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INTRODUCTION

INTRODUCTION

The recognition of the ubiquity of substantial but 
non-" ow limiting lesions that may be at high risk 
for subsequent plaque rupture and cannot be 
identi! ed by coronary angiography has resulted 
in a paradigm shift in thinking about the patho-
physiology of coronary artery disease, with the 
focus no longer solely on the degree of arterial 
luminal narrowing. (1,2) This growing need for 
more information about coronary atherosclerosis 
in order to identify patients and lesions at risk for 
complications during PCI and for future adverse 
cardiac events has been the primary impetus for 
the development of novel intra-coronary imaging 
methods, able to detect plaque composition.

The introduction of intravascular ultrasound 
(IVUS) initially allowed a detailed evaluation of coro-
nary atherosclerosis, but its limited resolution (axial 
100-200 µm) precluded the visualization of certain 
microstructure and its capability to characterize 
coronary plaques, based on their greyscale-IVUS 
appearance, is limited. For these reasons, some 
other ultrasound and light based intra-coronary 
imaging techniques have been developed in order 
to provide tissue characterization of the coronary 
plaques. (3)

Chapter 1 analyses the various ultra sound-based 
intracoronary imaging techniques, used for tis-
sue characterization, highlighting their potential 
clinical applications, and explores the inter- and 
intra-observer, intra-catheter and inter-catheter 
variabilities of one of these techniques (iMAP). 
IVUS iMAP characterizes necrotic core content of 
coronary plaque, its reproducibility was evaluated 
in a longitudinal study simulation.

A new imaging technique, based on the near 
infra-red light to detect lipid coronary plaques, 
and its ability to assess the in vivo lipid core plaque 
longitudinal distribution is analyzed in Chapter 2.

It is important to note that all these imaging 
modalities can detect di# erent compositional, 

functional or mechanical properties of a coro-
nary plaque. The various information which are 
derived can be therefore variously combined for 
atherosclerosis evaluation, in order to enhance the 
identi! cation of vulnerable plaques. (Chapter 3)

It is important to consider that these imaging 
techniques can be used not only for assess-
ment of coronary atherosclerosis, but also for 
characterizing the vessel response after metallic 
or polymeric sca# olds implantation. In chapter 
4, IVUS was, for example, applied to determine 
the restenosis parameters (plaque behind stent, 
intra-stent intima hyperplasia) and the e# ect of 
anti-diabetic drugs on intra-stent neointima after 
metallic stent implantation. We also revised the 
qualitative OCT approach for the assessment of 
metallic strut coverage by measuring the inter- 
and intra-observer agreement and evaluating the 
in" uence of various zoom settings.

An important part of this thesis is about the use 
of imaging modalities for the evaluation of the 
completely bioresorbable vascular sca# olds, which 
have been recently introduced in interventional 
cardiology with the aim to allow a normal healing 
process eliminating the permanent caging of a 
metallic stent. (4-6) Intracoronary imaging tech-
niques can be therefore used either to analyze the 
in vivo changes of these devices overtime during 
the bioresorption process or to characterize the 
vessel reparative process after polymeric sca# old 
implantation, once the sca# old is bioresorbed.

In chapter 5 we described the information that 
can be obtained by IVUS, IVUS-VH and OCT in order 
to characterize the bioresorbable vascular sca# olds.

In chapter 6, the changes in bioresorbable vascu-
lar sca# olds overtime were evaluated by IVUS-based 
echogenicity and OCT. A comparison between these 
imaging modalities was also performed.

Chapter 7 evaluated the mechanical proper-
ties of bioresorbable vascular sca# olds, such as 
conformability, eccentricity and symmetry, and 
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analyzes the changes in vascular distensibility after 
its implantation in coronary arteries.

Finally, in chapter 8 we assessed the morphologi-
cal and functional modi! cations in the coronary 
artery after bioresorbable vascular sca# old im-
plantation.

To conclude, the aim of this thesis was therefore: 
1) to explore the potential usefulness of single or 
combined intra-coronary imaging techniques in 
detecting plaque vulnerability as well as to ! nd 

a role for them in the clinical setting or in future 
trial design; 2) to asses in vivo the mechanical and 
structural properties of the bioresorbable vascular 
sca# olds, used for the treatment of coronary ath-
erosclerosis; 3) to evaluate the interaction of these 
bioresorbable vascular sca# olds and the vessel 
wall, providing some surrogate imaging endpoints, 
which can be applied in the preparation of future 
trials.
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VH and iMap

INTRODUCTION

Coronary angiography depicts arteries as a planar 
silhouette of the contrast-! lled lumen. Importantly, 
angiography does not provide visualization of the 
vessel wall and is not suitable for complete assess-
ment of atherosclerosis. Angiographic disease as-
sessment is based on the comparison of the stenotic 
segment with the adjacent, “normal-appearing” 
coronary, which is often an incorrect assumption 
due to the di# use nature of atherosclerosis, as 
shown by pathological and intravascular ultrasound 
(IVUS) studies. 1

Grayscale IVUS is the modality that has been 
established as the gold standard for in vivo im-
aging of the vessel wall of the coronary arteries. 
2, 3 However, the grayscale representation of the 
coronary vessel wall and plaque morphology in 
combination with the limited resolution of the cur-
rent IVUS catheters makes di%  cult, if not impossible, 
to identify qualitatively (e.g. visually) the plaque 
morphology similar as that of histopathology, the 
gold standard to characterize and quantify coronary 
plaque tissue components. 4

Meanwhile, this limitation has been partially 
overcome by new innovative IVUS-based methods 
such as: virtual histology IVUS 5-7 (VH-IVUS, Volcano 
Therapeutics, Rancho Cordova, CA, USA) and iMAP-
IVUS 8, 9 (Boston Scienti! c, Santa Clara, CA, USA), 
based on interpretation of the raw radiofrequency 
analysis.

Tissue characterization using virtual 
histology IVUS (VH-IVUS)
The ! rst commercial available RadioFrequency (RF) 
signal based tissue composition analysis tool was 
the so-called virtual histology (VH-IVUS, Volcano 
Therapeutics) software. 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, Volcano Therapeutics) or 45 MHz 
3.2F rotational catheter (Revolution, Volcano Thera-
peutics) that acquires IVUS data electrocardiogram 
gated. 7 The main principle of this technique is that 
it uses not only the envelope amplitude of the 
re" ected RF signals (as gray-scale IVUS does), but 
also the underlying frequency content to analyze 
the tissue components present in coronary plaques. 
(Figure 1) This combined information is processed 
using autoregressive models and thereafter in a 
classi! cation tree that determines four basic plaque 
tissue components 5: (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 arti! cially added, positioned just at 
the inside of the outer vessel contour. This technique 
has been compared in several studies against histol-
ogy in humans and other species (table 1).

FOCUS BOX

1. Angiography is limited to evaluate coronary plaque. It does only provide information on 
the lumen.

2. IVUS and IVUS-based modalities can help us not only to fully assess the coronary vessel wall 
but also to characterize plaque tissue components.
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VH and iMap

Figure 1. Intravascular ultrasound signal is obtained from the vessel wall (A). Grayscale intravascular 
ultrasound imaging is formed by the envelope (amplitude) (B) of the radiofrequency signal (C). By 
grayscale, atherosclerotic plaque can be classi! ed into four categories: soft, ! brotic, calci! ed and mixed 
plaques. (D) shows a cross-sectional view of a grayscale image. The blue lines limit the actual atheroma. 
The frequency and power of the signal commonly di# er between tissues, regardless of similarities in the 
amplitude. From the backscatter radiofrequency data di# erent types of information can be retrieved: 
virtual histology (E), palpography (F), integrated backscattered intravascular ultrasound (G) and iMAP (H). 
Virtual histology is able to detect four tissue types: necrotic core, ! brous, ! brofatty and dense calcium. 
Plaque deformability at palpography is reported in strain values, which are subsequently categorized 
into four grades according to the Rotterdam Classi! cation (ROC). The tissues characterized by integrated 
backscattered intravascular ultrasound are lipidic, ! brous and calci! ed; iMAP detects ! brotic, lipidic, 
necrotic and calci! ed. (from Eur Heart J 2010;31:2456-69). See color ! gure on page 335
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Natural history of Atherosclerosis
Acute coronary syndromes are often the ! rst mani-
festation of coronary atherosclerosis, making the 
identi! cation of plaques at high-risk of complication 
an important component of strategies to reduce 
casualties associated with atherosclerosis. Our cur-
rent understanding of plaque biology suggests that 
~60% of clinically evident plaque rupture originates 
within an in" amed thin-capped ! broatheroma. 10, 11 
Pathological studies demonstrated that ruptured 
plaques are mainly located in the proximal portions 
of the left anterior descending and circum" ex arter-
ies, and are more disperse in the right coronary 
artery. 12 This tendency of advanced plaques to 
develop preferentially 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 leading to the 
progression of the lesion towards a plaque with 
high risk of rupture. 13

Although a detailed description of atherosclerosis 
development and composition is beyond the scope 
of this chapter, some concepts are important to 
support the use of tissue characterization imaging 
modalities for plaque characterization. In brief, 
an atheroma is formed by an intricate sequence 
of events, not necessarily in a linear chronologic 
order, that involves extracellular lipid accumulation, 
endothelial dysfunction, leucocyte recruitment, 
intracellular lipid accumulation (foam cells), smooth 
muscle cell migration and proliferation, expansion 
of extracellular matrix, neo-angiogenesis, tissue 
necrosis and mineralization at later stages. 14, 15 
The ultimate characteristic of an atherosclerotic 

plaque at any given time depends on the relative 
contribution of each of these features. 14 Thus, in 
histological cross-sections, the pathologic intimal 
thickening is rich in proteoglycans and lipid pools, 
but no trace of necrotic core is seen. Conversely, the 
necrotic core appears in the ! broatheroma (FA), 
that is the precursor lesion of symptomatic heart 
disease. Thin-capped ! broatheroma (TCFA) is a 
lesion characterized by a large necrotic core contain-
ing numerous cholesterol clefts, cellular debris and 
microcalci! cations. The overlying ! brous cap is thin 
and rich in in" ammatory cells, macrophages and 
T lymphocytes with a few smooth muscle cells.

Plaque type characterization by IVUS-
VH
Using IVUS-VH, it is possible to de! ne the various 
stages of atherosclerosis. (Figure 2) The de! nition of 
an IVUS-derived thin capped ! bro-atheroma (TCFA), 
for example, is a lesion ful! lling the following criteria 
in at least 3 consecutive frames: (1) plaque burden 
≥ 40%; (2) con" uent necrotic core ≥ 10% in direct 
contact with the lumen (i.e. no visible overlying 
tissue). 16 Using this de! nition of IVUS-derived TCFA, 
in patients with ACS who underwent IVUS of all 
three epicardial coronaries there were, on average, 
two IVUS-derived TCFAs per patient with half of 
them showing outward remodelling. 16

Hong et al., reported the frequency and distribu-
tion of TCFA identi! ed by IVUS-VH in ACS (105 pts) 
and SAP (107 pts) in a 3-vessel IVUS-VH study. 17 
There were 2.5 ± 1.5 in ACS and 1.7 ± 1.1 in SAP 
TCFAs per patient (p <0.001). Presentation of ACS 
was the only independent predictor for multiple 
virtual histology derived TCFA (VH-TCFA) (p = 0.011). 

FOCUS BOX

IVUS-VH, based on backscattering signal interpretation, enables characterization of ! brous and 
! brofatty tissues, necrotic core and dense calcium in coronary plaques.
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Figure 2. Virtual histology plaque types. (from Eur Heart J 2010;31:2456-69). See color ! gure on page 336
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Eighty-three percent of VH-TCFAs were located 
within 40 mm of the coronary.

The potential value of these IVUS-VH derived 
plaque types in the prediction of adverse coronary 
events was evaluated in an international multicentre 
prospective study, the Providing Regional Observa-
tions to Study Predictors of Events in the Coronary 
Tree study (PROSPECT study). 18 The PROSPECT 
trial was a multi-center, natural history study of 
acute coronary syndrome patients. All patients 
underwent PCI in their culprit lesion at baseline, 
followed by an angiogram and IVUS virtual histol-
ogy of the three major coronary arteries. A TCFA 
with a minimum lumen area of ≤4mm2 and a large 
plaque burden (≥70%) had a 17.2% likelihood of 
causing an event within three years. Interestingly, 

the anticipated high 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 3 years of 
follow-up. These results suggest that non-culprit, 
yet obstructive coronary plaques are most likely 
to be associated with increasing symptoms rather 
than thrombotic acute events, with 8.5% of patients 
presenting with worsening angina and 3.3% with 
unstable angina. The PROSPECT ! ndings were 
recently con! rmed by the VIVA study. 19

By use of IVUS-VH, the serial changes in VH plaque 
type have been also investigated. In particular Kubo 
et al. showed that most of VH-TCFA healed during 
12 months follow-up. However, during this time 
new VH-TCFA developed and in general PIT and 
necrotic core plaques had a signi! cant progression 

compared with ! brotic and ! brocalci! c plaques in 
terms of increase of plaque area and decrease in 
lumen. 20 At the site of coronary bifurcation, using a 
combined approach VH/OCT, we previously showed 
that most necrotic core rich plaques remained 
unchanged. 21 (Figure 3)

Although plaque characteristics (i.e. tissue charac-
terization) do not yet in" uence current therapeutic 
guidelines, the available clinical imaging modali-
ties, IVUS and IVUS-based tissue characterization 
techniques such as virtual histology and iMAP have 
the ability to identify some of the pathological 
atheroma features described above and could 
help us to advance further our understanding on 
atherosclerosis.

Tissue characterization using iMAP-
IVUS
Recently, another RF-based processing method has 
become commercially available for coronary plaque 
tissue characterization and it is called iMAP-IVUS 
(Boston Scienti! c). 8 In principle this software is 
comparable, from methodological point of view, 
to the IVUS-VH or other IVUS-based technique for 
tissue characterization. (Table 2) However, by design, 
these two IVUS catheters have di# erent capabilities 
for tissue characterization. Unlike VH, iMap uses a 
40MHz single rotational transducer on a drive shaft 
and can acquire radiofrequency data continuously, 
while VH uses similar catheter and additionally is 
also available in the electronic catheter (20 MHz). 
Virtual histology acquired only ECG gated data. In 
addition, VH feeds the spectra that are obtained 

FOCUS BOX

IVUS-VH TCFA has been found to be associated with long term clinical event in the PROSPECT trial.
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Figure 3. Panel A: At bifurcations, plaque were analyzed only in the main coronary arteries at the 
proximal rim of the ostium of the side branch (the ! rst frame proximal to the takeo#  of the side branch), 
at the in-bifurcation site (the frame with the largest ostial diameter of the side branch) and at the distal 
rim of the ostium of the side branch (the ! rst frame distal to the takeo#  of the side branch). VH and OCT 
frames were selected. Panel B: Changes in bifurcation plaque type at 6-month follow-up. For each plaque 
type, the number and percent of changes are reported. AIT = adaptive intimal thickening; CaFA = calci! ed 
! broathroma; CaTCFA = calci! ed thin-cap ! broatheroma; FA =! broatheroma; FC = ! brocalci! c plaque; FT 
= ! brotic plaque; PIT = pathological intimal thickening.
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from the radiofrequency data using autoregressive 
models into a classi! cation tree that has reported 
diagnostic accuracies of over 90% each plaque 
components as compared to histology. 6 iMap uses 
a pattern recognition algorithm on the spectra that 
were obtained from a fast Fourier transformation 
and a histology-derived database. 8 Taken together, 
it is possible that these distinctive features may lead 
to di# erences in the tissue characteristics of the 
images of coronary plaque obtained. iMap and VH 
(40 MHz vs. 45/20 MHz) have relative advantages 
and disadvantages in displaying greyscale images. 
iMap has higher resolution, but displays speci! c 
artifacts such as non-uniform rotational distortion, 
because it is a rotational catheter. In addition, far- 

! eld imaging can be more problematic with high 
frequency catheters due to ampli! ed attenuation 
and enhanced blood backscatter.

The colour code for tissue types is di# erent. iMap 
depicts ! brotic (light green), lipidic (yellow), necrotic 
(pink) and calci! ed tissue (blue), while VH depicts 
! brous (green), ! brofatty (yellow green), necrotic 
core (red) and dense calcium (white), respectively.

Shin et al. compared in vivo the ! ndings of this 
two IVUS-based tissue characterization system, 
showing a signi! cant and systematic variability 
in plaque composition estimates. 9 iMap classi! ed 
plaque as necrotic tissue in poor signal areas, such as 
guidewire artifact or acoustic shadowing, while VH 
displays ! brofatty. (Figure 4) VH showed external 

FOCUS BOX

iMAP is an IVUS-based technology that helps to characterize tissue composition of coronary 
plaques. Although the principle of the technique is similar to that of IVUS-VH, it presents some 
important di# erences as compared to VH.

Table 2. Similarities and di! erences of IVUS and IVUS-based imaging modalities

 
IVUS VH i-MAP

Integrated 
Backscatter Echogenicity

Type of device
Mechanical & 

electrical
Mechanical and 

Electrical
Mechanical Mechanical

Mechanical and 
electrical

Transducer Frequency 20-40 MHz 20-45 MHz 40MHz 40 MHz 20-40 MHz

Color code Gray-scale

Fibrous: Green
Fibrous: Light 

green
Fibrous: Green Red for 

hyperechogenic 
areas and 
green for 

hypoechogenic 
areas

Necrotic Core: 
Red

Necrotic Core: 
Pink

Necrotic Core: 
Blue

Calcium: White Calcium: Blue Calcium: Red
Fibrofatty: Light 

green
Fibrofatty: Yellow Fibrofatty: Yellow

Backscatter Radiofrequency 
signal analysis

Amplitude (dB)
Autoregressive 

model
Fast Fourier 

Transformation
Fast Fourier 

Transformation

It does not use 
backscatter 

radiofrequency 
but the 

amplitude of the 
signal
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elastic membrane as a grey medial stripe, while iMap 
always provided plaque composition results even 
for very thin plaques. VH tended to overestimate 
metallic stent struts, and iMap showed thinner 
stent thickness than VH. Also, there was peri-stent 
and calcium necrotic core halo in VH that was not 
seen in iMap.

Taken all together, these ! ndings warrant 
further exploration of these imaging techniques 
in a large population to ! nd particular areas of 
clinical usefulness.

Assessment of drug e! ect on 
atherosclerosis by IVUS-VH (Table 3)
IVUS-VH has been so far used in various studies in 
order to show serial changes of plaque composition 
in patients treated with various statin treatments.

In one of them, patients with stable angina 
pectoris (n=80) treated with " uvastatin for 1 year 
had signi! cant regression of the plaque volume, and 
changes in the atherosclerotic plaque composition 
with a signi! cant reduction of the ! brofatty volume 
(p<0.0001). These changes in the ! brofatty volume 
had a signi! cant correlation with changes in the 
LDL-cholesterol level (r=0.703, p<0.0001) and in the 
hs-C reactive protein level (r=0.357, p=0.006). 22 Of 
note, the necrotic core did not change signi! cantly.

In a second study, Hong et al. randomized 100 
patients with stable angina and ACS to either 
rosuvastatin 10 mg or simvastatin 20 mg for 1 year. 
The overall necrotic core volume signi! cantly de-
creased (p=0.010) and the ! brofatty plaque volume 
increased (p=0.006) after statin treatments. Particu-
larly, there was a signi! cant decrease in the necrotic 

Figure 4. Corresponding cross-section of iMap (top) and VH images (bottom). iMap shows large amounts 
of necrotic tissue behind calcium , while with VH the same area is reported as ! brous or ! brofatty 
tissue. In panel B, iMAP shows necrotic tissue because also of the wire artifact. (from Eurointervention 
2011;6:1017-1019). See color ! gure on page 337

FOCUS BOX

IVUS-VH has been used to monitor the e# ect of new treatments, such as statins or Lp PLA2-
inhibitors, on plaque composition.
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core volume (p=0.015) in the rosuvastatin-treated 
subgroup. By multiple stepwise logistic regression 
analysis, they showed that the only independent 
clinical predictor of decrease in the necrotic core 
volume was the baseline HDL-cholesterol level 
(p=0.040, OR: 1.044, 95% CI 1.002-1089). 23

The IBIS 2 study compared the e# ects of 12 
months of treatment with darapladib (oral Lp-PLA2 
inhibitor, 160 mg daily) or placebo in 330 patients. 
24 Endpoints included changes in necrotic core 
size (IVUS-VH), and atheroma size (IVUS-grayscale). 
Background therapy was comparable between 
groups, with no di# erence in LDL-cholesterol at 
12 months (placebo: 88±34 and darapladib: 84±31 
mg/dL, p=0.37). In the placebo-treated group, how-
ever, necrotic core volume increased signi! cantly, 
whereas darapladib halted this increase, resulting 

in a signi! cant treatment di# erence of -5.2 mm3 
(p=0.012). These intra-plaque compositional 
changes occurred without a signi! cant treatment 
di# erence in total atheroma volume.

Despite all these studies, there is no a single 
report describing a clear direct association between 
reduction in the plaque size and/or the plaque 
composition with reduction in clinical events. 
The best attempt was a pooled analysis of 4,137 
patients from 6 clinical trials that used serial IVUS: 
the relationship between baseline and change 
in percent atheroma volume (PAV) with incident 
major adverse cardiovascular events (MACE) was 
investigated. Each standard deviation increase in 
PAV was associated with a 1.32-fold (95% CI: 1.22 to 
1.42; p <0.001) greater likelihood of experiencing 
a MACE. 25

Table 3.

IVUS-based tissue characterization studies

Yokoyama(41) RCT 2005

atorvastatin 25

6 months

Overall plaque 
size and tissue 

characterization 
by IB IVUS

Atorvastatin reduced 
plaque size and 
changed plaque 

composition
control 25

Kawasaki(42) RCT 2005
pravastatin, 17

6 months
Overall tissue 

characterization 
by IB IVUS

Statins reduced lipid 
without changes in 

plaque size
atorvastatin 18

diet 17

IBIS 2(14) RCT 2008
darapladib 175

12 months
Necrotic core 

volume by IVUS 
VH

Darapladid 
signi! cantly reduced 

necrotic coreplacebo 155

Nasu(5) Observational 2009
" uvastatin 40

12 months
Overall tissue 

characterization 
by IVUS-VH

Fluvastatin reduced 
plaque and ! bro-fatty 

volumecontrol 40

Hong(6) RCT 2009
simvastatin 50

12 months
Overall tissue 

characterization 
by IVUS-VH

Both reduced necrotic 
core and increased 
! bro-fatty volumerosuvastatin 50

Toi(43) RCT 2009
atorvastatin 80

2-3 weeks
Overall tissue 

characterization 
by IVUS-VH

Pitavastatin reduced 
plaque volume and 

! bro-fattypivastatin 80

Miyagi(44) Observational 2009

statin 
(pravastatin,
pitavastatin,
atorvastatin,
" uvastatin,

simvastatin)

44
6 months

Overall tissue 
characterization 

by IB IVUS

Statins reduced lipid 
and increased ! brous

non statin 56

RCT, randomised controlled trial; PAV, percent atheroma volume; IVUS, intravascular ultrasound; IB, integrated backscatter; VH, virtual histology.
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ASSESSMENT OF STENT BY IVUS-VH

Polymeric sca! olds
Kim et al. have previously shown that metallic 
stents eluting sirolimus and paclitaxel introduce 
artifacts in IVUS-VH images, that interfere with the 
classi! cation of plaque behind the struts. 26 Nor-
mally struts of drug-eluting stents appear as dense 
calcium, surrounded by a red halo. Although the 
ABSORB sca# old is made of non-metallic materials, 
it is also recognized by IVUS-VH software as dense 
calcium and necrotic core. Moreover the presence 
of “pseudo” dense calcium and necrotic core could 
be used as quantitative surrogate for the presence 
of the polymeric material of the sca# old and may 
help to evaluate the bioresorption process during 
follow-up. 27-30 Garcia-Garcia et al. have already 
shown in a sub-study of ABSORB cohort A trial that 
polymeric struts are identi! ed with radiofrequency 
backscattering signal as calci! c structures and 
that the ability of IVUS-VH to recognize polymeric 
struts is important not only to study imaging of the 
ABSORB post-implantation, but also to potentially 
follow the mechanical support or bioresorption 
process. 28 (Figure 5) The absence of validation 
to recognize polymeric material by VH should be, 
however, acknowledged.

Analysis of changes in sca! olded 
plaque composition
IVUS-VH can be also used to analyze the changes in 
composition of the plaque sca# olded by a metallic 
or a bioresorbable sca# old. Kubo et al., analyzing the 
long-term e# ects of DES and of BMS on coronary 
arterial wall morphology by IVUS-VH, have shown 
that DES-treated lesions had a greater frequency 
of unstable lesion morphometry at follow-up 
compared to BMS. 31 In particular assessing the 
total amount of the four color-VH components 
including also the contribution of the stent, they 
found that DES-treated lesions showed at follow-up 
a signi! cantly higher incidence of necrotic core 
abutting the lumen compared to BMS-treated 
lesions, although there was not a signi! cant dif-
ference in necrotic core mean area between the 
two groups. This was due to a suppression of the 
protective neointimal hyperplasia layer in DES 
compared with BMS.

Aoki et al. have demonstrated in vivo that 
plaque volume behind the metallic stent eluting 
sirolimus increases slightly at 4 months follow-up 
and then signi! cantly decreases at 4 years follow-up 
compared to post-implantation and that change in 
echogenicity is suggestive of a change in plaque 
composition. 32 He also documented a signi! cantly 
increase of plaque area outside metallic stent elut-
ing paclitaxel at 6 months, with its regression at 2 
years.33 In these situations, it would be interesting 

Figure 5. IVUS-VH recognizes the polymeric struts of the ABSORB sca# old as dense calcium (DC), 
surrounded by a read halo of necrotic core (NC). At follow-up, a reduction in DC and NC can be 
appreciated. In order to pick up all the struts, the lumen contour has been drawn surrounding the 
catheter, according to the Shin’s method. See color ! gure on page 337
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to know what type of tissue contributed to this 
process and, from a quantitative point, to develop 
a third (stent) contour in the VH software in order 
to characterize selectively intimal hyperplasia and 
peri-stent tissue. The potential lack of validation of 
VH in the assessment of in-stent restenosis should 
be, however, acknowledged.

Sarno et al. analyzing IVUS-VH plaque character-
ization behind the ! rst generation ABSORB sca# old 
found a reduction in necrotic core component 
between 6-month and two years follow-up, 
probably related to a synergistic e# ect of the 
bioresorption process and the anti-in" ammatory 
action of everolimus. 34

Nevertheless, it should be keep in mind that, 
since the stent’s struts are recognized by IVUS-VH 
as dense calcium and necrotic core, careful evalu-
ation of exclusively the plaque behind the stent 
should be done to avoid any misclassi! cation of the 
actual tissue. 26, 29 Recently a customized software 
has been developed and used to introduce in a 
semi-automatic way a third contour behind the 
stent, allowing then to focus the analysis on only 
the plaque behind the struts. 35

Stent thrombosis
Another possible application of IVUS-VH for stent 
evaluation is about stent thrombosis mechanisms. 
It is known that one of the proposed pathological 
mechanisms of coronary stent thrombosis is stent-
ing of necrotic core rich plaques with extensive 
tissue prolapse and plaque disruption in the 
proximity of the stented arterial segment. 36-38 Thus, 
pre-stenting imaging using IVUS-VH can give us an 
insight not only into the extent of plaque, but also 
on the extent of necrotic core within and beyond 
the intended stenting segment. In this context, 
studying 24 patients in whom 26 stented segments 
using IVUS-VH were assessed, no stent thrombosis 
was observed, where necrotic core rich areas were 
left unstented. 38 Ramcharitar et al. presented a ! rst 
clinical case of a patients with a no culprit IVUS-VH 

derived thin cap ! broatheroma, successful treated 
with PCI, with a good 6-month angiographic follow-
up. 39 A large trial in which patients are randomized 
to IVUS-VH or angiography guided optimal coronary 
stenting is required to draw ! rm conclusions.

Edge e! ects assessed by IVUS-VH
Based on previous pathological studies, we hypoth-
esized that the tissue associated with increase of 
plaque at the edges of the paclitaxel stent is mainly 
! bro-fatty tissue as assessed by IVUS-VH. Fibro-fatty, 
in IVUS-VH, has been described as loosely packed 
bundles of collagen ! bers with regions of lipid 
deposition and extracellular matrix without necrotic 
areas37.

In the BETAX study 40, 24 patients (26 paclitaxel 
eluting stents) were studied. Serial expansive vas-
cular remodeling was observed at the proximal and 
distal edges of the stent to accommodate ! bro-
fatty and ! brous tissue growth. More speci! cally, 
proximal and distal segments were divided into 5 
sub-segments of 1-mm. In the ! rst 2 sub-segments 
adjacent to the proximal edge of the stent, the 
vessel wall grew to compensate the plaque growth 
without a# ecting the lumen size. In the following 
3 sub-segments, overcompensation (vessel wall 
increased more than plaque size) was observed. 
Consequently, the lumen size increased. At the distal 
edge, overcompensation was observed in all 5 sub-
segments, followed by an increase in lumen size. 
In summary, proximal and distal growth patterns 
were characterized by an increase in ! brofatty tissue 
(p<0.001 and p<0.001, respectively), decrease in 
necrotic core (p=0.014 and p<0.001, respectively), 
and decrease in dense calcium content (p<0.001 
and p<0.001 respectively).

Combined assessment of coronary 
atherosclerosis by using VH and other 
imaging modalities
In the future, integration of multiple image tech-
nologies in a single catheter is likely to provide a 
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more comprehensive assessment of the coronary 
vasculature. The combined use of IVUS-VH analysis 
and OCT seems to improve the accuracy for TCFA 
detection. 41, 42 IVUS-VH has a limited axial resolution 
(100-200 μm) not allowing a precise measurement 
of the ! brous thin cap; on the contrary OCT is a 
high-resolution imaging technique (10-20 μm) that 
can be used in the assessment of microstructure, 
but only using OCT in plaque-type characterization 
can be a source of misclassi! cation. The OCT signals 
has in fact a low penetration, limited to 1-2 mm, and 
could not detect lipid pools or calcium behind thick 
! brous caps, thus producing inaccurate detection of 
signal-poor areas. 43 The combined use of IVUS-VH 
analysis and OCT seems to improve the accuracy for 
TCFA detection. 41, 42 Recently, the combined use of 
IVUS-VH and an index of physiological signi! cance 
of a coronary lesion, such as fractional " ow reserve 
(FFR) has been also explored: no di# erences were 
found in terms of plaque composition and virtual 
histology plaque types in coronary lesions with FFR 
more or less than 0.80. 44 (Figure 6)

IVUS-VH has been compared with near infra-
red spectroscopy (NIRS) for the detection of lipid/

necrotic core rich-plaques: although large plaques 
were more often associated with either elevated 
VH-NC and NIRS-lipid core, the correlation between 
the detection of lipid core by NIRS and necrotic core 
by VH was weak (" gure 7). 45

Furthermore, several lines of investigation have 
validated plaque imaging by coronary computed 
tomography angiography against other imaging 
modalities, such as IVUS-VH or optical coherence to-
mography. 46 In particular low-density non-calci! ed 
plaques correlated with the sum of necrotic core 
and ! brofatty tissue by IVUS-VH. 47

PERSONAL PERSPECTIVE

During the last 10 years, IVUS-VH has been widely 
applied to study the natural history of coronary 
plaques “in vivo” and to assess the e%  cacy of new 
drug or new devices. A lot of achievements have 
been reached: 1) VH-derived TCFAs were strongly 
correlated to future coronary events; 2) VH showed 
the pharmacological or mechanical treatment of 
coronary atherosclerosis may positively modify 

FOCUS BOX

1. IVUS-VH can be applied for the evaluation of metallic/polymeric sca# olds. In case of polymeric 
sca# olds, it can be used to monitor the bioresorption or the changes in composition of the 
plaque behind.

2. For the metallic stents, IVUS-VH can study not only the compositional changes of the plaque 
sca# olded, but also the geographical miss (necrotic core remained uncovered) that is the 
basis for stent thrombosis or edge e# ect.

FOCUS BOX

A combined approach between IVUS-VH and other imaging modalities should be considered 
for a complete evaluation of coronary plaque.



1.1

30

FFR = 0.86 FFR = 0.77 

A B

Figure 6. Example of two ! broatheromas at the level of two di" erent lesions (white arrows) with a FFR 
>0.80 (Panel A) and ≤0.80 (Panel B). Red and yellow contours in the IVUS images indicate vessel and 
lumen contours, respectively. (adapted by Brugaletta et al. Int J Cardiovasc Imaging 2011 Febr 19, epub 
ahead of print)

Figure 7. Near infra-red spectroscopy displays the probability of lipid core plaque in a false color scale 
from red (low probability) to yellow (high probability). In this example, two VH-necrotic core rich plaques 
are displayed with two di" erent colors on the NIRS output. See color ! gure on page 338
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plaque composition; 3) in addition it can be used to 
explore causes of DES pitfalls and it can be applied in 
the ! eld of the new polymeric intracoronary devices.

Despite the clear potential of the technology in 
these areas, its role in daily clinical practice has still 
to be de! ned. It is, in fact, unknown if we should 

screen for VH-TCFA presence and if we should treat 
them in order to prevent future adverse events. In 
case of treatment, e%  cacious pharmacological or 
mechanical treatment would be needed. Random-
ized trials to address these issues would be di%  cult 
and costly.
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ABSTRACT

Background: iMAP is a new intravascular ultrasound (IVUS) derived technique for tissue characterization 
using spectral analysis. Since there is a need for reproducibility data to design longitudinal studies, we 
sought to assess the in vivo reproducibility of this imaging technique.

Methods: iMAP (40 MHz, Boston Scienti! c Corporation) was performed in patients referred for elective 
percutaneous intervention and in whom a non-intervened vessel was judged suitable for a safe IVUS 
analysis. Overall 20 patients with 20 non angiographically signi! cant lesions were assessed by 2 independent 
observers. Five out of these 20 patients received an additional iMAP analysis using a new IVUS catheter 
and using the same catheter after its dis-engagement and re-engagement.

Results: The inter-observer relative di# erence in plaque area was 2.5%. Limits of agreement for lumen, 
vessel and plaque area measurements were 1.62, -2.47 mm2; 2.09, -3.71 mm2; 2.80, -3.72 mm2; respectively. 
Limits of agreement for ! brotic, lipidic, necrotic and calci! ed measurements were 1.32, -1.44 mm2; 0.24, 
-0.36 mm2; 1.50, -2.26 mm2; 0.09, -0.11 mm2; respectively. The inter-catheter and intra-catheter relative 
di# erence in plaque area were 0.9% and 4.1%, respectively. Although the variability for compositional 
measurements increased using two di# erent catheters or using the same catheter twice, the variability 
for compositional measurements keeps always below 10%.

Conclusions: Our analysis demonstrates that the geometrical and compositional iMAP analysis is 
acceptably reproducible.
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INTRODUCTION

In interventional cardiology practice, intravascular 
ultrasound (IVUS) has been used for quanti! cation 
of the extent, severity, distribution and morphology 
of coronary atherosclerosis.1 In addition it has also 
been used to evaluate the temporal e# ect of novel 
therapies on plaque progression. 2-5

Over the last years, in vivo ultrasound tissue 
characterization interpreting the backscattering 
signal has been developed in order to provide some 
important additional information on coronary ath-
erosclerosis. 6 Necrotic core detected by IVUS-virtual 
histology (VH) has been extensively studied 7 and 
related to clinical characteristics 8 and cardiovascular 
risk score 9 and associated with high risk of events 
in the PROSPECT trial. 10 IVUS-VH has also been 
used for testing the e%  cacy of novel therapies. 11 
The reproducibility of this technique was shown 
to be acceptable for use in longitudinal studies. 12

Recently, a new intravascular ultrasound-based 
catheter (iMAP, Boston Scienti! c Corporation) for 
tissue interpretation has been developed, using 
a pattern recognition algorithm on the spectra 
obtained from a fast fourier transformation and 
histology-derived database. 13

We sought to study the inter- and intra-observer, 
intra-catheter and inter-catheter variabilities of 
iMAP measurements at a single time-point, simulat-
ing a longitudinal study. Particularly, we focused 
on the assessment of the variability of the necrotic 
core because it is one of the most clinically relevant 
parameters.

METHODS

Patient population
This was a prospective, investigators-driven study 
that sought to explore the in vivo reproducibility 
of spectral analysis of iMAP-IVUS (Boston Scienti! c 
Corporation). The study population consisted of 

consecutive patients, who were referred for elective 
percutaneous coronary interventions and in whom 
a non-intervened vessels was judged suitable for 
IVUS analysis of a vessel segment of at least 30 mm. 
Two institutions participated in this study, Erasmus 
Medical Center in Rotterdam, the Netherlands and 
Ulsan University Hospital, Ulsan, Korea.

Exclusion criteria included the presence of severe 
calci! cation and/or vessel tortuosity and patient’s 
hemodynamic instability.

iMap-IVUS catheter and acquisition
iMap IVUS uses a 40 MHz single rotational transducer 
on a drive shaft and can acquire radiofrequency 
data continuously, when connected to Boston 
Scienti! c’s iLab® Ultrasound Imaging System. As 
it uses a 40Mhz transducer, iMap-IVUS has high 
axial resolution but displays speci! c artifacts such 
as non-uniform rotational distortion because it is a 
rotational catheter. iMap uses a pattern recognition 
algorithm on a spectra obtained from a fast fourier 
transformation and a histology-derived database. 13 
Using a color-code, iMap depicts ! brotic tissue as 
light green, lipidic tissue as yellow, necrotic tissue 
as pink and calci! ed tissue as blue.14

The IVUS catheters used were commercially avail-
able mechanical array catheters (Boston Scienti! c 
Corporation). The catheter probe, after intracoro-
nary administration of isosorbide di-nitrate, was 
advanced at least 10 mm distal to a clearly visible 
side branch and angiographic cine runs, before 
and during contrast injection, were performed to 
de! ne the position of the IVUS catheter before the 
pullback was started. The catheter was withdrawn 
at a continuous automated pullback of 0.5 mm/
sec. Subsequently, some of the patients included, 
underwent the same procedure using a new cath-
eter (iMAP 40MHz, Boston Scienti! c Corporation) or 
using the same catheter, after its dis-engagement 
and re-engagement, with the same side branches 
as landmarks. Data acquired were stored in a DVD 
for o)  ine analysis.
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iMap-IVUS analysis
A region of interest (ROI) was identi! ed between one 
proximal and one distal side branch. Contour detec-
tion of the lumen and the media-adventitia interface 
was performed by two independent experienced 
IVUS analysts, using a dedicated software (QIvus, 
Medis, Leiden, The Netherlands). One of these two 
IVUS analyst re-analyzed the same cases at time in-
terval of 6 weeks, leading to the possibility of multiple 
comparisons: inter-observer variability (observer 1 
and 2); intra-observer variability (2 times observer 1); 
inter catheter variability [observer 1 (catheter 1 and 
catheter 2)] and intra-catheter variability [observer 
1 (same catheter with two pullbacks)]. (Figure 1) 
Intra-catheter, inter-catheter and inter-observer 
agreement were calculated per ROI.

As the software used for the analysis allows 
the analyst to mask the shadow of the guidewire, 
usually detected as necrotic core, and to detect 
as black the signal underneath calcium, we also 
evaluated the variability introduced by these 
software features in the compositional measure-
ments within a pullback, using the same catheter 
with the same geometrical contours.

The contours of the external elastic membrane 
(EEM) and the lumen-intima interface enclosed 
an area that was de! ned as the coronary plaque 
plus media area. Geometrical data were obtained 

for each cross-sectional area and an average was 
calculated for each ROI. Compositional data were 
obtained for each ROI as volume and calculated for 
each cross-sectional area as percentage.

Statistical analysis
Discrete variables are presented as counts and 
percentages. Continuous variables are presented 
as mean ± standard deviation (SD). Correlation test 
and using Bland-Altman plots were performed. 16 
Limits of agreement were determined by adding 
two standard deviations to the mean di# erence for 
the upper limit and by subtracting two standard 
deviations from the mean di# erence for the 
lower limit. A two-sided p value of less than 0.05 
indicated statistical signi! cance. Statistical analysis 
was performed with SPSS 16.0 software (SPSS Inc., 
Chicago IL, USA).

RESULTS

Patient population
Twenty consecutive patients with 20 non-signi! cant 
lesions were included in the study. Baseline charac-
teristics of the patients are shown in table 1. There 
were no peri-procedural complications. The length 
of the ROI was 32.9±11.5 mm.

Figure 1. Study design " ow-chart
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Inter- and intra-observer agreement 
(table 2 and 3)
For the assessment of the inter- and intra-observer 
agreement, a comparison between the same 
matched ROI analyzed by the two independent 
analysts or by the same analysis was done. The 
two datasets were merged resulting in a paired 
inter- and intra-observer agreement evaluation 
of 7832 frames.

The relative inter-observer di# erences regard-
ing geometrical measurements were acceptable. 
Narrow limits of agreement were found between 
observers for geometrical (limits of agreement for 
lumen, vessel and plaque area measurements of 
1.62, -2.47 mm2; 2.09, -3.71 mm2; 2.80, -3.72 mm2; 
respectively). With regards to the compositional 
measurements, the largest relative di# erence was 
found in necrotic tissue measurement, limits of 
agreement for ! brotic, lipidic, necrotic and calci! ed 
measurements of 1.32, -1.44 mm2; 0.24, -0.36 mm2; 
1.50, -2.26 mm2; 0.09, -0.11 mm2; respectively. (Fig-
ure 2 and 3) In particular calci! ed volumes showed 
the highest agreement within the compositional 
measurements.

The relative intra-observer di# erences regarding 
geometrical and compositional measurements 

were better than the inter-observer di# erences. 
In particular, the improvement in geometrical 
measurement di# erence resulted in a reduced 
di# erence in necrotic core detection. (table 3).

Inter- and intra-catheter agreement 
(table 4 and 5)
For the assessment of the inter-catheter agreement, 
a comparison between the same ROI acquired 
with two di# erent catheters and analyzed by one 
observer was done. For the assessment of the 
intra-catheter agreement, a comparison between 
the same ROI acquired with the same catheter and 
analyzed by one observer was done. The relative 
inter-catheter di# erences regarding geometrical 
measurements were negligible in both analyses 
and better than the inter-observer di# erences, as 
only one observer analyzed these data. With regards 
to the compositional measurements, the largest 
relative di# erence was found either in necrotic or 
calci! c tissues measurement. (Figure 4)

Variability according to various tool of 
the analysis software (table 6)
Using the guidewire mask and the black pixel clas-
si! cation features of the software, the variability in 
detecting the various compositional components 

Table 1. Baseline clinical characteristics (n=20)

Clinical characteristics Patients (n=20), n (%)
Age ( years±SD )
Male sex

66.1±11.1
16 (80)

Hypertension 14 (70)
Diabetes Mellitus 5 (25)
Smoking 3 (15)
Family history of coronary disease
Hypercholesterolemia

8 (40)
15 (75)

Lipid lowering agents 14 (70)
Clinical presentation 5 (25)
 Stable angina 15 (75)
 ACS 5 (25)
Study vessel
 Left anterior descending
 Left circum" ex artery
 Right coronary artery

15 (75)
2 (10)
3 (15)
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Figure 2. Bland-Altman depicting the inter-observer agreement for geometrical measurement (n=20).

 
Figure 3. Bland-Altman plots depicting the inter-observer agreement for compositional measurement (n=20).
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increases within the same pullback. In particular 
the relative di# erence in detecting necrotic core 
was shown to be the highest.

DISCUSSION

The main ! ndings of the present study are: 1) iMAP 
geometrical measurements have an acceptable 
reproducibility, while compositional measurements 
showed lower reproducibility results; 2) in particular, 
necrotic core tissue had the worst reproducibility 
in general, while calci! ed tissue had acceptable 
reproducibility in the inter-observer setting, but 
high variability in the inter- and intra-catheter 
variability. In addition our study has the unique 

characteristic to have used two iMAP-IVUS catheters 
and a same iMAP-IVUS catheter twice for the evalu-
ation of a same ROI, thus simulating a scenario of 
a longitudinal study.

Compositional measurements, in particular 
necrotic tissue, have a high variability depending 
on the geometrical measurements. This was an 
expected result, which con! rms our previous ! nd-
ings in studying the reproducibility of the other 
ultrasound-based tissue technique so far available 
(IVUS-VH). 12 Equal to our previous report on IVUS-
VH technique, we found that inter-observer and 
inter-catheter di# erences are at highest 10%, highly 
correlated and with a good agreement. Of note is 
that necrotic tissue showed the largest variability in 
the various analyses performed. This ! nding has an 

Table 2. Geometrical and compositional measurement of matched ROI between di# erent observers (n=20)

Observer 1 Observer 2 Absolute Δ Relative Δ (%)
Geometrical data
Lumen CSA (mm2) 5.94±1.90 6.10±1.93 0.15±0.19 2.5
Lumen volume (mm3) 191.47±89.41 195.82±93.11 4.34±6.28 1.7
Lumen max diameter (mm) 3.49±0.63 3.58±0.76 0.08±0.20 1.4
Lumen min diameter (mm) 1.92±0.32 2.01±0.27 0.09±0.11 4.6
Lumen mean diameter (mm) 2.65±0.41 2.72±0.43 0.07±0.06 2.4
Vessel CSA (mm2) 15.18±4.37 15.15±4.35 0.03±0.24 0.2
Vessel volume (mm3) 486.91±206.69 486.26±200.63 0.65±10.09 0.1
Vessel max diameter (mm) 4.94±0.65 5.11±0.67 0.17±0.24 3.1
Vessel min diameter (mm) 3.48±0.84 3.61±0.85 0.13±0.15 3.5
Vessel mean diameter (mm) 4.20±0.61 4.33±0.65 0.13±0.10 2.9
Plaque CSA (mm2) 9.23±2.83 9.05±2.83 0.15±0.19 2.5
Plaque volume (mm3) 295.43±122.77 290.44±115.62 4.99±13.75 1.4
Plaque burden (%) 60.80±5.80 59.63±6.04 1.16±1.14 1.9
Compositional data
Fibrotic volume (mm3) 151.91±62.50 151.32±60.61 0.60±6.90 0.2
Fibrotic area (mm2) 4.59±1.84 4.61±1.89 0.01±0.20 0.1
Fibrotic tissue (%) 53.13±15.79 53.66±15.61 0.53±1.38 1.2
Lipidic volume (mm3) 26.14±17.58 25.84±16.19 0.30±2.03 2.0
Lipidic area (mm2) 0.78±0.49 0.79±0.53 0.01±0.06 0.3
Lipidic tissue (%) 8.46±2.10 8.58±2.13 0.11±0.34 0.3
Necrotic volume (mm3) 112.09±81.60 107.49±74.57 4.60±10.20 10.2
Necrotic area (mm2) 3.26±2.26 3.40±2.48 0.14±0.31 3.5
Necrotic tissue (%) 35.14±14.02 35.14±13.58 0.70±1.35 1.9
Calci! c volume (mm3) 7.33±4.16 7.40±4.34 0.07±0.48 0.4
Calci! c area (mm2) 0.22±0.13 0.22±0.12 0.01±0.01 0.7
Calci! c tissue (%) 2.58±1.30 2.63±1.31 0.04±0.15 0.7
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extreme importance in the design of longitudinal 
studies, as necrotic tissue is the most relevant and 
studied component of coronary plaques 10 and its 
variability between two observers and/or two dif-
ferent iMAP pullbacks has to be taken into account 
to evaluate its temporal change.

It is noteworthy that geometrical contours 
detection is important in the reproducibility of 
the compositional iMAP measurements. In par-
ticular, some of the observed variability in necrotic 
volume tissue detection (10.2%) may be due to 
the inter-observer variability (plaque burden dif-
ference between observers was 1.9%), whereas 
inter-catheter variability contributes with 5.2% in 
necrotic tissue detection. Interestingly, although 

the intra-catheter variability was 1.3% in plaque 
burden, the necrotic tissue detection was still high 
compared to the previous variabilities. One of the 
reasons may be due to the fact the iMAP classi! es 
as necrotic tissue all the attenuated areas within the 
plaque (deeper plaque) and also the areas behind 
the calcium. Indeed drawing the vessel contour 
behind the calcium introduces important variability 
and the magnitude depends on the extension of 
the arc of calci! cation. 17 Calcium measurements 
showed a higher variability in the inter- and 
intra-catheter analyses than in the inter-observer 
analysis, despite a lower variability in geometrical 
measurements. Use of di# erent catheters with dif-
ferent piezoelectric crystals or “fatigue” of the same 

Table 3. Geometrical and compositional measurement of matched ROI between the same observer (n=20)

Observer 1
(1st time)

Observer 1
(2nd time)

Absolute Δ Relative Δ (%)

Geometrical data
Lumen CSA (mm2) 5.94±1.90 5.93±1.89 0.01±0.13 0.03
Lumen volume (mm3) 191.47±89.41 189.46±88.83 2.02±6.48 1.4
Lumen max diameter (mm) 3.49±0.63 3.47±0.58 0.02±0.05 0.04
Lumen min diameter (mm) 1.92±0.32 1.89±0.25 0.03±0.07 0.1
Lumen mean diameter (mm) 2.65±0.41 2.68±0.43 0.03±0.02 0.1
Vessel CSA (mm2) 15.18±4.37 15.30±4.40 0.12±0.26 0.7
Vessel volume (mm3) 486.91±206.69 489.47±208.54 2.57±9.71 0.6
Vessel max diameter (mm) 4.94±0.65 4.90±0.58 0.04±0.27 0.4
Vessel min diameter (mm) 3.48±0.84 3.38±0.71 0.10±0.13 0.6
Vessel mean diameter (mm) 4.20±0.61 4.35±0.65 0.15±0.04 0.6
Plaque CSA (mm2) 9.23±2.83 9.37±2.82 0.13±0.29 1.6
Plaque volume (mm3) 295.43±122.77 300.01±124.71 4.58±7.32 1.9
Plaque burden (%) 60.80±5.80 61.21±5.05 0.41±1.14 0.8
Compositional data
Fibrotic volume (mm3) 151.91±62.50 153.96±63.36 2.05±4.72 1.5
Fibrotic area (mm2) 5.11±2.13 5.19±2.17 0.08±0.15 1.6
Fibrotic tissue (%) 53.13±15.79 53.04±15.77 0.09±0.95 0.1
Lipidic volume (mm3) 26.14±17.58 26.45±17.79 0.31±0.81 1.5
Lipidic area (mm2) 0.88±0.59 0.89±0.60 0.01±0.02 1.6
Lipidic tissue (%) 8.46±2.10 8.45±2.09 0.01±0.09 0.1
Necrotic volume (mm3) 112.09±81.60 113.46±81.58 1.37±4.03 2.1
Necrotic area (mm2) 3.77±2.76 3.83±2.77 0.05±0.13 1.9
Necrotic tissue (%) 35.14±14.02 35.94±13.94 0.11±0.84 0.4
Calci! c volume (mm3) 7.33±4.16 7.44±4.29 0.10±0.52 0.7
Calci! c area (mm2) 0.24±0.14 0.25±0.14 0.01±0.01 0.8
Calci! c tissue (%) 2.58±1.30 2.57±1.32 0.01±0.17 1.1
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Table 4. Geometrical and compositional measurement of matched ROI between two catheters (n=5)

Catheter 1 Catheter 2 Absolute Δ Relative Δ (%)
Geometrical data
Lumen CSA (mm2) 8.73±2.68 8.80±2.66 0.08±0.15 1.6
Lumen volume (mm3) 206.54±82.75 204.26±85.68 2.27±4.83 1.7
Lumen max diameter (mm) 5.06±0.78 5.18±0.86 0.12±0.17 2.2
Lumen min diameter (mm) 3.74±0.56 3.64±0.66 0.10±0.16 3.2
Lumen mean diameter (mm) 4.40±0.57 4.39±0.58 0.00±0.02 0.1
Vessel CSA (mm2) 15.53±4.09 15.52±4.14 0.00±0.10 0.1
Vessel volume (mm3) 471.30±178.00 470.93±178.32 0.36±2.74 0.1
Vessel max diameter (mm) 5.06±0.78 5.18±0.86 0.12±0.17 2.2
Vessel min diameter (mm) 3.75±0.48 3.91±0.59 0.16±0.27 3.7
Vessel mean diameter (mm) 4.40±0.57 4.39±0.58 0.00±0.02 0.1
Plaque CSA (mm2) 8.73±2.68 8.80±2.66 0.08±0.13 0.9
Plaque volume (mm3) 264.76±103.17 266.67±100.89 1.91±4.16 1.0
Plaque burden (%) 55.80±7.17 56.42±7.29 0.61±1.01 1.0
Compositional data
Fibrotic volume (mm3) 164.24±56.90 163.25±56.62 0.99±4.04 0.7
Fibrotic area (mm2) 5.54±1.92 5.53±1.91 0.01±0.13 0.4
Fibrotic tissue (%) 63.85±12.43 62.79±12.43 1.06±1.29 1.7
Lipidic volume (mm3) 25.05±12.73 25.25±11.76 0.20±2.30 1.2
Lipidic area (mm2) 0.84±0.43 0.85±0.39 0.01±0.07 1.6
Lipidic tissue (%) 9.41±2.63 9.57±3.18 0.16±0.96 0.2
Necrotic volume (mm3) 72.55±53.24 75.36±53.71 2.81±0.61 5.2
Necrotic area (mm2) 2.45±1.79 2.55±1.82 0.10±0.02 5.5
Necrotic tissue (%) 25.13±11.63 26.10±11.54 0.96±0.64 4.2
Calci! c volume (mm3) 4.11±1.85 3.97±1.83 0.14±0.43 6.4
Calci! c area (mm2) 0.14±0.06 0.13±0.06 0.01±0.01 6.0
Calci! c tissue (%) 1.59±0.51 1.52±0.57 0.07±0.20 7.3

catheter used twice could explain these ! ndings. 
(Figure 5) The variability of the other iMAP plaque 
components also increases from the inter-catheter 
to the intra-catheter analysis. Our study with this 
regard may provide some thresholds over which 
changes are statistically signi! cant.

It is also important to consider that iMAP-IVUS 
catheter is a sheath based mechanical imaging 
catheter and compared with electronic non-sheath 
based IVUS-VH imaging catheter enables to obtain 
with more probability an uniform pullback, having 
that a clear importance on size and compositional 
measurements of atherosclerotic plaques.

Of note is also that iMAP-IVUS catheter recognizes 
the shadow of the guidewire as necrotic core. 
Although the software helps to mask this shadow, 

some information is lost, depending on where the 
shadow is located. If the shadow is projected on 
the coronary plaque, a bigger part of the plaque 
is excluded from the analysis, as compared if the 
shadow is projected on a part of the vessel wall 
without plaque. (Figure 6) Although the repro-
ducibility in compositional measurements is not 
di# erent from that already demonstrated in the VH 
software, the presence of the guidewire shadow and 
the possibility to use the black pixel classi! cation 
tool in the analysis software should be taken into 
account as they further increase the variability of the 
measurements, especially of necrotic core detection.
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Table 5. Geometrical and compositional measurement of matched ROI within the same catheter (n=5)

Catheter 1 (1st 
pullback)

Catheter 1 (2nd 
pullback)

Absolute Δ Relative Δ (%)

Geometrical data
Lumen CSA (mm2) 6.52±2.21 6.53±1.99 0.01±0.29 0.9
Lumen volume (mm3) 193.78±69.59 195.08±67.87 1.30±8.87 1.1
Lumen max diameter (mm) 3.63±0.84 3.72±0.86 0.08±0.20 2.3
Lumen min diameter (mm) 2.15±0.29 2.13±0.27 0.02±0.09 0.8
Lumen mean diameter (mm) 2.83±0.43 2.83±0.39 0.01±0.06 0.3
Vessel CSA (mm2) 14.85±4.42 15.21±4.31 0.35±0.55 2.6
Vessel volume (mm3) 492.92±111.45 434.39±108.86 4.47±9.02 1.2
Vessel max diameter (mm) 4.98±0.80 5.01±0.78 0.03±0.05 0.7
Vessel min diameter (mm) 3.87±0.58 3.93±0.54 0.05±0.07 1.3
Vessel mean diameter (mm) 4.30±0.62 4.36±0.61 0.05±0.07 1.3
Plaque CSA (mm2) 8.33±3.10 8.68±3.29 0.34±0.41 4.1
Plaque volume (mm3) 236.13±67.72 239.31±65.17 3.18±5.72 1.7
Plaque burden (%) 55.32±9.13 56.04±9.02 0.72±1.26 1.3
Compositional data
Fibrotic volume (mm3) 122.11±26.17 126.97±26.80 4.86±2.02 4.0
Fibrotic area (mm2) 4.09±0.87 4.25±0.89 0.16±0.06 3.8
Fibrotic tissue (%) 53.29±15.40 53.54±17.43 0.25±2.96 0.1
Lipidic volume (mm3) 21.50±12.27 21.87±11.66 0.37±1.49 1.9
Lipidic area (mm2) 0.72±0.41 0.73±0.39 0.01±0.05 1.4
Lipidic tissue (%) 8.64±3.21 8.47±3.14 0.17±0.48 2.3
Necrotic volume (mm3) 87.87±45.03 87.46±47.75 0.42±7.52 3.9
Necrotic area (mm2) 2.94±1.51 2.93±1.60 0.01±0.25 5.5
Necrotic tissue (%) 35.08±12.88 34.33±14.62 0.75±2.40 5.2
Calci! c volume (mm3) 7.23±2.71 7.14±2.63 0.09±0.73 1.1
Calci! c area (mm2) 0.24±0.09 0.23±0.08 0.01±0.02 1.8
Calci! c tissue (%) 2.99±0.56 2.85±0.75 0.13±0.28 5.1

Limitations
The studied population was relatively small. The 
selection of a population of patients with non 
tortuous and non severely calci! ed vessels could 
not reproduce the same agreement of the technique 
in a more challenging population.

Conclusions
Our study showed that compositional measure-
ments of iMAP are acceptably reproducible with 
regards to the variability in IVUS geometrical 
measurements. These results can aid investigators to 
perform power calculation for longitudinal studies 
using iMAP.
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Figure 4. Sequential plotting of a matched ROI interrogated with two di# erent catheters (on the top) 
or with two di# erent pullbacks (on the bottom). The mean Cross Sectional area(y axis) of each plaque 
component is color-coded (calcium: blue, necrotic: pink, lipidic: yellow, and ! brotic: green). These ! gures 
show examples of the impact of di# erent catheters of pullbacks on compositional measurements. ROI = 
region of interest. See color ! gure on page 339

Table 6. Geometrical and compositional measurement of matched ROI within the same catheter using 
the various tools of the software(n=5)

Conventional 
analysis

Mask 
guidewire

Absolute Δ Relative Δ (%) Mask 
guidewire + 
black pixel 

classi! cation

Absolute Δ Relative Δ (%)

Compositional data
Fibrotic tissue (%) 53.29±15.40 53.08±15.31 0.20±0.11 0.3 50.49±17.21 2.80±2.82 6.1
Lipidic tissue (%) 8.64±3.21 8.39±3.12 0.25±0.15 3.1 8.24±3.17 0.40±0.22 5.0
Necrotic tissue (%) 35.08±12.88 33.28±13.28 1.80±1.20 6.8 19.44±6.21 15.64±8.06 41.7
Calci! c tissue (%) 2.99±0.56 2.97±0.54 0.01±0.02 0.3 2.89±0.54 0.10±0.11 3.1

Note: Regarding tissue characterization guidewire (GW) artifact of the image is to be considered as un-analyzable. Similarly, an adequate 
spectral analysis is not present behind the calcium, due to the drop of the signal. Therefore, this table shows a comparison between the 
conventional analysis (without excluding parts of the iMAP image) and an analysis excluding these parts by masking the GW artifact of the 
region behind the calcium.
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Figure 5. Examples of the impact of two di# erent pullbacks acquired with the same catheter on the 
calcium (white continuous arrows on the top panel) and necrotic core (white dotted arrows on the 
bottom panel) detection. Note the di# erence in terms of brightness between the two pullbacks. See color 
! gure on page 340
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Figure 6. The information lost due to the wire shadow is depending on where the shadow is located. If 
the shadow is projected on the coronary plaque, a bigger part of the plaque is excluded from the analysis 
(B), as compared if the shadow is projected on a part of the vessel wall without plaque (A). The software 
used for the analysis allows the exclusion of the wire shadow from the tissue characterization (C1-C3) 
and/or the exclusion of the tissue underneath calci! cation, where an adequate spectral analysis is not 
possible due to the drop of the signal (C4). See color ! gure on page 341
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Intracoronary near infrared spectroscopy (NIRS) is a novel method for the 
identification and quantification of lipid core within the composition of athero-
matous plaque. The principles of operation, system development, method vali-
dation and early clinical use of intracoronary NIRS are described. The main 
advantage of NIRS over other plaque characterisation methods is its ability to 
directly identify chemical composition – the primary use of spectroscopy for 
other applications. Identification of lipid core plaque (LCP) with NIRS has 
potential, hypothetically, to improve the safety of stenting, including optimisa-
tion of length of vessel to stent, assurance of adequate stent implantation, and 
identification of lipid-core lesions at higher risk of distal embolisation, possibly 
leading to effective utilisation of distal embolic protection devices in the native 
coronaries. NIRS by itself does not display structures, but a combination device 
with co-registered intravascular ultrasound (IVUS) has been developed to give 
simultaneous and complementary structural and compositional information. 
The NIRS-IVUS device also has promise in the identification of vulnerable 
plaque, which may lead to strategies to prevent future coronary events.
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LIMITATIONS OF CORONARY 
ANGIOGRAPHY AND IMPORTANCE  
OF PLAQUE COMPOSITION: NEED FOR 
IMPROVED IMAGING TECHNIQUES

In the past 3 years, the findings of several large-scale clini-
cal studies have had substantial impact on the management 
of patients with coronary artery disease [1-4]. Observations 
from these studies emphasise that clinical decision-making 
in these patients is complex and often surrounded by uncer-
tainty. For example, the clinician is faced daily with challeng-
ing decisions regarding revascularisation strategies (whether 
percutaneous coronary intervention (PCI) should be offered 
versus bypass surgery) and important procedural issues 
regarding performance of PCI (e.g., identification of which 
lesions to treat, length of vessel to treat, optimal stent deploy-
ment, prevention of distal embolisation and periprocedural 
myocardial infarction, etc.).

Unfortunately, coronary angiography alone fails to provide 
adequate information for such decisions. Although a crucial 
tool to delineate the gross presence of disease and quan-
tify the degree of stenosis, angiography underestimates the 
magnitude of atherosclerotic burden, particularly in earlier 
stage disease during which positive vascular remodelling may 
allow “normal” lumen calibre despite substantial vascular 
wall plaque. Importantly, angiography also has significant 
limitations in the precise delineation of plaque architecture 
and does not provide data on plaque composition or its bio-
logical activity.

Plaque composition has been shown to have some 
important clinical implications (  Table 1): the presence 
of a lipid pool specifically appears to be a critical determi-
nant of plaque instability [4-8]. Whereas fibrous plaques 
are thought to be more stable, lipid core plaques (LCP) are 
implicated in more rapid progression of coronary athero-
sclerosis, plaque rupture resulting in acute coronary syn-
dromes and sudden cardiac death, as well as distal emboli-
sation complications during PCI [6-11]. The recognition 
of the ubiquity of substantial but non-flow limiting lesions 
that may be at high risk for subsequent plaque rupture has 
resulted in a paradigm shift in thinking about the patho-
physiology of coronary artery disease, with the focus no 
longer solely on the degree of arterial luminal narrowing. 
This growing need for more information about coronary 
atherosclerosis in order to identify patients and lesions at 
risk of complications during PCI, and for future adverse 
cardiac events, has been the primary impetus for the devel-
opment of novel intra-coronary imaging methods able to 
detect plaque composition, in particular the presence of a 
lipid pool.

TA B L E  1
Implications of lipid core plaque

More rapid plaque progression

Plaque vulnerability (ACS and SCD)

Complications during PCI
 • Embolisation-periprocedural infarction
 • Subacute and late stent thrombosis
 • Stent edge restenosis

F O C U S  B O X  1
Invasive direct coronary imaging

 • Coronary angiography gives a semi-quantitative 
assessment of percent diameter stenosis

 • Coronary angiography provides no quantitative or 
qualitative information on atheroma burden or plaque

 • LCP has important implications for plaque progression, 
stability and may influence the outcome of PCI

 • Present and future direct multi-modality direct coronary 
imaging gives accurate information on atheroma 
architecture as well as composition and is likely to become 
a standard tool for invasive evaluation and therapy

RATIONALE FOR DIRECT CORONARY 
IMAGING TECHNIQUES

The ideal invasive tool for characterisation of coronary 
plaque should provide, for example, a complete roadmap of 
atherosclerotic burden throughout the coronary tree and in 
particular the morphological and compositional data of each 
plaque. Specific parameters should include: (1) extent of lumi-
nal stenosis; (2) lesion length; (3) coronary blood flow reserve 
through any given stenosis; (4) intramural plaque architecture 
including atheroma burden, eccentricity, and local vascular 
remodelling; (5) plaque composition, specifically lipid content; 
(6) fibrous cap thickness; and (7) presence of inflammation.

Direct intra-coronary imaging methods offer new insight 
into opportunities to improve PCI treatment of flow-limiting 
target lesions, and to identify the vulnerable plaques responsi-
ble for subsequent events (  Table 2). IVUS may provide use-
ful information on plaque architecture, luminal stenosis and 
vessel remodelling and can be used to quantify the extent of 
lesion calcification and to assist in optimal stent deployment. 
By IVUS, complex unstable plaques are typically bulky, eccen-
tric and exhibit features of disruption, such as ulceration, inti-
mal flap and thrombus [6-9,12]. Characterisation of coronary 
plaques by IVUS greyscale is, however, not completely reli-
able, as, for example, echolucent and attenuated plaques have 
been variously related to high lipid content in some histologi-
cal studies and to non-lipid component in other studies [13-
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16]. Culprit lesions in patients with ACS demonstrated more 
expansive/positive remodelling by IVUS than culprit lesions of 
patients with stable angina, suggesting that expansive remod-
elling might be associated with plaque vulnerability [4,7,8].

IVUS with Virtual Histology (VH) is being investigated as a 
tool to characterise plaque structure and composition, based 
on pattern classification of the backscattering ultrasound sig-
nals coming from the coronary plaque, with a sensitivity and 
specificity to identify necrotic core of approximately 90% 
[4,17-20]. The PROSPECT Study recently demonstrated that 
certain plaque features obtained with greyscale IVUS, such as 
plaque burden >70% and minimal luminal area < 4mm2, and 
the identification of VH-derived thin cap fibroatheroma may 
predict the occurrence of subsequent events in 700 patients 
after an ACS at a median follow-up of 3.4 years [4]. Although 
the PROSPECT Study validated the concept that direct cor-
onary imaging can prospectively characterise “vulnerable” 
lesions at risk of adverse events, the authors noted that the low 
specificity of the findings can limit their clinical utility.

OCT is an evolving imaging modality that was introduced 
into cardiology to provide high-resolution (10 micron) images 
of the coronary arteries [21,22]. OCT achieves the highest spa-
tial resolution of existing imaging modalities (10 microns, ver-
sus 100 microns for IVUS) and is the best method to measure 
the thickness of the cap overlying lipid-cores. OCT is also an 
excellent method to identify intra-coronary thrombus, stent 
expansion, and coverage of stent struts. It requires removal of 
blood from the field of view, which is accomplished by an intra-
coronary injection of saline or contrast material. OCT has been 
reported to be of use in the detection of LCP [21]. Nevertheless, 
identification of LCP by OCT is primarily dependent on subjec-
tive image interpretation largely relying on the absence of signal, 
which can be confounded by the presence of calcification and 
by lack of depth of penetration. In addition, the limited penetra-
tion depth prevents detection of the external elastic membrane 
(EEM) border impeding the calculation of plaque burden.

F O C U S  B O X  2
Rationale for direct coronary imaging techniques

Direct coronary imaging with IVUS and OCT provides key data 
regarding plaque architecture; insights that help delineate 
the significance of a lesion and guide interventional therapy

DIFFUSE REFLECTANCE NEAR 
INFRARED SPECTROSCOPY (NIRS)

A near-infrared intravascular spectroscopy (NIRS) catheter 
system (Lipiscan™, InfraReDx, Burlington, MA, USA) has 
been recently developed for the invasive detection of LCP. 
[23-26] This device is comprised of a scanning near-infra-
red laser and a fibre optic catheter similar in size and use to 
an IVUS catheter, and an automated pullback and rotation 
device (  Figure 1).

In particular, the NIRS catheter is a monorail system 
which can be advanced over a 0.014 guidewire up to a refer-
ence point distal to the target lesion, like an IVUS catheter. 
Scanning with automated rotational pullback is performed 
at a speed of 0.5 mm/second and 240 RPM with the goal of 
terminating the pullback after the imaging element enters the 
guiding catheter (  Table 3).

The system performs approximately 8000 chemical meas-
urements per 100 mm of artery scanned. A predictive algo-
rithm calculates the probability that a LCP is present at each 
interrogated location in the artery.

The data are immediately and automatically displayed on a 
two dimensional map of the vessel called “chemogram.” The 
x-axis of the chemogram represents mm of pullback in the 
artery and the y-axis represents degrees of rotation; a colour 
scale from red to yellow indicates increasing algorithm prob-
ability that a LCP is present (  Figure 2).

TA B L E  2
Comparison of direct coronary imaging techniques

IVUS (40 MHz) VH (20 MHz) OCT NEAR-INFRARED SPECTROSCOPY ANGIOSCOPY

Axial resolution, µm 100 200 10 NA 10 to 50

PCI (stent expansion) and complications) ++ + ++ - +

Necrotic core + + + ++ +

TCFA - + ++ + +

Thrombus + - + + ++

Stent tissue coverage + + ++ - ++

Expansive remodelling ++ ++ + - -

++ Indicates excellence / + Good / + Possible / - Impossible.
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TA B L E  3
NIR spectroscopy

Scans artery through blood

20 msec spectra acquisition

System acquires 1,000 measures /12.5 mm

Each measurement interrogates 1-2 sq mm

Majority of data obtained from a depth of 1 mm

Identifies chemical composition of vessel wall

Spectra processed by algorithm and displayed as chemogram of LCP 
probability

 • Sensitivity and specificity > 85% ex vivo

The “block chemogram” provides a summary of the results 
for each 2 mm section of artery. The numerical value of each 
block in the block chemogram represents the 90th percentile 
of all pixel values in the corresponding 2 mm chemogram seg-

ment. The block chemogram is mapped to the same colour 
scale as the chemogram and the display uses four discreet col-
ours to aid in the visual interpretation of the algorithm prob-
ability that a LCP is present in that 2 mm block (red: p<0.57, 
orange: 0.57≤p≤0.84, tan: 0.84≤p≤0.98, yellow: p>0.98).

The lipid core burden index (LCBI) is provided as a quan-
titative summary metric of the LCP presence in the entire 
scanned region. LCBI is computed as the fraction of valid pix-
els within the scanned region that exceed an LCP probabil-
ity of 0.6, multiplied by 1,000. Since the chemogram colour 
scale transitions from red to yellow near an LCP algorithm 
probability of 0.6, the LCBI can be viewed as a quantitative 
measure of the amount of yellow present on the chemogram.

The radio-opaque marker on the NIRS catheter can be 
used to identify the location of the catheter and imaging ele-
ment in relationship to target vessel fiduciary landmarks as 
detected by coronary angiography (e.g., stenoses of interest, 
branches, guide catheter, etc.) with the possibility to place a 
mark on the chemogram and annotate anatomical landmarks 
at the locations of acquisition of the NIRS spectra.

F I G U R E  1
NIRS catheter system components, including console (A), pullback and rotation (PBR) device (B), catheter (C) and magnified view of catheter tip 
(D) illustrating NIRS and IVUS components

NIR mirrors IVUS

D
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The NIRS catheter has been approved by the US FDA and 
has received a CE mark for detection of LCP of interest in the 
coronary arteries and measurement of the lipid-core burden 
index (LCBI) a quantitative summary metric of the total LCP 
detected in the segment of artery scanned.

A combined NIRS-IVUS catheter (InfraReDx, Inc., 
Burlington, MA, USA) has recently been introduced and 
approved by the FDA and has a CE mark [25] (  Figure 3). 
This novel catheter allows a complete characterisation 
of coronary plaques, providing simultaneous and co-reg-
istered acquisition of their structural and compositional 
information. In particular, NIRS can confirm LCP presence 
when high plaque burden and hypo-echogenic regions are 
identified by IVUS, possibly indicating lesions at high risk 
of distal embolisation during balloon dilation and stenting 
[27,28].

NIRS PRINCIPLES OF OPERATION  
AND VALIDATION

Diffuse reflectance NIRS is widely used in many fields to 
identify the chemical composition of unknown substances. 
Spectroscopy can be broadly defined as the measurement 
of the wavelength dependent interaction of electromagnetic 
radiation with matter. In diffuse reflectance NIRS, a sample 
of interest is irradiated with near-infrared light and a detector 
measures the proportion of diffusely reflected light returned 
as a function of wavelength. Two quite different processes 
determine the amount of light that returns to the detector – 
scattering and absorption.
 • Scattering occurs when the path of the light is altered by 

the cellular and extracellular structures (that are larger 
than the wavelength of light) in the material.

F I G U R E  2
A NIRS scan correlates well to histologic findings in coronary artery from a 65-year-old male with a history of MI
(A) Chemogram image indicating artery wall lipid content (x axis – pullback in millimetres; y axis – rotation in degrees). Each pixel is marked with 
red for low probability and yellow for high probability of lipid core plaque of interest (LCP). The lipid core burden index (top right) indicates amount of 
lipid in scanned artery on a 0-1,000 scale. (B) Summary (block chemogram) of LCP presence at 2 mm intervals in 4 probability categories. (C) Map 
of histologic classifications (yellow – LCP; light orange – small or thick-capped fibroatheroma; dark orange – intimal xanthoma and pathologic 
intimal thickening; red – all other types). (D) Movat cross-sections from locations along the artery (dotted lines). Black bars denote 1 mm. Image 
interpretation: The chemogram shows prominent lipid core signal at 2 to 6 mm, occupying 180°. The block chemogram shows that the strongest 
LCP signals extend 5 to 11 mm. The NIRS signals at 18 and 42 mm correctly indicate absence of LCP.
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 • Absorption occurs when light energy is absorbed by chemi-
cal bonds of the constituent molecules. Absorbed light is 
mainly transformed into molecular vibrational energy in the 
form of oscillations of atoms within their chemical bonds.

To create an advanced algorithm ultimately applicable to 
interpretation of NIR signals obtained in patients, initial 
calibration and validation studies were performed in intact 
and perfused human coronary artery autopsy specimens [23]. 
NIR spectrographic data were initially compared to the his-
tology gold standard of LCP (fibroatheroma > 60 degrees in 
circumferential extent >200 microns in thickness on a cross-
sectional histologic specimen, with a fibrous cap having a 
mean thickness of < 450 microns). Spectral similarity was 
prospectively analysed using common measures of multivari-
ate distance and calibration model residual. In this rigorous, 
prospective study an area under the receiver operating char-
acteristic curve for detection of LCP of 0.83 (95% confidence 
interval, 0.70 to 0.93) was observed, satisfying the primary 

endpoint of the study. Clinical validation studies with this 
catheter system were then performed, demonstrating that 
NIR signals obtained in patients are spectrally similar to 
those obtained in autopsy specimens [24]. NIRS is well-suited 
for analysis of LCP in a coronary vessel tissue since it 1) can 
penetrate blood, 2) can penetrate several millimetres into 
the tissue, 3) can be done with an ultrafast scanning laser, 
overcoming the problem of cardiac motion,artefactUltra 4) is 
capable of acquiring the thousands of spatial measurements 
required to create an image of the artery, and 5) provides a 
positive and specific chemical measure of LCP (it does not 
rely on drop-out of signal as do IVUS and OCT) since cho-
lesterol has prominent features in the NIR region that can 
distinguish it from other tissue constituents such as collagen.

Overall, results from these studies showed that the NIR 
system is very accurate and valid for localised detection of 
LCP, as well as for determination of overall lipid burden of a 
scanned artery, in patients undergoing coronary angiography.

F I G U R E  3
Correlation between angiography, IVUS and chemorgram obtained with the NIRS-IVUS catheter
Simultaneously obtained co-registered NIRS-IVUS images demonstrating angiographically “mild” disease in the proximal LAD (A, yellow arrow), with a 
more severe stenosis in the mid-LAD (A, white arrow). In the NIRS-IVUS chemogram, a 2nd block chemogram (E, top) documents that both lesions contain 
large LCP. Cross-sectional IVUS views (B, C, D), with the chemogram data overlaid in a halo while the block chemogram colour value is portrayed in the 
central catheter artifact (bottom). IVUS reveals the proximal LAD lesion (B) is a LCP with ulceration and the mid-lesions is a bulky LCP with tight stenosis.
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IVUS and IVUS-VH findings were recently compared with 
NIRS findings. Larger coronary plaques, identified by grey-
scale IVUS, were more likely to be recognised as lipid core 
plaques (LCP) and as necrotic-core rich plaques by NIRS and 
VH, respectively; however, the correlation between NIRS and 
VH was poor. The fundamental differences in the principles 
of each technique, i.e., VH is based on a pattern classifica-
tion of the backscattering ultrasound signal, whereas NIRS 
is based on near-infrared spectral signals, and their respective 
limitations should be taken into account in the interpretation 
of the differing results between NIRS and IVUS-VH [26].

F O C U S  B O X  3
Principles of operation and validation

 • The NIRS catheter is easy to use and has been rigorously 
validated against histopathology for the detection of LCP

 • Ultrafast laser scanning mitigates against cardiac motion 
artefact

 • Positively identifies lipid composition whereas ultrasound 
relies on acoustic shadowing

NIRS-IVUS CLINICAL APPLICATIONS

Although the safety and efficacy of coronary stenting have 
steadily improved, patients continue to experience complica-
tions during and after PCI procedure. NIRS-IVUS delineation 
of plaque architecture and composition has the potential to 
improve safety and long-term outcome of PCI (  Table 4) by: 
1) Identification of large LCP, which are known to be at high 

risk of distal embolisation and periprocedural MI. In this 
case pre-PCI identification of such plaques can lead to the 
use of preventive strategies, employing distal embolic pro-
tection devices.

2) Delineation of length of vessel to stent with adequate 
lesion coverage and optimal stent expansion.

3) Identification of vulnerable plaques.

TA B L E  4
NIRS-IVUS: potential clinical applications

OPTIMAL STENTING PROCEDURES

Determine optimal vessel length to stent
 • Measure precise stent length

Optimise stent deployment
 • Minimise subacute thrombosis and late restenosis

Characterise lesions at embolic risk
 • Assess the need for distal protection devices

CHARACTERISE NON-FLOW LIMITING LESIONS

Identification of vulnerable plaque

PREVENTION OF PERIPROCEDURAL MI
Periprocedural myocardial infarction is associated with short 
and long-term adverse outcomes. In particular, embolisation 
of the lipid core of stenotic plaques following PCI has been 
demonstrated as an important cause of periprocedural no-
reflow and MI even in absence of angiographic intra-coro-
nary thrombus. Since periprocedural MI can prolong hospi-
tal stay and is an impediment to more frequent performance 
of stenting in a less costly out-patient setting, pre-PCI iden-
tification of such plaques at high risk of embolisation can 
lead to the use of preventive strategies (e.g., distal embolic 
protection device), enhancing therefore the safety, efficacy, 
and cost-effectiveness of stenting [11,29-37].

NIRS appears to be an effective technique for identifica-
tion of LCP lesions at embolic risk [27,28]. Recent evidence 
suggested, for example, that large area of LCP identified 
by NIRS might be associated with distal embolisation and 
periprocedural MI [27] (  Figure 4). The COLOR Registry, 
an ongoing prospective observational study of patients under-
going NIRS prior to PCI, provided additional evidence of this 
capability of NIRS [28]. In this study the extent of LCP in 
the treated region was calculated as the maximal lipid-core 
burden index (LCBI) for each 4 mm longitudinal segment 
(maxLCBI4mm) within the treated region (  Figure 5). Results 
showed that a periprocedural MI developed in 50% of the 
LCP with a maxLCBI4mm of ≥500 (22.6% of the lesions) and 
in only 4.2 % of the LCP with a low maxLCBI4mm (p=0.0002) 
(  Figure 6). Periprocedural MI can develop in association 
with post-stent disappearance of yellow LCP, presumably due 
to rupture and release of LCP contents with distal embolisa-
tion (  Figure 7).

The knowledge that dilatation of a stenosis containing a 
large LCP, identified by NIRS, carries a 50% risk of causing a 
periprocedural MI indicates the need for preventive therapy. 
The use of an embolic protection device (EPD) to prevent 
distal embolisation of plaque contents, already used in PCI 
of vein grafts and carotid arteries, is a particularly promising 
approach. Although prior studies of the use of EPDs during 
stenting of lesions in the native coronary arteries failed to 
show clinical benefit, these studies did not characterise, by 
intra-coronary imaging, the types of plaques most likely to 
embolise and therefore to benefit from the use of an EPD 
[38].The potential ability of NIRS-guided use of an EPD to 
prevent periprocedural MI will be tested in a prospective 
randomised trial, named CANARY (Coronary Assessment 
by Near-infrared of Atherosclerotic Rupture-prone Yellow).

OPTIMISATION OF PCI
The current standard of care consists of selection and place-
ment of a coronary stent on the basis of angiographic infor-
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F I G U R E  4
Correlation angiogram and chemogram
Angiogram (A) and chemogram (B) showing no LCP in a proximal moderate stenosis (solid white arrow), a large, extensive LCP at the stenotic cul-
prit plaque (solid black arrow), and a small LCP in a distal non-stenotic location (open arrow). PCI resulted in abrupt no-reflow associated (C and D) 

( ) [ ]
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F I G U R E  5
Illustration of methodology for determination of the maximum 4 mm sub-segment LCBI (maxLCBI4mm)
(A) The chemogram displays the NIRS findings obtained during rotation and pullback of the imaging element within the coronary artery of a patient. 
The x-axis represents mm of pullback, and the y-axis represents degrees of rotation from zero to 360. Yellow indicates a high probability that LCP 
is present at the interrogated site. (B) maxLCBI4mm is determined by defining the intervention region, computing LCBI for all 4 mm sub-segments 
within the intervention region, and identifying the maximum LCBI sub-segment. [Goldstein et al. Cir Cardiovasc Intervent in press]
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F I G U R E  6
A mosaic of the 62 study chemogram intervention zones
All patients had a coronary stenosis requiring stenting. Chemograms from patients experiencing a periprocedural myocardial infarction (MI) are 
shown on the left and those without on the right. Chemograms with maxLCBI4mm ≥ 500 are indicated with an asterisk.

F I G U R E  7
Pre and post percutaneous coronary intervention (PCI) angiogram frames and chemograms for a patient experiencing a periprocedural 
myocardial infarction (MI)
The black arrows indicate the location on the angiogram of the proximal and distal boundaries of the PCI location and correspond to the boundaries 
of the chemogram segment. Pre-PCI maxLCBI4mm was 591 at the region indicated by the 4 mm mark. The post-PCI chemogram shows substantial 
reduction in LCP (maxLCBI4mm reduced to 189 in the matched region). [Goldstein et al. Circ Cardiovasc Intervent in press].

 2.1



63

NIRS

mation alone. Although use of angiography alone generally 
produces good outcomes, it has been suggested that stent com-
plications (dissection, early or late stent thrombosis, or resten-
osis) might result from a geographical miss in stent placement 
(stent ends in an area with high plaque burden) or from incom-
plete stent expansion or malapposition [39-42]. There is evi-
dence from prior randomised trials that IVUS guidance reduces 
complications [40,43]. Another application of the NIRS-IVUS 
device in clinical practice would be therefore to assist in deci-
sions regarding the location and length of artery to be stented. 
During stenting, sites demonstrating a normal distal and prox-
imal reference diameter are generally chosen for implantation. 
However, angiography often shows diffuse irregularities and 
is known to grossly underestimate the extent of disease, even 
when the vessel segments appear “normal”. Conversely IVUS 
imaging frequently confirms that sites with normal reference 

diameters may have extensive plaque with expansive remodel-
ling. In addition, recent clinical cases (  Figure 8) revealed 
that placement of the ends of a stent over a LCP could result 
in high frequency of stent thrombosis [30,42]. NIRS can then 
help to avoid placement of the ends of a stent in a LCP by 
accurately and precisely revealing its location. Longer stents 
can be chosen to extend into vessel free of LCP or conversely 
the choice of a shorter stent could be supported by the absence 
of LCP in a given landing zone (  Figure 9). Long-term stud-
ies are required to determine whether NIRS-informed stent 
length decisions result in better clinical outcomes.

IDENTIFICATION OF VULNERABLE PLAQUE
The identification of TCFAs as “suspected” vulnerable plaques 
provided a useful target that might be identified by novel intra-
coronary imaging methods [4]. Given the validated capabili-

F I G U R E  8
Acute stent thrombosis of a DES edge implanted in a not fully covered LCP. [Jang Circ Img]
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ties of NIRS for detection of LCP, NIRS-IVUS also has the 
potential for delineation of vulnerable plaques and in particu-
lar for guiding the treatment of lesions causing an intermediate 
degree of coronary stenosis (  Figure 10). As early evidence 
mounts for the greater propensity for rupture and more rapid 
progression when LCPs are present, the presence of LCPs in 
angiographically intermediate stenosis may support a tailored 
stenting. A randomised trial of stenting of such LCP lesions of 
intermediate stenosis needs to be conducted to test this hypoth-
esis. Of note is that InfraReDx, Inc. has initiated an observa-
tional study of cholesterol in coronary arteries to determine 
the relationship between NIRS findings and subsequent events 
over a 2-year period (COLOR registry, NCT00831116; see 
http://clinicaltrials.gov/ct2/show/NCT00831116). The study 
aims to enrol 1,000 patients in 14 centres across the USA.

ADDITIONAL CLINICAL USES
NIRS is likely to be helpful in the choice of more intensive 
lipid modification or anti-thrombotic therapies in some 
patient subgroups. The presence of extensive LCP might 

indeed indicate the need for more intensive or different types 
of LDL-lowering therapies. 

NIRS can also be used in the development of anti-athero-
sclerosis medications by providing a surrogate endpoint in 
plaque regression/stabilisation studies. In particular, the ability 
of NIRS to assess the lipid content of plaques may be a more 
effective means of identifying the beneficial effect of an agent 
than IVUS. For testing these hypotheses, the IBIS-3 (Integrated 
Biomarker and Imaging Study) trial has begun enrolling 
patients at the Thoraxcenter in Rotterdam in order to deter-
mine the effect of intensive rosuvastatin therapy on the con-
tent of necrotic core (IVUS-VH) and lipid-containing regions 
(NIRS) at 52 weeks in a non-intervened coronary artery.

Another potential future use could be to more fully inform 
the decision to perform PCI vs. CABG, based on the presence, 
patterns and extent of LCP. Most notably changes could be envi-
sioned in the determination of the presence of “three vessel dis-
ease” or patients that are “not candidates for PCI.” For example, 
it is reasonable to hypothesize that LCP-free, fibrotic stenoses 
in all three coronary vessels may in fact be better treated with 

F I G U R E  9
Use of NIRS to determine length of vessel to stent
Severe circumflex stenosis between C and D with corresponding chemogram documenting LCP. Contiguous proximal plaque, though not severely 
narrowed, also contains LCP (A-B-C).
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stents. In contrast, diffuse lipid in all three vessels, either stenotic 
or non-stenotic, may turn out to be better treated by CABG. 

F O C U S  B O X  4
Potential clinical uses for NIRS

 • NIRS-IVUS delineation of plaque architecture and 
composition has potential to enhance performance and 
improve safety of PCI

 • The detection of vulnerable plaque
 • The identification of patients warranting more intensive 
lipid lowering therapy

 • The accurate identification of lesion length prior to stenting
 • The identification of lesions at risk of periprocedural MI

CONCLUSIONS

The structure of coronary artery plaques is an important 
feature of the coronary artery disease state, but traditional 
imaging techniques have not been able to provide accurate, 
easily obtainable information about plaque composition.

The presence or absence of lipid core is one of the most 
important compositional parameters related to both the 
safety of stenting and the risk of rupture of a given plaque.

NIRS has a very sound fundamental basis as a reliable 
method to measure lipid in a biological matrix composed of 
blood and tissue.

Intracoronary NIRS has been developed and rigorously 
validated as an accurate method for detection of lipid core 
plaque in patients undergoing coronary angiography.

A novel device has been constructed combining the com-
positional measurement provided by NIRS with the com-
plementary structural measurement provided by IVUS in a 
single catheter.

Early clinical use shows promise for the use of NIRS to 
assist with common decisions in the catheterisation labora-
tory such as identification of the risk of embolic infarction 
following balloon inflation for a stenosis and determination 
of length of artery to stent.

The ability of NIRS to predict slow- or no-reflow and asso-
ciated periprocedural MI, suggests the need for preventive 
strategies, such as NIRS-guided use or an EPD. A randomised 
trial of this strategy is planned.

Longer term studies are needed to assess the utility of 
NIRS-guided therapy to improve stenting outcomes and to 
determine the relationship between NIRS findings and new 
coronary events.

F I G U R E  1 0
Chemogram of a lesion that has progressed in a patient with unstable angina
(A) Baseline angiogram from a 59 year old male undergoing PCI in the RCA showing little to no angiographic evidence of disease in the LAD. 
(B) 171 day follow-up angiogram after presentation with unstable angina showing progression to near total occlusion. (C) Pre-stent chemogram 
showing high longitudinal and angular extent LCP very likely to also have been present at baseline. 
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PERSONAL PERSPECTIVE – JAMES A. GOLDSTEIN

Plaque characterisation with NIRS-IVUS not only provides IVUS data on plaque architecture, but also the most accu-
rate and validated insights on lesion composition, specifically identification of lipid core plaque (LCP). NIRS-IVUS has 
potential to improve the safety of stenting, including optimisation of length of vessel to stent, assurance of adequate 
stent deployment, and identification of lipid-core lesions at higher risk of distal embolisation possibly leading to effective 
utilisation of distal embolic protection devices in the native coronaries. This device also has promise in the identifica-
tion of vulnerable plaque, which may lead to strategies to prevent future coronary events. Ongoing and future studies 
will validate whether NIRS-IVUS delineated vulnerable plaques have an increased likelihood of causing cardiac events.
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Distance of Lipid Core–Rich Plaques From the
Ostium by NIRS in Nonculprit Coronary Arteries
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Previous angiographic studies have failed to iden-
tify those quiescent plaques prone to progress or

rupture, as most of them are non–flow limiting
(1). Plaque composition was demonstrated not to be

uniformly distributed along each coronary artery, and
in patients with ST-segment elevation acute myocar-
dial infarction, culprit lesions tend to cluster within
the proximal third of each coronary artery (2,3).
Intravascular ultrasound (IVUS) virtual histology
(VH), has demonstrated higher necrotic core content
of coronary plaque close to the coronary ostium
compared with the distal counterpart (4).

Recently, a novel catheter-based intracoronary
imaging system, based on near-infrared spectros-
copy (NIRS), has been developed for the specific
purpose of identification of lipid core plaque (LCP)
(5). A weak correlation has been demonstrated
between NIRS and VH findings for detecting lipid
or necrotic core–rich plaques (6). The aim of the
present study is to assess LCP distribution in
nonculprit coronary arteries using NIRS.

Sixty-eight consecutive patients, in whom a non-
culprit, nontreated vessel was judged suitable for a

safe NIRS pullback of 50 mm or more in length
were enrolled (Table 1). The inclusion/exclusion
criteria have been previously published (6). The
study was conducted under the guidance of the
institutional review board, and written informed
consent was required.

Each region of interest (ROI), starting from the
coronary ostium, was divided into 10-mm seg-
ments, corresponding to 5 block chemograms by
NIRS (5). For each ROI and 10-mm segment, the
mean value of the block chemogram and the num-
ber of LCP (absolute and relative) were calculated.
A LCP was considered to be present if at least 1
2-mm block chemogram had a strong positive
reading as signaled by yellow color, as previously
described (5). The presence of at least 3 non–yellow
block chemograms in-between 2 LCP was required
in order to consider them as 2 independent LCP.

Categorical variables are presented using fre-
quencies and percentages, continuous variables with
mean and standard deviations or median and
ranges, according to their distribution. A general-
ized estimating equations approach was used to
compensate for any potential cluster effect of mul-
tiple lesions in the same patient. Block chemogram
values per 10-mm segment are presented as least-
square means with 95% confidence intervals (CI). A
univariate (including age, sex, dyslipidemia, acute
coronary syndrome at presentation, coronary vessel
[right coronary artery (RCA) vs. the others], and
distance from the ostium [segment 1 vs. the others])
and logistic generalized estimating equations ap-
proach (including all variables with a p value !0.1

From the *Thoraxcenter, Erasmus Medical Center, Rotterdam, the
Netherlands; †Cardialysis BV, Rotterdam, the Netherlands; the ‡Depart-
ment of Cardiology, Thorax Institute, Hospital Clinic, Barcelona, Spain;
and §InfraReDx, Inc., Burlington, Massachusetts. Dr. Ligthart has a
procor contract (IVUS) with Boston Scientific and teaching contracts
with Volcano Inc. and St. Jude Medical. Drs. Madden and Muller are
current employees of InfraReDx. inc. Dr. Madden holds ownership
interest in InfraReDx, Inc. All other authors have reported that they have
no relationships relevant to the contents of this paper to disclose.

Manuscript received August 16, 2011; revised manuscript received Sep-
tember 21, 2011, accepted September 22, 2011.



74

 2.2

at univariate analysis) were applied to estimate the
independent predictors of LCP. A 2-sided p value
!0.05 indicated statistical significance. Statistical
analyses were performed using SPSS 17.0 software
(SPSS Inc., Chicago, Illinois).

Overall, the length of the ROI was 58.0 " 4.3 mm,
with a total of 392 10-mm segments (56 and 67

patients with 6 and 5 10-mm segments available,
respectively) and 1,903 block chemograms. Per ROI,
the block chemogram value and the IVUS plaque
burden were 0.33 " 0.20% and 38.77 " 12.75%,
respectively. A total of 62 LCP were identified.

Block chemogram values were differently distrib-
uted between the 3 coronary arteries (left anterior
descending coronary artery [LAD]: 0.24 " 0.15 vs.
left circumflex coronary artery [LCX]: 0.35 " 0.19
vs. RCA: 0.42 " 0.23, p # 0.014). Forty-eight
percent of the LCP were found in the LCX, 32% in
the RCA, and the remaining 20% in the LAD (p #
0.107). At IVUS analysis, plaque burden tended to
be higher in the RCA than in the LCx or LAD
(45.17 " 14.60% vs. 38.36 " 10.19% vs. 35.76 "
13.71%, p # 0.117).

The block chemogram value stratified per 10-mm
segment showed a significantly different distribution
in the 60 mm analyzed from the ostium (1st segment:
0.41, 95% CI: [0.34 to 0.48]; 2nd: 0.36, 95% CI: [0.29
to 0.42]; 3rd: 0.37, 95% CI: [0.30 to 0.43]; 4th: 0.32,
95% CI: [0.26 to 0.39]; 5th: 0.26, 95% CI: [0.20 to
0.33]; and 6th: 0.26, 95% CI: [0.19 to 0.33]; p #
0.011). The LCP were also differently distributed
between the various segments analyzed, clustering
close to the ostium (32.2% in the first 10-mm seg-
ment; 17.7% in the 2nd, 3rd, and 4th segments; 6.4%
in the 5th segment; and 8.0% in the 6th segment; p !
0.001). The plaque burden did not show a signifi-
cantly different distribution between the same 10-mm
segments (p # 0.784).

Although the block chemogram values were con-
firmed to be heterogeneously distributed in the
LAD and in the LCX, with the highest values
closest to the ostium (LAD, p ! 0.001. LCX, p #
0.001), in the RCA they were more homogenously
distributed (p # 0.155). The distribution of LCP
within the 3 coronary arteries reflects this finding
(Figs. 1 and 2). The distribution of plaque burden
stratified per 10-mm segment was not statistically
different within each coronary artery (data not
shown). Distance from the ostium was the only
independent predictor of LCP (odds ratio: 0.37
95% CI: [0.20 to 0.69]; p # 0.002).

The present analysis utilizes NIRS to study the
longitudinal distribution of LCP in vivo. It has
been demonstrated that the ability of this technique
in detecting lipid/necrotic core plaques is weakly
correlated with VH (6). Nevertheless, our analysis
showed that the nonhomogeneity of LCP distribution
along the coronary arteries is in agreement with prior
anatomopathological, angiographic, and IVUS obser-
vations (2–4). In particular, LCP distribution along

Figure 1. Percentage of LCP in the six 10-mm Segments From the Ostium
in the 3 Coronary Arteries

Values of p for the distribution are 0.042 for the left anterior descending
coronary artery (LAD), 0.029 for the left circumflex coronary artery
(LCX), and 0.041 for the right coronary artery (RCA). LCP # lipid core plaque.

Table 1. Baseline Characteristics of the Patients/Vessels
Included (n ! 68)

Age, yrs 62 " 10

Sex, male 53 (78)

Clinical history

Dyslipidemia 41 (60)

Hypertension 40 (58)

Diabetes mellitus 15 (22)

Current smoker 39 (57)

Prior MI 29 (42)

Prior PCI 29 (42)

Prior coronary artery bypass graft 4 (5)

Clinical presentation

Stable angina 32 (47)

Acute coronary syndromes 36 (53)

Vessel investigated by NIRS

LAD 22 (32)

LCX 30 (44)

RCA 16 (24)

IVUS analysis

Lumen volume, mm3 273.39 " 157.17

Vessel volume, mm3 470.64 " 289.91

Plaque burden, % 38.77 " 12.75

Values are n (%) or mean " SD.
IVUS # intravascular ultrasound; LAD # left anterior descending artery;
LCX # left circumflex artery; MI # myocardial infarction; NIRS # near-infrared
spectroscopy; PCI # percutaneous coronary interventions; RCA # right
coronary artery.
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the vessel wall is independently affected by the
distance from the coronary ostium, resembling the
distribution of the culprit lesions in ST-segment
elevation myocardial infarction patients. Presence
of tortuosity or frequent branching close to the
ostium may explain this finding: significant varia-
tion in shear stress has been indeed demonstrated at
the level of bifurcations or bending, and low shear
stress may be implicated in the migration of lipids
and monocytes into the vessel wall, processes that
could accelerate the progression of an atheroscle-
rotic lesion toward a vulnerable plaque (7).

Of note is that the distribution of block chemo-
gram values and of LCP was different between the
3 coronary arteries: in particular, LCP were mainly
located in proximal portions of the LAD and LCX,
and were more uniformly distributed in the RCA
(Figs. 1 and 2). These findings are also in line with
previous anatomopathological studies (2,3).

Our analysis may have important clinical impli-
cations, especially for the design and interpretation
of future studies. Of note is that LCP distribution
is not related to IVUS plaque burden distribution so
that NIRS may provide some clues for detecting in
vivo vulnerable plaques, which lead to coronary
event prediction. Moreover, it is known that per-
cutaneous treatment of LCP can cause emboliza-
tion of material with periprocedural myocardial
infarction (8). For this reason, percutaneous treat-
ment of plaques located close to the LAD or LCX
ostia may represent PCI at risk of embolization,
whose treatment can benefit from strategies pre-
venting embolization.
Study limitations. The small sample size is a possible
limitation of our analysis, although it represents so

far the largest cohort of patients who have received
a NIRS analysis. Of note is that our study is not a
3-vessel imaging analysis and does not include in
the analysis the vessel containing the culprit lesion.
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Figure 2. Examples of Distribution of LCP

The presence of LCP is indicated as yellow, 2-mm-long block chemograms,
in the 3 coronary arteries, from the coronary ostium (left) up to 60
mm distally. Abbreviations as in Figure 1.





Chapter 3
 Combined imaging and functional approaches for coronary 
atherosclerosis evaluation.





3.1
 NIRS and IVUS for characterization of atherosclerosis in 
patients undergoing coronary angiography.

Salvatore Brugaletta, Hector M Garcia-Garcia, Patrick W. Serruys, Sanneke de Boer, Jurgen Ligthart, Josep Gomez-
Lara, Karen Witberg, Roberto Diletti, Joanna Wykrzykowska, Robert Jan van Geuns, Carl Schultz, Evelyn Regar, 
Henricus J Duckers, Nicolas van Mieghem, Peter de Jaegere, Sean P Madden, James E Muller, Antonius FW van der 
Steen, Wim J van der Giessen, Eric Boersma

JACC Cardiovascular Imaging 2011;4:647-55



3.1

80

Atherosclerosis in Patients Undergoing
Coronary Angiography
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O B J E C T I V E S The aim of this study was to compare the findings of near-infrared spectroscopy
(NIRS), intravascular ultrasound (IVUS) virtual histology (VH), and grayscale IVUS obtained in matched
coronary vessel segments of patients undergoing coronary angiography.

B A C K G R O U N D Intravascular ultrasound VH has been developed to add tissue characterization to
the grayscale IVUS assessment of coronary plaques. Near-infrared spectroscopy is a new imaging
technique able to identify lipid core-containing coronary plaques (LCP).

M E T H O D S We performed NIRS and IVUS-VH pullbacks in a consecutive series of 31 patients with a
common region of interest (ROI) between 2 side branches. For each ROI, we analyzed the chemogram
blocks by NIRS, plaque area and plaque burden by grayscale IVUS, and tissue types by IVUS-VH. The
chemogram block is a summary metric of a 2-mm vertical slice of the chemogram. The value ranges from
0 to 1 according to the presence of lipids and represents the probability of LCP with a color scale from
red (low probability) through orange and tan to yellow (high probability).

R E S U L T S Plaque area (mm2) increases as percentage VH derived-necrotic core (NC) content (4.6 " 2.7
vs. 7.4 " 3.5 vs. 8.6 " 3.4 vs. 7.9 " 3.3, grouped in percentage NC quartiles, p ! 0.001) and chemogram block
probability color bin thresholds increase (4.9 " 3.8 red, 7.3 " 3.6 orange, 8.1 " 3.4 tan, and 8.7 " 3.4 yellow,
p! 0.001). The correlation between the block chemogram detection of lipid core and percentage NC content
by VH was weak (r # 0.149). Correction for the presence of calcium does not improve this correlation.

C O N C L U S I O N S Larger plaque area by grayscale IVUS was more often associated with either
elevated percentage VH-NC or LCP by NIRS; however, the correlation between the detection of LCP by
NIRS and necrotic core by VH is weak. (J Am Coll Cardiol Img 2011;4:647–55) © 2011 by the American
College of Cardiology Foundation
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NIRS and IVUS-VH

Lipid core-containing coronary plaques (LCP) are
thought to be a cause of most acute coronary
syndromes (ACS) (1,2). Near-infrared spectros-

copy (NIRS), which is routinely used in
science and industry to determine the chemical
composition of substances, has the potential to
identify such LCP in vivo, possibly improving
patient risk stratification and guiding therapy (3). A
novel intracoronary catheter system, that employs

See page 656

NIRS to detect LCP in vivo, has recently been
developed. The system was prospectively validated
versus histology in a double-blind manner with over
2,500 coronary autopsy sections (4). A clinical trial
then documented that similar NIRS spectroscopy
data could be acquired in vivo (5).

Intravascular ultrasound (IVUS)-based
methods have also been developed to de-
tect “necrotic core,” a term considered to
be synonymous with “lipid core.” Necrotic
core (NC) by IVUS-virtual histology
(VH) has been extensively studied (6) and
related to clinical characteristics (7) and car-
diovascular risk score (8). Intravascular ultra-
sound VH has also been used for testing the
efficacy of novel therapies (9) and has re-
cently been associated with a higher risk of
events in a large trial (10). Although NC
detection by IVUS-VH is based on pattern
classification of backscattering ultrasound
signal (11), LCP detection by NIRS is based
on near infrared spectral signals from coro-
nary plaques (4).

Therefore, the aim of our study was to explore
the relationship between the plaque parameters
detected by NIRS (LCP) with those detected by
grayscale IVUS (plaque area) and VH (VH com-
ponents).

M E T H O D S

Population. We prospectively analyzed all the con-
secutive patients who underwent IVUS-VH and
NIRS evaluation in the same artery at our institu-
tion (Thoraxcenter, Erasmus Medical Center, Rot-
terdam, the Netherlands). All patients included
were more than 18 years of age, with stable angina
pectoris or unstable angina pectoris or with ACS.
After percutaneous coronary intervention of the
culprit lesion, these patients underwent imaging of
a vessel that did not contain the culprit lesion. All

the study coronary vessels included were accessible
to the IVUS-VH and Lipiscan (InfraReDx, Burl-
ington, Massachusetts) catheters and had a !50%
reduction in lumen diameter by angiographic visual
estimation throughout a target segment of at least
40 mm in length. Coronary vessels that received a
bypass graft (n # 5) with a minimal lumen diameter
!2 mm or with a diameter stenosis $50% by
angiographic visual estimation in the segments to
be analyzed (n # 11) were excluded.

The study was conducted under the supervision
of the institutional review board, and a dedicated
written informed consent form was required.
Grayscale and radiofrequency IVUS analysis. Radio-
frequency-IVUS with a phased-array, 20-MHz,
3.2-F catheter (Eagle Eye, Volcano Corporation,
Rancho Cordova, California) was performed. Dur-
ing motorized catheter pullback, at 0.5 mm/s,
grayscale-IVUS and raw radiofrequency data cap-
ture gated to the R-wave were recorded (s5i system,
Volcano Corporation). Radiofrequency-IVUS uses
spectral (frequency) analysis as well as amplitude
data from the IVUS signal, which have been
validated for tissue characterization against his-
tological samples with high sensitivity and spec-
ificity (11,12).

All baseline IVUS images were prospectively
analyzed offline by independent core laboratory
(Cardialysis BV, Rotterdam, the Netherlands). The
IVUS analyses were performed with VIAS software
(Volcano Corporation). Contour detection was per-
formed by experienced IVUS analysts who were
blinded to the NIRS results (13). Quantitative
grayscale IVUS measurements included vessel area,
lumen area, plaque area (vessel area % lumen area)
and plaque burden ([plaque area/vessel area] · 100).
For the radiofrequency-IVUS analyses, 4 tissue
components (NC—red; dense calcium—white;
fibrous—dark green; and fibrofatty—light green)
were identified with autoregressive classification
systems. Each individual tissue component was
quantified and color coded in IVUS cross sections,
as previously described (11,14).
NIRS analysis. The NIRS system consists of a 3.2-F
rapid exchange catheter, a pullback and rotation
device, and a console. A motorized catheter pull-
back, at 0.5 mm/s, was performed in the same artery
as IVUS-VH. During the acquisition, as many
landmarks as available were identified by the tech-
nicians/physicians, under fluoroscopic guidance,
identifying fiducial locations such as side branches.
These fiducial locations were documented by means

A B B R E V I A T I O N S

A N D A C R O N YM S

ACS ! acute coronary

syndrome(s)

GUI ! graphical user interface

IVUS-VH ! intravascular
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LCP ! lipid core-containing

coronary plaques

NC ! necrotic core

NIRS ! near-infrared

spectroscopy

ROI ! region of interest

VH-NC ! virtual histology-

necrotic core
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of an angiogram, showing the position of the NIRS
probe.

The system acquires approximately 1,000 NIRS
measurements/12.5 mm of artery scanned. Each
measurement interrogates an approximate volume
of 1 to 2 mm3 of lumen surface perpendicular to the
long axis of the catheter and centered on the optical
tip of the catheter. The measurement of the prob-
ability of LCP for each scanned arterial segment is
displayed as a map, with the x-axis indicating the
pullback position in millimeters and the y-axis
indicating the circumferential position of the mea-
surement in degrees. The entire display is termed
“chemogram,” with the probability of LCP pres-
ence coded on a color scale from red to yellow (0 for
red, and 1 for yellow). To enhance interpretation of
the chemogram and allow block-by-block compar-
ison with histology (4), a summary metric (the
chemogram block) is computed to display the prob-
ability that an LCP is present in each 2-mm block
of the pullback, without regard to rotation. The
chemogram block display in the graphical user
interface (GUI) uses a binned color scale: red (p !
0.57), orange (0.57 ! p ! 0.84), tan (0.84 ! p !
0.98) and yellow (p " 0.98).

Cross-correlation of the IVUS-VH and NIRS. An inde-
pendent experienced analyst, blinded to all patient
clinical information, used a side-by-side view of
both imaging techniques (IVUS-VH and NIRS),
color blinded for IVUS-VH data. The cross corre-
lation between the imaging data was obtained by
the following 4-step method. First, the landmarks
in the NIRS pullback (side branches) were identi-
fied in the angiogram. Second, the landmarks in the
angiogram and in the NIRS pullback were also
identified in the IVUS-VH. Third, the region so
identified in NIRS and IVUS-VH pullbacks was
defined as our region of interest (ROI). Fourth, the
ROI identified in the IVUS-VH was divided into
subregions, according to the number of chemogram
blocks displayed by NIRS in that ROI (each che-
mogram block gives information on a region of 2
mm in length), resulting in an average of 4 VH
frames/2-mm chemogram block. The percentage
content of each VH component for a given collec-
tion of frames matched to a chemogram block was
done in this manner: [total area of each VH
component in those frames/total plaque area in
those frames] · 100.
Statistical analysis. Continuous variables are ex-
pressed as mean " SD. The percentage content of
NC was divided into quartiles and used as categor-
ical variables. The probability displayed in the
chemogram block, that LCP is present, was used
as continuous variable (range from 0 to 1) and
also transformed into a categorical variable, ac-
cording to the same values used in the binned

Table 1. Demographic, Clinical, and Angiographic
Characteristics of the Study Patients (n ! 31)

Age, yrs 60.4 " 9.6

Male 26 (83)

Clinical history

Hyperlipidemia 21 (67)

Hypertension 20 (64)

Diabetes mellitus 5 (16)

Current smoker 18 (58)

Prior MI 16 (51)

Prior PCI 4 (13)

Prior coronary artery bypass graft 3 (9)

Cerebrovascular accident/transient ischemic attack 2 (6)

Family history of coronary artery disease 17 (54)

Congestive heart failure 2 (6)

Clinical presentation

Post MI 2 (6)

Unstable angina 16 (51)

Stable angina 13 (43)

Vessel investigated by IVUS-VH and NIRS

LAD 6 (20)

LCx 16 (51)

RCA 9 (29)

Values are mean " SD or n (%).
IVUS-VH # intravascular ultrasound virtual histology; LAD # left anterior

descending artery; LCx # left circumflex artery; MI # myocardial infarction;
NIRS # near infrared spectroscopy; PCI # percutaneous coronary interven-
tions; RCA # right coronary artery.

Table 2. Baseline Intracoronary Imaging Data/ROI (n ! 31)

Grayscale IVUS and VH data

Mean vessel area (mm2) 13.6 " 6.2

Mean lumen area (mm2) 7.3 " 3.1

Plaque burden (%) 39.5 " 15.6

Mean plaque area (mm2) 5.9 " 3.9

Fibrous tissue (%) 55.6 " 17.9

Fibrofatty tissue (%) 9.1 " 8.6

NC tissue (%) 22.2 " 12.1

Dense calcium (%) 12.9 " 12.2

NIRS data

Number of blocks/ROI 18 " 8

Block chemogram value 0.37 " 0.36

Block chemogram color

Red 397 (70)

Tan 68 (12)

Orange 42 (7)

Yellow 56 (11)

Values are mean " SD or n (%).
NC # necrotic core; ROI # region of interest; other abbreviations as in Table 1.
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color scale of the GUI (red, p ! 0.57; orange, 0.57
! p ! 0.84; tan, 0.84 ! p ! 0.98; and yellow, p "
0.98). Comparisons between groups and correla-
tions between variables were applied, depending on
normal or non-normal distribution of the variables.
Statistical analysis for comparison between groups
was also performed, with Bonferroni or Dunn
corrections for multiple comparisons. The normal
distribution was tested with the Kolmogorov-
Smirnov test. No adjustments for patient or frame
clustering data have been performed. A probabil-

ity value !0.05 was considered significant, and
all tests were 2-tailed. Data were analyzed with
SPSS software (version 16.0, SPSS, Inc., Chi-
cago, Illinois).

R E S U L T S

Population. A total of 31 patients were included in
the present analysis. Table 1 shows baseline clinical
characteristics. None of the patients experienced an
adverse event due to the imaging acquisition.
Intracoronary imaging data. Overall, the average
length of ROI was 36.0 mm, and the mean plaque
burden/ROI was 39.5% with a mean value of NC of
22.2%. A mean of 18 block chemograms were
identified per each ROI, exhibiting a mean value of
0.37. Most of them (70%) were coded as red in the
GUI, although 11% were coded as yellow (Table 2).
A total of 563 NIRS chemogram blocks were then
matched with VH data.
Correlation between grayscale IVUS plaque area and
VH-NC/LCP by NIRS. A large plaque area by grayscale
IVUS was more often associated with elevated
percentage VH-NC content (r # 0.324, p ! 0.001)
(Fig. 1A). In particular, grayscale plaque area,
grouped according to quartiles of percentage
VH-NC content, was significantly different be-
tween the quartiles (4.6 " 2.7 mm2 vs. 7.4 " 3.5
mm2 vs. 8.6 " 3.4 mm2 vs. 7.9 " 3.3 mm2, from
1st to 4th quartile, respectively, p ! 0.001). In
further analysis, the p values were statistically sig-
nificant for the comparison of 1st versus 2nd, 3rd,
or 4th quartile, although no differences were found
between the other quartiles (Fig. 1B).

A large plaque area by grayscale IVUS was more
often associated also with LCP by NIRS (r #
0.449, p ! 0.001) (Fig. 2A). In particular, grayscale
plaque area, grouped according to chemogram
block probability color bin thresholds, was signifi-
cantly different between the groups (4.9 " 3.8 mm2

red, 7.3 " 3.6 mm2 orange, 8.1 " 3.4 mm2 tan, and
8.7 " 3.4 mm2 yellow, p ! 0.001). In the analysis
comparing the various groups, p values were statis-
tically significant for the comparison between red
versus orange, tan, or yellow (Fig. 2B).
Correlation between VH and NIRS. Overall, 365 NC-
rich ("10% of NC% content) VH-frames were
identified. Fifty-two of these (14.2%) were coded as
yellow by NIRS, although 225 (61.6%) were coded
as red by NIRS. Conversely, 4 of 73 NC-poor
(!10% of NC content) VH frames by IVUS-VH
were coded as yellow by NIRS.
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Figure 1. Correlation Between IVUS-Plaque Area and VH-NC

(A) The correlation plot, showing the distribution of plaque area and percentage
necrotic core (NC) (Pearson Correlation). (B) Grayscale plaque area grouped according to
quartiles of percentage content of virtual histology (VH)-NC (p values show the compari-
son between groups). IVUS # intravascular ultrasound.
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Correlation between percentage VH-NC content
of plaque and chemogram block probability was
weak (r # 0.149, p # 0.002) (Fig. 3A). The
percentage VH-NC content, grouped according to
chemogram block probability color bin thresholds,
was significantly different between groups (20.6 "
11.9 red, 23.5 " 12.8 orange, 23.0 " 10.7 tan, and
27.1 " 11.7 yellow, p # 0.002). However, yellow
showed a higher percentage VH-NC content com-
pared with red, although no differences were found
among the other groups (Fig. 3B).

The correlation between the block chemogram
and the total percentage content of VH-NC and
fibrofatty tissues was also weak, and the data were
widely dispersed (r # 0.252, p ! 0.001). Although
in the lesions with a percentage content of dense
calcium (DC) $10%, the correlation between per-
centage VH-NC and block chemograms was sig-
nificant and weak (r # 0.203, p ! 0.001), in the
lesions with a percentage content of DC !10%,
this correlation was not significant (r # 0.130, p #
0.054). In particular, although the block chemo-
gram values were not different between calcified and
noncalcified plaques (0.42 " 0.43 vs. 0.40 " 0.41,
p # 0.484), the percentage VH-NC was signifi-
cantly higher in calcified plaques, compared with
noncalcified plaques (29.0 " 9.3% vs. 15.5 "
10.6%, p ! 0.001).

Figures 4 and 5 show some cases of agreement
and disagreement between the 2 techniques.

D I S C U S S I O N

The major findings of our study are: 1) NC-rich
VH plaques and LCP identified by NIRS have
higher grayscale plaque area than corresponding
NC/lipid-poor counterparts; and 2) the correlation
between the relative VH-NC content of the plaque
and the values of the block chemogram of the NIRS
is weak.

Near-infrared spectroscopy and IVUS-VH are
2 intracoronary imaging techniques that allow
identification of plaque with high lipid/NC con-
tent, interpreting the near infrared spectral sig-
nals and the intravascular backscattering coming
from the atherosclerotic plaque, respectively.
There is an important consideration to make with
regard to the validation of these techniques. For
the validation of NIRS, a lipid core plaque was
defined as a fibroatheroma with lipid core $60°
in circumferential extent, $200-#m-thick, with a
fibrous cap having a mean thickness !450 #m
and correlated with each chemogram block (4).

For the validation of IVUS-VH, NC was defined
as region comprising cholesterol clefts and foam
cells. Some lipid components in the presence of
collagen are also coded as fibrofatty tissues (11).
This is of critical importance, because it might be
the source of their different capabilities of detect-
ing NC/lipid.

In this analysis, we found that plaque area
increases with the increase of its VH-NC content
(Fig. 1). In addition, it also increases according to
the block chemogram value, with the plaques
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Figure 2. Correlation Between IVUS-Plaque Area and Chemogram Block Probability

(A) The correlation plot, showing the distribution of plaque area and chemogram block
probability (Spearman rho). (B) Grayscale intravascular ultrasound (IVUS) plaque area
(mm2) grouped according to chemogram block probability color bin thresholds (p val-
ues show the comparison between groups).
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coded as yellow by NIRS having larger area, compared
with those coded as red (Fig. 2) Plaque area is, indeed,
an estimation of severity of atherosclerosis, and we
have previously shown that it correlates with VH-NC
size (15,16). Although plaque and lipid/necrotic core
size are closely related, the PROSPECT (Providing
Regional Observations to Study Predictors of Events
in the Coronary Tree) trial has shown that both high
plaque burden and thin cap NC-rich VH plaques are
independent predictors of long-term events in patients
after ACS (10).

Of note is that, although plaques coded as yellow
by NIRS tend to have higher VH-NC than those
coded as red, the data are widely dispersed, and
hence, the correlation between the block chemo-
grams and relative VH-NC is weak with low
statistical significance. As previously mentioned,
VH-fibrofatty tissue also includes some lipid com-
ponent. However, considering relative VH-NC and
VH-fibrofatty tissue together, its correlation with
yellow-block chemogram was still weak.

It is also important to highlight that, unlike
ultrasound, NIRS signal is not affected by an
inability to cross calcium. Dense calcium was shown
to have an impact on a possible artifactual measure-
ment of NC tissue by VH (17). In our analysis we
confirm this finding, showing a higher percentage
VH-NC in the calcified VH lesions ($10% of
DC), compared with the less-calcified counter-
parts, whereas block chemograms were not influ-
enced by the presence of calcium. Excluding
calcified lesions from the analysis, a potential
source of incorrect classification of NC, the weak
correlation between VH-NC and yellow block
chemograms did not improve but rather wors-
ened. The weakness of this correlation cannot be
fully explained, because a gold-standard, such as
histology, is missing in the present study. The
fundamental differences in the principles of each
technique—VH is based on pattern classification
of backscattering ultrasound signal, whereas
NIRS is based on near infrared spectral signals—
and their respective limitations should be taken
into account in the interpretation of this dis-
agreement between NIRS and IVUS-VH.

In addition to incorrect classification of NC
behind calcium, VH has other limitations, related
to contours drawing (e.g., in presence of side
branches) (18,19) and thrombus classification (18).
An important consideration is also that the sensi-
tivity and specificity of NC-VH detection is not
100% but is approximately 90% (11,12,20–22).

Conversely, Gardner et al. (4), comparing the
chemogram signals and histological findings, re-
ported that false positive reading of NIRS could be
caused by fibroatheromas too small or with caps too
thick to meet criteria for LCP of interest or by
lesions containing significant lipid but not having
NC (intimal xanthoma and pathologic intimal
thickening). However, such false positives were not
a failure of spectroscopy (i.e., lipid was present and
generated a NIRS signal). False negative readings,
by contrast, were frequently produced by small lipid
cores with extensive calcification and probably dis-
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Figure 3. Correlation Between VH-NC and Chemogram Block Probability

(A) The correlation plot, showing the distribution of percentage VH-NC content of the
plaque and chemogram block probability (Spearman rho). (B) Percentage VH-NC content
of plaque, grouped according to chemogram block probability color bin thresholds
(p values show the comparison between groups). Abbreviations as in Figures 1 and 2.
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placement of lipid by calcium or from signal ob-
tained in a large lumen in which blood obscures the
lipid signal. In addition, we can hypothesize that an
eccentric position of the NIRS catheter far away
from the plaque together with a fibrous cap too
thick to allow the transmission of the NIR signal
can explain some cases of disagreement between
NIRS and VH.

A large and prospective study is necessary to
compare the clinical utility of the information
coming from these 2 imaging techniques, because
so far neither IVUS-VH nor NIRS could be used to
make treatment decisions.
Study limitations. We do not know the exact posi-
tion of the NIRS catheter inside the vessel (close or
far away from the plaque), possibly introducing error
into the apparent angular extent of NIRS-identified
LCP. A new NIRS catheter (Lipiscan IVUS, Infra-
ReDx) has been developed to simultaneously ac-
quire IVUS and NIRS data, making it possible to

correct for this potential distortion (23,24). Al-
though the greatest care was taken to ensure
precise collocation of VH and NIRS sections, it is
possible that inherent limitations therein played a
role in the accuracy of the matching.

We did not explore the relationships among the cap
thickness, NIRS, and VH, because other devices—
namely optical coherence tomography—provide a
more accurate estimation of cap thickness, compared
with IVUS-VH.

Finally, the present study compares the results of
3 imaging techniques without comparison with the
gold standard of histology.

C O N C L U S I O N S

The LCP identified by NIRS and NC-rich VH
plaques tend to have bigger plaque area (on IVUS
grayscale) than corresponding lipid-poor/necrotic
core counterparts. However, the correlation be-

Figure 4. Cases of Agreement Between VH and NIRS

(A) There is no confluent NC in the VH that correlates with a low probability of lipid content by near-infrared spectroscopy (NIRS). (B) A
VH plaque with moderate amount of NC (from 7 to 9 o’clock) that is confluent in close proximity to the lumen. This correlates with inter-
mediate probability of lipid by NIRS. (C) Large confluent area of VH-NC from 7 to 9 o’clock next to a severe calcified region that corre-
lates with a “yellow” NIRS plaque representing high probability for lipid content. DC # dense calcium; FF # fibrofatty tissue; FI # fibrous
tissue; other abbreviations as in Figures 1 and 2.
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tween the detection of lipid core rich plaque by
NIRS and NC by VH is weak. These findings
indicate the need for a similar comparative study
of the 2 imaging techniques in autopsy specimens
in which the imaging results can be compared
with the gold standard of histology. A compara-
tive clinical study in which the ability of either

technique to predict clinical outcomes would also
be of value.
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Progression and Regression at Bifurcations
Using Combined IVUS and OCT

Roberto Diletti, MD,*† Hector M. Garcia-Garcia, MD, PHD,* Josep Gomez-Lara, MD,*
Salvatore Brugaletta, MD,* Joanna J. Wykrzykowska, MD,* Nienke van Ditzhuijzen, MSC,*
Robert Jan van Geuns, MD, PHD,* Evelyn Regar, MD, PHD,*
Giuseppe Ambrosio, MD, PHD,† Patrick W. Serruys, MD, PHD*

Rotterdam, the Netherlands; and Perugia, Italy

O B J E C T I V E S The aim of this study was to evaluate the progression of atherosclerotic coronary
plaques at bifurcations, using combined intravascular ultrasound–virtual histology (IVUS-VH) and optical
coherence tomography (OCT).

B A C K G R O U N D Pathological findings reveal that atherosclerotic plaques characterized by the pres-
ence of large necrotic cores (NCs) with fibrous cap thicknesses ! 65 #m are more prone to rupture. Accuracy
in the detection of high-risk plaques could be improved by the combined use of IVUS-VH and OCT.

M E T H O D S IVUS-VH and OCT are 2 imaging modalities with different lateral resolutions and
different depths of penetration. To provide a precise matching of the images, bifurcations were used as
landmarks. IVUS-VH and OCT were performed in 56 bifurcations from 24 patients at baseline and at
6-month follow-up. All patients were treated with standard medical therapy. Bifurcations were studied
at the proximal, in-bifurcation, and distal regions. Plaques were classified according to their composition
as assessed by IVUS-VH and fibrous cap thickness as quantified by OCT.

R E S U L T S At baseline, 27 NC-rich plaques were found. At 6-month follow-up, 22 (81%) did not show any
significant change. Four new NC-rich lesions developed. At both time points, percent NC was higher and the
fibrous cap was thinner at the proximal bifurcation rim compared with the distal. There were no significant
changes in percent NC and fibrous cap thickness in the 3 bifurcation regions between baseline and follow-up
examinations. No major cardiovascular events due to bifurcation lesion progression were observed.

C O N C L U S I O N S The combined use of IVUS-VH and OCT is a reliable tool to serially assess plaque
progression and regression, and in the present study it was demonstrated to be safe and feasible. At
6-month follow-up, in this post–percutaneous coronary intervention patient population, most high-risk
plaques remained unchanged, retaining their imaging classifications, nevertheless appearing to have
remained clinically silent. (J Am Coll Cardiol Img 2011;4:774–80) © 2011 by the American College of
Cardiology Foundation
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Plaque rupture and subsequent activation of
the clotting cascade resulting in sudden in-

traluminal thrombosis are thought to be the
most frequent cause of acute coronary syndromes

(1,2). In pathology, precursor lesions, known as
thin-cap fibroatheromas (TCFA), are characterized
by a large pool of necrotic core (NC) covered by a
thin fibrous cap !65 #m (3). The resolution of
current intravascular ultrasound (IVUS) systems
(100 to 200 #m) constitutes an important limita-
tion of this technique for the measurement of
fibrous cap thickness (4). Optical coherence tomog-
raphy (OCT), in contrast, has higher resolution
(10 to 20 #m) but low signal penetration. This
can be a source of inaccurate assessment of NC
size, especially in plaques with large plaque bur-
den and positive remodeling, which is a charac-
teristic of TCFA lesions (5). Therefore, combin-

ing the 2 imaging techniques might
provide a more accurate method to in-
vestigate TCFAs (6,7).

There are only a few published reports
of the combined use of IVUS and OCT in
vivo (6,7) and none describing the longi-
tudinal assessment of plaque progression
and regression at bifurcations. The aim of
the present study was therefore to evaluate
serial changes in plaque type and compo-
sition at bifurcations of the main coronary arteries
using combined IVUS–virtual histology (VH) and
OCT.

M E T H O D S

Study population. Fifty-six bifurcations were se-
lected from 24 patients presenting with stable
angina, unstable angina, or silent ischemia. All
patients were treated at the Thoraxcenter, Erasmus
Medical Center (Rotterdam, the Netherlands), and
enrolled in 2 different stent studies (ABSORB
cohort B and SECRITT). Both studies used
IVUS-VH and OCT as part of their protocols.

Figure 1. Frame Selection at Bifurcations

A strict selection of the analyzed cross-sections was followed to
provide a correct match between the 2 imaging modalities and
between baseline and follow-up. Plaques were analyzed only in
the main coronary arteries at the proximal rim of the ostium of
the side branch (the first frame proximal to the takeoff of the
side branch), at the in-bifurcation site (the frame with the larger
ostial diameter of the side branch), and at the distal rim of the
ostium of the side branch (the first frame distal to the takeoff of
the side branch).

Table 1. Baseline Clinical Characteristics (n ! 24)

Age (yrs) 67 (58–73)

Men 19 (79)

Presentation

Stable angina 16 (67)

Unstable angina 5 (20)

Silent ischemia 3 (13)

Hypertension 18 (75)

Hypercholesterolemia 17 (71)

Diabetes 4 (17)

Smoking 5 (20)

Family history of CAD 13 (54)

Previous AMI 9 (37)

Previous PCI 10 (42)

Vessel

LAD 11(46)

LCX 5 (20)

RCA 8 (33)

Therapy

Antiplatelet therapy 24 (100)

Beta-blockers 15 (62)

ACE inhibitors/ARBs 13 (54)

Statins 16 (67)

Insulin 1 (4)

Values are median (interquartile range) or n (%).
ACE # angiotensin-converting enzyme; AMI # acute myocardial infarction;

ARB # angiotensin II receptor blocker; CAD # coronary artery disease; LAD #
left anterior descending coronary artery; LCX # left circumflex coronary
artery; PCI # percutaneous coronary intervention; RCA # right coronary
artery.

A B B R E V I A T I O N S

A N D A C R O N YM S

IVUS ! intravascular ultrasound

NC ! necrotic core

OCT ! optical coherence

tomography

TCFA ! thin-cap fibroatheroma

VH ! virtual histology
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Table 2. Geometrical and Compositional Data in Each Region of the Bifurcation at Baseline and Follow-Up

Variable Baseline Follow-Up p Value

Vessel CSA (mm2)

Distal 14.01 (10.75–18.06) 13.52 (10.32–16.49) 0.051

In-bifurcation 15.62 (12.47–20.14) 14.75 (12.11–18.77) 0.543

Proximal 15.84 (12.86–20.85) 14.89 (12.23–20.83) 0.262

Luminal CSA (mm2)

Distal 7.23 (6.19–9.27) 7.20 (6.19–9.27) 0.012

In-bifurcation 8.46 (7.25–11.05) 7.93 (7.04–10.68) 0.184

Proximal 7.62 (6.80–9.85) 7.27 (6.00–9.75) 0.005

Plaque CSA (mm2)

Distal 5.68 (3.74–8.50) 6.26 (4.07–8.30) 0.231

In-bifurcation 5.79 (3.93–8.23) 6.07 (4.36–8.96) 0.144

Proximal 6.84 (5.11–10.72) 7.54 (6.00–10.86) 0.046

Plaque burden (%)

Distal 42.74 (33.30–57.12) 49.13 (36.61–57.87) 0.004

In-bifurcation 39.38 (30.30–48.86) 42.76 (34.37–48.42) 0.027

Proximal 48.67 (39.32–58.69) 51.50 (46.39–59.54) 0.008

Minimal luminal diameter (mm)

Distal 2.80 (2.44–3.24) 2.65 (2.29–3.18) 0.007

In-bifurcation 2.87 (2.56–3.21) 2.77 (2.48–3.29) 0.033

Proximal 2.90 (2.60–3.28) 2.78 (2.47–3.16) 0.039

Minimal vessel diameter (mm)

Distal 3.95 (3.48–4.54) 3.88 (3.41–4.31) 0.075

In-bifurcation 4.06 (3.77–4.59) 4.06 (3.61–4.45) 0.489

Proximal 4.22 (3.81–4.69) 4.13 (3.71–4.72) 0.194

Fibrous CSA (mm2)

Distal 1.33 (0.13–3.23) 1.44 (0.45–2.72) 0.423

In-bifurcation 1.53 (0.52–2.83) 1.48 (0.94–2.96) 0.368

Proximal 1.65 (1.20–4.20) 2.57 (1.31–3.49) 0.329

Fibrous tissue (%)

Distal 60.36 (40.41–70.90) 61.03 (50.83–68.17) 0.922

In-bifurcation 62.63 (50.21–69.14) 59.68 (52.75–66.83) 0.094

Proximal 58.85 (51.09–69.24) 58.18 (50.65–64.23) 0.150

Fibrofatty CSA (mm2)

Distal 0.18 (0.02–0.75) 0.30 (0.03–0.87) 0.498

In-bifurcation 0.26 (0.06–0.68) 0.29 (0.07–0.72) 0.739

Proximal 0.50 (0.18–1.09) 0.45 (0.23–1.16) 0.870

Fibrofatty tissue (%)

Distal 10.54 (1.56–18.02) 10.47 (6.07–18.88) 0.299

In-bifurcation 10.99 (5.24–16.78) 10.55 (3.79–18.84) 0.504

Proximal 13.12 (6.24–23.88) 10.46 (5.53–18.48) 0.339

NC CSA (mm2)

Distal 0.19 (0.02–0.62) 0.39 (0.06–0.82) 0.374

In-bifurcation 0.38 (0.05–0.70) 0.50 (0.12–0.88) 0.089

Proximal 0.44 (0.44–0.13) 0.62 (0.28–1.28) 0.265

NC (%)

Distal 9.90 (1.79–18.13) 13.95 (7.42–21.94) 0.261

In-bifurcation 12.31 (6.52–18.15) 16.10 (8.81–21.65) 0.199

Proximal 12.44 (5.92–23.15) 16.24 (8.65–20.43) 0.280

Continued on next page
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The bifurcations selected for this study were
more than 5 mm away from the stented region and
had side branch orifice diameters $1.5 mm as
measured by OCT. Only bifurcations imaged with
both modalities and for which imaging was of high
quality were considered. All bifurcations fitting this
inclusion criteria were included. All patients re-
ceived standard medical therapy, including aspirin,
clopidogrel, and statins, for at least 6 months.
IVUS-VH acquisition and analysis. IVUS acquisitions
were performed using an Eagle Eye catheter (Vol-
cano Corporation, Rancho Cordova, California)
with automatic continuous pullback at a speed of
0.5 mm/s. IVUS grayscale and IVUS-VH analyses
were performed offline using dedicated software (8).
OCT acquisition. The OCT M3 (Time Domain-
OCT) and C7 (Fourier Domain-OCT) systems
were used in this study (LightLab Imaging, Inc.,
Westford, Massachusetts). For each patient, the
same system was used for baseline and follow-up
examinations. Measurements were performed of-
fline by 2 independent observers using LightLab
imaging software.
OCT analysis. Fibrous cap thickness measurement
was performed in each bifurcation frame at the
thinnest part of the fibrous cap overlying the pool of
NC. The reproducibility of this variable has been
previously reported by our group (9).
Bifurcation matching analysis. IVUS-VH and OCT
are 2 imaging modalities with different lateral resolu-
tions and different depths of penetration. To provide a
precise matching of the images, a strict selection of
frames was followed using a method previously de-
scribed (7). Only the main branches were analyzed,
and for each bifurcation the following frames were
considered: 1) the proximal rim of the side branch
ostium; 2) the in-bifurcation site (the frame with the
largest ostial diameter of the side branch); and 3) the
distal rim of the side branch ostium (Fig. 1).

Plaque type classification. Plaques were classified ac-
cording to the following previously described (7)
hierarchical classification: 1) those with high percents
of fibrotic tissue (adaptive intimal thickening, patholog-
ical intimal thickening, fibrotic plaque, and fibrocalcific
plaque); and 2) NC-rich plaques (those with more than
10% confluent NC) (fibroatheroma and calcified fibro-
atheroma); if covered by fibrous caps thinner than 65
#m, they constitute TCFA and calcified TCFA.

These plaque types are reported per location
within the bifurcation (at the distal, in-bifurcation,
and proximal frames) and per bifurcation, defined
as the worst plaque type within the bifurcation
detected among the 3 frames considered.

In addition, we introduce an IVUS-VH and
OCT–derived plaque risk index, defined as the
ratio between the sum of NC-rich plaques and the
sum of non-NC-rich plaques in a given bifurcation
region. This index was calculated for each bifurca-
tion region at both baseline and follow-up.
Statistical analysis. Categorical variables are pre-
sented as frequencies and percents. Continuous
variables are presented as medians and interquartile
ranges and were compared using the Wilcoxon
signed rank test. A p value !0.05 was considered
statistically significant. The bifurcation was the unit
of analysis, without correction for correlated obser-
vations in the same subjects. Statistical analyses
were performed using SPSS version 16.0 for Win-
dows (SPSS, Inc., Chicago, Illinois).

R E S U L T S

Patients’ baseline clinical characteristics are re-
ported in Table 1. The median age was 67 years,
and most patients were men (79%). At follow-up,
all patients were treated with statins: 6 received
rosuvastatin (4 received 10 mg and 2 received 20
mg), 9 patients received simvastatin (7 received 20

Table 2. Continued

Variable Baseline Follow-Up p Value

Dense calcium CSA (mm2)

Distal 0.08 (0.00–0.42) 0.20 (0.00–0.40) 0.021

In-bifurcation 0.10 (0.01–0.48) 0.20 (0.01–0.40) 0.005

Proximal 0.17 (0.02–0.53) 0.30 (0.01–0.70) 0.002

Dense calcium (%)

Distal 3.29 (0.00–9.52) 4.87 (0.43–15.71) 0.031

In-bifurcation 6.70 (0.46–13.85) 7.62 (1.74–13.30) 0.124

Proximal 3.74 (0.92–9.86) 6.60 (1.89–14.55) 0.003

Values are median (interquartile range).
CSA # cross-sectional area; NC # necrotic core.
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mg and 2 received 40 mg), and 9 patients received
atorvastatin (6 received 40 mg, 2 received 20 mg,
and 1 received 10 mg).

Results from the geometrical and compositional
analysis at the distal rim, in-bifurcation, and proximal
rim of the side branch ostium are reported in Table 2.

At follow-up, the median vessel cross-sectional
area remained unchanged at the distal, in-
bifurcation, and proximal frames, while median
luminal cross-sectional area decreased slightly, re-
sulting in an increase in plaque burden (Table 2).

Fibrous and fibrofatty tissue did not change
between baseline and follow-up. Median NC cross-

sectional area and percent NC nonsignificantly
increased in each region. Dense calcium cross-
sectional area significantly increased at the distal,
in-bifurcation, and proximal segment (Table 2).

In NC-rich plaques (NC $ 10% [fibroatheroma,
calcified fibroatheroma, TCFA, and calcified
TCFA]), the percent of NC nonsignificantly de-
creased over time at the distal rim (21.65% vs.
18.54%, p # 0.193), in-bifurcation (22.38% vs.
20.25%, p # 0.573), and proximal rim (23.15%
vs. 18.06%, p # 0.317).
Distribution of IVUS-VH and OCT–derived plaque types
at the 3 bifurcation regions. The distribution of
NC-rich and NC-poor plaques is presented in
Table 3. There was a gradient of disease from the
proximal to the distal rim. NC-rich plaques were
more frequently located at the proximal rim. Non–
NC-rich plaques showed an inverse gradient. In addi-
tion, the highest value of the IVUS-VH and OCT–
derived plaque risk index was found in the proximal rim
of the bifurcations at both baseline and follow-up. From
baseline to follow-up, the index increased in each region,
implying that the number of NC regions relative to
non-NC regions also increased (Table 3).
Bifurcation plaque types. At baseline, 27 NC-rich
plaques were found, of which 6 were classified as
thin-cap lesions (TCFA and calcified TCFA). Two
fibroatheroma plaques became fibrotic and fibrocal-
cific (regressed), and 1 TCFA became a fibroathe-
roma (regressed). Two fibroatheromas became
TCFAs (progressed), and 22 (81%) did not change.
Four new NC-rich lesions developed from fibrotic
and fibrocalcific plaques. Most (83%) thin-cap le-
sions did not change at 6-month follow-up (Fig. 2).
Fibrous cap thickness, distribution, and changes over
time. Fibrous cap thickness significantly decreased
from the distal to the proximal region at both
baseline and follow-up (Fig. 3). However, no
changes in cap thickness were observed from base-

Figure 2. Changes in Bifurcation Plaque Type

Changes in bifurcation plaque type at 6-month follow-up. For each plaque
type, the percent of changes is reported. AIT # adaptive intimal thickening;
CaFA # calcified fibroatheroma; CaTCFA # calcified thin-cap fibroatheroma;
FA # fibroatheroma; FC # fibrocalcific plaque; FT # fibrotic plaque; PIT #
pathological intimal thickening; TCFA # thin-cap fibroatheroma.

Table 3. Plaque Type at Distal Rim, In-Bifurcation, and Proximal Rim at Baseline and Follow-Up and IVUS-VH and OCT–Derived Plaque Risk Index

Segment

Non–NC-Rich Plaques NC-Rich Plaques

AIT PIT FT FC FA CaFA TCFA CaTCFA Plaque Risk Index*

Distal rim BL 23 (41) 4 (7.1) 9 (16.1) 3 (5.4) 6 (10.7) 10 (17.9) 0 (0) 1 (1.8) 17/39 # 0.43

Distal rim FU 19 (33.9) 6 (10.7) 10 (17.9) 2 (3.6) 5 (8.9) 12 (21.4) 0 (0) 2 (3.6) 19/37 # 0.51

In-bifurcation BL 17 (30.4) 4 (7.1) 9 (16.1) 7 (12.5) 7 (12.5) 10 (17.9) 0 (0) 2 (3.6) 19/37 # 0.51

In-bifurcation FU 12 (21.4) 6 (10.7) 8 (14.3) 8 (14.3) 9 (16.1) 10 (17.9) 1 (1.8) 2 (3.6) 22/34 # 0.65

Proximal rim BL 14 (25.0) 5 (8.9) 7 (12.5) 6 (10.7) 6 (10.7) 12 (21.4) 2 (3.6) 4 (7.1) 24/32 # 0.75

Proximal rim FU 8 (14.3) 7 (12.5) 9 (16.1) 5 (8.9) 6 (10.7) 14 (25.0) 1 (1.8) 6 (10.7) 27/29 # 0.93

Values are n (%). *Sum of NC-rich/non-NC-rich plaques.
AIT # adaptive intimal thickening; BL # baseline; CaFA # calcified fibroatheroma; CaTCFA # calcified thin-cap fibroatheroma; FA # fibroatheroma; FC # fibrocalcific plaque; FT # fibrotic

plaque; FU # follow-up; IVUS # intravascular ultrasound; NC # necrotic core; OCT # optical coherence tomography; PIT # pathological intimal thickening; TCFA # thin-cap fibroatheroma; VH #
virtual histology.
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line to follow-up within each of the 3 regions
(Table 4, Fig. 4). The same held for frames with
thin-cap lesions, for which no changes in cap
thickness were observed over time (Table 4).

D I S C U S S I O N

The main findings of our study are as follows:
1) dual-modality acquisition and analysis at 2 dif-
ferent time points for the evaluation of coronary
atherosclerosis is feasible, addressing the comple-
mentary limitations of the 2 imaging modalities. 2)
In a post–percutaneous coronary intervention pa-
tient population treated with standard medical ther-
apy, most NC-rich plaques remained unchanged in
their composition as measured by IVUS-VH at
6-month follow-up, and most thin-cap lesions re-
mained thin capped (!65 #m) as measured by
OCT. 3) Although the study population was small,
the serial imaging findings of plaque morphology
were in line with the clinical outcomes.

Moreover, we observed that the proximal rim of
the side branch ostium is more likely to contain a
larger amount of NC and the thinnest fibrous cap
within the bifurcation.

The plaque index, defined as the ratio of NC-rich
to non-NC-rich frames, increased, implying
a progression of the disease at 6 months. This finding
is supported by the observation that in this small
series, 4 new NC-rich plaques developed and 2 addi-
tional plaques became TCFAs. This progression was
due mostly to an increase of NC in non–NC-rich
plaques (development of new NC-rich areas).

To our knowledge, this is the first in vivo study
evaluating longitudinal changes in plaque type and

Figure 3. Fibrous Cap Thickness in the Three Regions of the Bifurcation

The fibrous cap was measured in each frame with a plaque more than 600 #m thick assessed by optical coherence tomography and
with more than 10% of confluent necrotic core detected by intravascular ultrasound–virtual histology. The fibrous cap showed a progres-
sive reduction in thickness from the distal to the proximal frame at baseline (A) and follow-up (B).

Figure 4. Thin Fibrous Cap at Baseline and Follow-Up

Thin fibrous cap did not show a statistically significant differ-
ence in cap thickness at 6-month follow-up (red arrows). The
matching of the frames was done using bifurcations and also
microstructures (white arrows) as landmarks.

Table 4. Minimal Fibrous Cap Thickness at Distal,
In-Bifurcation, and Proximal Segments in All NC-Rich Plaques

NC-Rich
Plaques Segment

Baseline
("m)

Follow-Up
("m)

p
Value

Non–thin-cap
lesions

Distal 100 (80–130) 90 (70–110) 0.206

In-bifurcation 80 (70–100) 80 (60–100) 0.670

Proximal 70 (50–90) 70 (60–100) 0.065

Thin-cap
lesions

Distal 50 (40–50) 70 (40–90) 0.317

In-bifurcation 50 (40–60) 50 (40–50) 0.564

Proximal 50 (40–60) 50 (50–60) 0.084

Values are median (interquartile range).
NC # necrotic core.
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composition using combined plaque assessment
with IVUS-VH and OCT.

Sawada et al. (6) recently reported in a small series
that 54% of IVUS-VH–derived TCFAs were non-
thin-cap lesions by OCT, and 6.3% of OCT-derived
TCFAs were not definitively TCFAs. This study
strongly supports the combined use of these 2
imaging modalities, which appears to be neces-
sary for the correct detection of high-risk
plaques. In addition, Manfrini et al. (5) reported
that if used alone, OCT can lead to misinterpretations
due to its low signal penetration, which does not allow an
accurate detection of signal-poor areas with heteroge-
neous compositions.

Previously, Kubo et al. (10) reported in a serial popu-
lation that 75% of TCFAs detected on VH healed at
1-year follow-up. Takarada et al. (11) reported that
therapy with statins significantly increased fibrous cap
thickness detected with OCT in a population with
untreated hypercholesterolemia. However, potentially all
single-modality imaging studies could have obtained
different results by combining the 2 modalities, virtually
increasing accuracy for TCFA detection.

Therefore, further investigations are needed to bet-
ter understand the evolution of high-risk plaques in
patients with optimal medical treatment, and the com-
bined use of IVUS-VH and OCT could be a key tool to
characterize the coronary model of future events (12).

Study limitations. This study might have been under-
powered to detect differences in plaque composition,
and the length of follow-up was short, so the study
should be considered exploratory and hypothesis gen-
erating, without formal statistical hypotheses.

Local endothelial shear stress was not measured.
We cannot exclude that different plaque progres-
sion and regression might be also associated in the
present series to different shear stress conditions.
Because the BVS (Abbott Laboratories, Abbott
Park, Illinois) is a drug-eluting device, in bifurca-
tions located distally to the scaffold, the drug might
have a considerable impact on the progression or
regression of atherosclerosis.

C O N C L U S I O N S

The combined use of IVUS-VH and OCT is a
reliable tool to serially assess plaque progression and
regression, and in the present study, it was demon-
strated to be safe and feasible. At 6-month follow-up,
in this post–percutaneous coronary intervention pa-
tient population, most high-risk plaques remained
unchanged, retaining their imaging classification, nev-
ertheless appearing to have remained clinically silent.

Reprint requests and correspondence: Dr. Patrick W. Ser-
ruys, Erasmus Medical Center, ’s-Gravendijkwal 230,
3015 CE Rotterdam, the Netherlands. E-mail: p.w.j.
c.serruys@erasmusmc.nl.
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ABSTRACT

Aims: We evaluated the distribution and composition of atherosclerotic plaques at bifurcations with 
intravascular ultrasound–virtual histology (IVUS-VH) and multidetector computed tomography (MDCT) 
in relation to the bifurcation angle (BA).

Methods and results: In 33 patients (age 63±11 yrs, 79% male) imaged with IVUS-VH and MDCT, 33 
bifurcations were matched and studied. The analyzed main vessel was divided into a 5-mm proximal 
segment, the in-bifurcation segment and a 5-mm distal segment. Plaque contours were manually traced 
on MDCT and IVUS-VH. Plaques with >10% con" uent necrotic core and <10% dense calcium on IVUS-VH 
were considered high-risk, whereas plaque composition by MDCT was graded as non-calci! ed, calci! ed 
or mixed. The maximum bifurcation angle between the main vessel and the side branch was measured 
on diastolic MDCT datasets.

Overall the mean plaque area decreased from the proximal to the distal segment (8.5±2.8 vs. 6.0±3.0 
mm2 [p<0.001] by IVUS-VH and 9.0±2.6 vs. 6.5±2.5 mm2 [p<0.001] by MDCT). Similarly, the necrotic core 
area was higher in the proximal compared to the distal segment (1.12±0.7 vs. 0.71±0.7 mm2, p=0.001). 
The proximal segment had the higher percentage of high-risk plaques (13/25, 52%), followed by the 
in-bifurcation (6/25, 24%) and the distal segment (6/25, 24%); these plaques were characterized by 
MDCT as non-calci! ed (72%) or mixed (28%). Presence of high-risk and non-calci! ed plaques in the 
proximal segment was associated with higher BA values (71±19° vs. 55±19°, p=0.028 and 74±20° vs. 
50±14°, p=0.001 respectively).

Conclusion: The proximal segment of bifurcations is more likely to contain high-risk plaques, especially 
when the branching angle is wide.
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INTRODUCTION

In patients with an atherogenic pro! le, plaque does 
not develop evenly across the entire coronary tree, 
but shows a predilection for sites where the laminar 
blood " ow gets disturbed [1]. The low-oscillatory 
endothelial shear stress has been shown to facilitate 
atherosclerosis and promote the development 
of plaques with high-risk features [2-3]; these 
phenomena may explain the increased incidence 
of high-risk (i.e. lipid rich) plaques in the vicinity of 
coronary artery bifurcations [4-5].

Percutaneous treatment of coronary bifurcation 
lesions remains a challenging task and has been 
associated with higher restenosis and stent 
thrombosis rates [6-8]. Better understanding 
of the underlying pathology, such as the tissue 
distribution and composition, may allow for safer 
and more e%  cient treatment strategies. Intravas-
cular ultrasound–virtual histology (IVUS-VH) is an 
imaging method that uses the spectral analysis 
of radiofrequency data to encode four di# erent 
plaque components, allowing for quanti! cation and 
characterization of atherosclerotic plaque [9-10].

The complex three-dimensional (3D) geometry 
of coronary artery bifurcations can a# ect the local 
hemodynamic conditions and thereby the plaque 
distribution and composition. This plausible e# ect 
mediated by the bifurcation angle (BA) can only be 
studied in vivo by means of imaging modalities that 
provide a 3D reconstruction of the bifurcation, such 
as multidetector computed tomography (MDCT). 
MDCT coronary angiography has emerged as a 
means of non-invasive evaluation of coronary 
atherosclerotic plaques; its ability to assess plaque 
burden, remodeling, eccentricity and composition 
has been based on extensive cross-sectional cor-
relation with IVUS data in both stable and unstable 
patients [11-13].

The objective of the current study is two-fold: 1) 
to assess in vivo the distribution, composition and 
morphology of plaques at bifurcation sites using 
MDCT and IVUS-VH, and 2) to explore any possible 
association of the bifurcation angle (BA) with plaque 
distribution and composition.

METHODS

Study population
All patients admitted to our hospital between 
March 2008 and March 2010 who underwent both 
IVUS-VH and MDCT within a 2-month interval, were 
retrospectively screened for bifurcations adequately 
visualized by both imaging techniques. The in-
dication for the IVUS-VH was the assessment of 
angiographically intermediate lesions and/or the 
result of stent implantation; MDCT was performed 
for either clinical or research purposes. All patients 
gave informed consent. Only bifurcations visualized 
with high quality by both imaging techniques and 
located at a distance greater than 10 mm from 
adjacent stents were considered for inclusion.

Bifurcation selection and matching
Bifurcation sites involving a side branch (SB) with 
an ostial diameter ≥1.5 mm on MDCT were only 
considered for inclusion; left main coronary artery 
bifurcations were not part of this analysis, because 
of their entirely di# erent morphology [14]. In order 
to avoid multiple observations, only a single bifurca-
tion site per patient, the one with the largest SB 
diameter, was analyzed. To ensure proper matching 
between IVUS-VH and MDCT, the identical bifurca-
tions were identi! ed using the coronary ostia and 
other bifurcations as landmarks. We chose to analyze 
only the main branch; the region of interest (ROI) 
comprised: 1) the proximal segment, extending 5 
mm upstream from the proximal take-o#  of the 
SB; 2) the in-bifurcation segment; and 3) the distal 
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segment, extending 5 mm downstream from the 
distal take o#  of the SB. (Fig. 1).

IVUS-VH acquisition and analysis
The IVUS-VH imaging was performed using the 
Eagle Eye 20 MHz catheter (Volcano Corp., Rancho 
Cordova, California) with an automatic continuous 
pullback at a rate of 0.5 mm/s. Grayscale images and 
radiofrequency data required for VH analysis were 
acquired during the same pullback. The VH data 
processing was performed o)  ine by an experienced 
cardiologist with VIAS software (Volcano Corp., Ran-
cho Cordova, California) that allows semi-automated 
contour detection and provides the compositional 
analysis. Quantitative IVUS measurements included 
vessel area, lumen area, plaque area (vessel area 
minus lumen area) and plaque burden % ([plaque 
area/vessel area]*100). For the radiofrequency-IVUS 

analyses, four color-coded tissue components 
(necrotic core NC – red; dense calcium DC– white; 
! brous FT – dark green; and ! brofatty FF– light 
green) were identi! ed with autoregressive clas-
si! cation systems. For every frame, each individual 
tissue component was quanti! ed as cross-sectional 
area and percentage (NC + DC + FT + FF = 100%) 
[9, 15]. Volumetric and compositional parameters 
obtained per cross-section were averaged for each 
bifurcation segment.

MDCT acquisition
The patients were scanned with a ! rst generation 
dual-source CT scanner (Somatom De! nition, 
Siemens Healthcare, Forchheim, Germany) or 
a second generation dual-source CT scanner 
(Somatom De! nition Flash, Siemens Healthcare, 
Forchheim, Germany) which was available after May 

Figure 1. Bifurcation Selection and Region of Interest. Bifurcations that could be identi# ed on both modalities were included. Only the main 
branch was analyzed. The region of interest consisted of: 1) the proximal 5 mm segment; 2) the in-bifurcation segment; and 3) the distal 5 mm 
segment.
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2009. Sublingual nitroglycerin was administered 
prior to the scan (0.4 mg/dose), provided there 
were no contraindications; no prescan beta-blockers 
were given. An initial non-enhanced ECG gated 
scan (120-kV tube voltage, 75 mAs tube current 
and 3-mm slice thickness) was performed to 
calculate calcium-related scores (Agatston, volume 
and equivalent mass)[16-18], and was followed 
by a contrast enhanced CT angiography. The CT 
angiographic parameters were 1) for ! rst generation 
dual source scanner: 32 x 2 x 0.6 mm collimation 
with z-" ying focal spot for both detectors, gantry 
rotation time 330 ms, tube voltage 120 kV, current 
of 320 to 412 mAs and 2) for the second generation 
dual source scanner: 64 x 2 x 0.6 mm collimation 
with z-" ying focal spot for both detectors, gantry 
rotation time 280 ms, tube voltage of 100 to 120 
kV, current of 320 to 370 mAs. A bolus of iodinated 
contrast material (370 mg/mL, Ultravist; Schering, 
Berlin, Germany), which varied between 60 and 
100 mL depending on the expected scan time, 
was injected intravenously (" ow rate, 5.5 mL/sec) 
followed by a 40 mL saline chaser at the same injec-
tion rate. A bolus tracking technique was used to 
synchronize the arrival of contrast in the coronary 
arteries and the start of the MDCT acquisition. For 
acquisitions with the ! rst generation dual source 
CT scanner, retrospective ECG-gated technique 
with ECG-pulsing was used; when scanning with 
the second generation dual source CT either the 
prospectively ECG-triggered axial scan mode (“step-
and-shoot”) or the retrospective ECG-gated spiral 
scan mode with ECG-pulsing was used, depending 
on the heart rate. The pitch for the retrospective 
scan was set automatically by the scanner software, 
prior to scanning. The mean e# ective radiation 
dose was 9.0 ± 3.9 mSv, using the dose-length 
product and a conversion factor k of 0.014 mSv/
mGy/cm [19]. All MDCT coronary angiograms were 
reconstructed with a slice thickness 0.75 mm, an 
increment 0.4 mm and a medium-to-smooth (B26f) 
convolution kernel. Optimal datasets with the best 

image quality were reconstructed mainly in the 
mid- to end-diastolic phase.

MDCT image analysis
All datasets from the MDCT angiography scans were 
transferred to a dedicated workstation (Leonardo; 
Siemens Medical Systems, Erlangen, Germany) 
for further analysis by an experienced observer, 
blinded to the results of the IVUS-VH analysis. 
After the identi! cation of the bifurcation ROI in the 
original cross-sectional images, serial multiplanar 
reformatted images (1.0-mm slice thickness, interval 
0.5-mm) orthogonal to the longitudinal axis of 
the main vessel were rendered to obtain cross-
sectional images of the respective vessel segment 
(Fig. 2A). The settings for window level and width 
were previously optimized by an independent 
investigator and ! xed at 740 HU and 220 HU 
respectively [20] (Rengo M. et al. “Optimization of 
Window-Level Settings in CT Coronary Angiography 
for the Quanti! cation of Coronary Lumen and Plaque”, 
submitted). Subsequently, lumen and vessel areas 
were manually traced in each image, and plaque 
areas were calculated as the di# erence between 
the vessel and lumen areas (Fig. 2D). Plaque areas 
measured on each cross-section were averaged for 
each segment and reported as mean areas.

Plaque type classi" cation
For each one of the three bifurcation segments, 
the existing plaque phenotype was examined by 
both modalities. Based on IVUS-VH, lesions were 
considered present when the percentage plaque 
area was ≥40% on 3 consecutive frames. Plaques 
with more than 10% con" uent necrotic core and less 
than 10% dense calcium on 3 consecutive frames 
were classi! ed as high-risk (i.e. necrotic core rich) 
and represented thick-capped ! broatheromas (VH-
ThCFAs) or thin-cap ! broatheromas (VH-TCFAs), 
which are considered high-risk plaques according 
to the American Heart Association and Virmani 
classi! cations [21-22].
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Based on MDCT, plaques were classi! ed into 
three types: calci! ed plaques (≥50% of the plaque 
area occupied by calci! ed tissue), mixed plaques 
(<50% of the plaque area occupied by calci! ed 
tissue) and non-calci! ed plaques which did not 
contain any calcium at all [11].

Measurement of Bifurcation Angles 
with MDCT
Multiplanar reconstructions (MPR) were rendered 
exactly in the plane de! ned by the main vessel and 
SB at the bifurcation site, as previously described 
[23]. The MPR view where the angulation between 
the main vessel and SB was maximal was used to 
determine the BA values. The angle was delineated 
by two centreline vectors drawn along the initial 
5-mm course of the distal main vessel and SB 

respectively (Fig. 3); only diastolic datasets were 
used for BA measurements.

Statistical analysis
Continuous variables were presented as means ± 
1 standard deviation, unless otherwise indicated, 
and categorical variables were reported as counts 
and/or percentages. The distribution of data was 
examined with the Shapiro-Wilk test of normality. 
Continuous variables were compared between 
di# erent bifurcation segments and between the 
2 modalities with the paired samples t-test or the 
Wilcoxon signed ranks test for 2 dependent samples 
as appropriate. The BA values were compared be-
tween groups using the unpaired t-test. A two-sided 
p value <0.05 was considered statistically signi! cant. 
Statistical analyses were performed using SPSS 17.0 
for Windows (SPSS Inc., Chicago, Illinois).

Figure 2. Bifurcation matching and analysis by MDCT and IVUS-VH.
To ensure correct matching of the bifurcations with the 2 techniques, anatomic landmarks and 
characteristic calci! cations were used. Longitudinal vessel view by MDCT (A), grayscale IVUS (B) and 
virtual histology (C). Examples of corresponding analyzed cross-sections (panels D-F) in the proximal, in-
bifurcation and distal segment. IVUS-VH, intravascular ultrasound-virtual histology; MDCT, multidetector 
computed tomography. See color ! gure on page 349
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RESULTS

Clinical and procedural characteristics
Out of 64 consecutive patients with IVUS-VH and 
MDCT imaging that were screened, 38 were eligible 
for inclusion. Reasons for exclusion were poor MDCT 
or IVUS-VH image quality (n=6), presence of stents 
within the ROI (n=9), lack of true bifurcations (diam-
eter of the SB ostium <1.5 mm), (n=11). Moreover, 
in 5 patients matching of bifurcations between the 
two imaging modalities was not possible, because 
more than one bifurcation were located in proximity 
to each other and could not be reliably identi! ed 
for analysis. A total of 33 bifurcation sites from 33 
patients were analyzed; mean age was 63 ± 11 
years, whereas 79% of the patients were male. The 

patients’ characteristics are summarized in Table 1. 
Regarding the bifurcation location, 14 LAD/diagonal 
(42%), 8 LCX/marginal (24%), 8 RCA/right ventricular 
branch (24%) and 3 RCA/acute marginal branch 
(9%) were studied.

Plaque volumetric and compositional 
characteristics
Overall, the mean plaque area was decreased in the 
proximal compared to the distal segment (IVUS-VH: 
8.5 ± 2.8 vs. 6.0 ± 3.0 mm2, p<0.001 and MDCT: 9.0 
± 2.6 vs. 6.5 ± 2.5 mm2, p<0.001 respectively). The 
mean percentage plaque burden was higher in the 
proximal compared to the distal segment (IVUS-VH: 
52% ±13% vs. 44% ±15, p=0.002 and MDCT 51% 
±11% vs. 46% ±11%, p=0.029 respectively). The 

 
Figure 3. Coronary bifurcation angle measurements with MDCT.
Multiplanar reconstructions were rendered exactly in the plane described by the main vessel and side branch at the bifurcation site. Examples of 
the bifurcation angles between LAD and D1 (panel A, 36° and panel B, 45°) and between RCA and RVB (panel C, 66° and panel D, 98°). D1, # rst 
diagonal branch; LAD, left anterior descending coronary artery; MDCT, multidetector computed tomography; RCA, right coronary artery; RVB, 
right ventricular branch.
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volumetric data (Table 2) did not di# er signi! cantly 
between the two modalities. Finally, the mean NC 
area and mean percentage of NC were decreased in 
the proximal compared to the distal segment (Fig. 4).

Frequency of plaque type
Based on IVUS-VH, 2 bifurcations (6%) had no 
atherosclerotic plaques at all, whereas in 14 bi-
furcations (42%) the plaque was contiguous from 

Table 2. Volumetric Data in Each Segment of the Bifurcation by MDCT and IVUS-VH

Mean Values

Parameter
MDCT

(Mean ± SD)
IVUS-VH

(Mean ± SD)
p-value for

t-test
Mean plaque area (mm2)
 Proximal 9.0 ± 2.6 8.5 ± 2.8 0.09
 In-bifurcation 7.2 ± 2.4 7.4 ± 3.0 0.94
 Distal 6.5 ± 2.5 6.0 ± 3.0 0.09
Mean plaque burden (%)
 Proximal 51 ± 11 52 ± 13 0.69
 In-bifurcation 46 ± 11 45 ± 13 0.20
 Distal 46 ± 11 44 ± 15 0.15

IVUS-VH: intravascular ultrasound-virtual histology; MDCT: multidetector computed tomography; SD: standard deviation

Table 1. Baseline Patients’ Characteristics, n = 33

Age (mean ±SD), yrs 63 ± 11
Male gender, n (%) 26 (79)
Risk factors
 Hypertension, n (%) 24 (73)
 Hypercholesterolemia, n (%) 27 (82)
 Diabetes mellitus, n (%) 6 (18)
 Current smoking, n (%) 7 (21)
 Family history of CAD, n (%) 15 (45)
Previous ACS, n (%) 10 (30)
Previous PCI, n (%) 8 (24)
Clinical presentation
 Stable angina, n (%) 24 (73)
 Unstable angina, n (%) 6 (18)
 Acute myocardial infarction, n (%) 3 (9)
Studied vessel
 Left anterior descending, n (%) 14 (42)
 Left circum" ex, n (%) 8 (24)
 Right coronary artery, n (%) 11 (34)
Vessel disease, n (%)
 One vessel disease 16 (50)
 Two vessel disease 13 (41)
 Three vessel disease 3 (9)
Calcium-related scores*
 Agatston score 313 (147 – 842)
 Equivalent mass, mg 59 (29 – 152)
 Volume, mm3 259 (150 – 701)

*Values are median (interquartile range). ACS: acute coronary syndrome; CAD: coronary artery disease; PCI: percutaneous coronary intervention; 
SD: standard deviation
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the proximal to the distal segment. In total there 
were 69 bifurcation segments with plaques, 25 of 
which were high-risk plaques. The proximal segment 
had the higher percentage of high-risk plaques 
(13 of 25, 52%), followed by the in-bifurcation 
segment (6 of 25, 24%) and the distal segment (6 
of 25, 24%); the distribution of the di# erent plaque 
types within each segment is shown in Figure 5A. 
On MDCT, non-calci! ed plaques presented more 
frequently in the proximal segment, whereas the 
calci! ed plaques were more frequent in the distal 
segment (Fig. 5B). The majority of high-risk plaques 
as determined by IVUS-VH were characterized by 
MDCT as non-calci! ed ones (72%); the remaining 
28% were classi! ed as mixed. The plaque type 
distribution per segment is shown in Figure 6.

Plaque distribution and composition 
in relation to the bifurcation angle
Bifurcations containing plaques in their proximal 
segments had signi! cantly larger BA values 
compared to those without (p=0.002) (Table 3). 
Moreover, presence of high-risk and non-calci! ed 
plaques in the proximal segment was associated 
with higher BA values (71±19° vs. 55±19°, p=0.028 
and 74±20° vs. 50±14°, p=0.001 respectively). 
Bifurcation angle was not related signi! cantly with 
either plaque distribution or composition in the 
other segments.

 

Figure 4. Necrotic core distribution.
Necrotic core (NC) area (A) and necrotic core percentage (B) distribution in the proximal, in-bifurcation and distal segments
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Figure 5. Distribution of the di! erent plaque types in each segment. Panel A: virtual histology, panel B: multidetector computed tomography. 
The percentages indicate the frequencies of the di! erent plaque types within each segment.

 

Figure 6. Classi" cation of the high-risk plaques by MDCT.
The IVUS-VH high-risk plaques were characterized by MDCT as non-calci# ed and mixed. The distribution per segment is presented. IVUS-VH, 
intravascular ultrasound-virtual histology; MDCT, multidetector computed tomography.
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DISCUSSION

In this exploratory study we evaluated the distribu-
tion and composition of atherosclerotic plaques 
at coronary bifurcations using invasive and non-
invasive imaging. To our knowledge, this is the 
! rst in vivo study to examine the volumetric and 
compositional plaque characteristics in combina-
tion with the 3D geometry of coronary bifurcations 
(as expressed by the bifurcation angle).

Our main ! ndings can be summarized as follows: 1) 
the proximal segment has more extensive plaque 
burden with more necrotic core; 2) the plaques with 
high-risk features on IVUS-VH and the non-calci! ed 
plaques on MDCT both show a di# erential distribu-
tion along the bifurcation being more frequent 
in the proximal segment; 3) the distribution and 
composition of plaques in the proximal segment 
is associated with the BA values.

The current study corroborates earlier ! ndings on 
plaque volumetric and compositional characteristics 
at bifurcation sites. In a previous IVUS study, Badak et 
al. suggested that signi! cantly more atheroma was 
located proximal to the bifurcation than distally [24]. 
Han et al. expanded on these ! ndings [14] using 

IVUS-VH to report on tissue characterisation; that 
study showed that plaque burden and percentage 
of necrotic core were signi! cantly larger in the 
proximal segment of the non-left main bifurcations. 
These data appear to be largely concordant with 
a prior report by Gonzalo et al. [5] using IVUS-VH 
and Optical Coherence Tomography (OCT); they 
suggested that the percentage of necrotic core was 
higher at the proximal “rim” of the bifurcation. It has 
been shown that the distribution of in" ammatory 
cells in atherosclerotic plaques is associated with the 
direction of the arterial " ow, with higher content 
of macrophages in the upstream (proximal) part 
[25]. The di# erential distribution of the necrotic 
core and the high-risk plaques along the coronary 
tree could be attributed to the in" uence of local 
hemodynamic factors altered at bifurcation sites.

Our data demonstrated that predominantly non-
calci! ed plaque type by MDCT corresponded to 
the IVUS-VH high-risk phenotype. This ! nding is 
in agreement with histopathology studies [22] and 
with previous greyscale IVUS studies showing that 
plaques with low echogenicity (presumably lipid 
rich) are mainly soft (non-calci! ed) by MDCT [11, 26-
27]. Conversely, other studies suggested that mixed 
plaques on MDCT are associated more frequently 

Table 3. Bifurcation Angle in Relation to Plaque Distribution and Composition

Bifurcation angle
Segment Any plaque No plaque p-value
Proximal 62 ± 20 46 ± 5 0.002
In-bifurcation 56 ± 18 66 ± 22 0.139
Distal 57 ± 20 66 ± 20 0.186

High-risk plaques Non high-risk plaques
Proximal 71 ± 19 55 ± 19 0.028
In-bifurcation 49 ± 8 58 ± 20 0.155
Distal 60 ± 25 55 ± 17 0.654

Non-calci" ed plaques* Mixed/calci" ed plaques*
Proximal 74 ± 20 50 ± 14 0.001
In-bifurcation 61 ± 20 52 ± 16 0.286
Distal 74 ± 22 50 ± 14 0.047

*As characterized by multidetector computed tomography
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with high-risk features on IVUS-VH [28-29]. A recent 
more systematic evaluation [30] demonstrated 
that only the non-calci! ed plaques with small (<1 
mm) spotty calci! cations on MDCT were associated 
with plaque characteristics deemed more high-risk 
on IVUS-VH, however these plaques did not have 
signi! cantly more VH-TCFAs compared to non-
calci! ed plaques. In our analysis, the ROI included 
only plaques located within 5-mm long segments 
proximal and distal to the SB; since atherosclerotic 
plaque can be di# use, in case a spotty calci! cation 
was located outside this ROI, it would have not been 
included in our analysis.

The present study extended the assessment 
of bifurcation lesions beyond volumetric and 
compositional analysis by integrating the MDCT 
based BA measurements, which emphasizes the 
added value of this 3D imaging modality. Our in vivo 
data showed that the presence and phenotype of 
atherosclerotic plaque in the proximal bifurcation 
segment is related to the BA size. This ! nding could 
be supported by computational " uid dynamics 
[31-33] and histopathology [34] studies demonstrat-
ing that the hemodynamic phenomena important 
in atherogenesis are more pronounced in widely 
angulated bifurcations. Moreover, the BA size has 
been described as a determinant of treatment 
strategy in bifurcation lesions [35]. In numerous 
bench and clinical studies [36-40] a wide BA has 
been associated with a greater risk for suboptimal 
post-procedural result and long-term adverse clini-
cal events. Additionally, our data demonstrated that 
a wide BA is associated with greater plaque burden 
and a high-risk phenotype of bifurcation lesions, 
which make us speculate that necrotic core rich 
plaques could be related to the higher restenosis 
and thrombosis rates [41-43]. Eventually, a compre-
hensive assessment of bifurcation lesions including 
plaque characterisation and BA measurements 
could lead to optimized interventional strategies 
and improved long-term clinical outcomes

LIMITATIONS

Although this is the ! rst study combining invasive 
and non-invasive imaging of bifurcations, it was 
retrospectively performed in a selected patient 
population undergoing invasive and non-invasive 
imaging, thus generalization of our results should be 
done with caution. Given the inclusion of a limited 
number of patients, the possibility of a type II error 
should be considered and multivariate analysis for 
risk factors was not performed. Furthermore, the 
limited axial resolution of IVUS (approximately 200 
µm) does not permit an accurate evaluation of the 
thin ! brous cap (<65 µm). A proposed method of 
combined use of IVUS-VH and OCT [5, 44] could 
facilitate more accurate identi! cation of VH-TCFAs, 
but was not available for this study. Finally, the radia-
tion exposure during MDCT coronary angiography 
remains a matter of concern; signi! cant reduction 
of radiation dose can currently be achieved by 
implementation of dose-saving techniques [45].

CONCLUSIONS

This study extended the evaluation of bifurcation 
lesions beyond volumetric and compositional 
analysis by integrating information on the geometry 
of coronary bifurcations. Larger plaque burden 
and increased necrotic core content were found 
in the proximal bifurcation segments. The high-risk 
plaques on IVUS-VH and the non-calci! ed plaques 
on MDCT tend to accumulate in the proximal 
bifurcation segments, especially in the presence 
of a wide BA.
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Abstract Fractional flow reserve (FFR) is an index

of the physiological significance of a coronary
stenosis. Patients who have lesions with a FFR of

[0.80, even optimally treated with medication, have

however a MACE rate ranging from 8 to 21%.
Coronary plaques at high risk of rupture and clinical

events can be also identified by virtual histology
intravascular ultrasound (IVUS-VH) as plaques with

high amount of necrotic core (NC) abutting the lumen.

Aim of this exploratory study was to investigate
whether the geometry and composition of lesions with

FFR B 0.80 were different from their counterparts.

Fifty-five consecutive patients in whom FFR was
clinically indicated on a moderate angiographic

lesion, received also an imaging investigation on the

same lesion with IVUS-VH. Data on plaque geometry
and composition was analyzed. Patients were subdi-

vided in two groups according to the value of FFR ([
or B0.80). Lesions with a FFR B 0.80 (n = 17)
showed a slightly larger plaque burden than those with

FFR[ 0.80 (n = 38) (54.6 ± 0.7% vs. 51.7 ± 0.7%
P = 0.1). In addition, they tend to have less content of

necrotic core than their counterparts (14.2 ± 8% vs.

19.2 ± 10.2%, P = 0.08). No difference was found in
the distribution of NC-rich plaques (fibroatheroma

and thin-capped fibroatheroma) between groups (82%

in FFR B 0.80 vs. 79% in FFR[ 0.80, P = 0.5).
Although FFR B 0.80 lesions have larger plaque size,

they do not differ in composition from the ones with

FFR[ 0.80. Further exploration in a large prospec-
tive study is needed to study whether the lesions with

FFR[ 0.80 that are NC rich are the ones associated

with the presence of clinical events at follow-up.

Keywords Intravascular ultrasound virtual

histology ! Fractional flow reserve

Introduction

The presence of myocardial ischemia is an important

risk factor for an adverse clinical outcome [1].

Revascularization of stenotic coronary lesions that
induce ischemia can improve patient’s functional
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status and outcome [1, 2]. For stenotic lesions that do
not induce ischemia, however, the benefit of revas-

cularization is less clear, and medical therapy alone is

likely to be equally effective [3, 4].
Fractional flow reserve (FFR) is an index of the

physiological significance of a coronary stenosis and

is defined as the ratio of maximal blood flow in a
stenotic artery to normal maximal flow [5]. A FFR

value of 0.80 or less identifies ischemia-causing

coronary stenoses with accuracy of more than 90%
[5, 6]. Plaques at high risk of rupture and provoking

coronary events appear to have high amount of

necrotic core [7–10] and this feature can be readily
identified by virtual histology intravascular ultra-

sound (IVUS-VH) [11].

Aim of our study was to explore whether the
geometry and composition of lesions with FFR B 0.80

were different from their counterparts.

Methods

In this exploratory study, all consecutive patients,

exhibiting an angiographically moderate lesion on

one coronary vessel, admitted from January 2009 to
January 2010 in whom FFR was clinically indicated

[12, 13], underwent on the same lesion an IVUS-VH

analysis to investigate the relationship between
functional and morphological/compositional lesion

characteristics.

Quantitative coronary angiography analysis

Quantitative coronary angiography (QCA) analyses
were performed by one experienced independent

observer, blinded to FFR, IVUS-VH and clinical data,

using the CAAS II analysis system (Pie Medical BV,
Maastricht, Netherlands). The following QCA param-

eters were computed: computer-defined minimum

lumen diameter (MLD), reference vessel diameter
(RVD) obtained by the interpolate method, and

percentage diameter stenosis [14].

IVUS-VH acquisition and plaque-type

classification

The IVUS was performed using the Eagle Eye

20 MHz catheter (Volcano Corp., Rancho Cordova,

California) with an automatic continuous pullback at
a rate of 0.5 mm/s (30 frames/sec) at level of the

lesion evaluated by FFR. Grayscale images and

radiofrequency data required for VH analysis were
acquired during the same pullback and raw radiofre-

quency data capture gated to the R wave (In-Vision

Gold, Volcano). The VH processing was performed
offline with pcVH 2.1 software (Volcano Corp.,

Rancho Cordova, California) that permits semi-auto-

mated contours detection and provides the composi-
tional structure of the vessel. Quantitative IVUS

measurements included vessel area, lumen area,

plaque area (vessel area minus lumen area) and
plaque burden ([plaque area/vessel area] 9 100). For

the radiofrequency-IVUS analyses, four tissue com-

ponents (necrotic core—red; dense calcium—white;
fibrous—dark green; and fibrofatty—light green)

were identified with autoregressive classification

systems. Each individual tissue component was
quantified and color-coded in IVUS cross sections,

as previously described [7, 15].

Lesions were classified by 2 experienced and
independent observers, blinded to FFR data, based on

plaque composition in 3 consecutive frames within

the lesion, as previously described [16]: pathological
intimal thickening (PIT), thin-cap fibroatheroma
(TCFA), calcified fibroatheroma (CAFA), thick-

capped fibroatheroma (ThFA), calcified thick-cap
fibroatheroma (CATHFA), fibrotic plaque and fibro-

calcific plaque [17, 18]. In case of disagreement, a

consensus was reached between the two observers.
PIT consisted of mainly a mixture of fibrous and

fibrofatty tissue plaque with\10% confluent necrotic

core and\10% confluent dense calcium. TCFA was a
fibroatheroma without evidence of a fibrous cap:

[10% confluent necrotic core with [30" necrotic

core in contact with the lumen. Calcified fibroather-
oma was a fibroatheroma with[10% confluent dense

calcium. ThFA was a fibroatheroma ([10% of

confluent necrotic core) with a definable fibrous
cap. CATHFA was a ThFA with [10% confluent

dense calcium. Fibrotic plaque (FT) consisted of
mainly fibrous tissue with \10% confluent necrotic

core, \15% fibrofatty tissue and \10% confluent

dense calcium. Fibrocalcific plaque (FC) was com-
posed of nearly all fibrous tissue and dense calcium

with\10% confluent necrotic core. All the plaques

with [10% of necrotic core were also classified as
NC-rich plaques.
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FFR evaluation

The FFR evaluation was done according to the
current guidelines [12, 13]. The FFR was measured

with a coronary pressure guidewire (Radi, St.Jude

Medical, Uppsala, Sweden) at maximal hyperemia
induced by intravenous adenosine, administered at

140 lg/kg/min through a periferical vein. FFR is

calculated as the mean distal coronary pressure
(measured with the pressure wire) divided by the

mean aortic pressure (measured simultaneously with

the guiding catheter) during maximal hyperemia [19].
In the case of diffuse atherosclerosis punctuated by

focal areas of more severe stenosis, or in the case of

more than one stenosis within the same artery,
pressure pullback recordings during hyperemia were

performed as described previously [13, 20]. In

addition, whenever another significant lesion was
detected within the same vessel it was recommended

by protocol that the FFR measurements should be

performed after this lesion had been treated.

Statistical analysis

Categorical variables were expressed as counts and

percentage. Group differences of categorical vari-

ables were compared using chi-square or fisher-exact
test, as appropriate. Continuous variables were

expressed as mean ± standard deviation (SD). The

normal distribution of the variables was explored by
Kolgomorov-Smirnov test. As the variables were not

normally distributed, comparison between groups

was done by non parametric tests. A P value of
\0.05 was considered significant, and all tests were

two-tailed. Data were analyzed with SPSS version

16.0 software (SPSS Inc., Chicago, IL).

Results

Baseline clinical and angiographic characteristics

Fifty-five consecutive patients were enrolled in the

study. Table 1 shows their clinical and angiographic

characteristics. All the patients included had only
one-vessel disease, that was investigated by FFR and

IVUS-VH analyses. In particular 17 out of these

patients (31%) showed a FFR B 0.80 and 13 patients
(23%) received stent implantation on the lesion

evaluated by FFR. The remaining 4 patients did not
receive any treatment for the following reasons: the

minimum lumen area by IVUS was [4 mm2 in 3

patients and the FFR was 0.79 in 1 patient. The 38
patients with a FFR C 0.80 did not receive any

revascularization treatment and were treated by

medical therapy.
QCA analysis confirmed that all the lesions

included in the analysis were angiographically mod-

erate lesions (46% mean stenosis), for which the FFR
evaluation is indicated according to guidelines.

Patients with a FFR C 0.80 exhibited higher RVD

and MLD than those patients with a FFR B 0.80
(Table 1).

IVUS geometrical analysis (Table 2)

Plaque burden was slightly larger for those lesions

with a FFR B 0.80 (54.6 ± 0.7% vs. 51.7 ± 0.7%
P = 0.1) accompanied with a reduction in lumen area

(7.1 ± 1.8 mm2 vs. 7.9 ± 2.4 mm2, P = 0.1) and

without expansion of the vessel area as compared to
their counterparts (16.0 ± 5.0 mm2 vs. 16.5 ± 4.4

mm2, P = 0.4). Minimum lumen area was lower for

those lesions with a FFR B 0.80 than those with a
FFR[ 0.80 (P = 0.07).

IVUS-VH analysis

Table 2 shows the compositional IVUS-VH data.

Plaques with FFR B 0.80 showed higher relative
content of fibrofatty tissue (P = 0.02) and a trend

towards a lower relative content of necrotic core

(P = 0.08) compared to plaques with FFR[ 0.80.
Plaque classification yielded good concordance

between the two observers (j = 0.85). Overall, we

found 9 PIT, 2 FC, 7 FA, 6 CaFA, 9 TCFA and 22
CaTCFA (Fig. 1). No difference was found in the

distribution of VH-plaque type between the two

groups (Fig. 2). NC-rich plaque distribution was also
not different between groups (82% in FFR B 0.80 vs.

79% in FFR[ 0.80, P = 0.5).

Discussion

The major finding of this analysis is that, although

larger plaques are associated with FFR B 0.80, VH-
plaque composition and VH-plaque type are not

3.4
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different between lesions with FFR more or equal/
less than 0.80.

From previous studies it is known that patients,

who have lesions with a FFR[ 0.80, if optimally
treated with medication, have a good prognosis up to

5-years [4]. However, the MACE rate of these

patients may range from 8 to 21% [21–25]. We set
out this exploratory study to investigate whether

plaque composition could be one of the reasons to

explain this occurrence of events if these lesions are
left untreated, based on FFR findings. Interestingly,

QCA already discriminates in our analysis the lesions

with a FFR B 0.80 which have smaller MLD and
RVD compared with lesions with a FFR C 0.80.

However, it appears that although FFR B 0.80

lesions are more stenotic and have larger size, they
do not differ in composition from the ones with

FFR[ 0.80 and left untreated. Rogers et al. [26]

demonstrated a heterogeneous VH-plaque type mor-
phology with prevalence of TCFA in FFR-negative

lesions. In our study, comparing FFR negative and

positive lesions, we found that the relative content of
NC seems to be higher in lesions with a FFR[ 0.80

(P = 0.08). This could be a possible explanation of
MACE for those patients with angiographically

intermediate lesions, left untreated as no functionally

significant by FFR ([0.80) [21]. In addition, lesions
with FFR B 0.80 exhibited higher fibrofatty tissue

content than those lesions with FFR C 0.80

(P = 0.02). This tissue, corresponding to lipids
without necrosis, is namely present in PIT, that have

been shown able to evolve in VH-fibroatheroma [27].

From pathological studies it is known that specific
coronary plaques characteristics, such thin fibrous

cap, paucity of smooth muscle cells, heavy inflam-

matory infiltration of the cap and large necrotic cores
correlate with fatal ischemic events [28]. The recent

PROSPECT trial has also shown that thin-capped

fibroatheroma, identified by IVUS-VH, is a strong
independent predictor of events at 3-year follow-up

[11]. Angiographic studies before and after myocar-

dial infarction showed that pre-existing lesions at the
sites of myocardial infarction are not usually accom-

panied by hemodinamically significant stenosis [29].

In sudden coronary death, at least 50% of the
thrombosis occurred at lesion sites with B50%

Table 1 Clinical and angiographic characteristics

Patients (n = 55)
Lesions (n = 55)

FFR[ 0.80
(38 patients)

FFR B 0.80
(17 patients)

P value

Age (years)

Mean ± SD (n)

61 ± 10 61 ± 9 60 ± 12 0.24

Men (%) 83 81 88 0.70

Smokers (%) 56 55 58 1.00

Diabetes (%) 12 15 5 0.41

Hypertension requiring medication (%) 63 65 58 0.76

Hyperlipidaemia requiring medication (%) 69 68 70 1.00

Stable angina (%) 69 71 65 0.75

Unstable angina (%) 30 29 35 0.63

Target vessel (%) 0.98

Left anterior descending 65 65 64

Left circumflex 16 15 18

Right coronary artery 18 20 18

QCA analysis

MLD (mm) 1.66 ± 0.37 1.76 ± 0.34 1.43 ± 0.34 0.03

RVD (mm) 3.14 ± 0.52 3.25 ± 0.54 2.90 ± 0.39 0.03

% stenosis 46.1 ± 0.9 45.2 ± 0.8 49.0 ± 0.1 0.16

FFR 0.84 ± 0.08 NA NA NA

SD standard deviation, QCA quantitative coronary angiography, MLD minimum lumen diameter, RVD reference vessel diameter,
FFR fractional flow reserve

IVUS-VH and FFR
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angiographic diameter reduction [30]. However, we
cannot elucidate from our study whether the lesions

with FFR[ 0.80 that are NC rich (77% of them) are

the ones associated with the presence of clinical
events at follow-up. This hypothesis needs further

exploration in a larger prospective study.

On the other side, Kubo et al. [27] showed recently
that there are various possible pathways in the

evolution and stabilization of NC-rich plaques. At

12-month follow-up they found that most of the NC-
rich plaques healed or stabilized. The mechanism of

healing is not well established. The transformation of

hematoma and/or thrombus into fibrous muscular
tissue and the formation or increase in thickness of

the fibrous cap could lead to plaque stabilization [31].

Some studies have proposed that a silent rupture or a
plaque rupture proximal to a lesion might lead to

mural thrombus and subsequent formation of a

fibrotic cap over the TCFA [32, 33]. This could be
the natural evolution of the NC-rich plaques for

lesions with a FFR more than 0.80, as the good

prognosis of these patients. In addition, it is note-
worthy to consider that a large minimum lumen area

could also favor a silent NC-rich plaque rupture,
allowing a coronary flow sufficient to avoid a clinical

event. In our study, we found, indeed, a lower

minimal lumen area in FFR B 0.80 lesions as
compared to FFR[ 0.80 lesions. This hypothesis

also would need further exploration in a larger

prospective study.
Finally, it is important to highlight that IVUS-VH

and FFR are two different ways to evaluate the

significance of a coronary plaque. While FFR is a
standardized method evaluating the functional sig-

nificance of an intermediate coronary stenosis, IVUS-

VH analysis provides information on the plaque size
and on its tissue characterization through its back-

scattering signal. As virtual histology is a sound-

based imaging modality using the radiofrequency
data to compute 4 different tissue types, it suffers

from all limitations as any other ultrasound-derived

techniques. While the use of FFR to decide the
percutaneous treatment of a coronary lesion has been

widely described and correlated with long-term

prognosis [13, 34], the use of VH to decide a
percutaneous treatment of a coronary plaque is not

Table 2 IVUS-VH data

Data are expressed as
mean ± standard deviation.
FFR fractional flow reserve,
PIT pathological intimal
thickening, FC fibrocalcific
plaque, FA fibroatheroma,
CaFA calcified
fibroatheroma, TCFA thin-
cap fibroatheroma, CaTCFA
calcified thin-cap
fibroatheroma

FFR[ 0.80
(n = 38 lesions)

FFR B 0.80
(n = 17 lesions)

P value

IVUS-VH data

Mean plaque area (mm2) 8.6 ± 2.6 8.9 ± 3.5 0.8

Plaque burden (%) 51.7 ± 0.7 54.6 ± 0.7 0.1

Mean lumen area (mm2) 7.9 ± 2.4 7.1 ± 1.8 0.1

Minimum lumen area (mm2) 5.6 ± 2.3 4.6 ± 1.2 0.07

Mean vessel area (mm2) 16.5 ± 4.4 16.0 ± 5.0 0.4

Fibrous tissue (mm2) 2.7 ± 1.4 3.0 ± 1.8 0.6

Fibrous tissue (%) 54.5 ± 10.7 57.3 ± 6.7 0.2

Fibrofatty tissue (mm2) 0.8 ± 0.8 1.2 ± 1.1 0.07

Fibrofatty tissue (%) 15.1 ± 11.1 21.5 ± 10.8 0.02

Necrotic core tissue (mm2) 0.9 ± 0.5 0.7 ± 0.4 0.2

Necrotic core tissue (%) 19.2 ± 10.2 14.2 ± 8.0 0.08

Dense calcium (mm2) 0.5 ± 0.4 0.3 ± 0.3 0.1

Dense calcium (%) 11.0 ± 8.3 6.8 ± 4.8 0.1

VH plaque distribution 0.7

PIT, n (%) 6 (15) 3 (17)

FC, n (%) 2 (8) 0 (0)

FA, n (%) 4 (10) 3 (17)

CaFA, n (%) 5 (13) 1 (8)

TCFA, n (%) 6 (15) 3 (17)

CaTCFA, n (%) 15 (39) 7 (41)
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Fig. 1 Examples of various type of VH-plaque found in the
analysis with the corresponding IVUS appearance. Lumen
contour (yellow line) and vessel contour (red line) are shown.
In the VH images, necrotic core is coded as red, dense calcium
as white, fibrous tissue as dark green and fibrofatty tissue as

light green. PIT pathological intimal thickening, FC fibrocal-
cific plaque, FA fibroatheroma, TCFA thin-cap fibroatheroma,
CaFA calcified fibroatheroma, CaTCFA calcified thin-cap
fibroatheroma

Fig. 2 Examples of two different lesions (white arrows) with a FFR[ 0.80 (panel A) and B0.80 (panel B), both showing a FA VH-
plaque type. In the IVUS images red and yellow contours indicate vessel and lumen contours, respectively

IVUS-VH and FFR
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well investigated yet. The SECRITT-I trial is ongoing
to test the efficacy of preventive treatment of a NC-

rich plaque with a self-expanding stent, that allows

the formation of a fibrous cap [35].

Limitations

This is a registry study and included a small number of

patients. No clinical or angiographic follow-up are

available. Our findings only focused on ambiguous/
equivocal lesions were the use of FFR was considered

of value in the clinical decision process.Whether other

lesions causing less significant stenosis have different
composition as compared with hemodinamically sig-

nificant lesions will require additional studies.

Conclusions

Coronary lesions with FFR more or less than 0.80 are
not different in terms of plaque composition and

virtual histology plaque types from their counterparts.

The hypothesis of whether a preventive treatment
might be required for those patients who have a NC-

rich plaque with FFR[ 0.80 needs to be further

explored.

Conflict of interest None of the authors have any conflict of
interest to declare.
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Relationship Between Palpography and Virtual
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O B J E C T I V E S The purpose of this study was to correlate adverse events at long-term follow-up in

patients after an acute coronary syndrome with coronary plaque characteristics derived from simulta-

neous evaluation of their mechanical and compositional properties using virtual histology (intravascular

ultrasound virtual histology) and palpography.

B A C K G R O U N D Fibroatheroma is the plaque morphology with the highest risk of causing adverse

cardiac events. Palpography can potentially assess the local mechanical plaque properties with the

possibility of identifying fibroatheroma with the highest risk of rupture.

M E T H O D S A total of 114 patients with acute coronary syndrome from the PROSPECT (Providing

Regional Observations to Study Predictors of Events in the Coronary Tree) trial underwent a single

ultrasound imaging investigation of their 3 coronary vessels with the co-registration of intravascular

ultrasound virtual histology and palpography. Major adverse cardiac events (MACE) (cardiac death,

cardiac arrest, myocardial infarction, or unstable or progressive angina) were collected up to a median

follow-up of 3.4 years and adjudicated to originally treated culprit versus untreated nonculprit lesions.

R E S U L T S In total, 488 necrotic core–rich plaques were identified and subclassified as thin-cap

fibroatheroma (n # 111), calcified thick-cap fibroatheroma (n # 213), and noncalcified thick-cap fibroathe-

roma (n # 164) and matched to their co-registered palpography data. A total of 16 MACE, adjudicated to

untreated nonculprit lesions, were recorded at follow-up. In patients in whom MACE developed, fibroathe-

roma were larger (plaque area 10.0 mm2 [range: 8.4 to 11.6 mm2] vs. 8.2 mm2 [range: 7.7 to 8.8 mm2] (p # 0.03)

comparedwith patientswhowereMACE free. By palpography, themaximumand the density strain values did not

differ between the varying subtypes of fibroatheroma of patients with or without MACE during follow-up.

C O N C L U S I O N S In acute coronary syndromes, patients treated with stents and contemporary

pharmacotherapy, palpography did not provide additional diagnostic information for the identification

of fibroatheroma with a high risk of rupture and MACE during long-term follow-up. (Providing Regional

Observations to Study Predictors of Events in the Coronary Tree [PROSPECT]: An Imaging Study in

Patients With Unstable Atherosclerotic Lesions; NCT00180466 (J Am Coll Cardiol Img 2012;5:S19–27)

© 2012 by the American College of Cardiology Foundation
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IVUS-VH and palpography

In the modern era of cardiology, the
prevention of coronary events through
identification of coronary plaques at
high risk of events has become a topic of
intense research. Several anatomopatho-
logic studies previously showed that most
atherosclerotic plaques responsible for acute

See page S38

coronary syndromes (ACS) are angio-
graphically mild (1,2). The thrombosis
associated with rupture of a thin-cap fi-
broatheroma (TCFA) is the most common
cause of myocardial infarction and cardiac
death (3–6). Moreover, the degree of me-
chanical strain exhibited by the plaque is
related to the thickness of the cap (7,8).

In patients with ACS recruited in the
PROSPECT (Providing Regional Observa-
tions to Study Predictors of Events in the
Coronary Tree) study (9–16), intravascular
ultrasound virtual histology (IVUS-VH)
demonstrated that the plaques responsible
for major adverse cardiac events (MACE),
at a median term follow-up of 3.4 years,

had a larger plaque burden and smaller lumen area
and/or were mostly virtual histology (VH) TCFAs.

IVUS palpography is a technique that can allow
the assessment of local mechanical tissue properties,
with previous in vitro studies suggesting a high
sensitivity and specificity for detecting vulnerable
plaques (17–19). In a subgroup of patients from the
PROSPECT trial, in whom combined IVUS-VH
and palpography recordings were performed, we
explored the potential relationship between the
mechanical and compositional properties of fibro-

atheromas and their prognostic value in predicting
future cardiovascular events.

M E T H O D S

Population. The study design of the PROSPECT
trial has been published (9,10). Briefly, this multi-
center, prospective, international study was de-
signed to identify imaging and serologic predictors
of vulnerable plaque events in patients who under-
went percutaneous coronary intervention for ACS.
After treatment of their culprit lesions, patients
underwent 3-vessel gray-scale IVUS and IVUS-VH
imaging of culprit and nonculprit arteries. The
main inclusion criteria were: 1) acute cardiac pain or
angina equivalent consistent with unstable angina
or myocardial infarction lasting $10 min within the
past 72 h; and 2) the presence of any of the
following: increased biochemical markers of myo-
cardial necrosis (creatine kinase-myocardial band
isoenzyme or troponin I or T) greater than the
upper limits of normal; ST-segment depression $1
mm in "2 contiguous leads or transient ST-
segment elevation $1 mm in "2 contiguous leads
lasting !30 min; or ST-segment elevation myocar-
dial infarction with onset $24 h previously, diag-
nosed with the typical triad of nitrate-unresponsive
chest pain lasting $30 min, ST-segment elevation
$1 mm in "2 contiguous leads, or new left bundle
branch block. This study was approved by the
institutional review boards of the centers where the
procedures were performed. Written informed con-
sent was obtained from all patients before cardiac
catheterization. Clinical follow-up was undertaken
at 30 days, 6 months, and then yearly for at least 2
years. The study was terminated after all patients
reached a 3-year follow-up.
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A B B R E V I A T I O N S

A N D A C R O N YM S

ACS ! acute coronary

syndromes

CSA ! cross-sectional area

CTFA ! calcified thick-cap

fibroatheroma

EEM ! external elastic

membrane

hsCRP ! high-sensitivity C-

reactive protein

IVUS-VH ! intravascular

ultrasound virtual histology

IVUS ! intravascular ultrasound

MACE ! major adverse cardiac

event(s)

NC ! necrotic core

NCTFA ! noncalcified thick-cap

fibroatheroma

NSTEMI ! non–ST-segment

elevation myocardial infarction

ROC ! Rotterdam classification

STEMI ! ST-segment elevation

myocardial infarction

TCFA ! thin-cap fibroatheroma

VH ! virtual histology
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Radiofrequency IVUS analysis. Radiofrequency IVUS
of the left main and proximal 6 to 8 cm of each
major epicardial coronary artery using a phased-
array, 20-MHz, 3.2-F catheter (Eagle Eye, Volcano
Corporation, Rancho Cordova, California) were
performed. During motorized catheter pullback, at
0.5 mm/s, gray-scale IVUS was recorded, and raw
radiofrequency data capture was gated to the R
wave (In-Vision Gold, Volcano Corporation). Ra-
diofrequency IVUS uses spectral (frequency) anal-
ysis as well as amplitude data from the IVUS signal,
which has been correlated with histologic samples
with high sensitivity and specificity (20,21).

All baseline IVUS images were prospectively
offline analyzed at independent core laboratory
without knowledge of subsequent events (Cardio-
vascular Research Foundation, New York, New
York). Radiofrequency IVUS analyses were per-
formed using: 1) QCU-CMS software (Medis,
Leiden, the Netherlands) for contouring; 2) pcVH
2.1 software (Volcano Corporation) for contouring
and data output; and 3) proprietary qVH software
(Cardiovascular Research Foundation) for segmen-
tal qualitative assessment and quantitative data

output. External elastic membrane (EEM) and
lumen borders were contoured for all recorded
frames (each &0.4 mm in length). Quantitative
IVUS measurements included EEM cross-sectional
area (CSA), lumen CSA, plaque and media (EEM
minus lumen) CSA, plaque burden (plaque and
media divided by EEM CSA), and minimal lumen
area. Radiofrequency IVUS plaque components
were color coded as dense calcium (white), necrotic
core (NC) (red), fibrofatty (light green), and fibrotic
tissue (dark green) and reported as percentages of
total plaque area. A lesion was defined as a segment
with "3 consecutive frames with "40% plaque
burden. Only the NC-rich plaques, FA, and TCFAs
were considered in this study. Because calcium
causes attenuation of the backscattering signal and
may affect VH-IVUS plaque classification, the NC
behind calcium is more likely to be artifactual.
Consequently, the core laboratory separately cate-
gorized plaques with calcium according to its top-
ographic distribution within the plaque. The NC-
rich plaques were therefore classified as: 1) TCFA
when the fibrous cap was absent; 2) calcified thick
cap fibroatheroma (CTFA) when dense calcium

Figure 1. Subclassification of Fibroatheromas

Subclassification of fibroatheromas according to the presence of a fibrous cap and the topographic distribution of the dense calcium
respect to the necrotic core. CTFA # calcified thick-cap fibroatheroma; DC # dense calcium; NC # necrotic core; NCTFA # noncalcified
thick-cap fibroatheroma; TCFA # thin-cap fibroatheroma; THFA # thick-cap fibroatheroma.
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was located within the NC or at its endoluminal
side; 3) noncalcified TCFA (NCTFA) when dense
calcium was absent or located outside the NC or on
its abluminal side (22,23) (Fig. 1).
IVUS Palpography acquisition and analysis. IVUS
palpography is a technique that allows the assess-
ment of local mechanical tissue properties. At a
defined pressure difference, soft-tissue (e.g., lipid-
rich) components deform more than hard-tissue
components (e.g., fibrous-calcified) (10–12). In
coronary arteries, the tissue of interest is the vessel
wall, whereas the blood pressure, with its physio-
logic changes during the heart cycle, is used as the
excitation force. Radiofrequency data obtained at
different pressure levels are compared to determine
the local tissue deformation.

Each palpogram represents the strain informa-
tion for a certain cross section over the full cardiac
cycle. The longitudinal resolution of the acquisi-
tions depends on heart rate and pullback speed.
With a heart rate of 60 beats/min and a pullback
speed of 1.0 mm/s, the longitudinal resolution is
1.0 mm. Palpograms were acquired simultane-
ously with radiofrequency IVUS using the same
20-MHz phased-array IVUS catheter. Digital
radiofrequency data were acquired using a
custom-designed workstation.

Data were acquired from the left main and
proximal 6 to 8 cm of each major epicardial coro-
nary artery at a pullback speed of 1.0 mm/s using an
automated pullback device (Trak Back II, Volcano
Corporation) with simultaneous recordings of the
electrocardiogram, aortic pressure, and IVUS-VH

data. The data were subsequently stored on a DVD
and sent to the imaging core laboratory for offline
analyses (Cardialysis BV, Rotterdam, the Nether-
lands). The local strain was calculated from the
gated radiofrequency traces using cross-correlation
analyses, displayed and color coded from blue (for
0% strain) through yellow (for 2% strain) via red, as
previously described (19). This color-coded infor-
mation was superimposed on the lumen vessel
boundary of the cross-sectional IVUS image. Using
previously described methodology, plaque strain
values were assigned a Rotterdam classification
(ROC) ranging from I to IV (ROC I, 0% to 0.5%;
ROC II, 0.6% to !0.9%; ROC III, 0.9% to 1.2%;
ROC IV, $1.2%) (8). A region was defined as a
high-strain spot when it had high strain (ROC III
to IV) that spanned an arc of at least 12° at the
surface of a plaque (identified on the IVUS record-
ing) adjacent to low-strain regions (!0.5%). The
highest value of strain in the cross section was taken
as the strain level of the spot.
Cross-correlation of the techniques. An independent
experienced palpography analyst, blinded to the clinical
information of all patients, used a color-blinded side-
by-side view of both (palpography and IVUS-VH).
Because the 2 recordings (electrocardiography-gated
IVUS-VH, and nonelectrocardiography-gated pal-
pography) were taken simultaneously from the same
coronary region, the time stamps (i.e., time of
acquisition) of both techniques were used to super-
impose the palpography strain values over the cor-
onary plaques identified by IVUS-VH (Fig. 2).
Three different palpography endpoints for each
plaque were then calculated.

1. Endpoint 1 (maximum strain value per plaque):
maximum value of strain spots in the region of
interest

2. Endpoint 2 (density of ROC III to IV per
plaque): cumulative strain of the maximum
strain in all ROC III/ROC IV high-strain
spots, normalized by the number of cross
sections

3. Endpoint 3 (density of ROC I/IV per plaque):
cumulative strain of the maximum strain in all
ROC I/ROC II/ROC III/ROC IV high-strain
spots, normalized by the number of cross
sections

Clinical endpoint definitions. The primary endpoint
was MACE, defined as a composite of cardiac
death, cardiac arrest, myocardial infarction, or un-
stable or progressive angina requiring rehospitaliza-
tion or revascularization. On the basis of follow-up

Figure 2. Palpography and IVUS-VH

Side-by-side view of palpography (left) and IVUS-VH (right) for a TCFA.
High-strain spots on palpography are present at the edges of the plaque.
Note that the time of acquisition of the images for both techniques is the
same. IVUS-VH # intravascular ultrasound virtual histology; TCFA # thin-cap
fibroatheroma.
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angiography, MACE were adjudicated as occurring
at the initially treated lesion site responsible for the
original ACS (the index culprit lesion), or at pre-
viously untreated coronary segments (nonculprit
lesions). If follow-up angiography was not per-
formed, the location of the MACE was classified
indeterminate (9,10).
Statistical analysis. Categorical variables are pre-
sented using frequencies and percentages, continuous
variables with mean " SD or median (interquartile
range), according to their normal or non-normal
distribution. Comparison and correlation among
variables were done with different statistical tests
according to their distribution. Analysis of normal-
ity of the continuous variables was performed with
the Kolmogorov-Smirnov test. In particular, com-
parison among groups for variables normally dis-
tributed was performed by analysis of variance and
for variables non-normally distributed by the
Mann-Whitney or Kruskal-Wallis test. Correlation
among variables was done by the Pearson or Spear-
man test, accordingly to their normal or non-
normal distribution, respectively. Palpography end-
points were compared at the plaque level and at the
patient level. To relate high-sensitivity C-reactive
protein (hsCRP) values to plaque type, because
hsCRP is patient specific, each patient was entered
in the analysis, according to his or her worst plaque
(TCFA, CTFA, or NCTFA). For plaque (i.e.,
fibroatheroma) or lesion level data, a model with a
generalized estimating equations approach was used
to compensate for any potential cluster effect of
multiple plaques in the same lesion or multiple
lesions in the same patient and presented as least-
square means with 95% confidential intervals. A
2-sided p value !0.05 indicated statistical signifi-
cance. Statistical analyses were performed using
SPSS software version 13.0 (SPSS Inc., Chicago,
Illinois).

R E S U L T S

Baseline clinical characteristics. Between October 29,
2004, and June 8, 2006, the PROSPECT trial
enrolled 697 patients. In a subgroup of 114 patients,
IVUS palpography and radiofrequency recordings
were simultaneously obtained during a single IVUS
pullback. Clinical baseline characteristics are shown
in Table 1. At a median follow-up of 3.4 years, a
total of 16 MACE were recorded in this popula-
tion, adjudicated to untreated nonculprit lesions.
Because no death or acute myocardial infarction in
this subgroup occurred during follow-up, MACE

therefore consisted mainly of new occurrences of
unstable or progressive angina requiring rehospital-
ization or revascularization.
Imaging analysis. A total of 488 NC-rich plaques
were identified by radiofrequency IVUS and palpog-

Table 1. Patient Characteristics, Baseline Laboratory Results, and Index Procedure

Age, yrs 55.7 " 10.9

Female 25/114 (22)

Diabetes mellitus 13/114 (11.4)

Requiring insulin 3/114 (2.6)

Metabolic syndrome 31/114 (27.1)

Current cigarette use 65/114 (57.7)

Hypertension 56/114 (49.1)

Hyperlipidemia 62/114 (54.3)

Previous myocardial infarction 12/114 (10.5)

Family history of coronary artery disease 61/114 (53.5)

Framingham risk score 6.3 " 3.1

Previous percutaneous coronary intervention 11/114 (9.6)

Clinical presentation

ST-segment elevation myocardial infarction 44/114 (38.5)

Non–ST-segment elevation myocardial infarction 56/114 (49.3)

Unstable angina with electrocardiographic changes 14/114 (12.2)

Body mass index, kg/m2 28.3 " 5.1

Cholesterol, mg/dl

Total 172.7 " 42.5

LDL 81.4 " 48.4

HDL 43.3 " 21.1

Triglycerides, mg/dl, 128.8 " 84.3

Hemoglobin A1c, %, 5.8 (5.3–6.1)

Estimated creatinine clearance, ml/min 104.0 (79.0–132.4)

High-sensitivity C-reactive protein, mg/l 7.0 (2.4–16.6)

Values are mean " SD, n (%), or median (interquartile range).
HDL # high-density lipoprotein; LDL # low-density lipoprotein.

Table 2. Lesion Characterization of Necrotic Core–Rich
Plaques (N ! 488)

Lumen cross-sectional area, mm2 7.6 " 3.2

External elastic membrane area, mm2 16.2 " 5.5

Plaque cross-sectional area, mm2 8.6 " 3.2

Plaque burden, % 53.5 " 9.6

"70% 37 (7.5)

Fibroatheroma length, mm 1.7 (0.9–3.0)

Tissue composition, %

Fibrotic 29.5 " 8.1

Fibrofatty 6.7 " 4.4

Dense calcium 7.0 " 4.7

Necrotic core 14.1 " 4.8

Plaque classification

Thin-cap fibroatheroma 111 (22.8)

Calcified thick-cap fibroatheroma 213 (43.6)

Noncalcified thick-cap
fibroatheroma

164 (33.6)

Values are mean " SD, n (%), or median (interquartile range).
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raphy (4.2 per patient). Table 2 shows all imaging data.
In particular, 22.8% were classified as TCFAs,
43.6% CTFAs, and 33.6% NCTFAs. No differ-
ences were found in palpography endpoints among
these 3 types of plaque (Table 3).

The hsCRP values did not differ among the
different types of plaque considered at the patient
level (TCFA, 8.5 mg/l [interquartile range: 3.0 to
12.4 mg/l]; CTFA, 6.9 mg/l [interquartile range:
2.8 to 19.4 mg/l]; NCTFA, 8.5 mg/l [interquartile
range: 4.0 to 19.7 mg/l]; p # 0.2). No correlation
was found between palpography endpoints and
hsCRP at the patient level (r # %0.004, p # 0.975
for endpoint #1; r # 0.073, p # 0.511 for endpoint
#2; r # %0.46, p # 0.678 for endpoint #3).
Palpography endpoint #1 was higher in patients with
a clinical presentation of ST-segment elevation myocar-
dial infarction (STEMI) or non–ST-segment eleva-
tion myocardial infarction (NSTEMI) compared
with patients with unstable angina (0.31% [inter-

quartile range: 0.25% to 0.50%]); NSTEMI (0.60%
[interquartile range: 0.37% to 0.70%]); or STEMI
(0.50% [interquartile range: 0.32% to 0.76%]) (Fig. 3).
hsCRP values did not differ according to the clinical
presentation (unstable angina, 4.5 mg/l [interquar-
tile range: 2.6 to 10.5 mg/l] vs. NSTEMI, 6.6 mg/l
[interquartile range: 2.6 to 12.4 mg/l] vs. STEMI,
9.1 mg/l [interquartile range: 2.2 to 20.7 mg/l];
p # 0.418). Comparison of the tertiles of end-
point 1 in terms of hsCRP values showed no
differences among them (7.9 mg/l [interquartile
range: 3.6 to 13.0 mg/l] vs. 6.6 mg/l [interquar-
tile range: 1.6 to 11.1 mg/l] vs. 8.5 mg/ml
[interquartile range: 2.4 to 18.0 mg/l], respec-
tively; p # 0.794). The other palpography end-
points did not differ among patients according to
their clinical presentation.

Plaques with ROC III to IV showed no differ-
ences compared with plaques with ROC I to II
(Table 4). A weak correlation was found between

Figure 3. Maximum Strain Value Distribution According to Clinical Presentation

The mean of the maximum strain value (endpoint #1) in the necrotic core–rich plaques by clinical presentation. NSTEMI # non–ST-
segment elevation myocardial infarction; STEMI # ST-segment elevation myocardial infarction; UA # unstable angina.

Table 3. Palpography Analysis

TCFA
(n ! 111)

CTFA
(n ! 213)

NCTFA
(n ! 164) p Value

Maximum strain value (endpoint #1), % 0.56 " 0.36 0.53 " 0.44 0.58 " 0.44 0.50

0.45 (0.30–0.70) 0.40 (0.30–0.80) 0.50 (0.30–0.70)

Density of ROC III–IV (endpoint #2), ROC/mm 0.08 " 0.18 0.09 " 0.27 0.08"0.20 0.80

0.00 (0.00–0.00) 0.00 (0.00–0.00) 0.00 (0.00–0.00)

Density of ROC I–IV (endpoint #3), ROC/mm 0.31 " 0.20 0.33 " 0.29 0.33 " 0.27 0.70

0.28 (0.15–0.40) 0.25 (0.15–0.42) 0.25 (0.15–0.44)

Values are mean " SD and median (interquartile range).
CTFA # calcified thick-cap fibroatheroma; NCTFA# noncalcified thick-cap fibroatheroma; ROC # Rotterdam classification; TCFA # thin-cap fibroatheroma.
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the palpography endpoint 3 and relative content of
fibrous tissue for the TCFA plaques (r # %0.2, p #
0.02). No correlation was found between the other
palpography endpoints and VH component for
other VH plaque type (CTFA and NCTFA).

The fibroatheromas identified in the patients in
whom MACE developed during follow-up were 49
of 488 (10.0%): TCFA, 11 of 49 (22.4%); CTFA,
22 of 49 (45%), and NCTFA, 16 of 49 (32.6%).
These plaques demonstrated higher areas (p #
0.03) and a higher fibrofatty component (p ! 0.01)
compared with plaques of patients who were MACE
free during follow-up (Table 5). However, in this
substudy, no differences were found among the groups
according to the distribution of VH plaque classifica-
tion. No differences were found in palpography end-
points between the plaques of patients with or without
MACE during follow-up (Table 5).

D I S C U S S I O N

The principal findings of this substudy are the
following: 1) larger fibroatheromas are confirmed
to be more frequent in patients in whom cardiac
events develop during long-term follow-up; and
2) palpography does not provide any additional
diagnostic information with respect to the VH
and does not specifically identify plaques at
higher risk of events.

The PROSPECT study was the first trial to
study atherosclerosis using a multimodality intra-
coronary imaging approach in patients after suc-
cessfully treated ACS. This demonstrated that non-
culprit lesions with a higher plaque burden and a
radiofrequency IVUS morphology of TCFA were
independent predictors of cardiovascular events
over a 3-year follow-up period (9,11–16).

In our substudy, we focused on NC-rich
plaques and analyzed the palpography data of
these plaques. As shown in the main study, we

found that larger fibroatheromas were more fre-
quent in patients in whom events developed
during follow-up. It is noteworthy to consider
that, because previous studies demonstrated a
correlation between plaque size and its NC con-
tent (24,25), use of gray-scale IVUS could be
sufficiently powerful to identify larger and NC-
rich plaques. In this substudy, no difference,
indeed, was demonstrated in VH plaque distri-
bution between plaques of patients in whom
MACE developed during follow-up and those
who were MACE free.

Palpography was previously shown to poten-
tially detect differences in deformability (strain)
exhibited by different types of plaques, with
lipid-rich plaques deforming more and thus
showing a higher strain value compared with
calcified or fibrous plaques (17,19). Rodriguez-
Granillo et al. (8) showed that IVUS-VH had an
acceptable sensitivity to detect high strain as
assessed by palpography, but a low specificity.
However, all of these studies were performed
retrospectively and could not identify the predic-
tive value of these techniques in the detection of
high-risk plaques. In our subanalysis of the
PROSPECT trial, palpography analyses of all 3
coronary vessels were performed and all data were
matched to each NC-rich plaque. Our approach
was therefore plaque based, whereas Rodriguez-
Granillo et al. (8) used a frame-based approach.

Using this plaque-based approach, we found
that ROC III to IV plaques did not exhibit any
difference in VH composition compared with
ROC I to II plaques, confirming the results of
our previous frame-based approach (8). In addi-
tion, palpography was already validated in an ex
vivo model to identify thin-capped fibroathero-
mas. However, in this substudy, the strain values
were found to be no different between plaques
with a thin or a thick fibrous cap, as evaluated by
IVUS (19,26,27).

The number of high-strain spots in the culprit
epicardial vessel was previously found to be cor-
related with clinical presentation and significantly
decrease with standard medical therapy (18). In
our analysis, we confirmed that the high-strain
spot can be correlated with the clinical presenta-
tion, finding a higher maximum strain value in
patients with a clinical presentation of NSTEMI
or STEMI compared with those with unstable
angina (18) (Fig. 3). However, we did not achieve
any correlation between the high-strain spot and

Table 4. Comparison of Radiofrequency IVUS Parameters and
ROC Palpography Classification

IVUS-VH

ROC I–II
Plaques
(n ! 404)

ROC III–IV
Plaques
(n ! 84) p Value

Plaque area, mm2 8.5 (8.0–9.0) 8.2 (7.3–9.1) 0.40

Dense calcium, % 6.3 (5.6–7.0) 6.2 (5.1–7.2) 0.86

Necrotic core, % 12.9 (12.1–13.6) 12.5 (11.5–13.5) 0.44

Fibrous tissue, % 30.2 (28.9–31.4) 29.3 (27.1–31.5) 0.59

Fibrofatty tissue, % 7.2 (6.5–8.0) 7.53 (6.3–8.6) 0.59

All values are presented as generalized estimating equation–adjusted least
mean square (95% confidence interval).
IVUS # intravascular ultrasound; IVUS-VH # intravascular ultrasound virtual
histology; ROC # Rotterdam classification.
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the C-reactive protein values, as found in a
previous study (18).

It is important to highlight that the strain
values of palpography were lower in our popula-
tion compared with previous studies (8,27); these
low strain values may be the reason for the low
rates of cardiac events recorded in our population.
Palpography can, indeed, potentially identify
some of the mechanical properties of coronary
plaques that are more prone to rupture and lead
to a clinical event such as cardiac death or acute
myocardial infarction (18,19). However, during
the follow-up, no patients experienced either
cardiac death or myocardial infarction, only pro-
gressive stable or unstable angina. For these
reasons, our study, therefore, may have been
underpowered to detect possible differences in
the mechanical properties of coronary plaques
more prone to cause serious cardiac events (car-
diac death, cardiac arrest, or myocardial infarc-
tion). The low rate of events confirms the results
of the main trial in which the 3-year rate of
serious adverse events was 4.9%, attesting to the
favorable outcomes that may be achieved in this
population with high compliance with medical
therapy and close clinical follow-up (9).
Study limitations. The main limitations are the
small sample size and the low event rate at follow-
up. IVUS has an axial resolution of &100 to 200 #m,

whereas the pathologic definition of TCFA typi-
cally requires a cap thickness !65 #m (3). As such,
a proportion of the lesions classified as TCFAs by
radiofrequency IVUS were more likely to have had
thick fibrous caps. At present, no data are available
to show that that IVUS-VH could be used to make
treatment decisions.

C O N C L U S I O N S

Our data confirm that larger fibroatheromas oc-
cur more frequently in patients in whom cardiac
events develop during long-term follow-up, al-
though no statistical differences in VH plaque
classification were found between patients with or
without MACE. However, a combined approach
by IVUS-VH and palpography did not lead to
any additional information with regard to aiding
diagnostic identification of the fibroatheroma
with the higher risk of rupture. In light of these
results, the future application of palpography as
an intracoronary imaging device to detect high-
risk lesions needs to be revisited.

Reprint requests and correspondence: Dr. Patrick W.
Serruys, Thoraxcenter, Ba-583, ‘s Gravendijkwal 230,
3015 CE Rotterdam, the Netherlands. E-mail:
p.w.j.serruys@erasmusmc.nl.

Table 5. Comparison of Coronary Plaques in Patients With and Without MACE During Follow-Up

Plaques in Patients With MACE
(n ! 49)

Plaques in Patients Without MACE
(n ! 439) p Value

Radiofrequency IVUS*

Plaque area, mm2 10.0 (8.4–11.6) 8.2 (7.7–8.8) 0.03

Dense calcium, % 6.3 (5.7–7.0) 5.4 (2.8–8.0) 0.51

Necrotic core, % 12.4 (10.2–14.5) 12.9 (12.1–13.7) 0.64

Fibrous tissue, % 32.6 (28.4–36.8) 29.7 (28.4–31.0) 0.19

Fibrofatty tissue, % 10.3 (7.9–12.6) 6.8 (6.1–7.6) !0.01

VH plaque classification

TCFA 11 (22) 100 (22) 0.73

CTFA 22 (45) 191 (43) 0.49

NCTFA 16 (33) 148 (35) 0.76

Palpography

Maximum strain value (endpoint #1), % 0.51 " 0.38 0.57 " 0.43 0.409

0.40 (0.20–0.80) 0.50 (0.30–0.70)

Density of ROC III–IV (endpoint #2), ROC/mm 0.06 " 0.20 0.09 " 0.22 0.399

0.00 (0.00–0.00) 0.00 (0.00–0.00)

Density of ROC I–IV (endpoint #3), ROC/mm 0.30 " 0.23 0.33 " 0.26 0.420

0.29 (0.13–0.51) 0.25 (0.15–0.41)

Values are n (%), mean " SD, or median (interquartile range). *These values are presented as generalized estimating equation–adjusted least mean square (95%
confidence interval).
MACE # major adverse cardiac event; VH # virtual histology; other abbreviations as in Tables 3 and 4.
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Abstract To determine (1) the medium-term effect

of rosiglitazone and glipizide on intra-stent neointima
hyperplasia, (2) restenosis pattern as assessed by intra-

vascular ultrasound (IVUS) and quantitative coronary

angiography (QCA) in patients with T2DM and
coronary artery disease. A total of 462 patients with

T2DM were randomized to rosiglitazone or glipizide
for up to 18 months in the APPROACH trial, and had

evaluable baseline and follow-up IVUS examinations.

Therewas no significant difference in the size of plaque
behind stent between the rosiglitazone and glipizide

groups at 18 months among those treated with a bare

metal stent (-5.6 mm3 vs. 1.9 mm3; P = 0.61) or with
a drug-eluting stent (12.1mm3 vs. 5.5 mm3;P = 0.09).

Similarly, there was no significant difference in

percentage intimal hyperplasia volume between the

rosiglitazone and glipizide groups at 18 months among
those treated with a bare metal stent (24.1% vs. 19.8%;

P = 0.38) or with a drug-eluting stent (9.8% vs. 8.3%;

P = 0.57). QCA data (intra-stent late loss, intra-stent
diameter stenosis or binary restenosis) were not

different between the rosiglitazone and glipizide
groups. This study suggests that both rosiglitazone

and glipizide have a similar effect on neointimal growth

at medium term follow-up, a finding that warrants
investigation in dedicated randomized trials.

Keywords Restenosis ! Type 2 diabetes ! IVUS !
Atherosclerosis
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The APPROACH (Assessment on the Prevention of

Progression by Rosiglitazone On Atherosclerosis in
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Rosiglitazone and in-stent restenosis

was a double-blind randomized clinical trial compar-
ing the effects of rosiglitazone with glipizide on the

progression of coronary atherosclerosis [1, 2].

Patients with Type 2 diabetes mellitus (T2DM) are
at increased risk for restenosis after intracoronary

stent placement [3–6]. Moreover, prior studies have

suggested that thiazolidinediones, which improve
insulin sensitivity and have effects on vascular

smooth muscle cell proliferation and neointimal

hyperplasia, may reduce rates of in-stent restenosis
in patients irrespective of their diabetic status [7–15].

The objectives of this pre-specified APPROACH

sub-study were: (1) to determine the effect of rosig-
litazone and glipizide on intra-stent neointima hyper-

plasia in patients with T2DM and coronary artery

disease (CAD); (2) to determine the restenosis param-
eters measured by intravascular ultrasound (plaque

behind stent, intra-stent intima hyperplasia volume);

and (3) to report the quantitative coronary angiography
(QCA) intra-stent late loss, intra-stent diameter steno-

sis [DS], and binary angiographic restenosis.

Materials and methods

Study design and eligibility criteria

A detailed description of the APPROACH trial
has been previously published [1]. In brief, the

APPROACH study was a prospective multicenter,

double-blind, randomized, active-controlled trial
(Fig. 1) of 672 patients from 92 centers in 19

countries, who were aged 30–80 years with estab-

lished T2DM and who had clinically indicated
coronary angiography or percutaneous coronary

intervention (PCI) between February 2005 and Jan-

uary 2007. Patients were included if they had at least
one atherosclerotic plaque with [50% luminal nar-

rowing in a coronary artery, and if their diabetes was

treated with either lifestyle approaches alone (with an
HbA1C [ 7 and B10%), or with oral agents

comprising 1 oral agent at any dose, or 2 oral agents

where each was prescribed at B50% of its maximal
dose (with an HbA1C[ 6.5 and B8.5%). Exclusion

criteria were: ST-segment elevation myocardial

infarction in the prior 30 days; coronary artery bypass
graft surgery; severe valvular heart disease; left

ventricular ejection fraction\40%; any heart failure

(New York Heart Association class I–IV); uncon-
trolled hypertension (systolic blood pressure [170

mmHg or diastolic blood pressure [100 mmHg);

renal insufficiency (serum creatinine C1.5 mg/dl for
men or C1.4 mg/dl for women); and active liver

disease. Participant safety was monitored by an

Independent Data Monitoring. Data analysis was
performed according to a pre-specified plan that

was developed with the approval of the steering

committee.
In this pre-specified analysis, all patients who

underwent stent placement during APPROACH and

Fig. 1 Patient disposition. CVD cardiovascular disease, GLP glipizide, IVUS intravascular ultrasound, PCI percutaneous coronary
intervention, RSG rosiglitazone, T2DM type 2 diabetes mellitus
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had available serial IVUS or QCA measurements
were included.

Quantitative angiography analysis

The angiograms were stored in DICOM format and

analyzed offline by Core laboratory personnel (Car-
dialysis, Rotterdam, The Netherlands), using the

CASS II analysis system (Pie Medical BV, Maas-

tricht, The Netherlands). The following quantitative
coronary angiography (QCA) analysis parameters

were measured: computed-defined minimal luminal

diameter (MLD) and reference vessel diameter
(RVD) obtained by an interpolate method.

Quantitative coronary angiography endpoints

Late loss was defined as the difference in minimum

lumen diameter between baseline and follow-up.
Percent diameter stenosis was defined as the

minimum lumen diameter divided by the reference

vessel diameter at the site of the MLD 9 100.
Binary angiographic restenosis was defined as

follow-up stenosis [50%. This is reported as fre-

quency and percentage.

Management of glycemia and follow-up

Patients were randomized in a 1:1 ratio to receive

masked rosiglitazone (4 mg/day) or glipizide (5 mg/

day) in one pill. After 2 and 3 months, the dose of
masked study drug was increased if tolerated and if the

mean daily glucose level calculated from the patient’s

logbook of capillary tests in the 3 days prior to the visit
was C126 mg/dl (7.0 mmol/l). If more than 1 titration

was required, 2 pills per day were given. Open-label

metformin (maximal total daily dose 2,550 mg) and
then once-daily basal insulin, or both was added after

the first 3 months if needed tomaintain aHbA1cB 7%

using a glycemic titration algorithm designed to
provide comparable glycemic control between treat-

ment groups. Non-study drugs were reduced before
study drugs in the event of hypoglycemia requiring

dose reductions. Unless informed consent was for-

mally withdrawn, all patients were followed until
18 months from randomization and clinical status

ascertained regardless of whether they continued to

take study medication.

Intravascular ultrasound examination and

image analysis

Following stent implantation IVUS was performed.

After intracoronary administration of nitroglycerin,

an ultrasound catheter (2.5F Atlantis SR Pro Imaging
40 MHz) connected to a Galaxy G2 digital imaging

console (Boston Scientific, Natick, MA) was

advanced into the target vessel. The imaging trans-
ducer was positioned just distal to an identifiable side

branch, and then motorized pullback of the transducer

was performed at 0.5 mm/s. If a participant required
cardiac catheterization for a clinical indication

between 9 and 18 months, follow-up IVUS exami-

nation could be performed at that time instead of at
study completion.

Intravascular ultrasound outcomes

Core laboratory personnel (Cardialysis, Rotterdam,

The Netherlands) who were blinded to treatment
assignment analyzed all IVUS images using validated

software (Curad, version 3.1, Wijk bij Duurstede, The

Netherlands), that facilitates detection of luminal and
external elastic membrane (EEM—also called vessel

contour) boundaries in reconstructed longitudinal

planes. In order to obtain a smooth appearance of
the vessel wall structures in the longitudinal views,

the IntelligateTM image-based gating method was

applied [16, 17].

Intravascular ultrasound endpoints

Plaque behind stent was derived by subtracting the

mean stent area from the vessel mean area.

Percentage volume of intimal hyperplasia (%vol
IH) was defined as IH volume divided by stent

volume.

Statistical methods

For baseline characteristics, continuous variables are
expressed as mean and standard deviation, or median

and interquartile range if non-normally distributed,

with categorical variables reported as percentage. For
continuous variables P values were based on Wilco-

xon test, while for categorical variables P values were

based on Fisher’s exact test. The P values for
treatment difference of continuous IVUS and QCA

4.1
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variables were based on analysis of covariance model
(ANCOVA) with terms for treatment, baseline mea-

surement, region, gender, cardiac procedure, and

prior OAD medication. Two sample test was used for
group comparisons at baseline and follow-up. For

binary angiographic restenosis, Fisher’s exact test

was used.

Results

Participants

In total 672 (68% men) of mean (SD) age 61 (9)

years, median diabetes duration of 4.8 years and

mean haemoglobin HbA1C of 7.2 (0.9) % were
randomized to either glipizide (N = 339) or rosiglit-

azone (N = 333) from 92 sites in 19 countries

(Fig. 1). At the end of the study, 462 randomized
patients had evaluable baseline and follow-up IVUS

examinations. 173 had evaluable angiographic data

and 113 had serial IVUS data from a vessel with PCI
at baseline.

Patients were followed for a median of 18.6

months (IQR 18.2–18.9) and a mean (SD) of 16 (6)
months; patients allocated to glipizide were adherent

at 90.7% of visits and those allocated to rosiglitazone

were adherent at 92.7% of visits.
In this analysis, 231 patients who underwent stent

placement during the study and had available serial

IVUS or QCA measurements were included. Patients
who underwent stent placement do not represent

randomized groups, however the distribution of these

patients was similar between the randomized groups
(glipizide N = 118, rosiglitazone N = 113).

Baseline characteristics were generally similar

between the groups. (Table 1). Patients in the rosig-
litazone group had slightly higher serum creatinine,

compared with glipizide (P = 0.01).

All the DES implanted were from 1st DES
generation. No difference in stent size were found

between groups (Table 2).

Effect on intravascular ultrasound endpoints

Therewas no significant difference in the size of plaque

behind stent between the rosiglitazone and glipizide

groups at 18 months among those treated with a bare
metal stent (-5.6 mm3 vs. 1.9 mm3; P = 0.61) or with

a drug-eluting stent (12.1 mm3 vs. 5.5 mm3;P = 0.09)
(Table 3). Similarly, therewas no significant difference

in percentage intimal hyperplasia volume between the

rosiglitazone and glipizide groups at 18 months among
those treated with a bare metal stent (24.1% vs. 19.8%;

P = 0.38) or with a drug-eluting stent (9.8% vs. 8.3%;

P = 0.57) (Table 3).

Effect on QCA endpoints

Intra-stent late loss did not differ between the

rosiglitazone and glipizide groups among those with

a bare metal stent (0.76 mm vs. 0.71 mm; P = 0.51)
or a drug-eluting stent (0.37 vs. 0.25; P = 0.41)

(Table 3). There was no difference in intra-stent

diameter stenosis between the rosiglitazone and
glipizide groups among those with a bare metal stent

(32.3% vs. 30.4%; P = 0.50) or a drug-eluting stent

(22.1% vs. 17.9%; P = 0.28) (Table 3). The per-
centage of patients with binary angiographic reste-

nosis did not differ between the rosiglitazone and

glipizide groups among those with a bare metal stent
(22.9% vs. 10.8%; P = 0.21) or a drug-eluting stent

(4.6% vs. 1.8%; P = 0.58) (Table 3).

Safety

As noted previously, the patients who underwent
stent placement do not represent randomized groups,

however, there were no significant differences in

cardiovascular events between the rosiglitazone and
glipizide groups, which occurred infrequently during

the trial (Table 4).

In the rosiglitazone group, 5 cardiovascular events
occurred within 5 days of the baseline cardiac

catheterization and were classified as procedure-

related. These events included one revascularization,
two nonfatal myocardial infarctions, one nonfatal

stroke and one cardiovascular death.

Discussion

This study demonstrates no additional advantage of

using rosiglitazone over glipizide in Type 2 diabetic
patients for the reduction of in-stent restenosis;

however it did demonstrate that both drugs have

comparable effect on neointimial growth up to
18-months after coronary stent implantation.

Rosiglitazone and in-stent restenosis
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Table 1 Baseline characteristics of intervened patients

Glipizide (N = 118) Rosiglitazone (N = 113) P value

Demographic characteristics

Age, mean (SD), years 60.4 (9.1) 62.4 (8.1) 0.14

Male, n (%) 84 (71.2%) 92 (81.4%) 0.09

Weight, mean (SD), kg 81.9 (17.5) 80.2 (17.3) 0.56

BMI, mean (SD), kg/m2 29.2 (4.9) 28.7 (5.3) 0.30

Duration of diabetes, median [IQR], years 4.5 [1.5–9.5] 4.5 [1.9–8.7] 0.77

Hypertension, n (%) 91 (77.1%) 88 (77.9%) 1.00

Dyslipidemia, n (%) 72 (61.0%) 74 (65.5%) 0.50

Prior myocardial infarction, n (%) 38 (32.2%) 28 (24.8%) 0.24

Presenting condition, n (%)

Acute coronary syndrome 60 (50.9%) 55 (48.7%) 0.79

Elective procedure 58 (49.2%) 58 (51.3%)

Baseline procedure, n (%)

Coronary angiography 6 (5.1%) 6 (5.3%) 1.00

Percutaneous coronary intervention 112 (94.9%) 107 (94.7%)

Current smoker, n (%) 20 (17.0%) 24 (21.2%) 0.50

ACC/AHA lesion type, n (%)

A 14 (11.7) 14 (12.1) 0.53

B1 49 (41.5) 48 (42.6)

B2 35 (29.7) 32 (28.3)

C 20 (17.1) 19 (17.0)

Prior medication use

Aspirin 106 (89.8%) 102 (90.3%) 1.00

Other anti-platelet 109 (92.4%) 108 (95.6%) 0.41

Beta-blocker 88 (74.6%) 86 (76.1%) 0.88

ACE inhibitor or ARB 80 (67.8%) 71 (62.8%) 0.49

Nitrates 57 (48.3%) 56 (49.6%) 0.90

Statin 97 (82.2%) 94 (83.2%) 0.86

Fibrate or other lipid-lowering agent 7 (5.93%) 10 (8.9%) 0.46

Vital signs and laboratory values

Blood pressure, mean (SD), mmHg

Systolic 129.9 (15.5) 126.6 (15.5) 0.17

Diastolic 74.5 (9.5) 73.2 (10.3) 0.41

HbA1c, mean (SD), % 7.1 (0.8) 7.0 (0.7) 0.14

Serum creatinine, mean (SD), lmol/L 85.2 (19.5) 93.7 (26.0) 0.01

BNP, median [IQR], pg/mL 30 [14–68] 25 [12–58] 0.50

Fasting insulin, median [IQR], lU/mL 12.1 [8.6–19.0] 13.0 [8.6–18.1] 0.96

LDL cholesterol, mean (SD), mg/dL 87.6 (38.0) 85.5 (36.6) 0.66

HDL cholesterol, mean (SD), mg/dL 41.2 (10.5) 40.9 (9.9) 0.79

Triglycerides, median [IQR], mg/dL 154.0 [113.7–200.9] 161.1 [123.9–192.0] 0.61

hsCRP, median [IQR], mg/L 5.1 [2.4–11.7] 6.1 [3.7–13.3] 0.19

MMP-9, median [IQR], lg/L 102.1 [48.1–202.4] 73.2 [38.4–159.9] 0.38

4.1
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On face value these results appear to contrast with

the majority of the previously conducted studies,
which have all reported significant reductions in the

rates of in-stent restenosis in patients treated with

thiazolidinediones compared to controls [7–15].
However it must be appreciated that these previous

studies have inherent limitations which include: small

sample sizes; a single-center location; the lack of
independent core lab analysis; short follow-up; and

PCI performed using only BMS. The recent POPPS

study by Takagi et al. [7] is an exception in view of its
multi-center recruitment, and use of an independent

core lab; however patients were still only treated with

BMS, and follow-up was reported at only 6-months.
On the contrary, the current study has distinct

advantages in addition to being the largest single

assessment to date of in-stent restenosis in patients
treated with thiazolidinediones. These additional

advantages include medium term follow-up, the use

of both bare and drug eluting stents, and IVUS/QCA
analysis performed by an independent core lab.

In the recent POPPS study, the neointimal growth

index (neointimal volume/stent volume 9100) at
6-months amongst patients who were received a

BMS, and treatment with pioglitazone and controls

was 31 and 40% respectively [7]; similarly in the
current study the respective values of this index at

18-months for rosiglitazone and glipizide were 24

and 19%, respectively. Whilst the results for rosig-
litazone are perhaps expected, the change noted with

glipizide although welcome is unexpected, and

obviously warrants further investigation.
The significance of the different follow-up periods,

which were between 6–9 months in the earlier studies

and 18-months in the current study, cannot be
overstated. Previous IVUS studies have clearly

demonstrated that neointimal growth continues to

progress up to 18-months after implantation of a
BMS, before regressing [18]. This key observation

not only highlights the importance of documenting

the point in time when IVUS measurements are

made, and keeping this in mind when interpreting the
IVUS findings; but also indicates the arduous nature

of trying to compare results from the current study to

previous studies. Nevertheless, in the present study
the comparatively lower rates of neointimal growth

seen at 18-months, reiterates a comparable effect of

both rosiglitazone and glipizide.
In-stent restenosis remains one of the undesired

consequences of PCI, and although the introduction

of drug eluting stents in 2002 improved rates of
restenosis, they have been unable to eliminate it [19].

There is a widely held misconception that restenosis

is a benign phenomenon; however it is associated
with both morbidity and mortality. In simplistic

terms, restenosis increases the requirement for a

repeat PCI procedure, which in itself is not risk free.
For example a mortality rate of 2.5% was observed in

the Ontario registry in those patients having target

vessel revascularisation within a month of their initial
PCI procedure [20]. In addition rates of MI related to

restenosis have been reported to be between 2 and

19% [21, 22].
In view of this it is no surprise that there is a great

desire to identify adjunctive agents which may help

reduce in-stent restenosis. This problem is particu-
larly pertinent in diabetic patients owing to the

identification of diabetes as an independent predictor

of in-stent restenosis [3, 4]. The mechanisms under-
lying this increased risk are poorly understood,

however it is considered amongst others to be the

result of a combination of the greater degree of the
vascular inflammation, and endothelial dysfunction

seen in diabetics [23, 24]. The risk of in-stent

restenosis is further compounded in T2DM patients
because insulin resistance can aggravate restenosis,

through the direct growth-factor like effect of insulin

on vascular smooth muscle and neointimal cells [25].
Poor glycaemic control is also implicated in

promoting restenosis [26], however previous studies

Table 2 Stent size distribution in the groups

Bare metal stent Drug-eluting stent

Glipizide N = 21 Rosiglitazone N = 21 P value Glipizide N = 40 Rosiglitazone N = 31 P value

Diameter 2.79 ± 0.60 3.05 ± 0.83 0.126 2.58 ± 0.71 2.68 ± 0.54 0.592

Length 18.00 ± 7.20 17.25 ± 5.10 0.833 21.45 ± 7.81 19.58 ± 7.02 0.257

In this post-hoc analysis, neither rosiglitazone nor glipizide are randomized groups

Rosiglitazone and in-stent restenosis
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Table 3 Results of quantitative coronary angiographic analysis

IVUS measurement Bare metal stent P value Drug-eluting stent P value

Glipizide
N = 21

Rosiglitazone
N = 21

Glipizide
N = 40

Rosiglitazone
N = 31

Mean (SD), mm3

Vessel volume

Baseline 302.3 (161.4) 245.1 (104.3) 0.18 278.6 (132.6) 302.4 (110.1) 0.42

Follow-up 302.3 (160.5) 241.0 (110.0) 0.16 288.6 (141.9) 317.3 (102.6) 0.35

Change from baseline 0.0 (29.3) -4.1 (39.8) 10.0 (23.0) 14.9 (34.1)

Model-adjusted change
(SE)

8.7 (16.6),
P = 0.60

9.8 (16.3), P = 0.55 6.7 (13.9) P = 0.62 14.0 (14.3),
P = 0.33

Treatment difference
(95% CI)

1.1 (-24.9,27.1) 0.93 7.3 (-7.4, 22.0) 0.32

Stent volume

Baseline 147.4 (81.1) 125.8 (53.1) 0.31 140.5 (64.4) 152.9 (61.0) 0.42

Follow-up 145.5 (78.7) 127.3 (60.0) 0.41 145.0 (65.8) 155.7 (53.4) 0.47

Change from baseline -1.9 (15.4) 1.5 (16.4) 4.5 (10.8) 2.8 (17.3)

Model-adjusted change
(SE)

-1.2 (7.9),
P = 0.88

3.5 (7.6), P = 0.65 0.3 (6.7), P = 0.96 -0.4 (6.9),
P = 0.95

Treatment difference
(95% CI)

4.7 (-7.3, 16.6) 0.43 -0.7 (-7.8, 6.4) 0.84

Plaque behind stent

Baseline 154.9 (83.3) 119.3 (57.5) 0.11 138.1 (77.9) 149.6 (59.7) 0.50

Follow-up 156.8 (85.2) 113.7 (54.4) 0.06 143.6 (83.6) 161.7 (58.7) 0.29

Change from baseline 1.9 (19.1) -5.6 (26.0) 5.5 (16.9) 12.1 (22.4)

Model-adjusted change
(SE)

10.3 (10.5),
P = 0.33

6.0 (10.6), P = 0.58 5.7 (9.4), P = 0.54 14.3 (9.7), P = 0.15

Treatment difference
(95% CI)

-4.3 (-21.2, 12.6) 0.61 8.6 (-1.4, 18.5) 0.09

%volume of IH*

Baseline -0.1 (0.2) -0.01 (0.1) 0.25 -0.3 (1.0) -0.3 (0.80) 0.75

Follow-up 19.7 (11.1) 24.1 (17.1) 0.33 8.0 (8.7) 9.6 (11.3) 0.51

Change from baseline 19.8 (11.1) 24.1 (17.1) 8.3 (8.7) 9.8 (11.3)

Model-adjusted change
(SE)

19.1 (7.2),
P = 0.01

23.9 (7.17),
P = 0.002

19.7 (4.3),
P\ 0.0001

21.0 (4.4),
P\ 0.0001

Treatment difference
(95% CI)

4.9 (-6.2, 15.9) 0.38 1.3 (-3.2, 5.8) 0.57

QCA measurement Bare metal stent P value Drug-eluting stent P value

Glipizide
N = 37

Rosiglitazone
N = 35

Glipizide
N = 57

Rosiglitazone
N = 44

In-stent late loss (mm)

Mean 0.71 0.76 0.25 0.37

SD 0.380 0.572 0.304 0.586

Model –adjusted Mean at month 18 (SE) 0.85 (0.151) 0.93 (0.162) 0.51 0.75 (0.177) 0.82 (0.183) 0.41

In-stent DS (%)

Mean 30.4 32.3 17.9 22.1

SD 15 18 12 20

Model-adjusted Mean at month 18 (SE) 32.98 (5.32) 35.92 (5.678) 0.50 32.57 (6.346) 35.82 (6.53) 0.28

4.1
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which have reported the benefit of thiazolidinediones
in reducing restenosis have indicated that this benefit

occurs independently of the drug’s effect on glycae-

mic control [7]. There are many potential mecha-
nisms by which thiazolidinediones may reduce

in-stent restenosis including: (a) the inhibition of

smooth muscle cell migration and proliferation [27,
28]; (b) the increased apoptosis in vascular smooth

muscle cells [29]; (c) a beneficial effect on local

inflammation [30, 31]; (d) an anti-thrombotic effect
[32]; and (e) a beneficial effect on fasting insulin

levels, thereby preventing insulin driven atheroscle-

rosis [25, 33].

In the end, it is important to highlight recent
concerns associated with rosiglitazone use. Follow-

ing drug launch, a metanalysis published in 2007

showed, indeed, an increased risk of myocardial
infarction and cardiovascular death associated with

rosiglitazone [34]. The recent RECORD trial also

demonstrated an increased risk of heart failure events
in people treated with rosiglitazone [35]. Eventually,

the FDA mandated a study comparing rosiglitazone

and pioglitazone with placebo, known as TIDE and
then stopped the inclusion of the patients. Rosiglit-

azone has subsequently been removed from the

EU market however it remains on available on the
US market albeit with severe restrictions.

Limitations

IVUS analyses were available in half of the patients

included in the present study and could not be
representative of overall population. Stent design was

not pre-specified for the different groups.

Conclusions

This study indicates that both rosiglitazone and

glipizide have a similar effect on neointimal growth

at medium term follow-up, a finding that warrants
investigation in dedicated randomized trials.

Table 4 Adverse cardiovascular events occurring either on-
therapy or post-therapy

Patients with
an event, n (%)

Glipizide
(N = 118)
(%)

Rosiglitazone
(N = 113)
(%)

All-cause death 3 (2.5) 5 (4.4)

Cardiovascular death 1 (0.8) 2 (1.8)

Stroke 0 (0.0) 2 (1.8)

Myocardial infarction 2 (1.7) 5 (4.4)

Nonfatal MI 1 (0.8) 4 (3.5)

Fatal MI 1 (0.8) 1 (0.9)

Cardiovascular death, nonfatal
stroke, or nonfatal MI

2 (1.7) 7 (6.2)

Coronary revascularisation 14 (11.9) 15 (13.3)

In this post-hoc analysis, neither rosiglitazone nor glipizide are
randomized groups

Table 3 continued

QCA measurement Bare metal stent P value Drug-eluting stent P value

Glipizide
N = 37

Rosiglitazone
N = 35

Glipizide
N = 57

Rosiglitazone
N = 44

RVD (mm)

Mean 2.62 2.58 2.62 2.78

SD 0.51 0.47 0.42 0.44

Model-adjusted Mean at month 18 (SE) 2.51 (0.100) 2.53 (0.108) 0.76 2.61 (0.121) 2.67 (0.125) 0.32

MLD (mm)

Mean 1.84 1.75 2.15 2.27

SD 0.59 0.56 0.46 0.45

Model-adjusted Mean at month 18 (SE) 1.68 (0.151) 1.60 (0.162) 0.50 1.78 (0.141) 1.79 (0.146) 0.86

Binary angiographic restenosis, n(%) 4 (10.81) 8 (22.86) 0.21 1 (1.75) 2 (4.55) 0.58

In this post-hoc analysis, neither rosiglitazone nor glipizide are randomized groups; *%vol IH percentage volume of intimal
hyperplasia
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Abstract Assessment of stent strut coverage by

optical coherence tomography (OCT) is not standard-
ized. The methodology most commonly used is based

on a visual binary qualitative assessment (strut cov-

ered or not). However, the influence of magnification
(zoom setting) to the inter- and intra-observer agree-

ments has not yet been evaluated. Aim of our study
was therefore to evaluate the agreements of this

approach, taking into account various zoom settings.

126 struts from 10 selected frames were independently
evaluated by four observers using a stepwise approach

increasing the zoom setting as following: (1) full view

of the lumen (FV), (2) half view of the lumen (HV) and
(3) a quarter view of the lumen (QV). Intra- and inter-

observer agreements (j) were assessed. The rate of

uncoverage was determined for each strut as the
number of times it was defined as uncovered divided

by the total number of observations (maximum

12 = 3 zoom settings 9 4 analysts) and expressed

as percentage. The inter-observer j values (mean
[range]) were 0.32 [0.07–0.63], 0.40 [0.18–0.69] and

0.33 [0.09–0.6], within FV, HV and QV respectively.

The intra-observer j values were 0.60 [0.50–0.70],
0.75 [0.75–0.76] and 0.60 [0.50–0.70], within FV, HV

and QV respectively. By increasing zoom setting the j
value of intra-observer agreement was 0.74

[0.58–0.83] (from FV to HV), 0.70 [0.56–0.83] (from

HV to QV) and 0.70 [0.37–0.86] (from FV to QV).
Overall, the rate of uncoverage was 15.5%

[8.3–100%]. The OCT qualitative evaluation of strut

coverage has wide inter and intra-observer agreements
and is dependent of the zoom setting used during the

analysis. A more reproducible approach would be

needed to eventually increase the probability to link
uncovered struts with clinical events.

Keywords OCT ! Coverage ! Strut ! Stent

Introduction

Optical coherence tomography (OCT) is a light-based
imaging modality that can provide in vivo high-

resolution images of coronary stents, with detailed

information about struts apposition and tissue cover-
age [1]. Pathological studies have suggested that the

absence of stent strut coverage due to delayed vascular
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healing and the persistence of fibrin may be the most
important determinants of late stent thrombosis,

together with lesion and procedure-related settings

[2, 3]. For this reason, coverage at strut-level analysis
by OCT is the most common surrogate endpoint in

OCT studies, providing a measurable variable for the

comparison between different stents and being also an
important parameter for the approval of new drug

eluting stents by regulatory agencies [4].

The inter- and intra-observer reproducibility for
strut count, strut apposition and quantitative strut

tissue coverage measurement (e.g. neointima thick-

ness) has been shown to be good [5, 6]. However, strut
coverage evaluation is not standardized. The most

commonly used approach is the visual qualitative

assessment, evaluating strut coverage as a binary
variable (covered or not covered). Moreover, inde-

pendently from the methodology used, the zoom

setting used for magnifying the OCT images may
influence the assessment and thereby the reproduc-

ibility of strut coverage assessment.

The objective of the present study was to revise this
qualitative approach for the assessment of strut

coverage by measuring the inter- and intra-observer

agreement and evaluating the influence of various
zoom settings.

Methods

Study population

From our OCT database all patients, who received an

OCT pullback at 6 months after stent implantation,
were selected. After an initial quality check, an

independent analyst (not involved in the assessment

of coverage) randomly selected 10 frames from the
OCT pullbacks identifying 126 struts, according to the

following definitions:

• Highly reflective surface with cast dorsal and

radial shadows;

• Highly reflective surface without dorsal
shadowing.

The stent implanted was Resolute Endeavor in all
the frames analyzed. Struts were termed ‘‘covered’’ by

OCT if tissue could be identified above the struts, as

previously defined [7].

OCT acquisition

The OCT acquisition was performed using a commer-
cially available system for intracoronary imaging

(C7XR Fourier-Domain System; LightLab Imaging,

Westford, Massachusetts). Pullback was performed
during continuous injection of contrast medium

(3 mL/s, Iodixanol 370, Visipaque, GE Health Care,

Cork, Ireland) through the guide catheter with an
injection pump. The automated pullback rate was

20 mm/s and the frame rate was 100 images/s.

Qualitative evaluation of strut coverage

Four independent and expert observers separately
analyzed the selected frames in order to qualify the

coverage of the struts, previously defined, as a qualita-

tive binary variable (yes/no). In particular, two analysts
(Obs 1 andObs 2)were interventional cardiologistswith

wide expertise in OCT evaluation; the remaining two

(Obs 3 and Obs 4) were senior OCT CoreLab analysts,
without experience in cardiology practice. All of them

repeated the analysis with three different zoom settings

1 week later at each step in order to estimate the intra-
observer agreement, related to the zoom setting (Fig. 1).

Two of the analysts repeated all the analyses 4 weeks

laterwith the same stepwiseprotocol inorder to estimate
also the intra-observer agreement within the same zoom

setting. The predefined zoom settings used were: full

view of the lumen, half view of the lumen and quarter
view of the lumen (Fig. 2). Each strut was then

evaluated 12 times (four different observers with three

different zoom settings).
For the purpose of the study, the rate of uncoverage

of each strut was determined according to the follow-

ing formula:

100 " Numberof timesa strut isdefinedasuncovered

Total number of observation

Statistical analysis

The agreement in the number of struts evaluated as

covered was estimated by the kappa test for agreement.
The kappa values are presented as mean and range

within the various zoom setting. According to previous

publications: B0 indicates poor agreement, 0–0.20
indicates slight agreement, 0.21–0.40 indicates fair

agreement, 0.41–0.60 indicates moderate agreement,
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0.61–0.80 indicates good agreement, and 0.81–1.0

indicates excellent agreement [8, 9]. Wilcoxon paired
testwas used to compare the numberof struts assessedas

covered between the various zoom factors. Comparison

between groups was performed byMann–Whitney test.
Data were analyzed with SPSS version 16.0 software

(SPSS Inc., Chicago, IL).

Results

Inter-observer agreement within the same zoom

setting

Table 1 reports the inter-observer agreements accord-

ing to the various zoom settings used. The j values

Fig. 1 Flow-chart of the study analysis

Fig. 2 Examples of the various zoom settings used in the analysis
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were 0.32 [0.07–0.63], 0.40 [0.18–0.69] and 0.33
[0.09–0.65], from the full view of the lumen, through

half view up to quarter view of the lumen, respec-

tively. Out of 126 struts, the average number of the
struts evaluated as uncovered by the analysts was 21.5

[range: 3–50] using the full view of the lumen, 20.2

[7–46] with half view of the lumen and 17.2 [3–42]
with quarter view of the lumen.

Overall, there was on average a progressive

decrease in the struts detected uncovered going from
full to half view of the lumen (-5.8%; p = 0.275),

from full to quarter view of the lumen (-14%;

p = 0.001), and from half to quarter view of the lumen
(-17%; p = 0.018).

Intra-observer agreement changing the zoom
setting

Increasing the zoom setting from full to half view of
the lumen, the intra-observer agreement (k-value) was

0.74 [0.58–0.83], while from half to quarter view of

the lumen it was 0.70 [0.56–0.83] and from full to
quarter view of the lumen 0.70 [0.37–0.86] (Table 2).

In particular, the intra-observer agreement was higher

within Obs 3 and 4 (senior OCT CoreLab analysts)
than within Obs 1 and 2 (interventional cardiologists

with wide expertise in OCT evaluation) (0.82

[0.76–0.86] vs. 0.61 [0.37–0.76]; p = 0.002).

Intra-observer agreement within the same zoom
setting

Two analysts have assessed the intra-observer agree-
ment within the same zoom setting. Using full view of

the lumen the average k-value of agreement for each

observer was 0.60 (0.70 and 0.50 for the two
observers, respectively), using half view of the lumen

it was 0.75 (0.76 and 0.75 for the two observers,

respectively) and using quarter view of the lumen 0.60
(0.50 and 0.70 for the two observers, respectively).

Rate of uncoverage of the struts

Overall, the rate of uncoverage for each strut was

15.5% [8.3–100%]. Within full view of the lumen it
was 16.9% [25–100%], half view 16.0% [25–100%],

quarter view 13.6% [25–100%] (Fig. 3).

Discussion

Our analysis demonstrates a wide inter- and intra-

observer agreement for uncovered struts evaluated

visually by OCT, which is highly dependent of the
zoom setting used in the analysis.

Vascular healing of metallic stent has been exten-

sively studied by anatomo-pathologists, as the delay-
ing of this process has been related to the occurrence of

Table 1 Inter-observer agreement within a same zoom setting

Observer 1 Observer 2 Observer 3 Observer 4

Full view of the lumen

Observer 1 0.40 0.07 0.20

Observer 2 0.40 0.25 0.63

Observer 3 0.07 0.25 0.41

Observer 4 0.20 0.63 0.41

Half view of the lumen

Observer 1 0.69 0.18 0.45

Observer 2 0.69 0.18 0.45

Observer 3 0.18 0.18 0.47

Observer 4 0.45 0.45 0.47

Quarter view of the lumen

Observer 1 0.65 0.09 0.25

Observer 2 0.65 0.18 0.37

Observer 3 0.09 0.18 0.47

Observer 4 0.25 0.37 0.47

J value are reported

Table 2 Intra-observer agreement, according to the zoom
setting

From lumen to half view of the lumen

1st Observer 0.58

2nd Observer 0.76

3rd Observer 0.83

4th Observer 0.80

From lumen to quarter view of the lumen

1st Observer 0.65

2nd Observer 0.56

3rd Observer 0.83

4th Observer 0.76

From half to quarter view of the lumen

1st Observer 0.37

2nd Observer 0.75

3rd Observer 0.86

4th Observer 0.85

J value are reported
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very late stent thrombosis [2]. In vivo, OCT is highly

suited for the evaluation of strut coverage due to its

high resolution and image quality [10]. Assessment of
stent strut coverage, however, is not standardized and

a quantitative or qualitative approach can be used. In

the first methodology, struts coverage is evaluated
through quantification of tissue coverage area: the

operator manually traced the stent and lumen area,

deriving the tissue coverage area. Using this kind of
approach, a good intra- and inter-observer agreement

has been reported for the neointima thickness mea-

surement [5, 11, 12]. In a further step, in order to report
these data at strut level, a predefined threshold of neo-

intima thickness is used in a semi-quantitative fashion

to define a strut as covered [13, 14]. However, some
important concerns must be highlighted in the inter-

pretation of these results. The use of a threshold is

quite arbitrary and has some therein limitations, as it is
not standardized for different stent and even for the

same stent. In addition, Murata et al. comparing the

morphometric differences at the strut level between

OCT and histology have shown that the correlation

between these techniques is much dependent on the
amount of the neointima present. OCT seems to

correlate appropriately with histology only in either

the absence (\20 lm) or the presence ([100 lm) of
robust neointima. It should be also considered that the

strut blooming is about 37 lm in thickness and

extends bi-directionally toward and away from the
catheter light source, complicating the measurement

of low neointimal coverage (\20 lm) [15]. Of note is

that 10–20 lm represents the OCT resolution and that
the majority of the drug eluting stents report a

neointima thickness between 20 and 100 lm. For

these reasons, the choice of an arbitrary threshold
should be carefully considered. In addition, the zoom

setting used in the analysis, seldom reported in the

majority of the OCT-stent papers, is not standardized
and can further increase the variability of the

assessment.

Fig. 3 Example of the wide variability of the rate of
uncoverage, according to the various zoom settings used in
the analysis. Some struts are adjudicated by all the analysts as

uncovered, independently from the zoom setting (rate of
uncoverage 100%). Some struts have a probability to be defined
as uncovered from 8.3 to 83.3%
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The second and most used approach to evaluate the
strut coverage is a visual qualitative classification of

strut coverage as a binary variable (covered or not

covered) [16]. This qualitative assessment is some-
times performed at a distance interval different from

that used in the quantitative OCT measurement (e.g.

each frame vs. 0.33 mm interval) and no reproduc-
ibility is reported [17]. The zoom setting, of utmost

importance in this qualitative evaluation as compared

to the quantitative approach, is neither standardized
nor specified. In our analysis, we tested the agreement

of this approach in a Core Lab, using different zoom

settings. We demonstrated that the zoom setting is an
important bias and the range of intra-observer agree-

ment according to the zoom used is very wide: a same

strut can range from 0 to 25% probability to be
considered as uncovered, using different zoom. In

particular, moving from the first (lumen) to the second

zoom (half lumen), there was a slight decrease in the
number of the strut detected as uncovered. Increasing

further the zoom (quarter lumen), there was a signif-

icant decrease in the struts detected as uncovered.
Using the same zoom setting, the intra-observer

agreement was on average good, but with wide

variability. Although overall the inter and intra-
agreement was not high (e.g. close to 1), looking at

the various k-value per zoom factor the half view of

the lumen appeared as the zoom factor with a higher
reproducibility between and within the observers as

compared to the others and could be used as a

reference in future studies.
Of note is that in a careful evaluation of our results

two different kind of analysts can be identified: the

Core Lab analysts (Obs 3 and Obs 4) showed a good
intra-observer agreement changing the zoom setting,

compared to the interventional cardiologists with wide

experience in OCT evaluation (Obs 1 and Obs 2), who
exhibited a low agreement in their measurements

changing the zoom setting. This observation supports

the presence of a CoreLab for performing such
analysis, which should be blinded to the clinical

meaning of the measurements and only based on a
phenomenological description of strut coverage.

The poor agreement in qualitative assessment of

strut coverage raises some concerns about the clinical
interpretation of these findings. OCT was, indeed,

advocated as the gold standard to evaluate the

reliability of the degree of incomplete coverage,
identifying those patients at increased risk of late

stent thrombosis. Nevertheless, it is unable to distin-
guish between fibrin, giant cells, granulomatous

reaction and degree of endothelization and our results

could be considered as supportive of this limitation, as
each analysts thinks differently about the ‘‘status’’ of

coverage of each strut.

Limitations

A small number of frames have been analyzed in the
current study to allow multiple evaluations by the 4

different observers. The fact that the k-value could

improve by increasing the number of observation
should be acknowledged. Nevertheless, it is of note

that four different observers, who assessed the frames

up to 4 times, have been used in our analysis.

Conclusions

Qualitative evaluation of strut coverage by OCT has

wide inter and intra-observer agreements, extremely
dependent from the zoom setting used during the

analysis.
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Abstract
Aims: To compare the intravascular ultrasound virtual histology (IVUS-VH) appearance of the polymeric struts

of the first (Revision 1.0) and the second (Revision 1.1) generation bioresorbable vascular scaffold (BVS).

Methods and results: IVUS-VH misrepresents polymeric struts as dense calcium (DC) and necrotic core

(NC) so that their presence and disappearance could be used as potential artifactual surrogate of

bioresorption. DC and NC were assessed in both revisions of the BVS by analysing IVUS-VH from all

patients in the ABSORB cohort A (Revision 1.0) and cohort B (Revision 1.1) study who had an IVUS-VH

post-treatment and at 6-month follow-up. Post-treatment and 6-month follow-up IVUS-VH results, available

in 60 patients (BVS 1.0 n=28; BVS 1.1 n=32), indicated an insignificant rise in DC+NC area compared to

baseline with Revision 1.1 (0.10±0.46mm2, p=0.2), whilst a significant reduction was seen with Revision

1.0 (–0.57±1.3 mm2, p=0.02). A significant correlation has been found between the change in the DC+NC

area and the change in external elastic membrane area (y=0.68×–0.1; r=0.58, p=0.03).

Conclusions: Based on 6-months IVUS-VH analysis, the BVS 1.1 appears to have a different backscattering

signal compared to the BVS 1.0, which may reflect differences in the speed of chemical and structural

alteration.

KEYWORDS

Bioresorbable vascular

scaffold, intravascular

ultrasound virtual

histology
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IVUS-VH and ABSORB BVS

Introduction
The bioresorption process of new bioresorbable vascular scaffolds

(BVS) is crucial in the determination of their performance at

medium and long-term. A BVS should have enough radial strength

to counteract acute vessel recoil following angioplasty and should

also be able to maintain its mechanical integrity until late recoil

forces subside. The fully resorbable BVS (Abbott Vascular, Santa

Clara, CA, USA) has been tested in 30-patient in the first-in-man

ABSORB cohort A study and demonstrated excellent long-term

clinical results up to two years with a major adverse cardiac event

rate of 3.6%.1 However, due to faster degradation, the first

generation BVS showed higher late recoil than conventional metallic

platform stents.1-3

To prolong the mechanical strength of the scaffold and reduce late

recoil, a second generation BVS –Revision 1.1– has recently been

introduced, and this is currently undergoing clinical evaluation in

the ABSORB cohort B study.4 Compared to the Revision 1.0 which

was used in the ABSORB cohort A study, the Revision 1.1 has

a smaller maximum circular unsupported surface area,5 a more

uniform strut distribution and improved stent retention. Importantly,

these changes have not resulted in an increased amount of

polymeric material or an increase in strut thickness. Proprietary

process changes have been implemented to increase radial

strength. In addition, these changes have reduced polymer

degradation rates at early time points and thus prolonged

mechanical integrity of the scaffold throughout the first few months

following implantation.

Intravascular ultrasound virtual histology (IVUS-VH), a tool

developed to assess tissue composition of intact native coronary

arteries, mis-classifies polymeric stent struts as “dense calcium”

and “necrotic core” (white and red in the VH colour code).6 This

could potentially be used as surrogate marker of alteration of the

polymeric struts and to assess in vivo the degradation process of a BVS.7,8

Shin’s method, for IVUS-VH analysis, allows a more accurate

detection of dense calcium and necrotic core so that the bioresorption

process can be better explored.9

The aim of this study was; 1) to evaluate temporal changes in the

IVUS-VH signal of the BVS 1.1 and BVS 1.0; 2) to assess the

correlation between the changes in IVUS-VH signal for BVS 1.1 and

1.0, and the change in external elastic membrane (EEM) area.

Methods

Study design

All patients from cohort A and cohort B of the ABSORB trial with

paired post-BVS implantation and 6-month follow-up IVUS-VH data

were included. The ABSORB cohort A study is described

elsewhere.1 In brief, for cohort A and cohort B, patients were

suitable for inclusion if they were older than 18 years, with

adiagnosis of stable, unstable or silent ischaemia. All treated lesions

were de novo lesions in a native coronary artery with a reference

vessel diameter of 3.0 mm, with a percent diameter stenosis ≥50%

and <100% and a thrombolysis in myocardial infarction (TIMI) flow

grade of ≥1. The BVS 1.0 was used in patients in cohort A, whilst

Revision 1.1 was used in cohort B.4 Major exclusion criteria were:

patients presenting with an acute myocardial infarction, unstable

arrhythmias or patients who had left ventricular ejection fraction

≤30%, restenotic lesions, lesions located in the left main coronary

artery, lesions involving a side branch >2 mm in diameter, and the

presence of thrombus or another clinically significant stenosis in the

target vessel. Both ABSORB trials were approved by ethics

committee at each participating institution and each patient gave

written informed consent before inclusion.

Study device

The BVS has an amorphous poly-DL-lactide (PDLLA) coating that

contains and controls the release of the anti-proliferative drug

everolimus. The scaffold body is made of semi-crystalline poly-L-lactide

(PLLA). PLA is completely degraded via hydrolysis and bioresorbed via

the lactate shuttle. There are no differences in polymeric material, drug

dose, drug release or strut thickness between BVS Revisions 1.0 and

1.1. Of note, the BVS Revision 1.1 has a smaller maximum circular

unsupported surface area compared to Revision 1.0.5 Processing

changes in Revision 1.1 have resulted in higher and prolonged

mechanical strength and stability post implantation. (Figure 1)

Figure 1. Although the scaffold design is different between revision 1.0

and revision 1.1, the content of polymer is nearly the same. MCUSA:

maximum circular unsupported surface area; BVS: bioresorbable

vascular scaffold; PLA: polylactide

BVS implantation procedure

In both cohorts, lesions were treated with routine interventional

techniques that included mandatory pre-dilatation using a balloon

shorter than the study device and 0.5 mm less in diameter. All

patients were pre-treated with aspirin and a loading dose of at least

300 mg of clopidogrel was administered according to local hospital

practise. After the procedure, all patients received aspirin ≥75 mg

for the study duration (five years) and clopidogrel 75 mg daily for

a minimum of six months. Anticoagulation and glycoprotein IIb/IIIa

use was according to local hospital practice.

Imaging procedure and acquisition

IVUS-VH post-BVS implantation and at 6-month follow-up were

obtained from patients from both cohorts. Imaging techniques were
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acquired simultaneously with a phased array 20MHz intravascular

ultrasound catheter (EagleEye™; Volcano Corporation, Rancho

Cordova, CA, USA) using an automated pullback of 0.5 mm per

second. Four tissue components (necrotic core – red; dense calcium –

white; fibrous – green; and fibrofatty – light green) were identified with

autoregressive classification systems.10,11 Each individual tissue

component was quantified and colour coded in all IVUS cross sections

as previously described.10 All IVUS-VH analyses were performed offline

using pcVH 2.1 (Volcano Corporation, Rancho Cordova, CA, USA). We

carefully matched the region received BVS implantation using

anatomical markers to compare the post implantation and 6-month

follow-up IVUS-VH images. Regions received non-BVS stent

implantation were not analysed. For each cross section, polymeric

struts were detected as areas of apparent “dense calcium” and

“necrotic core”. The quantitative changes in dense calcium (DC) and

necrotic core (NC) content were used as a surrogate marker of

alteration of the polymeric struts, as previously described.1,7,12,13

Only changes in DC and NC, which can be seen as the fingerprint of

the BVS, were required, therefore the lumen contour was drawn

around the IVUS catheter without following the leading edge of the

interface lumen intima, as previously described by Shin et al.9 Using

this approach, the BVS struts closest to the lumen were better

detected and recognised as DC and NC by the VH software and the

ones overlying small plaques (thinner side of an eccentric plaque)

were not obscured by the imposed grey medial stripe seen with

IVUS-VH. (Figure 2) We also recorded in all patients the interface

between plaque+media and the adventitia (EEM area). Lumen area

and plaque area cannot be recorded using this method.

Statistical analysis

Discrete variables are presented as counts and percentages.

Continuous variables are presented as mean ±standard deviation

(SD). The DC and NC values have been statistically tested

separately post-procedure and 6-month follow-up. The VH Figure 3. Flow chart of paired IVUS-VH data available for both cohorts.

1 device failure

6 patients without
6-month IVUS-VH

2 patients without
post-procedure 

IVUS-VH

1 patient with
post-procedure or
6-month IVUS-VH

not analysable

28 patients had paired
IVUS-VH post-procedure
and 6-month follow-up

32 patients had paired
IVUS-VH post-procedure
and 6-month follow-up

5 patients with post-
procedure or 6-month

IVUS-VH not analysable

BVS 1.0 (30 patients) BVS 1.1 (45 patients)

fingerprint of the BVS in the artery was defined as the sum of the

changes in DC and NC, as IVUS-VH detects stent struts as dense

calcium surrounded by necrotic core halo.6 The calculation of the

changes between post-treatment and six months was as follows:

mean six month area minus mean post-procedure area for both NC

and DC. Paired comparisons between post-procedure and 6-month

follow-up were performed using the Wilcoxon signed rank test.

Comparisons between groups were assessed using non parametric

tests, whilst correlations between parameters were performed by

using a Spearman test. A two-side p-value of less than 0.05

indicated statistical significance. Statistical analyses were performed with

use of SPSS 13.0 software (SPSS Inc., Chicago IL, USA).

Results
The comparison between post-procedure and 6-month follow-up

IVUS-VH included 28 patients from cohort A and 32 patients from

cohort B. (Figure 3)

Table 1 shows clinical and angiographic data in both cohorts.

Compositional changes from post-treatment to six month follow-up

by IVUS-VH (Table 2).

Figure 2. The conventional method (A and B) does not show some necrotic core and dense calcium (two white arrow heads), hidden by the grey

medial stripe (two white arrow heads), that are showed by the Shin’s method (C and D). DC: dense calcium, NC: necrotic core

5.1
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In cohort A, there was a relative 20% decrease in both DC and

NC (p=0.08 and p=0.02) between post-procedure and 6-month

follow-up. Conversely, over the same time period in cohort B,

a small relative increase in DC and NC of 9% (p=0.2) and of 4%

(p=0.1) respectively, was observed. (Figure 4) At 6-month

follow-up, while in cohort A there was regression in the calcified

pattern in 16 out of 27 patients (59%) and in the necrotic

pattern in 20 out of 27 patients (74%), in cohort B there was

regression in the calcified pattern in 11 out of 26 patients

(42%) and in necrotic pattern in seven out of 26 patients

(27%). Overall, the absolute DC+NC decrease was significantly

larger in cohort A than cohort B, suggesting an earlier IVUS-VH

alteration of the polymeric struts with the BVS 1.0 as compared

to the BVS 1.1.

Table 1. Baseline demographics, risk factors and lesion characteristics.

Cohort A Cohort B P-Value
(N=28) (N=32)

(Lesions=28) (Lesions=32)

Age (years)

Mean±SD 62.03±9.00 62.83±10.01 0.671

Men,% (n) 57.1% (16) 65.6% (21) 0.432

Smokers, % (n) 21.4% (6) 12.5% (4) 0.492

Diabetes, % (n) 3.6% (1) 15.6% (5) 0.192

Hypertension requiring medication, % (n) 57.1% (16) 59.3% (19) 0.792

Hyperlipidaemia requiring medication, % (n) 63.0% (17) 87.5% (28) 0.022

Previous target vessel intervention, % (n) 3.6% (1) 6.2% (2) 1.002

Previous myocardial infarction, % (n) 3.5% (1) 37.5% (12) <0.012

Stable angina, % (n) 67.9% (19) 68.7% (22) 1.002

Unstable angina, % (n) 28.6% (8) 15.6% (5) 0.342

Silent ischaemia, % (n) 3.6% (1) 0.0% (0) 0.472

Target vessel, % (n)
Left anterior descending 50.0% (14) 37.5% (12) 0.302

Left circumflex 28.6% (8) 25.0% (8) 1.002

Right coronary artery 21.4% (6) 37.5% (12) 0.172

AHA/ACC lesion classification, % (n)
A 0.0% (0) 3.1% (1) 1.002

B1 64.3% (18) 43.8% (14) 0.192

B2 35.7% (10) 50.0% (16) 0.432

C 0.0% (0) 3.1% (1) 1.002

Mean reference vessel diameter (mm), Mean±SD (n) 2.70±0.47 (28) 2.60±0.45 (32) 0.391

Minimum luminal diameter (mm), Mean±SD (n) 1.08±0.25 (28) 1.08±0.31 (32) 0.771

Diameter stenosis (%), Mean±SD (n) 59.13±11.28 (28) 57.81±12.60 (32) 0.871

Lesion length (mm), Mean±SD (n) 8.79±3.67 (28) 10.08±3.50 (32) 0.091

1. from Wilcoxon’s rank sum test; 2. from Fisher’s exact test; AHA/ACC: American Heart Association/American College of Cardiology; SD: standard deviation

Table 2. IVUS-VH data between post-procedure and 6-month follow-up.

Cohort A (BVS 1.0), n=28 Cohort B (BVS 1.1), n=32 P value
Cohort A vs. Cohort B

Post-procedure 6-month p value Post-procedure 6-month p value Post 6-month
follow-up follow-up follow-up

DC area (mm2) 1.07±0.55 0.85±0.54 0.08 1.08±0.69 1.18±0.66 0.2 0.9 0.01

DC (%) 7.73±3.70 6.21±3.69 0.1 8.87±4.58 10.39±5.64 0.09 0.2 <0.001

NC area (mm2) 1.71±1.03 1.36±0.91 0.02 1.84±1.14 1.91±0.93 0.1 0.5 0.001

NC (%) 11.35±4.78 9.44±4.84 0.001 15.3±6.81 16.04±6.69 0.2 0.01 <0.001

NC+DC area (mm2) 2.78±1.42 2.21±1.29 0.02 2.91±1.76 3.08±1.47 0.2 0.7 0.003

NC+DC (%) 19.08±6.89 15.65±7.34 0.03 23.90±10.71 26.43±11.28 0.2 0.05 <0.001

EEM area (mm2) 14.13±3.53 13.96±3.38 0.4 14.1±3.7 14.25±3.72 0.1 0.5 0.3

Absolute DC change (mm2) –0.22±0.62 0.10±0.46 0.06

Absolute NC change (mm2) –0.35±0.79 0.07±0.79 0.007

Absolute DC+NC change (mm2) –0.57±1.3 0.16±1.16 0.013

Data are expressed as mean±SD; DC: dense calcium; NC: necrotic core; BVS: bioresorbable vascular scaffold

IVUS-VH and ABSORB BVS
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Grey-scale intravascular ultrasound data and
correlation with IVUS-VH alteration of BVS 1.0
and 1.1

On average, at six month follow-up, the EEM area did not significantly

differ from post-treatment status in both cohorts (Table 2).

Classifying patients according to reduction in the EEM area at 6-

month follow-up, we analysed changes in absolute area of DC and

NC core in both cohorts. In patients from cohort A, those with

reduction of the EEM area at 6-month (n=15) showed a significantly

lower absolute area change of NC compared to other patients

(n=13) (-0.69±0.73 mm2 vs. 0.05±0.68 mm2, p=0.017) (Figure 5).

Reduction of DC was no different (-0.40±0.63 mm2 vs.

–0.02±0.56 mm2, p=0.1). Overall no correlation was found between

changes in EEM area and the sum of absolute change in DC+NC

area (Figure 6A).

On the other hand, in patients from cohort B with a reduction in the

EEM area (n=16), there was a significantly lower change in absolute

area of DC and NC at follow-up compared to other patients (n=16)

Figure 4. DC and NC area at six months compared to post-treatment in

BVS 1.0 and BVS 1.1. Error bars portray standard error of the mean.

DC: dense calcium; NC: necrotic core
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(respectively for DC –0.12±0.41 mm2 vs. 0.30±0.42 mm2, p=0.007;

for NC –0.38±0.84 mm2 vs. 0.50±0.45 mm2, p<0.001). In the

overall population, the change in DC+NC area correlated significantly

with the change in EEM area. (R=0.58, p=0.003). (Figure 6B).

Discussion
The major findings of our study are: 1) the changes in design,

degradation rate and mechanical durability of the BVS 1.1

compared to BVS 1.0 significantly influenced its IVUS-VH changes

over a period of six months (i.e., less reduction in DC and NC at six

months); 2) a relationship exists between change overtime in EEM

area and in DC+NC area.

Kim et al have previously shown that metallic stents eluting sirolimus

and paclitaxel introduce artifacts in IVUS-VH images, that interfere with

the classification of plaque behind the struts.6 Normally struts of drug-

eluting stents appear as DC, surrounded by a red halo. Although the

BVS is made of non-metallic materials, it was also recognised by IVUS-

VH software as DC and NC. For this scaffold, the presence of “pseudo”

DC and NC could be used as surrogate marker of alteration of the

polymeric struts.1,7,8,12-14 Garcia-Garcia et al have already shown in

a sub-study of ABSORB cohort A trial that polymeric struts are

identified with radiofrequency backscattering as calcific structures.

Using IVUS-VH, it has been shown that there was an important increase

in DC and NC immediately after BVS implantation.7 This sudden

change in DC and NC has been attributed to the introduction of

polymeric struts and might represent their VH fingerprint. Our data

confirm that polymeric struts appear as DC and NC and that IVUS-VH is

a potential approach to semi-quantify or state the presence of the polymer.

The ability of IVUS-VH to recognise polymeric struts is important

also to potentially follow the mechanical support or bioresorption

process. Our study demonstrated that while for the BVS Revision

1.0 there is a reduction in DC and NC after six months,7 for the BVS

Revision 1.1 the IVUS-VH signature appears to be unchanged over

the same period. This stable backscattering signal with the BVS 1.1

suggests unchanging polymeric structure and/or stable mechanical

properties due to slower degradation in vivo, as intended. The first

revision of the BVS showed slightly higher acute recoil than

conventional metallic platform stents2 and at six months an 11.7%

reduction in scaffold area of the BVS 1.0 area was documented.3 Of

note, the longer-lasting mechanical integrity of the BVS Revision

1.1, –as suggested by unaltered IVUS-VH signature over a period of

six months, may prevent this loss in structural integrity and

reduction in scaffold area.1,15 This observation of constancy in

radiofrequency backscattering of BVS 1.1 is largely confirmed by

the absence of qualitative alterations of the appearance of the

polymeric struts of BVS 1.1 with optical coherence tomography

(OCT).4 They uniformly keep their “preserved box” appearance,

whereas with the BVS 1.0 only 3% of preserved box were present at

six months follow-up.12

Our data also showed that the change in DC+NC area detected by

IVUS-VH may be associated with shrinkage of the EEM area. For

Revision 1.1, we found a significant correlation between the

reduction of the EEM area at follow-up and changes in the sum of

DC and NC. In particular, it seems to be a trend between the EEM

shrinkage and the positive/negative value of sum of changes in DC

and NC. In the case of Revision 1.0, the absence of any relationship

between the change in IVUS-VH and the change in EEM area may

be the result of a different phenomenon, or it may relate to a

broader biological and/or sample variability; in particular looking at

Figure 6, the two lines for both the cohorts seem similar and one is

significant but not the other probably because of less variability. It is

interesting to note that for both scaffolds the IVUS-VH changes (and

potentially the bioresorption process) are not uniform in all patients.

It depends not only on the hydrolysis of the scaffold, but probably

also on the nature of the underlying plaque (composition and

inflammatory state), and the further recruitment of macrophages to

the site of the scaffold implantation. OCT of the presence of

macrophages surrounding the scaffold, and the analysis of plaque

composition behind the scaffold will enhance the understanding of

the bioresorption process of the BVS.

In conclusion, IVUS-VH is a clinical method that can detect

differences in behaviour between BVS Revision 1.0 and 1.1. Their

IVUS-VH fingerprints may be influenced by changes in mechanical

design or in product processing. Stability in the IVUS-VH signal of

the BVS 1.1 through to 6-months follow-up might suggest a more

durable mechanical integrity than the BVS 1.0.

Limitations
We acknowledge that the classification tree of IVUS radiofrequency

analysis has not been validated for polymeric struts. We did not

collect data about change in fibrous tissue, because it is known that

polymeric struts only appear as dense calcium and necrotic core on

IVUS-VH. At the same time, using Shin’s method, we did not collect

data on changes to the lumen area and plaque burden. Changes in

DC and NC at follow-up are probably not only related to the BVS,

but also to the natural history of the atherosclerotic disease.
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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
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OCT and ABSORB-BVS

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

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

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 theU-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
(n 5 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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ABSTRACT

Objective: To report the agreement between IVUS and OCT in assessing the BVS structures and their 
respective reproducibility.

Background: Bioresorbable Vascular Sca# olds (BVS) are composed of an erodible polymer. Ultrasound 
and light signals backscattered from polymeric material di# ers from metallic stents using intravascular 
ultrasound (IVUS) and optical coherence tomography (OCT).

Methods: Forty-! ve patients included in the ABSORB study were treated with a 3.0x18 mm BVS and 
imaged with IVUS 20 MHz and OCT post-implantation. Qualitative (ISA, side-branch struts, protrusion and 
dissections) and quantitative (number of struts, lumen and sca# old area) measurements were assessed 
by two investigators. The agreement and the inter- and intra-observer reproducibility were investigated 
using the kappa (κ) and the inter-class correlation coe%  cient (ICC).

Results: IVUS and OCT agreement was predominantly poor at a lesion, frame and strut level analysis (κ 
and ICC < 0.4) for qualitative measurements. 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 to OCT. IVUS reproducibility was poor-moderate (κ and ICC < 0.6) except for ISA 
and SB-struts (κ and ICC between 0.2 and 0.75). OCT showed an excellent reproducibility (κ and ICC > 0.75) 
except for the assessment of tissue protrusion (κ and ICC between 0.47 and 0.94). 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 sca# old areas were excellent using both techniques (ICC>0.85).

Conclusions: IVUS has a poor capacity to detect qualitative ! ndings post-BVS implantation and its 
reproducibility is low compared to OCT. IVUS should be limited to assess lumen and sca# old areas.
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INTRODUCTION

Bioresorbable Vascular Sca# olds (BVS) are a new 
generation of intravascular devices constructed of 
polymeric material. The ultrasonic and light wave 
beams from the intravascular ultrasound (IVUS) and 
optical coherence tomography (OCT) catheters are 
backscattered in di# erent ways from the polymeric 
structures as compared to metallic structures. Con-
sequently, IVUS and OCT render the BVS structures 
di# erently compared to metallic stents (1,2). IVUS 
imaging, with a 20 MHz catheter, renders the 
polymeric struts as hyper-refractive boxes with an 
important echogenic blooming e# ect that confers a 

double strut appearance. The polymeric struts have 
an echogenic intensity similar to calcium tissue, 
but without acoustic shadowing behind the struts 
(Figure 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 (Figure 1).

The IVUS and OCT agreement and their respective 
inter- and intra-observer reproducibility to assess 
qualitative and quantitative ! ndings immediately 
after BVS implantation remain unknown. The aim 
of our study is to report the agreement of IVUS 
and OCT in assessing qualitative and quantitative 

Figure 1. IVUS and OCT imaging of the bioresorbable sca# olds and metallic stents
IVUS and OCT imaging of a bioresorbable vascular sca! old (A) and a metallic stent (B)
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BVS ! ndings post-implantation and to assess their 
inter- and intra-observer reproducibility.

MATERIAL AND METHODS

Population
The ABSORB Cohort B trial is a non-randomized, 
multicenter, single arm, e%  cacy-safety study. The 
study design has been previously reported (3). In 
brief, patients were eligible 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 (RCA), presence 
of angiographic intracoronary thrombus, heavy 
calci! cation, excessive tortuosity and with lesions 
involving a side branch > 2 mm were excluded. 
All patients were treated with a single size 3.0x18 
mm BVS.

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

Study Device
The BVS balloon expandable device (Abbott 
Vascular, Santa Clara, CA, US) 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 anti-proliferative drug everolimus 
to form an amorphous drug eluting coating matrix 
containing 100 micrograms of everolimus/cm2 
of sca# old. The strut thickness is 150 microns. 
The implant is radiolucent, but has two platinum 
markers at each end that allow easy visualization 
on angiography and other imaging modalities.

IVUS 20 MHz acquisition
IVUS acquisition was performed with the Eagle Eye 
20 MHz catheter (Volcano Corporation, Rancho 
Cordova, CA, USA). 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/s. The 
image data was stored on DVD for o# -line analysis.

OCT ACQUISITION

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

The C7XR system uses a conventional wire to 
cross the segment of interest. The OCT imaging 
catheter (RX ImageWire II; LightLab Imaging, West-
ford, MA, USA) was then advanced distally to the 
treated region. The pullback was performed during 
a continuous injection of 3 ml/second 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/second and the frame rate was 100 
images/second.
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IVUS and OCT de" nitions and analysis
IVUS and OCT analyses were performed by two 
experienced analysts. Taking into account the 
acquisition frame rate and the pullback speed, both 
IVUS and OCT were analyzed at intervals of 1 mm 
within the sca# old and 5 mm proximal and distal 
to the sca# old edges whenever possible. The ! rst 
cross-section of the corresponding pullbacks with 
struts observed in the 4 quadrants of the lumen 
perimeter was used as a landmark to establish 
the sca# old length. Two analysts investigated the 
same cross-sections and one investigator repeated 
the same measurements one month later. IVUS 
analysis was performed using the Q-IVUS 2.0 
software analysis (Medis, Leiden, The Netherlands). 
OCT analysis was performed with the proprietary 
software for o)  ine analysis (LightLab Imaging, 
Westford, MA, USA). The selected cross-sections 
were investigated to assess:

Number of struts: Using IVUS, the polymeric struts 
were de! ned as independent, hyper-echogenic and 
double-box shapes without echogenic shadow be-
hind. Using OCT, the polymeric struts were assessed 
as box-shape light-scattering frames delimiting a 
black central core (Figure 1) (1).

Number of malapposed struts: ISA was de! ned 
when the abluminal side of the polymeric strut 
was clearly separated from the vessel wall in the 
absence of a side branch (4) (Figure 2).
Number of side-branch struts: Side-branches were 
assessed longitudinally and in the immediately 
proximal and distal 2D cross-sections. Whenever the 
polymeric struts were not in contact with the vessel 
wall at the site of the take-o#  of the side-branch, 
they were classi! ed as side-branch struts (Figure 2).
Tissue protrusion: Tissue protrusion was de! ned as 
when convex shaped tissue protruded between the 
endoluminal sides of adjacent struts and extended 
within the lumen as a circular arc connecting the 
adjacent struts (5,6) (Figure 2).
In-BVS, proximal and distal dissections: Dissections 
were de! ned when a disruption of the luminal 
vessel surface with an overhanging " ap within 
the lumen was observed within the BVS segment 
or at 5 mm proximal or distal to the sca# old edges 
(6) (Figure 2).
Lumen and sca! old area. Using IVUS, the lumen 
area was drawn following the endoluminal vessel 
wall contour. IVUS-derived sca# old area was drawn 
following the endoluminal side of the polymeric 
struts. Using OCT, in contrast, the lumen area was 

Figure 2. IVUS and OCT assessment of qualitative ! ndings
Matched images between IVUS and OCT of incomplete strut/sca! old apposition (A), side-branch struts (B), tissue protrusion (C) and edge 
dissection (D)
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de! ned behind the polymeric struts following the 
endoluminal vessel contour and the sca# old area 
was drawn following the abluminal side of the 
polymeric struts.

STATISTICAL ANALYSIS

Discrete variables are presented as counts and 
percentages. Continuous variables are presented 
as means ± (SD) standard deviation. Due to the 
clustered nature of the IVUS and OCT data at dif-
ferent levels of dependence (strut, cross-sections, 
lesions and patients) and the lack of correlation 
between IVUS and OCT cross-sections, all qualita-
tive measurements have been adjusted at a lesion 
level dividing the number of observations by 
the total amount of frames/struts in each lesion. 
Quantitative measurements to assess the inter- and 
intra-observer reproducibility are presented at 
cross-section level analysis.

The IVUS and OCT agreement at lesion level 
analysis were estimated by the Cohen’s κ (kappa) 
test for concordance (7). According to previous 
publications: <0 indicates poor agreement, 0 to 0.20 
indicates slight agreement, 0.21 to 0.40 indicates 
fair agreement, 0.41 to 0.60 indicates moderate 
agreement, 0.61 to 0.80 indicates good agreement, 
and 0.81 to 1.0 indicates excellent agreement (8). 
Due to the higher reproducibility and the higher 
resolution of OCT when compared to IVUS, we have 
estimated the sensitivity, speci! city and global 
e%  ciency of IVUS 20 MHz with respect to the OCT 
(as reference). The IVUS and OCT agreement of 
qualitative measurements at frame and strut level 
were estimated with the inter-class correlation 
coe%  cient (ICC) for concordance (ICCc) and abso-
lute 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 intra-observer reproducibility 
of qualitative measurements was assessed using 
the kappa value and the inter-class correlation 
coe%  cient as previously explained. The absolute 
di# erences between the percentages of qualita-
tive ! ndings (at lesion level) between observers/
observations were estimated for each variable. 
Bland–Altman plots were drawn for the percentage 
of malapposed struts and SB-struts at lesion level 
analysis (10). Inter- and intra-observer reproduc-
ibility of IVUS and OCT to assess quantitative 
measurements (number of struts, lumen and 
sca# old area) were performed in 150 randomly 
selected cross-sections in 15 patients. Bland-Altman 
plots were drawn for these quantitative parameters 
at frame level analysis. Due to the lack of matching 
images between IVUS and OCT, the agreement of 
both techniques to assess the number of struts 
and lumen and sca# old areas were not performed.

RESULTS

Population characteristics
The ABSORB Cohort B trial included 102 lesions 
in 101 patients. A total of 46 lesions in 45 patients 
were imaged with both IVUS 20 MHz and OCT 
immediately after the BVS implantation. A total 
of 892 and 888 and cross-sections and 6313 and 
6452 struts were analyzed with IVUS 20 MHz and 
OCT respectively.

The baseline clinical and angiographic 
characteristics are shown in Table 1. In general, 
patients were predominantly males (71%), had 
hypercholesterolemia (87%) and were treated due 
to stable angina (87%).

OCT and IVUS agreement of 
qualitative measurements
Agreement of qualitative measurements between 
IVUS and OCT at lesion level analysis are shown in 
Table 2. The agreement between IVUS and OCT 
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Table 1. Baseline clinical and angiographic characteristics (n=45 patients)

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
Acute coronary syndrome

39 (86.7)
6 (13.3)

Culprit vessel:
Left anterior descending
Left circum" ex
Right coronary artery

24 (53.3)
9 (20.0)

12 (26.7)
Number of vessels disease:
One
Two
Three

39 (86.7)
6 (13.3)

0

Table 2. Qualitative agreement between OCT and IVUS 20 MHz (lesion level analysis)

n=46 lesions OCT Accuracy of IVUS with 
respect to OCT (%)No Yes Total Kappa

IV
US

 20
 M

Hz

Pr
ox

im
al

 
di

ss
ec

tio
n No 30 9 39

NA
Se = 0

Sp = 100
E#  = 77

Yes 0 0 0
Total 30 9 39

Di
st

al
 

di
ss

ec
tio

n No 28 8 36
0.16

Se = 11
Sp = 100
E#  = 78

Yes 0 1 1
Total 28 9 37

Di
ss

ec
tio

n 
wi

th
in

 B
VS No 20 25 45

0.03
Se = 4

Sp = 100
E#  = 46

Yes 0 1 1
Total 20 26 46

IS
A

No 6 21 27
0.15

Se = 46
Sp = 86
E#  = 52

Yes 1 18 19
Total 7 39 46

SB
 st

ru
ts No 10 13 23

0.26
Se = 59
Sp = 71
E#  = 63

Yes 4 19 23
Total 14 32 46

Ti
ss

ue
 

pr
ot

ru
sio

n No 17 22 39
0.00

Se = 15
Sp = 85
E#  = 46

Yes 3 4 7
Total 20 26 46

ISA= incomplete sca! old/strut apposition; SB= side-branch; NA= not applicable; Se= sensitivity; Sp= speci# city; E! = e&  ciency
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to assess sca# olds with at least one cross-section 
with ISA, tissue protrusion and dissections were 
slight. Assessment of at least one cross-section 
with SB struts showed fair agreement between 
both techniques. Sensitivity and global e%  ciency of 
IVUS analysis were extremely low in all parameters 
compared to OCT (as reference), but IVUS speci! city 
was moderate to high.

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

IVUS reproducibility of qualitative 
measurements
 The inter- and intra-observer reproducibility of IVUS 
20 MHz to assess qualitative ! ndings at a lesion 

level analysis is shown in Table 4. Inter-observer 
reproducibility to assess tissue protrusion and 
dissections within the sca# old length was poor 
to slight. Distal dissections demonstrated a fair 
reproducibility and ISA and SB-struts had moderate 
agreement. Intra-observer reproducibility was fair 
for tissue protrusion and dissections within the 
sca# old length. Detection of sca# olds with ISA or 
SB-struts had moderate and good agreement. Intra-
observer reproducibility of distal edge dissections 
was excellent.

Inter- and intra-observer reproducibility of IVUS 
20 MHz at frame and strut level analysis are shown in 
Tables 5 and 6. Inter- and intra- observer reproduc-
ibility of IVUS 20 MHz to assess cross-sections with 
tissue protrusion and dissection within the BVS were 
bad. Inter- and intra-observer reproducibility to 
assess cross-sections with ISA or SB-struts was poor 
to moderate. At strut level analysis, the inter- and 
intra-observer reproducibility of IVUS 20 MHz was 
moderate to excellent. The Bland – Altman plots of 
IVUS inter- and intra- observer reproducibility to 

Table 3. Inter-observer agreement between OCT and IVUS 20 MHz (frame and strut level analysis)

IVUS OCT Absolute 
di! erence, % (CI 

95%)

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

Fr
am

e l
ev

el

Frames with ISA, n
% Frames with ISA per lesion, mean 
(SD)

37
4.5 (7.7)

181
20.6 (20.9) -16.05 (-21.72 to 

-10.39)
0.27 (-0.02 to 0.52) 0.18 (-0.07 to 0.42)

Frames with SB struts, n
% Frames with SB struts per lesion, 
mean (SD)

57
6.3 (8.3)

69
7.8 (6.4) -1.48 (-4.15 to 1.19) 0.26 (-0.03 to 0.51) 0.26 (-0.02 to 0.51)

Frames with tissue protrusion, n
% Frames with tissue protrusion per 
lesion, mean (SD)

10
1.2 (3.2)

69
7.7 (9.6) -6.47 (-9.29 to -3.66) 0.12 (-0.17 to 0.39) 0.09 (-0.12 to 0.31)

Frames with Dissection (within 
BVS), n
% Frames with dissection per lesion, 
mean (SD)

1
0.2 (1.1)

79
9.0 (12.4) -8.87 (-12.44 to -5.29) 0.06 (-0.23 to 0.34) 0.04 (-0.14 to 0.25)

St
ru

t l
ev

el Struts with ISA, n
% ISA struts per lesion, mean (SD)

74
1.3 (4.0)

348
5.5 (8.1) -4.23 (-6.35 to -2.10) 0.37 (0.09 to 0.59) 0.31 (0.02 to 0.54)

Struts at SB, n
% SB struts per lesion, mean (SD)

84
1.3 (1.9)

77
1.2 (1.2) 0.12 (-0.49 to 0.73) 0.18 (-0.11 to 0.45) 0.19 (-0.11 to 0.45)

ISA= incomplete sca! old/strut apposition; SB= side-branch; ICC= inter-class correlation coe&  cient; CI= con# dence interval.
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Table 4. Inter and intra-observer reproducibility of IVUS 20 MHz and OCT (lesion level)

n=46 lesions Observer A Observer B (2nd)
No Yes Total Inter-

observer 
agreement

(Kappa)

No Yes Total Intra-
observer 

agreement
(Kappa)

IV
US

 20
 M

Hz

Ob
se

rv
er

 B
 (1

st
)

Pr
ox

im
al

 
di

ss
ec

tio
n No 41 2 43

NA
42 1 43

NAYes 0 0 0 0 0 0
Total 41 2 43 42 1 43

Di
st

al
 

di
ss

ec
tio

n No 35 3 38
0.37

38 0 38
1.00Yes 0 1 1 0 1 1

Total 35 4 39 38 1 39

Di
ss

ec
tio

n 
wi

th
in

 B
VS No 38 7 45

-0.04
42 3 45

0.38Yes 1 0 1 0 1 1
Total 39 7 46 42 4 46

IS
A

No 26 1 27
0.47

20 7 27
0.47Yes 10 9 19 5 14 19

Total 36 10 46 25 21 46

SB
 st

ru
ts No 20 3 23

0.48
20 3 23

0.61Yes 9 14 23 6 17 23
Total 29 17 46 26 20 46

Ti
ss

ue
 

pr
ot

ru
sio

n No 29 5 34
0.02

26 2 28
0.23Yes 10 2 12 13 5 18

Total 39 7 46 38 7 46

OC
T

Ob
se

rv
er

 1 
(o

bs
er

va
tio

n 
1)

Pr
ox

im
al

 
di

ss
ec

tio
n No 32 0 32

1.00
32 0 32

1.00Yes 0 9 9 0 9 9
Total 32 9 41 32 9 41

Di
st

al
 

di
ss

ec
tio

n No 30 1 31
0.94

31 0 31
1.00Yes 0 10 10 0 10 10

Total 30 11 41 31 10 41

Di
ss

ec
tio

n 
wi

th
in

 B
VS No 16 4 20
0.76

19 1 20
0.96Yes 1 25 26 0 26 26

Total 17 29 46 19 27 46

IS
A

No 7 0 7
0.85

7 0 7
1.00Yes 2 37 39 0 39 39

Total 7 37 46 7 39 46

SB
 st

ru
ts No 12 2 14

0.89
14 0 14

1.00Yes 0 32 32 0 32 32
Total 12 34 46 14 32 46

Ti
ss

ue
 

pr
ot

ru
sio

n No 16 4 20
0.73

18 2 20
0.91Yes 2 24 26 0 26 26

Total 18 28 46 18 28 46

ISA= incomplete sca! old/strut apposition; SB= side-branch; NA= not applicable
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Table 5. Inter-observer 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 
di! erence (%)

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

IV
US

 20
 M

Hz Fr
am

e l
ev

el
(8

92
 cr

os
s-s

ec
tio

ns
)

Frames with ISA, n
% Frames with ISA, mean 
(SD)

37
4.5 (7.7)

45
5.2 (1.5) 7.32 0.21 (-0.08 to 

0.47)
0.22 (-0.08 to 
0.48)

Frames with SB struts, n
% Frames with SB struts, 
mean (SD)

57
6.3 (8.3)

43
4.9 (7.8) 4.68 0.53 (0.28 to 

0.71)
0.52 (0.28 to 
0.70)

Frames with protrusion, n
% Frames with tissue 
protrusion, mean (SD)

10
1.2 (3.2)

54
6.2 (10.9) 6.28 -0.05 (-0.33 to 

0.25)
-0.05 (-0.33 to 
0.24)

Frames with dissection 
(within BVS), n
% Frames with dissection, 
mean (SD)

1
0.2 (1.1)

7
0.7 (1.7)  1.24 0.15 (-0.14 to 

0.43)
0.13 (-0.12 to 
0.38)

St
ru

t l
ev

el
(6

31
3 s

tru
ts

)

Struts with ISA, n
% ISA struts, mean (SD)

74
1.3 (4.0)

65
1.0 (2.6)  1.50 0.72 (0.54 to 

0.83)
0.84 (0.71to 
0.91)

Struts at SB, n
% SB struts, mean (SD)

84
1.3 (1.9)

85
1.2 (2.2)  1.28 0.44 (0.18 to 

0.65)
0.45 (0.18 to 
0.65)

OC
T

Fr
am

e l
ev

el
(8

88
 cr

os
s-s

ec
tio

ns
)

Frames with ISA, n
% Frames with ISA, mean 
(SD)

181
20.6 (20.9)

175
19.8 (20.4)  4.57 0.93 (0.88 to 

0.96)
0.93 (0.88 to 
0.96)

Frames with SB struts, n
% Frames with SB struts, 
mean (SD)

69
7.8 (6.4)

67
7.6 (6.0)  1.96 0.86 (0.76 to 

0.92)
0.86 (0.76 to 
0.92)

Frames with tissue, n
% Frames with tissue 
protrusion, mean (SD)

69
7.7 (9.6)

87
9.8 (10.8) 6.21 0.48 (0.22 to 

0.67)
0.47 (0.22 to 
0.67)

Frames with dissection 
(within BVS), n
% Frames with dissection, 
mean (SD)

79
9.0 (12.4)

109
12.4 (13.9) 4.16 0.86 (0.76 to 

0.92)
0.83 (0.67 to 
0.91)

St
ru

t l
ev

el
(6

45
2 s

tru
ts

)

Struts with ISA, n
% ISA struts, mean (SD)

348
5.5 (8.1)

315
5.0 (7.3) 1.15 0.99 (0.97 to 

0.99)
0.98 (0.97 to 
0.99)

Struts at SB, n
% SB struts, mean (SD)

77
1.2 (1.2)

82
1.3 (1.1)  0.15 0.78 (0.63 to 

0.87)
0.78 (0.63 to 
0.87)

ISA= incomplete sca! old/strut apposition; SB= side-branch; ICC= inter-class correlation coe&  cient; CI= con# dence interval.
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Table 6. Intra-observer 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 
di! erence (%)

ICCc
(CI 95%)

ICCa
(CI 95%)

IV
US

 20
 M

Hz Fr
am

e l
ev

el
(8

92
 cr

os
s-s

ec
tio

ns
)

Frames with ISA, n
% Frames with ISA, mean (SD)

37
4.5 (7.7)

61
7.1 (11.1) 5.13 0.59 (0.37 to 

0.75)
0.58 (0.35 to 

0.74)
Frames with SB struts, n
% Frames with SB struts, mean 
(SD)

57
6.3 (8.3)

36
4.0 (5.4) 3.17 0.71 (0.53 to 

0.83)
0.68 (0.46 to 

0.82)
Frames with protrusion, n
% Frames with tissue 
protrusion, mean (SD)

10
1.2 (3.2)

19
2.2 (4.2) 3.19 0.15 (-0.14 to 

0.43)
0.13 (-0.12 to 

0.38)
Frames with dissection 
(within BVS), n
% Frames with dissection, 
mean (SD)

1
0.2 (1.1)

6
0.66 (2.3) 3.17 -0.05 (-0.33 to 

0.24)
-0.05 (-0.33 to 

0.24)

St
ru

t l
ev

el
(6

31
3 s

tru
ts

)

Struts with ISA, n
% ISA struts, mean (SD)

74
1.3 (4.0)

128
2.2 (4.8) 1.71 0.79 (0.65 to 

0.88)
0.77 (0.62 to 

0.87)
Struts at SB, n
% SB struts, mean (SD)

84
1.3 (1.9)

47
0.70 (1.1) 0.72 0.69 (0.50 to 

.82)
0.65 (0.39 to 

0.80)

OC
T

Fr
am

e l
ev

el
 (8

88
 cr

os
s-s

ec
tio

ns
)

Frames with ISA, n
% Frames with ISA, mean (SD)

181
20.6 (20.9)

181
20.6 (20.9) 0 1.00 (1.00 to 

1.00)
1.00 (1.00 to 

1.00)
Frames with SB struts, n
% Frames with SB struts, mean 
(SD)

69
7.80 (6.4)

69
7.80 (6.4) 0 1.00 (1.00 to 

1.00)
1.00 (1.00 to 

1.00)
Frames with protrusion, n
% Frames with tissue 
protrusion, mean (SD)

69
7.7 (9.6)

73
8.2 (9.1) 0.95 0.94 (0.90 to 

0.97)
0.94 (0.90 to 

0.97)
Frames with dissection 
(within BVS), n
% Frames with dissection, 
mean (SD)

79
9.0 (12.4)

66
7.5 (9.7) 3.17 0.88 (0.80 to 

0.93)
0.88 (0.79 to 

0.93)

St
ru

t l
ev

el
(6

45
2 s

tru
ts

)

Struts with ISA, n
% ISA struts, mean (SD)

348
5.5 (8.1)

340
5.4 (7.8) 0.36 1.00 (0.99 to 

1.00)
1.00 (0.99 to 

1.00)
Struts at SB, n
% SB struts, mean (SD)

77
1.2 (1.2)

79
1.2 (1.2) 0.21 0.96 (0.93 to 

0.98)
0.96 (0.93 to 

0.98)

ISA= incomplete sca! old/strut apposition; SB= side-branch; ICC= inter-class correlation coe&  cient; CI= con# dence interval.
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Figure 3. Bland-Altman graph of the inter- and intra-observer reproducibility of IVUS 20 MHz and OCT to 
assess malapposed and side-branch struts (strut level)

Table 7. Inter- and Intra-observer variability of quantitative measurements of IVUS and OCT
n = 150 cross- 
sections

Observer 
A

Observer 
B (1st)

Observer 
B (2nd)

Inter-observer variability Intra-observer variability
absolute 

di! erence 
(95% CI)

ICCc ICCa Absolute 
di! erence 
(95% CI)

ICCc ICCa

IV
US

N of struts, 
n
 struts x 
frame, 
mean (SD)

906
6.71 

(2.05)

1097
8.13 (2.28)

1070
7.93 

(2.50)
-1.41 

(-1.92 to 
-0.91)

0.06 (-0.11 
to 0.23)

0.05 (-0.09 
to 0.20)

0.20 
(-0.21 to 

0.61)

0.50 (0.36 
to 0.62)

0.50 (0.36 
to 0.62)

Lumen 
area (mm2)

6.15 
(1.59)

6.24 (1.48) 6.42 
(1.53)

-0.09 
(-0.17 to 

0.00)

0.94 (0.92 
to 0.96)

0.94 (0.92 
to 0.96)

-0.19 
(-0.24 to 

-0.13)

0.97 (0.96 
to 0.98)

0.97 (0.93 
to 0.98)

Sca! old 
area (mm2)

6.82 
(1.77)

6.24 (1.47) 6.33 
(1.51)

0.58 (0.49 
to 0.67)

0.94 (0.92 
to 0.96)

0.88 (0.42 
to 0.96)

-0.09 
(-0.14 to 

-0.04)

0.98 (0.97 
to 0.98)

0.98 (0.96 
to 0.98)

OC
T

N of struts, 
n
 struts x 
frame, 
mean (SD)

1032
7.64 

(2.44)

1020
7.53 (2.40)

1017
7.56 

(2.33)
0.11 (-0.10 

to 0.32)
0.87 (0.82 

to 0.90)
0.87 (0.82 

to 0.90)
-0.02 

(-0.19 to 
0.14)

0.92 (0.88 
to0.94)

0.92 (0.88 
to 0.94)

Lumen 
area (mm2)

6.86 
(1.76)

7.15 (1.81) 6.98 
(1.77)

-0.29 
(-0.33 to 

-0.26)

0.99 (0.99 
to 0.99)

0.98 (0.63 
to 0.99)

0.17 (0.14 
to 0.21)

0.99 (0.99 
to 0.99)

0.99 (0.95 
to 1.00)

Sca! old 
area (mm2)

7.47 
(1.71)

7.62 (1.77) 7.50 
(1.77)

0.14 (0.10 
to 0.19)

0.99 (0.98 
to 0.99)

0.98 (0.97 
to 0.99)

-0.03 
(-0.07 to 

0.02)

0.99 (0.98 
to 0.99)

0.99 (0.98 
to 0.99)

Data are expressed in mean (SD).
ICC= inter-class correlation coe&  cient; CI= con# dence interval.
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assess percentage of ISA and SB struts are shown 
in Figure 3.

OCT reproducibility of qualitative 
measurements
The inter- and intra-observer reproducibility of OCT 
to assess qualitative ! ndings at lesion level analysis 
is shown in Table 4. Inter- and intra-observer re-
producibility to assess sca# olds with at least one 
cross-section with dissection, ISA, SB-struts, tissue 
protrusion and thrombus was excellent except 
for the inter-observer reproducibility of tissue 
protrusion (moderate).

Inter- and intra-observer reproducibility at a 
frame and a strut level analysis are shown in Tables 
5 and 6. Inter- and intra- observer reproducibility 
of OCT was excellent for all parameters except the 
inter-observer reproducibility of frames with tissue 
protrusion (moderate). The Bland – Altman plots 
of OCT inter- and intra- observer reproducibility 
to assess the percentage of ISA and SB struts are 
shown in Figure 3.

IVUS and OCT reproducibility of 
quantitative measurements
IVUS and OCT inter- and intra-observer reproduc-
ibility of quantitative measures are shown in Table 
7. Assessment of number of struts per cross-section 
had poor to moderate inter- and intra-observer 
reproducibility with IVUS-20 MHz and excellent 
with OCT. Lumen and sca# old areas showed 
excellent reproducibility with both IVUS and OCT. 
Bland – Altman plots of the inter- and intra- observer 
reproducibility to assess number of struts, lumen 
area and sca# old area are shown in Figure 4.

DISCUSSION

The main results of our study are: 1) The agree-
ment of IVUS and OCT to assess qualitative sca# old 
parameters immediately after the BVS implantation 
was predominantly poor at lesion, frame and strut 
level analysis; 2) OCT demonstrated a higher ability 
to detect ISA, SB-struts, tissue protrusion and dissec-
tions compared to IVUS; 3) Inter- and intra- observer 

Figure 4. Bland-Altman graphs of the inter- and intra-observer reproducibility to assess number of struts, 
lumen area and sca# old area between IVUS 20 MHz and OCT
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reproducibility to assess qualitative ! ndings and 
number of struts per cross-section was poor to 
moderate with IVUS and excellent with OCT; 4) 
Lumen and sca# old areas had an excellent inter- and 
intra- observer reproducibility with both IVUS and 
OCT; but IVUS showed a margin of error (2 standard 
deviation of the di# erence between observers/
observations) larger than OCT in all measurements.

Intravascular imaging techniques are usually 
compared according to their spatial resolution. The 
spatial resolution can be de! ned as the ability to 
discriminate small objects in the axial and lateral 
plans (4). The axial and lateral resolution of the IVUS 
20 MHz systems is 80 and 200-250 microns, respec-
tively (4). OCT has an axial and lateral resolution 
of 15-20 and 20-40 microns respectively (11). The 
larger wavelength of the IVUS beam (35-80 microns), 
compared to the near-infrared light beam of the 
OCT (1 micron), allows higher tissue penetration 
and scan diameters but has less spatial resolution 
(11). This fact explains the higher accuracy of OCT 
to detect ISA, tissue protrusion and dissections 
compared to IVUS in metallic stents (5).

Using polymeric sca# olds, the larger echogenic 
blooming e# ect of the polymeric struts compared 
to the metallic stents challenges even more the 
assessment of the BVS structures with IVUS 20 MHz; 
especially when the vessel wall is rich in calcium tis-
sue or the plaque is hyper-echogenic. It is uncertain 
if the visualization of the BVS structures with a high 
frequency IVUS system (≥ 30 MHz) would improve 
the assessment and reproducibility of these param-
eters. High frequency IVUS systems have previously 
been shown to demonstrate a better image quality 
when compared to low frequency IVUS (e.g. 20 MHz) 
(12). In the ABSORB trial, it was decided to use the 
IVUS 20 MHz system to assess the temporal changes 
of the vessel wall composition. The spectral analysis 
of the raw backscattered ultrasound data allows 
the correlation of the vessel wall composition with 
4 di# erent types of IVUS-derived tissue (! brous 
tissue, ! bro-fatty tissue, necrotic core and dense 

calcium) (13). As of present, the IVUS 20 MHz Eagle 
Eye catheter (Volcano Corporation, Rancho Cordova, 
CA, USA) has been the only system validated for 
tissue characterization (virtual histology) (14), and 
has been used to assess the bioresorbtion process 
of the BVS (15).

Although the sensitivity and e%  ciency of IVUS to 
assess qualitative ! ndings at a frame or a strut level 
analysis was low compared to OCT, the speci! city of 
IVUS to assess qualitative ! ndings at a lesion level 
analysis was high (Table 2). The good speci! city of 
IVUS was probably due to the capability to detect 
the more severe cases of dissections, tissue protru-
sion and ISA without false positive observations. 
On the other hand, the low sensitivity of IVUS was 
probably due to the omission of the “less severe” 
cases when the lower resolution of the IVUS did 
not allow the visualization of these ! ndings (e.g. 
malapposed struts separated from the vessel wall 
by less than 200 microns). The assessment of tissue 
coverage with IVUS presented similar results to our 
study; IVUS was less able to assess a few degrees 
of neointimal coverage compared to OCT (16,17). 
On the other hand, the assessment of SB struts is a 
special case in which the take-o#  of the side branch 
is usually easily observed by IVUS. In our study, the 
assessment of SB struts showed better alignment 
between IVUS and OCT at a lesion and a frame 
level analysis than the other qualitative ! ndings.

However, the poor to moderate inter- and intra-
observer reproducibility of 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 re-
producibility. However, the comparison of the IVUS 
20 MHz inter- and intra-observer 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 (Figures 3 
and 4). On the other hand, OCT showed excellent 
reproducibility for qualitative ! ndings and number 
of struts per cross-section. These results are similar 
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to those reported by Gonzalo et al. using metallic 
stents (18). The inter- and intra-observer reproduc-
ibility for lumen and sca# old areas was excellent for 
both IVUS and OCT. These results are congruent with 
other studies using IVUS and OCT (18,19). However, 
our study shows that the inter- and intra-observer 
margin of error of those measurements was larger 
with IVUS than with OCT (Figure 4).

LIMITATIONS

The main limitation of this study is the lack of match-
ing between IVUS and OCT image cross-sections. 
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 sca# old lengths between both techniques 
did not allow us to ensure the same sequence 
of cross-sections. Therefore, the percentages of 

qualitative ! ndings adjusted per lesion may di# er 
and adds variability to the agreement between 
the two techniques. The second limitation of the 
study is the use of two di# erent 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/sca# old 
perimeter. On the other hand, the M3 system and 
the IVUS 20 MHz catheter allowed the complete 
visualization of the lumen/sca# old perimeter.

CONCLUSION

Qualitative assessment of BVS structures using 
IVUS 20 MHz should be avoided due to its poor 
agreement and reproducibility when compared to 
OCT. Both IVUS and OCT have good reproducibility 
to assess lumen and sca# old areas but the margin 
of error with IVUS is larger than with OCT.
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6.1

Angiographic Geometric Changes of the Lumen
Arterial Wall After Bioresorbable Vascular Scaffolds
and Metallic Platform Stents at 1-Year Follow-Up
Josep Gomez-Lara, MD,* Salvatore Brugaletta, MD,* Vasim Farooq, MBCHB,*
Robert Jan van Geuns, MD, PHD,* Bernard De Bruyne, MD, PHD,† Stephan Windecker, MD,‡
Dougal McClean, MD,§ Leif Thuesen, MD,! Dariusz Dudek, MD,¶ Jacques Koolen, MD, PHD,#
Robert Whitbourn, MD,** Pieter C. Smits, MD, PHD,†† Bernard Chevalier, MD,‡‡
Marie-Angèle Morel, BSC,§§ Cécile Dorange, MSC,!! Susan Veldhof, RN,!!
Richard Rapoza, PHD,¶¶ Hector M. Garcia-Garcia, MD, PHD,*§§
John A. Ormiston, MBCHB, PHD,## Patrick W. Serruys, MD, PHD*

Rotterdam and Eindhoven, the Netherlands; Aalst and Diegem, Belgium; Bern, Switzerland;
Christchurch and Auckland, New Zealand; Skejby, Denmark; Krakow, Poland;
Melbourne, Australia; Massy, France; and Santa Clara, California

Objectives The aim of this study was to compare the angiographic changes in coronary geometry of the
bioresorbable vascular scaffolds (BVS) and metallic platform stent (MPS) between baseline and follow-up.

Background Coronary geometry changes after stenting might result in wall shear stress changes and ad-
verse events. The BVS have better conformability, compared with MPS, but still modify artery geometry. It is
uncertain whether the BVS resorption can restore the coronary anatomical configuration at midterm follow-up.

Methods All patients of the ABSORB (A Clinical Evaluation of the Bioabsorbable Everolimus Eluting Coronary
Stent System [BVS EECSS] in the Treatment of Patients With de Novo Native Coronary Artery Lesions) and
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) trials treated with a single 3.0 ' 18 mm device and
imaged at baseline and 6- to 12-month follow-up were eligible. Coronary geometry changes were assessed
with quantitative angiography as changes in curvature and angulation. Curvature and angulation changes
between systole and diastole were investigated to assess hinging movements of the coronary artery.

Results One hundred sixty-one patients (86 BVS, and 75 MPS) were included. Baseline angiographic charac-
teristics were similar. From post-implantation to follow-up, curvature increased 8.4% (p ! 0.01) with BVS and
decreased 1.9% (p # 0.54) with MPS; p # 0.01. Angulation increased 11.3% with BVS (p ! 0.01) and 3.8%
with MPS (p # 0.01); p ! 0.01. From pre-implantation to follow-up, BVS decreased 3.4% the artery curvature
(p # 0.05) and 3.9% the artery angulation (p # 0.16), whereas MPS presented with 26.1% decrease in curva-
ture (p ! 0.01) and 26.9% decrease in angulation (p ! 0.01), being larger with MPS (p ! 0.01, both). Hinging
movements in curvature from pre-implantation to follow-up decreased 19.7% with BVS and 39.0% with MPS
(p # 0.27) and decreased 3.9% with BVS and 26.9% with MPS in angulation (p ! 0.01).

Conclusions At midterm follow-up, the BVS tended to restore the coronary configuration and the systo-
diastolic movements to those seen before implantation. The coronary geometry remained similar to that seen
at after implantation with MPS. (A Clinical Evaluation of the Bioabsorbable Everolimus Eluting Coronary Stent
System [BVS EECSS] in the Treatment of Patients With de Novo Native Coronary Artery Lesions; NCT00856856)
(J Am Coll Cardiol Intv 2011;4:789–99) © 2011 by the American College of Cardiology Foundation

From the *Department of Interventional Cardiology, Thoraxcenter, Erasmus Medical Center, Rotterdam, the Netherlands;
†Cardiovascular Center, Aalst, Belgium; ‡Swiss Cardiovascular Center, Bern, Switzerland; §Christchurch Hospital, Christchurch,
New Zealand; !Skejby Sygehus, Aarhus University Hospital, Skejby, Denmark; ¶Jagiellonian University, Krakow, Poland;
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Coronary geometry is the major determinant of the shear stress
inflicted on the endothelial cells lining the artery wall. Physi-
ological wall shear stress (WSS) induces the alignment of the
endothelial cells in the flow direction and the secretion of
numerous antiatherogenic substances such as endothelin and
nitric oxide. In contrast, oscillatory or low WSS induces the
secretion of pro-atherogenic substances, which carries a higher
risk of plaque progression (1). As a result, atherosclerotic
plaques are more frequently located at regions with low WSS,
such as at the inner walls of curved arteries (2–4).

See page 800

Coronary stenting also modifies shear stress. The local WSS
decreases along the entire length of the stent after implantation

(5). Moreover, stented regions ex-
posed to lower WSS have been
shown to exhibit higher grades of
neointimal response compared
with regions with physiological
WSS; this has been shown to be
applicable for both bare-metal
stents (BMS) and paclitaxel-
eluting stents (PES) at 6-month
follow-up (6,7). Consequently,
straightening of curved coronary
arteries after implantation has
been related to a higher neointi-
mal response with BMS and PES
at midterm follow-up (7–9). Con-
versely, sirolimus-eluting stents
(SES) have been demonstrated to
avoid the relationship between
low WSS and a higher neointimal
response at 6 months (7). As a
result, some clinical studies using
first-generation SES showed no
relationship between angulated le-
sions and angiographic restenosis

at 9 months (10,11). It is still unknown whether the progres-
sive loss of angiographic minimal lumen diameter (MLD)
experienced by the SES at long-term follow-up can modify the
relationships among artery bend, curvature, and angulation

with stent restenosis (12). At 2 years, SES and PES presented
with similar angiographic lumen loss (12).

The most important device property that determines
acute changes in coronary geometry is the conformability of
the stent. Stent conformability is dependent on both mate-
rial and design (13). The everolimus-eluting bioresorbable
vascular scaffold (BVS) have shown better conformability in
its ability to adapt to the coronary geometry immediately
after implantation, compared with the Multi-link Vision
and Xience V metallic platform stents (MPS) (Abbott
Vascular, Santa Clara, California) (14). However, both the
MPS and BVS devices have previously been demonstrated
to decrease the artery curvature and angulation from pre- to
post-implantation (14). Therefore, it is uncertain how these
changes in artery geometry are maintained in both devices at
midterm follow-up. This fact is especially important with
the BVS, because bioresorption of the polymeric scaffolds
might potentially allow for the restoration of the coronary
artery to its original anatomical configuration seen before
implantation. By design, the mechanical integrity of the
BVS and the scaffold support to the artery wall eventually
disappear a few months after the implantation (15), with
complete resorption of the polymer approximately 2 years
after implantation (16).

The aim of the present study is to compare the changes in
coronary geometry from post-implantation to 6 to 12
months of follow-up between BVS and MPS. The clinical
outcomes of both BVS and MPS are also explored.

Methods

Population and study design. The ABSORB Cohort B (A
Clinical Evaluation of the Bioabsorbable Everolimus Elut-
ing Coronary Stent System [BVS EECSS] in the Treat-
ment of Patients With de Novo Native Coronary Artery
Lesions) trial is a single-arm trial that included 101 patients
treated with a single 3.0 ' 18 mm BVS. The global
population was divided into 2 groups with different invasive
angiographic controls at 6-month (n # 45) and 12-month
(n # 56) follow-up. The study design and the clinical
outcomes of the first cohort of patients (with 6-month
follow-up invasive control) have been reported (17). The
SPIRIT (A Clinical Evaluation of the XIENCE V Everoli-
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Abbreviations
and Acronyms

BMS ! bare-metal stent(s)

BVS ! bioresorbable
vascular scaffolds

DS ! diameter stenosis

ICCa ! interclass correlation
coefficient for absolute
agreement

MLD ! minimal lumen
diameter

MPS ! metallic platform
stent

PES ! paclitaxel-eluting
stent(s)

QCA ! quantitative coronary
angiography

SES ! sirolimus-eluting
stent(s)

TLR ! target lesion
revascularization

WSS ! wall shear stress
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mus Eluting Coronary Stent System in the Treatment of
Patients With de Novo Native Coronary Artery Lesions) I
trial is a randomized trial that included 60 patients treated
with a single Xience V (n # 28) or a Multi-link Vision (n #
32) 3.0 ' 18 mm stent. The SPIRIT II trial randomized 300
patients to PES or to Xience V stent. A total of 223 patients were
treated with different sizes of Xience V stent. All patients included
in the SPIRIT I and II trials were scheduled for an angiographic
control at 6-month follow-up.

The study design and clinical outcomes of the SPIRIT I
and II trials have been reported (18,19). In brief, the
inclusion criteria of the ABSORB and SPIRIT trials were
similar: patients with stable or non–ST-segment elevation
acute coronary syndrome and with a de novo lesion in a
native coronary artery with a diameter stenosis (DS) be-
tween 50% and 99% were eligible. Patients with ostial
lesions, heavily calcified arteries, or extreme angulated
lesions ($90°) were excluded.

Acute changes in coronary geometry assessed before and
after implantation of both BVS and MPS (Multi-link
Vision or Xience V) have previously been investigated and
reported by our group (14). In brief, 89 patients included in
the ABSORB Cohort B trial treated with the BVS and 102
patients of the SPIRIT I and II trials treated with the
Multi-link Vision or Xience V stents were included (14).
This report presents a continuation of the previous study
with the same population that underwent angiographic
control at 6- or 12-month follow-up.
Treatment procedure and devices. All lesions were treated
with routine interventional techniques that included manda-
tory pre-dilation with a balloon shorter and 0.5 mm smaller in
diameter than the study device. Post-dilation with a balloon
shorter than the implanted device was allowed at the discretion
of the operator, as was bailout treatment.

The ABSORB Bioabsorbable Vascular Scaffold (Abbott
Vascular) is a device consisting of a backbone of a fully
resorbable polymer (poly-L-lactide), coated with a copoly-
mer (poly-D,L-lactide) that contains and releases the anti-
proliferative drug (everolimus). Two platinum markers at
each end outline the boundaries of the scaffold and remain
embedded in the coronary wall after the scaffold resorbs.
The Multi-link Vision and the Xience V stents (Abbott
Vascular) share the same metallic platform composed of a
cobalt-chromium alloy. The Xience V stent is coated with a
biocompatible fluorinated copolymer that contains and re-
leases the same amount of antiproliferative drug (100
#g/cm2 of everolimus) within a similar period.
Quantitative coronary angiography analysis. The operators
were requested to select an angiographic view with minimal
foreshortening of the lesion and limited overlap with other
arteries. This angiographic view was used at baseline (before
and after implantation) and at follow-up. The 2-dimensional
angiograms were analyzed by an independent core labora-
tory (Cardialysis, Rotterdam, the Netherlands) with the

CAAS II analysis system (Pie Medical BV, Maastricht, the
Netherlands). In each patient, the treated region and the peri-
treated regions (defined by 5 mm proximal and distal to the
device edge) were analyzed. The following quantitative
coronary angiography (QCA) parameters were measured:
the interpolated-reference artery diameter, the MLD, and
the percentage DS. Late luminal loss was derived from the
difference between the MLD after implantation and at
follow-up with matched angiographic views.

Curvature and angulation were measured before and after
implantation and at follow-up with the same angiographic
views (with a maximal difference of 10°). Both parameters
were assessed within the treated region with clear landmarks
to assess the treated region before implantation and with the
radio-opaque markers after implantation and at follow-up.
Both curvature and angulation were estimated with QCA
(CAAS II version 1.2 Beta or CAAS 5.9 research version;
Pie Medical Imaging) as previously reported (14). Briefly,
“curvature” is defined as the infinitesimal rate of change in
the tangent vector at each point of the center-line. This
measurement has a reciprocal relationship to the radius of
the perfect circle defined by the curve at each point. The
curvature value is calculated as 1/radius of the circle in cm%1

(14). “Angulation” is defined as the angle in degrees that the
tip of an intracoronary guidewire would need to reach the
distal part of a coronary bend (14). Cyclical changes in
coronary curvature and angulation were estimated as: cur-
vature/angle at the end-diastole % curvature/angle at the
end-systole. End-diastole curvature/angulation was assessed
in the still angiographic view corresponding to the peak
of the QRS complex of the electrocardiogram; and
end-systole curvature/angulation was assessed in the still
angiographic view corresponding with the peak of the T
wave of the electrocardiogram. Relative differences, be-
fore and after implantation, were estimated at the end-
diastole as: (absolute difference in curvature or angulation
between pre- and post-implantation/curvature or angu-
lation at pre-implantation) ' 100.
Statistical analysis. The Kolmogorov-Smirnov test was used
to evaluate the normality assumptions of all continuous
variables. Because curvature, angulation, and cyclical
changes of curvature and angulation did not have a normal
distribution, all QCA geometry variables were expressed as
median (interquartile range). The rest of the continuous
variables were expressed as mean " 1 SD. Categorical
variables were presented as counts (%). Paired comparisons
of continuous variables within groups between different
time-points were estimated with the Wilcoxon test. Non-
paired comparisons between BVS and MPS were estimated
with the Mann-Whitney U test when variables were non-
normally distributed and with the Student t test when
normally distributed. Comparisons of categorical variables
were estimated with the chi-square test.
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To assess the interobserver reproducibility of curvature
and angle measurements, 2 observers analyzed 40 randomly
selected cases. The interobserver reproducibility was as-
sessed with the r2 Pearson correlation coefficient and the
interclass correlation coefficient for absolute agreement
(ICCa). An ICCa !0.4 indicated bad agreement, an ICCa
between 0.4 and 0.75 indicated moderate agreement, and
ICCa values $0.75 indicated excellent agreement (20).

All statistical tests were carried out with a 2-sided 5%
level of significance. All measures were obtained with the
SPSS software (version 15.0, SPSS, Inc., Chicago Illinois).

Results

Population and baseline clinical characteristics. A total of 86
patients treated with BVS and 75 patients treated with
MPS (58 Xience V, and 17 Multi-link Vision) were
included in the present study. A flow chart of the patient
selection is shown in Figure 1. Briefly, 30 patients were
excluded because of: declined invasive angiographic follow-
up, different angiographic views between baseline and
follow-up, target lesion revascularization (TLR) before the
scheduled invasive control, and damage to the data storage
media. Angiographic follow-up of the BVS group was
performed at 6 months in 37 patients and at 12 months in

49 patients. All patients treated with MPS were planned for
invasive angiographic follow-up at 6 months.

The baseline clinical characteristics are shown in Table 1.
Both groups were similar in age, sex, and cardiovascular risk
factors except for smoking history (BVS 16.3% vs. MPS
37.3%; p ! 0.01). Although there were no differences in the
treated artery, the BVS group had a trend toward more
patients with the culprit lesion located in the right coronary
artery (33.7% vs. 20.9%, respectively). The left anterior
descending was the most commonly treated artery with both
BVS and MPS (45.4% vs. 50.7%, respectively).
Angiographic changes unrelated to coronary geometry. An-
giographic findings unrelated to coronary geometry are
shown in Table 2. Both BVS and MPS showed similar
angiographic parameters before implantation. After implan-
tation the BVS demonstrated a smaller MLD (2.05 mm vs.
2.14 mm, respectively; p ! 0.01) and higher DS (15.4% vs.
12.7%, respectively; p ! 0.01) compared with MPS. At
follow-up, the DS, MLD, and late luminal loss were
nonstatistically different between BVS and MPS.
Angiographic changes related to coronary geometry. An-
giographic findings related to coronary geometry are shown
in Table 3. Before implantation both groups presented with
similar median values of curvature (BVS 0.297 cm%1 and

Figure 1. Flow Chart of the Patient Selection

BVS # bioresorbable vascular scaffolds; MPS # metallic platform stents.
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MPS 0.365 cm%1; p # 0.99) and angulation (33.1° vs. 36.5°,
respectively; p # 0.84). Cyclical changes in curvature (0.109
cm%1 vs. 0.091 cm%1, respectively; p # 0.80) and angulation
(5.6° vs. 8.4°, respectively; p # 0.11) were also similar
between groups.

From pre- to post-implantation, curvature and angula-
tion significantly decreased in both groups. However, the
BVS group experienced a smaller reduction in curvature

(15.3% vs. 21.9%, respectively; p # 0.11) and angulation
(17.4% vs. 31.8%, respectively; p # 0.02) compared with
MPS. The BVS also presented with a smaller decrease in
systo-diastolic (cyclical) changes in curvature (23.1% vs.
39.9%, respectively; p # 0.09) and angulation (29.6% vs.
51.0%, respectively; p # 0.06) compared with MPS.

From post-implantation to follow-up, the BVS showed
an 8.4% increase in curvature (p ! 0.01) and 11.3% increase
in angulation (p ! 0.01). Conversely, the MPS remained
with a similar curvature (1.9% reduction, p # 0.54) but
presented with a mild increase in angulation (3.8%, p #
0.01). The comparison of the absolute changes in curvature
and angulation from post-implantation to follow-up be-
tween BVS and MPS was statistically significant for both
parameters. The cyclical changes in coronary curvature and
angulation observed at follow-up were similar to that
observed after implantation in both groups, without any
significant differences between devices.

From pre-implantation to follow-up, the BVS demon-
strated a trend toward a reduction in artery curvature (3.4%;
p # 0.05) and angulation (3.9%; p # 0.16). However, the
MPS demonstrated a significant reduction in curvature of
26.1% (p ! 0.01) and a reduction in angulation of 26.9%
(p ! 0.01); this was shown to be significantly larger than the
BVS (p ! 0.01 for curvature and angulation). Similarly, the
BVS experienced fewer changes of systo-diastolic changes
in curvature (19.7% reduction; p # 0.11) and angulation
(0.3% increase; p # 0.51). However, the MPS showed an
important decrease in cyclical changes of curvature (39.0%;
p ! 0.01) and angulation (49.9%; p ! 0.01). The compar-
ison between devices resulted in a lower reduction with the

Table 1. Baseline Clinical Characteristics

BVS (n ! 86) MPS (n ! 75) p Value

Age (yrs) 61.6 " 8.4 62.6 " 10.2 0.50

Men 62 (72.1) 52 (69.3) 0.70

Hypertension 55 (64.0) 44 (58.7) 0.47

Hypercholesterolemia 71 (82.6) 55 (73.3) 0.16

Diabetes mellitus 15 (17.4) 12 (16.0) 0.81

Smoking history 14 (16.3) 28 (37.3) !0.01

Previous MI 20 (23.3) 25 (33.3) 0.23

Previous PCI 15 (17.4) 14 (18.7) 0.84

Previous CABG 2 (2.3) 1 (1.3) 0.64

Clinical presentation 0.41

Stable angina 72 (83.7) 59 (78.7)

Acute coronary syndrome 14 (16.3) 16 (21.3)

Culprit artery 0.13

LAD 39 (45.4) 38 (50.7)

LCX 18 (20.9) 22 (29.3)

RCA 29 (33.7) 15 (20.0)

Values are mean " SD or count (%).

BVS # bioresorbable vascular scaffolds; CABG # coronary artery binding graft; LAD # left

anterior descending artery; LCX # left circumflex artery; MI # myocardial infarction; MPS #

metallic platform stents; PCI # percutaneous coronary intervention; RCA # right coronary artery.

Table 2. Quantitative Coronary Angiography Findings at Baseline and Follow-Up

Pre-Implantation Post-Implantation Follow-Up p Value* p Value† p Value‡

Lesion/scaffold length (mm) BVS 10.08 (3.77) 16.33 (1.50) 16.33 (1.73) 0.11 0.23 0.10

MPS 11.03 (3.69) 16.69 (1.13) 16.87 (1.19)

RVD (mm) BVS 2.60 (0.37) 2.67 (0.31) 2.53 (0.34) 0.37 0.32 !0.01

MPS 2.65 (0.31) 2.72 (0.32) 2.68 (0.32)

MLD (mm) BVS 1.06 (0.27) 2.28 (0.25) 2.05 (0.30) 0.62 !0.01 0.14

MPS 1.03 (0.34) 2.41 (0.25) 2.14 (0.49)

BMS 1.05 (0.31) 2.40 (0.33) 1.51 (0.44)

DES 1.03 (0.35) 2.41 (0.23) 2.33 (0.31)

LLL BVS — — 0.23 (0.27) — — 0.47

MPS — — 0.27 (0.43)

BMS 0.89 (0.40)

DES 0.08 (0.21)

DS (%) BVS 59.12 (9.90) 15.44 (6.00) 20.12 (8.95) 0.76 !0.01

MPS 61.19 (11.48) 12.66 (4.39) 20.67 (13.94)

BMS 60.73 (9.34) 13.70 (5.10) 39.53 (15.19)

DES 61.32 (12.11) 12.35 (4.16) 14.95 (6.64)

Bare-metal stents (BMS) # 17; drug-eluting stents (DES) # 58. *p # comparison between BVS (n # 86) and MPS (n # 75) before implantation;

†p # comparison between BVS and MPS after implantation; ‡p # comparison between BVS and MPS at follow-up.

DS # diameter stenosis; LLL # late luminal loss; MLD # minimal lumen diameter; RVD # reference vessel diameter; other abbreviations as in Table 1.
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BVS compared with the MPS for cyclical changes in
angulation (p ! 0.01) but not for the cyclical changes in
curvature (p # 0.27).
Geometric changes in coronary geometry in the subset of
patients with larger pre-implantation curvature and angle.
Because geometric changes are expected to be greater in
curved arteries compared with straight arteries; the one-half
of the overall population with larger median values of
curvature ("0.324 cm%1) and angulation ("34.3°) before
implantation were selected and are shown in Figure 2.

From pre- to post-implantation, the BVS demonstrated a
smaller reduction in curvature (from 0.579 to 0.480 cm%1;
15.9%) compared with MPS (from 0.553 to 0.400 cm%1;
25.5%); this difference almost reached statistical significance
when both scaffolds were compared (p # 0.09). The BVS
also showed a trend toward a lower reduction in angulation
(from 57.7° to 43.9°; 20.6%) compared with MPS (from 56.7°
to 36.4°; 36.1%); without statistical significance (p # 0.14).

From post-implantation to follow-up, the BVS showed a
6.2% increase in artery curvature (from 0.480 to 0.547
cm%1) and a 7.8% increase in angulation (from 43.9° to
52.8°; 7.8%). The MPS demonstrated a 3.7% reduction in
curvature (from 0.400 to 0.356 cm%1) and 3.2% increase in
angulation (from 36.4° to 35.7°). As a result, the BVS had
a statistically significant larger increase in curvature and
angulation than MPS (p ! 0.01 for both measurements).

From pre-implantation to follow-up, the BVS demon-
strated a 0.019 cm%1 (3.4%) reduction in curvature and a
6.1° (10.4%) reduction in angulation. The MPS demon-
strated a 0.211 cm%1 (39.1%) reduction in curvature and a
20.1° (32.6%) reduction in angulation. The absolute reduc-
tion in curvature and angulation were significantly lower
with the BVS compared with the MPS (p ! 0.01 for both
curvature and angulation).

Geometric changes of the BVS group at 6- and 12-month
follow-up. Figure 3 shows the individual data of the BVS
patients divided according to the invasive follow-up (6 vs.
12 months). From post-implantation to follow-up, the
cohort of patients who underwent 12-month follow-up
tended to have larger changes in curvature (14.8% vs. 2.9%,
respectively; p # 0.24) and angulation (11.4% vs. 6.2%,
respectively; p # 0.36) compared with the cohort of patients
who had 6-month follow-up.
Clinical outcomes related to coronary curvature/angulation.
A total of 191 patients (89 BVS and 102 MPS: 77 Xience
V and 25 Multi-link Vision) were investigated before
implantation for geometric parameters. There were no
deaths during the first year of follow-up. A total of 14
patients (7.3%) presented with TLR during the first 12
months after implantation: 4 patients (4.5%) treated with
the BVS, 3 patients (3.9%) treated with the Xience V stent,
and 7 patients (28.0%) treated with the Multi-link Vision
stent. None of the patients with TLR were diabetic. All
TLR events were ischemia-driven, except for 2 patients (1
BVS and 1 Multi-link Vision).

Figure 4 shows the box-plot values of curvature and angulation
before implantation according to the treatment device. In the
overall population, patients with TLR at 1 year showed larger
median values of curvature (0.454 cm%1 vs. 0.307 cm%1, respec-
tively; p # 0.72) and angulation (41.9° vs. 31.4°, respectively; p #
0.23) compared with patients without TLR, although these
differences did not reach statistical significance.
Reproducibility of curvature and angle measurements. In-
terobserver reproducibility for curvature assessment had an r2

Pearson correlation coefficient of 0.84 and ICCa of 0.92
(excellent agreement). The mean " SD difference between
observers was 0.022 " 0.175 cm%1. Interobserver reproducibility
for angulation assessment was 0.86 for the r2 Pearson correlation

Table 3. Coronary Geometric Changes at Baseline and Follow-Up

Pre-Implantation Post-Implantation Follow-Up

Relative
Change

Post–Pre (%)

Relative
Change

FU–Post (%)

Relative
Change

FU–Pre (%)

p Value* p Value† p Value‡Median p1 Median p2 Median p3

Curvature (cm%1) BVS 0.297 (0.179–0.573) 0.269 (0.133–0.473) 0.299 (0.154–0.550) %15.3 !0.01 8.4 !0.01 %3.4 0.05 0.11 0.01 !0.01

MPS 0.365 (0.186–0.556) 0.265 (0.130–0.400) 0.261 (0.133–0.397) %21.9 !0.01 %1.9 0.54 %26.1 !0.01

Cyclic changes in
curvature (cm%1)

BVS 0.109 (0.043–0.167) 0.070 (0.032–0.149) 0.078 (0.026–0.149) %23.1 0.01 10.7 0.30 %19.7 0.11 0.09 0.93 0.27

MPS 0.091 (0.045–0.173) 0.046 (0.022–0.100) 0.060 (0.026–0.112) %39.9 !0.01 11.5 0.27 %39.0 !0.01

Angle (°) BVS 33.13 (15.62–55.40) 26.26 (13.33–43.82) 32.44 (18.86–49.53) %17.4 !0.01 11.3 !0.01 %3.9 0.16 0.02 !0.01 !0.01

MPS 36.49 (23.08–58.19) 24.94 (13.46–36.60) 24.55 (14.86–36.14) %31.8 !0.01 3.8 0.01 %26.9 !0.01

Cyclic changes in
angle (°)

BVS 5.64 (2.37–12.14) 4.63 (1.85–8.22) 4.51 (2.59–10.02) %29.6 0.01 4.6 0.26 0.3 0.51 0.06 0.51 !0.01

MPS 8.35 (3.40–13.20) 3.70 (1.55–6.46) 4.54 (2.03–6.80) %51.0 !0.01 3.7 0.72 %49.9 !0.01

Values are median (interquartile range). *p # comparison between BVS (n # 86) and MPS (n # 75) of the absolute difference post-implantation % pre-implantation; †p # comparison between BVS and MPS

of the absolute difference follow-up (FU) % post-implantation; ‡p # comparison between BVS and MPS of the absolute difference FU % pre-implantation.

p1 # paired comparison between pre- and post-implantation; p2 # paired comparison between post-implantation and follow-up; p3 # paired comparison between pre-implantation and follow-up; other

abbreviations as in Table 1.
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coefficient and 0.91 for the ICCa (excellent agreement). The
mean " SD difference between observers was 5.3° " 11.2°.

Discussion

The major findings of the present study are: 1) both BVS
and MPS decreased the coronary curvature, angulation, and
systo-diastolic changes from pre- to post-implantation; 2)
from post-implantation to follow-up, the BVS significantly
increased the artery curvature and angulation except for the
systo-diastolic changes in curvature and angulation, and the
MPS showed a slight increase in angulation but retained
the artery curvature and the systo-diastolic changes in
curvature and angulation as measured after implantation; 3)
at follow-up, the BVS presented with a minor reduction in
coronary curvature with respect to that seen before implan-
tation, although the coronary angulation and the cyclical
changes in curvature and angulation were similar to that
seen before implantation; and 4) from pre-implantation to

follow-up, the MPS presented with an important reduction
in all geometric parameters. These results were larger and
more evident when the one-half of the population with
higher values of curvature and angulation was investigated.

To the best of our knowledge, the present study is the
first to report an increase in geometric parameters from
post-implantation to follow-up in scaffolded segments. At
6- or 12-month follow-up, the anatomical configuration of
the arteries treated with the ABSORB BVS allowed resto-
ration of coronary geometry to values close to those mea-
sured before implantation. However, these differences were
slightly different according to the follow-up. Patients with
angiographic control at 12 months tended to show larger
changes in geometric parameters compared with patients
with angiographic control at 6 months. Figure 5 shows the
changes in coronary geometry in 2 patients treated with the
BVS and imaged at different follow-up periods (6 and 12
month). The most plausible explanation for the coronary

Figure 2. Geometric Changes in the One-Half of the Population With Higher Values of Curvature and Angulation Before Implantation

Individual changes of the coronary geometry in the top one-half part of the population with higher values of curvature and angulation. The black line repre-
sents the median value. p* ! 0.01, comparison of the absolute differences post-implantation – follow-up between BVS and MPS. BVS # bioresorbable vascular
scaffolds; MPS # metallic platform stents.
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geometric changes observed in the present study is the
gradual reduction in artery support and disappearance of the
mechanical integrity of the scaffold in most of the patients
at 6- to 12-month follow-up but especially in those patients
who underwent angiographic control at 12 months. The
first-generation BVS (1.0) showed an accelerated loss of the
artery support during the first 6 months that resulted in an
important shrinkage of the scaffold (21). The new genera-
tion of BVS (ABSORB) was redesigned to slow down the
loss of artery support, compared with its previous genera-
tion, through modification of the manufacturing processes
of the polymer and platform design (17). According to the
manufacturer, the artery wall support provided by the
ABSORB BVS is designed to gradually decrease during this
period of restoration (3 to 12 months). By the end of the
first year, the vast majority of amorphous polymer that links
the crystalline lamella is hydrolyzed (15). Therefore, the

scaffold has gradually lost continuity of structure, allowing
restoration of the original anatomical configuration.

The potential clinical implications related to the restoration of
the coronary geometry at follow-up are uncertain. It is noteworthy
that, before the scaffold implantation, the physiological geometry
of the treated segment developed an atherosclerotic lesion. The
first bioresorbable scaffolds implanted in human coronary arteries
(Igaki-Tamai, Igaki Medical Planning Company, Kyoto, Japan)
have fulfilled 10-year clinical and intravascular ultrasound follow-
up. The intravascular ultrasound imaging in patients that required
TLR at long-term follow-up showed the presence of neoathero-
sclerotic plaques within the scaffolded segment (22). Therefore, it
seems plausible that the restoration of the coronary anatomical
configuration similar to that seen before implantation might also
potentially restore the WSS conditions that triggered the forma-
tion of atherosclerotic plaques, if drastic preventive measures are
not taken.

Figure 3. Geometric Changes of the BVS Population at 6- and 12-Month Follow-Up

Individual changes in artery curvature and angulation in the BVS group with 6 month follow-up (FU) group (left; n # 37) and in the BVS group with 12 months FU
(right; n # 49). The black line represents the median value. *p # comparison of the absolute difference after implantation % FU between 6- and 12-month FU.
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Conversely, Figure 4 shows a trend toward higher values of
curvature and angulation before implantation in patients with
TLR at 12 months, compared with those without revascular-
ization. These differences mildly differed, depending on the
implanted stent/scaffold. With BVS, differences in curvature
and angulation before implantation in patients without TLR
(median values: 0.292 cm%1 and 32.6°, respectively) and with
TLR at 12 months (0.280 cm%1 and 33.1°, respectively) were
minimal (p # 0.74 and p # 0.99, respectively). With MPS,

curvature and angulation tended to be slightly smaller in
patients without TLR (0.318 cm%1 and 31.4°, respectively),
compared with patients with TLR at 12 months (0.519 cm%1

and 46.4°, respectively); p # 0.48 and p # 0.14, respectively.
However, the present study was not sufficiently powered to
relate coronary geometric parameters with clinical outcomes,
and these results should be interpreted carefully.

Previous reports using BMS found higher risk of reste-
nosis in angulated and curved arteries. A pre-treatment

Figure 4. Box Plot Distribution of the Curvature and Angulation Values Related to the Occurrence of TLR

BVS # bioresorbable vascular scaffolds; MPS # metallic platform stents; TLR # target lesion revascularization.
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angulation "33.5° was found as an independent predictor of
restenosis at 10 months of follow-up (8). However, with the
use of SES, to date no study has been able to relate the
artery curvature/angulation before implantation with a
greater neointimal response or higher risk of restenosis
(7,10,23). However, most of these studies are limited to
clinical outcomes at midterm follow-up. It is uncertain
whether the progressive late lumen loss experienced by SES
at long-term follow-up can modify the relationship between
artery bend, curvature, and angulation and stent restenosis
at longer-term follow-up. The first-generation SES has
shown a progressive reduction of MLD from 6 to 18
months of 0.28 mm, whereas the delayed late lumen loss
was smaller with the first-generation PES in the same
period (0.10 mm; p ! 0.01) (12). The Xience everolimus-
eluting stent has also been associated with a progressive
reduction in the MLD from 6 to 24 months (delayed late
lumen loss of 0.16 mm) and therefore can also be influenced
by the effect of WSS at long-term follow-up (24).
Study limitations. The first limitation of the present study is
the use of 2-dimensional images to assess the geometric
parameters of coronary arteries. Coronary arteries have a
3-dimensional geometric shape that is in continuous move-
ment (4-dimensional), despite the use of the least foreshort-

ened view. For these reasons, the 2-dimensional analysis of
coronary geometry is clearly biased by foreshortening of the
angiographic views. However, a reliable 3-dimensional recon-
struction of coronary arteries, based on angiographic images,
requires a biplane system or rotational angiography (25,26).
Almost all images of patients included in the ABSORB and
SPIRIT trials were acquired with monoplane angiograms in
such way that the 3-dimensional reconstruction would not
have been reliable. Second, the non-normal distribution of
curvature and angulation values, with a relatively high number
of extreme values, caused a moderate variability for repeated
measures between different observers when extreme values of
curvature and angulation were assessed. The exclusion of
extreme curved and angulated lesions (curvature $0.900 cm%1

and angulation $90°) substantially improved the variability
between observers to 0.016 " 0.086 cm%1 for curvature and
4.3 " 7.2° for angulation. The results of the present study were
also reproducible (data not shown), taking into account the
interobserver variability for repeated measurements (2' SD),
with and without extreme values. The third limitation is the
small number of patients included in our study. The possible
relationship between coronary geometry and clinical outcomes
reported in the present study is clearly underpowered and needs
to be interpreted with caution. Finally, the fourth limitation of

Figure 5. Geometric Changes in Curvature and Angulation in 2 Patients Treated With the BVS and Followed at 6 and 12 Months

A and B present different patients with significant lesions in the mid right coronary artery. Patients in A and B demonstrated a reduction in curvature and angulation
from pre- to post-bioresorbable vascular scaffold (BVS) implantation. From pre-implantation to 6-month follow-up, the patient in A remained with similar values of
curvature and angulation. At 12-month follow-up, the patient in B presented with a larger increase in curvature and angulation than that seen before implantation.

ABSORB-BVS Conformability



210

the study is the difference in the time of follow-up of the
ABSORB trial patients. It was decided, as per protocol, to split
the population into 2 groups to assess the bioresorption process
with multiple intravascular imaging techniques in different
time-points. Although a possible restoration of the coronary
artery to its pre-implantation anatomical configuration in
patients treated with metallic stents at 12-month follow-up
seems improbable, we do not have angiographic control at 12
months for MPS SPIRIT patients.

Conclusions

At midterm follow-up, the BVS tended to allow restoration
of the coronary geometry and systo-diastolic movements of
the coronary arteries similar to that seen before implanta-
tion. Coronary geometry and systo-diastolic movements of
coronary arteries treated with MPS remained similar to that
seen after implantation. Potential clinical benefits of restor-
ing the pre-implantation coronary anatomy will require
longer-term clinical follow-up in a larger patient group.
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Comparison of In Vivo Eccentricity and Symmetry
Indices Between Metallic Stents and Bioresorbable
Vascular Scaffolds: Insights From the ABSORB and

SPIRIT Trials

Salvatore Brugaletta,1,2 MD, Josep Gomez-Lara,1 MD, Roberto Diletti,1 MD,
Vasim Farooq,1 MBChB, MRCP, Robert Jan van Geuns,1 MD, Bernard de Bruyne,3 MD,

Dariusz Dudek,4 MD, Hector M. Garcia-Garcia,1,5 MD, PhD, John A. Ormiston,6 MBChB, PhD,
and Patrick W. Serruys,1* MD, PhD

Objective: To compare the geometrical parameters of a bioresorbable vascular scaffold
(BVS) with a standard metallic stent. Background: The introduction of polymeric biore-
sorbable materials in the design of novel coronary scaffolds may affect some geometri-
cal parameters, such as eccentricity and symmetry indices, previously introduced as
IVUS criteria for optimal metallic stent deployment. Methods: From ABSORB Cohort A,
ABSORB Cohort B, SPIRIT I, and SPIRIT II, all patients implanted with BVS 1.0, BVS 1.1,
or XIENCE V, respectively and intravascular ultrasound analyses post-implantation were
selected. The eccentricity index was calculated frame by frame and expressed as an av-
erage per device (minimum diameter/maximum diameter). The symmetry index of the
device was reported as ([maximum diameter 2 minimum diameter]/maximum diame-
ter).Six months major adverse cardiac events (MACE) were analyzed. Results: A total of
242 patients were selected (BVS 1.0: n 5 28, BVS 1.1: n 5 94, XIENCE V: n 5 120). The
BVS exhibited a significantly lower eccentricity index (BVS 1.0: 0.83 6 0.09; BVS 1.1: 0.85
6 0.08; XIENCE V: 0.90 6 0.06; P < 0.01) and a significantly higher symmetry index (BVS
1.0: 0.30 6 0.07; BVS 1.1: 0.31 6 0.06, XIENCE V 0.26 6 0.07; P < 0.01) as compared to the
XIENCE V. An inverse correlation was found between the symmetry and eccentricity indi-
ces for both (BVS r 5 20.69, P < 0.01; XIENCE V r 5 20.61, P < 0.01). No differences in
MACE were detected between the groups according to their geometrical parameters.
Conclusions: The introduction of a new polymeric material in the design of BVS resulted
in a lower eccentricity index and a higher symmetry index as compared to metallic
stents, without detectable impact in MACE, at 6 months. VC 2011 Wiley-Liss, Inc.

Key words: BVS; eccentricity; symmetry; IVUS; XIENCE V

INTRODUCTION

The introduction of intravascular ultrasound (IVUS)
and high pressure implantation of coronary stents in

interventional cardiology practice have had a signifi-

cant impact on stent deployment [1,2]. The MUSIC

trial showed how the use of IVUS criteria (such as
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complete apposition of the stent against the vessel
wall; in-stent minimal lumen area !90% of the aver-
age reference lumen area; eccentricity index !0.7),
may positively contribute to the immediate and
6-month clinical and angiographic outcomes [3]. A
meta-analysis from the BENESTENT and MUSIC
trials further confirmed how the IVUS guidance is
responsible for reduction in restenosis rate [4,5].

Some geometrical stent parameters, such as eccen-
tricity and symmetry, easily detectable by IVUS, have
previously been demonstrated to be related to either
favorable or adverse clinical outcomes [3,6]. With the
transition from a metallic stent to a polymeric biore-
sorbable platform, the need for the re-evaluation of
these geometrical parameters is required at short and
long term.

In the present analysis, we evaluated the eccentricity
and symmetry indices of the bioresorbable vascular
scaffold (BVS) in the ABSORB trials and compared
these to the XIENCE V stent from the SPIRIT trials.

METHODS

Study Population

For the present analysis, we screened all patients from
ABSORB (Cohort A and B) and SPIRIT I [7] and II [8]
trials, and selected all the patients with available IVUS
data post-device implantation. These patients were then
subdivided into three groups according to the device
implanted (BVS 1.0, BVS 1.1 and XIENCE V, all
Abbott Vascular, Santa Clara, CA). The design of the
ABSORB studies has been previously described [9–11].

Briefly, in the ABSORB Cohort A trial (NCT00300131),
patients with a diagnosis of stable or unstable angina or
silent ischemia, were enrolled. 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 stent and
shorter than 14 mm for the 18-mm stent, with a diameter
stenosis greater than 50% and less than 100%, and with
a thrombolysis in myocardial infarction (TIMI) flow
grade more than 1. All lesions were treated by implanta-
tion of BVS 1.0 (3.0 " 12 mm and 3.0 " 18 mm). The
ABSORB Cohort B trial (NCT00856856) enrolled
patients with the same clinical profile and lesion type.
All lesions were treated by implantation of a BVS 1.1
(3.0 " 18 mm) [11].

The SPIRIT trials were planned to assess the safety
and efficacy of the everolimus eluting stent (XIENCE V)
in patients with coronary artery disease. SPIRIT I
and II were prospective, multicenter, single-blinded,
randomized-controlled clinical investigations which
compared XIENCE V with either the bare Multi-Link
VISION metal (Abbott Vascular, Santa Clara, CA,
SPIRIT I trial, NCT00180453) or paclitaxel-eluting
(Boston Scientific, Natick, MA, SPIRIT II trial,
NCT00180310) stents [7,8]. The exclusion criteria of
the two SPIRIT trials were similar to those of the
ABSORB trials. All the trials had previously been
approved by the ethics committee at each participating
institution with written informed consent obtained for
each patient before inclusion.

Quantitative Coronary Angiography Analysis of
Vessels Pretreatment

Quantitative coronary angiography (QCA) pre-treat-
ment was performed by an independent core laboratory
(Cardialysis BV, Rotterdam, The Netherlands), using
the CAAS II analysis system (Pie Medical BV, Maas-
tricht, Netherlands). For each pre-treatment angiogram,
the treated and the peri-treated regions (defined by a
length of 5-mm proximal and distal to the device edge)
were analyzed. The following QCA parameters were
computed: computer-defined minimum lumen diameter
(MLD), reference vessel diameter (RVD), obtained
by the interpolate method, and percentage diameter
stenosis [12].

Study Devices

The BVS has an amorphous poly-DL-lactide (PDLLA)
coating that contains and controls the release of the anti-
proliferative drug everolimus (Fig. 1). The scaffold body
is made of semi-crystalline poly-L-lactide (PLLA).
PLLA is completely degraded via hydrolysis and biore-
sorbed via the Krebs cycle [9,10]. Physically, the scaf-
fold has struts with an approximate thickness of 150 lm.

Fig. 1. Pictures of BVS 1.0, BVS 1.1, and XIENCE V.
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There are no differences in polymeric material, drug
dose, drug release, or strut thickness between BVS revi-
sions 1.0 and 1.1. Of note, the BVS revision 1.1 has a
smaller maximum circular unsupported surface area
compared to revision 1.0, with the struts arranged as in-
phase zigzag hoops linked together by three longitudinal
links, similar to the XIENCE V design [13].

The XIENCE V stent is an everolimus-eluting,
cobalt chromium alloy device with a platform consist-
ing of serpentine rings connected by links fabricated
from a single piece. The strut thickness is 81 lm with
the polymer and drug coating adding a further thick-
ness of 7 lm to the overall thickness.

Lesions were treated with standard interventional
techniques, with mandatory pre-dilatation, using a bal-
loon shorter and 0.5 mm smaller in diameter than the
study device. The study device was implanted at a
pressure not exceeding the rated burst pressure. Post-
dilatation with a balloon shorter than the implanted de-
vice was allowed at the operator’s discretion, as was
bailout treatment.

Intravascular Ultrasound Analysis

Post-procedure treated vessel segments were exam-
ined with mechanical (Atlantis, Boston Scientific,
Natick, MA) or phased array (Eagle-eye Volcano, Ran-
cho Cordova, CA) intravascular ultrasound (IVUS),
using automated pullbacks at 0.5 mm per second after
administration of 0.2 mg intracoronary nitroglycerin.
IVUS analyses were performed by an independent core

laboratory (Cardialysis BV, Rotterdam, The Nether-
lands). Only the lesions implanted with a BVS 1.0,
BVS 1.1, or a XIENCE V were included in the analy-
sis. A computer-based contour detection program was
used for automated 2D reconstruction of the treated
segment. The lumen, stent/scaffold boundaries and
external elastic membrane (vessel boundaries) were
detected using a minimum cost algorithm [14].

For each treated vessel segment, we analyzed frame
by frame the lumen, device implanted (stent/scaffold),
plaque, and vessel area and upfront selected the site
(single frame) of minimum stent/scaffold area (MSA).
The MSA is classically described as the flow-limiting
area and has been previously related to angiographic
and clinical outcomes [15,16]. In each frame, we
obtained the ‘‘projected’’ diameters of the stent/scaf-
fold, as previously described and validated [17].

For each device implanted we therefore calculated:

• Eccentricity index at the MSA frame, as a ratio
between the minimum and maximum diameters in
that frame; [3,18]

• Eccentricity index, as the average of all eccentricity
indices of each frame; [3,18]

• Symmetry index as [maximum stent/scaffold diameter
in a single frame minus minimum stent/scaffold diam-
eter in a single frame] divided by the maximum stent/
scaffold diameter [19]. Note that the maximum and the
minimum stent/scaffold diameters in this calculation
were possibly located in two different frames over the
length of the device implanted (Fig. 2).

Fig. 2. Relationship between the symmetry and eccentricity indices of a intracoronary
device. Minimum and maximum diameters over the length of the device are shown. Two
cross-sections with different eccentricity indices are also shown.
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Intravascular Ultrasound Assessment of Lesion
Calcification

The MSA frames selected upfront for each lesion
were also assessed by two experienced cardiologists to
quantify calcium, as previously described [19–22]. Cal-
cium produced bright echoes (using the adventitia as
reference) with acoustic shadowing (attenuation) of
deeper arterial structures. The extent and distribution
of lesion calcification were assessed as follows:

• The location of the calcium was defined as superfi-
cial (calcium at the intimal/lumen interface or closer
to the lumen than to the adventitia), deep (calcium at
the media/adventitia border or closer to the adventi-
tia than to the lumen), or both.

• The largest arc of calcium was measured in degrees
with a protractor centered on the lumen. If there was
more than one deposit of calcium in the frame, the total
arc of calcium for that frame was obtained by adding
up the arcs of each individual deposit. Calcification
was then classified an none, one-quadrant (#90$), two-
quadrant (91$ to 180$), three-quadrant (181$ to 270$),
or four-quadrant (271$ to 360$) calcification.

Statistical Analysis

Categorical variables are presented as counts and
percentages and compared by means of the Chi-square
test. Continuous variables are presented as means %
standard deviation (SD). The distribution of the varia-
bles was tested as normal or non normal by Kolmo-
gorov-Smirnov test. Depending on the distribution of
the data, comparison between groups was made with
the ANOVA test with Bonferroni correction or with
the Kruskal-Wallis test with Dunn correction for multi-
ple comparisons. Correlation between parameters was
performed by Pearson or Spearman test, depending on
their distribution. Cardiac death, any acute myocardial
infarction and ischemia-driven target lesion revasculari-
zation at 6-month follow-up were considered as major
cardiac events (MACE), according to the original pro-
tocol of ABSORB A and B trials, and SPIRIT I and II
trials [7,8,10]. The threshold between the considered
normal and non normal value for the eccentricity index
was !0.7, as previously described [3,11]. A multivari-
ate linear regression analysis was tested for the inde-
pendent predictors of eccentricity index: symmetry
index, type of lesion according to AHA/ACC classifi-
cation, target vessel, size of the device as a categorical
variable (size of 3.0 " 18 mm or not) and device
implanted (BVS vs. XIENCE V) were introduced in
the model. A two side P-value <0.05 was considered
as significant. Statistical analyses were performed with
use of SPSS 13.0 software (SPSS, Chicago, IL).

RESULTS

Baseline Clinical and Angiographic
Characteristics

We studied 242 patients (249 lesions) with available
post-stent/scaffold implantation IVUS analyses and sub-
divided these into three groups according to the device
implanted. Group 1 (28 patients): ABSORB Cohort A
trial, BVS 1.0; group 2 (94 patients): ABSORB Cohort
B trial, BVS 1.1, and group 3 (120 patients/127 lesions):
SPIRIT I and II trials, XIENCE V stent. Table I shows
the baseline clinical characteristics.

No significant differences were found between the
groups in the pre-treatment QCA analysis. The diame-
ter and the length of the stents/scaffold implanted were
significantly different between the groups (both P <
0.0001). In particular, only two (7.1%) patients from
group 1 received a BVS 1.0 3.0 " 18 mm, while all
the patients (100%) from group 2 received a BVS 1.1
3.0 " 18 mm, and 37 patients (31%) from group 3
received a XIENCE V 3.0 " 18 mm.

Six-month follow-up data were available in 225
patients (92.9%). A total of 7 MACE were recorded: 1
(3.5%) MACE was recorded for BVS 1.0 [9], 4 (4.2%)
MACE for BVS 1.1 [11], and 2 (1.9%) MACE for
XIENCE V [7,8].

Intravascular Ultrasound Analysis After
Implantation

Both the mean lumen area and the MSA were signifi-
cantly lower for the BVS 1.0 and 1.1 compared to
XIENCE V (P < 0.001; Table II). However, in a further
sub-analysis, including only the stents with the same
size (3.0 " 18 mm2), no significant differences were
found between the groups in terms of mean lumen area
(P ¼ 0.368) and post-procedural MSA (P ¼ 0.268).

Eccentricity and Symmetry Index After
Implantation

The eccentricity index, either average-of-all-frames
or at the MSA, was significantly lower for BVS 1.0
and 1.1 as compared to XIENCE V (both P < 0.001).
Conversely, the symmetry index was significantly
lower for XIENCE V compared to BVS 1.0 and BVS
1.1 (P < 0.001) (Fig. 3). Analyzing the 3.0 " 18 mm
stents alone, the BVS maintained a lower eccentricity
index and a higher symmetry index compared to
XIENCE V (both P < 0.001). No significant differen-
ces were found, in terms of eccentricity and symmetry
index, when comparing the 3.0 " 18 mm devices
against other sizes (Table III).

Whilst no patients demonstrated an average eccen-
tricity index per stent below the threshold of 0.7, 10
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patients (4.1%) exhibited an eccentricity index at the
MSA below 0.7: two (7.1%) of these had a BVS 1.0,
seven (7.4%) a BVS 1.1, and one (0.8%) a XIENCE V
(P ¼ 0.023). Only one MACE (10%) occurred in the
patients with a value <0.7 (n ¼ 10), whilst the remain-
ing six MACE (2.5%) occurred in those patients with a
value !0.7 (n ¼ 239) (log rank test P ¼ 0.283).

There was an inverse correlation between the symme-
try and eccentricity indices for the XIENCE V (r ¼
'0.61, P < 001) and BVS (r ¼ '0.69, P < 0.001) (Fig.
4). Multivariate analysis demonstrated that independent

predictors of eccentricity index were the symmetry index
(P < 0.001) and the implanted device (P < 0.001).

Eccentricity Index at MSA According to Lesion
Calcification

By IVUS, calcium was identified at MSA in 129
frames (52%). When present, it was only superficial in
44 (34%), only deep in 57 (44%) and both superficial
and deep in 28 (22%). The maximum arc of calcium
measured was 42$ % 57$. The distribution of the

TABLE I. Clinical and Angiographic Baseline Characteristics

BVS 1.0
(patients/lesions ¼ 28)

BVS 1.1
(patients/lesions ¼ 94)

XIENCE V
(patients ¼ 120; lesions ¼ 127) P-value

Age, mean % SD 62.0 % 9.0 60.7 % 8.9 61.6 % 10.5 0.90

Male, % (n) 57.1 (16) 61.7 (58) 76.6 (92) 0.23
Hypertension requiring medication, % (n) 57.1 (16) 56.3 (53) 68.3 (82) 0.49

Hyperlipidaemia requiring medication, % (n) 60.7 (17) 65.9 (62) 77.5 (93) 0.57
Smokers, % (n) 21.4 (6) 15.9 (15) 36.6 (44) 0.05
Diabetes, % (n) 3.5 (1) 15.9 (15) 20 (24) 0.20

Previous PCI, % (n) 3.5 (1) 4.2 (4) 6.6 (8) 0.82
Previous AMI, % (n) 7.1 (2) 17.0 (16) 40 (48) 0.04

Renal Impairment, % (n) 3.5 (1) 2.1 (2) 1.6 (2) 0.71
Stable angina, % (n) 71.4 (20) 63.8 (60) 64.1 (77) 0.41
Unstable angina, % (n) 25.1 (7) 31.9 (30) 33.3 (40) 0.01

Silent ischaemia, % (n) 3.5 (1) 4.3 (4) 2.6 (3) 0.48
Target vessel, % (n)
Left anterior descending 53.5 (15) 44.6 (42) 48.8 (62) 0.83
Left Circumflex 25.0 (7) 22.3 (21) 22.8 (29) 0.69
Right coronary artery 21.5 (6) 33.1 (31) 28.4 (36) 0.78

AHA/ACC lesion classification, % (n)
A 0 (0) 1 (1.1) 2 (1.5) 0.46
B1 18 (64.3) 52 (55.3) 34 (26.7) 0.01

B2 10 (35.7) 38 (40.4) 76 (59.8) 0.01
C 0 (0) 3 (3.2) 15 (12) 0.01

Diameter of stent implanted (mean % SD, mm) 3.0 % 0.0 3.0 % 0.0 3.17 % 0.3 0.01
Length of stent implanted (mean % SD, mm) 12.2 % 1.1 18.0 % 0.0 22.8 % 8.5 0.01
QCA analysis pre-treatment

RVD (mean % SD, mm) 2.69 % 0.47 2.61 % 0.37 2.66 % 0.44 0.71
MLD (mean % SD, mm) 1.05 % 0.26 1.06 % 0.28 1.10 % 0.30 0.67

Diameter stenosis (mean % SD, %) 60 % 11 58 % 9 58 % 8 0.83

PCI ¼ percutaneous coronary interventions; AMI ¼ acute myocardial infarction; AHA/ACC ¼ American heart association/American college of Car-
diology; QCA ¼ quantitative coronary angiography; RVD¼reference vessel diameter; MLD: minimum lumen diameter.

TABLE II. Intravascular Ultrasound Postprocedure Data

BVS 1.0

(28 lesions)

BVS 1.1

(94 lesions)

XIENCE V

(127 lesions)

P-value between

the groups

P-value XIENCE V vs.

BVS 1.0 and BVS 1.1

Mean vessel area (mm2) 13.22 % 3.65 14.13 % 3.38 14.84 % 3.91 0.113 0.151 vs. BVS 1.0

0.632 vs. BVS 1.1
Mean lumen area (mm2) 6.01 % 1.09 6.42 % 1.03 7.22 % 1.65 <0.001 <0.001 for both
Mean plaque area (mm2) 7.21 % 2.78 7.68 % 2.64 7.65 % 2.72 0.726 1.000 for both

Minimum stent/scaffold area (mm2) 5.04 % 1.00 5.28 % 0.99 5.96 % 1.52 <0.001 <0.001 for both
Eccentricity index 0.86 % 0.05 0.88 % 0.03 0.92 % 0.03 <0.001 <0.001 for both
Eccentricity index at MSA frame 0.83 % 0.09 0.85 % 0.08 0.90 % 0.06 <0.001 <0.001 for both

Stent/scaffold symmetry index 0.30 % 0.07 0.31 % 0.06 0.26 % 0.07 <0.001 <0.001 for both

Data are expressed as mean % SD. BVS: bioresorbable vascular scaffold; MSA: Minimum stent/scaffold area.
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maximum arc of calcium was one-quadrant in 76
(59%), two-quadrant in 41 (32%), three-quadrant in 12
(9%). Table IV shows the frequency and distribution of
calcium between the groups.

Both BVS (0.82 % 0.09 vs. 0.87 % 0.08, P < 0.01) and
XIENCE V (0.89% 0.04 vs.0.92% 0.04, P< 0.01) exhib-
ited a significantly lower eccentricity index at the MSA in
presence of calcium compared to its absence. The eccen-
tricity index at the MSA of BVS was significantly lower
compared to XIENCE V, either with or without the pres-
ence of calcium, (both P < 0.01) (Fig. 5). No difference
in eccentricity index was found between the groups
according to the localization of calcium (deep, superficial
or both). We observed that when there was a maximum
arc of calcium in two or three quadrants, the eccentricity
indices for both BVS (one-quadrant 0.85 % 0.08, two-
quadrant 0.81 % 0.08, three-quadrant 0.72, P ¼ 0.101)
and Xience V (one quadrant 0.91 % 0.05, two-quadrant
0.87 % 0.06, three-quadrant 0.87% 0.05, P ¼ 0.005) were
lower as compared to the maximum arc of calcium being
present in only one quadrant.

DISCUSSION

The major findings of our analysis are: (1) BVS
exhibits a lower eccentricity index when compared to a
metallic stent; (2) BVS tends to have a higher symme-
try index compared to a metallic stent; nevertheless (3)
these differences in geometrical parameters did not
seem to generate clinical events in the small cohort of
patients studied at 6 months.

Some properties influenced by stent material and
design, such as conformability and flexibility, have pre-
viously been studied in various metallic stent platforms
[23–25]. However, these geometrical parameters seen
in the metallic stent era have to be re-evaluated with
the recent introduction of the polymeric bioresorbable
scaffolds [26,27].

The BVS 1.0 and 1.1 have different geometrical
designs, but are manufactured from the same material.
The BVS 1.1 and the XIENCE V have similar designs,
but are made from differing materials. Our study shows
that different values of eccentricity and symmetry are
observed when comparing BVS with conventional me-
tallic stents. We found that while an everolimus-eluting
metallic stent tends to exhibit a symmetrical shape and
a high eccentricity index after deployment, the everoli-
mus-eluting BVS tends to have a less symmetrical
shape and a low eccentricity index (Fig. 5). The rela-
tionship between these two parameters is inversely cor-
related for both devices, but the slope of this correla-
tion is different (Fig. 3). Thus, device symmetry and

Fig. 3. Distribution of symmetry (left panel) and eccentricity index at MSA (right panel)
between the groups. XIENCE V shows the lowest symmetry index and highest eccentricity
index, significantly different compared to that of BVS 1.0 and BVS 1.1 (P < 0.001 in the com-
parison between all the groups, and P < 0.001 in post-hoc statistical analysis between
XIENCE V vs. BVS 1.0 and BVS 1.1). MSA 5 minimum stent/scaffold area.

TABLE III. Eccentricity and Symmetry Index According to the
Size of the Device

3.0 " 18 mm Other sizes P-value

Eccentricity index XIENCE V 0.91 % 0.03 0.92 % 0.03 0.256

Symmetry index XIENCE V 0.27 % 0.07 0.25 % 0.07 0.101
Eccentricity index BVS 0.88 % 0.03 0.86 % 0.05 0.126
Symmetry index BVS 0.31 % 0.06 0.30 % 0.07 0.759

Data are expressed as mean % SD. BVS: bioresorbable vascular scaffold.



6.2

218

eccentricity seem to be related to the material rather
than to the device design itself. The size of the device,
and in particular its length, do not seem to have any
significant influence on the eccentricity and symmetry
of the devices, but—as expected—differences in device
sizes appear to have an impact on the mean lumen
area and the MSA after implantation. The characteris-
tics of the lesion treated, evaluated by the ACC/AHA
classification, do not seem to influence the eccentricity
index, although they were differently distributed
between the groups. Multivariate analysis, indeed,
demonstrated symmetry index and type of the device
implanted (BVS vs. XIENCE V) to be the only inde-
pendent predictors of the eccentricity index.

We explored also the influence of lesion’s calcifica-
tion, estimated by IVUS, on the eccentricity index in

the MSA frame. As not all the patients included in the
analysis received an intravascular ultrasound virtual
histology (VH) imaging, we used a validated grey-scale
IVUS methodology for calcium quantification [22]. In
addition use of greyscale IVUS data overcomes the
problem of VH dense calcium overestimation in the
presence of a BVS or metallic stent, as the stent/scaf-
fold struts are recognized as dense calcium by the VH
[28,29]. We found that in presence of calcium the ec-
centricity at MSA frame for both devices is lower, con-
firming that BVS exhibits a lower eccentricity index
compared to XIENCE V (Fig. 5).

It is noteworthy to consider that despite these differ-
ences in geometrical properties, BVS has previously
been shown to have an acute recoil only slightly
higher, but insignificantly different, from that of the
XIENCE V, implying for both devices a sufficient ra-
dial strength to counteract the recoil of the vessel [26].

The different grade of eccentricity and symmetry of
the BVS does not seem to generate clinical events,
although our study was obviously underpowered to
demonstrate this. An eccentricity value of 0.7 has pre-
viously been shown to be an acceptable cut-off in the
evaluation of good stent expansion in the MUSIC trial,
with favorable angiographic results seen at 6-month
follow-up [3]. Otake et al. found that a low eccentricity
index may be associated with thrombus formation after
sirolimus-eluting stent implantation [6]. Alfonso et al.,
analyzing the IVUS data of 12 consecutive patients
with stent thrombosis, found that MUSIC criteria were
not fulfilled in any patient [30]. Nevertheless, closer
analysis of the single MUSIC criteria in each patient
showed that the eccentricity index was above 0.7 in ev-
ery case. Stent under-expansion or malapposition,
inflow/outflow disease or edge dissections were sug-
gested to be more important. These findings have also
been confirmed in larger IVUS studies [31–33].

Limitations

The low risk nature of these patients may have con-
tributed to their favorable outcomes and lower rate of
MACE during follow-up. Therefore, the results may be
difficult to generalize or to apply to a less selected
patient population treated in different settings. A more
complex type of lesions and patients are currently
recruited in the ABSORB EXTEND registry that will
enroll 1,000 patients.

CONCLUSION

The bioresorbable vascular scaffold appears to have
reduced eccentricity index and increased symmetry
index, when compared to conventional metallic stents,

Fig. 4. Correlation between the symmetry and the eccentric-
ity indices for BVS (Panel A) and XIENCE V (Panel B). Dotted
lines represent the median value of symmetry and eccentricity
indices in the overall population. Full dots and stars represent
the patients who developed a MACE during the 6-month fol-
low-up. Note that the majority of the BVS are distributed in
the quadrant lower/right, while the XIENCE V in the quadrant
upper/left. TLR 5 ischemia-driven target lesion revasculariza-
tion; non-Q MI 5 non-Q myocardial infarction.
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without detectable impact on 6-month MACE. Long
term IVUS follow-up is required to assess the geomet-
rical outcome of these devices and to ascertain the
impact of these peri-procedural IVUS parameters on
the long-term outcome.
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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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Vascular compliance after ABSORB implantation

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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Chapter 7
 Assessment of changes in the structure of bioresorbable 
vascular sca! olds overtime.
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7.1

Serial In Vivo Intravascular Ultrasound-Based
Echogenicity Changes of Everolimus-Eluting
Bioresorbable Vascular Scaffold During the
First 12 Months After Implantation
Insights From the ABSORB B Trial

Salvatore Brugaletta, MD,*! Josep Gomez-Lara, MD,* Patrick W. Serruys, MD, PHD,*
Vasim Farooq, MBCHB,* Robert Jan van Geuns, MD,* Leif Thuesen, MD,¶
Dariusz Dudek, MD,# Jacques Koolen, MD, PHD,§ Bernard Chevalier, MD,**
Dougal McClean, MD,‡‡ Stephan Windecker, MD, PHD,§§ Pieter C. Smits, MD, PHD,†
Bernard de Bruyne, MD,! ! Robert Whitbourn, MD,## Ian Meredith, MD, PHD,***
Ron T. van Domburg, PHD,* Kenij Sihan, MSC,* Sebastiaan de Winter, BSC,*
Susan Veldhof, RN,¶¶ Karine Miquel-Hebert, PHD,¶¶ Richard Rapoza, PHD,†††
Hector M. Garcia-Garcia, MD, PHD,*‡ John A. Ormiston, MBCHB, PHD,††
Nico Bruining, PHD*

Rotterdam and Eindhoven, the Netherlands; Barcelona, Spain; Aarhus, Denmark; Krakow, Poland;
Massy, France; Auckland and Christchurch, New Zealand; Bern, Switzerland;
Aalst and Diegem, Belgium; Fitzroy and Melbourne, Australia; and Santa Clara, California

Objectives This study sought to investigate quantitative and homogeneity differential echogenicity
changes of the ABSORB scaffold (1.1) during the first year after implantation.

Background The imaging of the ABSORB bioresorbable vascular scaffold degradation by intra-
vascular ultrasound (IVUS) has previously demonstrated diminishing gray-level intensity of the
struts over time that can be evaluated by IVUS-based differential echogenicity. The first genera-
tion of ABSORB (1.0) showed a 50% reduction in hyperechogenicity at 6 months and restoration
of the pre-ABSORB implantation values at 2 years. The second generation of ABSORB (1.1), in-
vestigated in the ABSORB B trial, was modified to prolong the duration of luminal scaffolding.

Methods A total of 63 patients were examined by IVUS immediately post-implantation and at
6-month (Cohort B1, n # 28) or 12-month (Cohort B2, n # 35) follow-up. IVUS-based tissue compo-
sition analysis software was used to quantify changes in hyperechogenicity over time in the scaf-
folded regions. Relative changes in hyperechogenicity were calculated as: 100 ' (% hyperechoge-
nicity at follow-up % % hyperechogenicity at baseline)/% hyperechogenicity at baseline.

Results At 6- and 12-month follow-up, there was a 15% (from 22.58 " 9.77% to 17.42 " 6.69%,
p # 0.001) and 20% (from 23.51 " 8.57% to 18.25 " 7.19%, p ! 0.001) reduction in hyperechoge-
nicity, respectively, compared with post-implantation values. No difference in hyperechogenicity
changes were observed between the proximal, medial, or distal part of the scaffolded segment.

Conclusions Quantitative differential echogenicity changes of the ABSORB scaffold (1.1) during the first
12 months after implantation are lower compared with those previously observed with its first genera-
tion (1.0), confirming the value of the manufacturing changes and suggesting a slower degradation rate
of the scaffold. (J Am Coll Cardiol Intv 2011;4:1281–9) © 2011 by the American College of Cardiology
Foundation
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ABSORB-BVS echogenicity

Bioresorbable everolimus-eluting vascular scaffolds (ABSORB,
Abbott Vascular, Santa Clara, California) are a novel approach
for treating coronary disease in that they provide transient
vessel support with drug delivery capability, but without the
long-term limitations of metallic stents (1–5). Monitoring the
in vivo bioresorption represents a challenge because the infor-
mation can only be derived indirectly. However, evaluation of
degradation and bioresorption of the ABSORB scaffold at
different time points is important in order to relate it to
other relevant clinical parameters, such as late changes in
scaffold geometry and restoration of vasomotor function (6).

Intravascular ultrasound (IVUS)-derived quantitative echoge-
nicity has previously been shown to be valuable to monitor the
degradation and bioresorption processes of the scaffold.
Previous benchwork showed that degradation of polymers
results in different acoustical properties of the material, and
with respect to the in vivo ABSORB scaffold degradation
process, this is detected by IVUS as diminishing gray-level
intensities of the struts over time (7,8).

The first-generation ABSORB scaffold (1.0), tested in
the ABSORB Cohort A trial, showed a reduction in
IVUS-derived hyperechogenicity from 20.9% at post-

bioresorbable vascular scaffold
implantation to 10% at 6 months
and to 6.0% at 2 years, the latter
of which was close to the pre-
ABSORB implantation value of
the scaffolded segment (9). This
reduction in hyperechogenicity
was accompanied by a signifi-
cant reduction in scaffold area
during the first 6 months and

restoration of vasomotor function at 2 years (6,8,10,11).
The second generation of the ABSORB scaffold (1.1) was

modified to prolong the mechanical integrity of the device,
with the aim of reducing the change in scaffold area over time,
especially in the early phase: this is currently being evaluated in
the ABSORB Cohort B trial (12,13). Of note is that these
enhancements resulted in the absence of the scaffold area
changes at 6-month follow-up that were previously observed
with the first generation of ABSORB (9,14).

The objective of this study is to investigate the amount
and homogeneity of the changes in IVUS-derived hyper-
echogenicity of the ABSORB scaffold (1.1) from post-
implantation to 6- and 12-month follow-up.

Methods

Study population. The ABSORB Cohort B trial enrolled
patients older than 18 years of age with a diagnosis of
stable, unstable, or silent ischemia. The trial was subdi-
vided into 2 subgroups of patients: the first group
(Cohort B1) with invasive imaging with quantitative
coronary angiography, IVUS, IVUS–virtual histology,
and optical coherence tomography at 6- and 24-month
follow-up; the second group (Cohort B2) with the same
invasive imaging but at different follow-up intervals,
namely 12 and 36 months (9). All lesions were de novo,
in a native coronary artery with a reference vessel diam-
eter of 3.0 mm, with a percentage diameter stenosis
"50% and !100%, and a Thrombolysis In Myocardial
Infarction flow grade of "1, and were treated with
implantation of an ABSORB scaffold 1.1 (3.0 ' 18 mm).
Major exclusion criteria were patients with an acute
myocardial infarction, with unstable arrhythmias, or with
a left ventricular ejection fraction !30%, restenotic
lesions, lesions located in the left main coronary artery,
lesions involving a side branch "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 trial, and each
patient gave written informed consent before inclusion.

In the present study, all patients from Cohort B1 and B2
of the ABSORB trial who underwent paired IVUS studies
post-implantation and at 6- or 12-month follow-up were
analyzed.
Scaffold design. The ABSORB is a fully absorbable intra-
coronary device comprised of semicrystalline poly(L-lactide)
(PLLA) coated with amorphous poly(D,L-lactide) (PDLLA)
copolymer that contains and controls the release of the
antiproliferative drug everolimus. Both polylactide materials
are completely degraded via hydrolysis. PLLA is biore-
sorbed via the Kreb’s energy cycle, and PDLLA is physio-
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logically processed via both Kreb’s cycle and methylglyoxal
metabolism (8,10,15). As previously shown, when this
process is imaged by IVUS, individual cross-sectional im-
ages show a diminishing gray-level intensity of the struts
over time (7).
Study procedure and imaging acquisition. All lesions were
treated with routine interventional techniques that included
mandatory pre-dilation using a balloon shorter and 0.5 mm
smaller in diameter than the study device. IVUS examina-
tions were performed at the different specified time points
(post-implantation, 6-month, or 12-month follow-up) with
either a phased-array 20-MHz IVUS catheter (EagleEye;
Volcano Corporation, Rancho Cordova, California) or a
mechanical rotating single-element catheter operating at 40
MHz (Atlantis, Boston Scientific, Natick, Massachusetts)
applying an automated pullback speed of 0.5 mm/s (16).
Rotational, mechanical IVUS probes, operating at a fre-
quency of 40 MHz, rotate a single piezoelectric transducer
at 1,800 rpm, whereas electronic phased-array systems
operate at a center frequency of approximately 20 MHz.
Higher ultrasound frequencies are associated with higher
image resolution, but have decreased tissue penetration
capabilities (17). Electronic systems have up to 64 trans-
ducer elements in an annular array that are active sequen-
tially to generate the cross-sectional image (18). In general,
electronic catheter designs are slightly easier to set up and
use, whereas mechanical probes offer superior image quality.
Quantitative IVUS analysis. To analyze and compare the
IVUS data consistently, only IVUS examinations acquired
with the same type of catheter and/or ultrasound consoles
(20 or 40 MHz) at baseline and follow-up were included in
this study (19). Before quantitative IVUS was performed,
the IVUS data were retrospectively electrocardiogram-gated
by the previously validated Intelligate method (19,20). This
method selects fully automatic, near end-diastolic–acquired
IVUS frames from a nongated IVUS study. Consequently,
this process allows for a smoother appearance of the
coronary vessel wall, which results in enhanced matching
between baseline and follow-up studies, longitudinal con-
touring, and echogenicity analysis (21,22). Of note is that a
low frame rate (e.g., 10 frames/s instead of the optimal
setting of 30 frames/s) does not allow accurate detection of
near end-diastolic frames and cannot be processed by the
Intelligate algorithm.

The post-procedural and follow-up IVUS images were
therefore analyzed side by side, comparing the matched
segments, as previously described (11). Only the treated
segments, identified by the first and the last cross sections
containing visible scaffold struts, were analyzed. The lumen,
scaffold, and external elastic membrane contours were de-
tected using previously validated IVUS analysis software
(CURAD Vessel Analysis, Curad BV. Wijk bij Duurstede,
the Netherlands) in longitudinal reconstructed views of the
coronary vessels (23). The contours of the analysis were

subsequently used to perform the echogenicity analysis of
the scaffolded segment.
Echogenicity analysis. Fully automated quantitative echo-
genicity analysis software, previously developed in-house
and validated, was used to quantify the hyperechogenicity
changes in the scaffolded segment (7,24). In brief, the
mean gray value of the adventitia was used to classify
tissue components as either hypo- or hyperechogenic.
The adventitia surrounding the coronary artery was
defined as a layer extending from 0.2 to 0.5 mm outside
the external elastic membrane. To avoid artifacts, tissue
within acoustic shadowed areas is excluded, and very high
gray-level pixels are identified as upper tissue (24). After
the tissue identification process, the relative fraction of
hypo- versus hyperechogenic tissue volumes was calcu-
lated for the entire scaffolded segment. At 6- and
12-month follow-up, the echogenicity was calculated
between the scaffold and the external elastic membrane
contours, as previously described (7). The software cal-
culated the echogenicity as a volume and percentage for
each scaffolded segment (setting hypoechogenicity and
hyperechogenicity to 100%).

The ( hyperechogenicity was calculated for each scaf-
folded coronary segment, as follows:

"% hyperechogenicity 6 months $

% hyperechogenicity post ABSORB scaffold implantation#
% hyperechogenicity post ABSORB scaffold implantation

% 100%

The same formula was also applied to calculate the relative
change in hyperechogenicity at 12-month follow-up.

In a further analysis, the scaffold was subdivided into 3
segments of equal length (proximal, medial, and distal), and
the homogeneity of the hyperechogenicity changes at the
various pre-specified time points was investigated.
Statistical analysis. Categorical variables are expressed as
counts and percentages. Continuous variables are presented
as mean " SD. The normal distribution of the variables was
analyzed by the Kolmogorov-Smirnov test. IVUS-derived
parameters across all time points were compared with
parametric (paired sample t test) and nonparametric tests
(Wilcoxon test) for paired data, as appropriate, according to
their distribution. Correlation between plaque volume and
( hyperechogenicity was done by Spearman rank test, as
these variables were not normally distributed.

A 2-tailed value of p ! 0.05 was considered statistically
significant. Statistical analyses were performed with SPSS
16.0 software (SPSS Inc., Chicago, Illinois).

Results

Study patients. Overall, 37 and 54 patients underwent
paired IVUS imaging post-procedural and at 6- or
12-month follow-up in ABSORB Cohorts B1 and B2,

7.1



239

respectively. For the purpose of the study, 9 and 19
patients were excluded from the Cohorts B1 and B2,
respectively, because different IVUS catheters (20 or 40
MHz) were used at baseline and/or follow-up (n # 7) or
the quality of the pullbacks did not allow further post-
processing (n # 21). Eventually, 63 patients (28 with
6-month and 35 with 12-month follow-up) were in-
cluded in the analysis (Table 1). No differences were
found between the patients included and those excluded
from the analysis in terms of baseline or angiographic
characteristics.

Table 2 shows the IVUS data for both cohorts. At 6
months, there was a small, significant reduction in mean
scaffold and lumen areas, whereas the mean vessel area
remained unchanged. At 12 months, no changes were found
in mean scaffold, lumen, and vessel areas.

Quantitative echogenicity analysis from post-implantation to
6 months. There was a nonsignificant increase of plaque
volume (Table 3). The % hyperechogenicity decreased
significantly between post-ABSORB implantation and the
6-month follow-up (p # 0.001) (Fig. 1A). Overall, there
was on average a ( hyperechogenicity of %15.51% (95%
confidence interval: %27.51 to %7.52).

There were no differences in ( hyperechogenicity be-
tween proximal (%4.22 " 35.57%), medial (%10.7 "
31.78%), and distal segments (%10.80 " 45.41%; p #
0.487) (Fig. 2A). No correlation was found between base-
line plaque volume and ( hyperechogenicity (Spearman rho #
0.194, p # 0.322).
Quantitative echogenicity analysis from post-implantation to
12 months. At 12 months, there was a nonsignificant
increase of plaque volume (Table 4). The % hyperechoge-

Table 1. Clinical and Lesion Characteristics

Cohort B1 (n ! 28) Cohort B2 (n ! 35)

Patient demographic and clinical data

Age, yrs 62.1 " 10.1 60.4 " 8.1

Male 19 (68) 23 (66)

Hypertension 17 (61) 25 (74)

Hypercholesterolemia 26 (93) 23 (66)

Diabetes 5 (18) 7 (20)

Current smoking 4 (14) 7 (20)

Prior PCI 5 (18) 5 (14)

Prior myocardial infarction 10 (36) 5 (15)

Stable angina 21 (75) 22 (63)

Unstable angina 3 (11) 6 (17)

Silent ischemia 0 (0) 3 (9)

Lesion and angiographic characteristics

Treated vessel

Left anterior descending artery 7 (25) 19 (53)

Left circumflex artery 8 (29) 6 (17)

Right coronary artery 13 (46) 11 (31)

ACC/AHA lesion type

Type A 1 (4) 0

Type B1 13 (46) 25 (71)

Type B2 13 (46) 8 (23)

Type C 1 (4) 2 (6)

QCA analysis pretreatment

Mean RVD, mm 2.68 " 0.47 2.61 " 0.30

MLD, mm 1.06 " 0.33 1.04 " 0.26

Diameter stenosis, % 60.10 " 10.93 59.92 " 9.66

Medical treatment

Beta-blockers 22 (80) 28 (82)

ACE inhibitors 13 (47) 15 (44)

Statins 26 (96) 32 (94)

Values are mean " SD or n (%).

ACC/AHA American College of Cardiology/American Heart Association; ACE # angiotensin-converting enzyme; MLD # minimum lumen diameter;

PCI # percutaneous coronary intervention; QCA # quantitative coronary angiography; RVD # reference vessel diameter.

ABSORB-BVS echogenicity
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nicity decreased significantly (p ! 0.001) (Fig. 1B). On
average, there was a ( hyperechogenicity of %20.00% (95%
confidence interval: %27.32 to %12.00).

There were no differences in ( hyperechogenicity be-
tween proximal (%15.38 " 26.77%), medial (%12.15 "
30.32%), and distal segments (%11.20 " 40.81%; p #
0.920) (Fig. 2B). No correlation was found between baseline
plaque volume and ( hyperechogenicity (Spearman’s rho #
0.101, p # 0.564).

Discussion

The major findings of this study are: 1) the ABSORB
(1.1) demonstrates a smaller reduction in hyperechoge-
nicity during the first 6-month follow-up, as compared
with the first generation (1.0). This observation may be
representative of a slower degradation rate of the scaffold;
2) at 12 months, the relative reduction of hyperechoge-
nicity was slightly higher than that observed at 6 months;
and 3) the hyperechogenicity reduction was homoge-
neous over the length of the scaffold and did not correlate
with the underlying plaque volume.

Changes in material properties of polylactide have
previously been demonstrated to be measurable by
changes in the acoustic properties of the material over
time. Specifically, acoustic properties are influenced by

molecular weight, viscoelasticity, copolymer ratio, and
crystallinity changes in polylactide (25). Additionally,
Wu et al. (26), confirming that property changes of
biodegradable polymers can be detected by ultrasonic
waves, have further shown that the degradation behavior
of biodegradable polymers can potentially be monitored
through the application of ultrasonic techniques. In the
ABSORB Cohort A study, we demonstrated that quan-
titative differential echogenicity, as a method of deter-
mining the acoustic property changes of the ABSORB,
could be applied to monitor in vivo changes of the
scaffold (7,8). At the expected time of total degradation
and bioresorption (approximately 2 years), the acoustic
signals showed only little evidence of polymer residues
(7). Furthermore, histological studies in animal models at
2 to 4 years have demonstrated that the previous locations
of the struts were replaced by proteoglycans with occasional
microcalcification and ultimately by connective tissue (8,27).
Gel permeation chromatography confirmed that the molec-
ular weight of the PLLA was unquantifiable at 2 years after
implantation and that the polymer mass loss increases by
20%, 60%, and 90% at 1, 1.5, and 2 years, respectively,
becoming undetectable at 3 years (27).

In the present study, focusing on the first-year
follow-up after ABSORB bioresorbable vascular scaffold

Table 2. IVUS Data From the Same Patients Used for the Echogenicity Analysis

Paired Patients (n ! 28) Post-Implantation 6-Month Follow-Up p Value

Mean lumen area 6.62 " 1.22 6.35 " 1.11 0.007

Mean vessel area 14.42 " 3.82 14.70 " 3.74 0.161

Mean scaffold area 6.60 " 1.16 6.42 " 1.09 0.004

Mean plaque area 7.80 " 2.87 8.35 " 2.83 0.002

Paired Patients (n ! 35) 12-Month Follow-Up

Mean lumen area 6.27 " 1.02 6.13 " 1.02 0.118

Mean vessel area 14.24 " 3.48 14.58 " 3.47 0.196

Mean scaffold area 6.24 " 0.97 6.15 " 0.94 0.162

Mean plaque area 7.97 " 2.81 8.45 " 2.68 0.023

Values are mean " SD.

IVUS # intravascular ultrasound.

Table 3. Echogenicity Analysis Post-ABSORB Implantation and at 6 Months (n ! 28)

Post-Implantation 6-Month Follow-Up
Relative Difference Based on

Individual Data, % p Value

Plaque volume, mm3 186.51 " 71.74 199.60 " 69.50 12.67 " 32.98 0.127

Calcification volume, mm3 0.11 " 0.21 0.10 " 0.22 %15.75 " 51.24 0.520

Upper volume, mm3 2.38 " 4.79 0.72 " 2.07 %57.50 " 79.61 0.001

Hyperechogenicity, mm3 38.91 " 20.19 33.31 " 16.26 %6.65 " 26.29 0.094

Hyperechogenicity, % 22.58 " 9.77 17.42 " 6.69 %15.01 " 28.68 0.001

Values are mean " SD.
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(1.1) implantation, we demonstrated a smaller change in
( hyperechogenicity at 6 months as compared with its
first generation (1.0) (p # 0.001) (Fig. 3). No difference
in baseline hyperechogenicity was present between Co-
horts B1 and B2 (22.58 " 9.77% vs. 23.51 " 8.57%, p #
0.742). The accuracy of this method has been previously
reported (7,24). At 12 months, the ( hyperechogenicity
of the ABSORB (1.1) was slightly higher when compared
with 6 months. Although these data came from 2
different groups of patients (Cohorts B1 and B2), a small
hyperechogenicity reduction of ABSORB 1.1 could nev-
ertheless be extrapolated for the period between 6 and 12
months, further supporting a low in vivo degradation rate
of the second-generation ABSORB scaffold. It is note-

worthy that although in an animal model there was a
significant molecular weight degradation of ABSORB
over the first 12 months (27), in humans, the small
change in hyperechogenicity at 12 months may suggest
that the microstructural features, which drive the hyper-
echogenicity signal of the scaffold, are retained for longer
times post-implantation. Because the preservation of
semicrystalline microstructure is necessary for enduring
luminal support, this hypothesis is also consistent with
the observation of reduced scaffold area loss at 6 months
with ABSORB (1.1) compared with its firs-generation
device (9,14). Further studies are, however, required to
correlate the ABSORB degradation process with the changes
in its mechanical properties (28).

In a further subanalysis, we also showed that the (
hyperechogenicity is homogeneous over the entire length
of the scaffold and does not differ in relation to the

Figure 2. Echogenicity Changes Over the Length of the Scaffold

Changes in relative hyperechogenicity at 6 months (A) and at 12 months
(B), according to distal, medial, and proximal segments of the ABSORB
scaffold.

Figure 1. IVUS and Echogenicity Appearance of the Device Over Time

Intravascular ultrasound (IVUS) grey-scale images with the corresponding
IVUS images with hypo-echogenic (red) and hyperechogenic (green) areas
by quantitative echogenicity software presented as a color overlay, at 6 (A)
and 12 months (B). A reduced appearance of the hyperechogenic compo-
nent is visible at 6- and 12-month follow-up. BVS # bioresorbable vascular
scaffold.

ABSORB-BVS echogenicity
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volume of the baseline underlying plaque. We hypothe-
sized that ( hyperechogenicity, used as a surrogate of the
ABSORB property changes, could not only be due to
intrinsic material property changes caused by degrada-
tion, but might also depend upon specific characteristics
of the scaffolded plaque, such as size and histochemical
characteristics (e.g., presence of macrophages) (29).
However, we found no correlation between plaque size and
change in hyperechogenicity at the various time points.
IVUS–virtual histology could be used to evaluate the
characteristics of the scaffolded plaque: the overestima-
tion of virtual histology– dense calcium and necrotic core
after ABSORB implantation precludes this kind of anal-
ysis (30,31).

It is of interest to note that although at 6 months there
was a significant reduction in mean scaffold area and in
mean lumen area, this was not observed at 12 months. This
phenomenon is supported by the fact that a constrictive
remodeling after balloon angioplasty, possibly inducing a

restenotic process, ceased to be active after 4 months (32).
Hypothetically then, at 12-month follow-up, it seems that
there are no elastic vessel forces active anymore on the
scaffold, whose radial force has conversely partially subsided
as indicated by the vasoconstriction and vasodilatation
induced by vasoactive drugs (33). Further follow-up at
future time points (e.g., at 2 and 3 years) is required to
extend the significance of the current findings.

Finally, our standardized software analysis method to
assess the echogenicity of the scaffolded segment over time
represents a clinically relevant tool for the bioresorbable
scaffold era. This analysis approach may provide indirect
information on scaffold degradation, performance of these
devices in various types of lesions (calcified, fibrotic, eccen-
tric, degenerated vein graft) and a method to compare other
types of present and future bioresorbable scaffold platforms.
Study limitations. The main limitation of this observa-
tional study is the relatively small study population. To
maintain the highest quality for analysis, we had to

Table 4. Echogenicity Analysis Post-ABSORB Implantation and 12 Months (n ! 35)

Post-Implantation 12-Month Follow-Up
Relative Difference Based on

Individual Data, % p Value

Plaque volume, mm3 176.31 " 88.19 197.13 " 67.90 33.07 " 70.58 0.219

Calcification volume, mm3 0.12 " 0.21 0.16 " 0.31 22.55 " 69.67 0.611

Upper volume, mm3 2.00 " 3.00 1.39 " 2.17 %56.92 " 51.17 0.590

Hyperechogenicity, mm3 39.06 " 20.24 34.06 " 15.02 %3.17 " 54.43 0.050

Hyperechogenicity, % 23.51 " 8.57 18.25 " 7.19 %19.66 " 22.32 !0.001

Values are mean " SD.
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Figure 3. Comparison in Terms of Echogenicity Changes Between ABSORB 1.0 and 1.1

Comparison between ABSORB 1.0 and 1.1 in terms of serial changes in hyperechogenicity. Mean values and standard errors are reported.
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exclude some patients for whom the data were acquired
with different ultrasound catheters or with a low frame
rate, making baseline and follow-up paired matching
unreliable (34). The use of 20-MHz IVUS catheters may
affect the accurate detection of the scaffold as a result of
its relatively low IVUS resolution (as compared with the
commercially available 40-MHz catheters); conversely, a
relatively low resolution comes with a relatively high
acoustic energy, which improves the sensitivity to pick up
the scaffold struts.

Conclusions

The second-generation ABSORB scaffold (1.1) demon-
strated a reduced amount of change in ultrasound-derived
parameters (e.g., changes in hyperechogenicity) at 6 and 12
months (%15% and %20%, respectively), compared with its
first generation (1.0). This observation may be representa-
tive of a slower degradation rate of the scaffold. Longer
follow-up is required to confirm these findings and their
clinical significance.

Reprint requests and correspondence: Dr. Nico Bruining, Tho-
raxcenter, Erasmus Medical Center, P.O. Box 1738, 3000 DR,
Rotterdam, the Netherlands. E-mail: n.bruining@erasmusmc.nl.
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Serial Analysis of the Malapposed and
Uncovered Struts of the New Generation of
Everolimus-Eluting Bioresorbable Scaffold
With Optical Coherence Tomography
Josep Gomez-Lara, MD,* Maria Radu, MD,* Salvatore Brugaletta, MD,*
Vasim Farooq, MBCHB,* Roberto Diletti, MD,* Yoshinobu Onuma, MD,*
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Auckland, New Zealand; Fitzroy, Australia; Krakow, Poland; Diegem, Belgium; and Santa Clara, California

Objectives The aim of this study is to assess the serial changes in strut apposition and coverage of
the bioresorbable vascular scaffolds (BVS) and to relate this with the presence of intraluminal
masses at 6 months with optical coherence tomography (OCT).

Background Incomplete strut/scaffold apposition (ISA) and uncovered struts are related to a higher
risk of scaffold thrombosis. Bioresorbable vascular scaffolds can potentially avoid the risk of scaffold
thrombosis because of its complete resorption. However, during the resorption period, the risk of
scaffold thrombosis is unknown.

Methods OCT was performed in 25 patients at baseline and 6 months. Struts were classified according to
apposition, coverage, and presence of intraluminal masses. Persistent ISA was defined as malapposed struts
present at baseline and follow-up, and late acquired ISA as ISA developing at follow-up, and scaffold pattern
irregularities when the strut distribution suggested scaffold fracture.

Results At baseline, 3,686 struts were analyzed: 128 (4%) were ISA, and 53 (1%) were located over side-
branches (SB). At 6 months, 3,905 struts were analyzed: 32 (1%) ISA, and 35 (1%) at the SB. Persistent ISA was
observed more frequently than late acquired-ISA (81% vs. 16%, respectively; 3% were unmatchable). Late ac-
quired ISA was associated with scaffold pattern irregularities, which were related to overstretching of the scaf-
fold. Uncovered struts (63 struts, 2%) were more frequently observed in ISA and SB struts, compared with ap-
posed struts (29% vs. 1%; p ! 0.01). Intraluminal masses (14 cross-sections, 3%; in 6 patients, 24%) were more
frequently located at the site of ISA and/or uncovered struts (39% vs. 2% and 13% vs. 2%, respectively;
p ! 0.01).

Conclusions The lack of strut apposition at baseline is related to the presence of uncovered struts and in-
traluminal masses at 6 month. An appropriate balloon/artery ratio respecting the actual vessel size and avoid-
ing the overstretching of the scaffold can potentially decrease the risk of scaffold thrombosis. (ABSORB Clinical
Investigation, Cohort B [ABSORB B]; NCT00856856) (J Am Coll Cardiol Intv 2011;4:992–1001) © 2011 by the
American College of Cardiology Foundation

From the *Thoraxcenter, Erasmus Medical Center, Rotterdam, the Netherlands; †Swiss Cardiovascular Center, Bern, Switzerland;
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Serial intravascular ultrasound (IVUS) imaging of metallic
drug-eluting stents (DES) has shown that incomplete
stent/strut apposition (ISA) at follow-up can be caused by
the persistence of ISA observed at baseline or by the new
appearance of late acquired incomplete scaffold/strut appo-
sition (LAISA) (1,2). Recent reports suggest that strut
apposition is important for the development of strut cover-
age, because malapposed struts are more frequently uncov-
ered at follow-up, as compared with apposed struts (3,4).
Furthermore, the absence of neointimal coverage as well as
the presence of malapposed struts have been related to late
stent thrombosis, even in patients treated with dual anti-
platelet therapy (5,6).

The novel everolimus-eluting bioresorbable vascular
scaffolds (BVS) are promising intravascular devices that
can potentially circumvent the risk of malapposed and
uncovered struts at follow-up. Notably, at 2 years after
implantation, the polymeric material has been shown
to be resorbed with the disappearance of struts that were
initially malapposed or at side branches (SBs) (7). The
first-generation BVS (version 1.0) demonstrated a high
rate of malapposed struts before complete resorption,
with a rate of malapposed struts at 6 months higher than
at baseline (6% vs. 5%, respectively; p ! 0.01). This
uncommon phenomenon was caused by a low rate of
resolved malapposed struts and by the occurrence of
LAISA at 6-month follow-up (8). The late scaffold area
reduction (shrinkage) observed at 6 months was the most
plausible explanation for the higher rate of ISA obser-
ved at follow-up compared with baseline. Despite this,
only 1% of struts remained uncovered at 6-month
follow-up (8).

The new-generation BVS (version 1.1) uses a new platform
design and a different processing of the polymer, as compared
with the previous generation of BVS (version 1.0), resulting in
an increased radial force and longer retention of mechanical
integrity (9). Consequently, there is now no detectable loss in
scaffold area at 6 months (10,11). Nevertheless, ISA and
uncovered struts can still be detected with the new generation
of BVS, but the fate of these struts is unknown.

The aim of our study is to describe the serial changes of
ISA and uncovered struts at baseline and at 6-month
follow-up of the new generation of BVS (version 1.1), as
assessed by optical coherence tomography (OCT).

Methods

Population. The ABSORB Cohort B (A Clinical Evalua-
tion of the Bioabsorbable Everolimus Eluting Coronary
Stent System [BVS EECSS] in the Treatment of Patients
With de Novo Native Coronary Artery Lesions) trial is a
nonrandomized, multicenter, single-arm, efficacy-safety
study (12). The study included 101 patients that were
allocated to 6-month angiographic and intravascular imag-
ing control (cohort B1) or 12-month angiographic and
intravascular imaging control (cohort B2). All lesions were
treated with a single-size device (3 ' 18 mm) of the new
generation of BVS (version 1.1). The OCT imaging was an
optional investigation performed in selected participating
centers. In brief, the common inclusion criteria were pa-
tients 18 years of age or older, with a diagnosis of stable,
unstable, or silent ischemia that presented with a de novo
lesion in a native coronary artery between 50% and 99% of
the luminal diameter and a Thrombolysis In Myocardial
Infarction flow grade of 1 or
more. Exclusion criteria in-
cluded patients with an evolving
myocardial infarction, stenosis
of the left main or ostial right
coronary artery, presence of in-
tracoronary thrombus, or heavy
calcification.

The present study is a post
hoc analysis of those patients
included in the ABSORB co-
hort B1 that were serially im-
aged with OCT at baseline and
at 6-month follow-up.
BVS. The BVS version 1.1 revi-
sion is a balloon-expandable de-
vice, consisting of a polymer
backbone of poly-L-lactide coated with a thin layer of a 1:1
mixture of an amorphous matrix of poly-D,L-lactide polymer
containing 100 #g/cm2 of the antiproliferative drug everoli-
mus. The implant is radiolucent but has 2 platinum markers
at each edge, which allows visualization on angiography and
other imaging modalities. Physically, the scaffold has struts
with an approximate thickness of 150 #m arranged as
in-phase zigzag hoops linked together by 3 longitudinal
bridges.
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Treatment procedure. Lesions were treated with routine
interventional techniques. As per protocol, pre-dilation with
conventional balloons was mandatory. Pre-dilation balloons
should be shorter than the length of the scaffold and
0.5-mm smaller in diameter than the reference vessel. The
BVS implantation should not exceed the burst pressure as
indicated by the product chart (16 atm). Post-dilation with
a balloon shorter than the implanted device was allowed at
the discretion of the operator but, when performed, should
only be done with balloons sized to fit within the boundaries
of the scaffold. Intravascular imaging techniques were per-
formed when optimal BVS placement was obtained accord-
ing to the judgment of the physician on the basis of
angiographic results. In case of suboptimal deployment as
assessed by intravascular imaging techniques, post-dilations
were allowed at discretion of the operator until optimal stent
placement was achieved (on the basis of angiography). After
the last post-dilation, a new intravascular imaging acquisi-
tion was performed and was used for the study analysis.
OCT acquisition. The OCT imaging was performed with 2
different OCT systems (M3 Time-Domain System and
C7XR Fourier-Domain System; LightLab Imaging, West-
ford, Massachusetts). The M3 OCT system used a standard
intracoronary guidewire to cross the target lesion, and then
a single-lumen (e.g., Transit, Cordis, Johnson and Johnson,
Miami, Florida, or ProGreat, Terumo, Tokyo, Japan) or
double-lumen catheter (0.023-inch TwinPass, Vascular So-
lutions, Inc., Minneapolis, Minnesota) was required to
exchange the conventional wire with the LightLab Imaging
ImageWire. Pullback was performed during continuous
injection of contrast medium (1 to 3 ml/s, iodixanol 370;
Visipaque, GE Healthcare, Cork, Ireland) through the
guide catheter with an injection pump. The automated
pullback was performed at 3 mm/s with a frame rate of 20
images/s.

The C7XR system used a conventional wire to cross the
segment of interest. The OCT imaging catheter (Dragon-
fly, LightLab Imaging) was then advanced distally to the
treated region. Pullback was performed during continuous
injection of contrast medium (3 ml/s, iodixanol 370; Visi-
paque) through the guide catheter with an injection pump.
The automated pullback rate was 20 mm/s, and the frame
rate was 100 images/s.
OCT analysis. Offline OCT qualitative data analysis was car-
ried out by 2 expert analysts with the proprietary software for
offline analysis (LightLab Imaging). Both investigators were
blinded to the patient, procedural, and clinical characteristics as
well as to the clinical outcomes. Adjusting for the pullback
speed, the analysis of contiguous cross-sections was performed
at 1-mm longitudinal intervals within the treated segment (7
cross-sections/mm in case of M3 OCT system and 5 cross-
sections/mm in case of C7 OCT system).

At baseline, embedded struts were defined as present
when more than one-half thickness of the strut was im-

pacted into the vessel wall; protruding struts were defined as
struts being in contact with the vessel wall but with less than
one-half strut thickness impacted into the vessel wall. Both
embedded and protruding struts presented with different
degrees of apposed struts at follow-up, but we made no
distinction. At baseline and follow-up, malapposed struts
were defined as struts where the abluminal surfaces were
separated from the vessel wall by flush; and SB struts were
defined as struts overlying the ostium of an SB (Fig. 1). It
is noteworthy that, in contrast with metallic stents, the BVS
allows the assessment of the structures located behind the
struts without the usual shadowing of metallic struts.
Therefore, strut malapposition can be easily assessed when
the polymeric strut is separated from the vessel wall. At
follow-up, the absence of strut coverage was defined when 1
of the strut corners preserved the right angle shape without
signs of neointimal tissue (Fig. 1). Although strut apposi-
tion and coverage was measured as a consensus between 2
analysts, a total of 100 random images of 10 different
patients were analyzed separately by 2 analysts to ensure the
agreement of the qualitative assessments. Scaffold pattern
irregularities were defined when struts were found in loca-
tions incongruent with the scaffold pattern. They were
classified into 2 categories: 1) 2 struts overhanging each
other in the same angular sector of the lumen perimeter,
with or without malapposition; and/or 2) isolated struts
located more or less at the center of the vessel without
obvious connection to the expected adjacent strut pattern.
At follow-up, protruding masses attached to the vessel wall
or floating masses without contact with the vessel wall have
been suggested to be thrombi (3). However, the distinction
between thrombi and neointimal protrusions into the lumen
is not always possible. Therefore, any irregular mass at-
tached to the polymeric struts or floating into the lumen has
been classified as intraluminal mass without distinction
between thrombus and neointima.

With clear landmarks in the longitudinal OCT images,
all cross-sections with at least 1 ISA or SB strut at baseline
were matched with the corresponding image of all the
possible cross-sections of the entire recording at follow-up
(every 7 cross-sections/mm in case of M3 OCT system and
every 5 cross-sections/mm in case of C7 OCT system).
Every single ISA or SB strut at baseline was investigated at
follow-up, to assess its apposition and the state of neointi-
mal coverage. Similarly, those images with at least 1 ISA
and/or uncovered struts at follow-up were matched to the
corresponding image at baseline of all possible cross-
sections of the entire recording at baseline and investigated
to assess the original state of strut apposition.
Statistical analysis. Statistical analysis was performed with
the SPSS software (version 15.0, SPSS, Inc., Chicago,
Illinois). Discrete variables are presented as counts and
percentages and continuous variables as mean " SD.
Comparisons of continuous variables between baseline and
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follow-up have been estimated with the nonparametric
Wilcoxon signed-rank test. Comparison of percentages of
uncovered struts between apposed and nonapposed struts
has been performed with the Mann-Whitney U test at strut
level analysis. Adjustments for clustering data at the patient
and frame level analysis have not been performed. A 2-sided
p value !0.05 was considered statistically significant.

The interobserver agreement for qualitative measure-
ments was quantified by the Cohen’s kappa test for concor-
dance (13). In accordance with previous publications, a
value !0 indicates poor agreement, 0 to 0.20 indicates slight
agreement, 0.21 to 0.40 indicates fair agreement, 0.41 to
0.60 indicates moderate agreement, 0.61 to 0.80 indicates
good agreement, and 0.81 to 1.0 indicates excellent agree-
ment (14).

Results

Population. The ABSORB Cohort B1 study included 45
patients, 28 of whom were imaged with OCT at baseline.
Two patients were excluded due to suboptimal quality of the
OCT recording (lack of imaging of the full length and/or
perimeter of the implant); and 1 asymptomatic patient
withdrew consent to invasive control at 6-month follow-up.
The remaining 25 patients, all of whom were serially imaged
with OCT at baseline and 6-month follow-up, were in-
cluded in the present study. A total of 11 and 9 patients
were imaged with the M3 OCT system at baseline and

follow-up, respectively; whereas 14 and 16 patients were
imaged with the C7 OCT system at baseline and follow-up,
respectively. Only 2 patients were imaged with different
OCT systems at baseline and follow-up.

Table 1. Baseline Clinical and Angiographic Characteristics (n ! 25)

Male 20 (80.0)

Age (yrs) 62.4 " 10.0

Hypertension 14 (56.0)

Hypercholesterolemia 24 (96.0)

Diabetes 2 (8.0)

Smokers 5 (20.0)

Prior MI 11 (44.0)

Prior PCI 6 (24.0)

Clinical indication

Stable angina 21 (84.0)

Unstable angina 4 (16.0)

Number of vessel disease

1 21 (84.0)

2 3 (12.0)

3 1 (4.0)

Target vessel

Left anterior descending 11 (44.0)

Left circumflex 6 (24.0)

Right coronary artery 8 (32.0)

Values are count (%) or mean " SD.

MI # myocardial infarction; PCI # percutaneous coronary intervention.

Figure 1. Strut Apposition and Coverage Assessment

Apposition assessment at baseline: (A) protruding struts: less than one-half thickness of the strut is impacted into the vessel wall; (B) embedded strut: more than
one-half thickness of the strut is impacted into the vessel wall; (C) incomplete strut/scaffold apposition (ISA): the back-side of the strut is separated from the ves-
sel wall; (D) side-branches (SB) strut: the strut is located in the take-off of an SB without any contact with the vessel wall. Strut coverage assessment at follow-
up: (E) apposed and covered strut: the 4 corners of the polymeric strut have lost the right angle shape with signs of tissue coverage; (F) apposed and
uncovered strut: 1 of the 2 endoluminal strut corners preserves the right angle shape without signs of tissue coverage; (G) ISA/SB and covered strut: the 4 strut
corners have lost the right angle shape with signs of tissue coverage; (H) ISA/SB and uncovered: 1 of the 4 strut corners preserves the right angle shape without
signs of tissue coverage.
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Baseline clinical and angiographic characteristics are
shown in Table 1. Mean age was 62.4 years; 80% were men,
and 8% were diabetic. The clinical indication of the index
procedure was stable angina in 84% of patients. A total of
85% of patients had single-vessel disease.
Qualitative OCT findings at baseline. Qualitative OCT find-
ings at baseline are shown in Table 2. At baseline, 3,686
struts in 424 frames were analyzed: 2,554 were classified as

protruding (69.3%), 951 as embedded (25.8%), 128 as ISA
(3.5%), and 53 struts were overlying an SB (1.4%). Figure 2
shows the distribution of malapposed and SB struts
throughout the length of the BVS.
Matched cross-sections. A total of 80 of 90 baseline images
with ISA and/or SB struts were properly matched with the
corresponding frame at 6-month follow-up. Therefore,
95.3% of malapposed and 84.9% of SB struts were properly
matched between time points. At follow-up, the fate of the
malapposed struts observed at baseline was: 80.5% resolved
into apposed struts, and 14.8% persisted as ISA (4.7% were
unmatchable).
Qualitative OCT findings at 6-month follow-up. At 6
months, all polymeric struts were visible, remaining with the
preserved box appearance. Qualitative OCT findings are
shown in Table 3. At follow-up, 3,905 struts in 433 frames
were analyzed: 3,838 were apposed (98.3%), 32 were malap-
posed (0.8%), and 35 were located over an SB (0.9%). Lack
of tissue coverage was detected in 63 struts (1.6%). Distri-
bution of ISA, SB, and uncovered struts throughout the
length of the BVS is shown in Figure 2.
Strut coverage. A total of 43 of 3,838 apposed struts (1.1%)
were uncovered, whereas 10 of 32 ISA struts (31.3%) and 10
of 35 SB struts (28.6%) were uncovered. The comparison of
the rate of uncovered plus apposed struts (1.1%) with the
rate of uncovered plus ISA or SB struts (29.0%) was
statistically significant (p ! 0.01) (Fig. 3).
Intraluminal masses. At 6 months, intraluminal masses were
observed in 14 cross-sections (2.9%) in 6 patients (24.0%).

Table 2. Qualitative OCT Findings at Baseline (n ! 25)

Number of struts 3,686

Protruding 2,554 (69.3%)

Embedded 951 (25.8%)

ISA 128 (3.5%)

SB 53 (1.4%)

Matched ISA at baseline that at 6 months became 128

Apposed ) covered 97 (75.8%)

Apposed ) uncovered 6 (4.7%)

Persistent ISA ) covered 15 (11.7%)

Persistent ISA ) uncovered 4 (3.1%)

Unmatchable 6 (4.7%)

Matched SB struts at baseline that at 6 months became 53

Apposed ) covered 12 (22.7%)

Apposed ) uncovered 1 (1.9%)

SB ) covered 27 (50.9%)

SB ) uncovered 5 (9.4%)

Unmatchable 8 (15.1%)

ISA # incomplete scaffold/strut apposition; OCT # optical coherence tomography;

SB # side branch.

Figure 2. Distribution of Malapposed and Uncovered Struts

Strut distribution with respect to the optical coherence tomography (OCT) catheter (degrees) and location throughout the bioresorbable vascular scaffold (BVS)
length (from distal to proximal) of malapposed, side-branch (SB), and uncovered struts. ISA # incomplete strut/scaffold apposition.
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Notably, intraluminal masses were more often associated with
malapposed and/or uncovered struts rather than apposed and
covered struts. Of struts with attached intraluminal masses, 40.0%
of struts were malapposed and uncovered, 18.2% were malap-
posed and covered, 9.3% were apposed and uncovered, and 0.9%
were apposed and covered (p ! 0.01).
Matched cross-sections. A total of 51 of 53 cross-sections
with ISA or uncovered struts were properly matched with
the corresponding image at baseline. Likewise, 97.1% of
malapposed and 95.2% of uncovered struts were properly
matched. The ISA was more frequently caused by persistent
ISA (81.3%) rather than LAISA (15.6%); 3.1% of the struts
were unmatchable. Late acquired ISA was only found in 2
patients (8.0%). Serial analysis of uncovered struts showed
that, at baseline, 36 matched struts were classified as
protruding (57.1%), 4 as embedded (6.3%), and 10 as ISA
(15.9%), and 10 struts were overlying an SB (15.9%); 4.8%
were unmatchable.
Clinical outcomes. At 6-month follow-up, no death, spon-
taneous acute myocardial infarction, scaffold thrombosis, or
target lesion revascularization of the 25 patients included in
the present study were documented. One patient experi-

enced a periprocedural acute myocardial infarction at the
time of the index procedure without any further complica-
tions. Another patient with suboptimal OCT imaging at
baseline (and excluded from our study) presented with
nonclinically driven target lesion revascularization at day 33.
At that time, OCT imaging showed scaffold pattern irreg-
ularities demonstrating substantial structural distortion,
with intraluminal masses attached to the malapposed struts.
At the time of the index procedure, this patient was also
treated with a post-dilation balloon that achieved a larger
predicted diameter than the maximum limit recommended
for the BVS.
Qualitative coverage agreement between the 2 analysts.
Two analysts investigated, in separate analyses, 100
selected cross-sections of 10 different patients with 767
struts. Both analysts agreed in 710 and 35 covered and
uncovered struts, respectively. The Kappa index was 0.75
(good agreement).

Discussion

The main findings of our study are: 1) with the BVS version
1.1, the number of malapposed struts decreased from
baseline to 6-month follow-up; 2) 80% of the malapposed
struts observed at baseline resolved into apposed struts at
follow-up, with a relatively low rate of LAISA at 6 months;
3) as at baseline and follow-up, ISA and SB struts were
associated with a lack of strut coverage at 6 months; and
4) intraluminal masses were rarely observed but were more
frequently associated with ISA and uncovered struts.
Acute ISA. With metallic-DES, acute ISA ranged from
3.7% to 11.6% of the total amount of struts in patients
without ST-segment elevation myocardial infarction

Figure 3. Strut Coverage at Follow-Up With Respect to Strut Apposition

Blue bars # covered; red bars # uncovered. ISA # incomplete scaffold/
strut apposition; SB # side-branch strut.

Table 3. Qualitative OCT Findings at 6-Month Follow-Up

Number of struts at 6 months 3,905

Apposed ) covered 3,795 (97.2%)

Apposed ) uncovered 43 (1.1%)

ISA ) covered 22 (0.5%)

ISA ) uncovered 10 (0.3%)

SB ) covered 25 (0.6%)

SB ) uncovered 10 (0.3%)

Number of struts with attached intraluminal masses at 6 months* 21 (0.5%)

Apposed ) covered 9 (0.2%)

Apposed ) uncovered 4 (9.3%)

ISA ) covered 4 (18.2%)

ISA ) uncovered 4 (40%)

SB ) covered 0

SB ) uncovered 0

Matched ISA struts at follow-up that at baseline were: 32 (0.8%)

ISA 26 (81.3%)

Protruding 5 (15.6%)

Embedded 0

Unmatchable 1 (3.1%)

Matched uncovered struts at follow-up that at baseline were: 63 (1.6%)

Protruding 36 (57.1%)

Embedded 4 (6.3%)

ISA 10 (15.9%)

SB 10 (15.9%)

Unmatchable 3 (4.8%)

Matched ISA ) uncovered struts at follow-up that at baseline were: 10 (0.3%)

Protruding 5 (50.0%)

ISA 5 (50.0%)

N # 25. *Percentages are estimated according the total amount of each strut type.

Abbreviations as in Table 2.
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(15,16). Patients with at least 1 malapposed strut ranged
from 32% to 88% in the same clinical setting (17,18). Our
study observed a rate of acute ISA of 3.5%; and 17 patients
(68%) presented with at least 1 malapposed strut. These
findings suggest that the BVS might have a similar rate of
acute ISA, as compared with metallic-DES.

Figure 2 shows the distribution of the malapposed struts
throughout the BVS length. According to this figure,
malapposed struts were distributed with a particular pattern
and were more frequently located at the 2 edges (especially
at the proximal edge), with few malapposed struts being
located in the central segments of the BVS. This is probably
caused by the placement of the central segment of the BVS
at the site of the minimal lumen area and by the use of
post-dilation balloons (in 56% of patients), shorter than the
length of the scaffold, applied at the central segment of the
BVS. At baseline, 2 of 25 patients presented with scaffold
pattern irregularities resulting in acute strut malapposition.
Both patients were treated with post-dilation balloons
immediately after the BVS implantation. In both cases,
post-dilation balloons were inflated at pressures that re-
sulted in predicted device diameters (according to the
manufacturer’s chart) larger than the recommended limits
for the BVS implantation (3.3 mm for a 3.0-mm nominal
diameter BVS). Scaffold pattern irregularities were located
at the proximal edges and extended over 2 to 4 mm of the
scaffold length. In these images, the number of ISAs were 2
and 5 struts, respectively. Additionally, no intraluminal
mass was observed in these frames.
ISA at 6 months. Malapposed struts of different metallic-
DES ranged from 0% to 15% of the total amount of struts
at 6 months in non–ST-segment elevation myocardial
infarction patients (19–21). In a single study comparing
different metallic-DES, zotarolimus DES presented with
lower rates of malapposed struts (0.0%), as compared with
paclitaxel (0.7%) or sirolimus DES (1.9%) (19). All serial
OCT imaging studies performed with metallic-DES have
found a progressively decreasing amount of malapposed
struts over time (21,22). Unfortunately, at the time of the
present study, no OCT data were available for the everoli-
mus DES at 6-month follow-up.

The healing process of the different metallic-DES is
extremely heterogeneous, with little data being available
with regard to the healing process of malapposed struts.
Serial OCT imaging of sirolimus DES at baseline and
10-month follow-up showed a high rate of persistent
malapposed struts, with 65% of ISA struts observed at
baseline remaining malapposed at follow-up. Late acquired
ISA was observed in 7.3% of malapposed struts at follow-up
(3). Although there are many IVUS studies with serial strut
analysis at baseline and at follow-up, the low sensitivity of
IVUS to assess ISA—when compared with OCT—
challenges the comparability of the results (23). Neverthe-
less, IVUS was able to identify some of the mechanisms

involved in the appearance of LAISA with metallic-DES.
Some patients experienced positive remodeling due to vessel
and lumen enlargement without increasing the plaque area.
In these cases, the vessel wall separated from the apposed
strut causing LAISA. This mechanism was more frequently
related to sirolimus DES (24,25) rather than paclitaxel DES
(1,25), everolimus DES (26), or zotarolimus DES (27).

The first generation of the everolimus-eluting BVS (ver-
sion 1.0) presented with more malapposed struts at 6
months than at baseline. A total of 78% of malapposed
struts observed at baseline persisted at 6 months. Late
acquired ISA was observed in 1.0% of the total amount of
struts and represented 16% of the total amount of ISA at
follow-up (8). The most plausible explanation for this
phenomenon was the loss in scaffold area observed during
the first 6 months, when the BVS version 1.0 had a
premature loss of its radial force and structural continuity
(10). This phenomenon caused the displacement of the
scaffold into the lumen and probably delayed the healing of
previously (baseline) malapposed struts. Likewise, this prob-
ably caused the appearance of new malapposed struts at
follow-up that were apposed at baseline (LAISA). As
assessed by IVUS (8), positive remodeling was not observed
with the BVS (version 1.0), unlike what was previously
reported in DES.

In our study, with the new generation of BVS (version
1.1), the percentage of malapposed struts at 6-month
follow-up was inferior to that at baseline (0.8% vs. 3.5%,
respectively; p ! 0.01). Only 15% of the malapposed struts
at baseline persisted at follow-up. Late acquired ISA was
observed in 5 struts (1.0%) in 2 patients and represented
16% of malapposed struts at follow-up. The mechanism
owing to LAISA in these 2 patients was the emergence of
scaffold pattern irregularities not observed at baseline. Scaf-
fold pattern irregularities were extended over 4 mm
throughout the length of the BVS and were mainly located
at the proximal edge. The IVUS analysis showed the
absence of positive remodeling at the site of the external
elastic membrane in those patients (data not shown).
Figures 4 and 5 show matched OCT images from baseline
to 6-month follow-up of the 2 patients with LAISA caused
by the emergence of scaffold pattern irregularities. Al-
though scaffold pattern irregularities were not observed in
any of those patients at baseline, it is remarkable that the
respective patients had been treated with post-dilation
with balloons that over-stretched the BVS to larger
diameters than the recommended maximum device di-
ameter of 3.3 mm.

The matched images of the 7 struts with acute ISA due
to acute scaffold pattern irregularities (at baseline) evolved to
ISA ) covered (3 struts) and to ISA ) uncovered (4 struts)
at 6 months. None of the cases were related to LAISA.
Strut coverage at 6-month follow-up. Strut coverage of
different metallic-DES is extremely heterogeneous. At 6
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months, sirolimus DES presented with a rate of uncovered
struts from 8.7% to 15.0% (19–22). Uncovered struts with
paclitaxel DES ranged from 2.7% to 5.0% (19,20), and
zotarolimus DES presented with 0% of uncovered struts in
a single report (19).

In our study, with the new generation of BVS (version
1.1), a total of 1.6% of struts were uncovered at 6-month
follow-up. The distribution of uncovered struts throughout
the BVS length did not show any particular pattern (Fig. 2).
However, uncovered struts at follow-up were relatively more
frequently found in struts that at baseline were ISA and SB
struts rather than apposed struts. Similar results have been
obtained with serial OCT imaging of sirolimus DES. Ozaki

et al. (3) found a higher percentage of uncovered struts, at
10-month follow-up, in struts that were malapposed at
baseline (65.4%) as compared with struts that were apposed
(8.6%). The first generation of everolimus-eluting BVS
(version 1.0) presented with 1.0% of uncovered struts at
6-month follow-up (8). Although the rate of ISA at 6
months was relatively high, uncovered struts were not
commonly found. Moreover, the mean neointimal hyper-
plasia area was statistically higher with the BVS version 1.0
than with the BVS version 1.1 (10). There is no clear
explanation for these findings. One hypothesis is that the
advanced resorption state and the strut appearance changes
observed with the BVS version 1.0 at 6 months as compared

Figure 4. Late Acquired ISA

Consecutive, matched OCT images at baseline (A to E) and 6 months (A‘ to E‘) of 1 patient treated with excessive post-dilation (3.4 mm). At baseline, the scaf-
fold pattern is regular. B, C, and D show 1 apposed strut at baseline (arrows) that at follow-up evolved to acquired malapposed strut (arrows) due to scaffold
pattern irregularities. Abbreviations as in Figure 2.

Figure 5. Late Acquired ISA With Attached Intraluminal Masses

Consecutive, matched OCT images at baseline (A to F) and 6-month follow-up (A‘ to F‘). At baseline, the scaffold was post-dilated up to 3.4 mm of predicted
device diameter. The OCT images show all struts are apposed to the vessel wall without scaffold pattern irregularities. At 6 months, the scaffold presents with
pattern irregularities resulting in strut malapposition and lack of tissue coverage (*). Irregular intraluminal masses (arrows) with mild shadowing behind are
attached to the malapposed and uncovered struts. Abbreviations as in Figure 2.
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with the BVS 1.1 could trigger a higher neointimal response
and strut coverage.
Intraluminal masses at 6-month follow-up. Lack of neointi-
mal coverage of different DES was proposed as the best
predictor of late stent thrombosis in pathological studies (6).
However, although sirolimus DES presented with a higher
percentage of uncovered struts compared with paclitaxel
DES, thrombi were more frequently found with paclitaxel
DES (20). This observation supports the concept of a
multicausal pathogenesis of late stent thrombosis, including
malapposition, expansive vessel remodeling, and other fac-
tors that can initiate thrombus formation (28,29). Due to its
high resolution, OCT is able to visualize, with great detail,
many of the proposed predictors of late stent thrombosis in
vivo (3,30). With sirolimus DES, Ozaki et al. (3) found
4.1% of frames with thrombi at 10-month follow-up;
thrombi were more frequently observed in frames with ISA
than in those without this feature (21% vs. 2%, respectively,
p ! 0.01). Our study found 14 cross-sections (2.9%) in 6
patients (24%) containing intraluminal masses at 6-month
follow-up. Intraluminal masses were more frequently ob-
served in cross-sections with ISA than without (39% vs. 2%;
p ! 0.01) and in cross-sections with uncovered struts than
without (13% vs. 2%; p ! 0.01), supporting that malappo-
sition and absence of coverage can initiate thrombosis.
However, whether this is of clinical importance needs to be
further investigated. Figure 5 shows intraluminal masses
attached to malapposed and uncovered struts in 1 patient
with acquired scaffold pattern irregularities and LAISA at 6
months.
Clinical implications. In our study, the new generation of
BVS presented with a lower rate of ISA, uncovered struts,
and intraluminal masses as compared with sirolimus DES at
6-month follow-up. The polymeric nature of this new
technology, however, could render it susceptible to iatro-
genically induced scaffold pattern irregularities. These can
lead to ISA and lack of strut coverage at 6-month follow-up.
The 5 cases reported in our study were treated with
aggressive post-dilations, probably resulting in overstretch-
ing of the scaffold at the time of the implantation. A third
generation of the device is intended to raise the limit of
deployment of the 3.0-mm nominal diameter device to 3.8
mm. Nevertheless, the previous generation of the BVS
(version 1.0) showed a complete resorption of its compo-
nents at 2-year follow-up without any malapposed or
uncovered struts (7). Therefore, in this case, the treatment
with dual antiplatelet therapy can become unnecessary. It is,
however, currently uncertain whether the new generation of
the BVS (version 1.1) will exhibit similar resorption char-
acteristics at 2 years.
Study limitations. The first limitation of the present study is
the limited number of patients. However, our report is 1 of
the largest OCT studies with serial imaging of the same
intracoronary device at baseline and at follow-up. The

second limitation is the lack of statistical adjustment for
clinical and anatomic covariables. The clustering essence of
the OCT data (patient level, stent level, frame level, and
strut level) needs a multilevel regression analysis not applied
in our study. Moreover, the different OCT pullback speed,
frame/rate, and quality of the image of the 2 OCT systems
used in the present study hamper the matching of cross-
sections between baseline and follow-up. A total of 12
cross-sections were unmatchable from baseline to follow-up
or vice versa: 8 cross-sections were imaged with the M3
OCT system and 4 cross-sections were imaged with the C7
OCT system in both baseline and follow-up. Finally, the
last limitation is the lack of results at very-long-term
follow-up. The extrapolation of the 2-year follow-up results
observed with the first generation of BVS (version 1.0) with
the new generation of BVS (version 1.1) is purely specula-
tive. However, all patients included in the ABSORB cohort
B study will be reinvestigated at 2-year follow-up with
invasive imaging techniques.

Conclusions

The new generation of BVS exhibited a low rate of acute,
persistent, and late acquired incomplete strut/scaffold
malapposition as well as uncovered struts. At baseline and
follow-up, malapposed and SB struts were related to a lack
of tissue coverage at 6 months. Scaffold pattern irregularities
were the only cause observed in our study of late acquired
malapposed struts and were also related to a lack of tissue
coverage. Attached intraluminal masses occurred more fre-
quently in malapposed and uncovered struts at 6 months. A
more careful device implantation, with appropriate sizing of
the vessel and respecting the deployment limits of inflation,
will reduce the rates of acute ISA and scaffold pattern
irregularities and, therefore, could circumvent most of the
ISA, uncovered struts, and intraluminal masses observed at
midterm follow-up.
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Abstract
Aims: To analyse and to compare the changes in the various optical coherence tomography (OCT), echo-
genicity and intra-vascular ultrasound virtual histology (VH) of the everolimus-eluting bioresorbable scaf-
fold (ABSORB) degradation parameters during the first 12 months after ABSORB implantation. In the 
ABSORB study, changes in the appearance of the ABSORB scaffold were monitored over time using various 
intracoronary imaging modalities. The scaffold struts exhibited a progressive change in their black core area 
by OCT, in their ultrasound derived grey level intensity quantified by echogenicity, and in their backscatter-
ing ultrasound signal, identified as “pseudo dense-calcium” (DC) by VH.

Methods and results: From the ABSORB Cohort B trial 35 patients had paired OCT, echogenicity and VH 
assessment at baseline and at six- (n=18) or 12-months follow-up (n=17). Changes in OCT strut core area, 
hyper-echogenicity and VH-derived DC were analysed and compared at the various time points. At six months, 
the change (median[IQR]) in OCT strut core area was –7.2% (–14.0–+0.9) (p=0.053), in hyper-echogenicity 
–12.7% (–33.7–+1.4) (p=0.048) and VH-DC 22.1% (–10.8–+48.8) (p=0.102). At 12 months, all the imaging 
modalities showed a decrease in the various parameters considered (OCT: –12.2% [–17.5– –1.9], p=0.093; 
hyper-echogenicity –24.64% [–36.6– –16.5], p=0.001; VH-DC: –24.66% [–32.0– –7.0], p=0.071). However, 
the correlation between the relative changes in these parameters was statistically poor (Spearman’s rho <0.4).

Conclusions: OCT, echogenicity and VH were able to detect changes in the ABSORB scaffold struts, 
although the correlation between those changes was poor. This is likely due to the fact that each imaging 
modality interrogates different material properties on different length scales. Further studies are needed to 
explore these hypotheses.
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virtual histology
OCT
imaging
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Abbreviations
IVUS intra vascular ultrasound
LLI LightLab Imaging
OCT optical coherence tomography
PDLLA poly(D,L-lactide)
PLA polylactide
PLLA poly(L-lactide)
VH virtual histology

Introduction
The everolimus-eluting bioresorbable ABSORB scaffold (Abbott 
Vascular, Santa Clara, CA, USA) represents a novel approach for 
the treatment of coronary lesions, providing transient luminal sup-
port and vessel wall drug delivery without the long-term limitations 
of conventional metallic drug-eluting stents1-3.

In the ABSORB trials, multi-modality imaging techniques were 
applied, including optical coherence tomography (OCT), intravas-
cular ultrasound (IVUS) greyscale and virtual histology (VH). 
These modalities have been extensively used, primarily to investi-
gate geometric changes to the vessel wall and lumen and secondar-
ily to assess changes in the appearance of the struts, as surrogate for 
changes in polymer microstructure caused by hydrolytic degrada-
tion of the polymer over time. OCT, for example, monitored the 
progressive integration of the scaffold into the vessel wall, with 
modification in the reflectivity of the strut core area and in the size 
of the black strut core area3,4; IVUS showed a progressive reduction 
in the grey level intensity of the polymeric struts over time, detected 
by change in hyper-echogenicity5, and VH reported changes in 
dense calcium areas (DC) as the struts are detected by the software 
as “pseudo dense-calcium”2,3,6,7.

However, no systematic and serial comparison between these 
three intra-coronary imaging modalities and their derived parame-
ters, detecting the polymer microstructural changes, has been made. 
With this “pilot-study”, we tried to quantitatively compare the 
material property changes of the scaffold as detected by OCT, echo-
genicity and VH in vivo at six and 12 months after ABSORB 
implantation.

Methods
STUDY POPULATION
The ABSORB Cohort B study enrolled 101 patients older than 18 
years of age with a diagnosis of stable/unstable angina or silent 
ischaemia (Trial number: NCT00856856). Those patients were 
divided into two groups: the first group (Cohort B1) underwent 
invasive imaging including greyscale IVUS, IVUS-VH and OCT at 
six-month follow-up; the second group (Cohort B2) had the same 
invasive imaging at 12 months3. All lesions were de novo, in a 
native coronary artery with a reference vessel diameter of 3.0 mm, 
D�SHUFHQWDJH�GLDPHWHU�VWHQRVLV������DQG��������D�WKURPERO\VLV�LQ�
P\RFDUGLDO� LQIDUFWLRQ� IORZ� JUDGH� RI� ���� DQG� ZHUH� WUHDWHG� ZLWK�
implantation of an ABSORB scaffold (3.0×18 mm). Major exclu-
sion criteria were: patients with an acute myocardial infarction, 
unstable arrhythmias or who had a left ventricular ejection fraction 

<30%, restenotic lesions, lesions located in the left main coronary 
DUWHU\��OHVLRQV�LQYROYLQJ�D�VLGH�EUDQFK����PP�LQ�GLDPHWHU��DQG�WKH�
presence of thrombus or other clinically significant stenoses in the 
target vessel. The local ethics committee at each participating insti-
tution approved the trial and each patient gave written informed 
consent before inclusion.

Only patients with paired IVUS-VH, echogenicity and OCT data 
were included in the present analysis.

ABSORB SCAFFOLD
The ABSORB scaffold is a fully bioresorbable intra-coronary device 
made from semi-crystalline poly(L-lactide) (PLLA) coated with an 
amorphous poly(D,L-lactide) (PDLLA) copolymer that contains and 
controls the release of the anti-proliferative drug everolimus. The pri-
mary mechanism for molecular weight degradation of both polylac-
tide (PLA) materials is hydrolysis, a process in which the ester bonds 
present in the monomeric subunit of PLA molecules are progres-
sively cleaved. Ultimately, PLLA and PDLLA degrade to lactic acid, 
which is readily converted to lactate and processed via both the 
Kreb’s cycle (for L-lactate) and methylglycoxal metabolism (for 
D-lactate1,2,8). Based on preclinical studies, the time for complete 
resorption is assumed to be approximately two years9.

The ABSORB Cohort A and Cohort B trials evaluated the 
ABSORB scaffold generation 1.0 and 1.1, respectively1,2. There are 
no differences in polymeric material, drug dose, drug release rate or 
strut thickness between the two generations. Of note, the ABSORB 
1.1 has a smaller maximum circular unsupported surface area than 
the ABSORB 1.010. Controls implemented in the manufacturing of 
ABSORB 1.1 have resulted in more prolonged luminal support 
post-implantation3.

IVUS ACQUISITION
Treated vessels were examined post-procedure and at follow-up 
with 20 MHz phased array intravascular ultrasound (IVUS) Eagle-eye® 
catheters (Volcano Corporation, Rancho Cordova, CA, USA), using 
automated pullback at 0.5 mm per second after administration of 
0.2 mg intracoronary nitroglycerin. IVUS analyses were performed 
by an independent core laboratory (Cardialysis BV, Rotterdam, The 
Netherlands).

IVUS-VH ANALYSIS
Backscattering of radiofrequency signals provides information on 
vessel wall tissue composition11. All IVUS-VH analyses were per-
formed offline using the pcVH 2.1 software (Volcano Corporation, 
Rancho Cordova, CA, USA). Four tissue components (necrotic 
core: red; dense calcium: white; fibrous: green; and fibrofatty: light 
green) were identified with autoregressive classification sys-
tems11,12. Each individual tissue component was quantified, colour 
coded in all IVUS cross sections and reported as absolute and rela-
tive areas11. As previously shown, the polymeric struts are normally 
classified as areas of “pseudo dense calcium” (DC)2,3,6,7,13. For this 
reason, we assessed the change in DC areas between post-implanta-
tion and follow-up as previously reported1,2,6.
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IVUS ECHOGENICITY ANALYSIS
Fully-automated quantitative echogenicity analysis software, previ-
ously developed in-house and validated, was used to quantify the 
hyper-echogenicity in the treated segment5,14. Briefly, the mean grey 
value of the adventitia is used to classify tissue components as either 
hypo- or hyper-echogenic. The adventitia circumscribing the coronary 
artery is defined as a layer extending from 0.2 to 0.5 mm outside the 
external elastic membrane. To minimise artefacts, tissue within acous-
tic shadowed areas is excluded and very high grey level pixels are iden-
tified as upper tissue14. After the tissue identification process, the 
relative fraction of hypo- versus hyper-echogenic tissue volumes are 
calculated for the entire scaffold segment5. As the polymeric struts, due 
to a high grey value intensity, are identified as hyper-echogenic tissue 
and show a continuous decrease of their grey level intensity during the 
degradation process, we therefore used changes in hyper-echogenicity 
as a surrogate for scaffold degradation, as previously described5,15,16.

OCT ACQUISITION AND ANALYSIS
OCT imaging was performed as an optional investigation in 

selected centres, using either time domain (M3 system; LightLab 
Imaging [LLI], Westford, MA, USA) or frequency domain OCT 
systems (C7XR system, LLI) at baseline and follow-up10,17-21. The 
OCT measurements were performed with proprietary software for 
offline analysis (LightLab Imaging). Adjusting for the pullback 
speed, the analysis of continuous cross-sections was performed at 
1 mm longitudinal intervals within the treated segment.

The ABSORB scaffold shows important differences with respect to 
metallic stents when imaged by OCT. The optically translucent poly-
mer allows imaging of both luminal and abluminal boundaries of the 
strut, which appears as a box with a black central core (strut core area) 
framed by highly reflective borders3. The second generation ABSORB 
1.1 shows, up to 12 months, a progressive decrease in strut core area, 
and none of the changes in morphological strut appearance that were 
seen with the first generation ABSORB 1.01,2. In this analysis, we 
therefore focus on the changes in the strut core area between post-
implantation and follow-up, as a surrogate for scaffold degradation3,4.

STATISTICAL ANALYSIS
Categorical variables are expressed as counts and percentages. 
Continuous variables are presented as mean±standard deviation or 
median and interquartile range, according to their normal or not 
normal distribution. Normality of the data was evaluated using the 
Kolmogorov-Smirnov test. The correlation between various param-
eters across all time points was performed with the Spearman’s test, 
as the data were not normally distributed.

The percentage changes for VH-derived dense calcium, hyper-
echogenicity and strut core area by OCT were calculated for each 
scaffolded coronary segment as follows:
 (Follow-up - post ABSORB scaffold implantation)
 post ABSORB scaffold implantation 

×100%

A two-tailed value of p<0.05 was considered statistically signifi-
cant. Statistical analyses were performed with SPSS 16.0 software 
(SPSS Inc., Chicago, IL, USA).

Table 1. Clinical and angiographic baseline characteristics.

Cohort B1 
(n=17)

Cohort B2 
(n=18)

Age (years) mean±SD (n) 61.0±9.0 60.0±9.1

Men, n (%) 13 (76) 13 (72)

Smokers, n (%) 4 (23) 5 (27)

Diabetes, n (%) 2 (12) 2 (11)

Hypertension requiring medication, n (%) 8 (47) 11 (61)

Hyperlipidaemia requiring medication, n (%) 15 (88) 11 (61)

Previous target vessel intervention, n (%) 4 (23) 3 (16)

Previous myocardial infarction, n (%) 8 (47) 2 (11)

Clinical presentation, n (%)

Stable angina 14 (82) 13 (72)

Unstable angina 2 (12) 3 (16)

Silent ischaemia 0 (0) 2 (12)

Target vessel, n (%)

Left anterior descending 6 (35) 11 (61)

Left circumflex 5 (30) 4 (22)

Right coronary artery 6 (35) 3 (17)

SD: standard deviation

Results
BASELINE CLINICAL AND ANGIOGRAPHIC 
CHARACTERISTICS
Overall, 35 patients had paired multi-modality imaging analyses 
post-implantation and at follow-up. Of these, 17 patients were fol-
lowed-up at six months, and the remaining 18 were followed up at 
12 months. Clinical and angiographic characteristics are shown in 
Table 1.

MULTI-IMAGING ANALYSES FROM OCT, IVUS-VH AND 
ECHOGENICITY AT SIX AND 12 MONTHS
Table 2 shows the mean strut core area, mean absolute and relative 
VH-DC area, mean absolute and relative hyper-echogenicity values 
immediately after ABSORB implantation and at six and 12 month 
follow-up.

At six months, the change in strut core area by OCT was –7.25% 
(–14.07–+0.98) (p=0.053), in VH-DC 22.13% (–10.82–+48.85) 
(p=0.102) and in hyper-echogenicity –12.71% (–33.70–+1.41) 
(p=0.048). At 12 months, the change in strut core area was –12.20% 
(–17.55– –1.98) (p=0.093), in VH-DC –24.66% (–32.07– –7.01) 
(p=0.071) and in hyper-echogenicity –24.64% (–36.63– –16.51) 
(p=0.001) (Figure 1).

CORRELATION BETWEEN OCT, IVUS-VH AND ECHOGENICITY
There was a poor correlation between the changes in the evaluated 
parameters both at six and at 12 months (six months: OCT vs. 
hyper-echogenicity Spearman’s rho= –0.361, p=0.141; OCT vs. 
VH-DC Spearman’s rho=0.362, p=0.139; hyper-echogenicity vs. 
VH-DC Spearman’s rho=-0.218, p=0.385; 12 months: OCT vs. 
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hyper-echogenicity Spearman’s rho=0.262, p=0.309; OCT vs. 
VH-DC Spearman’s rho=0.233, p=0.368; hyper-echogenicity vs. 
VH-DC Spearman’s rho=0.368, p=0.233). The correlation did not 
improve when considering the data from six and 12 months together 
(OCT vs. hyper-echogenicity Spearman’s rho= –0.038, p=0.830; 
OCT vs. VH-DC Spearman’s rho=0.281, p=0.102; hyper-echo-
genicity vs. VH-DC Spearman’s rho=0.071, p=0.683) (Figure 2).

Discussion
The main findings of the analysis are: 1) there appears to be a reduc-
tion in strut core area by OCT and in hyper-echogenicity values 
both at six and 12 month follow-up; 2) VH detects contrasting 
changes in dense-calcium between six and 12 months; 3) at the 
patient level, the correlation between the various parameters 
detected by the three imaging modalities is poor.

One of the most interesting concepts of the ABSORB scaffold is 
the temporary lumen scaffolding: in contrast with metallic stents, 
the polymeric scaffold does not involve a permanent caging of the 
vessel, as it is bioresorbed over time22,23. In keeping with this con-
cept, much interest has been focused on the use of intra-coronary 
imaging techniques and their capabilities in detecting in vivo 

changes in scaffold material properties.

Figure 1. Relative reduction in strut core area, hyper-echogenicity 

and DC content between baseline and 6/12 months follow-up. DC: 

dense calcium
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Table 2. Multi-imaging data from both cohorts.

Cohort B1 (n=17) Cohort B2 (n=18)

Baseline 6-month p-value Baseline 12-month p-value
Mean strut core area (mm2) 0.21±0.03 0.20±0.05 0.053 0.19±0.03 0.17±0.06 0.093

Mean DC area (mm2) 1.15±0.90 1.39±0.82 0.050 1.47±0.72 1.23±0.49 0.029

Mean DC (%) 14.10±7.08 16.27±6.67 0.102 17.38±5.62 13.75±3.92 0.071

Mean hyper-echogenicity volume (mm3) 36.6±13.7 34.5±19.0 0.446 38.2±14.3 33.2±41.0 0.093

Mean hyper-echogenicity (%) 23.1±9.4 19.2±8.9 0.048 24.4±10.5 18.2±8.9 0.001

DC: dense calcium

Figure 2. Examples of OCT, IVUS, VH and echogenicity findings of corresponding cross-sectional images with a side branch (*) selected as 

an anatomical landmark. The white arrows indicate a hyper-echogenic tissue in echogenicity analysis, hidden by the grey media stripe in the 

VH analysis; OCT: optical coherence tomography; IVUS: intravascular ultrasound; VH: virtual histology

IVUS-VH, echogenicity and OCT in ABSORB-BVS
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With regard to OCT, it is sensitive to refractive index changes on 
a length scale greater than the wavelength of the light emitted from 
the catheter. For this reason, it detects the polymeric struts as being 
highly reflective compared to the lumen and the vessel wall. 
Conversely, the black strut core area, despite the heterogeneity of 
the semi-crystalline polymer structure, has a light-poor signal after 
ABSORB implantation, indicating that changes in refractive index 
occur on a length scale less than that of the wavelength of the OCT 
light. However, as hydrolytic degradation progresses, it is reasona-
ble to expect that this polymer microstructural heterogeneity coars-
ens, leading eventually to an increase in OCT reflectivity. For 
example, in the ABSORB Cohort A trial, testing the first generation 
ABSORB device, OCT showed that at six months, only 3% of the 
strut boxes kept the so-called “preserved box” appearance seen at 
post-implantation, whereas the remaining 97% changed their 
reflectivity, becoming “open box, dissolved bright box or dissolved 
black box2”. Each of these OCT appearances was related to differ-
ent histological characteristics in an animal study, where it was 
shown that reduction in strut core area and transition from pre-
served to open/dissolved box may represent indirect signs of scaf-
fold degradation (e.g.; polymer microstructural heterogeneity) and 
integration into the vessel wall9. Conversely, in the ABSORB 
Cohort B trial, using the second generation ABSORB device, the 
scaffold struts maintained the OCT-defined “preserved box” 
appearance both at six and at 12-month follow-up exhibiting a pro-
gressive reduction in black strut core area by OCT3,24. Concomitantly, 
IVUS greyscale showed a progressive reduction in the grey level 
intensity of the struts; this phenomenon was quantified by echo-
genicity analysis, demonstrating a reduction in the hyper-echo-
genicity values of the polymeric struts over time5. In the ABSORB 
Cohort A study, quantitative differential echogenicity was already 
applied to monitor in vivo changes of the scaffold by means of the 
acoustic property changes, showing an increase of hyper-echo-
genicity tissue immediately after the ABSORB implantation, which 
was back to pre-implantation values at the time of expected degra-
dation and bioresorption (approximately two years2,5). At six 
months, the differences in hyper-echogenicity reduction between 
the ABSORB Cohort A and Cohort B (50% vs. 17%) were in line 
with the differences in the struts’ OCT appearance and in the late 
loss (0.43 mm vs. 0.19 mm), further supporting differences in 
hydrolytic degradation rate characteristics between the two 
ABSORB devices3.

At variance with these findings, a slight increase in the backscat-
tering signal of the struts interpreted as dense calcium by VH was 
detected at six months with a subsequent decrease at 12 months. It 
should be kept in mind that not only the polymeric scaffold –with 
its presence and degradation– but also the tissue surrounding the 
struts contributes to the VH-derived dense calcium quantification, 
which may explain this contrasting finding6,25. In particular, our 
global evaluation of the area comprised between the lumen and the 
medial stripe integrates into our quantification of dense calcium 
also the backscattering signal not related to the sole struts, but, for 
instance, to the plaque behind the scaffold. Changes in composition 

of this plaque are therefore also detected by VH. In a porcine model 
some inflammatory cells, such as granuloma and giant cells, were 
found surrounding the polymeric struts in the early stages after 
implantation, before decreasing over time9. At six months, focusing 
on the VH appearance of the plaque behind the scaffold, we con-
firmed this observation in humans, finding a progression in the NC 
content25. Of note is that dense calcium is a frequent finding within 
the necrotic core region; in this case it is frequently “speckled” and 
can be due to calcification of a “nidus” of macrophages26. Changes 
over time in strut core area and in hyper-echogenicity are instead 
probably less related to the plaque changes.

It is important to highlight that despite an overall agreement 
between hyper-echogenicity and strut core area in terms of reduc-
tion of both parameters during the first 12 months, analysis at the 
patient level revealed that the correlation between these imaging 
parameters is poor. This is not surprising, since the optical and 
ultrasonic parameters reflect different aspects of scaffold degrada-
tion. From our animal experience, we learnt that the polymer is first 
hydrolysed into small oligomers digested by macrophages and that 
the strut voids initially occupied by the polymeric struts are then 
filled with proteoglycan and eventually integrated into the vessel 
wall. Hence, the changes in black strut core area by OCT do not 
reflect the molecular dissolution of the polylactide, as the polymer 
and the proteoglycan material have the same optical properties, but 
rather the filling of the strut voids by connective tissue ultimately 
making the struts undetectable by OCT and in histology9. 
Conversely, changes in the material properties of polylactide (e.g., 
crystallinity, molecular weight, stiffness, etc.) have previously been 
demonstrated to predominantly affect the acoustic properties of the 
material over time, and these can be detected by ultrasonic 
waves15,16.

Although both echogenicity and VH data are based on the appli-
cation of ultrasound, the correlation between them was also poor. 
This lack of correlation may be explained by the differences of 
methodologies used in these two techniques. Whilst the echogenic-
ity software analyses the complete image and the echo intensity 
(envelope amplitude), which is normally used in the formation of 
the greyscale-IVUS image, the VH software analyses the frequency 
of the signal underlying the amplitude (radiofrequency backscatter-
ing). As the classification tree of VH was not validated for recogni-
tion of metallic/polymeric struts, the backscattering signal, derived 
from a stent/scaffold, was usually interpreted by the software as 
dense calcium, such as found in heavily calcified coronary seg-
ments6,27. Conversely, echogenicity analysis excluded from its tis-
sue quantification the acoustically shadowed areas, resulting in a 
likely better discrimination between polymeric struts and calcified 
coronary segments. Another important point to consider in the VH 
detection of the polymeric struts is that some scaffold strut informa-
tion may be missed because of the presence of the medial grey 
stripe and it is extremely dependent on the contours drawing28,29 
(Figure 2). In addition no data are available to date correlating the 
backscattering signal changes with the physical and mechanical 
properties of polylactide.
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Finally, it is important to highlight the difference in variability of 
the various changes explored by these techniques, with OCT exhib-
iting the least variability (Figure 1). The fundamental differences in 
the principles and spatial resolution of each technique should be 
taken into account in the interpretation of this variability and also of 
their poor correlation30,31.

Limitations
A major limitation of our analysis is the small number of patients 
compared to the total number of patients enrolled in the trial. For 
this reason the p-values of the modification over time in the various 
parameters investigated have to be considered as exploratory. Nev-
ertheless, limiting the analysis to only patients receiving all three 
imaging modalities allows a more accurate comparison between the 
various parameters investigated. Lack of data about the polylactide 
degradation has also to be taken into account as a possible limita-
tion of our comparison. An in vitro or ex vivo study would be 
required to correlate these parameters with the scaffold/polymer 
degradation.

Conclusions
Our analysis showed that during the first 12 months after ABSORB 
scaffold implantation there is a reduction in black strut core area, as 
measured by OCT, and in hyper-echogenicity of the scaffold, repre-
senting independent signs of scaffold/polymer degradation. In con-
trast, VH only showed a reduction in “pseudo dense-calcium” at 
12 months indicating some limitations in monitoring scaffold prop-
erty changes.
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Abstract Implantation of a coronary stent results in

a mechanical enlargement of the coronary lumen with
stretching of the surrounding atherosclerotic plaque.

Using intravascular ultrasound virtual-histology

(IVUS-VH) we examined the temporal changes in
composition of the plaque behind the struts (PBS)

following the implantation of the everolimus eluting
bioresorbable vascular scaffold (BVS). Using IVUS-

VH and dedicated software, the composition of plaque

was analyzed in all patients from the ABSORB B trial
who were imaged with a commercially available

IVUS-VH console (s5i system, Volcano Corporation,

Rancho Cordova, CA, USA) post-treatment and at

6-month follow-up. This dedicated software enabled

analysis of the PBS after subtraction of the VH signal
generated by the struts. The presence of necrotic core

(NC) in contact with the lumen was also evaluated at

baseline and follow-up. IVUS-VH data, recorded with
s5i system, were available at baseline and 6-month

follow-up in 15patients and demonstrated an increase in
both the area of PBS (2.45 ± 1.93 mm2 vs. 3.19 ±

2.48 mm2, P = 0.005) and the external elastic mem-

brane area (13.76 ± 4.07 mm2 vs. 14.76 ± 4.56 mm2,
P = 0.006). Compared to baseline there was a signif-

icant progression in the NC (0.85 ± 0.70 mm2 vs.

1.21 ± 0.92 mm2, P = 0.010) and fibrous tissue area
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(0.88 ± 0.79 mm2 vs. 1.15 ± 1.05 mm2, P = 0.027)

of the PBS. The NC in contact with the lumen in the

treated segment did not increase with follow-up (7.33
vs. 6.36%,P = 0.2). Serial IVUS-VH analysis of BVS-

treated lesions at 6-monthdemonstrated a progression in

the NC and fibrous tissue content of PBS.

Keywords Bioresorbable vascular scaffold !
Coronary plaque ! IVUS-VH ! Everolimus

Introduction

Percutaneous treatment of atherosclerotic lesions has
been improved by the introduction of bare- and drug-

eluting metallic stents [1]. Implantation of a metallic
stent does not remove atherosclerotic plaque; instead

the plaque is stretched during baro-trauma. The

metallic stent platform and the eluted drug may affect
not only the intra-stent neo-intima growth, but also the

plaque behind the struts. With regards to the vascular

response to a foreign body (i.e. a metallic stent), [2, 3]
animal models have demonstrated that metallic stents

eluting sirolimus and paclitaxel induce inflammatory

changes adjacent to almost all struts [4].
Evaluation of plaque behind the metallic struts can

be performed using intravascular ultrasound virtual

histology (IVUS-VH), which facilitates qualitative
and quantitative analyses of the plaque. Since metal-

lic stent’s struts are mistakenly recognized by IVUS-

VH as dense calcium and necrotic core, careful
evaluation of the sole plaque behind the stent struts

should be done to avoid any misclassification of the

actual tissue [5, 6]. Previous reports using serial
IVUS-VH analysis of lesions treated with drug-

eluting stents have demonstrated a greater frequency

of ‘‘unstable lesion morphometry’’ at follow-up,
compared with bare metal stents [7]. Temporary

scaffolding with a everolimus eluting bioresorbable

vascular scaffold (BVS; Abbott Vascular, Santa
Clara, USA) may have differential effects on peri-

strut plaque, due to the polymeric nature of the fast

resorbable coating made of a mixture of L and D
racemic forms of poly-lactide [8].

Therefore, we assessed the vascular response to

implantation of the BVS at 6-months follow-up using
IVUS-VH, and customized software to selectively

analyze the plaque behind the struts.

Methods

Study population

For the present analysis, we initially screened patients

from Cohort B1 of the ABSORB trial with paired
post-implantation and 6-month follow-up IVUS-VH.

Briefly, ABSORB Cohort B trial enrolled patients

older than 18 years, with a diagnosis of stable,
unstable or silent ischemia. This trial was subdivided

in two subgroups of patients: the first group (cohort

B1) has to undergo invasive imaging such as QCA,
IVUS, IVUS-VH and OCT at 6 and 24 months

whereas the second group (cohort B2) will undergo

this invasive imaging at 12 and 24 months. All
lesions were de novo, in a native coronary artery with

a reference vessel diameter of 3.0 mm, with a %

diameter stenosis C50 and\100% and a thrombol-
ysis in myocardial infarction (TIMI) flow grade of

C1. All lesions were treated by implantation of the

BVS revision 1.1 (3.0 9 18 mm). Major exclusion
criteria were: patients presenting with an acute

myocardial infarction, unstable arrhythmias or

patients who had left ventricular ejection fraction
B30%, restenotic lesions, lesions located in the left

main coronary artery, lesions involving a side branch

[2 mm in diameter, and the presence of thrombus or
another clinically significant stenosis in the target

vessel. This trial was approved by ethics committee at

each participating institution and each patient gave
written informed consent before inclusion.

The BVS has an amorphous poly-DL-lactide

(PDLLA) coating that contains and controls the
release of the anti-proliferative drug everolimus. The

scaffold body is made of semi-crystalline poly-L-

lactide (PLLA). PLA is completely degraded via
hydrolysis and bioresorbed via the Krebs cycle [8, 9].

Lesions were treated with routine interventional

techniques that included mandatory pre-dilatation
using a balloon shorter than the study device and

0.5 mm less in diameter. All patients were pre-

treated with aspirin and a loading dose of at least
300 mg of clopidogrel was administered according

to local hospital practise. After the procedure, all

patients received aspirin C75 mg for the study
duration (5 years) and clopidogrel 75 mg daily for

a minimum of 6 months. Anticoagulation and gly-

coprotein IIb/IIIa use was according to local hospital
practice.
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Imaging procedure and acquisition

IVUS-VH post-implantation and 6 months follow-up
were acquired with a phased array 20 MHz intravas-

cular ultrasound catheter (EagleEyeTM; Volcano

Corporation, Rancho Cordova, CA, USA) using an
automated pullback of 0.5 mm per second. These

files were stored on DVD and sent to the Corelab for

independent analyses (Cardialysis, BV, Rotterdam,
The Netherlands).

Image analysis

Customized offline IVUS-VH software was the

QIVUs (Medis, Leiden, The Netherlands). Unlike
other IVUS-VH software (pcVH and VIAS), this

package allows the user to draw, in a semi-automatic

fashion, a third contour (i.e. the scaffold contour). One
limitation, however, is the ability of the software to

read only IVUS-VH data acquired using a specific

commercially available IVUS-VH console (s5i sys-
tem, Volcano Corporation, Rancho Cordova, CA,

USA). Contour detection was performed by experi-

enced IVUS analysts who were blinded to the time of
acquisition of the data (e.g. baseline or 6-month

follow-up) [10]. Four tissue components (necrotic

core—red; dense calcium—white; fibrous—green;
and fibrofatty—light green) were identified with

autoregressive classification systems. Each individual

tissue component was quantified and colour coded in
all IVUS cross sections as previously described [8, 11].

It has already been reported that the polymeric

struts of the BVS (150 lm strut’s thickness) are mis-
interpreted by IVUS-VH as areas of apparent ‘‘dense

calcium’’ and ‘‘necrotic core’’, [8] therefore drawing

this third contour, behind the polymeric struts of the
BVS, delineates a new region of interest excluding the

polymeric struts and their ultrasonic signature (Fig. 1).

In addition, we evaluated the presence of necrotic
core in contact with the lumen, defined as a confluent

necrotic core[10% of plaque area without evidence

of overlying non-necrotic core tissue in the treated
segment and in the edges (5 mm length adjacent to

each BVS edge). Importantly, as polymeric struts are

recognized as dense calcium surrounded by necrotic
core, this surrounding necrotic core identified with

the help of the corresponding grey-scale image, was

not interpreted as necrotic core in contact with the
lumen [5, 7, 12].

Ultimately, we drew the interface between pla-

que ? media and the adventitia (external elastic
membrane area, EEM), as well as the contours of

the BVS area. We calculated the plaque area behind

the struts (PBS) as the sum of all IVUS-VH
components of the plaque behind the struts, excluding

the grey medial stripe seen with IVUS-VH.

Statistical analysis

Discrete variables are presented as counts and per-
centages. Continuous variables are presented as

means ± standard deviation (SD). The calculation of

the changes of each IVUS-VH plaque component
between post-treatment and 6 months was as follows:

mean 6 months area minus mean post-procedure area.

The ratio between the number of frames with necrotic
core in contact with the lumen and the total number of

frames analyzed has been defined as incidence of

necrotic core in contact with the lumen for the treated
segment and the edges. Paired comparisons between

Fig. 1 Panel A: one frame of grey-scale IVUS indicating the
appearance of the BVS’s struts (double grey line). In Panel B
the polymeric struts are recognized as dense calcium and

necrotic core by IVUS-VH and in (Panel C) a third contour
(purple line) is drawn in a semi-automatic way by the
dedicated software behind them

8.1
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post-procedure and 6-month follow-up were done by
the Wilcoxon signed rank test. Correlation between

parameters was performed by Spearman test. A two-

side P value of less than 0.05 indicated statistical
significance. Intra-observer and inter-observer vari-

abilities were measured by correlation test for IVUS

data and by j test of concordance for necrotic core in
contact with the lumen. Statistical analyses were

performed with use of SPSS 13.0 software.

Results

Baseline clinical and angiographic characteristics

Thirty-two patients in the ABSORB Cohort B study
had paired post- implantation and 6-month IVUS-VH

data. Out of these 32 patients, only 15 patients were
imaged using the s5i system. Table 1 shows their

clinical and angiographic data.

Grey-scale IVUS and IVUS-VH analyses

(Table 2)

A significant increase in both EEM area and of PBS

was observed with follow-up. A non significant 4%

decrease in BVS area was observed at follow up
(P = 0.065).

In the IVUS-VH analysis of the plaque behind the

polymeric struts, there was a significant relative
increase of 30% in fibrous tissue area (from

0.88 ± 0.79 mm2 to 1.15 ± 1.05 mm2; P = 0.027)

and of 42% in necrotic core area (from 0.85 ±
0.70 mm2 to 1.21 ± 0.92 mm2; P = 0.010) at 6-

month follow-up. There was a no significant increase

of 3% in fibrofatty tissue area (P = 0.286) and 8% in
dense calcium area (P = 0.334). However, the per-

centage weight of each plaque component did not

change significantly.
There was a significant correlation between D

plaque behind the polymeric struts and D mean EEM

area (r = 0.9, P\ 0.001; Fig. 2) There was no

Table 1 Clinical and angiographic characteristics of the
patients

Patients (n = 15)
Lesions (n = 15)

Age (years)

Mean ± SD (n) 63.87 ± 12.01

Men (%) 60.0

Smokers (%) 26.7

Diabetes (%) 13.3

Hypertension requiring medication (%) 66.7

Hyperlipidaemia requiring medication (%) 80.0

Previous target vessel intervention (%) 6.7

Previous myocardial infarction (%) 53.3

Stable angina (%) 53.3

Unstable angina (%) 33.3

Silent ischaemia (%) 6.7

Target vessel (%)

Left anterior descending 33.3

Left circumflex 26.7

Right coronary artery 40.0

AHA/ACC lesion classification (%)

A 6.7

B1 33.3

B2 53.3

C 6.7

Beta-blocker 93.3

ACEI/ARB 40.0

Calcium-channel blocker 40.0

Statin 100.0

SD standard deviation; ACEI angiotensin-converting enzyme
inhibitor; ARB angiotensin receptor blocker

Table 2 IVUS analysis in the treated segment at baseline and
follow-up

BVS 1.1 (n = 15) P value

Baseline Follow-up

Mean EEM area
(mm2)

13.76 ± 4.07 14.76 ± 4.56 0.006

PBS area (mm2) 2.45 ± 1.93 3.19 ± 2.48 0.005

BVS area (mm2) 6.51 ± 1.38 6.25 ± 1.14 0.065

Fibrous tissue (mm2) 0.88 ± 0.79 1.15 ± 1.05 0.027

Fibrous tissue (%) 38.80 ± 16.36 35.86 ± 13.25 0.256

Fibro-fatty tissue
(mm2)

0.18 ± 0.36 0.20 ± 0.40 0.286

Fibro-fatty tissue
(%)

5.31 ± 7.82 4.43 ± 6.70 0.532

Necrotic core (mm2) 0.85 ± 0.70 1.21 ± 0.92 0.010

Necrotic core (%) 37.23 ± 11.66 40.18 ± 8.69 0.307

Dense calcium
(mm2)

0.54 ± 0.85 0.62 ± 0.72 0.334

Dense calcium (%) 18.66 ± 14.06 19.52 ± 12.77 0.691

Data are expressed as mean ± SD

EEM external elastic membrane; PBS plaque behind struts;
BVS bioresorbable vascular scaffold

6 months IVUS-VH changes in plaque behind ABSORB-BVS
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correlation between D plaque behind the struts and

the change in BVS area (P = 0.9).

Incidence of necrotic core in contact with the lumen

A representative IVUS image of necrotic core in

contact with the lumen in the BVS treated segment is
shown in Fig. 3. There was no significant change

during follow-up in the content of the necrotic core in

contact with the lumen in the treated segment (7.33
vs. 6.36%, P = 0.256; Fig. 4).

Intra-observer and inter-observer variabilities

Intra-observer and inter-observer variabilities yielded

good concordance for IVUS data (r2 = 0.91 and

r2 = 0.87, respectively) and for necrotic core in contact

with the lumen (j = 0.96 and j = 0.90, respectively)

Discussion

The major findings of our study are: (1) at 6 months

follow-up, the increase in plaque area, and in particular

the progression of necrotic core and fibrous tissue
detected by IVUS-VH behind the polymeric struts,

correlated to an increase in EEM area; (2) although

there was an increase in necrotic core area behind the
polymeric struts, there was not an increase in necrotic

core in contact with the lumen in the treated segment.

Fig. 3 Representative IVUS-VH image of necrotic core in contact with the lumen in the segment where a BVS has been implanted
(white arrows). BVS bioresorbable polymeric scaffold

Fig. 4 Incidence of segments with necrotic core abutting the
lumen at baseline and follow-up. Within the treated lesion site,
proximal and distal reference segment necrotic core abutting
the lumen did not significantly modify

Fig. 2 Correlation between the temporal change of the plaque
behind the polymeric struts and of EEM area. EEM external
elastic membrane

8.1
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Similar to metallic stents, struts of the BVS are
detected by IVUS-VH as dense calcium, surrounded

by a ‘‘red halo’’ [5, 12]. This observation may be

useful for the evaluation of the bioresorption process
of the BVS, as temporal changes in dense calcium

and necrotic core of coronary segments treated with a

BVS appear to be a ‘surrogate’ of the bioresorption
process [6, 12]. However, this misinterpretation of

the polymeric struts by IVUS-VH prevents analysis

of the actual amount of dense calcium and necrotic
core within the plaque behind the struts. The semi-

automatic introduction by the ‘‘Medis software’’ of a

third contour, which represents the BVS, is a helpful
tool to focus analysis on only the plaque behind the

BVS. We acknowledge that this software has not

previously validated for this use and in our analysis it
has shown a good the inter- and intra-observers

variabilities.

Previously Kubo et al. analyzed the long-term
effects of drug-eluting stents (DES) and bare metal

stents (BMS) on coronary arterial wall morphology

using IVUS-VH, and demonstrated that DES-treated
lesions had a greater frequency of ‘‘unstable lesion

morphometry’’ at follow-up compared to BMS [7]. In

particular assessing the total amount of the four
IVUS-VH components, including also the contribu-

tion of the stent, it was found that DES-treated lesions

showed a significantly higher incidence of necrotic
core in contact with the lumen compared to BMS-

treated lesions at follow up, although there was no

significant difference in mean necrotic core area
between both groups. This was due to a suppression

of the protective neointimal hyperplasia layer with

DES compared with BMS. In our study, focusing
only on plaque burden behind the polymeric struts,

we found a significant progression in necrotic core

and fibrous tissue at 6 months follow-up. However,
the incidence of necrotic core in contact with the

lumen behind polymeric struts did not tend to

increase during the same period. Histological valida-
tion studies have shown that necrotic core is a mainly

highly lipid necrotic region with remnants of foam
cells and some infiltration of inflammatory cells. It is

unlikely that the changes described in the plaque

behind the polymeric struts are influenced by changes
in the BVS struts during the first 6 months: it has

been, indeed, shown that the 100% of the boxes of the

BVS, evaluated by optical coherence tomography, are
preserved with completely absence of qualitative

alterations, whereas only 3% of the boxes of the first
BVS generation appeared as ‘‘preserved’’ [13].

Recently concerns have been raised over the long-

term biological reaction to metallic DES [14]. In rabbit
iliac arteries, evidence of increased inflammation and

delayed endothelialization was noted at 28 days in

DES compared with polymer-coated inert stents or
BMS [15]. In porcine coronary arteries treated with

DES, arterial inflammation characterized by giant cells

has been shown to gradually progress from 90 to
180 days with a corresponding increase in neointimal

formation [16]. In humans, Aoki et al. have demon-

strated in vivo that plaque volume behind a metallic
stent eluting sirolimus increases slightly at 4 months

follow-up, and then significantly decreases at 4 years

follow-up compared to post-implantation, and that
change in echogenicity is suggestive of a change in

plaque composition [17]. The same phenomenon was

observed following implantation of an everolimus-
eluting metallic stent in the SPIRIT I study: slight

increase of plaque behind the stent at 6 months,

followed by a decrease at 1 year follow-up [18]. Aoki
et al. also documented a significant increase in plaque

area behind metallic stents eluting paclitaxel at

6 months, with subsequent regression at 2 years [19].
In the MAHOROBA study, that tested biodegradable

polymer sustained release tacrolimus-eluting stent,

Onuma et al. have shown that plaque volume increased
significantly at 4-month angiographic follow-up [20].

In our study, at 6 months follow-up, we observed an

increase of both plaque area and of necrotic core
behind the polymeric struts of BVS.

Some preclinical studies in an atherosclerotic rabbit

model have shown that the implantation of metallic
everolimus eluting stents results in an autophagic

process of macrophages through the inhibition of the

mTOR pathway by everolimus [21, 22]. In a porcine
model, Onuma et al. found inflammatory cells, in

particular granuloma and giant cells, surrounding the

polymeric struts of the BVS: the concentration of cells
was highest 1 and 6 months after implantation, before

decreasing over time [23]. In particular after 1 year
there was a decrease in the inflammation score,

granulomas and giant cells surrounding the polymeric

struts. It is important to highlight that in the porcine
coronary artery model, BVS associated inflammation

is markedly less than with a sirolimus-eluting metallic

stent. In humans at 6 months after BVS 1.0 implan-
tation and with long-term follow-up Sarno et al. found

6 months IVUS-VH changes in plaque behind ABSORB-BVS
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a similar increase of plaque area at 6-month, with a
following decrease at 2 years, most likely due to the

bioresorption of the polymeric struts [6].

It is also important to consider that the increase in
plaque area, as a result mainly of necrotic core and

fibrous tissue progression, did not translate into a

decrease of a scaffold area of BVS, but only in a
positive remodelling of the EEM [24]. Rodriguez-

Granillo et al. have already shown how positive

remodelling of the vessel may be related to plaque
composition: in particular lipid core size was signif-

icantly larger in positively remodelled coronary

lesions than in those with vessel shrinkage [24].

Limitations

The present study included a very small number of

patients with a technique (VH) that has large variabil-
ity. The use of the same patients at baseline and follow-

up may reduce its variability. However, the intra- and

inter-catheter variability of the VH previously shown
supports longitudinal studies with the VH [25].

IVUS-VH data pre-BVS implantation were not

available, therefore baseline characteristics of the
artery have been evaluated in the presence of the

BVS, and after pre-dilatation.

The interpretation of the backscattering signal from
the plaque behind the polymeric struts by the IVUS-

VH software may be influenced by the presence of the

scaffold: analysis of the difference between 6-month
follow-up and baseline may reduce this limitation.

Conclusions

In conclusion our study focusing on the IVUS-VH
detection of plaque behind the BVS seems to show a

progression in necrotic core and fibrous tissue

components at 6 months. In particular, the progres-
sion in necrotic core confirms the histological data in

animal models regarding an inflammatory microen-
vironment behind the polymeric struts, at least at

6-month follow-up.
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Abstract Serial intravascular ultrasound virtual his-

tology (IVUS-VH) after implantation ofmetallic stents
has been unable to show any changes in the compo-

sition of the scaffolded plaque overtime. The everol-

imus-eluting ABSORB scaffold potentially allows for
the formation of new fibrotic tissue on the scaffolded

coronary plaque during bioresorption. We examined
the 12 month IVUS-VH changes in composition of the

plaque behind the struts (PBS) following the implan-

tation of the ABSORB scaffold. Using IVUS-VH and

dedicated software, the composition of the PBS was

analyzed in all patients from the ABSORB Cohort B2
trial, who were imaged with a commercially available

IVUS-VH console (s5i system, Volcano Corporation,

Rancho Cordova, CA, USA), immediately post-
ABSORB implantation and at 12 month follow-up.

Paired IVUS-VH data, recorded with s5i system, were
available in 17 patients (18 lesions). The analysis

demonstrated an increase in mean PBS area (2.39 ±

1.85 mm2 vs. 2.76 ± 1.79 mm2, P = 0.078) and a
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reduction in the mean lumen area (6.37 ± 0.90 mm2

vs. 5.98 ± 0.97 mm2, P = 0.006). Conversely, a

significant decrease of 16 and 30% in necrotic core
(NC) and dense calcium (DC) content, respectively,

were evident (median % NC from 43.24 to 36.06%,

P = 0.016; median % DC from 20.28 to 11.36%,
P = 0.002). Serial IVUS-VH analyses of plaque

located behind the ABSORB struts at 12-month

demonstrated an increase in plaque area with a
decrease in its NC and DC content. Larger studies are

required to investigate the clinical impact of these

findings.

Keywords Bioresorbable vascular scaffold !
Coronary plaque ! IVUS-VH ! Everolimus !
Necrotic core

Introduction

Percutaneous treatment of atherosclerotic lesions with

use of metallic stents leads to a stretching of coronary

plaques by baro-trauma [1]. The implantation of a
foreign body, such as a metallic stent, is also known to

induce an inflammatory response adjacent to the struts

[2–4]. However, serial analyses by intravascular
ultrasound virtual histology (IVUS-VH) have demon-

strated no changes at 10 months in the VH compo-

nents of coronary plaques after bare metal or drug
eluting stent implantation [5, 6].

The new everolimus-eluting bioresorbable vascular

scaffold (ABSORB, Abbott Vascular, Santa Clara, CA)
has been developed with the intention to provide

temporary lumen scaffolding and, in contrast tometallic

platform stents, to allow late lumen enlargement and
restoration of normal vasomotion post bioresorption [7].

In the ABSORB Cohort A trial a non significant

reduction in the VH-derived necrotic core (NC) was
demonstrated between 6 month and 2 year follow-up

[7, 8]. However, as the polymeric struts are mistakenly

recognized by IVUS-VH as dense calcium and necrotic
core and are progressively bioresorbed, a concomitant

result of scaffold bioresorption and plaquemodification

has to be taken into account for the correct interpretation
of VH changes over time [9, 10].

Conversely, in the ABSORB Cohort B trial, a

customized software, allowing for the exclusion of the

dense calcium and necrotic core due to the temporary
presence of the scaffold from the quantification of the

VH-plaque behind the polymeric struts, was used. At

6-month follow-up a slight increase in the plaque area,
in particular in its relative NC content, was evident

[11]. The 12 month follow-up of this trial recently

demonstrated a further increase in the plaque size but
with clear signs of pharmacologically induced vaso-

motion of the scaffolded segment, suggesting loss of

the mechanical integrity and radial forces of the
scaffold and favourable changes in the composition of

the plaque [12].

The aim of this study was therefore to analyze the
12 month changes in the VH composition of only the

plaque behind the polymeric struts.

Methods

Study population

The ABSORB Cohort B trial enrolled patients older
than 18 years, with a diagnosis of stable, unstable or

silent ischemia, subdivided in two subgroups: the first

group (Cohort B1) underwent invasive imaging such
as quantitative coronary angiography, IVUS, IVUS-

VH and optical coherence tomography at 6 months

whereas the second group (Cohort B2) underwent the
same invasive imaging at 12 months. For the present

analysis, we screened patients from ABSORB Cohort

B2 with paired post-implantation and 12 month fol-
low-up IVUS-VH.

Briefly, all lesions were de novo, in a native

coronary artery with a reference vessel diameter of
3.0 mm, with a percentage diameter stenosis C50 and

\100% and a thrombolysis in myocardial infarction

flow grade of C1. All lesions were treated by
implantation of the ABSORB scaffold 1.1 (3.0 9

18 mm) [7, 13]. Major exclusion criteria were:

patients presenting with an acute myocardial infarc-
tion, unstable arrhythmias or patients who had left

ventricular ejection fraction B30%, restenotic lesions,
lesions located in the left main coronary artery, lesions

involving a side branch[2 mm in diameter, and the

presence of thrombus or another clinically significant
stenosis in the target vessel. The trial was approved by

the ethics committee at each participating institution

and each patient gave written informed consent before
inclusion.
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Imaging acquisition and analysis

IVUS-VH post-implantation and at 12 month follow-
up were acquired with a phased array 20 MHz

intravascular ultrasound catheter (EagleEyeTM; Vol-

cano Corporation, Rancho Cordova, CA, USA) using
an automated pullback of 0.5 mm per second. The

baseline and one-year follow-up region of interest

were matched by use of anatomical landmarks. The
radiofrequency data, required for VH analysis, were

acquired during the IVUS pullback and raw radiofre-

quency data capture gated to the R wave (In-Vision
Gold, Volcano). These files were stored on DVD and

sent to an independent core laboratory for analyses

(Cardialysis, BV, Rotterdam, The Netherlands).
The data were analyzed by the QIVUs software

(Medis, Leiden, The Netherlands). This allowed the

user to draw, in a semi-automatic fashion, a third
contour (i.e. the scaffold contour). One limitation of

this software, however, is its ability to read only

IVUS-VH data acquired using a specific commercially
available IVUS-VH console (s5i system, Volcano

Corporation, Rancho Cordova, CA, USA).

Three different contours were drawn (lumen,
scaffold and external elastic membrane) by experi-

enced IVUS analysts blinded to the time of acquisition

(e.g. baseline or 12 month follow-up) [14]. Repro-
ducibility of these measurements using this software

has been previously demonstrated to be good [11].

Four tissue components (necrotic core NC—red;
dense calcium DC—white; fibrous FT—green; and

fibrofatty FF—light green) were identified with auto-

regressive classification system. Each individual tis-
sue component was quantified and colour coded in all

IVUS cross sections [7, 15]. As previously described,

the scaffold contour was drawn behind the polymeric
struts of the ABSORB scaffold, excluding the poly-

meric struts and their ultrasonic signature from the

quantification of the VH components of the plaque
behind the struts (PBS). The PBS was calculated as the

sum of all IVUS-VH components, excluding the grey

media stripe seen with IVUS-VH.
In addition, we qualitatively evaluated the presence

of necrotic core in contact with the lumen, defined as a

confluent necrotic core[10% of plaque area without
evidence of overlying non-necrotic core tissue in the

treated segment and in the edges (5 mm length

adjacent to each ABSORB scaffold edge), as previ-
ously reported [6, 11]. Importantly, as the polymeric

struts are recognized as dense calcium surrounded by
necrotic core, this surrounding necrotic core, with the

help of the corresponding grey-scale image, was not

interpreted as necrotic core in contact with the lumen
[5, 6, 9, 11].

Statistical analysis

Discrete variables are presented as counts and per-

centages. Continuous variables are presented as
means ± standard deviation (SD) or median and

interquartile range, according to their normal or not

normal distribution. Normal distribution of continuous
variables was tested by the Kolgomorov-Smirnov test.

The ratio between the number of frames with necrotic

core in contact with the lumen and the total number of
frames analyzed has been defined as the incidence of

necrotic core in contact with the lumen for the treated

segment and the edges. Paired comparisons between
post-procedure and 12-month follow-up were done by

paired t-test or Wilcoxon signed rank test, where

appropriate. Correlation between parameters was
performed by the Spearman test. A two-side P value

of less than 0.05 indicated statistical significance.

Statistical analyses were performed with the use of
SPSS 16.0 software (SPSS Inc., Chicago IL, USA).

Results

Baseline clinical and angiographic characteristics

Overall, forty-six patients had paired post-ABSORB

implantation and 12 month follow-up IVUS-VH data.
Of these patients, only 17 patients (18 lesions) were

imaged using the s5i system and therefore were

included in the present study. Table 1 shows their
clinical and angiographic data. No differences were

found in the clinical and angiographic data between

patients included and excluded from the analysis.

Grey-scale IVUS and IVUS-VH analyses
(Table 2)

PBS tended to increase from baseline to 12 months
follow-up (from 2.39 ± 1.85 to 2.76 ± 1.79 mm2;

P = 0.078) with a significant reduction in lumen area

(from 6.37 ± 0.90 to 5.98 ± 0.97 mm2; P = 0.006).

8.2



281

No changes were found in the EEM area (from

14.08 ± 3.14 to 14.32 ± 3.13 mm2; P = 0.349).

In the IVUS-VH analysis of the PBS, there was a
significant increase in the absolute and relative content

of fibrous and fibrofatty tissue. Conversely, there was a

significant decrease in the relative content of necrotic
core and dense calcium (Fig. 1).

Whilst there was no relationship between the

changes in NC and DC areas and in the PBS area
between baseline and follow-up (Spearman rho =

0.24, P = 0.336 for NC; Spearman rho = 0.15,

P = 0.553 for DC), there was a significant relationship

between the changes in FT and FF area and in the PBS
area (Spearman rho = 0.87, P\ 0.001 for FT; Spear-

man rho = 0.78, P\ 0.001 for FF).

Incidence of necrotic core in contact

with the lumen

Overall there was a reduction in necrotic core in

contact with the lumen not only at the scaffold site, but

also at the proximal and distal reference segments
(Fig. 2). In particular the reduction of NC in contact

with the lumen approached a statistical significance in

the proximal reference segment (P = 0.09) (Fig. 3).
Intra-observer and inter-observer variabilities

yielded good concordance for necrotic core in contact

with the lumen (j = 0.86 and j = 0.80, respectively).

Discussion

The major finding of our study is that at 12 month

follow-up there is an increase of plaque located behind
the polymeric struts of the ABSORB scaffold, mainly

due to an increase in its fibrous and fibrofatty content.

Conversely, there is a significant decrease in necrotic
core and dense calcium tissue.

The use of IVUS-VH in the study of the coronary

plaque after stent/scaffold implantation is challenging,
as metallic and polymeric struts are detected as dense

calcium, surrounded by necrotic core and are accounted

for the quantification of the plaque VH component [6,
9]. In addition, with bioresorbable polymeric struts, the

weight of the scaffold in the quantification of the VH

plaque components changes at various time points
according to the scaffold bioresorption. Consequently, a

reduction in the dense calcium and necrotic core content

of the plaque may be an artifactual result of this process
[7–9]. The semi-automatic introduction of a third

contour, excluding the scaffold from the analysis of

the VH plaque, allows us to overcome these problems.
Using this methodology, at 6 month follow-up we

demonstrated an increase in plaque area and in all the
VH components, without an increase of the necrotic

core in contact with the lumen [11]. At 12 months, we

conversely found a significant decrease in necrotic
core and dense calcium, despite an increase in plaque

area. The reduction of necrotic core was also accom-

panied by a reduction in the necrotic core in contact
with the lumen either in the scaffold region or within

Table 1 Baseline clinical and angiographic characteristics

Patients
(n = 17)
Lesions
(n = 18)

Age (years)

Mean ± SD (n) 60.5 ± 9.1

Men, n (%) 14 (82)

Smokers, n (%) 1 (6)

Diabetes, n (%) 2 (12)

Hypertension requiring
medication, n (%)

11 (65)

Hyperlipidaemia requiring
medication, n (%)

11 (65)

Previous PCI, n (%) 2 (11)

Previous myocardial infarction, n (%) 2 (13)

Stable angina, n (%) 11 (65)

Unstable angina, n (%) 4 (24)

Silent ischaemia, n (%) 2 (12)

Target vessel, n (%)

Left anterior descending 11 (61)

Left circumflex 2 (11)

Right coronary artery 5 (28)

AHA/ACC lesion
classification, n (%)

A 0 (0)

B1 11 (65)

B2 5 (29)

Medical treatment, n (%)

ß-blockers 13 (80)

ACE-inhibitors 9 (55)

Statins 16 (94)

SD standard deviation, PCI percutaneous coronary intervention,
AHA/ACC American Heart Association/American College of
Cardiology

1-year IVUS-VH changes in plaque behind ABSORB-BVS



282

the proximal/distal reference segments. Of note is that
dense calcium is a frequent finding within the necrotic

core region; in this case it is frequently ‘‘speckled’’

which can be due to calcification of a ‘‘nidus’’ of
macrophages, a sign associated with plaque instability

and rupture [16]. The reduction of dense calcium

found in our analysis was probably mainly due to the
reduction of this type of dense calcium within the

necrotic core area (Fig. 1). However, as calcium tends

to be stable over short follow-up, another possible
explanation could be that scaffold bioresorption

influences the radiofrequency backscattering signal

behind the scaffold, producing a reduction in dense
calcium. At 12-month follow-up there was also an

increase in fibrotic tissue content of the plaque.

Previous optical coherence tomography studies have
shown that polymeric struts apposed and embedded in

the vessel wall become covered by neointima hyper-

plasia that also intersperses between the polymeric
struts [17, 18].

Everolimus is probably the major component in the

reduction of VH-derived necrotic core. Verheye et al.

Table 2 IVUS analysis in the scaffold segment at baseline and follow-up (n = 18 lesions)

Baseline Follow-up Difference % based on
individual data

P value

Mean EEM area (mm2) 14.08 ± 3.14 14.32 ± 3.13 2.54 ± 12.77 0.349

PBS area (mm2) 2.39 ± 1.85 2.76 ± 1.79 7.31 (-3.86 to 26.54) 0.078

Mean Lumen area (mm2) 6.37 ± 0.90 5.98 ± 0.97 -6.19 ± 7.13 0.006

Fibrous tissue (mm2) 0.59 (0.28–1.11) 1.01 (0.59–1.94) 42.76 (14.91–122.31) 0.004

Fibrous tissue (%) 28.10 (26.15–33.31) 43.90 (34.82–51.35) 45.02 (13.06–62.50) 0.001

Fibro-fatty tissue (mm2) 0.04 (0.01–0.14) 0.12 (0.06–0.22) 200.14 (50.52–819.11) 0.011

Fibro-fatty tissue (%) 1.82 (0.83–4.08) 5.16 (3.85–6.86) 163.77 (56.34–513.07) 0.004

Necrotic core (mm2) 0.89 (0.52–1.53) 0.81 (0.59–1.41) -8.29 (-18.64–11.35) 0.369

Necrotic core (%) 43.24 (38.77–52.71) 36.06 (32.53–43.79) -15.59 (-27.87–1.06) 0.016

Dense calcium (mm2) 0.39 (0.08–0.55) 0.27 (0.15–0.46) -20.94 (-42.72–14.30) 0.048

Dense calcium (%) 20.28 (11.95–27.04) 11.36 (8.59–18.78) -30.16 (-50.71–-20.20) 0.002

Data are expressed as mean ± SD or median and interquartile range, according to their normal or not normal distribution,
respectively

EEM external elastic membrane, PBS plaque behind struts

Fig. 1 Example of reduction of necrotic core and dense
calcium in the plaque behind the polymeric struts (white
arrows). Note also the increase of plaque size with predominant
content of fibrous tissue. Yellow contour is drawn behind the
ABSORB polymeric struts in a semi-automatic way by the
dedicated software, excluding struts from the VH quantification
of the plaque behind

Fig. 2 Incidence of segments with necrotic core in contact with
the lumen at baseline and follow-up
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showed in rabbit atherosclerotic plaques that a stent-

based delivery of everolimus leads to a marked

reduction in macrophage content without altering the
amount of smooth muscle cells, namely inducing

autophagy by mTOR inhibition. [19, 20] This autoph-

agy of macrophages is classically described as a
process of vacuolization of the cytoplasm with

formation of auto-phagosome, digesting the surround-
ing atherosclerotic debris. This observation is impor-

tant in the context of plaque stabilization, as it is

generally assumed that the presence of macrophages
triggers plaque destabilization [21]. In addition, the

12 month inflammatory reaction after ABSORB

implantation in a porcine model has been shown to
be lower than for metallic stents, in which the

inflammatory process is prolonged [22]. These path-

ological findings from animal studies are in line with
the present reduction in the necrotic core content of the

atherosclerotic plaque at 12 month follow-up after

ABSORB implantation, where the favourable effects
of everolimus are combined with a bioresorbable

platform [2–4]. It is noteworthy that the lack of

everolimus effect on the smooth muscle cells may be
the basis of the preserved pharmacologically induced

vasomotion of the scaffold segment, as highlighted at

the 12-month follow-up [12].
Statin treatment, that was used in most of the

patients, should be considered as another possible

explanation of our findings, in particular of the
reduction in necrotic core, as previously shown [23].

Statin therapy could also explain the reduction in the

necrotic core in contact with the lumen in the segment
proximal to the device, as elution of everolimus is

more frequent distal than proximal to the device [1].

Limitations

The present study included a small number of patients.
IVUS-VH data pre-ABSORB implantation were not

available. The interpretation of the backscattering

signal from the plaque behind the polymeric struts by
the IVUS-VH software may be influenced by the

presence of the scaffold. IVUS-VH has not been

validated to assess plaque composition behind scaffold
struts and to identify bioresorbable struts. In addition

struts bioresorption may account for the changes in the

radiofrequency backscattering signal in the plaque
behind.

Conclusions

At 12 months after ABSORB implantation, there was
a slight increase in plaque area located behind the

polymeric struts. Nevertheless, the necrotic core and

dense calcium content of the plaque decreased signif-
icantly. These findings are compatible with the

everolimus-induced autophagy of macrophages and

subsequent reduction of inflammatory microenviron-
ment of atherosclerotic plaque. The ability to decrease

necrotic core content of coronary plaque without the

permanent presence of metal may have important
clinical implications in atherosclerosis treatment.

Validation of the actual findings is needed and further

studies with larger sample sizes and longer clinical
follow-up are required before the impact of these

observations can be fully understood.
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Aims To analyse the vasoreactivity of a coronary segment, previously scaffolded by the ABSORB bioresorbable vascular scaf-
fold (BVS) device, in relationship to its intravascular ultrasound–virtual histology (IVUS–VH) composition and reduc-
tion in greyscale echogenicity of the struts. Coronary segments, transiently scaffolded by a polymeric device, may in the
long-term recover a normal vasomotor tone. Recovery of a normal endothelial-dependent vasomotion may be enabled
by scaffold bioresorption, composition of the underlying tissue, or a combination of both mechanisms.

Methods
and results

All patients from the ABSORB Cohort A and B trials, who underwent a vasomotion test and IVUS–VH investigation
at 12 and 24 months, were included. Acetylcholine (Ach) and nitroglycerin were used to test either the endothelial-
dependent or -independent vasomotion of the treated segment. Changes in polymeric strut echogenicity—a surro-
gate for bioresorption—IVUS–VH composition of the tissue underneath the scaffold and their relationship with the
pharmacologically induced vasomotion were all evaluated. Overall, 26 patients underwent the vasomotion test (18 at
12 and 8 at 24 months). Vasodilatory response to Ach was quantitatively associated with larger reductions over time
in polymeric strut echogenicity (y ¼ 20.159x 2 6.85; r ¼ 20.781, P, 0.001). Scaffolded segments with vasocon-
striction to Ach had larger vessel areas (14.37+2.50 vs. 11.85+2.54 mm2, P ¼ 0.030), larger plaque burden
(57.31+5.96 vs. 49.09+9.10%, P ¼ 0.018), and larger necrotic core (NC) areas [1.39 (+1.14, +1.74) vs.
0.78 mm2 (+0.20, +0.98), P ¼ 0.006] compared with those with vasodilation.

Conclusion Vasodilatory response to Ach, in coronary segments scaffolded by the ABSORB BVS device, is associated with a
reduction in echogenicity of the scaffold over time, and a low amount of NC. In particular, the latter finding resembles
the behaviour of a native coronary artery not caged by an intracoronary device.
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ABSORB-BVS vasomotion

Introduction
The ABSORB bioresorbable vascular scaffold (BVS; Abbott Vascu-
lar, Santa Clara, CA, USA) has been introduced in clinical trials
with the aim to provide temporary vessel scaffolding and to be
subsequently bioresorbed, thereby allowing the artery to
respond to the shear stress and to have pharmacologically
induced vasomotion, akin to a non-treated coronary segment.1,2

This entire process, making the coronary segment transiently scaf-
folded fully amenable to biological, pharmacological, and physio-
logical stimuli, has recently been termed ‘vascular reparative
therapy’.3

Vasomotor testing, using nitroglycerin (NTG) and acetylcholine
(Ach) as endothelial-independent or -dependent vasoactive drugs,
were performed in the ABSORB trials at various time points. Clear
signs of vasomotion in the scaffolded segment were demonstrated
at 12 and 24 months in ABSORB Cohort B and ABSORB Cohort A
trials, respectively, suggesting that the mechanical integrity and
radial forces of the scaffold had substantially subsided at these
time points.2,4 In addition, changes in the echogenicity of the poly-
meric struts appeared to be correlated to the recovery of vasor-
eactivity in a small pilot study.5 Conversely, response to Ach
demonstrated vasodilation in only half of the patients, suggesting
that full coverage by endothelial cells and complete return of func-
tional capacity of these cells are not achieved in the majority of the
cases, and other factors should be considered to explain the vaso-
motor tone dysfunction.2,4

In non-stented diseased coronary segments, Lavi et al.6 have
previously demonstrated that local coronary endothelial dysfunc-
tion may be related to distinctive atherosclerotic characteristics,
namely plaque burden and the presence of necrotic core (NC)
or dense calcium, evaluated by intravascular ultrasound–virtual
histology (IVUS–VH).

We sought to analyse: (i) the changes in the echogenicity of
polymeric struts, a surrogate of bioresorption, and its relationship
with the vasoreactivity in the scaffolded segment, and (ii) the
IVUS–VH composition of the coronary segment scaffolded by an
ABSORB BVS device at the time of the vasomotion test.

Methods
Study population
The ABSORB trial includes the ABSORB Cohort A and Cohort B
trials. Briefly, in the ABSORB Cohort A trial (NCT00300131), 30
patients with a diagnosis of stable or unstable angina or silent ischae-
mia, were enrolled. 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 (TIMI) flow grade more than 1. Major exclu-
sion criteria were patients presenting with an acute myocardial infarc-
tion, 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 throm-
bus or another clinically significant stenosis in the target vessel. All
lesions were treated by implantation of an ABSORB first-generation

scaffold (revision 1.0) (3.0 × 12 mm and two lesions by 3.0 ×
18 mm) and invasively imaged at 6- and 24-month follow-up. The
ABSORB Cohort B trial (NCT00856856) enrolled 101 patients with
the same clinical profile and lesion type, divided into two groups
according to the timeline of invasive follow-up: Cohort B1 with inva-
sive imaging at 6 and 24 months; Cohort B2 with the same invasive
imaging at 12 and 36 months. The 12-month follow-up has so far
been performed. All lesions were treated by implantation of an
ABSORB second-generation scaffold (revision 1.1) (3.0 × 18 mm).7

The Ethics Committee at each participating institution approved the
protocol and each patient gave written informed consent before
inclusion.
As an optional investigation, vasomotion testing with Ach and

NTG—according to local practice—was performed at 24-month
follow-up in the ABSORB Cohort A trial and at 6- or 12-month follow-
up in ABSORB Cohort B trial. As the integrity of the scaffold has been
shown to be still present at 6-month follow-up, the present analysis
only included patients with a 12- and 24-month follow-up.4,7

Study device
The ABSORB BVS device consists of a polymer backbone of
poly-L-lactide coated with a thin layer of a 1:1 mixture of
poly-D,L-lactide polymer, and the anti-proliferative drug everolimus
to form an amorphous drug-eluting coating matrix containing 100 mg
of everolimus/cm2 of scaffold. The details of the device have been
described previously.8–10 In brief, the ABSORB BVS revision 1.1 has
a smaller maximum circular unsupported surface area compared
with revision 1.0, with the struts arranged as in-phase zigzag hoops
linked together by three longitudinal links, similar to the XIENCE V
design.9

Study procedure and intravascular
ultrasound acquisition/analysis
Target lesions were treated using standard interventional techniques,
with mandatory pre-dilatation. Post-dilatation with a balloon shorter
than the implanted scaffold was allowed at the operator’s discretion,
up to the prescribed maximal post-dilatation diameter.
The IVUS was performed using the Eagle Eye 20 MHz catheter

(Volcano Corp., Rancho Cordova, CA, USA) with an automatic con-
tinuous pullback at a rate of 0.5 mm/s (30 frames/s) at the level of
the scaffolded segment after ABSORB BVS implantation and at follow-
up. Greyscale images and radiofrequency data, required for VH ana-
lysis, were acquired during the same pullback and raw radiofrequency
data capture gated to the R-wave (In-Vision Gold, Volcano).
Quantitative IVUS measurements were performed within the scaf-

folded segment and 5 mm distal to the device, including vessel area,
lumen area, plaque area (vessel area2 minus lumen area), and
plaque burden [(plaque area/vessel area) × 100]. For the radiofre-
quency IVUS analyses, four tissue components [NC—red; dense
calcium (DC)—white; fibrous (FT)—dark green; and fibrofatty
(FF)—light green] were identified with autoregressive classification
systems. All individual tissue components were quantified as area
and percentage (per cross-section, NC + DC + FF + FF ¼ 100%).2,11

Echogenicity analysis
It has been previously shown that during in vivo ABSORB BVS degrad-
ation, a diminishing grey-level intensity of the struts over time can be
detected by IVUS.2,12,13 A dedicated computer-aided greyscale value
analysis program was used to assess the echogenicity of the polymeric
struts after implantation and at the various follow-up time points.12,14

The applied algorithms of this software have been previously published
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and validated.14 Briefly, the mean grey value of the adventitia is used to
classify tissue components as either hypo-echogenic (e.g. grey values
lower than the mean adventitia level) or as hyper-echogenic (e.g. grey-
values at higher levels than those of the adventitia). The polymeric
struts of the ABSORB BVS are usually identified as hyper-echogenic
tissue.12 The difference between the follow-up and the post-
procedural hyper-echogenicity was assessed in the treated segment
and calculated as the following:

%hyper-echogenicity follow-up−%hyper-echogenicity post-ABSORB implantation
%hyper-echogenicity post-ABSORB implantation

×100

Quantitative coronary angiography and
vasomotion test
b-Blockers, calcium channel blockers, and nitrates were withheld at
least 48 h before the coronary angiogram. Quantitative coronary angi-
ography (QCA) was performed with the CASS II analysis system (Pie
Medical BV, Maastricht, The Netherlands) by an independent
CoreLab (Cardialysis, Rotterdam BV, The Netherlands). The accuracy
of this method has previously been reported in detail.15 The scaffolded
segment was defined as the segment between the two radio-opaque
platinum markers at both ends of the ABSORB BVS. The 5 mm
edges distal to the device were also analysed.
The mean lumen diameter in the scaffolded and distal segments was

measured by QCA after a baseline infusion of saline and subselective
intracoronary administration of Ach, infused through a microcatheter
at increasing doses up to a maximum of 1026 M. In particular, a
2 min selective infusion of Ach (1028, 1027, and 1026 mol/L) was
administrated with a washout period of at least 5 min between each
doses.2 Nitrate (200 mg) was administrated following Ach. Vasocon-
striction to Ach was defined as a 3% change of the mean lumen diam-
eter, beyond the variability of the method of analysis, after infusion of
the maximal dose of Ach (1026 M), as previously shown.2,4,16

Statistical analysis
The distribution normality of the variables was tested using the Kolmo-
gorov–Smirnov test. Continuous variables are expressed as mean+
standard deviation or median and inter-quartile range, according to
their normal or not normal distribution. Dichotomous variables are
reported as numbers and percentages. A comparison between
categorical variables was performed by x2 or the Fisher tests, as ap-
propriate. A comparison between groups was done by means of non-
parametric tests for paired (Wilcoxon’s signed-rank test) and not
paired data (the Mann–Whitney test), as appropriate. A correlation
between variables was performed by the Spearman test. A two-tailed
value of P, 0.05 was considered statistically significant. Statistical ana-
lyses were performed with SPSS 17.0 software (SPSS Inc., Chicago,
IL, USA).

Results

Patient population
A total of 26 patients with paired greyscale IVUS, VH, and vasomo-
tion analyses were included (18 at 12- and 8 at 24-month follow-
up). Table 1 shows their baseline and angiographic characteristics.

Acetylcholine and nitroglycerin test at
the scaffold level
Overall, the change in the mean lumen diameter after Ach admin-
istration was 21.44% (27.35, +2.56; P ¼ 0.303; Table 2). Patients

at 24 months exhibited a significant increase in the mean lumen
diameter after Ach administration compared with patients at
12 months [+2.14 (22.58, +8.80) vs. 25.46% (28.25, +1.86);
P ¼ 0.038]. In particular, 11 patients (42.3%) exhibited a vasodila-
tory response to Ach (6/18 at 12 and 5/8 at 24 months;
P ¼ 0.390), whereas 14 patients (54.2%) had an abnormal response
to Ach with vasoconstriction, with only 1 patient not exhibiting any
changes in the mean lumen diameter.

Overall, the change in the mean lumen diameter after NTG
administration compared with baseline was +0.41% (23.77,
+5.52; P ¼ 0.494). Patients at 24 months demonstrated a higher
increase in the mean lumen diameter to nitrates compared with
the 12-month group [+5.79 (+1.41, +12.0) vs. 20.60%
(25.46, +3.91); P ¼ 0.032]. The response to nitrates tended to
be greater in patients with a normal response to Ach compared
with those without [+4.37 (21.77, +9.15) vs. 20.39% (25.58,
+3.45); P ¼ 0.093].

Reduction in hyper-echogenicity in the scaffolded segment was
larger at 24 than at 12 months [266.76 (291.15, 250.45) vs.
218.73% (230.56, 20.74); P, 0.001]. Scaffolded segments with
a vasodilatory response to Ach demonstrated a greater reduction
in hyper-echogenicity, compared with those with a vasoconstrictive
response to Ach [(254.75 (278.95, 241.51) vs. 216.34%
(230.56, 20.74); P ¼ 0.009]. A significant negative relationship
between changes in the mean lumen diameter after Ach administra-
tion and in hyper-echogenicity was demonstrated (r ¼ 20.781;
P, 0.001) (Figure 1). A significant negative relationship was also
found between changes in the mean lumen diameter after nitrates
administration and hyper-echogenicity (r ¼ 20.511; P ¼ 0.030).

By greyscale IVUS and VH, scaffolded segments with a vasocon-
striction response to Ach had larger mean vessel area, plaque
burden, and NC content compared with those with a vasodilatory
response to Ach (Table 3). A significant negative relationship was
found between NC area and changes in mean lumen diameter
after Ach administration (r ¼ 20.676, P ¼ 0.001) (Figure 2).

Response to acetylcholine and
nitroglycerin at the distal edge of the
scaffold
In 22 patients (14 at 12 and 8 at 24 months), both IVUS–VH
analysis and an Ach test were available at the distal edge of the
scaffold (Table 2).

Overall, no significant changes in the mean lumen diameter after
Ach [22.60% (29.02, +4.38); P ¼ 0.201] were demonstrated.
Patients at 24 months (n ¼ 8) exhibited, on average, a significant
increase in the mean lumen diameter after Ach administration
compared with patients at 12 months [+6.16 (21.07, +13.14)
vs. 26.41% (211.74, 21.17); P ¼ 0.006]. Taken individually,
5 patients (22.7%) had a vasodilatory response to Ach (1/14 at
12 and 4/8 at 24 months; P ¼ 0.017), whereas 14 (63.3%) exhibited
a vasoconstriction response to Ach; the remaining 3 patients did
not show changes in the mean lumen diameter.

After nitrate administration, a significant increase in the
mean lumen diameter was found [+9.45% (+1.01, +19.49); P ¼
0.006], especially at 24-month follow-up when compared with 12
months [+21.57 (+12.50, +27.26) vs. +7.91% (24.26, +10.50);
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P ¼ 0.009]. The response to nitrates was greater in the presence of a
normal response to Ach than in its absence [+12.99 (+12.85,
+13.29) vs. 27.78% (213.43, 23.90); P, 0.001].

By greyscale IVUS and VH, edge segments with a vasoconstrict-
ive response to Ach had larger plaque burden, DC, FT, and NC
area compared with those with a vasodilatory response to Ach

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Clinical baseline characteristics

All patients (26 patients) 12 months (18 patients) 24 months (8 patients) P-value

Patient demographic and clinical data

Age (years) 62.84+9.08 60.66+8.70 66.96+8.78 0.146

Male, n (%) 16 (61.5) 11 (64.7) 5 (55.5) 0.692

Hypertension, n (%) 20 (76.9) 13 (76.5) 7 (77.8) 1.000

Hypercholesterolaemia, n (%) 19 (73.1) 13 (76.5) 6 (66.7) 0.661

Diabetes, n (%) 4 (15.4) 4 (23.5) 0 (0.0) 0.263

Current smoking, n (%) 6 (23.1) 5 (29.4) 1 (11.1) 0.380

Prior PCI, n (%) 3 (11.5) 3 (17.6) 0 (0.0) 0.529

Prior myocardial infarction, n (%) 7 (26.9) 6 (35.3) 1 (11.1) 0.357

Stable angina, n (%) 14 (53.8) 11 (64.7) 3 (33.3) 0.218

Unstable angina, n (%) 7 (26.9) 1 (5.9) 6 (66.7) 0.002

Silent ischaemia, n (%) 1 (3.8) 1 (5.9) 0 (0.0) 1.000

Lesion and angiographic characteristics

Treated vessel, n (%)

Left anterior descending artery 15 (57.7) 9 (52.9) 6 (66.7) 0.683

Left circumflex artery 6 (23.1) 5 (29.4) 1 (11.1) 0.380

Right coronary artery 5 (19.2) 3 (17.6) 2 (22.2) 1.000

ACC/AHA lesion type, n (%)

Type A 0 (0) 0 (0) 0 (0) NA

Type B1 21 (80.8) 14 (82.4) 7 (77.8) 1.000

Type B2 5 (19.2) 3 (17.6) 2 (22.2) 1.000

Type C 0 (0) 0 (0) 0 (0) NA

QCA analysis pre-treatment

RVD (mean+ SD, mm) 2.55+0.19 2.57+0.17 2.51+0.22 0.335

MLD (mean+ SD, mm) 1.08+0.24 1.12+0.24 1.01+0.23 0.307

Diameter stenosis (mean+ SD, %) 57.37+9.73 56.23+9.56 59.41+10.25 0.349

Medical treatment, n (%)

b-Blockers 21 (81) 15 (83) 6 (75) 0.657

ACE-inhibitors 13 (50) 9 (50) 4 (50) 1.000

Statins 25 (96) 17 (94) 8 (100) 0.833

Continuous variables are expressed as mean+ SD. Ach, acetylcholine; RVD, reference vessel diameter; MLD, minimum lumen diameter; SD, standard deviation.
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Table 2 Mean lumen diameter at baseline and after acethylcoline and NTG administration in the 12- and 24-month
groups

Baseline Ach NTG P-value, Ach vs. BL P-value, NTG vs. BL

12-month group (n ¼ 18 patients)

Scaffold segment 2.50+0.23 2.40+0.23 2.47+0.21 0.074 0.478

Distal segment 2.23+0.26 2.03+0.46 2.34+0.30 0.011 0.148

24-month group (n ¼ 8 patients)

Scaffold segment 1.82+0.35 1.89+0.42 1.96+0.41 0.262 0.035

Distal segment 1.76+0.12 1.86+0.20 2.12+0.24 0.260 0.017

Data are presented as mean+ SD. SD, standard deviation; Ach, acethylcoline; NTG, nitroglycerin; BL, baseline.
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(Table 4). A significant negative relationship was found between
NC area and changes in the mean lumen diameter after Ach ad-
ministration (r ¼ 20.552, P ¼ 0.011).

Discussion
The major findings of the present study are: (i) the ability of a
coronary segment scaffolded by an ABSORB BVS device to react

to vasoactive drugs is related to the bioresorption of the polymeric
struts, as indirectly evaluated by changes in their echogenicity;
(ii) the presence of endothelial dysfunction in this segment is
correlated to plaque burden and VH-NC, resembling the behav-
iour of a native diseased coronary vessel; moreover, recovery of
a normal endothelial function was associated with a low plaque
burden and VH-NC. (iii) The vasoreactivity behaviour of the
distal edge of the scaffold does not differ substantially from the
physiological reaction observed in the scaffolded segment.

These findings suggest the return of a normal physiological
reactivity to vasoactive drugs in the treated coronary
segments—with a relative absence of NC—once the mechanical
integrity of the device has disappeared.

Progressive return of vasoreactivity as a
function of polymeric bioresorption
Over the past 15 years, much attention has been focused on endo-
thelial dysfunction in the segment distal to the implanted metallic
drug-eluting stent (DES). Subsequently with the introduction of
bioresorbable scaffolds, the interest about reactivity to vasoactive
drugs has moved to the segment where the device was implanted.
As the mechanical integrity of the ABSORB BVS is aimed a priori to
disappear within 2 years, the scaffold’s resistance to vasomotion
induced by vasoactive drugs decreases over time, thereby allowing
for the potential recovery of normal vasomotor tone. This is in
contrast to a vascular structure permanently caged by a metallic
prosthesis.2

The ABSORB Cohort A trial was the first study demonstrating
some degree of return of vasoreactivity in a coronary segment
scaffolded by a polylactide device, after administration of Ach,
methylergonovine, and nitrates at 2-year follow-up.2 Recently,
the ABSORB Cohort B trial demonstrated that the scaffolded seg-
ments react by vasomotion to Ach and methylergonovine as early
at 12 months, due to the partial subsidence of the radial force of
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Figure 1 Correlation at the scaffolded segment between
changes in hyper-echogenicity between post-implantation and
follow-up and changes in the mean lumen diameter after admin-
istration of Ach.
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Table 3 Intravascular ultrasound and virtual histology findings at follow-up in the scaffolded segment, according to the
presence of vasoconstriction or vasodilation response to Ach. (12 and 24 months pooled)

Scaffold vasoconstriction (n5 14) Scaffold vasodilation (n 5 11) P-value

Mean vessel area (mm2) 14.37+2.50 11.85+2.54 0.030

Mean lumen area (mm2) 6.04+0.71 5.89+1.08 0.766

Mean plaque area (mm2) 8.33+2.07 5.96+1.99 0.006

Mean plaque burden (%) 57.31+5.96 49.09+9.10 0.018

Dense calcium area (mm2) 1.26 (0.98–1.48) 0.65 (0.20–1.31) 0.055

Dense calcium (%) 25.35 (17.47–34.88) 23.19 (16.46–27.85) 0.820

Fibrous tissue area (mm2) 1.91 (1.02–2.99) 1.17 (0.43–1.90) 0.119

Fibrous tissue (%) 36.79 (32.78–46.92) 46.86 (36.31–52.22) 0.207

Fibrofatty tissue area (mm2) 0.19 (0.09–0.29) 0.08 (0.03–0.15) 0.134

Fibrofatty tissue (%) 4.16 (2.97–6.02) 3.99 (2.70–5.05) 0.865

Necrotic core area (mm2) 1.39 (1.14–1.74) 0.78 (0.20–0.98) 0.006

Necrotic core (%) 28.00 (24.32–31.63) 24.31 (23.18–26.61) 0.047

Data are expressed as mean+ SD or median (IQR), as appropriate. SD, standard deviation; IQR, interquartile range. One patient did not exhibit any changes in the mean lumen
diameter after Ach administration and was excluded from the table.
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the scaffolded vessel.4 Conversely, at 6 months, the scaffold is still
able to counteract the pharmacologically induced vasoconstrictive
effect of methylergonovine4 (Figure 3). The differences in the deg-
radation behaviour between the two revisions of the ABSORB
device may be an explanation for the differing degree of vasomo-
tion recovery.7,17

Previous reports have described that degradation of the scaffold
can be monitored in vivo by a reduction in hyper-echogenicity

tissue over time.4,12,13 It is also known from animal data that the
scaffold polymer has a mass loss of 70 and 90% at 12 and 18
months, respectively, and becomes undetectable at 24 months.10

In the present analysis, a greater reduction in hyper-echogenicity
of the scaffolded segment was associated with a normal vasodila-
tory response to Ach. These findings may support a link
between the grade of scaffold degradation and the restoration of
a normal vascular reactivity in the treated segment.

Influence of virtual histology composition
of the underlying tissue on the
vasoreactivity of the scaffolded
coronary segment
In an untreated coronary artery segment, vasoconstriction to Ach
has previously shown to be correlated to specific features of vul-
nerable plaque, in particular high content of DC and NC.6 These
findings were in part confirmed in the present analysis at the
level of the distal edge, where the presence of a vasoconstrictive
response to Ach was related to high plaque burden, DC, and
NC area. However, whereas the relative content (%) of DC was
not different between the two groups, the relative content of
NC tended to be higher in the edges with vasoconstriction to
Ach (P ¼ 0.095): the small number of patients or the short
length of the segments analysed could explain the lack of statistical
significance.6,16

It was of note that in the scaffolded segment, the ability to
recover a vasodilatory response to Ach appeared to be dependent
on the plaque burden and NC content (Figure 4). The present
study further supports the fact that NC, a proven site of active in-
flammation and oxidative stress, may constitute a pathophysio-
logical link between plaque composition and endothelial
dysfunction.18,19 Acetylcholine normally lowers the capillary resist-
ance, thereby increasing flow and shear stress with stimulation of
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Figure 2 Correlation at the scaffold segment between necrotic
core area and changes in the mean lumen diameter after admin-
istration of acetylcholine.
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Table 4 Intravascular ultrasound and virtual histology findings at follow-up at the distal edge of the scaffold, according
to the presence of vasoconstriction or vasodilation response to Ach (12 and 24 months pooled)

Vasoconstriction of
the distal edge (n5 14)

Vasodilation of
the distal edge (n 5 5)

P-value

Mean vessel area (mm2) 12.58+3.28 9.59+1.76 0.173

Mean lumen area (mm2) 6.81+1.35 6.68+1.34 0.924

Mean plaque area (mm2) 5.76+2.46 2.91+0.51 0.004

Mean plaque burden (%) 44.51+9.17 30.50+2.58 0.001

Dense calcium area (mm2) 0.23 (0.12–0.36) 0.01 (0.00–0.04) ,0.001

Dense calcium (%) 10.61 (6.88–27.51) 4.55 (0.00–22.71) 0.208

Fibrous tissue area (mm2) 1.03 (0.43–2.62) 0.00 (0.00–0.20) 0.002

Fibrous tissue (%) 57.82 (44.36–61.51) 0.00 (0.00–56.38) 0.026

Fibrofatty tissue area (mm2) 0.21 (0.03–0.43) 0.00 (0.00–0.03) 0.003

Fibrofatty tissue (%) 7.98 (4.15–14.65) 0.00 (0.00–8.35) 0.019

Necrotic core area (mm2) 0.30 (0.18–0.64) 0.01 (0.00–0.05) ,0.001

Necrotic core (%) 18.81 (13.60–24.32) 6.28 (0.00–13.10) 0.095

Data are expressed as mean+ SD or median (IQR), as appropriate. SD, standard deviation; IQR, interquartile range. Three patients did not exhibit any changes in the mean lumen
diameter after Ach administration and were excluded from the table.
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endothelial receptors and eventual release of nitric oxide through
endothelial nitric oxide synthesis activation. For this reason, the
anatomical and functional integrity of coalescent endothelial cells
is a conditio sine qua non for a vasodilatory reaction to Ach.
It is also important to highlight the analogy in response to Ach in

relation to VH plaque composition between a coronary segment
scaffolded by a bioresorbable device and previous findings in a
native diseased coronary segment.6 The fact that they both exhib-
ited the same dependence of the Ach response, to the presence of
NC, may support the concept of recuperation of a normal reaction
to shear stress and vasoactive drugs, in a coronary vessel, initially
treated with a bioresorbable scaffold, once the scaffold is
bioresorbed.
Previously, in a small series of patients investigated pre, post, 6,

and 24 months after scaffold implantation (ABSORB Cohort A), it
was demonstrated that the scaffold bioresorption process did not

globally affect the VH-NC content of the vessel wall.2,20 Everoli-
mus has been shown to have some anti-inflammatory effects that
can lead, in the long-term, to the VH-NC reduction in the
plaque behind the polymeric scaffold.21

The vasoconstrictive reaction to Ach has to be therefore
related to the pre-existing level of NC prior to the treatment
with the scaffold. Further and novel strategies to halt or
regress the NC need to be considered, in conjunction with
the focal treatment with this transient scaffold. In particular, dar-
apladib and lipid-lowering therapy, such as statins, have previous-
ly been shown to be promising drugs to reduce the NC
content.22,23

Eventually, it should be mentioned that two different versions of
the ABSORB device have been therein analysed. Although both are
made with the same polylactide material, a potentially different
impact on coronary endothelium cannot be excluded.
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6-months vasomotion test

Figure 3 Vasomotion test at 6 months after ABSORB bioresorbable vascular scaffold implantation did not show changes in the mean lumen
diameter, either after acetylcholine or methylergonovine administration.

Figure 4 Examples of vasodilation at 24 months (panel above) and vasoconstriction at 12 months (panel below) of the scaffolded segment to
acetylcholine. In the corresponding virtual histology images, a low and high content of necrotic core can be appreciated. Arrows indicate the
polymeric struts in the greyscale intravascular ultrasound, recognized as dense calcium by virtual histology. Ach, acetylcholine; LD, lumen
diameter.
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Vasoreactivity of the coronary segments
adjacent to a polymeric device
The coronary segment distal to a first-generation DES classically
exhibits a paradoxical response to Ach, especially when compared
with bare metal stent.16,24,25 The introduction of the second-
generation DES has been shown to reduce this endothelial dys-
function. The present analysis investigating a new generation of
the BVS device, made of polylactide that completely bioresorbed
in &2 years, demonstrated that on average, the segment distal
to the implanted scaffold did not have a significant vasoconstriction
response to Ach administration. Four out of the eight cases tested
at 24 months exhibited an intense endothelium-dependent vaso-
dilatory response to Ach, while the majority of the cases tested
at 12 months (12/14) had vasoconstriction.

It is widely known that the drug eluted during the first months
after device implantation tends to reach the vessel wall distal to the
device by elution, diffusion through the tissue, and the vasa
vasorum.16 Clinical data support the hypothesis of drug impregna-
tion distally but not proximally to the device, contributing to a
lower restenosis rate at the distal compared with the proximal
edge.26 The present results may therefore be in favour of a
more ‘endothelium friendly impact’ of the drug-eluting bioresorb-
able scaffold in minimizing the local device- and drug-specific re-
sponse, affecting the endothelium-dependent vasomotion of the
coronary segment distal to the device.27 In particular, not only
the presence of a non-metallic cage, but also the elution of ever-
olimus should be considered as hypotheses to explain the
present data. While sirolimus was suggested to have a direct det-
rimental effect on the endothelium and/or signalling pathway,16,28

everolimus was shown to cause a marked clearance of macro-
phages, by autophagy induced by mTOR inhibition, but without
altering the endothelial or smooth muscle cell viability.29,30

Limitations
The major limitation of the present analysis is the small number of
patients. Nevertheless, this cohort of patients represents the
largest series of patients receiving an ABSORB device studied by
IVUS–VH and vasoreactivity testing. The second limitation is
that the VH composition of the scaffolded plaque may be influ-
enced by the presence of the scaffold; however, analysis of the
plaque underlying the scaffold requires acquisition by a specific
VH console, further limiting the number of the patients.21 Our ana-
lysis lacks of a control group, although the relationship between
vasomotor response to Ach and VH composition of plaque in seg-
ments without scaffold has been reported previously.6

Conclusions
The present study demonstrated that endothelial dysfunction in a
coronary segment scaffolded by an ABSORB BVS device is corre-
lated to plaque burden and NC, resembling the behaviour of a
native non-stented coronary segment. Reduction in hyper-
echogenicity in the scaffolded segment over time appears to be
also correlated to the recovery of normal vasoreactivity. The
vasoreactive behaviour of the distal edge of the scaffold does not
substantially differ from the physiological reaction observed in the

scaffolded segment. The clinical and prognostic implications of the
present findings remain to be determined.

Conflict of interest: C.D., S.V., and R.R. are employees of Abbott
Vascular. The ABSORB Trials are sponsored and funded by Abbott
Vascular, Santa Clara, CA, USA.
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a  b  s  t  r a  c  t

Objective:  To  quantify the  circumferential healing  process  at 6 and 12  months  following  scaffold  implan-
tation.
Background:  The healing process  following stent implantation  consists  of tissue  growing  on  the top of
and in  the space  between each  strut.  With the  ABSORB  bioresorbable  vascular scaffold  (BVS), the outer
circumference  of the scaffold  is  detectable  by  optical coherence tomography (OCT),  allowing a more
accurate  and  complete  evaluation of  the  intra-scaffold neointima.
Methods:  A  total  of  58  patients  (59  lesions), who received  an  ABSORB  BVS  1.1 implantation and a sub-
sequent  OCT  investigation at 6  (n  =  28  patients/lesions)  or  12  (n  =  30 patients with 31  lesions)  months
follow-up  were  included in  the  analysis.  The thickness  of  the  neointima  was calculated  circumferentially
in  the area  between the  abluminal side of  the  scaffold  and the  lumen by means  of  an  automated detec-
tion  algorithm. The  symmetry  of  the  neointima  thickness  in  each cross  section  was  evaluated  as the ratio
between  minimum and maximum  thickness.
Results:  The neointima  area was not  different  between  6  and  12  months follow-up (1.57  ± 0.42  mm2 vs.
1.64 ± 0.77  mm2; p = 0.691). No difference  was also found in the mean  thickness  of  the  neointima  (median
[IQR])  between  the two  follow-up time points  (210 !m [180–260])  vs.  220 !m [150–260];  p =  0.904).
However,  the symmetry  of  the  neointima  thickness  was  higher  at 12  than at 6  months  follow-up (0.23
[0.13–0.28]  vs.  0.16  [0.08–0.21],  p  =  0.019).
Conclusions:  A  circumferential  evaluation of  the healing process  following  ABSORB  implantation is  fea-
sible,  showing  the  formation  of  a neointima  layer,  that  resembles a thick  fibrous cap, known  for its
contribution  to plaque stability.

© 2011 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

The aim of percutaneous treatment of a  coronary lesion with an
intracoronary scaffolding device is  to  acutely restore the geome-
try  of  the coronary lumen, alleviating its  flow-limiting character.
Thereafter, the reaction of  the vessel wall  to  the implanted stent
initiates a  healing process resulting in  the growth of intra-scaffold

0021-9150/$ – see front matter ©  2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.atherosclerosis.2011.12.008
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neointima [1,2]. Growth of  this neo-tissue on top of  a vulnerable
thin-cap fibroatheroma may  generate a new “fibrous cap” which
may  potentially increase the thickness of the cap [3–5].  This bio-
logical  process may  be of particular interest in cases where scaffolds
have  been implanted on top of a  necrotic core, abutting the lumen.

Nevertheless, autopsy studies have suggested that metallic
struts  embedded in necrotic core may  remain uncovered even at
long-term, and thus be potentially a trigger for stent thrombosis
[4].

The  bioresorbable vascular scaffolds, which in the long-term are
completely replaced by  connective tissue and  smooth muscle cells
–  overcoming the problem of metal persistence into the coronary
vessel  wall – can ensure the formation of a neointima layer [6,7].  In
addition as the polymeric struts are translucent and do not create an
optical  shadow, an optical coherence tomography (OCT) evaluation
of  the neointima growth can be performed in  a more refined way
in  the scaffold than in  the metallic stents [8].

The aim of this analysis was to  assess and to  quantify the circum-
ferential distribution of the intra-scaffold neo-intima tissue during
the  first year after ABSORB implantation.

2. Methods

2.1. Study population

The ABSORB Cohort B trial (NCT00856856) is  a multicen-
tre  single-arm trial assessing the safety and  performance of  the
ABSORB  BVS (Abbott Vascular, Santa Clara, USA). The details of this
trial  have been previously reported [8,9].

In  total, 101 patients were enrolled in the ABSORB Cohort B
trial,  subdivided in two subgroups of patients: the first group of 45
patients  (Cohort B1) randomized to invasive imaging at 6 and  24
months; the second group of the remaining 56 patients (Cohort B2)
randomized to the same invasive imaging at 12 and 36 months. OCT
was  realized as an optional investigation in some of these patients
without  any inclusion/exclusion criteria.

The  present study is  a post hoc analysis of  the patients receiving
an  OCT investigation at the various follow-up time points.

2.2.  ABSORB BVS

The ABSORB BVS is  a fully bioresorbable intra-coronary device
made  of semi-crystalline poly (l-lactide) (PLLA) coated with an
amorphous poly (d,l-lactide) (PDLLA) copolymer that contains and
controls  the release of  the anti-proliferative drug everolimus. At
the  time of implantation, the total strut thickness is  156 !m. The
primary mechanism for molecular weight degradation of both
polylactide (PLA) materials is hydrolysis, a process in  which the
ester  bonds between repeating lactide molecules are progres-
sively cleaved by water. Ultimately, PLLA and PDLLA degrade into

lactic acid, which is readily converted to lactate and processed via
both  the Kreb’s cycle (for l-lactate) and methylglycoxal metabolism
(for  d-lactate) [7,10,11]. Based on preclinical studies, the time for
complete  bioresorption is assumed to  be approximately 2 years [6].

2.3.  OCT acquisition and analysis

OCT imaging was  performed as an optional investigation at
selected  centers, using either time domain [M3  system, Light Lab
Imaging (LLI), Westford, MA, USA] or frequency domain OCT sys-
tems  (C7XR system, LLI) at baseline and follow-up [12–17]. The OCT
measurements were performed with proprietary software for off-
line  analysis (Light Lab  Imaging, Westford, MA, USA). Adjusting for
the  pullback speed, the cross-sectional analysis was  performed at
1  mm longitudinal intervals within the treated segment.

When  imaged with OCT, the ABSORB BVS presents important
differences  compared to  the  metallic stents. The optically translu-
cent  polymeric struts appear as  black boxes (strut core area) framed
by  light-scattering borders that do not  produce dorsal shadows,
thus  allowing for a  complete imaging of the strut thickness [8].
As  the strut is entirely visible throughout its entire thickness, the
main  quantitative measurements (strut core area, strut area, lumen
area,  scaffold area, incomplete scaffold apposition area and neoin-
tima  area) required different analysis rules than with the metallic
stents, as  previously described [8,9].  In particular, the neointima
area  has been previously calculated as  [scaffold area – lumen area
–  strut core area] and the thickness of the coverage has been  mea-
sured for every strut between the abluminal side of  the strut core
and  the lumen [8,9].

At  variance with this previous analysis, the strut core area is
now  included in  the neointima area assessment, in order to  per-
form  a circumferential measurement of the neointima thickness
by  means of an  automated contour detection algorithm available
in  the Light Lab proprietary software. The  size and the thickness
of the neo-intima area, delimitated by  the scaffold (as outer ref-
erence,  drawn at the abluminal side of the struts) and  the lumen
contours  (as inner reference), were measured in each frame (Fig. 1).
Frames containing malapposed struts were excluded from the anal-
ysis,  as  the area included between the scaffold and the lumen does
not  contain in  these cases any neointimal tissue, but represents
incomplete scaffold apposition (ISA) area. The neointima area was
estimated as  scaffold area – lumen area. The neointima area was
normalized per scaffold size as “in-scaffold area obstruction” and
estimated as: [neointima area/scaffold area] ×  100. The symmetry
of  the neointima thickness in each cross-section was evaluated
as  a ratio between the minimum and  the maximum thickness of
neointima in that cross-section [18,19].

Fig. 1. Circumferential assessment of neointima for  ABSORB BVS.  Panel A  shows the circumferential distribution of the polymeric struts (*)  in  a  cross-section. After drawing
the lumen and scaffold contours (Panel B), the  neointima thickness is  calculated (Panel C).  The  minimum and  maximum diameters of lumen and scaffold areas are also drawn.
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2.4. Statistical analysis

Continuous variables are expressed as mean ± standard devia-
tion  (SD) or median and interquartile range, depending on their
distribution. The distribution normality of the variables was tested
using  the Kolgomorov–Smirnov test. Dichotomous variables are
reported as numbers and percentages. Comparison between groups
was  done by means of the non-parametric Mann–Whitney test.
Adjustment for clustering data at cross section level was per-
formed  using a generalized estimating equations approach [20].
A  two-tailed p-value <  0.05 was  considered statistically significant.
Statistical analyses were performed with SPSS statistical package,
version 17.0 (SPSS Inc., Chicago IL, USA).

3.  Results

3.1. Patient population

A total of 58 patients (59 lesions) received an OCT investigation
at  6 (n = 28 patients/lesions) or 12 (n =  30 patients with 31 lesions)
months follow-up after ABSORB BVS implantation, and all were
included  in the present analysis. (see  Supplementary material for
baseline clinical characteristics).

3.2.  OCT analysis of neointimal area at 6 and 12 months
follow-up

A  total of 1083 cross sections were analyzed (531 and  552 at
6  and 12 months, respectively). Forty-nine cross sections were
excluded from the analysis due to  the presence of ISA  (23 and 26 at
6  and 12 months follow-up, respectively).

At  a cross-section level, lumen and scaffold areas tended to
be  smaller, while the minimum neointima thickness tended to  be
larger  at 12 as compared to  6 months. However, the mean neoin-
tima  area was not different between the two time points (Table 1).
Fig.  2A shows the bimodal distribution histogram of the mean
neointima thicknesses, pooling the 6 and the 12 months follow-
up  data. There was a significant relationship between the mean
neointima thickness measured at the minimum lumen area frame
and  the angiographic late loss (r  =  0.624, p = 0.003) (Fig.  2B).

At  a lesion level, lumen and scaffold area also tended to  be
smaller  at 12 months follow-up and  the minimum neointima thick-
ness  tended to be larger at 12 than at  6 months follow-up (Table 1).

The  symmetry of the neointima thickness (more homogeneous
distribution of neointima) was  significantly higher at 12 than at 6
months follow-up both at cross-section and  at  lesion level (Fig. 3).

4.  Discussion

The main findings of the present analysis are: (1) the method-
ology  for measuring the neointima thickness circumferentially by
OCT  is feasible with translucent bioresorbable scaffolds and allows
for  the measurement of  the neointima on top and  between the
struts;  (2) the neointima at 6 and  12 months does not differ in
terms  of thickness but appears to be  more symmetric at 12 than
at  6 months.

It is known that in  the pathogenesis of acute coronary syn-
dromes a major role  is played by coronary plaque rupture and
erosion with subsequent local thrombosis [21]. In particular, patho-
logical studies have documented that these plaques are mostly
represented by thin-cap fibroatheromas (TCFA), which are lipid
core  plaques covered by a thin fibrous cap (<65 !m)  [22,23]. The
PROSPECT study has further demonstrated that IVUS-VH derived
TCFA  are independent predictors of  coronary events in patients
after  an acute coronary syndrome at a median follow-up of  3.4

Fig. 2. Neointima thickness: histogram distribution and correlation with angio-
graphic late loss. Panel A:  Histogram distribution of the neointima thickness at
cross-sectional level (1034 cross-section). The  ABSORB BVS scaffold has a  median
(interquartile range) of 210  !m  (160–270 !m)  with a bimodal distribution. Panel B:
the mean neointima thickness at  the site of minimum lumen area (MLA) is  signifi-
cantly correlated with the angiographic late  loss.

years [24]. Nevertheless, it has not been yet  demonstrated which
of  these plaques are going to  be  the cause of events. Of note is  that
the  majority of the events in the PROSPECT study were progressive
angina, caused probably by plaque growth and not acute coronary
syndromes that could be attributed to the rupture of a vulnerable
plaque.  In addition to this, TCFA were identified in  the PROSPECT
study by IVUS-VH, which has a limited resolution to measure the
thickness of the cap. For these reasons, more natural history stud-
ies  with more precise techniques for the detection of  TCFAs are
needed before the interventional treatment of these lesions can be
recommended.

Pharmacological and mechanical treatments aimed to  stabilize
TCFA  are, however, a current topic of  research. Takarada et al. [25]
showed  that pharmacological treatment, such as  statins, enables
to  significantly increase the fibrous-cap thickness of  coronary
plaques. The pilot SECRITT trial attempted to  address for the first
time the question whether a mechanical preventive treatment of
such  kind of plaques by means of self-expandable metallic stent
(“Shield”) may  be feasible and safe [3]. The percutaneous treat-
ment  of  a TCFA by a  metallic stent, especially bare-metal, triggers
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Table 1
Neointima thickness analysis by OCT.

Cross section level

6  month (508 cross sections) 12  months (526 cross sections) p-value

Mean lumen area (mm2) 6.26 ± 1.72 5.63  ± 1.48 0.071
Mean scaffold area (mm2)  7.86 ± 1.63 7.31  ± 1.38 0.095
Mean neointima thickness (!m) 230 [190–280] 190  [150–270] 0.410
Minimum neointima thickness (!m)  40  [10–105] 60  [30–120] 0.096
Maximum neointima thickness (!m) 330 [280–410] 310  [240–410] 0.648
Neointima area (mm2)  1.60  ± 0.62  1.68  ± 0.77 0.517
In-scaffold area obstruction (%)  21.37 ± 9.44 23.46 ± 11.24 0.284
Symmetry of neointima thickness 0.10 [0.03–0.24] 0.20 [0.09–0.30] 0.005

Patient level

6 months (n  =  28) 12 months (n  =  31) p-value

Mean lumen area (mm2) 6.42 ± 1.40  5.64 ± 1.41 0.050
Mean scaffold area (mm2)  7.98 ± 1.52 7.28 ± 1.08 0.031
Mean neointima thickness (!m) 210 [180–260] 220 [150–260] 0.904
Minimum neointima thickness (!m)  50 [30–80] 80  [40–120] 0.071
Maximum neointima thickness (!m) 335 [300–410] 340 [280–420] 0.912
Neointima area (mm2)  1.57 ± 0.42  1.64 ± 0.77 0.691
In-scaffold area obstruction (%)  20.66 ± 7.47 23.38 ± 11.73 0.322
Symmetry of neointima thickness 0.16 [0.08–0.21] 0.23  [0.13–0.28] 0.019

Data are reported as median  and  interquartile range or mean ± standard deviation, according to their distribution.

Fig. 3. Symmetry of the neointima. Examples of non-symmetric (6  months follow-up) and symmetric (12 months follow-up) neointima thickness. The  minimum and
maximum diameter of the lumen and  scaffold contours are drawn.
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Fig. 4. Neointima layer covering coronary plaques. Examples of the formation of a  neointima layer over two  coronary plaques (indicated as § and *),  scaffolded by an  ABSORB
BVS device. At follow-up a  neo-tissue is visible not only on  the top of the polymeric struts, but also in  the space between two  adjacent struts  (white arrows), thickening the
cap of the plaque originally treated (see the  enlargement on  the bottom). GW  = shadow of the guidewire. M = shadow of the radio-opaque marker, present at the scaffold
edge (note: the shadow of the marker at follow-up is hidden by the guidewire shadow).

the formation of a fibrotic layer (more or less thick) on the top of
the  thin cap covering the lipid pool, potentially reducing therefore
the  probability of plaque rupture/erosion. However, the persistence
of  metal and/or non-degradable polymers into the vessel wall can
have  some detrimental effects (e.g., permanent presence of  foreign
body,  etc.) [26]. With regards to ABSORB bioresorbable vascular
scaffold, it has been established that at approximately 2 years the
polymeric material has been fully degraded and  replaced by  pro-
teoglycans. At 4 years, the initial location of the struts in the vessel
wall  is no longer identifiable by  histology or OCT  and the neointi-
mal  layer built up on the scaffolding structure becomes thereby a
“de  novo” cap, which cannot be distinguished from a  fibrotic cap,
normally  seen in fibroatheroma [6,10,27] (Fig. 4). The formation of

a symmetric neo-tissue with a  mean thickness of 220 !m without
remnants of polymeric struts, when the device is  completely biore-
sorbed,  may  therefore favor the use of  a bioresorbable device for the
treatment  of  thin-cap fibroatheromas [10]. Based on the findings of
our  previous pre-clinical studies, we have established that the main
component of  the neointima following ABSORB BVS implantation
is  fibrous tissue, whereas fibrin and granulomatous cells are scarce
at  long-term follow-up [6].

Of note is  that in our analysis the thickness of the neointima was
on  average not different between 6 and 12 months follow-up. Only
the  minimum neointima thickness exhibited some tendency to  be
larger  at 12 than at 6 months follow-up. This observation suggests
that  the healing process following an ABSORB BVS implantation is
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almost completed 6 months after the device implantation, without
further increase of neointima overtime. Conversely, the symme-
try  of the neointima, although far away from the value of 1,  which
potentially represents a highly symmetric neointima, significantly
increases from 6 to 12 months follow-up, reflecting a  more circum-
ferentially homogenous distribution of tissue capping the original
plaque.  A symmetric distribution of neointima thickness ensures
more  likely the presence of a “thick cap” on the top of the plaque
originally treated, regardless of  its circumferential location in  the
vessel wall.

It is noteworthy that the comparison between 6 and 12 months
represents an unpaired comparison so that the tendency toward
a  reduction in lumen and scaffold areas should be carefully inter-
preted.  In the paired comparison, previously reported, there was
not  reduction in  scaffold area by OCT at 6 and  12 months [8,9]. The
histogram distribution of the neointima thickness seems to have a
bimodal distribution, which is  consistent with the DES late loss dis-
tribution, previously observed [28]. Of note is that the angiographic
late  loss appeared to be significantly correlated with the thickness
of  the neointima at the site of MLA  [29,30].  The  difference in resolu-
tion  between the two imaging techniques and other factors, such as
remodeling of the vessel, should be taken into account for explain-
ing  this relationship. It is also known that the level of neointima
proliferation may  affect the correlation between late  loss by QCA
and  neointima thickness by  OCT that is  high in  presence of a high
late  loss [30].  The small number of patients did not allow us  this
kind  of sub-analysis and will require further studies.

5.  Limitations

Our analysis may  have some limitations. The first is  that the
assessment of the intra-scaffold neointima area incorporates the
area  of the strut core in  the quantification of the neointima area,
at  variance with the method previously described [8,9].  However,
from  animal studies, it may  be argued that that each polymeric strut
is  ultimately replaced by proteoglycan and connective tissue: for
this  reason, the inclusion of the strut core area into the neointima
area  more correctly reflects the thickness of  the tissue covering the
plaque originally treated [6]  (See  Fig. 1 in Supplementary material).

Another important consideration is about the small sample size
at  the two time points. Nevertheless, these patients represent the
unique cohort of patients received an ABSORB implantation and an
OCT  analysis.

The presence of ISA is  another limitation of our  methodology, as
the  automatic detection software algorithm of  the software recog-
nizes  this area as neointima. However, the segments with ISA  can
be  excluded and analyzed using conventional methodology.

6.  Conclusions

An accurate and  circumferential quantification of the heal-
ing  process following implantation of bioresorbable scaffolds is
allowed.  The formation of a thick neointimal layer, without rem-
nants  of polymeric struts, creates a “de novo” cap, which may  be
used  to seal a  thin-cap fibroatheroma.
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SUMMARY AND CONCLUSIONS

Many intra-coronary imaging techniques are 
currently available and are highly accurate for the 
serial assessment of the natural history of coronary 
atherosclerosis, for the analysis of metallic/poly-
meric intracoronary devices and for the evaluation 
of the vessel wall response to these devices.

This thesis provides important data regarding the 
value of these techniques, validating in particular 
some potential imaging surrogates which can be 
used in future atherosclerosis and stent/sca# old tri-
als to evaluate the performance of drug therapies or 
bioresorbable devices for atherosclerosis treatment.

VALIDATION

We described the various tissue characteriza-
tion techniques (IVUS-VH and iMAP) based on 
ultrasound, highlighting their potential clinical 
applications for atherosclerosis and intra-coronary 
devices evaluation (chapter 1.1).

The reproducibility study of iMAP demonstrated 
that the geometrical and compositional output 
of iMAP has acceptable reproducibility, giving 
important information to perform power calculation 
for longitudinal studies using iMAP (chapter 1.2).

NEAR INFRA-RED SPECTROSCOPY

Near infra-red spectroscopy (NIRS), which is rou-
tinely used in science and industry to determine 
the chemical composition of substances, has the 
potential to identify lipid core plaques in vivo, 
possibly improving patient risk strati! cation and 
guiding therapy. Possible clinical applications of 
this technique are: 1) identi! cation of large lipid 
core plaques, which are known to be at high risk of 
distal embolization and peri-procedural myocardial 
infarction. In this case pre-PCI identi! cation of such 

plaques can lead to the use of preventive strategies, 
employing distal embolic protection devices. 2) De-
lineation of length of vessel to stent with adequate 
lesion coverage and optimal stent expansion. 3) 
Identi! cation of vulnerable plaques, which may 
lead to strategies to prevent future coronary events 
(chapter 2.1).

We showed that NIRS is able to study the longitu-
dinal distribution of lipid core plaques, showing that 
such kind of plaques tend to cluster in the proximal 
segment of coronary arteries close to the ostium, 
in agreement with previous anatomo-pathological, 
clinical and IVUS studies (Chapter 2.2). Nevertheless, 
of note is that NIRS exhibits a weak correlation with 
intravascular ultrasound virtual histology (IVUS-VH) 
in detecting lipid core/necrotic core plaques. The 
fundamental di# erences in the principles of each 
technique - VH is based on pattern classi! cation 
of backscattering ultrasound signal, while NIRS on 
near infrared spectral signals – and their respective 
limitations should be taken into account in the 
interpretation of this disagreement between NIRS 
and IVUS-VH (chapter 3.1).

COMBINED IMAGING APPROACHES 
FOR ATHEROSCLEROSIS EVALUATION

In chapter 3.2, the combined use of IVUS-VH and 
optical coherence tomography (OCT) for progres-
sion/regression assessment of atherosclerosis 
at coronary bifurcations is described. Greyscale 
intravascular ultrasound allows evaluation of 
coronary atherosclerosis, imaging the complete 
thickness of the plaque, but its limited resolution 
(axial 150–200 µm) precludes the visualization of 
certain microstructures (such as the thin ! brous 
cap or ! ne strut coverage). On the contrary OCT 
is a light-based imaging modality can be used to 
study tissues in vivo with near-histologic, ultrahigh 
resolution and may provide very valuable informa-
tion for the detection of high-risk plaques in vivo, 
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especially by measuring the thickness of the ! brous 
cap. However due to its limited penetration OCT 
cannot provide a full analysis of large plaques. Thus, 
we showed that the combination of the IVUS-VH 
and OCT appears promising to better characterize 
progression/regression of coronary plaques at the 
level of coronary bifurcations.

The distribution and composition of atheroscle-
rotic plaques at coronary bifurcations was further 
studied in chapter 3.3, using a combined approach 
with invasive (IVUS-VH) and non-invasive (MSCT) 
imaging techniques. The plaques with high-risk 
features on IVUS-VH and non-calci! ed type on MSCT 
show a di# erential distribution along the bifurcation 
being more frequent at the proximal segment.

In addition to this, we evaluated combination 
of IVUS-VH data with functional (e.g. FFR) or me-
chanical (e.g strain value) characteristics of coronary 
plaques. Comparing FFR negative (≤ 0.80) and 
positive lesions, for example, the relative content 
of VH-necrotic core appeared to be higher in lesions 
with a FFR > 0.80. This could be a possible expla-
nation of major adverse cardiac events for those 
patients with angiographically intermediate lesions, 
left untreated as no functionally signi! cant by FFR 
(chapter 3.4). On the contrary, the combination of 
compositional (VH) and mechanical (palpography) 
characteristics of coronary plaques did not have 
any additional value for identifying those coronary 
plaques at high risk of events (chapter 3.5)

IN STENT RESTENOSIS AND STRUT 
COVERAGE EVALUATION

In chapter 4.1, IVUS analysis demonstrated no 
additional advantage of using rosiglitazone 
over glipizide in type 2 diabetic patients for the 
reduction of in-stent restenosis; however it did 
demonstrate that both drugs have comparable 
e# ect on neointimal growth up to 18-months after 
coronary stent implantation.

In chapter 4.2, we showed a wide inter- and intra-
observer agreement for uncovered struts evaluated 
visually by OCT, which is highly dependent of the 
zoom setting used in the analysis. This ! nding may 
suggest that a new quantitative and automatic 
approach (e.g. light intensity) would be needed 
to enhance the clinical relevance of strut coverage 
assessment, which is used as imaging endpoint in 
many stent studies.

BIORESORBABLE VASCULAR 
SCAFFOLDS

Everolimus-eluting bioresorbable vascular sca# olds 
(BVS) are a promising alternative to conventional 
drug-eluting metallic stents for the treatment of 
coronary atherosclerosis. The aim of this device 
consists in providing temporary vessel sca# olding 
and subsequently be bioresorbed, thereby allowing 
the artery to respond to shear stress and exhibit 
pharmacologically-induced vasomotion, akin to a 
non-treated coronary segment. This entire process, 
making the transiently sca# olded coronary segment 
fully amenable to biological, pharmacological and 
physiological stimuli, has been recently termed 
“vascular reparative therapy”.

COMPARISON OF DIFFERENT BVS

Two di# erent revisions (1.0 and 1.1) of BVS have 
been evaluated in the clinical arena and various 
imaging techniques have been extensively used 
in order to evaluate all the characteristics of these 
devices.

In chapter 5.1 and 5.2 the two revisions have 
been compared by IVUS-VH and OCT. Both imaging 
techniques agreed on the fact that the revision 1.1 
exhibited a longer mechanical integrity than the 
revision 1.0. Of note is that qualitative assessment of 
BVS structures using IVUS 20 MHz should be avoided 
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due to its poor agreement and reproducibility when 
compared to OCT. Both IVUS and OCT have good 
reproducibility to assess lumen and sca# old areas 
but the margin of error with IVUS is larger than with 
OCT (Chapter 5.3).

MECHANICAL PROPERTIES OF 
BIORESORBABLE VASCULAR 
SCAFFOLDS

Imaging techniques have been used to study the 
mechanical properties of these devices. In particular 
we analyzed the conformability and the eccentric-
ity/symmetry of the device by means of coronary 
angiography and IVUS, respectively. At mid-term 
follow-up, the BVS tended to allow restoration of the 
coronary geometry and systo-diastolic movements 
of the coronary arteries similar to that seen before 
implantation, in contrast with metallic stent, for 
which the coronary geometry and systo-diastolic 
movements of coronary arteries remained similar 
to that seen after implantation (chapter 6.1). In 
agreement with these ! ndings, the bioresorbable 
vascular sca# old appeared also to have reduced 
eccentricity index and increased symmetry index, 
when compared to conventional metallic stents 
(chapter 6.2).

In chapter 6.3, we found that the vascular dis-
tensibility of the sca# olded segment, measured 
by palpography, is reduced by BVS implantation; 
however, in contrast to metallic stents, the created 
mismatch in compliance with the proximal and 
distal segments disappeared at mid term due to 
the bioresorption and disappearance of the sca# old 
with potential clinical bene! ts of these ! ndings, 
related to restoration of vessel wall pulsatility and 
absence of mismatch.

STRUCTURAL CHANGES OF 
BIORESORBABLE VASCULAR 
SCAFFOLDS OVERTIME

It is interesting to note that in contrast with metallic 
devices, BVS structure changes overtime. These 
changes can be qualitatively and quantitative 
evaluated by IVUS-based-echogenicity, OCT and VH.

With IVUS-based echogenicity, we demonstrated 
that when the degradation process is imaged by 
IVUS, individual cross-sectional images show a 
diminishing grey-level intensity of the struts over 
time, that can be quanti! ed by an automated and 
validated software. In particular the improvement 
in mechanical integrity of the revision 1.1 over the 
revision 1.0 resulted in a reduced amount of change 
in ultrasound-derived parameters (e.g., changes 
in hyper-echogenicity) at 6 and 12 months (15% 
and 20%, respectively), compared with its ! rst 
generation (1.0) (chapter 7.1).

By OCT, BVS exhibited a low rate of acute, per-
sistent, and late acquired incomplete strut/sca# old 
malapposition as well as uncovered struts overtime. 
Moreover, at baseline and follow-up, malapposed 
and side branch struts were related to a lack of 
tissue coverage at 6 months and sca# old pattern 
irregularities were the only cause of late acquired 
malapposed struts (chapter 7.2).

Although all these techniques are able to show a 
change in the various sca# old parameters analyzed 
during the bioresorption/degradation process, the 
correlation between them has shown to be very 
poor. This is not surprising, as each technique is 
based on ultrasound or light so that they analyze 
di# erent phenomena and parameters during 
sca# old degradation (chapter 7.3).
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MORPHOLOGICAL MODIFICATION IN 
THE CORONARY ARTERY AFTER BVS 
IMPLANTATION

IVUS-VH can analyze the changes in plaque compo-
sition of the plaque localized behind the polymeric 
struts. It is known that the presence of the sca# old 
in a coronary artery is recognized by VH as dense 
calcium. We showed that it is feasible to exclude 
this dense calcium related to the sca# old from the 
VH-analysis of the plaque located behind, ! nding a 
signi! cant reduction in necrotic core up to 1 year 
follow-up (Chapter 8.1 and 8.2).

FUNCTIONAL MODIFICATION IN 
THE CORONARY ARTERY AFTER BVS 
IMPLANTATION

The main advantage of the bioresorbable devices 
consists on the so-called vascular reparative therapy. 
We explored two aspects of this therapy, related 
to the ability of the sca# olded segment to react 
to vasoactive drugs and to create a “thick cap” on 
the top of a thin-cap coronary plaque.

In chapter 8.3, we demonstrated that the ability 
of a coronary segment sca# olded by a BVS device 
to react to vasoactive drugs is related to the bio-
resorption of the polymeric struts, as indirectly 
evaluated by changes in their echogenicity; in 
addition recovery of a normal endothelial function 
was associated with a low plaque burden and VH-
necrotic core, resembling the behavior of a native 
diseased coronary vessel.

Chapter 8.4 analyzes the feasibility of an accurate 
and circumferential quanti! cation of the healing 
process following implantation of bioresorbable 
sca# olds, suggesting that the formation of a thick 
and symmetric neointimal layer, without remnants 
of polymeric struts, may create a “de novo” cap, 
which may be used to seal a thin-cap ! broatheroma.

CONCLUSION

I believe that this thesis is of value to better under-
stand the clinical utility of intracoronary imaging 
techniques in studying the extent, distribution, 
morphology and composition of coronary athero-
sclerosis in our patients.

In particular, we have provided important data 
regarding NIRS and new combined approaches to 
better characterize high-risk plaques, suggesting 
possible imaging surrogates endpoints, that may 
be used in future trials.

In addition, this thesis has extensively studied the 
healing process following bioresorbable vascular 
sca# old implantation, highlighting the morphologi-
cal and functional changes in the vessel wall that 
can be achieved with these devices.



311

Samenvatting en Conclusies

SAMENVATTING EN CONCLUSIES

Er zijn momenteel vele nauwkeurige intra-coronaire 
beeldvormende technieken beschikbaar die voor de 
seriële beoordeling van de natuurlijke historie van 
coronaire atherosclerose ingezet kunnen worden. 
Ook voor de analyse van metalen en/of polymere 
intracoronaire implantaten en voor de evaluatie van 
de reactie van de vaatwand op deze implantaten.

Dit proefschrift bevat belangrijke gegevens over de 
eventuele toegevoegde waarde van het gebruik van 
deze technieken. Meer in het bijzonder de validatie 
van deze technieken als surrogaat eindpunt in 
studies die de prestaties van geneesmiddelen 
onderzoeken m.b.t. athersosclerose progressie-
regressie en andere interventies, zoals bijvoorbeeld 
het gebruik van metalen en/of bioafbreekbare 
stents.

VALIDATIE

We beschrijven verschillende weefselkarakteriser-
ing technieken (IVUS-VH en IMAP) op basis van 
ultrageluid, de nadruk leggend op de evaluatie van 
de potentiële klinische toepassingen voor athero-
sclerose en intra-coronaire behandelingstechnieken 
(hoofdstuk 1.1).

De reproduceerbaarheids studie van het gebruik 
van de IMAP techniek heeft aangetoond dat de 
geometrische en compositorische output hiervan 
aanvaardbaar is. Het geeft belangrijke informatie om 
uit te kunnen rekenen hoeveel patiënten, statistisch 
gezien, in een studie moeten worden geïncludeerd, 
om een bepaalde evaluatie studie uit te kunnen 
voeren (hoofdstuk 1.2).

NABIJ-INFRARODE SPECTROSCOPIE

Nabij-infrarode spectroscopie (NIRS), welke rou-
tinematig wordt gebruikt in de wetenschap en 
de industrie om de chemische samenstelling van 
sto# en te bepalen, heeft de potentie om coronaire 
plaques die lipide bevatten te kunnen identi! ceren 
in vivo. Deze techniek biedt de mogelijkheid voor 
het verbeteren van de risicostrati! catie van de 
patiënt en het optimaliseren van de toegepaste 
therapie. Mogelijke klinische toepassingen van deze 
techniek zijn: 1) identi! catie van lipides in coronaire 
plaques, waarvan bekend is dat zij een hoog risico 
vormen van distale embolisatie en peri-procedurele 
myocardinfarcten. In dit geval kan voordat een PCI 
wordt uitgevoerd preventieve strategieën worden 
ingezet zoals bijvoorbeeld het gebruik van distale 
embolusbeschermingssystemen. 2) Het zo correct 
mogelijk inschatten van de lengte van het coronaire 
vat dat beschermd, gestent, zou moeten worden 
tegen plaques die grote hoeveelheden lipiden 
bevatten. 3) Identi! catie van kwetsbare plaques, 
wat kan leiden tot strategieën om toekomstige 
coronaire gebeurtenissen (hoofdstuk 2.1) te 
voorkomen.

We hebben aangetoond dat m.b.v. NIRS de longitu-
dinale verdeling van lipides in plaques kan worden 
bestudeerd, waaruit gebleken is dat zulke plaques 
zich meestal in het proximale deel van de coronairen 
bevinden nabij het ostium, wat in overeenstem-
ming is met eerdere anatomisch-pathologisch 
klinische studies en IVUS (hoofdstuk 2.2). Dit gezegd 
hebbende, is het van belang om nota te nemen 
van het feit dat deze bevindingen met NIRS niet 
correleren met die van de intravasculaire echogra! e 
virtuele histologie (IVUS-VH) techniek m.b.t. het 
opsporen van lipides en necrotische plaques. De 
fundamentele verschillen van beidde technieken, 
waarbij IVUS-VH is gebaseerd op patroonherken-
ning van het ruwe ultrasone signaal, terwijl NIRS 
gebaseerd is op nabij-infrarode spectrale signalen, 
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met hun respectievelijke beperkingen, zou hieraan 
ten grondslag kunnen liggen (hoofdstuk 3.1).

GECOMBINEERDE BEELDVORMING 
VOOR DE EVALUATIE VAN 
ATHEROSCLEROSE

In hoofdstuk 3.2, wordt het gecombineerde gebruik 
van IVUS-VH en de optische coherentie tomogra! e 
(OCT) voor de progressie / regressie beoordeling van 
atherosclerose bij coronaire bifurcaties beschreven.

Grijswaarde intravasculaire echogra! e kan 
gebruikt worden voor de evaluatie van coronaire 
atherosclerose dit doordat de volledige dikte van 
de plaquekan worden gevisualiseerd. Echter door 
de beperkte resolutie (axiale 150-200 micrometer), 
kunnen bepaalde microstructuren (zoals de dunne 
! breuze kap of de dekking met een dunne laag 
weefsel op coronaire stents) niet worden gevi-
sualiseerd. Hierintegen een op licht gebaseerde 
beeldvormingstechniek, optische coherente 
tomogra! e (OCT), kan dit wel en kunnen weefsels 
in vivo op bijna histologische, ultrahoge resolutie 
bestudeerd worden. Hierdoor kan zeer waardevolle 
informatie van het atherosclerotische vat verkregen 
worden zoals de detectie van ! breuze kappen. 
Zo toonden we aan dat de combinatie van de 
IVUS-VH en de OCT veelbelovend lijkt te zijn voor 
progressie-regressie studies van coronaire plaques 
op het niveau van coronaire bifurcaties. Helaas is 
deze techniek beperkt voor de analyses van grote 
plaques (in diameter).

De verdeling en de samenstelling van atherosclero-
tische plaques op coronaire bifurcaties werd verder 
onderzocht in hoofdstuk 3.3, met behulp van een 
gecombineerde aanpak van invasieve (IVUS-VH) en 
niet-invasieve (MSCT) beeldvormende technieken. 
De plaques met een hoog risico geïdenti! ceerd 
met IVUS-VH en niet-verkalkte plaques op MSCT 
tonen een ongelijke verdeling over de bifurcaties 

zijn frequenter aanwezig in het proximale seg-
ment. Daarnaast evalueerden we de combinatie 
van IVUS-VH metingen met die van functionele 
(FFR) en mechanische (Strain) metingen om de 
eigenschappen van coronaire plaques verder te 
bepalen. Hierbij werden negatieve FFR (≤ 0,80) 
waarden en positieve letsels, vergeleken met het 
relatieve gehalte van de VH-necrotische waarden 
in een plaque waarbij bleek dat deze hoger is in 
laesies met een FFR> 0.80. Dit zou een mogelijke 
verklaring kunnen zijn om belangrijke cardiovascu-
laire gebeurtenissen toch te kunnen verklaren bij 
patiënten met een angiogra! sch niet signi! cante 
stenose en die niet worden behandeld, omdat er 
geen functioneel belangrijke stenose door FFR 
(hoofdstuk 3.4) wordt geïdenti! ceerd. Aan de 
andere kant, de combinatie van compositorische 
(VH) en mechanische (palpography) kenmerken van 
coronaire plaques heeft geen enkele toegevoegde 
waarde voor het identi! ceren van die coronaire 
plaques met een hoog risico op negatieve cardiale 
gevolgen aangetoond (hoofdstuk 3.5).

IN-STENT RESTENOSE EN EVALUATIE 
VAN WEEFSELDEKKING VAN STENTS

In hoofdstuk 4.1, m.b.v. IVUS-analyse wordt 
aangetoond dat er geen bijkomend voordeel is 
van het gebruik van rosiglitazone in vergelijking 
met glipizide bij type-2 diabetes patiënten voor 
de vermindering van in-stent restenose, maar het 
toonde wel aan dat beide middelen resulteren in 
een vergelijkbaar e# ect op de neointima groei tot en 
met 18 maanden na een coronaire stent implantatie.

In hoofdstuk 4.2 laat zien dat er een relatief grote 
inter-en intra-observer spreiding is in de resultaten 
van niet bedekte stent struts als dit visueel wordt 
beoordeeld m.b.v. OCT welke sterk afhankelijk is van 
de beeldinstellingen zoals die worden gebruikt voor 
de analyse, meer in het bijzonder de vergrotingsfac-
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tor. Deze bevindingen kunnen erop wijzen dat 
een kwantitatieve en automatische aanpak (de 
lichtsterkte) nodig is om de klinische relevantie van 
de stent bekleding met weefsel, die tegenwoordig 
vaak wordt ingezet als beeldvormings eindpunt in 
veel stent studies te verbeteren.

BIORESORBEERBARE STENTS

Everolimus-afscheidende bioresorbeerbare vascu-
laire stents (BVS) zijn een veelbelovend alternatief 
voor de conventionele metalen permanente geïm-
planteerde drug-eluting stents voor de behandeling 
van coronaire atherosclerotische aandoeningen. 
Het doel van deze stents is het tijdelijk mechanisch 
ondersteunen van het behandelde vat, vervolgens 
verdwijnt, waardoor de coronair kan reageren op 
veranderde afschuifspanningen en farmacologisch 
geïnduceerde vasomotie, vergelijkbaar met een 
normale coronairen. Dit hele proces is onlangs 
aangeduid als “vasculaire herstellende therapie”.

VERGELIJKING VAN VERSCHILLENDE 
BVS

Twee verschillende revisies (1.0 en 1.1) van de 
BVS zijn geëvalueerd in de kliniek en verschil-
lende beeldvormende technieken zijn uitgebreid 
gebruikt om alle kenmerken van deze stents te 
kunnen evalueren.

In hoofdstuk 5.1 en 5.2 zijn de twee revisies 
vergeleken m.b.v. IVUS-VH en OCT. Beide beeld-
vormende technieken zijn het eens over het feit 
dat de herziene versie 1.1 een langere mechanische 
integriteit vertoont in vergelijking met versie 1.0. 
Van belang is dat de kwalitatieve beoordeling van 
BVS structuren met behulp van IVUS 20 MHz dient 
vermeden te worden vanwege zijn slechtere repro-
duceerbaarheid in vergelijking met OCT. Zowel IVUS 

als OCT hebben een goede reproduceerbaarheid 
om het lumen en stent oppervlak te meten, maar 
de foutmarge bij IVUS is veel groter als vergeleken 
met OCT (hoofdstuk 5.3).

MECHANISCHE EIGENSCHAPPEN 
VAN BIORESORBEERBAE STENTS

Beeldvormende technieken zijn gebruikt om de 
mechanische eigenschappen van deze stents 
te bestuderen. In het bijzonder hebben wij de 
vervormbaarheid en de excentriciteit /symmetrie 
van de BVS stent onderzocht m.b.v. respectievelijk 
coronaire angiogra! e en IVUS. De coronaire vaten 
die behandeld zijn met deze stents toonden na 
heronderzoek, 6 maanden tot 2 jaar later, de neiging 
tot herstel van de coronaire geometrie en staat 
systole-diastole bewegingen van de coronairs toe, 
gelijk aan dat voor implantatie. Dit in tegenstelling 
tot permanente geïmplanteerde metalen stents, 
waarvan de coronaire geometrie en systole-diastole 
bewegingen van de coronairs gelijk bleven aan 
die van net na implantatie (hoofdstuk 6.1). In 
overeenstemming met deze bevindingen heeft de 
bioresorbeerbare vasculaire stent een verminderde 
excentriciteits- en een toegenomen symmetrie 
index, in vergelijking met conventionele metalen 
stents (hoofdstuk 6.2).

In hoofdstuk 6.3, beschrijven we dat de vascu-
laire dissensibiliteit van deze gestente coronairen, 
gemeten door palpography, wordt verminderd. 
Daarentegen, in tegenstelling tot metalen stents, 
de gevonden mismatch met de proximale en distale 
segmenten verdween op termijn, waarschijnlijk 
veroorzaakt door de bioresorptie en het verdwijnen 
van de stent welke mogelijke positieve klinische 
voordelen heeft zoals herstel van de pulsatilitiet 
van de vaatwand.
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STRUCTURELE VERANDERINGEN VAN 
BIORESORBEERBAAR VASCULAIRE 
STEIGERS OVERWERK

Het is interessant op te merken dat in tegenstelling 
tot metalen stents, de structuur van de BVS verand-
ert door de tijd heen. Deze veranderingen kunnen 
kwalitatief en kwantitatief worden geëvalueerd 
door IVUS-based-echogeniciteit, OCT en VH.

Met de op IVUS-gebaseerde echogeniciteit 
metingen, hebben we aangetoond dat wanneer 
het afbraak proces in beeld wordt gebracht m.b.v. 
IVUS, individuele cross-sectionele beelden een 
afnemend grijs-waarde intensiteits niveau van de 
stent struts over de tijd laat zien, welke kan worden 
gekwanti! ceerd door een geautomatiseerde en 
gevalideerde software programma. Met name de 
verbeterde mechanische eigenschappen van de BVS 
versie 1,1 vergeleken met die van versie 1,0 liet een 
sterk verminderde hoeveelheid veranderingen in de 
ultrasoon afgeleide parameters zien (zoals bijvoor-
beeld veranderingen in hyper-echogenesignalen) 
na 6 en 12 maanden (15% en 20% respectievelijk), 
in vergelijking met de eerste generatie BVS (1,0) 
(hoofdstuk 7.1).

M.b.v. OCT, is onderzocht of de stent goed geëx-
pandeerd tegen de vaatwand was aangebracht (e.g. 
geen struts die los in het lumen “hangen”) en dat dit 
ook tijdens vervolgonderzoeken nog het geval was. 
Tevens is OCT gebruikt om te onderzoeken of de 
stent struts waren bekleed met nieuw weefsel. Struts 
die niet tegen de wand aan zaten na implantatie 
en/of die ter hoogte van de opening van een zijvat 
waren gepositioneerd, konden in verband worden 
gebracht met een gebrek aan weefsel dekking 
tijdens latere vervolgonderzoeken (hoofdstuk 7.2).

Hoewel al deze technieken in staat zijn om verand-
eringen tijdens het bioresorptie/afbraak proces te 
tonen, de correlatie tussen hen is slecht. Dit is niet 

verwonderlijk, omdat elke techniek is gebaseerd op 
andere fysische eigenschappen zoals ultrageluid 
en licht, zodat ze in principe verschillende verschi-
jnselen in beeld brengen (hoofdstuk 7.3).

MORFOLOGISCHE WIJZIGING IN DE 
CORONAIR NA BVS IMPLANTATIE

IVUS-VH kan worden toegepast voor het analyseren 
van de veranderingen in de plaque samenstelling 
van de plaque gelokaliseerd achter de polymere 
stent struts. Het is bekend dat de aanwezigheid van 
de stent op in de coronair wordt geïdenti! ceerd 
door VH als calcium. We hebben aangetoond dat 
het mogelijk is om de geïdenti! ceerde calcium van 
de stent te excluderen in de VH-analyse en dan de 
resterende plaque samenstelling te analyseren. Dit 
heeft geleid tot de bevinding dat de hoeveelheid 
necrotisch materiaal in de plaque achter de stent 
aanzienlijk vermindert bij vervolgonderzoeken na 
1 jaar (hoofdstuk 8.1 en 8.2)

FUNCTIONELE WIJZIGINGEN IN DE 
CORONAIR NA BVS IMPLANTATIE

Het belangrijkste voordeel van de bioresorbeerbare 
stents bestaat   uit het zogenoemde vasculaire 
herstel. Wij onderzochten twee aspecten van deze 
behandeling met betrekking tot het vermogen 
van deze stents gerelateerd tot het reageren op 
vasoactieve middelen en het creëren van een z.g. 
“dikke kap” op de bovenkant van een dunne kap 
coronaire plaque.

In hoofdstuk 8.3, tonnen we aan dat het vermogen 
van een BVS gestent coronair segment om te rea-
geren op vasoactieve medicatie, gerelateerd is tot de 
bioresorptie van de stent als indirect gemeten m.b.v. 
van veranderingen in het grijswaarde niveau van 
de stents m.b.v. IVUS (echogeniciteit). Bovendien 
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werd het herstel van de normale endotheelfunctie 
in verband gebracht met relatieve kleinere plaques 
en een kleine hoeveelheid necrotisch materiaal als 
gemeten bij VH, welke lijkt op het gedrag van een 
“normale” zieke coronair.

Hoofdstuk 8.4 analyseert de haalbaarheid van een 
nauwkeurige kwanti! cering van het genezingspro-
ces na implantatie van de BSV stents, suggererend 
dat de vorming van een dikke en symmetrische 
neointima laag, zonder overblijfselen van polymere 
struts, een “de novo” cap maken die kan zou kunnen 
worden toegepast om een   dunne-kap ! broath-
eroma te verzegelen.

CONCLUSIE

Ik geloof dat dit proefschrift van waarde is om 
de klinische bruikbaarheid van intracoronaire 
beeldvormende technieken te begrijpen m.b.t. het 
bestuderen van de omvang, distributie, morfologie 

en de samenstelling van coronaire atherosclerose 
bij onze patiënten.

Meer in het bijzonder hebben wij onderzocht 
de belangrijke toegevoegde waarde van NIRS 
en nieuwe gecombineerde methoden voor het 
beter te kunnen karakteriseren van hoog risicovolle 
plaques, waarin mogelijke beeldvormings surrogate 
eindpunten zouden kunnen worden gebruikt in 
toekomstige studies.

Daarnaast is in dit proefschrift het genezingsproces 
na implantatie van een bioresorbeerbare stent 
onderzocht, welke heeft laten zien dat er zowel 
morfologische als functionele veranderingen in 
de vaatwand kan worden bereikt door toepassing 
van deze stents.
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 Chapter 1.1 Figure 1. Intravascular ultrasound signal is obtained from the vessel wall (A). Grayscale 
intravascular ultrasound imaging is formed by the envelope (amplitude) (B) of the radiofrequency signal 
(C). By grayscale, atherosclerotic plaque can be classi! ed into four categories: soft, ! brotic, calci! ed and 
mixed plaques. (D) shows a cross-sectional view of a grayscale image. The blue lines limit the actual 
atheroma. The frequency and power of the signal commonly di" er between tissues, regardless of 
similarities in the amplitude. From the backscatter radiofrequency data di" erent types of information 
can be retrieved: virtual histology (E), palpography (F), integrated backscattered intravascular ultrasound 
(G) and iMAP (H). Virtual histology is able to detect four tissue types: necrotic core, ! brous, ! brofatty and 
dense calcium. Plaque deformability at palpography is reported in strain values, which are subsequently 
categorized into four grades according to the Rotterdam Classi! cation (ROC). The tissues characterized by 
integrated backscattered intravascular ultrasound are lipidic, ! brous and calci! ed; iMAP detects ! brotic, 
lipidic, necrotic and calci! ed. (from Eur Heart J 2010;31:2456-69)
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Chapter 1.1 F igure 2. Virtual histology plaque types. (from Eur Heart J 2010;31:2456-69). 
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 Figure 4. Corresponding cross-section of iMap (top) and VH images (bottom). iMap shows large amounts 
of necrotic tissue behind calcium , while with VH the same area is reported as ! brous or ! brofatty 
tissue. In panel B, iMAP shows necrotic tissue because also of the wire artifact. (from Eurointervention 
2011;6:1017-1019). 

Chapter 1.1 Figure 5. IVUS-VH recognizes the polymeric struts of the ABSORB sca" old as dense calcium 
(DC), surrounded b y a read halo of necrotic core (NC). At follow-up, a reduction in DC and NC can be 
appreciated. In order to pick up all the struts, the lumen contour has been drawn surrounding the 
catheter, according to the Shin’s method. 
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Chapter 1.1 Figure 7. Near infra-red spectroscopy displays the probability of lipid core plaque in a false 
color scale from red (low probability) to yel low (high probability). In this example, two VH-necrotic core 
rich plaques are displayed with two di" erent colors on the NIRS output.
mal thickening; TCFA = thin-cap ! broatheroma. 
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Chapter 1.2 Figure 4. Sequen tial plotting of a matched ROI interrogated with two di" erent catheters (on 
the top) or with two di" erent pullbacks (on the bottom). The mean Cross Sectional area(y axis) of each 
plaque component is color-coded (calcium: blue, necrotic: pink, lipidic: yellow, and ! brotic: green). These 
! gures show examples of the impact of di" erent catheters of pullbacks on compositional measurements. 
ROI = region of interest. 
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Chapter 1.2 Figure 5. Examples of the impact of two di" erent pullbacks acquired with the same catheter 
on the calcium (white continuous arrows on the top panel) and necrotic core (white dotted arrows on the 
bottom panel) detection. Note the di" erence in terms of brightn ess between the two pullbacks. 
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Chapter 1.2 Figure 6. The information lost due to the wire shadow is depending on where the shadow 
is located. If the shadow is p rojected on the coronary plaque, a bigger part of the plaque is excluded 
from the analysis (B), as compared if the shadow is projected on a part of the vessel wall without 
plaque (A). The software used for the analysis allows the exclusion of the wire shadow from the tissue 
characterization (C1-C3) and/or the exclusion of the tissue underneath calci! cation, where an adequate 
spectral analysis is not possible due to the drop of the signal (C4).

Chapter 2.1

F I G U R E  2
A NIRS scan correlates well to histologic findings in coronary artery from a 65-year-old male with a history of MI
(A) Chemogram image indicating artery wall lipid content (x axis – pullback in millimetres; y axis – rotation in degrees). Each pixel is marked with 
red for low probability and yellow for high probability of lipid core plaque of interest (LCP). The lipid core burden index (top right) indicates amount of 
lipid in scanned artery on a 0-1,000 scale. (B) Summary (block chemogram) of LCP presence at 2 mm intervals in 4 probability categories. (C) Map 
of histologic classifications (yellow – LCP; light orange – small or thick-capped fibroatheroma; dark orange – intimal xanthoma and pathologic 
intimal thickening; red – all other types). (D) Movat cross-sections from locations along the artery (dotted lines). Black bars denote 1 mm. Image 
interpretation: The chemogram shows prominent lipid core signal at 2 to 6 mm, occupying 180°. The block chemogram shows that the strongest 
LCP signals extend 5 to 11 mm. The NIRS signals at 18 and 42 mm correctly indicate absence of LCP.
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F I G U R E  3
Correlation between angiography, IVUS and chemorgram obtained with the NIRS-IVUS catheter
Simultaneously obtained co-registered NIRS-IVUS images demonstrating angiographically “mild” disease in the proximal LAD (A, yellow arrow), with a 
more severe stenosis in the mid-LAD (A, white arrow). In the NIRS-IVUS chemogram, a 2nd block chemogram (E, top) documents that both lesions contain 
large LCP. Cross-sectional IVUS views (B, C, D), with the chemogram data overlaid in a halo while the block chemogram colour value is portrayed in the 
central catheter artifact (bottom). IVUS reveals the proximal LAD lesion (B) is a LCP with ulceration and the mid-lesions is a bulky LCP with tight stenosis.
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Chapter 2.1

Chapter 2.1

F I G U R E  4
Correlation angiogram and chemogram
Angiogram (A) and chemogram (B) showing no LCP in a proximal moderate stenosis (solid white arrow), a large, extensive LCP at the stenotic cul-
prit plaque (solid black arrow), and a small LCP in a distal non-stenotic location (open arrow). PCI resulted in abrupt no-reflow associated (C and D) 

( ) [ ]
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Chapter 2.1

Chapter 2.1

F I G U R E  5
Illustration of methodology for determination of the maximum 4 mm sub-segment LCBI (maxLCBI4mm)
(A) The chemogram displays the NIRS findings obtained during rotation and pullback of the imaging element within the coronary artery of a patient. 
The x-axis represents mm of pullback, and the y-axis represents degrees of rotation from zero to 360. Yellow indicates a high probability that LCP 
is present at the interrogated site. (B) maxLCBI4mm is determined by defining the intervention region, computing LCBI for all 4 mm sub-segments 
within the intervention region, and identifying the maximum LCBI sub-segment. [Goldstein et al. Cir Cardiovasc Intervent in press]

B
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F I G U R E  6
A mosaic of the 62 study chemogram intervention zones
All patients had a coronary stenosis requiring stenting. Chemograms from patients experiencing a periprocedural myocardial infarction (MI) are 
shown on the left and those without on the right. Chemograms with maxLCBI4mm ≥ 500 are indicated with an asterisk.
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F I G U R E  7
Pre and post percutaneous coronary intervention (PCI) angiogram frames and chemograms for a patient experiencing a periprocedural 
myocardial infarction (MI)
The black arrows indicate the location on the angiogram of the proximal and distal boundaries of the PCI location and correspond to the boundaries 
of the chemogram segment. Pre-PCI maxLCBI4mm was 591 at the region indicated by the 4 mm mark. The post-PCI chemogram shows substantial 
reduction in LCP (maxLCBI4mm reduced to 189 in the matched region). [Goldstein et al. Circ Cardiovasc Intervent in press].

Chapter 2.1

F I G U R E  8
Acute stent thrombosis of a DES edge implanted in a not fully covered LCP. [Jang Circ Img]
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Chapter 2.1

F I G U R E  9
Use of NIRS to determine length of vessel to stent
Severe circumflex stenosis between C and D with corresponding chemogram documenting LCP. Contiguous proximal plaque, though not severely 
narrowed, also contains LCP (A-B-C).

F I G U R E  1 0
Chemogram of a lesion that has progressed in a patient with unstable angina
(A) Baseline angiogram from a 59 year old male undergoing PCI in the RCA showing little to no angiographic evidence of disease in the LAD. 
(B) 171 day follow-up angiogram after presentation with unstable angina showing progression to near total occlusion. (C) Pre-stent chemogram 
showing high longitudinal and angular extent LCP very likely to also have been present at baseline. 
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Figure 2. Examples of Distribution of LCP

The presence of LCP is indicated as yellow, 2-mm-long block chemograms,
in the 3 coronary arteries, from the coronary ostium (left) up to 60
mm distally. Abbreviations as in Figure 1.

Chapter 2.2

Chapter 3.1

Figure 4. Cases of Agreement Between VH and NIRS

(A) There is no confluent NC in the VH that correlates with a low probability of lipid content by near-infrared spectroscopy (NIRS). (B) A
VH plaque with moderate amount of NC (from 7 to 9 o’clock) that is confluent in close proximity to the lumen. This correlates with inter-
mediate probability of lipid by NIRS. (C) Large confluent area of VH-NC from 7 to 9 o’clock next to a severe calcified region that corre-
lates with a “yellow” NIRS plaque representing high probability for lipid content. DC ! dense calcium; FF ! fibrofatty tissue; FI ! fibrous
tissue; other abbreviations as in Figures 1 and 2.
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Figure 5. Cases of Disagreement Between VH and NIRS

We reported some examples of disagreement between VH and NIRS, with some hypothetical explanations. Abbreviations as in
Figures 1, 2, and 4.

Chapter 3.1
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Chapter 3.2

Figure 1. Frame Selection at Bifurcations

A strict selection of the analyzed cross-sections was followed to
provide a correct match between the 2 imaging modalities and
between baseline and follow-up. Plaques were analyzed only in
the main coronary arteries at the proximal rim of the ostium of
the side branch (the first frame proximal to the takeoff of the
side branch), at the in-bifurcation site (the frame with the larger
ostial diameter of the side branch), and at the distal rim of the
ostium of the side branch (the first frame distal to the takeoff of
the side branch).

Figure 4. Thin Fibrous Cap at Baseline and Follow-Up

Thin fibrous cap did not show a statistically significant differ-
ence in cap thickness at 6-month follow-up (red arrows). The
matching of the frames was done using bifurcations and also
microstructures (white arrows) as landmarks.
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Chapter 3.3 Figure 2. Bifurcation matching and analysis by MDCT and IVUS-VH.
To ensure correct matching of the bifurcations with the 2 techniques, anatomic landmarks and 
characteristic calci! cations were used. Longitudinal vessel view by MDCT (A), grayscale IVUS (B) and 
virtual histology (C). Examples of corresponding anal yzed cross-sections (panels D-F) in the proximal, in-
bifurcation and distal segment. IVUS-VH, intravascular ultrasound-virtual histology; MDCT, multidetector 
computed tomography. 
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Fig. 2 Examples of two different lesions (white arrows) with a FFR[ 0.80 (panel A) and B0.80 (panel B), both showing a FA VH-
plaque type. In the IVUS images red and yellow contours indicate vessel and lumen contours, respectively

Chapter 3.4

Chapter 3.4

Fig. 1 Examples of various type of VH-plaque found in the
analysis with the corresponding IVUS appearance. Lumen
contour (yellow line) and vessel contour (red line) are shown.
In the VH images, necrotic core is coded as red, dense calcium
as white, fibrous tissue as dark green and fibrofatty tissue as

light green. PIT pathological intimal thickening, FC fibrocal-
cific plaque, FA fibroatheroma, TCFA thin-cap fibroatheroma,
CaFA calcified fibroatheroma, CaTCFA calcified thin-cap
fibroatheroma
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Figure 1. Subclassification of Fibroatheromas

Subclassification of fibroatheromas according to the presence of a fibrous cap and the topographic distribution of the dense calcium
respect to the necrotic core. CTFA ! calcified thick-cap fibroatheroma; DC ! dense calcium; NC ! necrotic core; NCTFA ! noncalcified
thick-cap fibroatheroma; TCFA ! thin-cap fibroatheroma; THFA ! thick-cap fibroatheroma.

Chapter 3.5

Chapter 3.5

Figure 2. Palpography and IVUS-VH

Side-by-side view of palpography (left) and IVUS-VH (right) for a TCFA.
High-strain spots on palpography are present at the edges of the plaque.
Note that the time of acquisition of the images for both techniques is the
same. IVUS-VH ! intravascular ultrasound virtual histology; TCFA ! thin-cap
fibroatheroma.
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Chapter 5.1

Figure 2. The conventional method (A and B) does not show some necrotic core and dense calcium (two white arrow heads), hidden by the grey

medial stripe (two white arrow heads), that are showed by the Shin’s method (C and D). DC: dense calcium, NC: necrotic core

Figure 5. In the A panels, an extreme example of bioresorption at 6-months correlated with EEM area reduction. In the B panels, the persistence

of the stent at six months is not associated with EEM area reduction. With the Shin method, blood surrounding ultrasound catheter is detected as

fibrous and fibrous-fatty tissues. The boundaries of the lumen area are not depicted or superimposed on the figures. EEM: external elastic

membrane; DC: dense calcium; NC: necrotic core
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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.

Chapter 6.2

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.

Chapter 6.2



354

Color section

Chapter 7.1

Chapter 7.2

Figure 1. IVUS and Echogenicity Appearance of the Device Over Time

Intravascular ultrasound (IVUS) grey-scale images with the corresponding
IVUS images with hypo-echogenic (red) and hyperechogenic (green) areas
by quantitative echogenicity software presented as a color overlay, at 6 (A)
and 12 months (B). A reduced appearance of the hyperechogenic compo-
nent is visible at 6- and 12-month follow-up. BVS ! bioresorbable vascular
scaffold.

Figure 2. Examples of OCT, IVUS, VH and echogenicity findings of corresponding cross-sectional images with a side branch (*) selected as 
an anatomical landmark. The white arrows indicate a hyper-echogenic tissue in echogenicity analysis, hidden by the grey media stripe in the 
VH analysis; OCT: optical coherence tomography; IVUS: intravascular ultrasound; VH: virtual histology
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Fig. 1 Panel A: one frame of grey-scale IVUS indicating the
appearance of the BVS’s struts (double grey line). In Panel B
the polymeric struts are recognized as dense calcium and

necrotic core by IVUS-VH and in (Panel C) a third contour
(purple line) is drawn in a semi-automatic way by the
dedicated software behind them

Chapter 8.1

Chapter 8.1

Chapter 8.2

Fig. 3 Representative IVUS-VH image of necrotic core in contact with the lumen in the segment where a BVS has been implanted
(white arrows). BVS bioresorbable polymeric scaffold

Fig. 1 Example of reduction of necrotic core and dense
calcium in the plaque behind the polymeric struts (white
arrows). Note also the increase of plaque size with predominant
content of fibrous tissue. Yellow contour is drawn behind the
ABSORB polymeric struts in a semi-automatic way by the
dedicated software, excluding struts from the VH quantification
of the plaque behind
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Chapter 8.2

Chapter 8.3

Fig. 3 Representative IVUS-VH image of necrotic core in
contact with the lumen in the proximal reference segment at
baseline and which has disappeared at follow-up

Figure 4 Examples of vasodilation at 24 months (panel above) and vasoconstriction at 12 months (panel below) of the scaffolded segment to
acetylcholine. In the corresponding virtual histology images, a low and high content of necrotic core can be appreciated. Arrows indicate the
polymeric struts in the greyscale intravascular ultrasound, recognized as dense calcium by virtual histology. Ach, acetylcholine; LD, lumen
diameter.
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