
tant increase in vessel injury. Conversely, previous pre-
clinical studies have shown that overstretching of the
vessel can induce mechanical injury to neointimal SMCs,
leading to changes in synthetic SMC phenotypes, with a
resultant increase in constrictive remodeling (26). The

possibility of a greater neointimal response associated
with high-grade stenotic lesions treated with overlapping
Absorb can therefore not be excluded, as previously
reported in 1 clinical study (27).
Implications for current and future bioresorbable devices.
Practical clinical advice for Absorb implantation should
therefore include using longer devices to avoid implant-
ing overlapping devices, possible avoidance of overlapping
the device at a stenotic lesion as previously discussed, and
using design features consisting of radio-opaque markers to
allow for fluoroscopic positioning of the devices to minimize
or obviate the need to overlap, as reported in previous bench
studies (13). Importantly antiplatelet therapy should not be
prematurely discontinued, and patients should be monitored
closely to ensure compliance.
Study limitations. The nonatherosclerotic porcine model is
limited by its ability to replicate conditions in atheroscle-
rotic human coronary arteries, although the porcine model
at 28 and 90 days is classically suggested to be representative
of 6- and 18-month peak neointimal growth, respectively,
in humans (10). Given the 90-day follow-up in the porcine
model, the potential late beneficial effects of bioresorption
of the Absorb (5) could not be accounted for in the porcine
model. In addition, the possibility of an adaptive expansive
remodeling process, with the prospect of “late luminal
enlargement,” may occur as early as 1 year following partial
bioresorption and expected loss of structural integrity of the
Absorb device, and may prove to be of additional clinical
value (5,28). In view of the delayed cellular coverage of
overlapping Absorb struts at 28 days, the duration of
antiplatelet therapy required for overlapping Absorb devices
cannot be clearly inferred from the present pre-clinical study
and requires further clinical investigation.

Conclusions

In porcine coronary arteries implanted with overlapping
Absorb or overlapping XV, strut coverage is delayed at 28
days in overlapping Absorb, dependent on the overlay
configuration of the thicker Absorb struts. At 90 days,
comparable strut coverage and % volume obstruction were
evident with either overlapping device. The implications of
increased strut thickness and delayed coverage, may have
important clinical (e.g., avoiding or minimizing the length
of the overlap, duration of antiplatelet therapy), and design
considerations (e.g., longer device lengths and the require-
ment of dedicated bifurcation devices to avoid overlapping
the device) for current and future bioresorbable platform
devices.

Reprint requests and correspondence: Dr. Patrick W. Serruys,
Erasmus MC, ’s-Gravendijkwal 230, 3015 CE Rotterdam, the
Netherlands. E-mail: p.w.j.c.serruys@erasmusmc.nl.

Figure 7. Magnified SEM Views of Overlapping Absorb

Magnified scanning electron microscopy (SEM) view of the overlapping
Absorb at 28 days (upper), demonstrating multiple uncovered Absorb
struts primarily secondary to the direct overlay configuration of the
“stacked inner” struts (white asterisks) to the corresponding “stacked
outer” struts located abluminally. At 90 days (lower), all “stacked inner”
struts (white asterisks) are covered.
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APPENDIX

For expanded Methods, Results, and Discussion sections, please see the
online version of this paper.
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The edge vascular response (EVR) has been previously evaluated
with sound-based imaging modalities utilizing tissue characteriza-
tion properties namely intravascular ultrasound (IVUS) and virtual
histology IVUS (VH-IVUS) after implantation of metallic devices or
bioresorbable drug-eluting platforms [1–3]. The majority of these
reports have shown lumen loss (LL) at the proximal edge, although
in some studies the vascular response at the edges was diverse with
proximal and distal lumen gain.

The advent of light-based modalities such as optical frequency do-
main imaging (OFDI) appears superior to the previously used
intracoronary IVUS based techniques to assess in-vivo the LL
and characterize tissue composition at the stent edges [4]. This is
mainly due to the ultra-high OFDI spatial resolution of ~15 μm that
enables to sharply define the stent edges and characterize plaque
components. Additionally the development of intracoronary three-
dimensional (3-D) post-processed OFDI reconstructions that visualize
the spatial distribution of the EVR enhances our understanding of this
effect.

The patient was a 66-year-old femalewho underwent primary percu-
taneous coronary intervention to a Type A lesion of the proximal left

International Journal of Cardiology 164 (2013) e35–e37

⁎ Corresponding author at: Thoraxcenter, Bd583a, Dr. Molewaterplein 40, 3015-GD,
Rotterdam, The Netherlands. Tel.: +31 10 463 5260; fax: +31 10 436 9154.

E-mail address: p.w.j.c.serruys@erasmusmc.nl (P.W. Serruys).

anterior descending artery (LAD) (on line Video 1). Pre-dilatation of
the lesion was undertaken (15 atm) followed by implantation of a single
3.5×14 Nobori metallic stent (TERUMO Europe N.V., Leuven, BG) in the
proximal LAD at nominal inflation pressures (14 atm). Post-dilatation
with a 4.0×10 mm balloon at 16 atm was performed at the distal stent
segment to optimize the angiographic result and TIMI III flowwas finally
obtained (Fig. 1A) (on line Videos 2 and 3). OFDI following post-
procedure illustrated a dissection flap at the distal edge and the landing
zone of the device in non diseased proximal edge and in fibro-fatty
plaque at the distal edge (on line Video 4). The patient presented at
6 months with aggravating episodes of angina and was serially assessed
angiographically (on line Video 5) with two-dimensional (2-D) (on line
Video 6) and post-processed three-dimensional OFDI (Fig. 1B).

Angiography revealed a 95% mid-LAD in-segment stenosis at the
distal edge of the DES (Fig. 1A). OFDI assessment showed distal edge
LL from 9.65 mm2 to 4.02 mm2, causing a significant relative decrease
of: Delta LA−50% [−74.0; −0.08], suggestive of distal edge effect.

This report illustrates a case of distal edge effect assessedwith 2-D and
3-D post-processed OFDI associatedwith peri-procedural axial geograph-
ical miss (GM) resulting in target lesion revascularization. The dissection
flap following post-dilatation of the Nobori device (Fig. 1A and II–IV)may
have contributed to the aggressive distal EVR as dissected in the media
and was upon a fibro-fatty plaque. Waxman et al. have previously
reported the first case of proximal edge stenosis at 15 months following
implantation of a sirolimus DES (Cypher, Cordis, Miami, FL) associated
with longitudinal GM resulting in restenosis and stent failure [3].

The peri-procedural axial/longitudinal GM are the main iatrogenic
factors responsible for the occurrence of the EVR while device related
factors depending on the type of device (metal or polymer) and
drug-elution (m-TOR or paclitaxel) in association with biologic factors
compose the complete spectrum of precipitating factors. The clinical
consequences of the EVR are stent failure caused by in-segment reste-
nosis or stent thrombosis.

The 2-D and 3-D post-processed OFDI based edge evaluation are
currently the state-of-the-art imaging modalities for the assessment
of the EVR. Although a prototype on-line application of 3-D OFDI
with gross tissue characterization properties has been developed
this imaging technique is not available in the clinical practice yet.
Further advances on this direction are expected as will enhance our
understanding of the underlying pathology.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.ijcard.2012.09.161.

0167-5273/$ – see front matter © 2012 Elsevier Ireland Ltd. All rights reserved.
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Fig. 1. Two-dimensional and three-dimensional post-processed optical frequency domain (OFDI) imaging for the assessment of the edge vascular response following implantation
of the Nobori drug-eluting metallic platform. A: Panels 1–4: Coronary angiographies pre-procedure (1), post-procedure (2), and at 6 month follow-up (4). Panel 3 demonstrates
the mechanism of axial geographical miss. Panels I–IV: Two-dimensional (2-D) OFDI serial selected frames demonstrating the most important imaging findings. At post-procedure a
disruption of the luminal surface became evident (8 o'clock) (edge dissection) including the media. The trilaminar vascular anatomy is altered due to the pre-existing fibro-fatty
plaque (red asterisks). At 6 month follow-up the healed dissection has caused distal edge stenosis (MLA). The yellow asterisks demonstrate the septal branch. B. Panel I–II: 3-D
post-processed OFDI post-procedure (I) and at 6 month follow-up (II). The metallic struts appear covered compared to post-procedure. The MLA appears at the 4 mm of the distal
edge.
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Abstract
Aims: Angiographic evidence of edge dissections has been associated with a risk of early stent thrombosis. 

Optical coherence tomography (OCT) is a high-resolution technology detecting a greater number of edge 

dissections – particularly non-flow-limiting – compared to angiography. Their natural history and clinical 

implications remain unclear. The objectives of the present study were to assess the morphology, healing 

response, and clinical outcomes of OCT-detected edge dissections using serial OCT imaging at baseline and 

at one year following drug-eluting stent (DES) implantation.

Methods and results: Edge dissections were defined as disruptions of the luminal surface in the 5 mm seg-

ments proximal and distal to the stent, and categorised as flaps, cavities, double-lumen dissections or fissures. 

Qualitative and quantitative OCT analyses were performed every 0.5 mm at baseline and one year, and clini-

cal outcomes were assessed. Sixty-three lesions (57 patients) were studied with OCT at baseline and one-year 

follow-up. Twenty-two non-flow-limiting edge dissections in 21 lesions (20 patients) were identified by 

OCT; only two (9%) were angiographically visible. Flaps were found in 96% of cases. The median longitu-

dinal dissection length was 2.9 mm (interquartile range [IQR] 1.6-4.2 mm), whereas the circumferential and 

axial extensions amounted to 1.2 mm (IQR: 0.9-1.7 mm) and 0.6 mm (IQR: 0.4-0.7 mm), respectively. Dis-

sections extended into the media and adventitia in seven (33%) and four (20%) cases, respectively. Eighteen 

(82%) OCT-detected edge dissections were also evaluated with intravascular ultrasound which identified nine 

(50%) of these OCT-detected dissections. No stent thrombosis or target lesion revascularisation occurred up 

to one year. At follow-up, 20 (90%) edge dissections were completely healed on OCT. The two cases exhibit-

ing persistent dissection had the longest flaps (2.81 mm and 2.42 mm) at baseline. 

Conclusions: OCT-detected edge dissections which are angiographically silent in the majority of cases are 

not associated with acute stent thrombosis or restenosis up to one-year follow-up.

KEYWORDS

• dissection
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ultrasound
• optical coherence 
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• stent implantation
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Introduction
Stent implantation is the preferred treatment for coronary artery ste-
nosis. As a consequence of vessel trauma during stent implantation, 
edge dissections occasionally occur and may lead to abrupt or 
threatened vessel closure due to obstruction from prolapsing tissue 
or thrombosis. Previous reports have suggested an association 
between angiographic as well as intravascular ultrasound (IVUS)-
detected edge dissections and early stent thrombosis (ST)1-5. At the 
same time, other studies evaluating the outcomes following stent 
implantation have shown that only a minority of patients with edge 
dissections experience clinical adverse events6-8. The impact of 
these findings and their management has therefore been debated.

Optical coherence tomography (OCT) is a high-resolution technol-
ogy allowing a detailed assessment of the coronary vessel wall and 
implanted devices9. Consequently, OCT detects a higher number of 
edge dissections as compared to angiography and IVUS9,10. The often 
dramatic appearance of these vessel disruptions, even when angio-
graphically silent, may generate concern for further complications and 
trigger additional stent implantation11,12. The question whether this is 
justifiable at a time where OCT is increasingly used during interven-
tions has thus resurfaced. At present, the natural history and clinical 
implications of these findings in the short and long term remain insuf-
ficiently described. The objectives of the present study were to assess 
the morphology, healing response, and clinical outcomes of OCT-
detected edge dissections using serial OCT imaging at baseline and at 
one year following drug-eluting stent (DES) implantation.

Methods
STUDY POPULATION
The study included serial data from the Copenhagen OCT registry 
and from the OCT substudy of the RESOLUTE all-comers trial13. 
The Copenhagen OCT registry was a single-centre prospective non-
randomised evaluation of strut coverage and apposition at 12-month  
(average) follow-up in relation to apposition at baseline, using the 
following DES: CYPHER SELECT® Plus (Cordis, Johnson & John-
son, Warren, NJ, USA), TAXUS® Express™ (Boston Scientific, 
Natick, MA, USA), and Resolute® (Medtronic Inc., Santa Rosa, CA, 
USA). Patients were included between June 2008 and November 

stenosis in a native coronary artery, with a reference vessel diameter 
between 2.25 and 4.0 mm. Exclusion criteria were ST-segment eleva-
tion myocardial infarction (MI), left ventricular ejection fraction 

-
tion in the left main stem or bypass graft. OCT as well as IVUS were 
performed after a satisfactory angiographic result, defined as a resid-
ual diameter stenosis <20% and Thrombolysis In Myocardial Infarc-
tion (TIMI) flow grade 3. It was prespecified that angiographically 
visible edge dissections occurring during the procedure would only 
be treated in case they were obstructive and flow-limiting (defined as 

-
ible by OCT was not permitted unless they fulfilled the angiographic 

was left to the discretion of the operator. Whether this was a conse-
quence of the dissection or not was noted. Imaging with both OCT 
and IVUS was repeated at 12-month (average) follow-up. Of note, 
six patients (out of a total 49 patients) imaged at baseline in the 
Copenhagen cohort were excluded due to withdrawal of consent for 
follow-up.

The RESOLUTE trial was a randomised multicentre all-comers 
non-inferiority trial comparing the Resolute and XIENCE V® (Abbott 
Vascular, Santa Rosa, CA, USA) stents14. Inclusion criteria were broad, 
including patients with chronic stable angina as well as acute coronary 

-
ence vessel diameter between 2.25 and 4.0 mm. Exclusion criteria 
were known intolerance to any of the stent components, and planned 
surgery within six months of the index procedure. Administration of 

OCT substudy included patients randomly selected for angiographic 
follow-up at 13 months from centres where OCT was available. The 
principal endpoint was strut coverage at follow-up13. A limited number 
of patients, included between May and November 2008, also had 
a baseline evaluation. There were no per protocol prespecified instruc-
tions regarding the management of edge dissections; however, for the 
purpose of this study, the occurrence of angiographic edge dissections 
after stent implantation was noted and, if present, also whether these 
were treated with additional stent implantation.

From the serial data available, we included lesions exhibiting edge 
dissections as assessed by OCT after stent implantation. Both studies 
were approved by the local ethics committees and written informed 
consent was obtained from all patients prior to enrolment.

OCT AND IVUS ACQUISITIONS
OCT acquisitions were performed with commercially available sys-
tems (time-domain M2 and M3 systems; frequency-domain C7 sys-

-
-

tively. Acquisition with occlusive (M2) and non-occlusive (M3 and 
C7) techniques has been described previously15. IVUS images were 
acquired with the Atlantis SR Pro 40 MHz catheter and iLab system 

16.

ANGIOGRAPHIC ANALYSIS
All angiograms were assessed by three independent cardiologists with 
regard to the presence of edge dissections. In case of disagreement, 
a consensus diagnosis was obtained. If present, the dissection was 
graded according to the National Heart, Lung, and Blood Institute 
classification17.

OCT IMAGE ANALYSIS
OCT pullbacks were analysed off-line using proprietary software 

vessel segments (RVS) 5 mm proximal and distal to the stent, which 
were analysed systematically at 0.5 mm intervals. Edge dissections 
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were defined as disruptions in the luminal vessel surface in the 
RVS, with or without involvement of the stented segment.

Dissections were classified as flaps, cavities, double-lumen dissec-
tions or fissures (Figure 1A-Figure 1D), and their longitudinal exten-
sions along the stented segment were measured. For flaps, the flap root 
thickness was assessed semi-automatically from the joint point with 
the vessel wall to the luminal surface along a line projected through the 
gravitational centre of the lumen. The flap length was measured from 
the joint point with the vessel wall to the tip of the flap. The flap area 
was measured as the area bounded by the flap root thickness trace and 
the luminal contours of the flap. For cavities, the cavity depth was 
measured along a line projected through the gravitational centre of the 
lumen, from the deepest point in the cavity to a virtual line extrapolated 
between the luminal vessel contours on each side of the cavity. The 
cavity width was quantified at its widest point as parallel to the virtual 
line as possible, and the cavity area was assessed as the area bounded 
by the luminal contour of the cavity and the help line extrapolated 
between the luminal vessel contour on each side of the cavity. Double-
lumen dissections were those having a false lumen separated from the 
true lumen by a cap. The cap thickness was quantified semi-automati-
cally from the joint point with the vessel wall to the luminal vessel con-
tour along a line projected through the gravitational centre of the 
lumen, and the largest of the two cap thicknesses was used. The cap 
length was measured as the distance between the two joint points con-
nected by a straight line, while the cap area was defined as the area 
bounded luminally by the vessel surface to the sides by the cap thickness 

traces, and in the depth by the false lumen. Fissures were present when 
a split was visible delineating a flap-like structure not lifted from the 
vessel wall, which otherwise displayed an uninterrupted luminal con-
tour. Due to a poor demarcation of the root of the flap-like structure, no 
measurements were performed on the fissures at the cross-sectional 
level; however, they were included in the assessment of longitudinal 
extension as it was hypothesised that they were consistent with injury. 
The circumferential extension of the dissection was expressed as the 
number of quadrants involved. The axial injury of the dissection was 
described as intimal involvement when only the intima was affected 
and media was still intact, as medial involvement when the dissection 
extended into the media without disruption of the entire medial layer, 
and as adventitial involvement when the media was dissected through-
out its thickness (Figure 1E-Figure 1G). In case the media was not dis-
cernible, the dissection was classified as involving only the intima. The 
lumen area was assessed in each selected frame of the RVS as the area 
bounded by the luminal vessel contour. The kappa value for inter-
observer reproducibility of the classification of edge dissections at the 
lesion level was 1.0.

We also assessed the underlying tissue at the site of the dissec-
tions (at the lesion level) with respect to plaque type, which was 

-
calcific, or thin-cap (TCFA) fibroatheroma according to the interna-
tional consensus (the two latter plaque types considered to be 

18. 
We also noted whether the extension was eccentric or concentric.

Figure 1. Classification of edge dissections. A) shows a dissection flap with indication of the flap root thickness (1), flap length (2), and flap 
area (white shading). B) shows a dissection cavity with the cavity depth (3), cavity width (4) and cavity area (white shading) displayed. The 
white arrow points to an artefact caused by non-uniform rotational distortion, and should not be misinterpreted as a dissection. The diagnosis 
was made by inspecting adjacent frames (not shown). C) shows a double-lumen dissection with indication of the largest cap thickness (5), cap 
width (6), and cap area (white shading). D) the arrows point to a fissure. Panels E-G show dissections involving only the intima (i) (E), the 
media (m) (F), and the adventitia (a) (G). F) the double arrows demarcate the only intact portion of the disrupted media. G) the arrow 
indicates the point where the media is lifted from the adventitia.
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also involved the stented segments. None of the six patients from 
the Copenhagen cohort who withdrew consent for follow-up exhib-
ited dissections at baseline examination.

Twenty (90%) out of 22 dissections were completely healed at 
follow-up (Figure 3). The two dissections that did not heal 
(Figure 4) exhibited the longest circumferential extension (2.81 and 
2.42 mm), and in one case the longest longitudinal extension 
(6.0 mm) at baseline, and both were combinations of flaps and dou-
ble-lumen dissections.

The morphometric results are presented in Table 3. Luminal dimen-
sions in the reference vessel segment remained stable at follow-up.

The plaque type at the site of dissection was: an eccentric fibrous 
plaque in 17 (77.3%) lesions; concentric fibrous plaque in one 
(4.5%) lesion; eccentric fibrocalcific plaque in four (18.2%) lesions; 
and an eccentric TCFA in one (4.5%) lesion. In all cases of eccen-
tric plaque, the point of dissection was at the transition site between 

plaque increases in thickness (Figure 2 and Figure 3). The two 
cases exhibiting signs of incomplete healing at follow-up had both 
underlying eccentric fibrous plaques.

RESULTS OF IVUS ANALYSIS
IVUS imaging at baseline was available for 18 (82%) lesions, of 
which nine (50%) exhibited edge dissections. The results of serial 
morphometric analyses from 17 (77%) lesions are presented in 
Table 3. The lumen and EEM areas of the RVS increased slightly at 
follow-up; however, the plaque and media area remained stable.

CLINICAL OUTCOMES
All patients but one received dual antiplatelet therapy with aspirin 
and clopidogrel during the entire one-year follow-up period. One 
patient received clopidogrel alone. There were no deaths, MIs, 

IVUS IMAGE ANALYSIS
IVUS pullbacks were analysed off-line using the QCU-CMS soft-
ware (Medis, Leiden, The Netherlands) at standard 1 mm intervals in 
the described region of interest. Dissections were defined as tears in 
the intima-media with visualisation of blood speckle behind a flap or 
within a cavity or double lumen. The presence of dissections was 
assessed at the lesion level. The lumen area was measured in the RVS 
as the area bounded by the luminal vessel contour, whereas the exter-
nal elastic membrane (EEM) area encompassed the area bounded by 
the interface between the intima-media layer and the adventitia. The 
plaque and media area was calculated as the EEM area minus the 
lumen area. The kappa value for inter-observer reproducibility of the 
presence or not of edge dissection by IVUS was 1.0.

CLINICAL OUTCOMES
Clinical outcomes in terms of death, MI, target lesion revascularisa-
tion (TLR) and target vessel revascularisation (TVR) were assessed 
for the Copenhagen OCT registry by two independent observers 
blinded to the imaging results, and for the RESOLUTE trial by 
a clinical events adjudication committee. The overall rate of stent 
thrombosis at one year was assessed according to the Academic 
Research Consortium definitions19.

STATISTICAL ANALYSIS
Continuous data were presented as means±standard deviations or 
median and interquartile ranges (IQR), depending on their distribution, 
which was assessed using the Kolmogorov-Smirnov test. Categorical 
data were presented as frequencies and percentages. The morphometric 
data at baseline and follow-up were compared using a paired t-test, and 

Results
CLINICAL AND PROCEDURAL CHARACTERISTICS
Out of a total of 57 patients with 63 lesions, 20 patients with 
21 lesions and 22 OCT-defined edge dissections were included in 
the final analysis (Figure 2). Table 1 shows the baseline demo-
graphics. The average age was 63 years, 15 (75%) patients were 
males, and 14 (70%) patients presented with acute coronary syn-
drome. All lesions had a final TIMI 3 flow. Out of the 22 OCT-
defined edge dissections, two (9%) were angiographically visible 
as type A haziness, and both were located within the same vessel 
(distal lesion with proximal dissection and proximal lesion with 
distal dissection), separated by only 2 mm. Of note, none of the 63 
lesions was treated with additional stents, whereas five (25%) of 20 

a consequence of the OCT findings.

Results of OCT analysis
Out of the 62 assessable lesions with 58 distal and 30 proximal vis-
ible edges, 21 (34%) lesions with 16 (28%) distal and six (30%) 
proximal edges showed dissections, respectively. One of these 
lesions had both a proximal and distal dissection. Table 2 shows the 
characteristics of these dissections at baseline. Six (27%) dissections 

Study population
– 57 patients
– 63 lesions

Cases with ≥1 analysable stent
edge by OCT at BL and FUP
– 56 patients
– 62 lesions
   (58 distal/30 proximal edges visible)

Cases with visible edge dissections by
OCT included for analysis
– 20 patients
– 21 lesions
   (20 distal/12 proximal edges visible)
– 22 dissections
   (16 distal/6 proximal)

Cases with no serially
analysable edge
– 1 patient
– 1 lesion

Cases without edge
dissections
– 36 patients
– 41 lesions

Figure 2. Flow chart.
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Table 1. Baseline demographics.

Patient characteristics, N=20 N (%)

Age, years* 63.0 (56.5-67.5)

Male gender 15 (75.0)

Hypertension 11 (55.0)

Hyperlipidaemia 16 (80.0)

Diabetes mellitus 5 (25.0)

Current/previous smoker 4 (20.0)

Family history 14 (82.4)

Previous MI 3 (15.0)

LVEF 60 (55-60)

Clinical presentation ACS 14 (70.0)

SAP 6 (30.0)

Multivessel disease 9 (45.9)

Lesion and procedural characteristics, N=21

Target vessel LAD 6 (28.6)

LCX 4 (19.0)

RCA 11 (52.4)

Target segment Proximal 9 (42.9)

Mid 8 (38.1)

Distal 4 (19.0)

Stent type CYPHER Select Plus 9 (42.9)

Resolute 5 (23.8)

XIENCE V 4 (19.9)

TAXUS Express 3 (14.3)

Stent diameter, mm* 3.0 (3.0-3.5)

Total stented length, mm* 23 (18-28)

Stents per lesion, n* 1.0 (1.0-2.0)

Overlap 5 (23.8)

TIMI pre <3 5 (23.8)

3 16 (76.2)

TIMI post 3 21 (100.0)

Predilatation 15 (71.4)

Post-dilatation 10 (47.6)

Maximum implantation/dilation diameter, mm* 3.0 (3.0-3.5)

Maximum implantation/dilation pressure, atm* 16 (14-20)

GP IIb/IIIa use 5 (25)¶

*Values are median (interquartile range). ACS: acute coronary syndrome; 
atm: atmospheres; LAD: left anterior descending artery; LCX: left 
circumflex artery; LVEF: left ventricular ejection fraction; MI: myocardial 
infarction; N: number; RCA: right coronary artery; SAP: stable angina 
pectoris; TIMI: Thrombolysis In Myocardial Infarction. ¶denominator 
equals n=20 patients.

TLRs or stent thromboses during the entire follow-up for any of the 
patients. However, at the one-year imaging procedure one patient 
had a clinically driven TVR. The two patients with lesions exhibit-
ing signs of persistent edge dissections at one-year follow-up were 
free of any major adverse cardiac events up to three years after the 
index procedure. None of the six patients from the Copenhagen 
cohort who had withdrawn consent for a follow-up OCT examina-
tion experienced any events at follow-up.

Discussion
Percutaneous coronary interventions are inevitably associated 
with vascular injury, including intimal tears and medial disrup-
tion20,21. Using a systematic classification and quantification of 
the extent of injury in three dimensions, we studied the natural 
history of OCT-detected non-flow-limiting edge dissections and 
found the following: 1) edge dissections were in principle consti-
tuted by dissection flaps, although cavity, double lumen and fis-
sure formation were also seen; 2) the majority of OCT-detected 
edge dissections healed uneventfully without excessive tissue 
formation; and 3) OCT-detected edge dissections, most of which 
were angiographically silent, were in this series of patients associ-
ated with favourable procedural outcomes and mid-term 
prognosis.

INCIDENCE OF EDGE DISSECTIONS AND MECHANISM OF 
HEALING
The incidence of edge dissections following stent implantation 
ranges from 1.7-6.4%1,2 by angiography, increasing to 7.8-19.3% 
by IVUS7,8,22, and 26.3%10 up to 34% seen by OCT in the present 
study. This not only reflects differences in resolution, but also indi-
cates that the use of intracoronary imaging tools more often requires 
a decision regarding management of apparently “imperfect” results. 

Table 2. Dissection characteristics.

Dissection characteristics, N=22 N (%)

Exhibited 
features within 
dissections

Flap 21 (95.5)

Cavity 8 (36.4)

Double lumen cap 7 (31.8)

Fissure 3 (13.6)

Predominant 
dissection type 
within 
dissections

Flap 21 (95.5)

Cavity 1 (4.5)

Double lumen cap 0

Fissure 0

Total longitudinal dissection length, mm* 2.90 (1.60-4.20)

Maximal circumferential extension¶, mm* 1.20 (0.86-1.67)

Maximal axial extension‡, mm 0.61 (0.38-0.70)

Maximal dissection area, mm2* 0.58 (0.27-0.76)

Dissection volume, mm3* 0.65 (0.19-1.06)

Maximal 
circumferential 
extent

1 quadrant 18 (81.8)

2 quadrants 4 (18.2)

Maximal vessel 
injury

Intimal involvement 11 (50.0)

Medial involvement 7 (33.3)

Percent frames with medial 
involvement*#

52.8 (33.3-80.0)

Adventitial involvement 4 (19.5)

Percent frames with medial 
involvement*#

60.4 (22.2-89.2)

Values are median (interquartile range); N: number; *values are median 
(interquartile range); ¶circumferential extension refers to the flap length, 
cavity width and cap length; ‡axial extension refers to flap root 
thickness, cavity depth and cap thickness; #in the respective lesions
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Published evidence, as well as the notable (25%) dissection-triggered 

detected edge dissections may cause concern for further events11,12, 
although their sequelae up until now have not been sufficiently 
explored. Our data show that the majority of edge dissections 
healed completely during follow-up with only two out of 22 lesions 
showing residual signs of injury at one year. As indirectly suggested 
by the absence of an increase in plaque area by IVUS, the mechanism 

of healing was previously proposed to be a “layering” or “tacking 
down” rather than filling in of the gap with plaque material7 –
something which OCT in our study provided direct evidence for. It 
may be hypothesised that this is the consequence of the normal phys-
iological response to injury, where fibrin deposition at the disrupted 
surfaces of exposed tissues contributes to “gluing” the dissected 
layers together following the approximation of fluttering tissue 
flaps against the vessel wall by the flowing blood. It therefore 

Figure 3. Examples of healed dissections. The figure shows three dissection sites (A-C) at baseline and follow-up. Of note, there were no 
changes in signal intensity from baseline to follow-up at any of the dissection sites in the study. SB: side branch; i: intima; m: media; 
a: adventitia; white arrows in C1 and C2 point to residual blood in the vessel lumen, which should not be mistaken for dissections (diagnosis 
made by inspecting adjacent frames (not shown)); red arrow in C2 points to a seam line artefact, which should not be mistaken for 
a dissection.

Table 3. Morphometric results by OCT and IVUS.

Parameter Baseline Follow-up Absolute change Relative change p-value

Optical coherence tomography, N=22 – Reference vessel segment

Lumen area, mm2 5.35±1.73 5.58±1.72 0.21±0.81 6.7±18.4% 0.203

Lumen diameter, mm 2.58±0.42 2.64±0.38 0.06±0.20 3.1±8.8% 0.174

Intravascular ultrasound, N=17 – Reference vessel segment

Lumen area, mm2 5.95±2.29 6.84±1.98 0.89±1.51 22.6±34.6% 0.027

Lumen diameter, mm 2.70±0.50 2.92±0.39 0.22±0.35 9.9±15.1% 0.021

EEM area, mm2 11.20±2.38 12.40±2.58 1.21±1.92 12.9±20.3% 0.020

EEM diameter, mm 3.75±0.40 3.95±0.39 0.20±0.32 5.9±9.4% 0.020

P&M area, mm2 5.25±1.27 5.56±1.61 0.32±1.09 6.5±20.1% 0.251

Values are mean±standard deviation.
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Figure 4. Incompletely healed dissections. The figure shows the serial appearance of the two incompletely healed edge dissections (A-B). 
Of note is that the flap length in both cases was reduced at follow-up, although the dissection in panel A extended slightly longer longitudinally.

seems reasonable to assume that large flaps, in particular in the cir-

cumferential direction, are more mobile than smaller ones, and may 

not only increase the risk of obstruction and thrombosis, but also 

predispose to delayed vessel healing if continuously being sepa-

rated from the vessel wall by blood, somewhat analogous to obser-

vations from wound healing23. In fact, the two edge dissections 

which healed incompletely at follow-up in the present study exhibited 

the largest flap length (2.81 and 2.42 mm) at baseline and thus the 

longest circumferential extension in the entire cohort. Due to the 

low incidence of incomplete healing, we can only speculate that 

the maximum flap length may be more important for predicting 

healing than the extension in the axial and longitudinal direction, 

since the former is perpendicular to the blood flow. However, the 

combination with a double-lumen formation, kept open by the 

blood stream, may also play a role and could possibly have been 

the cause of the slight progression in longitudinal length in one of 

these cases at follow-up (from 1.8-2.0 mm). Although the sample 

size was relatively low, as were the frequencies of TCFA and 

fibrocalcific plaques at the stent edges, there seemed to be no par-

ticular association between the underlying plaque type and pro-

pensity of healing.

In terms of healing of edge dissections, our data are in line with 

a recent report by Kume et al24 who observed, in a total of 36 patients 

(39 lesions) with 12 edge dissections, that all but one were fully 

healed at follow-up. However, the following differences should 

be noted: data in the present study were collected prospectively 

(vs. retrospectively); with prespecified instructions on the interven-

-

tion of the operator); with similar follow-up time in all patients (vs. 

median (range) follow-up of 188 (98-461) days); solely with the use 

of DES (vs. DES+bare metal stents [BMS]); with a methodology 

comprising all types of edge dissections including cavities and dou-

ble-lumen dissections which occurred in 13.6% to 36.4% of cases 

(vs. flaps alone). Although the number of non-healed dissections at 

one year was very low, the present study provides details on the char-

acteristics that may have contributed to the lack of complete healing, 

and which may be regarded as hypothesis-generating for the further 

understanding of factors of importance for vessel healing.

CLINICAL IMPORTANCE OF EDGE DISSECTIONS
The absence of early events in our study is in line with previous 

IVUS reports and the OCT report by Kume et al, indicating that there 

appears to be no increased risk of early stent thrombosis in lesions 

with residual edge dissections as compared to those without8,24-26. In 

the present study, this may be attributed to several factors: 1) the 

small injury defect; 2) an early “tacking down” limiting the risk of 

obstruction and thrombosis; and 3) a potent antithrombotic and anti-

platelet therapy. However, the fact that the vast majority of dissec-

tions were angiographically silent and half were unidentified by 

IVUS indicates that they were relatively smaller in comparison to 

those previously associated with early stent thrombosis, including 

angiographic type B-F dissections1-3. Most importantly, however, 
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these and other studies unanimously showed that, in addition to edge 
dissections, other “abnormal findings” were concurrently present by 
angiography and IVUS, most consistently a low final minimal lumen 

flow <34,5,27,28, suggesting that stent edge dissections may not per se 
cause acute events.

EDGE DISSECTIONS AND RESTENOSIS
In the long term, our morphometric analysis showed an absence of 
restenosis at the site of previous dissection despite the presence in 

adventitia, something otherwise known to be associated with 
a hyperproliferative response29. Our results confirm previous find-
ings by Sheris et al who similarly observed that the plaque and 
media area in the RVS by IVUS remained stable over a period of 
six months, even in the presence of submedial dissections7. It could 
be speculated that the antiproliferative drug from the DES in our 
study could have had a beneficial effect in preventing restenosis 
even in the RVS. However, considering that Sheris et al found the 
same in patients with BMS, together with other data showing that 
non-occlusive type A-D dissections following balloon angioplasty 
were associated with a reduced risk of restenosis compared to 
lesions without dissections6, it is likely that the process of “tacking 
down” by the flowing blood was more important, as it is well 
known that wounds with separated edges often heal with extensive 
scar formation, compared with wounds with approximated edges 
which heal with hairline scars23.

As it relates to the differences in lumen areas between the various 
imaging techniques used, it is well known that areas as measured by 
IVUS tend to be larger than by OCT30-32 (with the old as well as the 
new OCT systems), and our measurements are fully in line with 
this. The differences have occasionally been shown to be very large 
(25-72% difference)31. This can be caused by the use of an occlu-
sion balloon; however, another possible cause is the relatively 
greater degree of cardiac motion by IVUS due to a very slow pull-

a relatively larger “imprecise” matching between baseline and fol-

32.

MANAGEMENT OF OCT-DETECTED RESIDUAL EDGE 
DISSECTIONS
Due to the absence of adverse events in the present cohort, we cannot 
provide any quantitative directives on which dissections will cause 
events and which will not. However, longitudinal extensions up to an 
average of 7.8 mm in previous IVUS studies25, and a circumferential 
extension up to 2.81 mm by OCT as seen in our study, were both asso-
ciated with an uneventful mid-term clinical course. The additional 
mechanical treatment of OCT-detected residual edge dissections being 
mainly angiographically silent should therefore be carefully evaluated, 
not least when considering that additional IVUS-guided stent implan-

tation for residual edge dissections has not been shown to entail any 
benefits in terms of reducing the rate of restenosis and stent thrombosis 
when compared to an angiographically guided group without treatment 
of these injuries24, but was rather associated with complications in 
terms of TLR8

a protective effect against early stent thrombosis3,33, these may be a rea-
sonable alternative to stent implantation in the presence of large 
non-flow-limiting OCT-detected edge dissections.

Limitations
The number of patients in this observational study was relatively small, 
mainly related to the requirement of serial assessment with OCT and 

located regions, due to the need for blood clearance during acquisition, 
precluded visualisation of all proximal reference vessel segments. 
Together with a certain selection of patients, the dissection incidence of 
34% may not reflect that in the real world, although it may be assumed 
that they are fairly representative for OCT-detected edge dissections 
which are for the most part angiographically silent. The low number of 
patients further limited our ability to detect rare adverse events and thus 
to provide recommendations on when a residual dissection imposes an 
increased risk of, e.g., acute stent thrombosis. Finally, we did not assess 
the predictors of edge dissections as our focus was on their natural his-
tory, and as predictors had previously been evaluated8. Furthermore, 
considering that the majority of these dissections underwent complete 
healing, this may seem redundant.

Conclusion
OCT-detected edge dissections, which are angiographically silent 
in the majority of cases, constitute a relatively frequent and benign 
finding after DES implantation, and are not associated with acute 
stent thrombosis or restenosis up to one-year follow-up.
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The use of bioresorbable technologies for the treat-
ment of coronary artery disease is a novel approach
with potential advantages over the use of metal stents

(1). Several devices have undergone First-In-
Man studies; however, the Absorb bioresorbable
vascular scaffold (BVS) (Abbott Vascular, Santa
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Figure 1. Presentation of WSS Derived From Angiographic and OCT Imaging Data Projections Using CFD Modeling Techniques After
Implantation of the Absorb Bioresorbable Vascular Scaffold

(A, A0) Two-dimensional (2-D) angiographic views of the significant proximal left circumflex artery lesion (A) and the scaffolded segment after
implantation of the 3.0 � 18-mm Absorb bioresorbable vascular scaffold (BVS) (A0). (B, B0) Three-dimensional (3-D) angiographic views before
(B) and after (B0) scaffold implantation. (C) The Absorb BVS. (D, D0) Time-averaged wall shear stress (TAWSS) magnitude distribution from
angiographically derived 3-D geometries before (D) and after (D0) scaffold deployment. Velocity profiles pre- and post-implantation of the
Absorb BVS are superimposed. (E) 2-D OCT cross section with embedded polymeric struts demonstrating in a 3-D pattern the distribution of
TAWSS between the polymeric struts. The quantified color coding demonstrates low WSS regions (blue color). The matched OCT cross section
is superimposed. (E0) Reconstructed streamlines of the velocity field at the systolic peak demonstrating altered flow patterns in the proximity
of the arterial wall induced by the polymeric struts. CFD ¼ computational fluid dynamics; GWS ¼ guidewire shadow.
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Clara, California) is the only bioresorbable platform approved
for clinical use in Europe (CE mark). The BVS platform is
made of poly-L-lactide that is shown to completely resorb over
a 2- to 3-year period. Insights from the ABSORB Cohort B
trial [NCT00856856] suggest that the scaffold is more
conformable than metal stents (Xience everolimus-eluting
stent, Abbott Vascular), resulting in less vascular straightening
and greater retention of the original angulation and curvature.
Although the polymeric struts of the ABSORB BVS are
thicker (150 mm) compared with those of second-
generation metal stents, the hemodynamic effects change over
time as the scaffold resorbs. Therefore, the overall biome-
chanical footprint of the bioresorbable scaffold compared with
metal stents is transient with different effects on local vessel
and strut level wall shear stress (WSS).We have proposed that
such detailed biomechanical evaluation of the ABSORB BVS
will add critical mechanistic insights into its potential benefi-
cial effects, particularly in angulated and curved vessels (2).

Here we illustrate the assessment of biomechanical
properties by 2 methods in 2 selected patients who under-
went implantation of the ABSORB BVS from the
ABSORB Extend study [NCT01023789]. The evaluation
used 3-dimensional (3-D) angiographic reconstruction
techniques and computational fluid dynamics (CFD) to
calculate the WSS pre- and post- BVS deployment
(Figs. 1A to 1D) for vessel-level analysis. The second used
optical coherence tomography (OCT) imaging data to
reconstruct the 3-D geometry and CFD to visualize flow
streamlines over the polymeric struts for more detailed strut
level analysis. (Figs. 1E and E0). Fusion of angiographic with
OCT data has been previously shown to be a feasible
approach to calculate WSS by CFD simulations (3), and

biomechanical analyses by these methods may yield impor-
tant insights into potential advantages of bioresorbable
technologies over metal stents.
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Three-Dimensional Coronary Tomographic 
Reconstructions Using In Vivo Intracoronary 
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of Acute Myocardial Infarction: The Clinical 
Perspective
Bill D. GoGas, Vasim Farooq, Patrick W. serruys

Thoraxcenter, Erasmus University Medical Center, Rotterdam, The Netherlands

O ptical coherence tomography 
(OCT) is a light-based imaging 
modality with superior spatial 

resolution (~15 µm) compared to other 
intracoronary imaging systems current-
ly used in vivo, such as intravascular ul-
trasonography (~100 µm) and angios-
copy (~150 µm). OCT technology uses a 
similar algorithm as intravascular ultra-
sound (IVUS) to reconstruct two-dimen-
sional (2-D) tomographic images, measur-
ing the time delay of the reflected infra-
red light beam from the biological tissues. 
The earlier time-domain OCT technology 
has been replaced by frequency-domain 
OCT (FD-OCT); more recently, optical 
frequency domain imaging (OFDI), a vari-
ant of FD-OCT, has been introduced. OF-
DI is an intravascular imaging modality 
that is capable of obtaining higher frame 
rates (up to 160/s) and pull-back speeds 
(up to 40 mm/s). It is these technical com-
ponents that define the resolution of 3-D 
tomographic reconstructions from the 2-D 
post-processed images.

The major contributions of 2D FD-
OCT technology in conventional clinical 
practice are the following: 1) characteriza-
tion of the initial stages of atherosclero-
sis (pathological intimal thickening) and 

plaque composition (fibrous, fibrofatty, 
calcific); 2) evaluation of cap thickness 
(thin cap vs. thick cap fibroatheroma); 
3) visualization of plaque complications 
(erosion, ulceration, rupture); 4) identifi-
cation of thrombus; and 5) evaluation of 
stent implantation post intervention (strut 
apposition, edge dissection, tissue pro-
lapse) and at follow up (strut coverage, 
late acquired malapposition, in-segment 
restenosis).

3-D OFDI reconstructions from their 
respective 2-D images were first described 
by Tearney et al1 for the visualization of 
metallic stents; more recently Okamura 
et al2 demonstrated the potential for this 
technology in the evaluation of jailed side-
branches associated with implantation of 
a bioresorbable vascular scaffold. Subse-
quent reports have described the poten-
tial use of this technology in the setting 
of acute coronary syndromes.3 In brief, 
the major imaging findings that may en-
hance the decision making process dur-
ing interventional procedures and confirm 
the need of a real-time application of this 
technology are the following: 1) assess-
ment of the flow divider and high resolu-
tion visualization of the spatial-distribu-
tion of the stent struts covering the side 
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branch, after main-branch stenting4 (Figure 1); 2) as-
sessment of pre/peri-procedural thrombus formation 
(Figure 2); and 3) evaluation of the stent strut apposi-
tion/malapposition (Figure 3).

Bifurcation stenting is a challenging subset of 
coronary interventions with less satisfactory clinical 

outcomes compared to the management of simple le-
sions.5 In the setting of side-branch jailing, recent evi-
dence from benchwork studies suggests the crossing 
and post-dilatation of the distal cells of the implanted 
device to clear the struts in the jailed side-branch ori-
fice. Real-time 3-D OCT clinical application appears 

*1

2

3

4 5 6

7 8

9

*

*

* * * *

*

*
Figure 1. Three-dimensional 
reconstruction of a jailed side 
branch.
Three-dimensional post pro-
cessed reconstruction, dem-
onstrating the jailing of the 
side branch - a large diagonal 
branch - after implantation of 
a Biolimus-A9 eluting stent, in 
fly-through (Panels 7, 8) and 
longitudinal views (Panel 9). 
Two-dimensional optical co-
herence tomography (OCT) 
frames (Panels 1, 2, 3, 4, 5, 6) 
illustrate the region of interest 
(white asterisks).
The OCT pullback was per-
formed with the TERUMO 
(Terumo, Corporation, Tokyo, 
Japan) imaging system. *: Side 
branch jailing
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Figure 2. Three-dimensional 
reconstruction of thrombus.
Three-dimensional post pro-
cessed reconstruction, demon-
strating the thrombus burden 
covering the metallic struts 
of an implanted Biolimus-A9 
eluting stent, in fly-through 
(Panels 6, 7) and longitudinal 
views (Panel 8). The two-di-
mensional optical coherence 
tomography (OCT) still frames 
(Panels 1, 2, 3, 4, 5) illustrate 
the region of interest (white 
asterisks).
The OCT pullback was per-
formed with the TERUMO 
(Terumo, Corporation, Tokyo, 
Japan) imaging system.
GWS – guide wire shadow.
*: Thrombus
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to have the potential to accurately guide the interven-
tional cardiologist in performing distal cell post-dila-
tation and restoring the optimal TIMI flow that may 
influence the patient’s clinical outcome.

The evaluation of pre/periprocedural thrombus 
formation in the setting of acute coronary syndromes 
is a clinical subset where real-time 3-D OFDI may ap-
pear helpful. Real-time 3-D visualization and quan-
tification of thrombus to guide further aspiration 
thrombectomy may have a future potential role; aspi-
ration thrombectomy has been shown to improve an-
giographic TIMI flow, myocardial perfusion and sub-
sequent blush score, and has been associated with a 
possible reduction in the incidence of major adverse 
cardiac events.6,7 Gonzalo et al recently demonstrated 
the potential of the fusion of tissue characterization 
with 3-D OFDI technology.8 Further improvements 
are required for precise tissue component quantifica-
tion, as is currently done using IVUS virtual histology 
(VH); fusion of 2D FD-OCT with IVUS-VH has al-
so recently been shown to be feasible.9 The potential 
clinical benefit of fusion imaging will be to accurately 
visualize plaque components during stent implanta-
tion in order to allow full coverage of the lesion. This 
concept, however, remains unproven, though tissue 
composition has been shown to be directly related to 
stent healing, thrombosis and tissue protrusion.

Stent malapposition, either post-intervention or 

as a late acquired phenomenon, has been incriminat-
ed in the pathophysiology of several mechanisms of 
stent thrombosis. Stent thrombosis has an incidence 
rate of 0.5-2% and is associated with a high mortality 
(approximately 45%).

2-D OFDI is currently the imaging modality of 
choice to visualize incomplete stent apposition. 3-D 
visualization of the malapposed struts with identifi-
cation of the underlying mechanism (e.g. underlying 
thrombus, calcified plaque) may potentially add fur-
ther to the clinical management of such cases. Con-
versely, IVUS is unable to visualize thrombus, with 
the detection of incomplete stent apposition being 
made on the grounds of an educated guess.

3-D off-line post-processed vascular tomograph-
ic reconstructions are for the moment time consum-
ing, as they have to be performed manually. Off-line 
bitmap sequences are generated from prior 2-D OF-
DI imaging, each strut is manually detected in each 
cross section and specific volume rendering software 
is used for reconstruction with operator-dependent 
output. Automated strut identification and volume 
rendering to generate real-time OCT in the catheter-
ization laboratory will potentially allow for immediate 
3-D constructions that will guide the operator to the 
area of interest, where further scrutiny can be under-
taken with 2-D imaging.

With the advent of high resolution intravascular 
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Figure 3. Three-dimensional re-
construction of incomplete stent 
apposition.
Three-dimensional post pro-
cessed reconstructions, demon-
strating the incomplete apposi-
tion (ISA) of the Biolimus-A9 
eluting stent in fly-through (Pan-
els 8, 9) and longitudinal views 
(Panel 10). Malapposed struts 
are systematically accompanied 
by a thin wall shadow. The two-
dimensional optical coherence 
tomography (OCT) still frames 
(Panels 1, 2, 3, 4, 5, 6, 7) il-
lustrate the region of interest 
(white asterisks).
The OCT pullback was per-
formed with the TERUMO 
(Terumo, Corporation, Tokyo, 
Japan) imaging system.
GWS – guide wire shadow.
*: ISA
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imaging, the treatment of coronary artery disease has 

changed, as we understand more about the anatomy, 

the physiology and the behavior of the treated lesions.

Real time 3-D post-processed OFDI appears to 

have the potential to guide percutaneous coronary 

intervention, and the application of this technology 

in the catheterization laboratory is eagerly expected 

from the industry. Images with better than the exist-

ing resolution (Figures 1, 2, 3) are expected, as the 

development of 2-D OFDI with faster pullback and 

frame rates is under intense research. Further devel-

opment and innovation in this field is required for the 

patient’s clinical benefit.
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New Insights Into the Coronary Artery Bifurcation
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Optical Frequency Domain Imaging

Vasim Farooq, MBCHB, Patrick W. Serruys, MD, PHD, Jung Ho Heo, MD,
Bill D. Gogas, MD, Takayuki Okamura, MD, PHD, Josep Gomez-Lara, MD,
Salvatore Brugaletta, MD, Hector M. Garcìa-Garcìa, MD, MSC, PHD,
Robert Jan van Geuns MD, PHD

Rotterdam, the Netherlands

Coronary artery bifurcations are a common challenging lesion subset accounting for approximately

10% to 20% of all percutaneous coronary interventions. The provisional T-stenting approach is gener-

ally recommended as the first-line management of most lesions. Carina shift is suggested to be the

predominant mechanism of side-branch pinching during provisional T-stenting and has been indirectly

inferred from bench work and other intravascular imaging modalities. Offline 3-dimensional (3D) recon-

structions of patients studied in the first-in-man trial of the high-frequency (160 frames/s) Terumo opti-

cal frequency domain imaging system were undertaken using volume-rendering software. Through a

series of 3D reconstructions, several novel hypothesis-generating concepts are presented. (J Am Coll

Cardiol Intv 2011;4:921–31) © 2011 by the American College of Cardiology Foundation

Coronary bifurcations are a challenging lesion
subset accounting for approximately 10% to 20% of
all percutaneous coronary interventions (PCI).
Historically, they have been associated with lower
rates of procedural success, higher restenosis rates,
in particular at the ostium, and adverse events
compared with the treatment of simpler, nonbifur-
cation lesions (1–3).

The current prevailing opinion in their man-
agement is one of a “simpler is better” approach,
with provisional T-stenting recommended as the
first-line strategy in most lesions (1,2). The
traditional concept of plaque shift as the pre-
dominant mechanism in the pinching of the side
branch (SideB) during this technique has re-
cently been challenged and replaced by carina
shift, with the suggestion that up to 30% of
bifurcations have involvement of plaque shift,
since atheroma is rarely seen at the carina alone

because of it being a high wall shear stress area
(2,4). The concept of carina shift has been
indirectly inferred from bench work, in vivo
longitudinal and cross-sectional intravascular ul-
trasound intravascular (IVUS) imaging, and
computed tomography (CT) imaging modalities
(1,4 – 8).

Both IVUS (image resolution: 100 to 150 �m)
and CT (resolution: 300 to 500 �m) lack the
imaging resolution to fully appreciate the complex
architecture of the bifurcation compared with op-
tical coherence tomography (OCT; image resolu-
tion: 10 to 20 �m). Fusion of CT and IVUS in
obtaining 3D reconstructions of human coronary
bifurcation have previously successfully been un-
dertaken to allow for wall shear stress analyses; this
system, however, lacks the resolution obtainable
with OCT (9).

Current-generation Fourier-domain OCT (FD-
OCT) allows rapid pullback speeds and has al-
lowed visualization of the coronary bifurcation
with 2-dimensional (2D) images in great detail
(10–12). One of the major limitations of this
technology, however, has been the lack of 3-dimensional
(3D) images. Trying to mentally reconstruct a
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complex 3D structure from 2D images is difficult; 2D
imaging may not allow a full appreciation of the anatomic
features of the bifurcation and the effects of PCI.

Three-dimensional, offline FD-OCT reconstructions
were first described by Tearney et al. (13) and more recently
by Okamura et al. (14) in the assessment of jailed SideB by
bioresorbable vascular scaffolds.

Prototypes of current-generation “real-time” (i.e., peripro-
cedural) 3D FD-OCT are experimental, have not yet entered
conventional clinical practice, and appear to have a limited
resolution compared with the offline 3D optical frequency
domain imaging (OFDI) reconstructions; this may be related
to the lower frame rate of commercially available systems: the

intracoronary Terumo OFDI sys-
tem (Terumo Corporation, To-
kyo, Japan) is currently the only
system with a frame rate as high as
160 frames/s (11,14,15).

Through a series of images
demonstrating 3D OFDI recon-
structions of coronary artery
bifurcations, we aim to demon-
strate several novel, hypothesis-
generating concepts with regard
to the anatomic characteristics of
this complex structure.

Methodology

Three-dimensional reconstruc-
tions of patients who underwent
conventional PCI from the orig-
inal first-in-man study of the
intracoronary Terumo OFDI
system were undertaken (15).
The high-speed Terumo OFDI
system is capable of acquiring
160 frames/s during the catheter
pullback up to a maximum speed
of 40 mm/s; all images were
acquired with a pullback speed

of 20 mm/s. The 3D coronary angiography images were
constructed from their respective biplane 2D images
(CAAS 5.9, Pie Medical Imaging, Maastricht, the Nether-
lands) (16). All patients studied had stable angina; 3D
reconstructions of coronary bifurcations and the consequent
effects of provisional T-stenting were performed.

The methodology for the 3D reconstructions has previ-
ously been described (14). In brief, offline bitmap sequences
(704 � 704 pixels) were generated from prior 2D OFDI
imaging. Manual detection of every strut in each 2D cross
section were undertaken, and 3D reconstructions of the
coronary vessel pre- and post-intervention were performed

using volume-rendering software (INTAGE Realia, KGT,
Tokyo, Japan).
Nomenclature for 3D FD-OCT reconstructions. “Fly-through”
views indicate a selected still image of an internal view of a
vessel looking either downstream (proximal-to-distal vessel)
or upstream (distal-to-proximal vessel). An “orientation”
figure is located as an inset figure within the 3D reconstruc-
tion to best illustrate where the endoluminal point of view is
electronically located, and in which direction it is pointing.
In 3D reconstructions, the 3D rendering software provides
x-, y-, and z-axes within the coronary vessel to allow precise
assessment of the location of the endoluminal point of view.
Longitudinal and, in some cases, cross-sectional 2D OFDI
frames of the vessel and bifurcation, with a blue arrow
superimposed on it, are used to orient the reader within the
vessel: the base and direction of the blue arrow indicates
from and in which direction, respectively, the 3D image is
visualized from within the 2D plane(s).

3D Reconstructions

Anatomy of the left main stem, circumflex, left anterior
descending, diagonal, and septal branches. Figure 1A dem-
onstrates a fly-through view, looking downstream, from the
distal left main stem showing the ostia of the left anterior
descending coronary artery (LAD), circumflex, first diago-
nal (Fig. 1A, D1), and septal branches. Note the appearance
of the opening of the diagonal vessel and its relationship to
the LAD vessel opening. The main branch (MainB) and
SideB appear to diverge parallel to each other at their
respective origins, with the carina (labeled) appearing to be
“interposed” between both vessel openings at this point of
divergence.

Figure 1B demonstrates a close-up fly-through view of
the same vessel looking downstream from the proximal
LAD and aimed towards the diagonal ostium (upper right
image); the left circumflex coronary artery (LCx) orifice
appears between 12 and 3 o’clock in relation to the diagonal
ostium. For comparison, note the corresponding 2D OFDI
frames (lower image). The slit-like, elliptical appearance of
the diagonal opening is clearly visible, and when bifurcation
is viewed perpendicular to the vessel wall (inset left image—
use the orientation figure to allow assessment of the endo-
luminal point of view), the carina is predominantly visual-
ized, with the proximal course of the diagonal vessel
appearing to be hidden behind the rim of the carina so
that the diagonal orifice appears, in-depth, as a dead end.
This is further suggestive of the proximal parallel course
of the diagonal with the LAD at the point of divergence.
The yellow arrows in the fly-through and perpendicular
views are pointing in identical directions, namely, the
direction of the opening of the diagonal vessel.

Figure 1C demonstrates a fly-through view looking
further downstream into the same LAD (upper left image).

Abbreviations
and Acronyms

2D � 2-dimensional

3D � 3-dimensional

CT � computed tomography

FD-OCT � Fourier-domain
optical coherence
tomography

IVUS � intravascular
ultrasound intravascular

KBPD � kissing balloon
post-dilation

LAD � left anterior
descending coronary artery

LCx � left circumflex
coronary artery

MainB � main branch

OCT � optical coherence
tomography

OFDI � optical frequency
domain imaging

PCI � percutaneous
coronary intervention

RV � right ventricular

SideB � side branch
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Observe the large septal branch orifice opening; when
viewed perpendicular to the vessel wall (upper right image),
and contrary to the observations made with the diagonal
branch, the endoluminal opening of the septal branch is
entirely visible and does not appear to be concealed behind the
carina. This corresponds to the characteristic, almost perpen-
dicular takeoff of the septal branch from the LAD. Corre-
sponding 2D OFDI frames are displayed below the panel.
Anatomy of the proximal, mid, and distal LAD–diagonal
branches. Figure 2A demonstrates downstream fly-through
views of the LAD, looking distally (Image 1) and aimed
towards the proximal diagonal ostium (Image 2). When the
bifurcation is visualized perpendicular to the vessel wall
(Image 3), the diagonal orifice appears to have a circular
appearance with the rim of the carina appearing to be
concealing the proximal course of diagonal, so that the
diagonal orifice once again appears, in-depth, as a dead
end. Yellow arrows (Images 2 and 3) point in identical
directions at the opening of the same diagonal vessel.
Corresponding 2D OFDI frames are shown below the
panel for comparison.

Figure 2B demonstrates fly-through views (looking
downstream) of the mid (D2, left image) and distal (D3,
right image) LAD–diagonal bifurcations; yellow arrows
point at the diagonal vessel openings. The corresponding
2D OFDI frames of each bifurcation are displayed below
their respective 3D reconstructions.

All of these images are further suggestive of the proximal
parallel course of the diagonal vessels relative to the LAD at
their point of divergence.
Anatomy of diagonal branch originating perpendicular to the
LAD. Figure 3 demonstrates a coronary angiogram (left
image), suggesting the diagonal vessel (asterisk) originates
almost perpendicular to the LAD at the point of divergence
of both vessel origins. The 3D coronary angiography images
(left inset figures) confirmed these findings with a bifurca-
tion angle of 85°. A fly-through view of the LAD looking
downstream (upper right image) demonstrates the diagonal
vessel opening (asterisk), note the elliptical shape of the
vessel opening and the observation that the diagonal vessel
opening is fully visible, and not concealed by the carina,
when visualized perpendicular to the vessel wall (lower right
image). Observe how the stent is able to divide the opening
of the diagonal vessel into at least 3 segments. Effectively,
the diagonal branch with an almost perpendicular takeoff
appears to have similar characteristics to the septal branch as
described in Figure 1C.
The right ventricular branch of the right coronary artery.
Figure 4 demonstrates how the right ventricular (RV)
branch of the right coronary artery (RCA) appears to
exhibit the phenomenon of a “parallel bifurcation” as
described for the diagonal vessel. The downstream fly-
through view of the proximal RCA demonstrates the
opening of the RV branch (upper left image); note how

the opening of the RV branch (yellow arrows) appears to be
concealed behind the proximal rim of the carina in the
perpendicular (upper middle image) and retrograde (upper
right image) endoluminal point of views. In support of this
concept is that the bifurcation angle is 57° on the corre-
sponding 2D and 3D coronary angiograms (lower left
images). Corresponding 2D OFDI frames are displayed
(lower right images).
Bifurcation treated with provisional-T approach: comparing
the diagonal and septal branches on 2D and 3D FD-OCT.
Figure 5A demonstrates a long segment of disease in the
proximal-mid LAD (upper left image) extending across the
bifurcation with a diagonal branch. This was treated with 2
overlapping Xience V stents (Abbott Vascular, Abbott Park,
Illinois) that lead to “pinching” of the SideB ostium with
Thrombolysis In Myocardial Infarction flow grade 3 (mid-
dle left image with corresponding 3D coronary angiogram).
Kissing balloon post-dilation (KBPD) was subsequently
successfully performed with improvements in the pinched
angiographic appearances (lower left image with corre-
sponding 3D coronary angiograms) (Online Video 1). In
the fly-through view (looking downstream) of the LAD
post-intervention (right image), note the characteristic per-
pendicular and parallel takeoffs of the septal (asterisk) and
diagonal (white arrow) branches at the point of divergence
from the LAD lumen, respectively.

Figure 5B demonstrates fly-through views looking down-
stream at the diagonal and septal branches; note the
differences between both branches as a more perpendicular
view of the vessel wall is seen. Parallel yellow arrows
represent the parallel courses of the diagonal and LAD
vessels at their point of divergence. Medina et al. (6) have
previously hypothesized the concept of carina shift pinching
the SideB by the displacement of the carina so that it
appears as an “eye-brow” sign on longitudinal 2D IVUS
imaging (17). As shown on the 3D reconstruction, this
effect can be more easily appreciated and may be hypothe-
sized to have led to the near closure of the diagonal ostium
following post-dilation of the MainB stent; subsequent
KBPD may have reopened the SideB ostium by displacing
the carina towards the lumen of the MainB. This principle
may not be applicable to the septal branch because of the
differing appearances of the carina.

Figure 5C demonstrates the corresponding 2D OFDI
frames of the septal (asterisks) and diagonal branches
(arrows). The almost parallel course of the diagonal vessel
(yellow arrow indicates the diagonal vessel in cross-sectional
view) in relation to the LAD lumen at the point of
divergence appears to determine the 2D FD-OCT charac-
teristics; without careful observation, the diagonal vessel
may have been misinterpreted as an area of stent malappo-
sition on the 2D FD-OCT imaging. With the septal
branch, this appears to originate perpendicular to the vessel
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wall giving its characteristic 2D FD-OCT appearances as
shown (yellow asterisk).
Bifurcation treated with provisional-T approach: the concept
of a parallel bifurcation and carina shift. Figure 6A demon-
strates the concept of carina shift with pre- and post-
intervention images: the solid line indicates the position of the
carina pre-intervention (left image); broken lines demonstrate
the position of the carina pre- (left image) and post- (right

image) intervention. Two-dimensional (Online Video 2) and
3D coronary angiograms (inset images) demonstrate disease of
the LAD with involvement of the diagonal ostium not evident
on subsequent 3D reconstruction.

Implantation of a Xience V stent (Abbott Vascular) in the
mid LAD led to angiographic “pinching” of the SideB
ostium with Thrombolysis In Myocardial Infarction flow
grade 3 maintained in the SideB. Post-dilation of the

Figure 1. Anatomy of the Left Main Stem, Circumflex, Left Anterior Descending, Diagonal, and Septal Branches

(A) Fly-through view looking downstream from the distal left main stem (LMS). (B) Close-up view of the LAD–proximal diagonal “parallel bifurcation.” Per-
pendicular (left inset) and downstream (right) fly-through views aimed at the first diagonal vessel opening (D1) are illustrated. Corresponding 2D OFDI
frames are shown below.

Continued on the next page
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MainB alone was performed with the deploying stent
balloon; no KBPD was performed. The angiographic ap-
pearance of the pinching of SideB ostium improved (Online
Video 2).

Figure 6B (upper images) demonstrates the appearance of
the SideB opening when viewed perpendicular to the vessel
wall (Image 3), illustrating the principle of a “parallel
bifurcation” with the concealment of most of the opening of
the diagonal vessel by the rim of the carina. It may be
speculated that continued post-dilation of the MainB stent
alone, especially with larger balloons, may have risked
further carina shift and SideB closure.

Note how the MainB struts appear to overhang the carina
over the SideB opening, especially evident in the perpen-
dicular view (Image 3), because of the structure of the
parallel bifurcation and carina. For comparison, the 2D
OFDI frames (lower images) with the stent struts at the
SideB ostium are illustrated. Asterisk indicates thrombus
and the shadow it casts on the vessel wall, in both the 2D
and 3D FD-OCT imaging.

Discussion

On the basis of the offline 3D OFDI reconstructions, we
have proposed several hypothesis-generating concepts relat-
ing to bifurcation anatomy and the effects of PCI: 1) the
concept of the parallel or perpendicular bifurcations and the
corresponding 2D and 3D appearances—a reassessment of
current interpretations of the 2D FD-OCT imaging of
the bifurcation may be warranted; 2) the hypothesis that
the angle of divergence between the MainB and SideB at

their respective origins will ultimately determine the
anatomic features of the carina and how it potentially
interacts with the SideB vessel orifice during MainB
stenting; and 3) the potential clinical application of
instantaneous 3D FD-OCT in coronary bifurcation
treatment.

Based on the appearances of the carina on the 3D
reconstructions and the effects of PCI, a more perpendicular
takeoff of the SideB from the MainB may be less prone to
the effects of carina shift whereas a shallower angle of
divergence appears to be more susceptible to the effects of
carina shift. This concept is supported by a study suggesting
a specific measure of SideB angulation on the coronary
angiogram is associated with a higher incidence of SideB
compromise (18). Asakaura et al. (19) also demonstrated, in
a small case series, that a shallower angle, with a cutoff of
80°, between the LCx and LAD was predictive of LCx
ostial impairment after stenting within the LAD ostial
region—the authors had presumed at the time that the
mechanism of SideB (LCx) closure was secondary to plaque
shift or coronary dissection. Both of the aforementioned
studies are, however, limited by a lack of 3D quantitative
coronary angiography to calculate the bifurcation angulation
(16). An awareness of the potential increased risk of SideB
closure during MainB stenting of coronary bifurcations with
a shallower bifurcation angle may be justified—further study
into this phenomenon is required.

Angiographic appearances of the SideB ostium after
MainB stenting has previously been demonstrated to be
unreliable, with only a quarter (27%) of cases with a residual

Figure 1. Continued

(C) Anatomy of the LAD–septal “perpendicular bifurcation.” Downstream fly-through (left) and perpendicular (right) views are illustrated. Corresponding 2D
OFDI frames are shown below. 2D � 2-dimensional; DIST � distal; LAD � left anterior descending artery; LCx � left circumflex; OFDI � optical frequency
domain imaging; PROX � proximal.
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angiographic narrowing of �75% in the SideB being found
to have a functionally significant narrowing in pressure wire
studies (1,8). The main limitation of this technique is the
potential risk of dissecting the SideB ostium with a less
flexible, less torquable, and less hydrophilic pressure wire
and the increase in procedural time in rewiring the SideB
through the MainB stent. As the 3D FD-OCT reconstruc-
tions can visualize the carina shift and the SideB vessel
opening, quantification of the SideB opening as an area may
allow the operator to assess whether the SideB ostium is
hemodynamically compromised, without the need to per-
form a pressure wire study. The addition of quantitative
measurements to the 3D software as well as the requirement

for instantaneous online 3D FD-OCT availability of a
high-enough resolution would, however, be necessary re-
quirements.

Within the parallel bifurcation, the positioning and geomet-
ric relationship of the MainB stent over the SideB opening
suggested “overhanging” of the struts over the edge of the
carina (Fig. 7); this was especially evident in the views perpen-
dicular to the vessel wall (Figs. 5B and 6B) and contrary to the
appearances on the corresponding 2D images where a “jailed”
appearance of the stent struts covering the SideB opening was
suggested; the jailed appearance of the struts covering the
SideB ostium was, however, evident with perpendicular bifur-
cations (Figs. 3 and 5).

Figure 2. Anatomy of the Proximal, Mid, and Distal LAD–Diagonal Branches

(A) Further example of the LAD–proximal diagonal parallel bifurcation. Downstream fly-through (top left) aimed at the first diagonal (top middle) and perpen-
dicular (top right) views are illustrated. Corresponding 2D OFDI frames are shown below. (B) Anatomy of the mid and distal LAD–diagonal parallel bifurcations.
Downstream and perpendicular views of the mid (upper left) and distal (upper right) LAD–diagonal bifurcations are illustrated. Corresponding 2D OFDI frames
are shown below. D2 � second diagonal; D3 � third diagonal; other abbreviations as in Figure 1.
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Figure 3. Anatomy of Diagonal Branch Originating Perpendicular to the LAD: Perpendicular Bifurcation

Two-dimensional and 3-dimensional (3D) coronary angiograms (left) and 3D reconstructions (right) are illustrated. An asterisk indicates the endoluminal open-
ing of diagonal branch, a tilde, small diagonal branch, and a hash mark, septal branch. CRA � cranial; LAO � left anterior oblique; RAO � right anterior
oblique.

Figure 4. Anatomy of the RCA RV Branch Demonstrating a Parallel Bifurcation

Three-dimensional (3D) reconstructions (top) with the perpendicular view. Two-dimensional (2D) and 3D quantitative coronary angiography (bottom left) and corre-
sponding 2D OFDI frames (bottom right). RCA � right coronary artery; RV �right ventricular; other abbreviations as in Figures 1 and 3.
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Current recommendations during provisional T-stenting
suggest the recrossing of the coronary wire (after MainB
stenting) into the SideB through the most distal cell of the
MainB stent covering the SideB opening (11,20,21). If the
coronary wire is passed through a proximal cell into the SideB,

this may potentially provide no scaffolding to the SideB ostium
and leave many struts unopposed adjacent to the carina. The
adoption of this principle to bifurcations with 3D FD-OCT
has recently been shown to be potentially feasible in humans
(11,22). To help further appreciate this potential appli-

Figure 5. Bifurcation Treated With Provisional-T Approach: Comparing the Diagonal and Septal Branches on 2D and 3D FD-OCT

(A) LAD–diagonal bifurcation treated with the provisional-T approach. Angiographic findings (left) and downstream fly-through view of the LAD post-interven-
tion (right) illustrating the septal (white asterisks) and diagonal (white arrows) vessel openings. (B) The differences between the septal and diagonal vessels
based on perpendicular views. Progressively more perpendicular views of the diagonal (top) and septal (bottom) SideB openings. Parallel yellow arrows repre-
sent the parallel courses of the LAD–diagonal at their respective point of divergence.

Continued on the next page
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cation, a 3D OFDI reconstruction was performed in a
patient separate from this study, utilizing the OFDI
system from an ongoing trial (23): the case is of a
proximal LCx– obtuse marginal bifurcation in the context
of an acute coronary syndrome requiring manual aspira-
tion thrombectomy; malapposition was evident immedi-
ately after MainB stent implantation requiring further
post-dilation (not illustrated) (Fig. 7).

Based on the 3D reconstructions, the malapposed struts
located in close vicinity to the proximal ostial rim (i.e., in the
“takeoff” position) are overprojected on the true orifice of the
SideB, giving the illusion that the SideB orifice is jailed when
the orifice is viewed obliquely (Fig. 7A); this, however, appears
to be the ideal endoluminal point of view to best select the
distal cells of the stent over the parallel bifurcation to pass the
coronary wire and perform KBPD (white arrow, Fig. 7A).
When moving further downstream along the axis of the
MainB, the optical visual perspective of overprojection on the
orifice of the SideB is gradually reduced (Fig. 7B) and
eliminated when a downstream endoluminal point of view at
the level of the carina is selected (Fig. 7C). The struts located
in front of the edge of the carina are now seen prominently as
a metallic extension of the carina and not covering the SideB
opening. The potential to advance a coronary wire beneath the
malapposed struts in the proximal vicinity of the ostial rim
appears to be very real, and if SideB dilation or stenting were

performed, would result in multiple unappposed struts taking
off from the carina.

Other properties of 3D FD-OCT reconstructions that
may have a clinical application include the addition of tissue
characterization; this has previously been performed offline
(13,24,25). Tissue characterization within 3D FD-OCT
imaging (25) or fusion imaging of 2D FD-OCT and IVUS
virtual histology (26) would have the potential to aid in the
identification of clinically useful areas of interest such as
fibrocalcific plaque, lipid pools, and vulnerable plaque. A recent
study utilizing longitudinal high-resolution intravascular ultra-
sound has suggested that that the effects of carina shift may be
limited by the presence of fibro-calcific plaque at the carina,
presumably because of resistance to expansion—using 3D
FD-OCT, this concept appears easier to appreciate; tissue
characterization of intravascular imaging may ultimately aid
in identifying these areas (2,17).

Conclusions

The potential for the clinical application of 3D FD-OCT as
a complementary tool to 2D imaging is demonstrated. A
reassessment of the understanding of 2D FD-OCT imaging
may be warranted in light of the 3D findings. Real-time,
instantaneous, high-resolution 3D FD-OCT, with the

Figure 5. Continued

(C) Corresponding 2D OFDI images of the septal and diagonal branches. Highlighted OFDI frames demonstrate the diagonal (yellow arrow) and septal vessels
(yellow asterisk) when viewed in cross section. Also see Online Video 1. SideB � side branch; other abbreviations as in Figure 1.
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addition of quantitative and possible tissue characterization
properties, are required from industry to validate and apply
this technology in conventional PCI practice. This may aid
in the further understanding of the complexities of the
coronary bifurcation.
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Figure 6. Bifurcation Treated With Provisional-T Approach: The Concept of a Parallel Bifurcation and Carina Shift

(A) The principle of carina shift. Downsteam fly-through views pre- (left) and post- (right) intervention of the LAD–diagonal bifurcation are demonstrated; 3D
coronary angiograms are illustrated as inset figures. (B) Anatomy of the LAD–diagonal parallel bifurcation post-MainB (LAD) stenting. Top demonstrates a pro-
gressively more perpendicular view of the vessel. Bottom demonstrates the corresponding 2D OFDI images (Online Video 2). White asterisk indicates thrombus
on corresponding 2D and 3D images. MainB � main branch; other abbreviations as in Figures 1 and 4.
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APPENDIX

For supplementary videos, please see the online version of this article.

Figure 7. Provisional T-Stenting: The Principle of Recrossing the Coronary Wire (After MainB Stenting) Into the SideB Through the Most Distal Cell

Progressive downstream fly-through views culminating in the endoluminal point of view being located at the carina (A to C). White arrow indicates the most
distal cell where the coronary wire would be recommended to be passed; yellow arrows indicates the parallel courses of the left circumflex coronary artery
(LCx) and obtuse marginal (OM) vessels at their point of divergence. Abbreviations as in Figures 5 and 6.
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IMAGES IN INTERVENTION

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

Bill D. Gogas, MD, Robert J. van Geuns, MD, PHD, Vasim Farooq, MBCHB,
Evelyn Regar, MD, PHD, Jung Ho Heo, MD, Jurgen Ligthart, BSC,
Patrick W. Serruys, MD, PHD

Rotterdam, the Netherlands

A 68-year-old male patient presented to our cath-
eterization laboratory with a non–ST-segment el-
evation myocardial infarction. Coronary angiogra-
phy suggested a significant true bifurcation lesion
in the mid left anterior descending (LAD) artery,
appearing to involve the second diagonal side
branch (SideB), measuring 1.7 mm in maximal
diameter (Medina classification: 1, 1, 1). Both the
main branch (MainB) lesion and the SideB were
crossed with 0.014-inch Hi-Torque Pilot guide-
wires (Abbott Vascular, Santa Clara, California)
(Fig. 1A). Pre-dilation of the lesion was undertaken
with a Trek-compliant balloon (Abbott Vascular)
and implantation of a single 3.0 � 18-mm ABSORB
bioresorbable vascular scaffold (BVS) (Abbott Vascu-
lar) in the LAD across the second diagonal vessel
opening was undertaken with nominal inflation pres-
sures. After scaffold implantation, Thrombolysis In
Myocardial Infarction (TIMI) flow grade 3 was
maintained in the LAD; however, TIMI flow grade
1 immediately became evident at the second diagonal
branch with angiographic evidence of pinching of the
ostium (Fig. 1C). The patient developed chest pain
with mild ST-segment elevation on the chest elec-
trocardiogram. A 1.5 � 12 mm Trek-compliant
balloon was subsequently used to cross the cells of the
ABSORB BVS toward the SideB (Fig. 1H) and

post-dilation of the second diagonal branch was
undertaken. This led to immediate restoration of
TIMI flow grade 3 without significant myocardial
damage (Fig. 1E). The following 30-day outcome
was uneventful.

Conventional percutaneous coronary intervention
for bifurcation lesions, compared with the rest of the
lesion types, is associated with greater event rates.
Plaque shift (the so-called snow-plough effect) or the
carina shift phenomena are the major contributors for
the acute events during bifurcation stenting (1). van
Geuns et al. (2) recently described the feasibility of
crossing the polymeric struts of a fully ABSORB
BVS with double wire in a bifurcation lesion.

Offline 3-dimensional reconstructions of the MainB
and the SideB constructed using 2-dimensional (2D)
frequency domain (FD) optical coherence to-
mography (OCT) images are a novel approach to
visualizing these lesions. The possibility of on-
line use of such imaging modalities for bifurca-
tion lesions or other lesion types may help
improve our treatment strategies.
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Figure 1. Multimodality Imaging of a True Bifurcation Lesion With 2D Coronary Angiography, 2D FD-OCT, and 3D OCT

(A) Coronary angiogram demonstrating the bifurcation lesion (yellow arrow) with guidewires in the main branch (MainB) and the side branch (SideB) (ellipsoid
black circle). (B) The ABSORB bioresorbable vascular scaffold (BVS) has polymeric struts with a thickness of 160 �m and consists of in-phase zigzag hoops linked
by 3 longitudinal bridges (blue circle). Two platinum markers are placed at both proximal and distal edges of the device (white arrow). (C) Coronary angio-
gram post-implantation of the ABSORB BVS demonstrating the acute occlusion of the SideB (ellipsoid black circle). (D) Virtual fly-through view (distal to proxi-
mal). Three-dimensional (3D) reconstruction of the left anterior descending (LAD) artery and the ABSORB BVS with both guidewires; note the well-apposed
polymeric struts of the device. (E and I) Reconstructions of the flow divider. The carina of the bifurcation is demonstrated with the yellow asterisk, and the
ostium of the SideB is demonstrated with diagonal side branch (DG). The blue circle demonstrates the longitudinal bridges that link the in-phase zigzag hoops
of the implanted device. Note the well-apposed polymeric struts of the BVS at the edges of the carina following balloon dilation. (F) Final angiographic result.
The numbered lines correspond to the 2-dimensional (2D) frequency domain optical coherence tomography (FD-OCT) still frames. (G) View from the ostial LAD.
Virtual fly-through view (proximal to distal) of the LAD with both guidewires. (H) Coronary angiogram demonstrating: 1) the platinum markers of the BVS (black
circles); 2) the markers of the balloon used to post-dilate the occluded SideB (black arrows). (J) Perpendicular view at the level of the bifurcation after implan-
tation of the device (confirmed by the direction of the white arrow as shown with the 2D FD-OCT still frame). Please note the layered appearance of the LAD.
(Center panels 1 to 6) The numbers of the cross-sections correspond to the lines shown in F (distal to proximal view). (1) The distal scaffolded segment of the
LAD. Note the well-apposed polymeric struts of the ABSORB BVS. (2 and 3) Well-apposed polymeric struts at the edges of the SideB with no evidence of over-
hanging or malapposed struts. (4) The diagonal vessel opening (DG) is illustrated. (5) The proximal scaffolded segment of the LAD. Note the small dissection
covered with the polymeric struts shown at 8 o’clock (2D FD-OCT, cross-section 5). (6) The ostial part of the LAD.
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Introduction
Two-dimensional (2D) frequency domain optical coherence tom-
ography (FD-OCT) has enhanced our understanding of coronary
atherosclerotic disease and is increasingly being used in conven-
tional percutaneous coronary intervention (PCI) to elucidate
mechanisms of disease and improve our understanding of
complex coronary anatomy.
Since the first report of three-dimensional (3D) OCT applied

in human coronary vessels,1 the technology has rapidly
progressed.2–10 Currently, the main limitation of this technology is
the need for off-line creation of 3D reconstructions—prototypes
of current generation ‘real time’ (i.e. available peri-procedurally at
the ‘push-of-a-button’) remain experimental, work in progress, and
are limited by relatively poor image quality/resolution.4 As of now,
the potential clinical application of 3D FD-OCT remains undefined.
Recently, the application of this emerging technology to the

coronary bifurcation has allowed visualization and assessment of
jailed side branches (SideBs) at a level of detail not previously
reported.2–7 The assessment of a jailed SideB, after implantation
of a bioresorbable scaffold in the main branch (MainB) of a bifur-
cation, lead to the proposal of a new classification system based
on the assessment of the number of compartments the SideB
ostium was divided into, with examples of how this may potentially
effect the neointimal response and subsequent coverage of the
struts.2

More recently, the application of this technology to the coron-
ary bifurcation in patients implanted with conventional metallic
stents, utilizing the Terumo optical frequency domain imaging
(OFDI) system, was described for the first time.3 Hypotheses
related to types of coronary bifurcation (‘parallel’ and

‘perpendicular’ bifurcations) based on the bifurcation angle, and
how this leads to certain specific characteristics of the carina,
which potentially made the SideB more vulnerable to the effects
of carina shift and potential SideB closure, were described. Fur-
thermore, the potential practical application of 3D FD-OCT in
guiding the rewiring of the distal compartment of the SideB
ostium—jailed with stent struts after MainB stenting—to minimize
the risk of floating struts was demonstrated, something not easily
achievable with conventional 2D FD-OCT systems or other intra-
vascular imaging modalities.3,4,6 The potential for jailed stent struts
at the SideB ostium, to act as a focus for neointimal ‘bridge’ forma-
tion and focal restenosis warranting further intervention, has also
recently been demonstrated with 3D FD-OCT7—this was not
so apparent on the corresponding 2D images; the practical sugges-
tion from these findings was that final kissing balloon post-
dilatation should be performed to clear any jailed struts at the
SideB ostium. In addition, the use of 3D FD-OCT in potentially
guiding the management of acute myocardial infarction has been
reported.11 The identification of thrombus and stent malapposition
to guide subsequent further aspiration thrombectomy, post-
dilatation, and concomitant use of drugs was proposed.

Three-dimensional reconstructions of other intravascular cor-
onary imaging modalities have previously been described; they
have however failed to find a useful clinical role.12–18 One of the
reasons that potentially makes 3D FD-OCT more clinically applic-
able is the unrivalled resolution of OCT technology (10–15 mm)
compared with other intravascular imaging modalities—coronary
angiography: 100–200 mm, computed tomography (CT): 300–
500 mm, intravascular ultrasound (IVUS): 100–150 mm, coronary
angioscopy: ,200 mm19—and consequent ability to visualize intra-
luminal structures in unmatched detail. Conversely, with, for
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example, IVUS, this cannot reliably visualize intraluminal structures/
detail such as thrombus or stent apposition; furthermore, post-
processing of 2D IVUS images is required to allow 3D IVUS recon-
structions, thus limiting its application in the catheterization labora-
tory.12,13 Despite the appeal of fusion of other intravascular
imaging modalities, such as CT and IVUS,20,21 these are still
limited by the resolution of the images compared with OCT.

Through a series of off-line 3D reconstructions performed with
the Terumo OFDI system, in patients undergoing conventional
PCI, followed by technical issues performed in a porcine model,
the rapid progression of this emerging technology and the poten-
tial for clinical application are proposed. Opinion on the future de-
velopment of 3D FD-OCT is also discussed.

Methodology for undertaking
off-line three-dimensional
frequency domain optical
coherence tomography
reconstructions
Three-dimensional frequency domain optical coherence tomog-
raphy reconstructions of patients who underwent conventional
PCI from the original First-In-Man study intracoronary Terumo
OFDI system (Terumo Corporation, Tokyo, Japan),22 and of a
single patient from a further ongoing study,23 are presented. All
3D reconstructions were performed at baseline as per the study
protocol. The high-speed Terumo OFDI system is capable of

acquiring 160 frames/s during the catheter pull-back, to a
maximum speed of 40 mm/s; all images were acquired with a
motorized pull-back of 20 mm/s. Comparatively, the current gen-
eration LightLab DragonFly C7 system (LightLab Imaging Inc.,
Westford, MA, USA) is capable of 100 frames/s. The higher
frame rate of the Terumo OFDI system appears to be the
primary reason why it is capable of producing superior 3D
FD-OCT reconstructions compared with the current generation
LightLab C7 system.3,22

The methodology for off-line 3D reconstructions has previously
been described.2 In brief, manual detection of every strut in each
cross-section, using bitmap sequences (704 × 704 pixels) gener-
ated from prior 2D OFDI frames, was performed and 3D recon-
structions were generated utilizing volume-rendering software
(INTAGE Realia, KGT, Tokyo, Japan).

Technical issues relating to image quality are also demonstrated
in a porcine model.

Nomenclature for three-dimensional
frequency domain optical coherence
tomography reconstructions
‘Fly-through’ views indicate a selected still image of an internal view
of a vessel looking either downstream (proximal to distal vessel)
or upstream (distal to proximal vessel). The fly-through (internal)
view of the vessel is akin to the view obtained during endoscopy or
angioscopy showing the internal lumen of the vessel.

Longitudinal views are a cut-away view of the vessel down the
longitudinal axis with the internal lumen viewed externally—

Figure 1 Simple lesion: pre- and post-coronary angiography and corresponding three-dimensional longitudinal reconstructions.
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wherever possible a view without the guide-wire shadow is shown.
External views are taken from outside the vessel with views to
show the internal vessel at the region of interest.

Three-dimensional
reconstructions

Assessment of simple lesions
Proximal right coronary artery lesion
A severe proximal right coronary artery (RCA) lesion treated with
a 3.0 × 18 mm Xience V drug-eluting stent (Figure 1) is demon-
strated on coronary angiography (left images). Three-dimensional
longitudinal reconstructions pre- and post-intervention are illu-
strated. The longitudinal 3D reconstructions represent the hori-
zontal segment of the RCA before the first curvature—the use
of the white arrows, identifying the jailed SideBs, will help the
reader to co-register the 3D reconstruction with the coronary
angiogram. Note the almost identical characteristics of the
minimum lumen area on coronary angiography and 3D reconstruc-
tion (yellow arrows), indicative of the high resolution of OCT. Also
present are one non-jailed SideB (striped white arrow) proximal to
the implanted stent, and two jailed SideBs (white arrows) within
the implanted stent, in both the coronary angiogram and 3D
reconstruction.

Aorto-ostial right coronary artery lesion
A significant RCA aorto-ostial lesion (not illustrated) was directly
stented with a 3 × 15 mm Xience V stent (Figure 2, upper left
image). Post-procedural longitudinal (right image) and downstream
fly-through (lower left image) 3D reconstructions are demon-
strated. Note the jailed SideB in the downstream fly-through
view (lower left image), and the guide catheter tip (white
arrow), with some of the same render as the vessel, applied by
the volume-rendering software. Yellow asterisks highlight the
ostium of the right ventricular (RV) branch seen on coronary angi-
ography and longitudinal and fly-through 3D reconstructions. From
a technical perspective—one of the difficulties with imaging the
aorto-ostial lesions is ensuring that the catheter tip is sufficiently
disengaged from the coronary ostium to allow visualization with
the OCT imaging wire during the pull-back, but close enough to
allow injection of contrast for blood clearance—with inevitable
over-spilling of contrast in the aortic cusps—and thus allow appro-
priate imaging.24

Stent malapposition
Embedded, protruding, and malapposed struts
As the OCT light cannot penetrate metallic struts, OCT can only
image the endoluminal strut border. Consequently, a ‘shadow’ is
cast behind the metallic strut, and the adjustment for the thickness
of the strut and polymer is therefore required to determine the
apposition of the stent strut. Based on this phenomenon, stent

Figure 2 Ostial lesion: post-procedural three-dimensional reconstructions for treatment of an ostial lesion; RV, right ventricular.
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strut apposition by post-implantation OCT has been defined as
embedded, protruding, or malapposed.25

With an embedded strut, the strut is buried in the intima for
more than half its thickness; consequently, the shadow the strut

casts is projected through the vessel wall, with no shadowing
visible on the endoluminal vessel surface on post-implantation
2D and 3D FD-OCT imaging (Figure 3A). With a protruding
strut, the stent strut is apposed to the intima but not embedded;

Figure 3 (A) Embedded struts (i.e. strut buried in the intima for more than half its thickness): three-dimensional reconstruction with corre-
sponding two-dimensional optical frequency domain imaging frames—no shadow is visible on the vessel wall. Actual Xience V stent with an
interductile hinge is illustrated for comparison (yellow arrows). (B) Protruding struts (i.e. strut in intimal contact): three-dimensional reconstruc-
tion—note the shadow on the vessel wall (yellow arrows) can erroneously give the impression of stent malapposition due to the thickness of
the metallic strut and polymer, which the optical coherence tomography light cannot penetrate. Corresponding protruding struts on two-
dimensional optical frequency domain imaging frames are marked with an asterisk. (C) Malapposed struts: three-dimensional reconstruction
with corresponding two-dimensional optical frequency domain imaging frames—true stent malapposition is illustrated (yellow arrows) with
corresponding shadow on the vessel wall. Corresponding protruding struts on two-dimensional optical frequency domain imaging frames
are marked with an asterisk.

Figure 4 Overlapping Xience V stents: corresponding two-dimensional optical frequency domain imaging frames and downstream fly-
through views are illustrated.
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consequently, a shadow appears to be ‘cast’ on the vessel surface
and wall (due to the thickness of the metallic strut and polymer
which the OCT light cannot penetrate)—this represents a poten-
tial limitation of 3D FD-OCT, as the protruding struts erroneously
gives the impression of strut malapposition, when it is in actual
intimal contact (Figure 3B). With a malapposed strut, there is no
intimal contact with the stent strut and vessel wall and appropri-
ately leads to a shadow on the vessel surface and wall (Figure 3C).25

Overlapping drug-eluting stents
Overlapping Xience V stents, used to treat a long segment of
disease consisting of severe tandem lesions arising from the prox-
imal first diagonal, are demonstrated (Figure 4). Downstream fly-
through 3D reconstructions demonstrate embedded, protruding
(yellow circles), and occasional malapposed struts (yellow
arrow). Note the malapposed ‘interductile hinge’ and the
shadow it casts on the vessel wall visible in the 3D reconstruction
(Figure 4)—for comparison, an interductile hinge in an actual
Xience V stent is illustrated in Figure 3A (yellow arrows). Corre-
sponding 2D OFDI frames of the overlap are shown (top left
image).

Thrombus and stent malapposition
Primary percutaneous coronary intervention: thrombus
and consequent stent malapposition
Three-dimensional reconstructions are illustrated, post-
implantation of a 3.0 × 24 Xience V drug-eluting stent with prior
aspiration thrombectomy, following an inferior wall ST elevation
myocardial infarction with occlusion of the mid-RCA. Downstream
fly-through views (Figure 5A), post-stent implantation, demonstrate
a large volume of thrombus (white arrows) and consequential
stent malapposition at the proximal stent edges (yellow
arrows)—note the shadow the malapposed struts cause on the
proximal vessel wall (white arrows) and thrombus adhering to
the stent strut at the coronary bifurcation. A longitudinal view of
the same vessel (Figure 5B) demonstrates the extent of the throm-
bus (white arrows) and consequential stent malapposition at both
stent edges (yellow arrows); also evident are over-hanging struts,
with thrombus attached, at the bifurcation (upper white arrow).
If the interventional cardiologist saw the 3D reconstruction after
stent implantation, this is likely to have been crucial in the subse-
quent decision-making process in the use of further aspiration
thrombectomy, post-dilatation, and concomitant use of drugs
such as glycoprotein IIb/IIIa inhibitors. Further aspiration thromb-
ectomy and post-dilation of the stent were performed with angio-
graphic resolution of the thrombus (not illustrated).

Coronary bifurcation
The promising potential clinical application of coronary bifurca-
tions with 3D FD-OCT has recently been described by our
group2,3 and is beyond the scope of this paper. Examples of 3D
FD-OCT in the coronary bifurcation to demonstrate its potential
clinical application are illustrated below.

Right ventricular branch of the right coronary artery
Close-up views of the RV branch of the RCA (Figure 6) from the
previous study (Figure 5A and B) demonstrate the thrombus

adhering to the over-hanging struts of the SideB. The principle of
a ‘parallel bifurcation’ is demonstrated3—note the corresponding
2D OFDI frames on the left—with the parallel origins of the
MainB and SideB at their respective point of take-off. The carina
(labelled) appears interposed between the parallel origins of the
MainB and SideB at their respective point of take-off; if further
MainB post-dilatation was undertaken alone with larger angioplasty
balloons, it may be speculated that this would lead to carina shift
and potential SideB closure.

Bifurcation stent
A V-shaped bifurcation lesion involving two obtuse marginal (OM)
branches of the atrioventricular (AV) circumflex, with severe ostial
disease in the first OM branch, was treated with a 2.5 × 18 mm
Nile CrocoTM bifurcation stent implanted in the diseased branch,
with the SideB of the stent deployed into the other branch of
the bifurcation; TIMI-3 flow of the AV circumflex, with no angio-
graphic pinching of the ostium, remained throughout. Longitudinal
3D FD-OCT reconstructions of the pre- and post-intervention bi-
furcation are demonstrated with corresponding 2D coronary
angiograms (Figure 7A)—the ostium of the AV circumflex is not

Figure 5 (A) Primary percutaneous coronary intervention—
thrombus and malapposition: downstream fly-through view,
post-stent implantation, in the context of an acute ST elevation
myocardial infarction is illustrated. White arrows represent
thrombus and yellow arrows consequential stent malapposition.
Note the thrombus adhered to the stent at the SideB further
downstream (close-up view is illustrated in Figure 6). (B) Longitu-
dinal three-dimensional reconstruction demonstrating the extent
of thrombus (lower white arrows), over-hanging struts and
thrombus at the side branch (upper white arrow), and stent
malapposition (yellow arrows).

3D OFDI in conventional PCI Page 5 of 11

 at Erasm
us U

niversiteit R
otterdam

 on Septem
ber 1, 2012

http://eurheartj.oxfordjournals.org/
D

ow
nloaded from

 



306 Chapter 19

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

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

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

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

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

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

Figure 6 ‘Principle of a parallel bifurcation’. Close-up view of SideB from Figure 5, with thrombus attached to stent struts at the SideB ostium,
in a three-dimensional frequency domain optical coherence tomography downstream fly-through view. Note how the MainB and SideB appear
to originate parallel to each other at their respective point of take-off. Corresponding two-dimensional optical frequency domain imaging frames
are illustrated on the left.
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the visible plaque rupture in the distal left main stem—yellow
arrows in downstream fly-through (upper left image) and longitu-
dinal (upper right image) views. The patient was medically treated.

The principle of three-dimensional
reconstructions performed in a
non-diseased porcine model
Two-dimensional OFDI were undertaken in a non-diseased
porcine model implanted with a Xience V drug-eluting stent, to
allow for the assessment of the technical issues relating to under-
taking 3D FD-OCT reconstructions. The porcine study has previ-
ously been described and was approved by the Institutional Animal
Care and Use Committee;26 the study was conducted in

accordance to the American Heart Association guidelines for pre-
clinical research and the Guide for the Care and Use of Laboratory
Animals (NIH, 1996).

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

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

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

The recommendation for the Terumo OFDI system, in our ex-
perience, is a pull-back speed of 20 mm/s; this will allow optimal
imaging while limiting cardiac motion artefacts; cardiac motion
artefacts however will still occur as previously illustrated
(Figure 9C). For the LightLab C7 system, because of the poorer
resolution of the 3D reconstructions, we recommend a pull-back
speed of 10 mm/s to improve the resolution;27 this however
comes at the expense of substantially increased frequency of
cardiac motion artefacts, with the risk of one of these artefacts
occurring at the region of interest. Future generations of 3D
FD-OCT systems, in our opinion, need to have much higher
frame rates (200–300 frames/s +) to allow for even rapid pull-

Figure 7 (A) Nile CrocoTM bifurcation stent: longitudinal
three-dimensional reconstructions of the pre- and post-
intervention bifurcation are demonstrated with corresponding
two-dimensional coronary angiograms. (B) Stent Malapposition:
corresponding two-dimensional optical frequency domain
imaging frames of the stent malposition seen at the proximal
edge of the Nile CrocoTM bifurcation stent on three-dimensional
frequency domain optical coherence tomography reconstruc-
tions (Figure 8A). (C) Downstream fly-through views: of the
treated vessel pre- and post-implantation with the Nile
CrocoTM bifurcation stent. Corresponding optical frequency
domain imaging frames are illustrated below.
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backs (40 mm/s +)—this will potentially lead to higher resolution
3D reconstructions with limited cardiac motion artefacts.

Potential clinical application and
opinion for the future
development of three-dimensional
frequency domain optical
coherence tomography
technology
Due to the unrivalled resolution of OCT compared with other
intravascular imaging modalities, it is the author’s opinion that
the potential clinical application of this technology, as a

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

The current prototypes of online 3D FD-OCT systems have the
capacity to automatically detect struts based on their specific
optical characteristics, such as the reflective properties of the me-
tallic struts.4 The further requirements from industry to potentially
make 3D FD-OCT a clinical reality include the improvement in
automatic strut detection, higher framer-rate systems with rapid
pull-back speeds to improve the resolution of the 3D reconstruc-
tion and reduce the likelihood of cardiac motion artefacts, auto-
matic volume rendering of a sufficient calibre to allow for
high-resolution imaging, dedicated quantitative software for ana-
lyses,28 and a user-friendly interface to allow for full virtual naviga-
tion of the vessel. With the latter, as previously illustrated,
sometimes several views—such as longitudinal and fly-through
views—are required to best visualize the area of interest; with
the volume-rendering software utilized in the cases in this paper,
practically any view of the vessel was achievable with relative
ease. It should also be emphasized that the concept of virtual navi-
gation (fly-through) of the coronary vessel is not new, having pre-
viously been implemented for many years in the magnetic
navigation catheterization laboratory.29,30

The development of dedicated software, which ultimately is
what this technology is reliant upon, is of paramount importance.
Dedicated volume-rendering software to achieve consistent and
reproducible application of volume rendering—as has been
achieved with spiral computed tomography31—and dedicated
quantitative software28 for the analyses of the 3D constructions
are both crucial to allow for comparable, reproducible 3D recon-
structions and quantitative data, which can have potential wide-
spread clinical and research applications.

Figure 8 (A) Stent under-deployment and malapposition at the coronary ostium: longitudinal three-dimensional reconstructions, pre- and
post-intervention, are illustrated with the respective coronary angiograms. (B) Malapposition at the coronary vessel ostium: three-dimensional
reconstructions with downstream (upper left) and upstream (upper right) fly-through views and corresponding two-dimensional optical fre-
quency domain imaging frames (lower images), demonstrating a single malapposed strut at the ostium (yellow arrows).

Figure 9 Plaque rupture: demonstrated on three-dimensional
longitudinal and downstream fly-through views with correspond-
ing two-dimensional optical frequency domain imaging frames and
coronary angiogram.
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Potential clinical applications of the 3D technology include to
allow for the global assessment of areas of possible stent
malapposition—by the presence of shadow on the vessel wall as

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

The application of this technology within the coronary bifurca-
tion has previously been described and is a further promising
area of the potential for this emerging technology.2,3 Trying to visu-
alize the complex anatomy of the bifurcation and the effects of
intervention is difficult and not always reliable with 2D
imaging.2,3 The addition of quantitative measurements, as
previously discussed, may have a potential clinical application in
the measurement of the SideB ostial area after MainB stenting,
to allow assessment as to whether the SideB is haemodynamically
obstructed.3 Angiographic assessment of pinched SideB after
MainB stenting has previously been shown to be unreliable, with
only one-quarter (27%) of SideB with angiographic residual nar-
rowing ≥75% being found to be functionally significant on subse-
quent pressure wire studies.3,32

Other potential clinical applications previously demonstrated
include the identification and localization of the extent of throm-
bus and need for subsequent further aspiration thrombectomy,
post-dilatation, and concomitant use of peri-procedural anticoagu-
lants—conversely, thrombus cannot be visualized by the IVUS and
if this imaging modality was used, the operator would effectively
have to make an educated guess as to whether malapposition is

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

Figure 11 The trade-off between pull-back speed, cardiac
motion artefacts, and image resolution of the three-dimensional
frequency domain optical coherence tomography reconstruc-
tions: as demonstrated in a porcine model. #represents cardiac
motion artefacts; (A) represents 2D (OFDI) longitudinal image;
(B–D) represents corresponding 3D reconstructions with pro-
gressively increased pullback speeds and consequential fewer
cardiac motion artefacts at the expense of a lower resolution.
PB, pullback.
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present or not; a greater understanding of stent conformability, in
particular at the coronary ostium; the identification of other intra-
vascular abnormalities such as ruptured plaque (Figure 9) and even
stent under-expansion.

Although OCT is not the intravascular imaging modality of
choice for the assessment of stent under-expansion due to the
limited penetration of OCT in intravascular tissue—whereas
IVUS would be more ideal in identifying the media-to-media
width for appropriate vessel sizing33—the 3D reconstructions
still identified an area where stent under-expansion was clearly
evident (Figure 8) and may have guided the operator to undertake
further post-dilation, with or without IVUS guidance. Furthermore,
the introduction of quantitative measurements with 3D-OCT may
allow defining of these lengths of interest on longitudinal 3D views
that may also guide subsequent intervention.

The addition of tissue characterization within 3D FD-OCT
reconstructions are further promising areas of research in this
technology; these have previously been performed offline and
would have the potential to aid in the identification of clinically
useful areas of interest, such as lipid pools and vulnerable
plaque.1,8,34 Fusion imaging of 2D FD-OCT and IVUS virtual hist-
ology35 has recently been described; this may subsequently be
achievable with 3D FD-OCT. Furthermore, the development of
2D and 3D ‘microscopic’ OCT—with a resolution of 1–2 mm—
has also very recently been shown to provide remarkably clear
pictures of cellular and subcellular features, associated with athero-
genesis and thrombosis in human cadaveric coronary arteries.36

The realization of the full potential of this emerging technology
within interventional cardiology clinical practice—as appears to be
currently the case in the field of ophthalmology with, for example,
3D visualization of the retina37—is required from clinicians and in-
dustry in order to allow the future development and validation of
this innovative technology.
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T he advent of plain-old balloon an-
gioplasty (POBA), first introduced 
by Andreas Grüntzig in 1977, rev-

olutionised the treatment of coronary ar-
tery disease. Significant coronary lesions 
were shown to be potentially treatable 
with balloon dilatation, leading to resto-
ration of lumen patency and vascular flow. 
Although this mode of treatment was 
undoubtedly a significant technological 
breakthrough, multiple weaknesses be-
came evident. These either occurred post-
procedurally, leading to acute vessel clo-
sure necessitating emergency revasculari-
sation as a consequence of acute vessel re-
coil aggravated by local intimal and media 
dissections, or longer term, secondary to 
neointimal proliferation and constrictive 
remodelling as a consequence of vascular 
barotrauma.1

Several of the weaknesses associated 
with POBA were eliminated with the in-
troduction of bare metal stents (BMS), 
namely the resolution of the acute and 
chronic recoil by caging the vessel wall 
with a permanent metallic prosthesis. The 
landmark BENESTENT trial2,3 first es-
tablished the feasibility of this therapeu-
tic approach. Although initial studies were 
promising, a new entity became evident, 
namely neointimal hyperplasia (NIH), to 
which restenosis rates of 16-44% were at-
tributed.

Drug-eluting stents (DES) were thus 
conceived as the next evolutionary step 
in improving the limitations of BMS. Ini-
tial studies were highly promising, with 
large-scale reductions in restenosis rates 
that were reported at 0% in highly selec-
tive lesions4 and up to 16% in a broader 
range of patients and lesions.5,6 A poten-
tial complication subsequently became ev-
ident with first-generation DES, namely 
that of subacute and late stent thrombo-
sis as a consequence of delayed healing 
of the permanent metallic struts. Further-
more, late acquired malapposition of the 
struts implanted in a thrombotic rich mi-
lieu were also demonstrated to be a po-
tential issue.7-9

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

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

The ABSORB BVS design, material and the bioresorption 
process

The ABSORB everolimus-eluting scaffolds include the 
first generation device evaluated in the ABSORB Co-
hort A clinical trial (ABSORB 1.0)10,11 (Figure 1A), 
the second generation (ABSORB Revision 1.1) (Fig-
ure 1B), investigated in the ABSORB Cohort B trial,12 
and the third generation currently under development. 
The first generation had a crossing profile of 1.4 mm, 
strut thickness of 150 µm and consisted of out-of-phase 
zigzag hoops linked together by thin and straight bridg-
es (Figure 1A). This device had to be kept refrigerated 
at -20°C to prevent physical ageing of the polymer and 

ensure device integrity. The second generation (AB-
SORB Revision 1.1) uses the same polymer as the pre-
vious one, with modifications of both the polymer pro-
cessing and the scaffold design to give the device more 
prolonged radial support (Figure 1B). Both devices 
share similar characteristics:
1. A platform made of poly (L-lactide) (PLLA) 

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

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

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

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

A

B
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visualisation during coronary angiography (Fig-
ure 1 A & B).

4. The balloon delivery system.

Bioresorption process

The bioresorption process of the ABSORB BVS 
PLLA undergoes four stages (Figure 2):
1. Polymer hydration (crystalline polylactide) fol-

lowing implantation. Polylactides are hydrophilic; 
thus water can penetrate inside the implant.

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

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

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

The assessment of bioresorption was recently 
evaluated by our group in a porcine coronary artery 
model at 28-days, 2, 3 and 4 years (Figure 3). Thir-
ty-five ABSORB BVS 3.0 × 12 mm were implanted 
in the main coronary arteries of 17 pigs evaluated 
with optical coherence tomography (OCT) and his-
tology following euthanasia: immediately (n=2), 
at 28 days (n=2), 2 years (n=3), 3 years (n=5) or 
4 years (n=5). Immediately after implantation, all 
struts had a preserved box appearance. At 28 days, 
OCT showed 82% of the struts as preserved box, 
and 18% as an open box appearance. At 2 years 
four fifths of the struts showed a preserved box ap-
pearance and only a few struts (2.4%) demonstrat-
ed open box appearance. Histological analysis at 
this time point showed the polymeric strut voids 
to be replaced by proteoglycan-rich matrix, with 
polylactide residues at low levels, as quantified by 
chromatography (Figure 3A & B). At 4 years, OCT 
showed 51.2% of the struts classified as dissolved 
bright box and 48.8% as dissolved black box. The 
strut remnants were hardly detectable by histology, 
appearing as foci of low-cellular-density connective 
tissue (Figure 3C & D).13,14

1. 2.

3.

4.

crystal lamellae connected
by random tie chains

241812631 (m)

H2O

H2O

CO2

Krebs Cycle

Mass Loss

Molecular Weight

Support

Figure 2. The ABSORB bioresorbable vascular scaffold (BVS) poly-L-lactide bioresorption process up to 24 months, when the polymeric 
device is expected to be fully resorbed. 1. Polymer hydration (crystalline polylactide) following implantation. Polylactides are hydrophilic, 
thus water (H2O) can penetrate the implant. 2. Depolymerisation by hydrolysis, observed as a reduction in molecular weight (green line). 
3. Polymer fragmentation into segments of low-weight polymer, resulting in the scission of amorphous tie chains linking the crystalline 
regions with subsequent gradual loss of the radial strength (red line). 4. Assimilation or dissolution of the monomer. The soluble monomer 
(e.g. L-lactate) is changed into pyruvate, which eventually enters the Krebs cycle and is further converted into carbon dioxide and water, 
eliminated by the lungs and kidneys, respectively. From Onuma Y, Serruys PW: Bioresorbable scaffold: the advent of a new era in percutane-
ous coronary and peripheral revascularization? Circulation. 2011; 123: 779-797. Adapted by permission of Wolters Kluwer Health.
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OCT, and an angiographic LL of 0.27 ± 0.32 mm, 
similar to that reported with the Xience V everolimus 
eluting stent (LL: 0.23 ± 0.29 mm, as demonstrated 
in the SPIRIT I trial) at the same time point. Addi-
tionally, the hierarchical MACE rate of the 101 pa-
tients (Cohort B1 and B2 trials) at 1 year (7.1%) was 
comparable to that observed in the historical series of 
the Xience V metallic EES.16,17

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

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

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

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

Figure 4. The family of bioresorbable devices that have undergone clinical evaluation. The platform design, strut thickness, polymer/drug 
formulation, absorption time and late lumen loss are illustrated. PLLA – poly-L-Lactide. BVS – bioresorbable vascular scaffold; AMS – 
absorbable magnesium stent. *Evaluated with the AMS-3 device.

Group B2 (n = 56)

Baseline 6-m 12-m 18-m 24-m 36-m

Group B1 (n = 45)

QCA, VH-IVUS, IVUS
OCT, CTCA

Figure 5. The ABSORB Cohort B study design. The ABSORB Cohort B trial enrolled a total of 101 patients who were split into two 
groups. Group B1 underwent invasive imaging post-procedure, at 6 months and 2 years; Group B2 underwent invasive imaging post-proce-
dure at 1 year and will undergo another imaging follow up at 3 years. At 18 months all patients underwent non-invasive imaging assessment 
with coronary computed tomography angiography (CCTA).
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1. The “liberation” of the treated vessel from its 
“metallic cage” and the subsequent reactivation 
of the physiological processes of vasomotion, vas-
cular remodelling and late lumen enlargement.

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

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

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

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

Vasomotion

In the ABSORB Cohort A trial, either the endotheli-
um-dependent vasoconstrictor methylergonovine ma-
leate (methergin) or the endothelium-dependent va-
soactive agent acetylcholine was administered at the 
2-year follow up for the study of vasomotion. In the 
methergin group there was significant vasoconstric-
tion in the scaffolded segment (before methergin: 2.64 
± 0.22 mm; after methergin: 2.44 ± 0.33 mm; p=0.03) 
while in the acetylcholine group five patients exhibit-
ed vasodilation in the scaffolded segment.11 The res-
toration of vasomotion was also recently shown dur-
ing the 1-year follow up of the ABSORB Cohort B2, 
with changes in the mean lumen diameter as assessed 
by QCA in the target vessel proximal to the scaffold, 
distal and within the scaffold, following the administra-
tion of either acetylcholine or methylergonovine.17

Arterial remodelling and late lumen enlargement

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

ment of 10.9%, with a significant plaque media reduc-
tion of -12.7%, and no significant change in the vessel 
area (EEM). This phenomenon of plaque regression 
requires further investigation, as the interplay among 
the tissue composition and the artefactual observa-
tion of the polymeric struts as dense calcium struc-
tures by the VH-IVUS modality have previously been 
shown to be an issue.18

Side branch jailing

The jailing of the side branch (SB) is a potential area 
of concern during bifurcation stenting. Higher inci-
dences of MACE have been reported with bifurcation 
stenting compared to conventional percutaneous in-
tervention of non-SB lesions. In post hoc analyses of 
the original ABSORB studies, the SB jailing during 
provisional T-stenting with the ABSORB BVS ap-
peared to have a benign behaviour compared to me-
tallic devices. Okamura et al demonstrated, at 2-year 
follow up post BVS implantation, that the polymeric 
struts had cleared at the side branch ostium, with evi-
dence of integration into the underlying tissue and, in 
some cases, causing a membranous neocarina.19 Our 
group recently demonstrated the feasibility of cross-
ing the polymeric struts of the ABSORB BVS using 
three-dimensional OCT and presented the first re-
port of successful post-dilation of the device’s poly-
meric struts in a jailed SB for flow restoration.20,21 
Large scale studies to confirm these encouraging pre-
liminary findings are planned.

Conformability

The ABSORB BVS has been shown to be more con-
formable compared to metallic stents (Multi-link Vision 
or Xience V EES), altering vessel angulation and curva-
ture to a lesser degree and consequently having a small-
er effect on flow dynamics and shear stress distribution 
in the scaffolded segment and the scaffold edges.22

Edge vascular response

The edge vascular response (EVR) was firstly de-
scribed during brachytherapy with the use of radio-
active stents23 and later on with metallic platforms: 
either first generation DES (SES and PES) up to 6 
months, or second generation DES (Xience V EES) 
up to 2 years. It became evident that the EVR is not 
the result of a single precipitating factor, but rath-
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er the interplay among several confounding factors: 
1) device related: platform (metal or polymer) and 
drug (limus-based elution or paclitaxel); 2) iatrogen-
ic: geographical miss (axial, longitudinal or both); and 
3) tissue composition at the edge (necrotic core rich 
plaque at the landing zone of the device) (Figure 6). 
The advent of bioresorbable devices with transient 
scaffolding properties prompted the re-evaluation of 
the EVR, as any potential initial adverse response 
might potentially regress in parallel with the biore-
sorption of the implanted device.

The proximal and distal edges following implan-
tation of the second generation ABSORB BVS were 
investigated with in vivo VH-IVUS, non-serially at 6 
months (Cohort B1) and 1 year (Cohort B2), and seri-
ally at 6 months and 2 years (Cohort B1).

The non-serial evaluation demonstrated a dy-
namic biologic behaviour with some degree of prox-
imal edge constrictive remodelling: Δ vessel ar-
ea -1.80% [-3.18; 1.30] (p<0.05) at 6 months, which 
tended to regress at 1 year to Δ vessel area -1.53% 
[-7.74; 2.48] (p=0.06), and distal edge tissue compo-
sition changes, mainly with an increase of the fibro-
fatty (FF) tissue component, Δ FF + 43.32% [-19.90; 
244.28] (p<0.05).24

The serial evaluation up to 2 years (post-proce-
dure to 2 years) revealed a lumen loss of: Δ -6.68% 
[-17.33; 2.08], (p=0.027) with a trend toward plaque 
area increase of: Δ +7.55% [-4.68; 27.11], (p=0.06) 
at the proximal edge and distal edge tissue composi-
tion changes with a significant increase of the fibro-
fatty tissue (FF) tissue component (from 6 months to 
2 years) from 0.09 mm2 [0.04; 0.22] to 0.22 mm2 [0.14; 

0.51] respectively, translated to a percentage increase 
of: Δ +68.37% [17.82; 171.17], (p=0.013).

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

Incomplete stent apposition

Incomplete stent apposition (ISA) occurring with 
conventional metallic stents, either immediately post-
implantation or as a late acquired phenomenon, has 
been implicated in late stent thrombosis (LST).25 Ad-
ditionally, the vascular healing with first generation 
DES (SES or PES) remains incomplete up to 5 years 
following implantation and is a potential mechanism 
of LST with an annual rate of 0.65%.9 A potential ad-
vantage of the bioresorbable technology over metal-
lic devices is that any visible ISA post-implantation 
has the potential to resolve after the bioresorption 
process has been completed; furthermore, the phe-
nomenon of incomplete healing may potentially not 
be an issue, as the device is expected to have disap-
peared after the time point of 2 years. Although these 
are hypothesis-generating concepts, large scale stud-
ies to confirm the probable lower incidence of device 
thrombosis with the use of the bioresorbable devices 
are eagerly expected and needed.

The challenges faced by the ABSORB BVS

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

Although the radial strength of the ABSORB 
BVS has been reported to be comparable to metallic 
stents, this is provided the BVS is deployed within the 
limits of its size. If the BVS is over-stretched beyond 
its designed limits, it has been shown to lose some of 
its radial strength and may possibly fracture. Much 
effort has been invested in improving its supportive 
properties, with the introduction of a new strut design 
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Figure 6. The edge vascular response as a consequence of iatro-
genic, device-related and biologic factors.
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in order to enhance the distensibility of the device 

whilst maintaining its radial strength, features which 

are expected in the next generation BVS.

In an anecdotal case from the ABSORB cohort A, 

a 3.0 mm scaffold was over expanded with a 3.5 mm 

balloon, which resulted in strut fracture as document-

ed by OCT;26 additionally, Ormiston et al recently il-

lustrated the strut fracture of a post-dilated ABSORB 

BVS (24 Atm) with a non-compliant balloon (3.25 

mm) to correct underlying malapposition. These clini-

cal examples are proofs that although the technology 

has immense potential, it needs further improvements.

Conclusion

Bioresorbable technology is an alternative and chal-

lenging therapeutic approach for the treatment of 

coronary artery disease. Although the scenario of a 

dynamic device that “does the job and disappears”, 

leading to the restoration of vascular physiology, is 

here (“vascular reparative therapy”), this innovative 

and rapidly progressing technology is still in its in-

fancy.
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Agreement and Reproducibility of Gray-Scale
Intravascular Ultrasound and Optical Coherence
Tomography for the Analysis of the Bioresorbable

Vascular Scaffold

Josep Gómez-Lara,1 MD, Salvatore Brugaletta,1 MD, Roberto Diletti,1 MD,
Bill D. Gogas,1 MD, Vasim Farooq,1 MBChB, MRCP, Yoshinobu Onuma,1 MD,

Pierre Gobbens,2 BSc, Gerrit Anne Van Es,2 PhD, Hector M. Garcı́a-Garcı́a,1,2 MD, PhD,
and Patrick W. Serruys,1* MD, PhD

Objective: To report the agreement between gray-scale intravascular ultrasound (GS-

IVUS) and optical coherence tomography (OCT) in assessing the bioresorbable vascu-

lar scaffolds (BVS) structures and their respective reproducibility. Background: BVS are

composed of an erodible polymer. Ultrasound and light signals backscattered from

polymeric material differs from metallic stents using GS-IVUS and OCT. Methods:

Forty-five patients included in the ABSORB trial were treated with a 3.0 3 18 mm BVS

and imaged with GS-IVUS 20 MHz and OCT post-implantation. Qualitative (ISA, side-

branch struts, protrusion, and dissections) and quantitative (number of struts, lumen,

and scaffold area) measurements were assessed by two investigators. The agreement

and the inter- and intraobserver reproducibility were investigated using the kappa (j)
and the interclass correlation coefficient (ICC). Results: GS-IVUS and OCT agreement

was predominantly poor at a lesion, frame, and strut level analysis (j and ICC <0.4) for
qualitative measurements. GS-IVUS demonstrated a reduced ability to detect cross-

sections with ISA (4.5% vs. 20.6%), side-branch (SB) struts (6.3% vs. 7.8%), protrusions

(3.2% vs. 9.6%), and dissections (0.2% vs. 9.0%) compared with OCT. GS-IVUS repro-

ducibility was poor–moderate (j and ICC <0.6) except for ISA and SB-struts (j and ICC

between 0.2 and 0.75). OCT showed an excellent reproducibility (j and ICC > 0.75)

except for the assessment of tissue protrusion (j and ICC between 0.47 and 0.94). GS-

IVUS reproducibility was poor–moderate (ICC � 0.5) in assessing the number of struts

but excellent with OCT (ICC > 0.85). The reproducibility to assess lumen and scaffold

areas was excellent using both techniques (ICC > 0.85). Conclusions: GS-IVUS has a

poor capacity to detect qualitative findings post-BVS implantation and its reproducibil-

ity is low compared with OCT. The use of GS-IVUS should be limited when assessing

lumen and scaffold areas. VC 2011 Wiley Periodicals, Inc.
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coherence tomography
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INTRODUCTION

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

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

MATERIALS AND METHODS

Population

The ABSORB Cohort B trial is a non-randomized, mul-
ticenter, single arm, efficacy-safety study. The study design
has been previously reported [3]. In brief, patients were eli-
gible when aged 18 years or older and were diagnosed with
stable, unstable, or silent ischemia. Patients with a stenosis
of the left main or ostial right coronary artery, presence of
angiographic intracoronary thrombus, heavy calcification,
excessive tortuosity, and with lesions involving a side

Fig. 1. GS-IVUS and OCT imaging of the bioresorbable scaffolds and metallic stents (A1)
GS-IVUS image of a BVS; (A2) OCT image of a BVS; (B1) GS-IVUS image of a metallic stent;
(B2) OCT image of a metallic stent. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Gray-Scale IVUS and OCT Agreement and Reproducibility 891
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branch >2 mm were excluded. All patients were treated
with a single size 3.0� 18 mm BVS.

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

Study Device

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

GS-IVUS 20 MHz Acquisition

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

OCT Acquisition

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

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

GS-IVUS and OCT Definitions and Analysis

GS-IVUS and OCT analyses were performed by two
experienced analysts. Taking into account the acquisi-
tion frame rate and the pullback speed, both GS-IVUS
and OCT were analyzed at intervals of 1 mm within
the scaffold and 5 mm proximal and distal to the

Fig. 2. GS-IVUS and OCT assessment of qualitative findings. Matched images between GS-
IVUS (A) and OCT (B) of: (1) incomplete strut/scaffold apposition; (2) side-branch struts; (3)
tissue protrusion; and (4) edge dissection. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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scaffold edges whenever possible. The first cross-sec-
tion of the corresponding pullbacks with struts
observed in the four quadrants of the lumen perimeter
was used as a landmark to establish the scaffold length.
Two analysts investigated the same cross-sections and
one investigator repeated the same measurements 1
month later. GS-IVUS analysis was performed using
the Q-GS-IVUS 2.0 software analysis (Medis, Leiden,
the Netherlands). OCT analysis was performed with
the proprietary software for offline analysis (LightLab
Imaging, Westford, MA). The selected cross-sections
were investigated to assess the following.

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

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

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

TABLE I. Baseline Clinical and Angiographic Characteristics
(n 5 45 Patients)

n (%)

Males 32 (71.1)

Age (years) 61.5 � 10.3

Hypertension 28 (62.2)

Hypercholesterolemia 39 (86.7)

Diabetes mellitus 4 (8.9)

Smokers 11 (24.4)

Previous myocardial infarction 13 (28.9)

Previous coronary revascularization 9 (20.0)

Clinical indication:

Stable angina 39 (86.7)

Acute coronary syndrome 6 (13.3)

Culprit vessel:

Left anterior descending 24 (53.3)

Left circumflex 9 (20.0)

Right coronary artery 12 (26.7)

Number of vessels disease:

One 39 (86.7)

Two 6 (13.3)

Three 0

TABLE II. Qualitative Agreement Between OCT and IVUS 20
MHz (Lesion Level Analysis) (n 5 46 Lesions)

IVUS

20 MHz

OCT Accuracy of

IVUS with respect

to OCT (%)No Yes Total Kappa

Proximal dissection

No 30 9 39 NA Se ¼ 0

Yes 0 0 0 Sp ¼ 100

Total 30 9 39 Eff ¼ 77

Distal dissection

No 28 8 36 0.16 Se ¼ 11

Yes 0 1 1 Sp ¼ 100

Total 28 9 37 Eff ¼ 78

Dissection within BVS

No 20 25 45 0.03 Se ¼ 4

Yes 0 1 1 Sp ¼ 100

Total 20 26 46 Eff ¼ 46

ISA

No 6 21 27 0.15 Se ¼ 46

Yes 1 18 19 Sp ¼ 86

Total 7 39 46 Eff ¼ 52

SB struts

No 10 13 23 0.26 Se ¼ 59

Yes 4 19 23 Sp ¼ 71

Total 14 32 46 Eff ¼ 63

Tissue protrusion

No 17 22 39 0.00 Se ¼ 15

Yes 3 4 7 Sp ¼ 85

Total 20 26 46 Eff ¼ 46

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

plicable; Se, sensitivity; Sp, specificity; Eff, efficiency.

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

IVUS OCT Absolute difference, % (CI 95%) ICCc (CI 95%) ICCa (CI 95%)

Frame level

Frames with ISA, n 37 181 �16.05 (�21.72–�10.39) 0.27 (�0.02–0.52) 0.18 (�0.07–0.42)

% Frames with ISA per

lesion, mean (SD)

4.5 (7.7) 20.6 (20.9)

Frames with SB struts, n 57 69 �1.48 (�4.15–1.19) 0.26 (�0.03–0.51) 0.26 (�0.02–0.51)

% Frames with SB struts per

lesion, mean (SD)

6.3 (8.3) 7.8 (6.4)

Frames with tissue protrusion, n 10 69 �6.47 (�9.29–�3.66) 0.12 (�0.17–0.39) 0.09 (�0.12–0.31)

% Frames with tissue protrusion

per lesion, mean (SD)

1.2 (3.2) 7.7 (9.6)

Frames with Dissection (within BVS), n 1 79 �8.87 (�12.44–�5.29) 0.06 (�0.23–0.34) 0.04 (�0.14–0.25)

% Frames with dissection per

lesion, mean (SD)

0.2 (1.1) 9.0 (12.4)

Strut level

Struts with ISA, n 74 348 �4.23 (�6.35–�2.10) 0.37 (0.09–0.59) 0.31 (0.02–0.54)

% ISA struts per lesion, mean (SD) 1.3 (4.0) 5.5 (8.1)

Struts at SB, n 84 77 0.12 (�0.49–0.73) 0.18 (�0.11–0.45) 0.19 (�0.11–0.45)

% SB struts per lesion, mean (SD) 1.3 (1.9) 1.2 (1.2)

ISA, incomplete scaffold/strut apposition; SB, side-branch; ICC, inter-class correlation coefficient; CI, confidence interval.

Gray-Scale IVUS and OCT Agreement and Reproducibility 893
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clearly separated from the vessel wall in the absence
of a side branch [4] (Fig. 2).

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

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

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

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

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

Statistical Analysis

Discrete variables are presented as counts and per-
centages. Continuous variables are presented as means
� SD. Because of the clustered nature of the GS-IVUS

TABLE IV. Inter and Intra-Observer Reproducibility of IVUS 20 MHz and OCT (Lesion Level)

n ¼ 46 Lesions

Observer A Observer B (observation 2)

No Yes Total

Interobserver

agreement

(Kappa) No Yes Total

Intraobserver

agreement

(Kappa)

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

Yes 0 0 0 0 0 0

Total 41 2 43 42 1 43

Distal dissection No 35 3 38 0.37 38 0 38 1.00

Yes 0 1 1 0 1 1

Total 35 4 39 38 1 39

Dissection within BVS No 38 7 45 �0.04 42 3 45 0.38

Yes 1 0 1 0 1 1

Total 39 7 46 42 4 46

ISA No 26 1 27 0.47 20 7 27 0.47

Yes 10 9 19 5 14 19

Total 36 10 46 25 21 46

SB struts No 20 3 23 0.48 20 3 23 0.61

Yes 9 14 23 6 17 23

Total 29 17 46 26 20 46

Tissue protrusion No 29 5 34 0.02 26 2 28 0.23

Yes 10 2 12 13 5 18

Total 39 7 46 38 7 46

OCT Observer B

(observation 1)

Proximal dissection No 32 0 32 1.00 32 0 32 1.00

Yes 0 9 9 0 9 9

Total 32 9 41 32 9 41

Distal dissection No 30 1 31 0.94 31 0 31 1.00

Yes 0 10 10 0 10 10

Total 30 11 41 31 10 41

Dissection within BVS No 16 4 20 0.76 19 1 20 0.96

Yes 1 25 26 0 26 26

Total 17 29 46 19 27 46

ISA No 7 0 7 0.85 7 0 7 1.00

Yes 2 37 39 0 39 39

Total 7 37 46 7 39 46

SB struts No 12 2 14 0.89 14 0 14 1.00

Yes 0 32 32 0 32 32

Total 12 34 46 14 32 46

Tissue protrusion No 16 4 20 0.73 18 2 20 0.91

Yes 2 24 26 0 26 26

Total 18 28 46 18 28 46

ISA, incomplete scaffold/strut apposition; SB, side-branch; NA, not applicable.
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and OCT data at different levels of dependence (strut,
cross-sections, lesions, and patients) and the lack of cor-
relation between GS-IVUS and OCT cross-sections, all
qualitative measurements have been adjusted at a lesion
level dividing the number of observations by the total
amount of frames/struts in each lesion. Quantitative meas-
urements to assess the inter- and intraobserver reproduci-
bility are presented at cross-section level analysis.

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

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

The inter- and intraobserver reproducibility of quali-
tative measurements was assessed using the kappa
value and the ICC as previously explained. The abso-
lute differences between the percentages of qualitative
findings (at lesion level) between observers/observa-
tions were estimated for each variable. Bland-Altman
plots were drawn for the percentage of malapposed

TABLE V. Interobserver Reproducibility of IVUS 20 MHz and OCT (Frame and Strut Level Analysis)

Observer A Observer B

Margin of error

of the 95% CI of

the absolute

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

IVUS

20 MHz

Frame level

(892 cross-

sections)

Frames with ISA, n 37 45 7.32 0.21 (�0.08–0.47) 0.22 (�0.08–0.48)

% Frames with ISA,

mean (SD)

4.5 (7.7) 5.2 (1.5)

Frames with SB struts, n 57 43 4.68 0.53 (0.28–0.71) 0.52 (0.28–0.70)

% Frames with SB

struts, mean (SD)

6.3 (8.3) 4.9 (7.8)

Frames with protrusion, n 10 54 6.28 �0.05 (�0.33–0.25) �0.05 (�0.33–0.24)

% Frames with tissue

protrusion, mean (SD)

1.2 (3.2) 6.2 (10.9)

Frames with dissection

(within BVS), n
1 7 1.24 0.15 (�0.14–0.43) 0.13 (�0.12–0.38)

% Frames with dissection,

mean (SD)

0.2 (1.1) 0.7 (1.7)

Strut level

(6313 struts)

Struts with ISA, n 74 65 1.50 0.72 (0.54–0.83) 0.84 (0.71–0.91)

% ISA struts, mean (SD) 1.3 (4.0) 1.0 (2.6)

Struts at SB, n 84 85 1.28 0.44 (0.18–0.65) 0.45 (0.18–0.65)

% SB struts, mean (SD) 1.3 (1.9) 1.2 (2.2)

OCT Frame level

(888 cross-

sections)

Frames with ISA, n 181 175 4.57 0.93 (0.88–0.96) 0.93 (0.88–0.96)

% Frames with ISA,

mean (SD)

20.6 (20.9) 19.8 (20.4)

Frames with SB struts, n 69 67 1.96 0.86 (0.76–0.92) 0.86 (0.76–0.92)

% Frames with SB

struts, mean (SD)

7.8 (6.4) 7.6 (6.0)

Frames with tissue, n 69 87 6.21 0.48 (0.22–0.67) 0.47 (0.22–0.67)

% Frames with tissue

protrusion, mean (SD)

7.7 (9.6) 9.8 (10.8)

Frames with dissection

(within BVS), n

79 109 4.16 0.86 (0.76–0.92) 0.83 (0.67–0.91)

% Frames with dissection,

mean (SD)

9.0 (12.4) 12.4 (13.9)

Strut level

(6452 struts)

Struts with ISA, n 348 315 1.15 0.99 (0.97–0.99) 0.98 (0.97–0.99)

% ISA struts, mean (SD) 5.5 (8.1) 5.0 (7.3)

Struts at SB, n 77 82 0.15 0.78 (0.63–0.87) 0.78 (0.63–0.87)

% SB struts, mean (SD) 1.2 (1.2) 1.3 (1.1)

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

agreement; CI, confidence interval.
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Fig. 3. Inter-observer reproducibility of GS-IVUS (A) and OCT (a) to assess incomplete strut
apposition (ISA); Intra-observer reproducibility of GS-IVUS (B) and OCT (b) to assess ISA;
Inter-observer reproducibility of GS-IVUS (C) and OCT (c) to assess side-branch (SB) struts;
Intra-observer reproducibility of GS-IVUS (D) and OCT (d) to assess SB-struts.
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struts and SB-struts at lesion level analysis [10]. Inter-
and intraobserver reproducibility of GS-IVUS and
OCT to assess quantitative measurements (number of
struts, lumen, and scaffold area) were performed in 150
randomly selected cross-sections in 15 patients. Bland-
Altman plots were drawn for these quantitative parame-
ters at frame level analysis. Because of the lack of
matching images between GS-IVUS and OCT, the
agreement of both techniques to assess the number of
struts and lumen and scaffold areas were not per-
formed.

RESULTS

Population Characteristics

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

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

OCT and GS-IVUS Agreement of Qualitative
Measurements

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

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

GS-IVUS Reproducibility of Qualitative
Measurements

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

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

OCT Reproducibility of Qualitative Measurements

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

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

GS-IVUS and OCT Reproducibility of Quantitative
Measurements

GS-IVUS and OCT inter- and intraobserver reproduci-
bility of quantitative measures are shown in Table VII.
Assessment of number of struts per cross-section had poor
to moderate inter- and intraobserver reproducibility with
GS-IVUS-20 MHz and excellent with OCT. Lumen and
scaffold areas showed excellent reproducibility with both
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GS-IVUS and OCT. Bland-Altman plots of the inter- and
intraobserver reproducibility to assess number of struts,
lumen area, and scaffold area are shown in Fig. 4.

DISCUSSION

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

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

Intravascular imaging techniques are usually com-
pared according to their spatial resolution. The spatial
resolution can be defined as the ability to discriminate
small objects in the axial and lateral plans [4]. The
axial and lateral resolution of the IVUS 20 MHz sys-
tems is 80 and 200–250 lm, respectively [4]. OCT
has an axial and lateral resolution of 15–20 and 20–
40 lm, respectively [11]. The larger wavelength of
the IVUS beam (35-80 lm), compared with the near-
infrared light beam of the OCT (1 lm), allows higher
tissue penetration and scan diameters but has less spa-
tial resolution [11]. This fact explains the higher accu-
racy of OCT to detect ISA, tissue protrusion and dis-
sections compared with GS-IVUS in metallic stents
[5].

TABLE VI. Intraobserver Reproducibility of IVUS 20 MHz and OCT (Frame and Strut Level Analysis)

Observation 1 Observation 2

Margin of error

of the 95% CI

of the absolute

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

IVUS 20

MHz

Frame level

(892 cross-

sections)

Frames with ISA, n 37 61 5.13 0.59 (0.37–0.75) 0.58 (0.35–0.74)

% Frames with ISA,

mean (SD)

4.5 (7.7) 7.1 (11.1)

Frames with SB struts, n 57 36 3.17 0.71 (0.53–0.83) 0.68 (0.46–0.82)

% Frames with SB

struts, mean (SD)

6.3 (8.3) 4.0 (5.4)

Frames with protrusion, n 10 19 3.19 0.15 (�0.14–0.43) 0.13 (�0.12–0.38)

% Frames with tissue

protrusion, mean (SD)

1.2 (3.2) 2.2 (4.2)

Frames with dissection

(within BVS), n
1 6 3.17 �0.05 (�0.33–0.24) �0.05 (�0.33–0.24)

% Frames with dissection,

mean (SD)

0.2 (1.1) 0.66 (2.3)

Strut level

(6313

struts)

Struts with ISA, n 74 128 1.71 0.79 (0.65–0.88) 0.77 (0.62–0.87)

% ISA struts, mean (SD) 1.3 (4.0) 2.2 (4.8)

Struts at SB, n 84 47 0.72 0.69 (0.50–0.82) 0.65 (0.39–0.80)

% SB struts, mean (SD) 1.3 (1.9) 0.70 (1.1)

OCT Frame level

(888 cross-

sections)

Frames with ISA, n 181 181 0 1.00 (1.00–1.00) 1.00 (1.00–1.00)

% Frames with ISA,

mean (SD)

20.6 (20.9) 20.6 (20.9)

Frames with SB struts, n 69 69 0 1.00 (1.00–1.00) 1.00 (1.00–1.00)

% Frames with SB struts,

mean (SD)

7.80 (6.4) 7.80 (6.4)

Frames with protrusion, n 69 73 0.95 0.94 (0.90–0.97) 0.94 (0.90–0.97)

% Frames with tissue

protrusion, mean (SD)

7.7 (9.6) 8.2 (9.1)

Frames with dissection

(within BVS), n

79 66 3.17 0.88 (0.80–0.93) 0.88 (0.79–0.93)

% Frames with dissection,

mean (SD)

9.0 (12.4) 7.5 (9.7)

Strut level

(6452

struts)

Struts with ISA, n 348 340 0.36 1.00 (0.99–1.00) 1.00 (0.99–1.00)

% ISA struts, mean (SD) 5.5 (8.1) 5.4 (7.8)

Struts at SB, n 77 79 0.21 0.96 (0.93–0.98) 0.96 (0.93–0.98)

% SB struts, mean (SD) 1.2 (1.2) 1.2 (1.2)

Data are expressed in mean (SD).

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

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

However, the poor to moderate inter- and intraob-
server reproducibility of GS-IVUS 20 MHz qualitative
measurements represent a clear limitation of the use of
this imaging technique. Only the ISA and SB-strut
assessment at a strut level analysis showed good repro-
ducibility. However, the comparison of the GS-IVUS T
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Fig. 4. Bland-Altman graphs of the inter- and intra-observer
reproducibility of GS-IVUS and OCT to assess the number
of struts, lumen area and scaffold area at cross-frame level.
Inter-observer reproducibility of GS-IVUS (A) and OCT (a) to
assess number of struts per cross-section; Intra-observer
reproducibility of IVUS-GS (B) and OCT (b) to assess number of

struts per cross-section; Inter-observer reproducibility of GS-
IVUS (C) and OCT (c) to assess the lumen area; Intra-observer
reproducibility of GS-IVUS (D) and OCT (d) to assess the lumen
area; Inter-observer reproducibility of GS-IVUS (E) and OCT (e)
to assess the scaffold area; Intra-observer-reproducibility of
GS-IVUS (F) and OCT (f) to assess the scaffold area.
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20 MHz inter- and intraobserver reproducibility to
assess ISA and SB struts using the Bland-Altman
graphs at a strut level analysis showed a margin of
error 2–3 times larger than with OCT (Figs. 3 and 4).
On the other hand, OCT showed excellent reproducibil-
ity for qualitative findings and number of struts per

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

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

Limitations

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

CONCLUSION

Qualitative assessment of BVS structures using GS-
IVUS 20 MHz should be avoided due to its poor
agreement and reproducibility when compared with
OCT. Both GS-IVUS and OCT have good reproduci-
bility to assess lumen and scaffold areas but the margin
of error with GS-IVUS is larger than with OCT.
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Proximal and Distal Maximal Luminal Diameters as a
Guide to Appropriate Deployment of the ABSORB

Everolimus-Eluting Bioresorbable Vascular Scaffold: A
Sub-Study of the ABSORB Cohort B and the On-Going

ABSORB EXTEND Single Arm Study

Vasim Farooq,1 MBCHB, MRCP, Josep Gomez-Lara,1 MD, Salvatore Brugaletta,1

Bill D. Gogas,1 MD, Hector M. Garcı̀a-Garcı̀a,1 MD, MSc, PhD, Yoshinobu Onuma,1 MD,
Robert Jan van Geuns,1 MD, PhD, Antonio Bartorelli,2 MD, Robert Whitbourn,3 MD,

Alexandre Abizaid,4 MD, PhD, and Patrick W. Serruys,1* MD, PhD

Objectives: Due to the limited distensibility of the everolimus-eluting bioresorbable
vascular scaffold (ABSORB) compared to metallic platform stents, quantitative coro-
nary arteriography (QCA) is a mandatory requirement for ABSORB deployment in the
on-going ABSORB EXTEND Single-Arm Study. Visual assessment of vessel size in the
ABSORB Cohort B study often lead to under and over-sizing of the 3 mm ABSORB in
coronary vessels (recommended range of the vessel diameter �2.5 mm and �3.3 mm),
with an increased risk of spontaneous incomplete scaffold apposition post ABSORB
deployment. We report whether mandatory QCA assessment of vessel size pre-implan-
tation, utilizing the maximal luminal diameter (Dmax) and established interpolated
reference vessel diameter (RVD) measurements, has improved device/vessel sizing.
Methods: Pre-implantation post-hoc QCA analyses of all 101 patients from ABSORB
Cohort B (102 lesions) and first consecutive 101 patients (108 lesions) from ABSORB
EXTEND were undertaken by an independent core-laboratory; all patients had a 3 mm
ABSORB implanted. Comparative analyses were performed. Results: Within ABSORB
Cohort B, a greater number of over-sized vessels (>3.3 mm) were identified utilizing
the Dmax compared to the interpolated RVD (17 vessels, 16.7% vs. 3 vessels, 2.9%; P 5

0.002). Comparative analyses demonstrated a greater number of appropriate vessel-size
selection (75 vessels, 69.4% vs. 48 vessels, 47.1%; P 5 0.001), a trend towards a reduc-
tion in implantation in small (<2.5 mm) vessels (29 vessels, 26.9% vs. 40 vessels, 39.2%;
P 5 0.057) and a significant decrease in the implantation in large (>3.3 mm) vessels
(4 vessels, 3.7% vs. 17 vessels, 16.7%; P 5 0.002) in ABSORB EXTEND. Bland–Altman
plots suggested a good agreement between operator and core-laboratory calculated
Dmax measurements. Conclusions: The introduction of mandatory Dmax measurements
of vessel size prior to ABSORB implantation significantly reduced the under-sizing of the
3.0 mm scaffold in large vessels validating the use of this technique in vessel sizing prior
to ABSORB implantation. VC 2011 Wiley Periodicals, Inc.

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

Fully bioresorbable drug-eluting vascular scaffolds

(BVS) are a novel approach to treating coronary

lesions in that they provide transient vessel support and

drug delivery to the vessel wall, without the long-term

limitations of standard metallic drug-eluting stents

(DES) such as metallic caging [1,2]. Unlike with per-

manent metallic stenting, the BVS will potentially

allow future surgical revascularization, expansive

remodeling, restoration of reactive vasomotion, and

non-invasive imaging of coronary arteries with multi-

slice computed tomography. Given their temporary

presence, the potential risk of late or very late stent

thrombosis may be reduced or even eliminated [3,4].
Although the short- and long-term clinical results of

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

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

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

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

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

METHODS

Study Design and Population

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

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

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

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

deployment, with the recommendations of implanting
the device only if the vessel diameter was �2.5 and
�3.3 mm. Post-dilatation of the device was permitted
provided the predicted balloon size fell within the
range of the 3.0 mm ABSORB size specifications.

QCA analysis. In all patients, post hoc analyses of
the scaffold and peri-scaffold segments (defined by a
length of 5 mm proximal and distal to the ABSORB
edges), as well as their combination (in-segment analy-
sis), were undertaken by QCA using the Coronary An-
giography Analysis System (Pie Medical Imaging,
Maastricht, The Netherlands) by an independent core
laboratory (Cardialysis NV, Rotterdam, The Nether-
lands). The small 37-lm platinum radiomarkers located
at each end of the ABSORB aided in the localization
of the non radio-opaque scaffold for QCA analyses.

Fig. 1. (a,b) Implantation of a 3 mm BVS in a vessel with an interpolated RVD of 3.80 mm
and a proximal and distal Dmax of 4.42 and 3.92 mm, respectively (left image, a) from a
patient in ABSORB Cohort B. This leads to under-sizing of the BVS with spontaneous ISA
present at both edges of the BVS (right image, a). Six-month follow-up demonstrated incor-
poration of several struts into the vessel wall and coverage of the struts (b) [5].
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Within the ABSORB EXTEND SAS, if the device was
found to have been implanted in a vessel outside the
recommended limits (�2.5 and �3.3 mm), the study
sponsor would subsequently provide appropriate feed-
back to the operator at the local participating centre
and further retraining offered if required.

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

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

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

Study device. The ABSORB revision 1.1 is a balloon
expandable device consisting of a polymer backbone of
Poly-L lactide (PLLA) coated with a thin layer of a 1:1
mixture of an amorphous matrix of Poly-D, L lactide
(PDLLA) polymer, and 100 lg/cm2 of the anti-prolifera-
tive drug everolimus. Two platinum markers located at

Fig. 2. Comparisons of the interpolated RVD (left) and Dmax
(right) measurements in assessing vessel size pre-implanta-
tion of a 3 mm BVS. In this example, taken from the ABSORB
Cohort B Study, the interpolated reference vessel diameter
was calculated to be 3.22 mm. Based on this QCA value, a 3
mm BVS would have been acceptable for implantation

(implantation range �2.5 mm and �3.3 mm). However, with
the use of Dmax measurements, the proximal Dmax was cal-
culated as 3.63 mm and distal Dmax 3.15 mm. The proximal
Dmax measurement would have precluded implantation of the
BVS if this assessment had been used.
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each ABSORB edge allow for accurate visualization dur-

ing angiography or other imaging modalities of the
radiolucent ABSORB. The PDLLA allows for the con-

trolled release of everolimus, 80% of which is eluted

within the first 30-days. Both PLLA and PDLLA are

fully bioresorbable. The polymers are degraded via hy-

drolysis of the ester bonds in the backbone. The resulting

lactate and its oligomers eventually leave the polymer

matrix and are metabolized through the pyruvate and

Kreb energy cycles in the surrounding tissues and blood.

Small particles, less than 2 lm in diameter, are phagocy-

tosed by macrophages. According to preclinical studies,

the time for complete bioresorption of the polymer back-

bone is approximately 2 years [8].
Statistical analysis. Categorical variables are pre-

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

RESULTS

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

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

Within ABSORB Cohort B, the core laboratory
assessed mean interpolated RVD was 2.61 � 0.37 mm,
mean proximal Dmax 2.82 � 0.46 mm, and mean dis-
tal Dmax 2.72 � 0.42 mm. A greater number of over-
sized vessels (>3.3 mm) were identified utilizing the
Dmax compared to the interpolated RVD (17 vessels,
16.7% vs. 3 vessels, 2.9%, P ¼ 0.002). No differences
were however found in identifying small vessels (<2.5
mm) (40 vessels, 39.2% vs. 41 vessels, 40.2%, P ¼
1.000) and normal size vessels (48 vessels, 47.1% vs.
58 vessels, 56.9%, P ¼ 0.207) (Table I).

Within ABSORB EXTEND SAS, the mean core lab-
oratory assessed interpolated RVD was 2.59 � 0.33
mm; a trend towards a higher operator assessed mean
proximal (2.86 � 0.25 mm vs. 2.81 � 0.33 mm, P ¼
0.072) and distal (2.73 � 0.27 mm vs. 2.67 � 0.33
mm, P ¼ 0.055) Dmax measurements, compared to the
core laboratory assessed values, were observed; this
however did not reach statistical significance.

With the application of mandatory Dmax assessment in
the ABSORB EXTEND SAS, this lead to a significant
increase in appropriately sized vessels for implantation
with a 3 mm device when compared to ABSORB Cohort
B (75 vessels, 69.4% vs. 48 vessels, 47.1%, P ¼ 0.001).
A trend towards a reduction in the implantation of the 3
mm BVS device in small vessels (<2.5 mm) was seen
(40 lesions, 39.2% vs. 29 lesions, 26.9%, P ¼ 0.057). A
significant reduction in the implantation of the 3 mm de-
vice in vessels >3.3 mm was observed (17 lesions, 16.7%
vs. 4 lesions, 3.7%). The four cases involving Dmax >3.3
mm occurred in the first 50 patients in the Extend SAS
and involved centers who had performed ABSORB im-
plantation for the first (three cases) or second time (one
case). No significant differences were observed in the
interpolated RVD to assess vessel size between EXTEND
SAS and ABSORB Cohort B (Table I).

Figure 3 demonstrates the comparison of the inter-
polated RVD and Dmax measurements for assessing

TABLE I. Core Laboratory Assessed Dmax and Interpolated RVD Comparisons for All 101 Patients (102 lesions) in ABSORB
Cohort B and the First 101 Patients (108 lesions) in ABSORB EXTEND Single Arm Study

QCA measurement ABSORB Cohort B (n ¼ 102) EXTEND SAS (n ¼ 108)a (n ¼ 107)b P Valuec

Pre-implantation Dmax: �2.5 to �3.3 mm (%) 48 (47.1%) 75 (69.4%) 0.001

Pre-implantation Dmax: <2.5 mm (%) 40 (39.2%) 29 (26.9%) 0.057

Pre-implantation Dmax: >3.3 mm (%) 17 (16.7%) 4 (3.7%) 0.002

Pre-implantation RVD: �2.5 to �3.3 mm (%) 58 (56.9%) 61 (57.0%) 0.983

Pre-implantation RVD: <2.5 mm (%) 41 (40.2%) 44 (41.1%) 0.892

Pre-implantation RVD: >3.3 mm (%) 3 (2.9%) 2 (1.9%) 0.612

an ¼ 108 lesions for Dmax assessment.
bn ¼ 107 lesions for RVD assessment (RVD unavailable in one occluded vessel).
c2-Sided Pearson Chi-squared analysis.
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vessel sizes for ABSORB Cohort B and EXTEND
SAS.

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

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

Fig. 3. (a,b) Comparisons of interpolated RVD and Dmax measurements in assessing vessel
size pre-implantation from ABSORB Cohort B (a) and ABSORB SAS (b).
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DISCUSSION

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

device when compared to the interpolated RVD or vis-

ual assessment, this may reduce the risk of post-im-

plantation device malapposition; (4) and that the meas-

urements of proximal and distal Dmax are broadly in

agreement between the core laboratory and operator

assessed Dmax values.
As shown in Fig. 2, the proximal and distal Dmax

values appear to represent a refinement in assessing the
vessel size when compared to the interpolated RVD.
For example in ABSORB Cohort B, if the interpolated

Fig. 4. (a,b) Bland Altman plots depicting the agreement for proximal (a) and distal (b) Dmax
measurements between the operator and core laboratory assessed values. Delta Dmax is the
core laboratory minus the operator Dmax calculation.
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RVD had been used, only three patients (2.9%) would
have been identified as having a vessel diameter >3.3
mm; conversely with the application of the proximal
and distal Dmax values, an almost six-fold increase in
the number of patients with a vessel size >3.3 mm
were identified (17 patients, 16.7%). In keeping with
these findings, Gomez-Lara et al demonstrated in an
OCT substudy of the first 52 patients in ABSORB
Cohort B, a trend towards an increasing frequency of
>5% ISA with a greater Dmax [5].

Conversely, over-sizing of the 3.0 mm device in
small vessels (2.5 mm) has recently been shown to be
potentially not of concern based on preliminary data
from the first 52 patients in ABSORB Cohort B, as
assessed by 6-month angiographic, IVUS, and clinical
outcomes [6]. In the present study, a trend towards a
reduced frequency of the deployment of the ABSORB
device in vessels with a Dmax <2.5 mm was observed,
although this did not achieve statistical significance (40
cases (39.2%) ABSORB Cohort B vs. 29 cases
(26.9%) ABSORB EXTEND SAS, P ¼ 0.057).

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

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

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

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

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

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

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

LIMITATIONS

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

Methods
and results

A total of 12 lesions treated with the BVS 1.0 and 12 selected lesions treated with the revised BVS 1.1 were imaged at
baseline and 6-month follow-up with OCT. Late shrinkage and neointimal area (NIA) were derived from OCT area
measurements. Neointimal thickness was measured in each strut. Strut appearance has been classified as previously
described. Baseline clinical, angiographic, and OCT characteristics were mainly similar in the two groups. At
6 months, absolute and relative shrinkages were significantly larger for the BVS 1.0 than for the BVS 1.1 (0.98 vs.
0.07 mm2 and 13.0 vs. 1.0%, respectively; P ¼ 0.01). Neointimal area was significantly higher in the BVS 1.0 than in
the BVS 1.1 (in-scaffold area obstruction of 23.6 vs. 12.3%; P, 0.01). Neointimal thickness was also larger in the
BVS 1.0 than in the BVS 1.1 (166.0 vs. 76.4 mm; P, 0.01). Consequently, OCT, intravascular ultrasound, and angio-
graphic luminal losses were higher with the BVS 1.0 than with the BVS 1.1. At 6 months, strut appearance was pre-
served in only 2.9% of the BVS 1.0 struts, but remained unchanged with the BVS 1.1 indicating different state of strut
microstucture and/or their reflectivity.

Conclusion The BVS 1.1 has less late shrinkage and less neointimal growth at 6-month follow-up compared with the BVS 1.0. A
difference in polymer degradation leading to changes in microstructure and reflectivity is the most plausible expla-
nation for this finding.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Keywords Bioresorbable vascular scaffold † Shrinkage † Optical coherence tomography † Bioresorption

Background
The first generation of the everolimus-eluting bioresorbable vascu-
lar scaffold (BVS 1.0) was tested in 30 patients enrolled in the

ABSORB Cohort A study. At 6-month follow-up, this device
showed a late shrinkage of the scaffold area of 11.8% as assessed
by intravascular ultrasound (IVUS) and rapid changes in strut
appearance, documented by multiple imaging modalities.1
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At variance with metallic stents, which do not exhibit late shrink-
age,2 the reduction of the BVS 1.0 scaffold area was the main com-
ponent of late luminal loss at 6 months.
The BVS 1.1 represents a new generation of bioresorbable

devices. It utilizes a novel platform design and polymer processing
different than the previous BVS 1.0. This new generation is
designed to improve the radial force and to slow-down the loss
in mechanical integrity, without substantially affecting the biore-
sorption process.3 It has been investigated in 101 patients enrolled
in the ABSORB cohort B trial. Forty-five of these patients were
scheduled for a 6-month control with conventional angiography
and multiple intravascular imaging techniques.
Optical coherence tomography (OCT) is a high resolution

imaging technique capable of an accurate assessment of the poly-
meric struts, changes in luminal and scaffold dimensions, and the
quantification of neointimal hyperplasia.4–6

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

Materials and methods

Study design and population
The ABSORB trial is a non-randomized, multicentre, single-arm, effi-
cacy–safety study. The first Cohort (A) included 30 patients treated
with the BVS 1.0; the trial design and results up to 3-year follow-up
have been already published.1,4,7 The second Cohort (B) included
101 patients with 102 lesions treated with a single size 3 × 18 mm
of the BVS 1.1 design; the study design is available at clinicaltrials.gov
(NCT00856856).
The inclusion criteria were similar in both studies: patients aged 18

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

pated in the Absorb Cohort A in 2006 using the BVS 1.0.1 In this
first-in-man study, angiography and IVUS were mandatory investi-
gations at 6 and 24 months of follow-up. Optical coherence tomogra-
phy was an optional investigation that was only executed and
performed in Rotterdam with the available system at that time (M2
Light Lab). Subsequently, the Rotterdam group performed OCT
follow-up of their patients at 6 and 24 months. As a result, 13 patients
in Cohort A had sequential OCT investigation at baseline and 6
months.4 The Cohort B study was started during 2009 using the
BVS 1.1. In this study, 7 of the 12 participating centres performed
OCT at baseline and follow-up and three of them (Rotterdam ¼ 9,
Melbourne ¼ 2, and Bern ¼ 1) used the most advanced system (C7
Light Lab). As a result, 12 patients in Cohort B have been imaged
with the OCT C7 system. This limited but almost equal number of
patients represents a unique opportunity to analyse, with the high

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

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

The manufacturing process the BVS 1.1 (Abbott Vascular, Santa
Clara, CA, USA) has been modified to enhance the mechanical
strength and mechanical durability of the struts. Moreover, the new
design has in-phase zigzag hoops linked by bridges that allow for a
more uniform strut distribution, reduce maximum circular unsup-
ported surface area, and provide more uniform vessel wall support
and drug transfer.3 The polymer mass, coating content, amount of
drug, and the strut thickness remain the same. The BVS 1.1 design is
also shown in Figure 1.

Figure 1 Design of the different bioresorbable vascular scaffold
(BVS). (A) BVS 1.0 design. The struts are distributed as circumfer-
ential out-of-phase zigzag hoops linked together by three longi-
tudinal bridges between each hoop. The maximal circular
unsupported surface area is drawn as a red circle. (B) BVS 1.1
design. The struts are arranged as in-phase zigzag hoops linked
together by three longitudinal bridges. The strut distribution is
more uniform and allows the maximal circular unsupported
surface area (red circle) to be smaller than in the BVS 1.0.
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Treatment procedure
All procedures were performed electively. Lesions were treated with
routine interventional techniques that included mandatory pre-
dilatation. The study protocol forbade the use of pre-dilatation bal-
loons longer than the pre-specified length of the device (18 mm),
and recommended using balloons 0.5 mm smaller in diameter than
the reference vessel diameter (RVD). The BVS had to be implanted
at a pressure not exceeding the rated burst pressure (16 atmos-
pheres). Post-dilation was allowed at the operator’s discretion with
shorter balloons than the BVS length and inflated at diameters that
fit within the boundaries of the scaffold. Bail-out stenting was also
allowed at operator’s discretion.

Quantitative angiography analysis
The 2D angiogramswere stored inDICOM format and analysed offline by
the core lab (Cardialysis, Rotterdam, The Netherlands) using the CASS II
analysis system (Pie Medical BV, Maastricht, The Netherlands). In each
patient, the treated region and the peri-treated regions (defined by a
length of 5 mm proximal and distal to the device edge) were analysed.
The following quantitative coronary angiography (QCA) analysis par-
ameters were measured: computer-defined minimal luminal diameter
(MLD),RVDobtainedbyan interpolatedmethod, andpercentageofdiam-
eter stenosis (DS). Late loss was defined as the difference between MLD
post-procedure and MLD at follow-up.8

Optical coherence tomography acquisition
In the ABSORB Cohort A, baseline and follow-up OCT acquisition was
executed with an M2 Time-Domain System (LightLab Imaging, West-
ford, MA, USA) using the balloon occlusion method. The occlusion
balloon Helios (Goodman, Japan) was advanced distal to the treated
region over a conventional angioplasty guidewire of 0.014′′. Then,
the conventional guidewire was replaced by the OCT ImageWire
(LightLab Imaging, Westford, MA, USA) and the occlusion balloon
catheter was positioned proximal to the segment of interest. Pullback
of the ImageWire was performed with automated pullback at 1 mm/s
and 15.6 frames/s during the occlusion of the artery by the balloon at
low pressure (0.5–0.7 atm), and during simultaneous flushing of the
vessel distal to the occlusion with lactated Ringer’s solution at 378C
(flow rate 0.8 mL/s).

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

The resolution of both OCT systems is exactly the same
(15–20 mm of lateral resolution and 15–20 mm of axial resolution).9

Optical coherence tomography analysis
The OCT measurements were performed with proprietary software
for offline analysis (LightLab Imaging, Westford, MA, USA). Adjusting
for the pullback speed, the analysis of contiguous cross-sections was
performed at each 1 mm longitudinal intervals within the treated
segment.

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

area with respect to the area measured immediately after the deploy-
ment.10,11 Absolute late shrinkage has been measured as the difference
between the mean BVS area at baseline minus the mean BVS area at
follow-up. Relative late shrinkage has been measured as: [(absolute
late shrinkage)/baseline mean BVS area] × 100 (Figure 3).
In case of incomplete scaffold/strut apposition (ISA), the area

between the backside of the struts and the vessel wall has been
measured as ISA area. The neointimal area (NIA) has been measured
at follow-up as: BVS area – (Lumen Area – ISA area). The neointimal
thickness (NIT) has been measured at follow-up with the ‘thickness
ruler’ tool from the endoluminal border of the black strut core to
the lumen.
Moreover, a qualitative assessment of the appearance of polymeric

struts has been obtained at follow-up. Basically, the struts were classi-
fied as preserved box, open box, dissolved bright box, and dissolved
black box in order of decreasing reflectivity (Figure 4).1 The kappa
index to detect the four types of strut appearance was 0.58.12 Strut
tissue coverage was assessed qualitatively when clear neointimal
tissue covered the polymeric strut.

Intra-vascular ultrasound acquisition
and analysis
The scaffolded segments were examined with phased array IVUS cath-
eters (EagleEye; Volcano Corporation, Rancho Cordova, CA, USA)
with an automated pullback at 0.5 mm/s. Lumen area was measured
with a validated computer-based contour detection programme
(CURAD BV, Wijk bij Duurstede, The Netherlands) that allows for
semi-automatic detection of lumen.13

Statistical analysis
Normality distribution of continuous variables was explored with the
Kolmogorov–Smirnov test. All continuous variables had normal distri-
bution and have been expressed as means and 1 standard deviation
(SD). Categorical variables are presented as counts (%). Paired compari-
sons of continuous variables within groups between the different time
points were done by the Wilcoxon’s signed rank test. Comparison of
continuous variables between Cohorts A and B has been made using
the U-Mann–Whitney test. Comparisons of absolute differences
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between baseline and follow-up have also beenmadewith the U-Mann–
Whitney test. Comparisons of categorical variables between groups
have been made using the Chi-square test or the Fisher test when
one of the cells had less than five events. A two-sided P-value ≤ 0.05
was considered statistically significant. All the statistics have been per-
formed with the SPSS 15.0 version for Windows (IL, US).

Results

Study population
A total of 13 lesions in 13 patients had baseline and follow-up OCT
imaging in the ABSORB Cohort A study.1 One of these patients
underwent a non-ischaemia driven target lesion revascularization
treated with a metallic platform stent at Day 42. The OCT
imaging at that time showed strut discontinuation with attached
thrombi probably due to overstretching of the BVS during implan-
tation.7 This patient has not been included in the present study. In
the ABSORB Cohort B study, 28 patients with scheduled imaging
control at 6-month follow-up were studied with OCT at baseline.

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

The baseline clinical characteristics are shown in Table 1. Both
groups were similar in gender and age. There was a trend
toward lower percentage of hypercholesterolaemia (72.7 vs.
100.0%; P ¼ 0.06) and prior acute myocardial infarction (8.3 vs.
41.7%; P ¼ 0.06) in the BVS 1.0 than in the BVS 1.1 group, respect-
ively. There was a significant difference in the smoking status
favouring the BVS 1.1 group (33 vs. 0%, respectively; P ¼ 0.03).

Figure 2 Optical coherence tomography (OCT) imaging of the bioresorbable scaffolds and metallic platform stents. (A) Bioresorbable vas-
cular scaffold imaged with OCT. The strut appearance is translucent and allows a perfect imaging of the vessel wall. (B) Metallic platform stent
imaged with OCT. The metallic struts are opaque to the OCT light and produce the typical shadow into the vessel wall.
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A total of 11 patients in ABSORB Cohort A were treated with a
BVS 1.0 of 3 × 12 mm and 1 was treated with a BVS 1.0 of 3 ×
18 mm. All patients of the ABSORB Cohort B were treated with
a BVS 1.1 of 3 × 18 mm.

Quantitative coronary angiography
results
Baseline and follow-up angiographic parameters are shown in
Table 2. Both groups had similar angiographic characteristics at

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

Figure 3 Late shrinkage assessment. Optical coherence tomography (OCT) imaging of the BVS 1.0 and 1.1. At baseline, the scaffold area (SA;
blue line) is usually drawn into the luminal area (LA; green line). At follow-up, the neointima covers the polymeric struts and then, the scaffold
area usually is drawn outside of the luminal area. The absolute late shrinkage for the BVS 1.0 is 2.06 mm2 (relative shrinkage of 25.6%) and for
the BVS 1.1 is 0.12 mm2 (relative shrinkage of 1.5%).
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pre-implantation. Patients treated with the BVS 1.0 tended to have
a larger RVD than patients treated with the BVS 1.1 (2.95 vs.
2.69 mm; P ¼ 0.14).
At 6-month follow-up, patients treated with the BVS 1.0 had a

significant decrease in MLD (angiographic late loss) of 0.43 mm
(P ¼ 0.01), whereas a non-significant 0.08 mm decrease was seen
in those treated with the BVS 1.1. The difference in late loss
between the BVS 1.0 and 1.1, although numerically appreciable,
failed to reach statistical significance at 6 months (P ¼ 0.07). The
serial individual changes in MLD between baseline and follow-up
are shown in Figure 5.

Optical coherence tomography results
Baseline and follow-up quantitative OCT and IVUS findings are
shown in Table 3. Both groups had similar OCT findings at baseline
after the deployment of the BVS. At 6 months, the BVS 1.0 had a
significantly higher late shrinkage than the BVS 1.1 (absolute shrink-
age of 0.98 vs. 0.07 mm2 and relative shrinkage of 13.0 vs. 1.0%,
respectively; P ¼ 0.01). Neointimal area was significantly higher
with the BVS 1.0 when compared with the BVS 1.1 (1.44 vs.
0.87 mm2, respectively; P, 0.01). NIH was also larger in the

BVS 1.0 than in the BVS 1.1 (166.0 vs. 76.4 mm; P, 0.01). These
findings at 6 months caused a significantly higher reduction in
mean lumen area (relative difference of 35.1 vs. 16.1%; P, 0.01)
and in minimal luminal area (47.0 vs. 20.7%; P, 0.01) with the
BVS 1.0 than with the BVS 1.1 as assessed by OCT. Serial individual
changes of the BVS area and of the minimal lumen area as assessed
by OCT are shown in Figure 5. The ISA area of the BVS 1.0 at
6 months increased significantly with respect to the baseline
(0.10 mm2; CI 95%: from 20.02 to 0.21 mm2; P ¼ 0.04), while
the ISA area of the BVS 1.1 remained unchanged (0.02 mm2;
20.18 to 0.22 mm2; P ¼ 0.26).

A total of 662 struts of the BVS 1.0 and 1575 of the BVS 1.1
were detected at baseline. After deployment, all struts appear as
preserved box in both BVS devices. At follow-up, 620 struts and
1639 struts were analysed. The strut appearance of the BVS 1.0
showed substantial changes in appearance: at 6 months struts
had changed from 100% preserved black box to 29.7% open
box, 51.4% dissolved bright box, 16.0% dissolved black box, and
only 2.9% were preserved black box. For the BVS 1.1, all struts
maintained a preserved black box appearance at 6 months (P,
0.01). Uncovered struts were less frequent in the BVS 1.0 (1.1%)
than in the BVS 1.1 (5.3%) (P ¼ 0.01).

Intravascular-ultrasound results
IVUS results are shown in Table 3. The reduction in mean lumen
area was larger with the BVS 1.0 than with the BVS 1.1 (12.71
vs. 6.93%), but this difference was not statistically significant (P ¼
0.17). The reduction in minimal lumen area was significantly
larger with the BVS 1.0 than with the BVS 1.1 (22.83 vs. 4.81%;
P, 0.01).

Reproducibility of optical coherence
tomography measurements
The scaffold area reproducibility using our method has been
assessed specifically for our study. Two independent analysts
measured the scaffold area in 100 images at follow-up. After 1
week, one of the analysts re-analysed the same frames. The inter-
observer R2 for repeated measures was 0.88 and the intraobserver
R2 was 0.98.

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

A pre-clinical animal study involving histological samples at
differing time points divided the evolution process of the BVS
into two parts:12 first, the BVS resorption process, which consists
of the disappearance of the polymeric PLA and the subsequent
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Table 1 Baseline clinical and angiographic
characteristics

BVS 1.0
(n5 12)

BVS 1.1
(n5 12)

P-value

Male 8 (66.7) 9 (75.0) 0.65

Age (years+ SD) 59.5+8.3 61.2+9.6 0.76

Hypertension 6 (50.0) 7 (58.3) 0.68

Hypercholesterolaemia 8 (72.7) 12 (100.0) 0.06

Diabetes mellitus 1 (8.3) 1 (8.3) 1.00

Smoke 4 (33.3) 0 0.03

Prior MI 1 (8.3) 5 (41.7) 0.06

Prior PCI 2 (16.7) 3 (25.0) 0.62

Clinical indication 0.27

Stable or silent angina 11 (91.7) 9 (75.0)

Unstable angina 1 (8.3) 3 (25.0)

Number of vessel
disease

0.14

One 12 (100.0) 10 (83.3)

Two 0 2 (16.7)

Culprit vessel 0.22

LAD 4 (33.3) 6 (50.0)

LCX 6 (50.0) 2 (16.7)

RCA 2 (16.7) 4 (33.3)

BVS size ,0.01

3 × 12 mm 11 (91.7) 0

3 × 18 mm 1 (8.3) 12 (100.0)

Values are expressed as count (%), except for age.
MI, myocardial infarction; PCI, percutaneous coronary intervention; LAD, left
anterior descending; LCX, left circumflex; RCA, right coronary artery; BVS,
bioresorbable vascular scaffold.
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filling of the strut voids with proteoglycan material; second, the
BVS integration process, which consists of the formation of orga-
nized tissue with connective cells and connective extracellular
matrices replacing the polymeric and the proteoglycan material.
In the same study, the strut appearance as assessed by OCT
was compared with matched histological sections.12 At 24
months, all the struts were discernible by OCT and 80.4% of
them were classified as having the preserved box appearance
(similar to the BVS 1.1 at 6 months). At that point of time,
matched histological samples showed that almost all the strut
footprints were occupied by proteoglycans and the analysis
with gel permeation chromatography did not find traces of the
polymeric material. This demonstrated that the polymer was
already resorbed at that time, and therefore OCT imaging was
not able to assess the resorption process. At
3- and 4-year follow-up, almost all the struts were not discernible
and the few observed struts were classified as a dissolved bright
or dissolved black box (similar to the BVS 1.0 at 6 months). There
was poor correlation of these types of OCT strut appearance
with the particular patterns observed on histology. But, the indis-
cernible struts and the dissolved black box appearance as
assessed by OCT were observed as circumscribed regions of
dense connective tissue with low cellularity on histology.

Therefore, as assessed by OCT, the most advanced resorption/
integration states were characterized as: (i) observation of
other types of strut appearance rather than the preserved box;
and (ii) the reduction of discernible struts over time jointly with
the observation of a dissolved black box strut appearance.12

In our study, the number of discernible struts of the BVS 1.1 was
slightly lower at baseline than at follow-up (1575 vs. 1639, respect-
ively; P ¼ 0.06). At 6 months, the strut appearance was ‘preserved’
in all the patients. In contrast, the number of discernible struts of
the BVS 1.0 was higher at baseline than at follow-up (662 vs. 620,
respectively; P ¼ 0.05) and at 6 months, only 2.9% of the discern-
ible struts had a preserved box appearance. The correlation of our
findings with the animal study shows that the BVS 1.0 had a more
advanced resorption/integration state than the BVS 1.1 at 6
months. Our hypothesis is that this faster resorption/integration
state is the main cause of the higher late shrinkage and greater
neointimal response of the BVS 1.0 compared with the BVS 1.1.

Late shrinkage is a phenomenon resulting from the loss of struc-
tural integrity of the polymeric scaffold in conjunction with fatigue
and constrictive remodelling of the vessel in the first months follow-
ing the vessel injury. Loss of structural integrity is an inevitable part of
the resorption process of these polymeric devices. The poly-L-lactic
acid (PLLA) polymer has a lifecycle which can be divided in five
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Table 2 Quantitative coronary angiography findings at baseline and 6-month follow-up

BVS Pre-deployment Post-deployment 6-month FU Difference post
–pre (CI 95%)

P-value* Difference
post – 6 m
FU (CI 95%)

P-value** P-value†

QCA

Lesion length (mm)a

BVS 1.0 9.86 (3.46) 10.34 (1.70) 10.17 (2.20) 20.48 (22.90
to 1.94)

0.18 0.18 (20.26
to 0.61)

0.64 0.93

BVS 1.1 8.99 (2.89) 17.08 (1.12) 16.08 (1.48) 28.09 (29.82
to 26.35)

,0.01 1.00 (20.16
to 2.16)

0.13

RVD (mm)

BVS 1.0 2.95 (0.38) 3.03 (0.39) 2.87 (0.41) 0.08 (20.10
to 0.26)

0.31 0.16 (0.01
to 0.31)

0.04 0.24

BVS 1.1 2.69 (0.35) 2.64 (0.23) 2.53 (0.22) 20.05 (20.21
to 0.11)

0.70 0.11 (0.02
to 0.20)

0.03

MLD (mm)

BVS 1.0 1.13 (0.30) 2.46 (0.38) 2.03 (0.30) 1.32 (1.03
to 1.62)

,0.01 0.43 (0.13
to 0.73)

0.01 0.07

BVS 1.1 1.23 (0.44) 2.26 (0.28) 2.18 (0.25) 1.03 (0.69
to 1.37)

,0.01 0.08 (20.14
to 0.30)

0.24

DS (%)

BVS 1.0 60.8 (13.4) 18.6 (9.4) 27.8 (16.0) 242.3 (250.8
to 233.7)

,0.01 29.3 (218.7
to 0.2)

0.07 0.24

BVS 1.1 57.6 (13.1) 14.7 (7.5) 15.7 (9.3) 242.9 (250.9
to 235.0)

,0.01 21.0 (25.5
to 3.5)

0.66

Data are expressed as mean (SD).
QCA, quantitative coronary angiography; BVS, bioresorbable vascular scaffold; FU, follow-up; RVD, reference vessel diameter; MLD, minimal lumen diameter; DS, diameter
stenosis.
aLesion length at post-procedure and at follow-up has been measured between the platinum markers of the BVS.
*Paired comparison between pre- and post-deployment within each group.
**Paired comparison between post-deployment and follow-up within each group.
†Comparison of the difference post-deployment—follow-up between the two groups. Comparison between groups at pre-deployment and post-deployment were
non-significant (P . 0.10).
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phases.14 First, immediately after the deployment, the polymer
absorbs water from blood and surrounding tissues. Second, the
long chains of PLLA degrade by hydrolysis into smaller chains
without affecting the device’s structure. Third, the hydrolysis
process continues and causes a loss in integrity, with fragmentation
of the struts and loss of radial strength. Fourth, soluble monomeric
anions dissolve into the intercellular fluid and microparticles of less
than 2 mm may be phagocyted by the macrophages; manifesting in
mass loss and bioresorption. Finally, the soluble L-lactate is con-
verted into pyruvate, which enters the Krebs cycle, being eventually
converted into carbon dioxide and water. The initial degradation
process of the PLLA semi-crystalline polymer depends on the
length of the polymers chain (molecular weight), the hydrophilicity,
and the degree of crystallinitiy. In BVS 1.1, initial degradation rate (i.e.

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

The second cause of late shrinkage is the constrictive remodel-
ling of the treated vessel in the first few months after implantation.
In the era of balloon angioplasty, more than 70% of the restenotic
process was attributed to negative remodelling of the vessel in the
treated segment, and less than 30% was done to neointimal
growth.15 In the metallic stent era, late lumen loss within the
stent correlated strongly with tissue growth (r ¼ 0.975), eliminat-
ing negative remodelling as the common cause of restenosis.16,17

Thus, the key question for intracoronary bioresorbable scaffolds
is for how long radial strength (i.e. scaffolding) must be maintained
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Figure 5 Serial changes in angiographic late lumen loss, BVS area (late shrinkage) and minimal lumen area as assessed by optical coherence
tomography.
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to avoid constrictive remodelling. In a cohort of patients consecu-
tively re-catheterizated at 1, 2, 3, and 4 months, Serruys et al.18

demonstrated that the restenotic process after balloon angioplasty
ceases to progress after 4 months. It is possible that after this time,
scaffolding is no longer needed, and the structural degradation and
bioresorption processes can commence.

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

to the differences in the BVS lengths according to the lesion
length. The lesion length prior to the implantation was similar in
both groups (around 9–10 mm), but the device length as assessed
by QCA at post-deployment was significantly higher in the BVS 1.1
than in the BVS 1.0 (17.08 vs. 10.34 mm; P, 0.01). This difference
resulted from the fact that all patients treated in the ABSORB
Cohort B study received a single size device (3 × 18 mm), while
in the ABSORB Cohort A there were two different sizes (3 ×
12 and 3 × 18 mm). A sub-analysis of the 12 central millimetre
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Table 3 Quantitative optical coherence tomography and intravascular ultrasound findings at baseline and 6-month
follow-up

BVS (n 5 12 vs. 12) Baseline
(post-deployment)

6-month
FU

Absolute difference
between BL and FU
(CI 95%)

Relative difference
between BL and
FU (%)

P-value* P-value**

OCT

Mean luminal area (mm2)

1.0 BVS 7.63 (0.79) 4.94 (1.10) 2.69 (1.99–3.39) 35.07 (13.31) ,0.01 ,0.01

1.1 BVS 7.67 (0.94) 6.44 (0.93) 1.23 (0.89–1.57) 16.09 (6.48) 0.01

Minimal luminal area (mm2)

1.0 BVS 5.99 (0.57) 3.19 (1.28) 2.81 (2.03–3.59) 46.97 (19.67) ,0.01 ,0.01

1.1 BVS 6.32 (0.96) 5.01 (0.97) 1.32 (0.83–1.80) 20.65 (10.94) ,0.01

Mean BVS area (mm2)

1.0 BVS 7.18 (0.73) 6.20 (0.64) 0.98 (0.42–1.54) 12.95 (11.70) 0.01 0.01

1.1 BVS 7.21 (0.82) 7.14 (0.84) 0.07 (20.10 to 0.24) 0.97 (3.73) 0.37

Minimal BVS area (mm2)

1.0 BVS 5.82 (0.60) 4.75 (0.83) 1.07 (0.49–1.66) 17.90 (14.26) ,0.01 0.01

1.1 BVS 6.21 (0.98) 6.00 (0.85) 0.21 (20.14 to 0.56) 2.81 (8.11) 0.29

ISA area (mm2)

1.0 BVS 0.14 (0.25) 0.22 (0.31) 20.10 (20.21 to 0.02) 236.36 (10.33) 0.04 0.88

1.1 BVS 0.15 (0.30) 0.17 (.18) 20.02 (20.22 to 0.18) 211.76 (15.35) 0.26

NIA (mm2)

1.0 BVS NA 1.44 (0.32) NA NA NA ,0.01a

1.1 BVS NA 0.87 (0.22) NA NA NA

NIT (mm)

1.0 BVS NA 0.17 (0.04) NA NA NA ,0.01a

1.1 BVS NA 0.08 (0.02) NA NA NA

In-device area obstruction (%)

1.0 BVS NA 23.62 (6.55) NA NA NA ,0.01a

1.1 BVS NA 12.28 (3.38) NA NA NA

IVUS

Mean luminal area (mm2)

1.0 BVS 6.84 (0.74) 5.94 (0.67) 0.90 (0.43–1.37) 12.71 (9.89) ,0.01 0.17

1.1 BVS 6.69 (0.81) 6.20 (0.76) 0.47 (0.24–0.69) 6.93 (4.68) ,0.01

Minimal luminal area (mm2)

1.0 BVS 5.75 (0.52) 4.41 (0.70) 1.34 (0.83–1.84) 22.83 (12.73) ,0.01 ,0.01

1.1 BVS 5.51 (0.78) 5.15 (0.73) 0.28 (20.01 to 0.57) 4.81 (7.20) 0.09

Data are expressed in mean (SD).
OCT, optical coherence tomography; IVUS, intravascular ultrasound; ISA, incomplete scaffold/strut apposition; NIA, neointimal area; NIT, neointimal thickness; NA, not
applicable.
Comparison of the OCT and IVUS findings at baseline between groups showed no significant differences.
aComparison of the neointimal hyperplasia (NIA and NIT) and in-device area obstruction at follow-up between groups.
*P-value between baseline and follow-up within groups.
**P-value comparing the absolute differences between groups.
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of the scaffold imaged by OCT (that part of the scaffold is more
likely to be located at the nadir of the narrowing) in the patients
treated with a 3 × 18 mm showed that the mean scaffold area at
baseline and at 6-month follow-up was 7.18 and 6.19 mm2 with
the BVS 1.0 (relative shrinkage of 13.09%) and 7.14 and
7.10 mm2 with the BVS 1.1 (relative shrinkage of 0.50%); P ¼ 0.01.
Until now, four different fully bioresorbable scaffolds have been

tested in humans. The polymeric PLLA non-drug-eluting
Igaki-Tamai device was the first fully bioresorbable scaffold used
in humans. The IVUS analysis did not show bioresorption of the
polymeric struts at 6 months and this absence of ultrasonic
changes in struts was parallel to the absence of scaffold shrinkage.
This device presented a target vessel revascularization of 6.7% at 6
months and a low rate of major cardiac events at 10 years.19,20

Conversely, the PROGRESS-AMS magnesium platform
non-drug-eluting bioresorbable scaffold had a rapid resorption
which was complete at 4-month follow-up. This swift resorption
produced an important reduction of the lumen (60% of the late
lumen loss) and a high incidence of restenosis (47.5% assessed
by QCA).21 The REVA device is a poly (iodinated desaminotyrosyl-
tyrosine ethyl ester) carbonate non-drug-eluting scaffold. The
closed design and the lifecycle of the carbonate provide enough
radial strength during the first 3 months following the implantation
without appreciable shrinkage. However, focal mechanical failures
driven by polymer embrittlement led to a high rate of TLR (66.7%)
between 4- and 6-month follow-up.22 Finally, the IDEALTM Poly
(Anhydride Ester) Salicylic acid sirolimus-eluting device has been
tested in only 11 patients.23

The shrinkage phenomenon observed in the BVS 1.0 was linked
to a significant increase of the ISA area with respect to baseline and
with higher neointimal response with respect to the BVS 1.1. The
increasing of the ISA area with the BVS 1.0 can be explained by the
scaffold shrinkage itself. At baseline, 95% of the struts were
apposed or aligned, while in the follow-up only 93% of the struts
were apposed to the vessel wall. Moreover, less than 10% of the
malapposed struts at baseline were resolved at follow-up.1 The
NIA measured in this population was significantly different
between the two generations of BVS (1.44 mm2 for the BVS 1.0
vs. 0.87 mm2 for the BVS 1.1). In-scaffold area obstruction was
also different between BVS 1.0 and 1.1 (23.6 vs. 12.3%, respect-
ively). The significantly lower neointimal response of the BVS 1.1
with respect to the BVS 1.0 has no clear explanation. Both gener-
ations of BVS are built with the same polymer mass, strut thick-
ness, drug, and coating elution and the same amount of drug.
One hypothesis is that the loss in scaffold area leads to a decreased
efficiency in drug transfer to the vessel wall and thus, a reduction in
antiproliferative efficacy. Another hypothesis is that the more
accelerated resorption/integration process of the BVS 1.0 com-
pared with the BVS 1.1 could generate a larger neointimal
response. Unfortunately, this cannot be assessed by OCT due to
the lack of correlation between the different types of strut appear-
ance and the histological findings based on animal studies.12 An
exploratory analysis of the patients treated with the BVS 1.0 in
our study relating the NIT measured above the preserved box
appearance (0.15+ 0.04 mm) with the NIT measured above the
other types of strut appearance (0.18+ 0.06) failed to be signifi-
cant (P ¼ 0.27). The same patients treated with the BVS 1.0

studied with OCT at 2 years showed few discernible struts with
no measurable neointima. Nevertheless, the mean lumen area
increased up to 19% from 6-month to 2-year follow-up.4 This
fact may be a sign of vessel remodelling at the neointimal level
but the low number of patients are a clear limitation to this con-
clusion. This hypothesis will be examined further when the strut
appearance of patients treated with the BVS 1.1 changes in
future scheduled imaging controls.

The OCT performance of the BVS 1.1 can be compared with
some drug-eluting stents (DES). The NIT observed in the BVS 1.1
(0.08 mm) is similar to that seen with the sirolimus-DES (from
0.05 to 0.12 mm) at 6-month follow-up.24,25 Paclitaxel-DES and
zotarolimus-DES showed an NIT of 0.20 and 0.33 mm, respect-
ively.24 The late shrinkage of metallic DES has not been yet explored
withOCT. Using IVUS, the everolimus-DES showed a relative differ-
ence in mean stent area of 0.3% at 6-month follow-up.26 This value is
similar to the 1.0% found in our study with the BVS 1.1. Based on this
information, the BVS 1.1 presents a similar profile as themetallic DES
as assessed by OCT.

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

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

These differences in OCT systems are inherent to the fact that
the ABSORB Cohort A trial was conducted in 2006, when a
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balloon occlusive technique was needed due to the lower frame/
rate and acquisition speed of the available systems at that time.
One in vitro study showed less accuracy in the lumen area measure-
ment with lower frame rate and acquisition speed than with higher
frame/rate and speed.27 An in vivo study, comparing the non-
occlusive and the occlusive technique in the same non-scaffolded
native coronary artery, showed systematically smaller mean and
minimal lumen areas with the occlusive technique than with the
non-occlusive technique (relative differences of 13.2 and 28.2%,
respectively).28 These differences were probably produced by
the lack of physiological pressurization of the vessel during the
occlusive technique imaging and/or the over-pressurization of the
vessel during the contrast infusion of the non-occlusive tech-
nique.28 These differences represent an important limitation of
our study because the two different devices were imaged with
different OCT techniques (occlusive for the BVS 1.0 and non-
occlusive for the BVS 1.1). However, in our study, the baseline
and follow-up acquisition were performed using the same
imaging technique in each cohort of patients and also, the analysed
region is scaffolded by the BVS. The scaffolded region is probably
less susceptible to changes in volumetric parameters according to
the intravascular pressure. Unfortunately, there is no current infor-
mation comparing the changes in lumen areas within the scaffolded
regions with the two different OCT techniques.

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

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

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

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

VasCUlaR ResPonses In THe eRa of MeTallIC anD bIoResoRbable 
DeVICes

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

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

In the ABSORB Cohort B trial 101 patients (Group B1=45, Group B2=56) were treated 
with the second generation fully resorbable scaffold, ABSORB BVS. The adjacent (5-
mm) proximal and distal to the implanted device segments were investigated at either 
6-months (Group B1) or 1-year (Group B2) with GS-IVUS and VH-IVUS imaging. Twenty-
three proximal and 18 distal edge segments were available for analysis at 6-months, 
while 25 proximal and 30 distal edge segments were available at 1-year. At the 5-mm 
proximal edge, the only significant change was modest constrictive remodeling at 6- 
months (∆ vessel cross-sectional area: -1.80% [-3.18; 1.30], p < 0.05), with a tendency 
to regress at 1- year (∆ vessel cross-sectional area: -1.53% [-7.74; 2.48], p=0.06). The 
relative changes of fibrotic and fibro-fatty tissue components at this segment were not 
significant at either time point. At the 5-mm distal edge, a significant increase in the 
fibro-fatty tissue of 43.32% [19.90; 244.28], (p < 0.05) 1-year post-implantation became 
evident. (Chapter 7) The vascular response up to 1-year after implantation of the AB-
SORB BVS demonstrated some degree of proximal edge constrictive remodeling and 
distal edge increase in FF tissue resulting in non-significant plaque progression with 
adaptive expansive remodeling. This morphological and tissue composition behavior 
did not significantly differ from the behavior of metallic drug-eluting stents at the same 
observational time points. 
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The comparison of the long-term vascular responses at the proximal and distal edges 
of 2 different everolimus-eluting platforms, the metallic Xience V and the bioresorbable 
ABSORB BVS were explored for the first time in a longitudinal fashion from the SPIRIT II 
(n=113) and ABSORB Cohort B1 (n=45) trials respectively. (Chapter 8) The 5-mm proximal 
and distal segments adjacent to the implanted devices were investigated with GS-IVUS 
and VH-IVUS post-procedure, at 6-months and 2-year following implantation of the 
bioresorbable device while similar analysis was performed with GS-IVUS following 
implantation of the metallic stent. 

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

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

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

The average WSS at stage I over the inflow and outflow surfaces were 3.2 and 3.1 
dynes/ cm2 respectively and 87.5 dynes/cm2 over endoluminal strut surface in the 
straight vessel. From stage I to stage II, WSS increased by 101% and 145% over the 
inflow and outflow surfaces, respectively, and decreased by 27% over the endolumi-
nal strut surface. In a curved vessel, WSS change became more evident in the inner 
curvature with an increase of 60.3% and 63.0% over the inflow and outflow strut 
surfaces. Similar analysis at the proximal and distal edges demonstrated a dramatic 
increase of 486.4% at the lateral outflow surface of the proximal scaffold edge. The 
implementation of CFD simulations over virtually deployed bioresorbable scaffolds 
demonstrate the transient nature of device/flow interactions as the bioresorption 
process progresses over time. Such hemodynamic device modeling is expected to 
guide future bioresorbable scaffold design.

In VIVo assessMenT of VasCUlaR ResPonses UTIlIzInG oPTICal 
CoHeRenCe ToMoGRaPHY

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

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

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

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

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

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

sTenT IMPlanTaTIon assessMenT UTIlIzInG PosT-PRoCesseD THRee-
DIMensIonal oPTICal CoHeRenCe ToMoGRaPHY

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

In VIVo assesseMenT of THe absoRb bIoResoRbable VasCUlaR 
sCaffolD UTIlIzInG InTRaCoRonaRY UlTRasoUnD anD oPTICal 
CoHeRenCe ToMoGRaPHY 

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

Conclusion

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





samenvatting en conclusies
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saMenVaTTInG en ConClUsIes

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

VasCUlaIRe ResPons In HeT TIJDPeRK Van MeTaalHoUDenDe en 
bIoResoRbeeRbaRe HUlPMIDDelen

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

In VIVo beooRDelInG Van De VasCUlaIRe ResPons MeT GebRUIKMaKInG 
Van InTRaVasCUlaIR UlTRaGelUID (IVUs) en oP IVUs GebaseeRDe 
beelDVoRMInGsMeTHoDen

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

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

De vasculaire respons op de lange termijn aan de proximale en distale randen van 
2 verschillende everolimus-afgevende platformen, nl. de metaalhoudende Xience V en 
de bioresorbeertbare ABSORB BVS, werd voor het eerst op longitudinale wijze verge-
leken aan de hand van het onderzoek SPIRIT II (n=113) en ABSORB Cohort B1 (n=45). 
(Hoofdstuk 8) De proximale en distale segmenten op 5 mm van de geïmplanteerde 
hulpmiddelen gelegen werden na de procedure, na 6 maanden en 2 jaar na implantatie 
van het bioresorbeerbare hulpmiddel onderzocht met GS-IVUS en VH-IVUS, terwijl een 
soortgelijke analyse met GS-IVUS werd uitgevoerd na implantatie van de metaalhou-
dende stent.

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

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

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

De gemiddelde WSS op de in- en uitstroomoppervlakken in stadium I bedroeg 3,2 
respectievelijk 3,1 dyne/ cm2 en 87,5 dyne/cm2 op het endoluminale stutoppervlak in 
het rechte bloedvat. Van stadium I tot stadium II nam de WSS op de in- en  uitstroomop-
pervlakken toe met 101% respectievelijk 145% en daalde met 27% op het endolumi nale 
stutoppervlak. In een krom bloedvat kwam de WSS-verandering meer tot uiting in de 
binnenkromming met een toename van 60,3% en 63,0% van de WSS op de stutop-
pervlakken aan de instroom en uitstroom. Een gelijksoortige analyse aan de proximale 
en distale randen toonde een dramatische toename van 486,4% aan het laterale uit-
stroomoppervlak van de proximale scaffold-rand. Het uitvoeren van CFD-simulaties 
over virtueel ingezette bioresorbeerbare scaffolds duidt op de voorbijgaande aard van 
de interacties tussen hulpmiddel en doorstroming naarmate het bioresorptieproces in 
de loop van de tijd vordert. Zulke modellering voor een hemodynamisch hulpmiddel zal 
naar verwachting in de toekomst leiden tot een nieuw ontwerp voor bioresorbeerbare 
scaffolds.
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In VIVo beooRDelInG Van De VasCUlaIRe ResPons MeT GebRUIKMaKInG 
Van oPTIsCHe CoHeRenTIeToMoGRafIe (oCT)

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

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

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

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

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

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

beooRDelInG IMPlanTaTIe sTenT MeT beHUlP Van nabeWeRKTe 
DRIeDIMensIonale oPTIsCHe CoHeRenTIeToMoGRafIe (oCT)

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

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

In VIVo beooRDelInG Van De bIoResoRbeeRbaRe VasCUlaIRe sCaffolD 
absoRb MeT beHUlP Van InTRaCoRonaIR UlTRaGelUID en oPTIsCHe 
CoHeRenTIeToMoGRafIe

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

Conclusie

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

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

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

The following months consisted of numerous emails back and forth, finally setting 
the date for visiting Rotterdam. I remember that I was at the Thoraxcenter 2-hours in 
advance of the scheduled meeting with Professor Patrick W. J. C. Serruys, exploring this 
world-class institution. I finally met with the Professor for the first time at his office, the 
5th floor of the Thoraxcenter. His door was wide open and he was reading a Circulation 
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article. I remember him saying that here we publish about 5-10 of such papers/year in 
this journal, further asking me how many papers I had already published. I was very 
proud of showing 4 color printed case reports, 2 of them in a prominent position in my 
envelope (Prof. Magdi Yacoub was in the authorship); however from his body language I 
realized that it might be smarter to reply: I have no publications. 

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